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Abstract. Geomorphic process modeling allows us to evalu- calculating the mean does not improve this mismatch. The
ate different methods for estimating moraine ages from cosextreme estimators (youngest date and oldest date) perform
mogenic exposure dates, and may provide a means to idenvell under specific circumstances, but fail in other cases. We
tify the processes responsible for the excess scatter amorguggest a simple estimator that uses the skewnesses of in-
exposure dates on individual moraines. Cosmogenic expodividual data sets to determine whether the youngest date,
sure dating is an elegant method for estimating the ages ofmean, or oldest date will provide the best estimate of moraine
moraines, but individual exposure dates are sometimes biage. Although this method is perhaps the most globally ro-
ased by geomorphic processes. Because exposure dates mayst of the estimators we tested, it sometimes fails spectac-
be either “too young” or “too old,” there are a variety of ularly. The failure of simple methods to provide accurate
methods for estimating the ages of moraines from exposurestimates of moraine age points toward a need for more so-
dates. In this paper, we present Monte Carlo-based modelghisticated statistical treatments.

of moraine degradation and inheritance of cosmogenic nu-
clides, and we use the models to examine the effectiveness
of these methods. The models estimate the statistical dis-
tributions of exposure dates that we would expect to obtain
from single moraines, given reasonable geomorphic assumpl-
tions. The model of moraine degradation is based on prior
examples, but the inheritance model is novel. The statisticafc0smogenic exposure dating is an important technique for
distributions of exposure dates from the moraine degradatiofearning about glacier size changes during the ak8° yr
model are skewed toward young values; in contrast, the staof geologic time (Gosse and Phillips, 2001). Glaciers and
tistical distributions of exposure dates from the inheritanceice sheets grow and shrink in response to climate change
model are skewed toward old values. Sensitivity analysis(Dyurgerov and Meier, 2000; Oerlemans, 2005; Jansen et
shows that this difference is robust for reasonable parameal., 2007). Therefore, reconstructions of past glacier sizes
ter choices. Thus, the skewness can help indicate whether @ver time yield information on past climates and rates of sea
particular data set has problems with inheritance or moraindevel rise. As glaciers advance and retreat, they mark their
degradation. Given representative distributions from thesdormer margins with ridges of debris, called moraines (Gib-
two models, we can determine which methods of estimatingdons et al., 1984). In cosmogenic exposure dating, field ge-
moraine ages are most successful in recovering the corre@morphologists collect samples from boulders on the crests
age for test cases where this value is known. The mean i§f moraines, and the concentrations of certain rare chemi-
a poor estimator of moraine age for data sets drawn fronfal species (cosmogenic nuclides) are measured in the sam-

skewed parent distributions, and excluding outliers beforeples. These cosmogenic nuclides are produced at predictable
rates in surface materials by cosmic rays (Lal, 1991; Gosse

and Phillips, 2001). Under ideal conditions, the ages of the

Correspondence tc. J. Applegate moraines can be calculated directly from the nuclide concen-
m (patrick.applegate@natgeo.su.se) trations (e.g., Gosse et al., 1995a).
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Unfortunately, geomorphic processes bias cosmogenic exand these sites are already included in the nuclide production
posure dates (see review in Ivy-Ochs et al., 2007). If therate calibration database (Balco et al., 2008). Last, there are
boulders contain some preexisting concentration of cosmopotential confounding effects. The difference between the
genic nuclides when they are deposited on the moraine, themdependently determined age of a moraine and any individ-
the exposure dates will tend to overestimate the moraine’sial exposure date is influenced by errors in estimating both
age. Most other processes tend to reduce the apparent eiie age of the moraine and the local production rates of cos-
posure times of the boulders. For example, cover by snowmogenic nuclides. These errors interfere with our ability to
or sediment reduces the flux of cosmic rays through theseparate out the effects of geomorphology on exposure dat-
upper surfaces of the boulders. The exposure dates frormg. Thus, a positive control experiment to isolate the effects
these shielded boulders will underestimate the true age obdf geomorphic processes on exposure dating is prohibitively
the moraine on which they rest. Similarly, erosion of boul- expensive, probably cannot be done for a representative sam-
ders removes the most nuclide-rich part of the rocks (Lal,ple of moraines, and is subject to strong confounding effects
1991); therefore, eroded boulders also yield exposure dateSom uncertainties in moraine age estimates and nuclide pro-
that underestimate the age of their host moraine. duction rates.

The effects of these processes on the distributions of ex- Monte Carlo-based numerical models offer a means of as-
posure dates from moraines are not known a priori, and thisessing the effects of geomorphic processes on cosmogenic
uncertainty is reflected in the variety of procedures for es-exposure dating that avoids the disadvantages of positive
timating the ages of moraines that are described in the litcontrol experiments. Although these models can never re-
erature. Many workers prefer to use some measure of thelace field observations, they provide a test bed for under-
central tendency of a data set; such estimators include thetanding existing exposure dates. Such models can generate
arithmetic average, the mean weighted by the inverse varithousands of synthetic exposure dates in a few minutes on
ance, and the mode (e.g., Kaplan et al., 2005; Licciardi edesktop computers. Thus, these models do not have the large
al., 2004; Kelly et al., 2008). Other investigators prefer ex- costs associated with collecting a representative number of
treme estimators, including both the youngest and the oldessamples from individual moraines. In these models, the user
dates (e.g., Benson et al., 2005; Briner et al., 2005). For datgrescribes the age of the moraine and the nuclide produc-
sets with large ranges, the choice of estimator has a profounton rate. Therefore, there are no confounding effects in the
effect on the estimated ages of the moraines (for examplemodel experiments from errors in estimating these values.
compare Chevalier et al., 2005, with Brown et al., 2005). The In this paper, we use Monte Carlo models of two geomor-
choice of estimator is typically informed by geomorphic ob- phic processes that introduce biases into exposure dating to
servations. However, without knowledge of the underlying evaluate different methods of estimating moraine age from
parent distribution from which the dates are drawn, we can-cosmogenic exposure dates. These processes are moraine
not evaluate the effectiveness of these different procedures.degradation and inheritance, which we describe below. Our

We might evaluate the effects of geomorphic processes omodels are based on earlier work (e.g., Zreda et al., 1994;
cosmogenic exposure dating by performing a positive con-Hallet and Putkonen, 1994; Putkonen and Swanson, 2003;
trol experiment. In such an experiment, we would identify a Benson et al., 2005; see also Muzikar, 2009). We expand
moraine whose age was known independently, perhaps froron these groundbreaking studies in several ways. First,
bracketing radiocarbon dates. We would then collect manywe provide explicit descriptions of the mathematical for-
samples from this moraine for cosmogenic exposure datingmulations of the models, pointing out the simplifying as-
and compare a histogram of the exposure dates to the indesumptions that are inherent in these formulations. We test
pendently known age of the moraine. The distribution of thethe models’ sensitivity to changes in their input parame-
exposure dates about the true age of the moraine would tetiers. Last, we provide code for these models that is writ-
us the effects of geomorphology on the exposure dates fronten in MATLAB, an easily understood, high-level program-
that moraine, other factors being equal. ming language. The model codes and documentation, as

Unfortunately, such a positive control experiment is im- well as representative output from the models, are contained
practical. To achieve robust results, we would need manyin the supplementhitp://www.geosci-model-dev.net/3/293/
samples from one moraine. The exact number of samples re2010/gmd-3-293-2010-supplement)zip
quired is poorly defined, but it seems likely that 50 samples Our results suggest that the skewnesses of individual data
are insufficient (see Murphy, 1964, his Fig. 6). Because cossets may provide a basis for deciding whether to take the
mogenic exposure dates are expensive, the necessary numean, oldest date, or youngest date as the best estimate of
ber of samples is probably not achievable. In addition, themoraine age. Preliminary tests indicate that this method is
geomorphic processes that affect exposure dating are likelynore robust in the presence of geomorphic effects than any
to be highly variable between field sites. Thus, we would of the commonly applied methods.
need to repeat the experiment on a large sample of moraines, However, the skewness-based method for estimating
multiplying the cost many times. Moreover, there are few moraine age sometimes yields misleading results. Thus,
sites where the ages of moraines are known independentlynore sophisticated statistical methods are needed. Our
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models can be compared directly to data sets from individ-preferentially move fine-grained material, the boulders be-
ual moraines. This inverse modeling procedure (Applegatecome concentrated on the crest of the moraine. Some of these
2009) yields explicit estimates of moraine age, as well asboulders have been partly shielded from cosmic rays by the
other parameters of geomorphic interest. overlying sediment; they therefore contain smaller concen-
trations of cosmogenic nuclides than the boulders that have
rested on the moraine crests since deposition of the moraine.

2 Methods The exhumed boulders yield cosmogenic exposure dates that
underestimate the age of the moraine.
2.1 Numerical models The model framework that we describe here builds on ear-

lier studies. The use of slope evolution models to study
We describe models of two geomorphic processes that inmoraines was first considered by Anderson and Humphrey
fluence cosmogenic exposure dates from moraine boulderg1989); Zreda et al. (1994) developed a model for the pro-
These processes are moraine degradation and inheritance. dluction of nuclides in boulders buried in an eroding sur-
this section, we describe how our models treat these two proface. The first model of cosmogenic nuclide production on
cesses, and we present preliminary results from these mod diffusively evolving moraine was presented by Hallet and
els. Putkonen (1994). This model was later developed further by
These models are deliberately simplified. As an alterna-Putkonen and Swanson (2003). Our model is closest to that
tive approach, we might build a comprehensive model thatof Putkonen and Swanson (2003).
would incorporate all of the processes that influence expo- To model the effects of slope processes on the height of
sure dates on moraines. However, we wish to invert thesenoraines over time, we assume that moraines have an initial
models against observations, to allow direct estimation ofcross-section that is triangular, with an initial heiglgtand
moraine ages from collections of cosmogenic exposure datean initial slopeSp, which is the (dimensionless) tangent of the
(Applegate, 2009). In a model inversion, the maximum num-slope in degrees. This profile evolves over time according to
ber of model parameters that can be estimated from a data s#ie one-dimensional diffusion equation,
is typically smaller than the number of observations. Our )
models have three to five parameters each, and most cola_Z —k 3_Z 1)
lections of cosmogenic exposure dates from moraines con9t 9x2
tain about five observations (Putkonen and Swanson, 2003XHanks, 2000), where(x, 1) is the height of the moraine as
Therefore, our models are already at the complexity limitim- 5 fynction of horizontal distance from the moraine crest
posed by the sizes of most available data sets. and timer; k is the topographic diffusivity (#fyr). This rule
] ) assumes thatis constant over andx (Pelletier et al., 2006;
2.1.1 The moraine degradation model cf. Hallet and Putkonen, 1994; Roering et al., 2001). Solving
this differential equation with our “sawtooth” initial moraine

In moraine degradation, slope processes remove materig| o cio yields

from the crests of moraines and redeposit this material at th
bases of the moraine slopes. The theoretical basis for un- ho [(2m> }
z1+z2 |,

derstanding the redistribution of sediment on moraine slopes(x.?) = 5L N3 (2)
comes from observations made on fault scarps, wave-cut

bluffs, and other landforms composed of unconsolidated sedghere

iment. These landforms become less steeply inclined and

more rounded over time, suggesting that hillslope evolutiony, — }ﬂ,
can be modeled as a diffusive process (Nash, 1986; Hanks, S0

2000; Pelletier et al., 2006; Pelletier, 2008). That is, mate- ) ) )
rial moves downhill at a rate that is proportional to the lo- 1=exp[_(L+x) ]—2exp(1> +exp[_(L —X) }
cal gradient. This observation implies that a sharp—cresteé

moraine will lose height over its lifetime, as material moves

from the moraine’s crest to the toe of its slope (Anderson andand

Humphrey, 1989; Hallet and Putkonen, 1994; O’Neal, 2006; Lix N L—x
Putkonen et al., 2007; Pelletier, 2008). =(L+x erf() rf()+ L—x erf()
) e=toei 5 & ovi ) TN S G

Moraine degradation imparts a bias to cosmogenic ex-
posure dates because it exposes boulders at the morairfef. Pelletier, 2008, his Eq. 2.45). Equation (2) agrees well
crest that have been buried in sediment for some part ofvith a Crank-Nicolson solution to Eqg. (4) of Hallet and
the moraine’s history. Moraines typically contain large Putkonen (1994) if theig=0; compare Eg. (4) of Hallet and
rocks distributed throughout a fine-grained matrix (Dreima- Putkonen (1994) to Egs. (9.56) and (9.67) of Fletcher (1991).
nis, 1988; Benn and Evans, 1998). Because slope processésis analytical solution can be evaluated very quickly.
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Fig. 1. Evolution of moraine profile with timga) and change in
height of moraine with timgb) for a representative case. As time Fig. 2. Production rate of beryllium-10 with dep(h) and fraction
goes on, the moraine’s profile changes most at the crest and at thef beryllium-10 production due to muons as a function of dépjh
toe of the slope, becoming generally more rounded. As materiain quartzite, following Granger and Muzikar (2001). The total pro-
is transported from the crest to the toe of the slope, the moraingluction rate of beryllium-10 is roughly exponential as a function
becomes less tall. The moraine loses height rapidly at first, therdf depth; production is greatest at the surface, and falls off be-
more slowly. In (a), only one-half of the moraine’s profile is shown; low the surface with am-folding length of a few tens of centime-
the modeled moraine is symmetrical about the y-axis. Note thatters (Lal, 1991). Most production near the surface is caused by
the moraine loses more than 10 m of its initial height over 20 ka. high-energy protons and neutrons, which produce beryllium-10 by
Compare (a) to Fig. 1 of Hallet and Putkonen (1994); comparesplitting atoms of oxygen and silicon in quartz (Gosse and Phillips,
(b) to Fig. 1 of Putkonen and Swanson (2003). In this figure, the2001). At greater depths, most production is due to muons, which
moraine’s initial height is 50 m, its initial slope is 34and its topo-  do not interact with target atoms in the rock as easily as high-energy
graphic diffusivity is 102 m2/yr. protons and neutrons. Compare this figure to Fig. 2a of Gosse and
Phillips (2001). This figure assumes surface beryllium-10 produc-
tion rates corresponding to sea level and high latitude and a rock
Settingx=0 in Eq. (2) yields an expression for the height density of 2.65 g/crh
of the moraine’s crest as a function of time,

ho | [ 24kt —L2 L Values ofdyp that exceedhg — kit are not meaningful, be-
hit)y=—1{—= || exp —1|+Lerfl —= ) }.
L 2/ kt

JT Akt cause these boulders will still be buried in the moraine at the
3 time of sampling. Byhs, we mean the final height of the
3 moraine, achieved whenreaches the moraine’s age. In ad-

Figure 1 shows solutions to Egs. (2) and (3) for selected padition, field geomorphologists typically do not sample boul-

rameter values. The left panel (Fig. 1a) shows the morainders that stand less than some minimum hetgfabove the

half-profile for elapsed time values of 5 ka, 10 ka, and 20 ka.moraine crest{1m; e.g., Gosse et al., 1995b). Thus, all the

The moraine starts with a triangular profile, but becomesPoulders that are sampled have valuegpthat satisfy the

more rounded and less tall over time. The right panelCriterion

(Fig. 1b) shows the height of the moraine as a function of

time. The rate of crest lowering is rapid at first, then slows.

In both panels, the initial moraine height is 50 m, the initial

moraine slope is 34(Putkonen and Swanson, 2003), and the MaX(do) = ho —ht —/ip.

topographic diffusivity is 102 m2/yr (Hanks, 2000; Putko-

nen et al., 2007). These values seem reasonable for the largehe production rate of most cosmogenic nuclides declines

last-glacial moraines of the western United States. exponentially as a function of depth below material surfaces
Given Eq. (3), we can calculate the nuclide concentration(Lal, 1991; see Zreda et al., 1994, for an important excep-

in a boulder buried to some specified depthbelow the  tion). Thatis,

moraine’s surface at the time of deposition. For purposes of 4

calculating nuclide production rates, the depth of a boulderp (4) = poexp<_), 4)

d(t) is given by A

0 < do = max(do);

d(t) =h(t)— (ho—do) for h(t) > ho—do, and wherePy is the producti_on rate of the nuclide at the surfa_mce
d(1)=0 for h(r) <ho—do. (atoms/g rockl/yr), and is the attenuation length of cosmic

rays in the material4160 g/cn?, divided by the material's
Note thatdy andd here refer to the depth of the top of the density). We use the Lal/Stone production rates from the
boulder, which is the point that will be sampled for cosmo- CRONUS online calculator (Balco et al., 2008) to estimate
genic nuclide measurements. Po.
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Equation (4) is a good approximation only at shallow " " " a

depths, where nucleon production dominates; at greater val- 0 ‘

ues ofd(r), muon production becomes important (Gosse and

Phillips, 2001). To account for muon production, we use 2

the parameterization of Granger and Muzikar (2001, their T

Egs. 1-3). This scheme represents production at a given z 4

depth as the sum of four exponential terms, each with its own -

PoandA. Thatis, A 6 Initial depth |
4 p —O0m

P(d)=> P, exp(r). (5) 8 _ 2 2
i=1 ! 9m

We scale these terms relative to their values at sea level and
high latitude, again using the CRONUS online calculator
(Balco et al., 2008). This expression is a parameterization;
Heisinger et al. (2002a, b) present alternative expressions
that resolve the underlying physics. We use the relationship
presented in Eg. (5) because it can be evaluated very quickly
as a vector calculation in MATLAB. The speed of evalua-
tion is important because this calculation must be performed
millions of times for each model run.

Figure 2a shows the production rate of the cosmogenic
nuclide beryllium-10 as a function of depth. Nucleon pro-
duction dwarfs muon production at the surface, but muon
production becomes increasingly important at greater depths
(Fig. 2b). 0 5 10 15 20

Given Egs. (3) and (5), we can calculate the final concen- Elapsed time (ka)
tration of cosmogenic nuclides in a moraine boulder. For an
unstable nuclide accumulating in a rock surface, the chang%
in concentratiorC over an infinitesimal time is given by

['°Be] (10* atoms/ g)

ig. 3. Depths of boulders in a degrading moraine over t{ajexand
eryllium-10 concentrations in the same boulders as a function of
time (b). If boulders are uniformly distributed throughout the till,
ac then some boulders will be at the surface when the moraine is de-
dtr =Pd@)—AC (6) posited, whereas other boulders will be present in the till at greater

. . . . _depths. As time goes forward, the moraine loses height (Fig. 1),
(Lal, 1991).1is the decay constant of the appropriate nUCIIdeand the boulders approach the surface. At the same time, cosmo-

1. - .
gr ! ?OSSE ang Phillips, Z%Otl’ Balco_ et aI.,f2008.)r.“£fter genic nuclides are produced in the boulders (Fig. 2). For buried
e surface has been exposed to cosmic rays for ar| boulders, production rates increase slowly as the surface lowers,

final nuclide concentratio€y is given by then become constant after the boulders are exposed at the surface.
i Note that the majority of the cosmogenic nuclides in each boul-
Cs =/ [P(d())—ArC]dt. (7 der are produced after the boulder reaches the surface, even for the
0

most deeply buried boulder. In (b), the dots indicate the time when
That is, the final concentration is the production integratedeach boulder reaches the surface. As in Fig. 1, the moraine’s initial
over time, less the amount lost to nuclear decay. For simpldeight is 50 m, its initial slope is 34and its topographic diffusivity
forms of P(d(r)), analytical expressions faf; can be writ- is 1072 m2/yr. The final heights of all the boulders are 1 m.
ten (e.g. Lal, 1991, his Eqg. 6). In contrast to this simple case,
we model production in a large number of boulders that have
different depth-through-time trajectories. The model produc- Figure 3a shows the depths of four boulders within the
tion rate in a given boulder is a piecewise function of time, moraine as a function of time, assuming the same model pa-
because the production rate stops changing when the bouldéameters as in Fig. 1. At the beginning of the simulation, one
breaks the surface of the moraine (that is, whdmecomes  boulder is at the surfac@d=0m), another boulder is buried
0; Fig. 3). Therefore, we break the lifetime of the moraine to a depth of 9mdp=9m), and the other two boulders are
into n time steps, each having a duratiom. We then eval-  evenly spaced between these depths. As the moraine loses
uate the change in concentration in all the modeled boulder§eight over time, the boulders approach the surface and are
during each of these time steps. For the model runs shown igventually exposed at the surface. Compare this figure to
this paper, we used values af ranging from 25yrto 100yr.  Fig. 1b.
Note that the initial concentratiafy, is taken to be zero here; Figure 3b shows the concentrations of beryllium-10 as
we treat inheritance in the next section. a function of time in each of the boulders whose depth
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trajectories are shown in Fig. 3a. Again, the model param-2.1.2 The inheritance model
eters used to generate this figure are the same as those in

Fig. 1. The concentrations in the boulders increase slowlyBoulders that are deposited on a moraine with nonzero con-
while the boulders are still buried in the moraine; after they centrations of cosmogenic nuclides are said to have inheri-
reach the surface, the concentration increases roughly in praance. The inherited nuclides were produced in each boulder
portion to surface residence time, less a small amount foiduring one or several periods of “pre-exposure” (Ivy-Ochs et
nuclear decay (Eq. 6). Note that the bulk of the final nuclideal., 2007). That is, the boulders were incompletely shielded
concentration in each boulder is acquired only after the boulfrom cosmic rays before being deposited on the moraine.
der reaches the surface, even for the boulder that is buriegthese boulders contain larger concentrations of cosmogenic
most deeply in the moraine at the beginning of the simula-nuclides than boulders that were completely shielded from
tion. This figure assumes that the beryllium-10 concentracosmic rays at all times before being incorporated into the
tions in all the boulders are zero when the simulation beginsmoraine. Exposure dates from boulders with inherited nu-
Although we do not consider boulder erosion in this pa- clides tend to overestimate the age of the moraine.
per, the model treats erosion by the progressive removal of There are at least two potential sources of pre-exposed
thin shells of material from boulder surfaces after they arepoulders in glaciated landscapes (lvy-Ochs et al., 2007).

exhumed from the till. In contrast to Hallet and Putkonen st poulders may topple onto the glacier surface from
(1994), we do not allow boulders to shrink below the ob- ¢irque headwalls or adjacent, oversteepened valley walls
served boulder heiglit, (see Zreda etal., 1994). Instead, we (geqng et al., 2009). These boulders then ride the glacier's
determine the amount of time that each boulder will be €x-g;itace 1o the terminus, where they fall onto the moraine.
posed to surface weathering from Eq. (3), then specify initialgecong, glaciers may re-entrain boulders deposited in the
sizes for the boulders that will result in the boulders havingva"ey bottom during an earlier advance, or pluck boulders
the observed height. from bedrock outcrops at the glacier bed. These boulders are
This model assumes that exhumed boulders do not topplgen transported subglacially to the glacier terminus, where
or rotate as the crest of the moraine deflates. It also neglectﬁ]ey may be emplaced at the moraine surface by thrusting
the eﬁ‘epts of cryoturbation (Lal and.Chen, 2905). Toppling (e.g., Kiiger, 1996) or other ice-marginal processes.
or rotation of boulders on a degrading moraine WOL.JId PIO" " 1he mathematical descriptions of these two situations are
duce a larger range of exposure dates than degradation alonr(?éarl identical. In both cases, the concentration measured
because these processes effectively reduce the measured r?H'eazh boulde; is the sum of ’the inherited component ac-
clide concentrations in sampled boulders (Ivy—Ochs et .al"quired during pre-exposure, and the post-depositional com-
20.07’ Schaefer etal., 2008)' Conversely, cryoturbation mlghé‘)onent that reflects the exposure history of the boulder after
bring boulders to the moraine surface sooner than would b 2 Joraine construction
predicted by diffusive removal of the moraine crest, thereby ' ) ] )
reducing the range of exposure dates from the moraine. “;P;dh; Qgggxggtb‘;"%gﬁ:g::beet Zler(ezcl)% St))asﬁr?ic%ntrir;tiirlifr
this paper, we assume that these processes are of secondary - ; : T \EEEE ) )
impcf)rt:nce compared to the ones \F/)ve do treat. héritance in boulders derived from cirque headwalls. Our
Some moraines have geomorphic characteristics that ar80del uséets) a;athema;ﬂc;e\l f;(;rgglattl)o?tthattls S|Im|Iar to t?ef
inconsistent with the assumptions used in constructing théN® used by Benson et al. (2005), but treats a larger set o
moraine degradation model. For example, it would be inap_geomorphlc situations. In addition, our model of inheritance
propriate to apply our model of moraine degradation to the'S similar to the model of nuclide concentrations in sediment

large Pinedale terminal moraines near Pinedale, Wyoming?Ve" ime used in cosmogenic burial dating (Granger et al.,
(Richmond, 1973; Gosse et al., 1995a), particularly in the’ 001; Granger and Muzikar, 2001). Following this pioneer-

Halls Lake (Mud Lake) drainage. These moraines havel"9 work, we assume that the sampled clasts had two distinct

broad, flat crests, where the local slope is close to zero. ConP€riods of residence in the landscape, and that the rate of
sequently, the downhill flux of material at the crests of thesech@nge of nuclide concentrations in the clasts was different
moraines should be small. We expect that these moraineQuring these two periods.
have lost little material from their crests over time. Moreover, ~ For simplicity, we begin by describing the model treatment
limited exposures in roadcuts at Fremont Lake show tha©f inheritance in reworked boulders. We then point out a
there are few or no boulders in the subsurface till (E Even-S"ght Change in the model formulation that allows it to treat
son, personal communication, 2008). These observations irjnheritance in boulders derived from Cirque headwalls and
validate the assumption that the boulders are uniformly disvalley walls.
tributed throughout the outermost Pinedale-age moraine at For reworked boulders, the inherited concentration in each
Fremont Lake. boulder depends on the time between deposition of the boul-
der by the retreating ice and entrainment of the boulder by
the readvancing glaciegre, and on how deeply the boulder
was buried during this timépre. Both these parameters are
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unknown for any individual boulder, but it is reasonable to model (Dunne et al., 1999), even for the steep slopes repre-
say that they must range from zero to some maximum. sentative of cirque headwalls-80°; Benson et al., 2005).
The model implicitly accounts for the rotation of boulders

< < . . . .
0 = fpre < MaX(7pre) during glacial transport. Because glacial transport mixes sed-

and iment and boulders, most previously exposed boulders will
arrive on the moraine in a different orientation than they
0 < dpre < max(dpre). had during their predepositional exposure times. Thus, for

a cube-shaped boulder, there is a 1-in-6 chance that the face

The maximum time max"“?) represen_ts the time betwegn that is eventually sampled is the one with the largest con-
the beginning of the penultimate glacial retreat and the time

f ine d ition: th ) denth is th centration of inherited cosmogenic nuclides (Benson et al.,
of moraine deposition; the maximum depth m#xJ) is the 2005). Because our model is formulated in terms of the depth

maximum thickness of material eroded by the glacier duringOf the sampled point on each boulder below the predeposi-
its readvance. . tional exposure surface, the inherited nuclide concentrations

Note thathre refers to the depth of the point on each are insensitive to the boulders’ orientations during the pre-
boulder that is eventually sampled, not the top of the bOUI'depositional exposure time. This statement will be true as

dﬁr,ldu_rmg the_prﬁdeposn:ona;:l exposure t';ne' F'e]!dbge?(;norlong as the density contrast between the boulders and the
phologists typically sample the upper suriaces of bou erssurrounding material is small. If there is a large difference

because those surfaces receive the maximum flux of cosmig, density between the boulders and the surrounding mate-
rays. However, glacial transport rotates boulders, and so thﬁal during the predepositional exposure period, the produc-

sample pomt Is not necessa'rllly the same as 'the apex Of, thf?on rate in the sampled points will differ, depending on the
boulder during the predepositional exposure time. Samplmgbrientations of the boulders

2{):}22;'222:; (rgzgz?efgggerz Oy(;gl)dchn;?gtgeitov{/i?#frl:gﬁ- This inheritance model relies on many assumptions. First,
. - A T . .”“we assume that there are no nuclides inherited from any
retical predictions of the distribution of nuclide production in

: . : periods of residence in the landscape preceding the last
solids (Masarik and Wieler, 2003; Lal and Chen, 2005). : ) ) .
For a boulder buried in a till sheet, Eq. (5) gives the pro- glacial cycle. Because many cosmogenic nuclides have half

. X X . -~ ~ lives that are long compared to glacial cycles (Gosse and
duction rate in the point that is eventually sampled. Given 9 P 9 y (

. . : . A Phillips, 2001; Shackleton, 2000), this assumption requires
this production rate, the inherited concentratije is that glaciers sweep out most of the easily eroded material

P (dpre) from their valleys during each advance. Second, we assume
[1—exp(—Atpre) ] (8)  that surface production rates were the same during the prede-
positional exposure time as they are in the boulders’ observed
positions. Because some boulders are undoubtedly coming
from higher elevations than the present-day moraine crests,
this assumption tends to underestimate surface production
Po 1 rates during the predepositional exposure time. Future ver-
reAa-l [1_9Xp[_’()‘+51\ )]] sions of this model will need to incorporate information on
(9) the elevation distribution of glaciated basins (e.g., Bierman et
al., 2005). For boulders that travel to the moraine atop glacial
(Lal, 1991, his Eq. 6; note that the depth is O for this applica-ice, some cosmogenic nuclide atoms are produced during the
tion). Here ¢ is the erosion rate of the boulders after they aretransport time (Seong et al., 2009), and our model neglects
delivered to the moraine (cm/yr; assumed negligible), andthis production. Moreover, glaciers do erode boulders dur-
A is the attenuation length of the nucleonic component ofing subglacial transport, and this model does not include that
cosmogenic nuclide production-{60 g/cn?, divided by the  process. We tolerate these problems for the sake of develop-
material’'s density; Lal, 1991; Gosse and Phillips, 2001). ing this preliminary model.
Our model is readily adapted to treat inheritance in boul-
ders derived from cirque headwalls and valley walls, as in2.2 Monte Carlo simulation
Benson et al. (2005). From a nuclide production perspec-
tive, the angle of the overlying surface is the critical differ- To determine a statistical distribution of apparent expo-
ence between a boulder buried in a till sheet and one that isure dates from our models, we use Monte Carlo methods
still in a cirque headwall; for a till sheet, the overlying sur- (Hilborn and Mangel, 1997; Bevington and Robinson, 2003).
face should be nearly horizontal, whereas cirque headwall$n Monte Carlo simulation, the values of model parameters
are quite steep. To model nuclide production as a functiorare chosen randomly from predefined probability distribu-
of depth below inclined surfaces, we use the parameterizations. The model is then run for these parameter values, and
tion of Dunne et al. (1999, their Eq. 18). This parameteriza-the output is saved. This process is repeated many times; de-
tion gives results within 3% of estimates from a more explicit pending on the speed of the model and the desired precision,

Cpre:
(Lal, 1991, his Eg. 6), and the final concentratiGh,
achieved after the boulder has rested on the moraine for
timet, is
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Monte Carlo model evaluations may include thousands toare robust, even for statistical distributions that vary consid-
millions of individual model runs. The model output is then erably from the normal distribution.
plotted as a histogram. Histograms are probably the most familiar method of rep-
In our models, there are several free parameters that will beesenting distributed data, but the choice of bin size exerts a
different for each boulder on a moraine. We have no way ofstrong control on the shape of the histogram. In a histogram,
determining, for example, how deeply buried any individual the synthetic observations are sorted into bins. The heights
boulder was at the time of moraine deposition. The moraineof the bars on the histogram are proportional to the number
degradation model has only one highly variable parameterpf observations in each bin.
the initial depthdp; the inheritance model has two highly  Unlike histograms, plots of cumulative density functions
variable parameters, the predepositional exposure figge  do not require arbitrary choices about how to group the data.
and the depth during the predepositional exposure digne ~ On a plot of a cumulative density function, the y-axis repre-
Because all these free parameters range from zero to somsgents the probability that any individual observation is equal
maximum, we choose random values for these parametens or less than a particular value on the x-axis (Press et al.,
from continuous uniform distributions. In a continuous uni- 1992, their chapter 14; Hilborn and Mangel, 1997; Croarkin
form distribution, all real numbers that lie between the mini- and Tobias, 2006). The x-axis therefore ranges from the min-
mum and maximum ends of the distribution are equally prob-imum to the maximum of the observations; the y-axis ranges
able (Hilborn and Mangel, 1997; Bevington and Robinson, from 0 to 1.0.
2003). For our models, the minimum ends of these distri- Box plots provide a compact way of representing dis-
butions are always 0; the maximum ends are specified byributed data; placing several box plots next to one another al-
max(do), maxfpre), and maxdpre). lows quick comparison of distributions. In a box plot, the po-
For each draw of these randomly chosen parameter valuesition and width of the box indicates where the middle 50%
we calculate the final concentratiéh (Egs. 7 and 9, above)  of the observations lie. That is, the box represents the in-

and the apparent exposure timgy, according to terquartile range of the data (Chambers et al., 1983; Croarkin

1 Cx and Tobias, 2006). The line in the box is the median, or the

tapp= T|n (1_ PL> (10)  value that separates the lower half of the observations from
0

the upper half. In this paper, the ends of the whiskers indicate

(La|, 1991, his Eq 6) This expression reflects theivaa the pOSitionS of the Iargest and smallest observations. Often,
estimate (Wolkowinsky and Granger, 2004) of moraine agebox plots indicate outliers as dots or small crosses outside the
from a single boulder sample, ignoring boulder erosion andwhiskers (Chambers et al., 1983), but we do not follow this
all other geomorphic processes. practice.

Note that we differentiate between moraine-level param-
eters and boulder-level parameters. Moraine-level param-
eters in the degradation model include the moraine age3 Results
topographic diffusivity, initial height, and initial slope; in _
the inheritance model, the moraine-level parameters are tha-1 Model output for representative parameter values
moraine age, the maximum predepositional exposure time

and the maximum predepositional burial depth. The bouIder-The output from the moraine degradation model is shown in

level parameters are the initial depth of boulders below theE!g' 4'1 Flggrg. Athas\_c,u_?elzshthehstar?fhparame_ter \_/alggs u‘:’ﬁd n
moraine surface in the degradation model, and the prede-'gs' and s, the initial height of the moraine 1s 5um, the

positional exposure time and burial depth in the inheritanceInItIaI slope of the moraine is 34(Putkonen and Swanson,

. - .. . 2
model. In estimating the probability distribution of cosmo- 2003), the topographic diffusivity is 18 m/yr (Hanks et

genic exposure dates from a single moraine, we vary théal" 2000; Putkonen et al., 2007), and the age of the moraine

boulder-level parameters, but the moraine-level parameterg 20ka. In addition, we specify that the tops of all sample.d
remain constant. oulders must be at least 1 m above the crest of the moraine

at the time of sampling.
2.3 Plotting non-normal distributions Figure 4a illustrates the relationship between the initial
depth of a given boulder and the apparent exposure time
Many common methods of plotting collections of exposure yielded by that boulder. As expected, the more deeply buried
dates from moraines implicitly assume that the dates aresamples yield younger apparent exposure times.
drawn from a normal distribution. However, the statistical Figure 4b and c shows the statistical distribution of the ex-
distributions of exposure dates produced by our models ar@osure dates produced by the degradation model for these
clearly not normal. Therefore, we represent the statisticaparameter values. The distribution is strongly skewed to-
distributions of modeled exposure dates using histogramsward old values; that is, more of the probability mass falls
cumulative density functions, and box plots (Chambers et al.fo the young side of the distribution’s peak than would be
1983; Croarkin and Tobias, 2006). These plotting methodshe case if the distribution were normal. The corresponding
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O cumulative density function rises slowly, then more rapidly
as it approaches the true age of the moraine (20 ka). The box
E portion of the box plot, which represents the position of the
£ 2 bulk of the data, falls on the right-hand side of the plot.
& The output from the inheritance model is shown in Fig. 5a—
T 4 c. These plots assume a moraine age of 20 ka, a maximum
ﬁ predepositional exposure time of 100 ka, a maximum depth
§ 6f during the predepositional exposure period of 2m, an over-
= burden density of 2.0 g/ctnand a flat surface geometry dur-
2 gl ing the predepositional exposure period. Again, the total
£ number of synthetic observations in each of these plots is
. 10°.

b Figure 5a shows contours of the apparent exposure time
o= = produced by the inheritance model as a function of the
:’c_ ' model’s free parameters, predepositional exposure time and
@ predepositional exposure depth. As expected, the samples
g that yield the greatest apparent exposure times are those that
g 2.0 had the greatest length of time to acquire inherited nuclides
2 and were near the surface during that time. That is, the sam-
"é ples that appear oldest have the longest predepositional expo-
2 1.0} sure times and the smallest predepositional exposure depths.
g Figure 5b and c shows the statistical distributions of ex-
z lllIIIIIIIII posure dates expected from the inheritance model for these

0.0~ - parameter values. The distribution is skewed toward old val-
1.00 | ues; it contains a mode close to the true age of the moraine
> (20ka), and a long, heavy tail to the old side, as shown in the
a 0.75 histogram (Fig. 5b). These features of the distribution are
S 0. X . i . . .
R reflected in the cumulative density function (Fig. 5¢), which
.g 0.50 rises rapidly, then levels off. The box portion of the box plot
T falls near the left end of the plot.
=]
§ 0.25 3.2 Sensitivity of modeled distributions to input para-
meter values
0.00| e — i
‘—‘:‘:ﬁdl Some of the parameters used in our models are either highly
6 8 10 12 14 16 18 20 uqcertain, or else vary considerably betwger_1 m_oraines. In
Apparent age (ka) this section, we show how the modeled distributions of ex-

posure dates change as individual parameters vary. Figures 6
Fig. 4. Distribution of cosmogenic exposure dates produced by the?Nd 7 illustrate the sensitivity of the two models using box
moraine degradation model for a representative case. Rapel Pplots (Chambers et al., 1983).
shows the exposure dates yielded by boulders as a function In both models, the moraine age controls the position of
of their initial burial depth in the moraine (compare Fig. 3b). the box plot along the time axis. In the inheritance model, the
Panel(b) shows a histogram of these apparent ages. Most of the exspread of the exposure dates is independent of moraine age;
posure dates cluster around the true age of the moraine (20ka), byhe distance between the ends of the whiskers is the same for
there is a long, heavy tail to the left. That is, the distribution of ex- 5| yalues of moraine age. In contrast, the moraine age does

posure dates produced by the moraine degradation model is skeweéiﬁect the spread of exposure dates yielded by the degrada-
toward young values. The total number of observations shown in

this histogram is 19 Panelgc) and(d) show the cumulative den- tion mOdeL. that IS.’ you.nger moraines show less spread than
sity function and box plot of the Poobservations shown in the his- plder mor_ames (Fig. 6; Putkonen and Swanso_n, 2003). The
togram. Panel (d) is immediately below panel (c). Dashed linesiNCréase in spread among exposure dates with age for de-
in (c) and (d) show the relationship of the box plot to the cumula- 9rading moraines happens because older moraines have more
tive density function; breaks in the box plot represent the quartilestime to lose material from their crests (Fig. 1), and this pro-

of the distribution (Chambers et al., 1983). As in Figs. 1 and 3, cess exposes more boulders that have spent progressively less
the moraine’s initial height is 50 m, its initial slope is34nd its  time exposed to the full surface flux of cosmic rays (Fig. 3).
topographic diffusivity is 102 m2/yr. The final heights of all the In the degradation model, the spread of dates is most
boulders are 1 m. strongly controlled by the topographic diffusivity, although
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Fig. 6. Sensitivity of the moraine degradation model to changes in
its input parameters. See text for discussion. In each panel, one
of the model parameters is varied between the values shown on the
y-axis, whereas the other model parameters are held constant at the
base values. Diffusivity is expressed as the base 10 logarithm of the
diffusivity in m2/yr. As in Figs. 1, 3, and 4, the base values for the
input parameters specify that the moraine’s initial height is 50 m, its
initial slope is 34, and its topographic diffusivity is 1 m2/yr.
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the initial slope and initial height of the moraine also have
some influence on the scatter (Fig. 6). Small diffusivities
cause the moraine’s height to change only slightly over its
lifetime, and so few new boulders are exhumed at the crest

of the moraine. Very large diffusivities flatten the moraine
in a few thousand years after its construction; the reduced
20 40 60 80 100 120 spread in exposure dates produced by the model for a dif-

Apparent age (ka) fusivity of 1 m?/yr happens because such a high diffusivity
_ o _ exposes most of the buried boulders within a few thousand
Fig. 5. Distribution of cosmogenic exposure dates produced by theyears after the deposition of the moraine. Such large diffusiv-

inheritance model for & representative case. Pjeshows con- ' ities cause the moraine to disappear almost totally over 20 ka,
tours of the apparent ages yielded by boulders as a function of the

length of time that they were exposed to cosmic rays and the deptl§O they are |nconS|stent_W|th th? Qbserved perS|stence in the
to which they were buried during that time. Paft&l shows a his- landscape of topographically distinct moralne_s (S.ee _Hanks'
togram of exposure dates produced by random samplingfogyire 2000; Putkonen et al., 2007). The modeled distributions of
thetic observations from the contour plot in (). In contrast to the €Xposure dates from tall moraines are wider than distribu-
distribution produced by the moraine degradation model (Fig. 4),tions from less tall moraines of the same age (Putkonen and
the inheritance model produces distributions that are skewed towar&wanson, 2003), although the width of the distribution stops
old values. The bulk of the exposure dates fall near the true age ofncreasing as the initial height of the moraine is made greater
the moraine (20 ka), but there is a long, heavy tail to the right. Panthan~35m. The range of modeled exposure dates increases

els (c) and(d) show the cumulative density function and box plot monotonically with the initial slope of the moraine.
of the 1® observations shown in the histogram. Panel (d) is imme- . . . .
diately below panel (c). The true age of the moraine is 20ka, the In the inheritance model, the maximum predepositional

maximum predepositional exposure time is 100ka, and the maxi€xposure time controls the width of the distribution, and
mum predepositional burial depth is 2.0m. the maximum predepositional exposure depth controls where

the bulk of the dates falls between the extreme ends of the

Cumulative density
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20 40 60 80 100 120 contain a number of exposure dates indicated by the corresponding
Apparent age (ka) value on the y-axis. The skewnesses of the underlying parent distri-

butions are indicated by the heavy, black, vertical line in each panel.
Fig. 7. Sensitivity of the inheritance model to changes in its in- Even large data sets£21) can provide a misleading estimate of the
put parameters. See text for discussion. In each panel, one of thekewness of the parent distribution. In particular, randomly chosen
model parameters is varied between the values shown on the y-axislata sets will often yield skewnesses that do not have the same sign
whereas the other model parameters are held constant at the baas the underlying parent distribution. The parent distribution in the
values. As in Fig. 5, the base values for the input parameters spedop panel is the same as that shown in Fig. 5b; the parent distribu-
ify that the true age of the moraine is 20 ka, the maximum predepo-+ion in the bottom panel is shown in Fig. 4b. The parent distribution
sitional exposure time is 100 ka, and the maximum predepositionaln the middle panel is a normal distribution with a mean of 20 ka
burial depth is 2.0 m. and a standard deviation of 1 ka.

distribution (Fig. 7). A large value for the maximum pre- duced by the moraine degradation and inheritance mod-
depositional exposure time causes a wide range of exposur@s. Moreover, these differences are robust for the param-
dates; a small value produces a narrow range. Large valuedt€r combinations we have tested. The statistical distribu-
of the maximum predepositional exposure time concentratdions of exposure dates produced by the moraine degrada-
most of the observations near the young end of the rangelion model are always skewed toward young values (Fig. 4b);
whereas smaller values place more of the observations int§onversely, the distributions of exposure dates produced by
the tail of the distribution. the inheritance model are always skewed toward old values

Increasing the surface slope has only a small effect on thdFig. 5b)._ That is, the cumulative density func'gions from the
distributions of exposure dates produced by the inheritanc&l€gradation model are always concave-up (Fig. 4c), and the
model (Fig. 7). There is little difference between the distri- cumulative density functi_ons from the inheritance model are
butions of modeled exposure dates for boulders derived fron@iways concave-down (Fig. 5¢). On the box plots, the box oc-
flat surfaces and those for boulders derived from sloped sur€Urs near the right-hand end of the distribution in the degra-
faces with inclinations of 30or less, because the depth de- dation model (Fig. 6), and near the left-hand side of the plot
pendence of nuclide production changes only slightly over[or the inheritance model (Fig. 7).

this range of slopes (Dunne, 1999). A°3flope is represen- This result is obvious in hindsight; however, this con-
tative of cirque headwalls (Benson et al., 2005), which arelrast between the effects of moraine degradation and inheri-

a likely source for supraglacial boulders. The model sensi{&nce on exposure dating of moraine boulders has never been

tivity to surface slope is not extreme, even for larger slopeShown before. So far as we know, histograms of modeled
values. cosmogenic exposure dates from a degrading moraine have

appeared in the literature only once (Zreda et al., 1994), and
there is no corresponding figure for inheritance.
4 Applications

The sensitivity analysis presented in Sect. 3 shows that there
are clear differences between the statistical distributions pro-
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Fig. 9. The reliability of different interpretive methods in estimating moraine ages from collections of cosmogenic exposure dates. Each box
plot (Sect. 2.3) represents age estimates frofhra@domly selected data sets containing eight synthetic cosmogenic exposure dates each.
The heavy, vertical black line in each panel represents the true age of the moraine, which is 20ka in each case. In each panel, the method
listed on the y-axis are listed according to how close the median age estimate falls to the true moraine age; the method listed at the top is
the best for the indicated parent distribution, and the method listed at the bottom is the worst. This ordering is insensitive to the number
of samples in each data set for reasonable data set sizes £321). The parent distribution in the middle panel is a normal distribution

with a mean of 20 ka and a standard deviation of 1 ka, corresponding to a case where all of the scatter between the exposure dates is due t
measurement error. The parent distributions in the other two panels are those shown in Figs. 4 and 5.

4.1 Skewness as a guide to geomorphic process 4.2 The effectiveness of different methods for estimat-
ing the ages of moraines from cosmogenic exposure
Our results suggest a potential method for distinguishing dates

moraine degradation from inheritance. If the skewness of a
data set is strongly positive, it suggests that the boulders conNext, we evaluate the robustness of different methods of es-
tain inherited nuclides. Similarly, if the skewness is strongly timating moraine age in the presence of geomorphic bias.
negative, the dates may be biased by moraine degradation. As noted in the introduction, many methods for estimating
We test this hypothesis by calculating the skewnesses ofnoraine age from cosmogenic exposure dates appear in the
synthetic data sets drawn at random from the distributionditerature. These methods include the mean, the mean after
produced by our models (Figs. 4 and 5), as well as a repreexcluding outliers, the oldest date, and the youngest date. In
sentative normal distribution. This normal distribution rep- this case, we define outliers as those observations that are
resents the case where there is no geomorphic bias, and athore than twice the standard deviation away from the mean
the scatter among exposure dates is due to measurement @fthe exposure dates in a data set. Other methods also exist;
ror. It has a mean of 20 ka and a standard deviation of 1 kathe mode and the weighted mean (Bevington and Robinson,
corresponding to a moraine deposited during the Last GlaciaP003) are both common choices.

Maximum and a measurement error of 5%. To this list, we add the min/mean/max technique, which
The results of this numerical experiment are shown inwas suggested by our modeling results. Given a collection
Fig. 8. In general, the skewnesses of reasonably-sized datf exposure dates from the same moraine, we estimate the
sets <~ 20) are a poor guide to the skewness of the underimoraine’s age using the min/mean/max technique as follows.
lying parent distribution; in many cases, the skewness of df the skewness is greater than 0.5, we infer that the dates are
particular data set will have the opposite sign from the parenbiased by inheritance, so we take the youngest date. If the
distribution. However, this figure does place rough boundsskewness is less thar0.5, we assume moraine degradation,

on the range of skewnesses that the measurement error-onind take the oldest date. If the skewness is betwe®b and
case can produce. Skewnesses that lie outside the boxés5, we take the mean. The cutoff of 0.5 corresponds to the
in the middle panel of Fig. 8 should be taken as evidenceends of the boxes in the middle panel of Fig. 8. Other cutoff
for either moraine degradation or inheritance, depending orvalues could also be tried.

whether the skewness is negative or positive.
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We evaluate these methods by using them to estimate Despite the potential usefulness of the min/mean/max
moraine ages for synthetic data sets drawn from our moditechnique for estimating moraine age, more sophisticated
eled distributions, for which the true ages are known. Forstatistical methods are probably needed. In using the skew-
the purposes of this study, we restrict ourselves to data setsess to decide which simple estimator to use, we sometimes
containing eight exposure dates. However, we find that ouguess incorrectly (Figs. 8 and 9). For example, we might
results are robust for reasonable data set sizes21). infer from a positive skewness that a data set is biased by in-

Figure 9 shows the results of this experiment. As we mightheritance, when the scatter among the dates is actually due to
expect, the mean performs best in the measurement erromoraine degradation. Thus, we pick the oldest date, whereas
only case, and the extreme estimators (oldest date, youngesite youngest date would be more appropriate. In such cases,
date) do very well when applied to data sets produced bythe min/mean/max technique will err by thousands of years.
the appropriate models. However, these methods fail when Therefore, we have developed a method for inverting our
applied inappropriately. process models against data sets from individual moraines

Discarding outliers before taking the mean of exposure(Applegate, 2009). This approach uses the Kolmogorov-
dates is a common practice, yet Fig. 9 suggests that thiSmirnov test statistic to find the best fit between observed and
method performs no better than simply taking the mean inmodeled distributions of cosmogenic exposure dates. From
cases where there is geomorphic bias. This result may béhis exercise, we learn the most likely values for the model
understood from Figs. 4b and 5b. Some dates fall far fromparameters, including moraine age, topographic diffusivity,
the moraine’s true age, yet the bulk of the exposure datesand the depth of glacial erosion. Thus, this inverse method
have much smaller degrees of bias. Thus, discarding the exsrovide a means to learn about geomorphic processes at in-
treme outliers and taking the average of the rest still yieldsdividual field sites from cosmogenic exposure dates.
an answer that is too young or too old, depending on the un- The inverse method does require a large number of dates
derlying geomorphic process (Applegate et al., 2008). It mayfrom each moraine to be useful, so we plan to develop the
be useful to think of geomorphic bias as a dial that is set tomin/mean/max technique further. In particular, the choice of
a different value for each boulder on a moraine, rather than @.5 for the skewness cutoff is somewhat arbitrary. It should
switch that is either on or off. be possible to determine the skewness cutoff on a case-by-

Thus, we may prefer an estimator that is not sensitive tocase basis, in a way that minimizes the chance of incorrect
the underlying distribution. The min/mean/max technique process assessments.
appears to satisfy this requirement; the median age estimate We developed our models of moraine degradation and in-
using this method is within a few thousand years of the trueheritance separately, to emphasize the contrasts between the
moraine age for each of the parent distributions we testednodeled distributions; however, moraine degradation and in-
(Fig. 9). This statement is not true of any of the other meth-heritance undoubtedly co-occur on some moraines (Laabs
ods we examined. However, the min/mean/max techniquest al., 2009). In addition, we have neglected some impor-
sometimes yields age estimates that are wrong by thousandant processes, such as boulder erosion. Thus, our state-
of years. ments about the accuracy of different methods for estimating

moraine ages should be reevaluated as more complete mod-

. . els are developed.
5 Discussion
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