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A B S T R A C T

Inherited age is defined herein as the difference between times of carbon fixation in a material and deposition
of that material within sediments from which it is eventually sampled in order to estimate deposit age via
radiocarbon dating. Inheritance generally leads to over-estimation of the age by an unknown amount and
therefore represents unquantified bias and uncertainty that could potentially lead to erroneous inferences.
Inherited ages in charcoal are likely to be larger, and therefore detectable relative to analytic error, where
forests are dominated by longer-lived trees, material is stored for longer periods upslope, and downstream
post-fire delivery of that material is dominated by mass movements, such as in the near-coastal mountains
of northwestern North America. Inherited age distribution functions were estimated from radiocarbon dat-
ing of 126 charcoal pieces from 14 stream-bank exposures of debris-flow deposits, fluvial fines, and fluvial
gravels along a headwater stream in the southern Oregon Coast Range, USA. In the region, these 3 facies are
representative of the nearly continuous coalescing fan-fill complexes blanketing valley floors of headwater
streams where the dominant transport mechanism shifts from debris-flow to fluvial. Within each deposi-
tional unit, and for each charcoal piece within that unit, convolution of the calibrated age distribution with
that of the youngest piece yielded an inherited age distribution for the unit. Fits to the normalized sums of
inherited age distributions for units of like facies provided estimates of facies-specific inherited age distribu-
tion functions. Finally, convolution of these distribution functions with calibrated deposit age distributions
yielded corrections to published valley-floor deposit ages and residence time distributions from nearby sim-
ilar sites. Residence time distributions were inferred from the normalized sums of distributions of ∼ 30
deposit ages at each of 4 sites: 2 adjacent valley reaches ∼ 103 m long and within ∼ 102 m of 2 tributary
confluences. Mean inherited ages from the observed distributions are 666, 688, and 1506 yr for debris-flow
deposits, fluvial fines, and fluvial gravels, respectively. On average, correction reduced estimates of indi-
vidual deposit age means by a factor of 0.71 (0.56–0.94) and increased standard deviations by a factor of
6.1 (0.97–43). Across sites, mean residence times decreased by 24.0% and standard deviations by 12.5% on
average. Corrected residence time distributions have thicker tails, as indicated by gamma-distribution fits
with smaller shape factors, and these changes are significant relative to the bootstrapped 95% confidence
limits representing potential error in the sampling for inherited ages. The ratio of the means of sediment age
and residence time ranged from 1.03 to 1.80 across sites before correction and 1.21 to 2.18 after correction,
where a value of one implies that probability of evacuation from the “reservoir” comprising valley-floor
deposits is independent of time since deposition. Corrected values of this ratio therefore indicate that evac-
uation favors younger deposits at all sites, whereas uncorrected results implied age-independent evacuation
from the more downstream valley reach.

c© 2013 Published by Elsevier Ltd.

1. Introduction

Radiocarbon dating of organic material is often used to estimate
the age of the sediment deposits in which the material is found
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(e.g., Bush and Stillman, 2007; Personius et al., 1993; Pierce and
Meyer, 2008), but an accurate estimate based solely on radiocar-
bon dating assumes that the dated material was young, i.e., had
effectively zero age, at the time of deposition. Two kinds of cases
violate this assumption: 1) the material was not incorporated into a
deposit shortly after carbon fixation; and 2) the material remained,
for an extended period of time, in storage on its journey from its
source to a particular deposit (e.g., Blong and Gillespie, 1978).

In radiocarbon dating, and consistently herein, age is effec-
tively treated as a random variable, T , with a probability den-
sity function (PDF), fT (t), that incorporates uncertainties in both
radiocarbon concentration in the dated material and the calibra-

110

http://dx.doi.org/10.1016/j.quascirev.2013.10.029


W.T. Frueh and S.T. Lancaster / Quaternary Science Reviews 88 (2014) 110–124 111

tion curve relating radiocarbon concentration to calendar age. The
expected value of age is the mean, T =

∫ ∞
−∞

[t fT (t)]dt, some-
times called the “weighted mean,” where the PDF is the weight-
ing function (Telford et al., 2004). Uncertainty is expressed in
terms of the standard deviation, or the square-root of the variance,
σ2

T =
∫ ∞
−∞

[(t − T )2 fT (t)]dt. In this paper, we explicitly incorpo-
rate uncertainties due to violations of the zero-age assumption and
determine whether these uncertainties significantly affect, on the
one hand, age estimates and uncertainties associated with individ-
ual samples of organic material and, on the other hand, inferences
of system behavior (in this case, geomorphic) based on many sam-
ples.

Some definitions are necessary to draw distinctions among the
various “ages” and “times” considered herein. “Sample age” is
the time between carbon fixation within and radiocarbon dating of
a sample of organic material, typically charcoal or wood. “De-
posit age” is the time since deposition of the sediment in a unit
or stratum from which a sample is taken for radiocarbon dating.
“Inherited age” is the time between carbon fixation within a sam-
ple and its deposition within the unit to be dated and is equiva-
lent, at least conceptually, to the difference between sample age
and deposit age. Inherited age includes “inbuilt age,” which Gavin
(2001) defined as the time between carbon fixation and charcoal
formation. Geomorphologists have used deposit ages, e.g., of bank
exposures, to infer sediment residence times, where “sediment res-
idence time,” or simply “residence time,” is the time between de-
position and evacuation of sediment and is also known as “transit
time” or “storage time.” System characteristics determine the res-
idence time distribution and its moments (e.g., mean, variance),
and to a limited extent, vice versa. In particular, the residence
time distribution implies the distribution of “sediment age.” Like
deposit age, sediment age is defined as the time since deposition
but is used here in the context of a probability distribution for all
sediments within a “reservoir,” i.e., a control volume in which sed-
iment may be stored, such as an alluvial fan. Similarly, residence
time is used in the context of sediments leaving a reservoir (Bolin
and Rodhe, 1973; Eriksson, 1971; Dietrich et al., 1982; Lancaster
and Casebeer, 2007; Lancaster et al., 2010; Bradley and Tucker,
2013).

After Aubry et al. (2009), we report durations with the unit of
“year,” or “yr” (or “kyr” for “thousands of years”) and dates rel-
ative to the present with the unit of “annus,” or “a” (or “ka” for
“thousands of years before present”). Sample ages are reported as
dates in calibrated or radiocarbon years relative to AD 1950 (“a
BP” or “14C a BP,” respectively). Deposit ages, inherited ages,
residence times, and sediment ages are reported as durations. In-
herited ages require no reference datum, but the others are inferred
from ages relative to the time of sampling.

Magnitudes of inherited ages and, thus, the biases inherent in
many deposit age estimates are generally unknown and therefore
not systematically accounted for. Blong and Gillespie (1978)
found inherited ages of bulk charcoal samples from a river bed in
coastal New South Wales as great as 1500 14C yr and therefore re-
garded any single sample age as a “maximum” deposit age, i.e., an
age estimate that may be larger than the actual age by an unknown
amount. Stratigraphic age control can constrain these magnitudes,
essentially revealing cases in which inherited ages are large enough
to cause age inversions (i.e., stratigraphically higher samples yield-
ing greater ages than lower samples). For example, in 7 sites with
stratigraphic age control, Lancaster and Casebeer (2007) and Lan-
caster et al. (2010) found 3 age inversions of 455, 976, and 3909 yr
in headwater valleys of the Oregon Coast Range. Dating of mul-
tiple samples and assuming that the actual deposit age is equal to
the minimum of the sample ages can reduce error, but again, that

error is not well described (e.g., Akciz et al., 2009; Meyer et al.,
1995; Tornqvist et al., 1992). Moreover, the necessary number of
samples may make this method impractically large. Based on dif-
ferences between timing of fire events inferred from dating of soil
charcoal and counts of tree rings on the west side of Vancouver
Island, Gavin (2001) found that only 3 of 26 samples had inbuilt
ages less than 150 yr, whereas the median and maximum were 270
yr and 670 yr, respectively. Gavin et al. (2003) incorporated this
uncertainty by a convolution of the distribution of inbuilt ages with
calibrated age distributions, but his method required independent
determination of the true times of the types of events in question,
information that may be unobtainable in many cases, such as with
the timing of ordinary fluvial deposition.

The events leading to charcoal deposition in valley-floor sam-
pling sites may form lengthy histories: After radiocarbon is fixed
in new woody material by organisms (i.e., trees), those organisms
may live for many years before dying, and that death may pre-
cede burning and, hence, charcoal production by additional years.
Moreover, decay may expose older interior wood, which may then
be susceptible to burning during fires (Gavin, 2001). Charcoal may
then remain on dead tree trunks for some time before falling, after
which the charcoal on hillslopes may be incorporated into mobile
regolith, which will, after some time, work its way downslope and
into areas prone to erosion by overland flow or mass movement,
where that charcoal may remain for many years before moving
downslope with eroded sediment, often via debris flow, and into
channel networks. Charcoal pieces may then stay in one or more
valley-floor deposits for many years before finally coming to rest
in the fluvial or debris-flow deposits from which we take samples
for radiocarbon dating (Nichols et al., 2000). Or, the times be-
tween these effectively stochastic events may be short enough that
inherited ages are negligibly short.

In the absence of appropriate site-specific data, uncertainty with
respect to deposit ages is nearly unbounded. For example, Lan-
caster et al. (2010) found charcoal samples with mean calibrated
ages of 16.6 ka BP, 148 a BP, and 168 a BP, from bottom to top,
in an otherwise unremarkable stream bank in the Oregon Coast
Range. The upper samples provide effectively no constraint on the
inherited age of the lowest.

The accuracy of statistics assembled from many samples may
be more important than, but just as uncertain as, the accuracy of
any one deposit age. For example, using reservoir theory and large
numbers of ages of deposits exposed in stream banks as proxies
for residence times, Lancaster and Casebeer (2007) and Lancaster
et al. (2010) inferred sediment flux rates and relative probabilities
of valley-floor sediment evacuation as a function of sediment age.
According to reservoir theory, if residence times are exponentially
distributed, mean residence times are equivalent to mean sediment
ages, and evacuation probability is invariant with respect to sedi-
ment age. In contrast, if residence time probabilities decrease more
slowly with time (i.e., have thicker tails) than an exponential dis-
tribution, then mean residence times are less than mean sediment
ages for the entire reservoir, and evacuation probability decreases
with sediment age (Bolin and Rodhe, 1973; Dietrich et al., 1982;
Eriksson, 1971; Lancaster and Casebeer, 2007; Lancaster et al.,
2010). Substantial inherited ages in the systems studied by Lan-
caster and Casebeer (2007) and Lancaster et al. (2010) might have
implications far beyond the correct characterization of sediment
routing in the southern Oregon Coast Range, and even of geomor-
phic processes more generally, and could suggest reinterpretation
of a broad range of studies using radiocarbon dating to estimate
deposit ages.

In the Oregon Coast Range in particular, large trees and episodic
hillslope erosion by mass movement may lead to substantial inher-
ited ages, so sites in this region may provide a large and readily
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characterized inherited age “signal” relative to the “noise” of well-
established uncertainties inherent in radiocarbon dating. However,
other factors may tend to make inherited ages small: Fires mainly
burn the extremities and exteriors of the trees, i.e., the youngest
parts of live trees (Gavin, 2001; Scott, 2010; Spies et al., 1988),
and post-fire sediment transport may be greatly accelerated on hill-
slopes that are typically steeper than the angle of repose (Jackson
and Roering, 2009; Roering and Gerber, 2005).

The specific objective of this study is to characterize inher-
ited ages, in both average magnitude and their distribution, to ad-
dress these questions: 1) How greatly do inherited ages alter mea-
sured deposit ages and, hence, inferred quantities such as residence
times, sediment ages, and sediment fluxes in sediment reservoirs
comprising deposits adjacent to small streams of the Oregon Coast
Range? 2) How does inherited age bias affect measured sediment
residence time distributions and, hence, inferred sediment reservoir
dynamics in these streams?

More generally, we present a suite of generally applicable meth-
ods of inherited age estimation and deposit age correction. We es-
timate distributions of inherited ages from multiple charcoal sam-
ple ages taken from units representing debris-flow, fine fluvial, and
coarse fluvial deposit types, or facies. We use these distributions
to correct measured deposit ages and assess the effects of correc-
tion on both the deposit age distributions based on individual sam-
ples and the residence time distributions based on many samples.
Finally, we estimate the uncertainties in distributions of inherited
ages and corrected residence times due to possible sampling error
in the estimation of inherited ages.

2. Study Areas in the Oregon Coast Range

The climate of the mountainous rain forests of northwestern
North America is typified by long rainy seasons of low-intensity
rainfall rarely accompanied by lightning, and these conditions lead
to infrequent fires, large, long-lived trees, and abundant charcoal
for radiocarbon dating. Sites for the current study fall within the
Tsuga heterophylla Sarg. (western hemlock) zone in the Oregon
Coast Range. Mean annual rainfall is 2.3 m, with 93% of that
falling from October to May, and only 2% in July and August
(Western Regional Climate Center, 2013). Western hemlock is
the climax species, but Douglas-fir [Pseudotsuga menziesii (Mirb.)
Franco] typically dominates live biomass for up to 1000 yr after
forest-killing fire, and trunk diameters can reach 3 m (Franklin
and Dyrness, 1973; Franklin and Hemstrom, 1981; Pabst et al.,
2008). A third large conifer, western redcedar (Thuja plicata Donn
ex D. Don), may produce snags (i.e., standing dead trees) that
are an order of magnitude more resistant to decay (Daniels et al.,
1997; Gavin, 2001), although inter-species differences measured
for fallen wood are small (Sollins et al., 1987). At the Oregon
Coast Range sites of Lancaster et al. (2010), 75% of identifiable
charcoal pieces were Douglas-fir, so its dominance apparently ex-
tends through charcoal production, transport, and preservation.

Douglas-fir lifespans may contribute substantially to inherited
ages, but probably less than at the western Vancouver Island sites
of Gavin (2001), where annual precipitation is greater (3.5 m) and
western redcedar more common (Gavin, 2001). The mortality rate
of Douglas-fir in the Oregon Coast Range is greater than that of
western redcedar on western Vancouver Island by perhaps a fac-
tor of 2.1, if the relative rates are inversely proportional to annual
precipitation, and lifespans will differ by the inverse factor (Pabst
et al., 2008).

Charcoal, at least in part, moves and deposits with the sediment.
Typical living and dead biomasses of . 50 kg/m2 and . 80 kg/m2,
respectively, and fires with average return intervals of ∼ 200 yr
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Fig. 1. Map of Knowles Creek sample site locations (white circles) in plan view
and within stratigraphic columns of channel banks; depositional units (underlined
text) identified by stream-wise distance from divide (m), right (R) or left (L) stream
bank (facing downstream) or right bank of right-bank tributary (RTR), and upper
(a) or lower (b) unit in stratigraphic column; and mean calibrated sample ages,
from youngest to oldest, in years before AD 1950 (a BP) of charcoal extracted from
respective units. Darker and lighter shades of yellow, red, and blue differentiate
coarser and finer textures of debris-flow deposits, fluvial fines, and fluvial gravels,
respectively. Horizontal scale bar applies to stream map, and vertical bar to strati-
graphic columns. Inset: Channel networks at sampled sites (black), with sampled
reaches of Knowles and Bear Creeks (non-black) and tributary confluence sites on
Cedar and Golden Ridge Creeks (symbols), shown with respect to locations (gray
circles) in state of Oregon, USA, with downstream directions indicated by arrows.

produce . 0.005 kg/m2/yr of charcoal, or . 3% by weight of the
total sediment yield, great enough that availability of charcoal did
not influence the selection of sampling locations for the studies of
Lancaster and Casebeer (2007) and Lancaster et al. (2010) (An-
derson et al., 2002; Blackard et al., 2008; Gavin, 2001; Heimsath
et al., 2001; Lancaster and Casebeer, 2007; Lancaster et al., 2010;
Long et al., 1998; Spies et al., 1988).

The coastal ranges of the Pacific Northwest are also character-
ized by active rock uplift that, with the mild climate, produces
steep slopes (Tucker and Bras, 2000; Tucker, 2004). For soils
derived from the massive sandstone and interbedded mudstone of
the Eocene Tyee Formation in the Oregon Coast Range, slope an-
gles typically exceed the angle of repose on hillslopes and even
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Table 1
Site and reservoir characteristicsa.

Lower Bear Upper Bear Cedar fan Golden Ridge trib.

Area (km2) 2.23 (0.88)b 1.35 0.14 1.5
Gradient (%) 2–5 5–25 9.8 4.8
Volume (m3) 4.72 × 104 2.23 × 104 2.4–3.6 × 104 3200
Length (m) 1300 1300 130 38
Residence Tr 979 [951, 1030] (1300) 256 [248, 274] (361) 1140 [1100, 1180] (1370) 1220 [1160, 1290] (1630)
Time (yr): σTr 1160 [1130, 1210] (1340) 442 [429, 463] (533) 2090 [2030, 2130] (2210) 1760 [1690, 1860] (2050)

Tr50 428 [413, 473] (723) 108 [103, 123] (208) 311 [301, 326] (556) 506 [486, 536] (811)
Tr90 2780 [2700, 2920] (3530) 613 [598, 643] (738) 2990 [2880, 3080] (3390) 4900 [4550, 5240] (5800)

Sediment Ta 1180 (1340) 504 (572) 2480 (2460) 1880 (2100)
age (yr): σTa 1050 (1160) 557 (612) 2600 (2630) 1730 (1910)

Ta50 888 (1030) 288 (343) 1530 (1490) 1340 (1430)
Ta90 2750 (3080) 1450 (1570) 6720 (6710) 4630 (5130)

Flux (kg/yr) 6.07 × 104 (4.54 × 104) 1.10 × 105 (7.78 × 104) 2.7–4.0 × 104 (2.2–3.3 × 104) 3300 (2500)
Efficiency (%) 15.4 (11.6)c 30.6 (21.7) 71–110 (59–89) 0.83 (0.62)

a Contributing basin area, channel gradient, reservoir sediment volume, combined channel length, residence time, sediment age, mass flux through the reservoir, and
reservoir efficiency for the lower and upper Bear Creek reaches and the Cedar Creek and Golden Ridge Creek tributaries. Statistics of residence time, Tr , and sediment age,
Ta, distributions include mean, T , standard deviation, σT , median, T50, and 90th percentile, T90; 95% confidence limits (in square brackets) represent uncertainty due to
sampling error in determination of inherited age distributions used in correcting residence times (see text); uncorrected values in parentheses; all times are calibrated years.
For flux calculation, deposit bulk density = 1.26 × 103 kg/m3 (Lancaster et al., 2010). For efficiency calculation, weathered bedrock density = 2.27 × 103 kg/m3 (Anderson
et al., 2002); bedrock lowering rate = 1.17 × 10−4 m/yr (Heimsath et al., 2001); so unit mass flux = 0.266 kg/m2/yr in upstream contributing area.
b Number in parentheses is local contributing area (total area minus upper basin area).
c Estimate for lower Bear Creek uses (8), whereas others use (7).

the uppermost tips of the valley network (Wells and Peck, 1961).
Tree roots and understory vegetation stabilize soils, slow bioturba-
tion dominates soil transport, and occasional landslides are associ-
ated with tree mortality (e.g., from drought and pestilence). Fires
remove understory vegetation, kill the trees and their roots, and
thereby lead to brief periods (. 10 weeks) of rapid hillslope trans-
port via dry ravel, which may account for 40%–80% of all transport
on the steepest slopes (Roering and Gerber, 2005), and longer pe-
riods (∼ 10–50 yr) of rain-induced landsliding via mass failure of
colluvium in hillslope hollows (i.e., unchanneled convergent areas)
and transport via debris flow to the downstream valley network.
While overland-flow erosion upstream of channel heads is limited
to expansion of bedrock areas already exposed by mass movement,
high flows in steep channels can, in the absence of dams formed by
fallen trees and woody debris-flow deposits, typically transport all
supplied sediment (Benda and Dunne, 1997a; Dietrich and Dunne,
1978; Jackson and Roering, 2009; Lancaster et al., 2001; Lancaster
and Grant, 2006; May, 2002; May and Gresswell, 2003; Mont-
gomery et al., 2000; Reneau and Dietrich, 1991; Roering et al.,
2003; Schmidt et al., 2001; Swanson, 1981).

However, in the presence of such dams, concomitant deposits
appear to have unusually high charcoal concentrations relative
to other environments in the western USA. On headwater val-
ley floors in the Oregon Coast Range, a few shovelfuls of sedi-
ment from a small (∼ 15 cm ×15 cm) area within any unit typi-
cally yields sufficient charcoal for multiple radiocarbon dates (e.g.,
Frueh, 2011, dated 258 charcoal samples from 134 randomly se-
lected units). In contrast, sampling in the Rocky Mountains usu-
ally requires searching for charcoal-rich units (Grant A. Meyer,
personal communication, 2013). So old wood, slow bioturbation,
lengthy storage in hollows, and reworking of valley-floor deposits
are sufficient to create inherited ages of ∼ 102 to 104 yr in the Ore-
gon Coast Range, but young exterior wood and the extraordinary
rapidity and dominance of post-fire sediment transport may com-
press charcoal histories sufficiently for negligible inherited ages in
most, if not all, cases (Lancaster and Casebeer, 2007; Lancaster
et al., 2010; May and Gresswell, 2003; Reneau and Dietrich, 1991;
Sweeney et al., 2012).

We collected samples and other data from debris-flow and flu-
vial deposits on the headwater valley floor of Knowles Creek, a
tributary to the Siuslaw River in the Oregon Coast Range (Fig.

1). Mainstem stream gradients range from 1.4 to 17% and con-
tributing areas from 0.3 to 5.0 km2. Sampling sites have lithology,
vegetation, climate, and depositional settings similar to those of
nearby sites: Bear Creek, tributary to Knowles Creek (Lancaster
and Casebeer, 2007); Cedar Creek, in the Siuslaw River basin; and
Golden Ridge Creek, in the North Fork Smith River basin (Lan-
caster et al., 2010). The Bear Creek site comprises deposits on two
adjacent reaches of the valley floor. The Cedar Creek site com-
prises a debris-flow fan at the mouth of a small tributary, where the
fan is incised by two channels, plus the deposits on the adjacent
mainstem, 120 m in length. The Golden Ridge Creek site com-
prises predominantly fluvial deposits at a tributary mouth, where
the deposits are incised by a braided channel, plus the deposits on
the adjacent mainstem, 57 m in length (Table 1).

The study areas are almost entirely forested by large conifers,
even in riparian zones (Ohmann and Gregory, 2002). From such
riparian conditions, we infer that recent disturbances, whether an-
thropogenic (road building, timber harvest) or natural (fire, pesti-
lence), have had no detectable effect, with the exceptions of two
debris-flow runout tracks in upper Bear Creek, one that may
be associated with timber harvest and another associated with a
large storm ca 1996 and originating in mature forest, and a long-
abandoned narrow roadbed along Cedar Creek, presumably where
logs were dragged to a log drive on nearby Sweet Creek (Miller,
2010).

3. Methods

3.1. Sample Ages

In addition to the sites of Lancaster and Casebeer (2007) and
Lancaster et al. (2010), we chose 14 new sample sites in Knowles
Creek from a larger set of randomly selected sites, with selection
probability weighted by sediment volume and bank area (Fig. 1,
Table A.1 in supplement). The new sites represent the different
facies sampled by Lancaster and Casebeer (2007) and Lancaster
et al. (2010) and, by comprising a range of contributing watershed
areas, different potentials for upstream charcoal storage (Table 2).
We recorded bank stratigraphy over the accessible column at each
sample site and classified the facies for each stratum as debris-flow
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deposit (poorly sorted silt- to boulder-sized particles with matrix-
supported clasts), fluvial fines (stratified sand and finer particles),
or fluvial gravels (rounded, imbricated, clast-supported gravel and
interstitial sand) (Costa, 1984). Stratigraphic units were differen-
tiated according to facies type, texture, color, and induration (Fig.
2).

The location of each sampling site was specified by a distance
along the mainstem or tributary channel and a depth below the top
of the bank. Despite the wide ranges in texture observed for both
fluvial gravels and debris-flow deposits, boundaries between units
may be obscure, and fluvial fines often form thin strata that are
typically lumped into a single unit. Therefore, all samples were
taken from the same stratigraphic unit and within ±7.5 cm in the
vertical direction and ±15 cm (±7.5 cm for all but a few sites) in the
streamwise direction. Units thinner than ∼ 15 cm were excluded,
as were one or two units that yielded insufficient charcoal.

We sampled charcoal because it is more resistant to decompo-
sition than uncharred wood and provides consistency for analysis.
We avoided disturbed sediment (e.g., animal burrows, root wads)
to reduce the potential for sampling material emplaced after depo-
sition, although bioturbated sediment is not always recognizable,
especially in debris-flow deposits and unstratified fluvial gravels.
We gently sifted sediment to reduce breakage of charcoal pieces
and discarded those recently broken (e.g., with shiny surfaces) to
eliminate redundant dating.

According to standard protocol, multiple charcoal samples (N =

6–13) were taken from the stratum, or depositional unit, located
at each sampling site, pretreated with acid–base–acid washes to
remove fulvic and humic acids, combusted to CO2 in sealed 6-
mm-diameter glass tubes, and sent to the University of Arizona for
radiocarbon dating via AMS. At least ten samples per unit were
taken, but some were too small for AMS dating after pretreatment.
At 4 locations (2611-L, 2778-R, 3770-R, and 4194-R) we found
fewer than 10 sufficiently large pieces and, instead, substituted col-
lections, or composites, of smaller pieces for 7 of 127 samples.
Radiocarbon age calibration for both the new Knowles Creek sam-

Table 2
Sampling sites, minimum sample ages, and inherited age statisticsa.

Unit Ht.
(m)

Type CA
(km2)

Min. age
(a BP)

Inherited age (yr) Min./
Total

I σI I50 I90

2778-R 1.7 DF 0.08 981 1264 2181 300 6840 2/9
3397-Ra 1.4 DF 0.05 174 614 669 325 1880 1/10
3397-Rb 1.1 DF 0.05 411 88 133 70 275 6/9
4048-R 0.6 DF < 0.01 1449 1677 3688 40 9870 5/6
4204-RT-R 0.4 DF 0.09 140 1067 1066 990 3640 2/10
4254-RT-R 0.5 DF 0.16 137 61 165 40 275 8/9
4414-RT-R 0.8 DF 0.42 165 299 203 320 535 2/10
3770-R 1.0 FF 3.29 5097 1038 1219 280 2740 4/8
4194-R 1.3 FF 4.16 7530 629 621 465 1730 2/10
4534-L 1.0 FF 4.91 470 488 629 205 1400 3/11
2013-La 0.9 FG 1.09 152 1184 2045 350 5840 5/13
2013-Lb 0.3 FG 1.09 166 2698 2803 1280 8120 2/8
2611-L 0.2 FG 1.76 800 609 780 200 2010 3/8
4379-L 0.3 FG 4.44 439 1810 1996 1030 5770 1/6

a Sampling sites identified by unit number (Unit), indicating distance (m) down-
stream from divide, right (R) or left (L) channel bank, facing downstream, or right
bank of right-bank tributary (RTR); height (m) above low-flow water surface or
dry thalweg (Ht.); deposit type, or facies (Type), whether debris-flow deposit (DF),
fluvial fines (FF), or fluvial gravels (FG) (Fig. 1); and upstream contributing area
(CA). Minimum sample age for the unit (Min. age) given in calibrated years be-
fore AD 1950 (a BP). Inherited age statistics comprise mean, I, standard deviation,
σI , median, I50, and 90th percentile, I90, of the inherited age PDF for each unit
from equation (2) in calibrated years (yr); and number of samples with mean cali-
brated ages, A j, within 95% confidence limits of minimum mean age, Amin, includ-
ing minimum-age sample, vs. total number of samples.

FG

2013-La

FG

FG

2013-Lb

0
.2

 m

Stratigraphic contact

Fig. 2. Interpreted stratigraphic section (FG = fluvial gravel) at location of samples 2013-
La and 2013-Lb (small white circles; Fig. 1, Table 2). Top and bottom depositional units
are separated by a thin fluvial gravel unit with intermediate diameters < 2 cm. Bottom of
measuring tape is 0.2 m above thalweg, from which sample heights were measured (Table
2).

ples and those of Lancaster and Casebeer (2007) and Lancaster
et al. (2010) employed the IntCal09 and Bomb04NH1 calibration
curves (Reimer et al., 2009; Hua and Barbetti, 2004).

Lancaster and Casebeer (2007) and Lancaster et al. (2010)
also weighted probabilities of sampling random stream-bank and
terrace-riser locations by deposit volume and bank or riser area.
Lancaster and Casebeer (2007) sampled 60 sites (30 in each of the
two valley reaches) along Bear Creek, radiocarbon dated 44 sam-
ples, inferred ten ages by stratigraphic correlation with dated sites,
and inferred six from known provenance (a large storm in 1996) of
a large debris-flow deposit (Fig. 1; Tables A.2, A.3 in supplement).
Lancaster et al. (2010) sampled 30 sites along the channels incising
the fan on Cedar Creek, five sites along the adjacent mainstem, 24
sites along the Golden Ridge Creek tributary, and 8 sites along the
mainstem; they radiocarbon dated all 67 samples (Fig. 1; Tables
A.4, A.5 in supplement).

3.2. Inherited Ages
Whereas the inherited age is the difference between the cali-

brated sample age and the actual deposit age, where the latter is
assumed equal to the minimum calibrated age of samples from the
same unit, and these ages are all random variables, the inherited
age distribution of the jth sample is the convolution of the sample
and deposit age probability distributions:

FI j (t) =

∫ ∞

−∞

FA j

(
t + t′

)
fAmin

(
t′
)

dt′, (1)

where F and f denote the cumulative distribution function (CDF)
and PDF, respectively, of the random variable in the subscript; t is
the value of the random variable; I j, A j, and Amin are the random
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variables representing inherited age for charcoal sample j, cali-
brated age of sample j, and minimum calibrated age of samples
from the same unit, respectively; and t′ is a dummy variable of
integration.

To find the distribution of inherited ages for a given unit, or all
units of a given facies (i.e., debris-flow deposits, fluvial fines, flu-
vial gravels), PDFs of individual inherited ages were summed and
renormalized:

fI(t) =
1

Nu

Nu∑
j=1

fI j (t) (2)

where I is the random variable representing inherited age for a set
of Nu samples from the same unit, a set that includes the convolu-
tion of the minimum age PDF with itself, and fI j (t) = dFI j (t)/dt.
According to (1) and (2), probability of negative inherited age can,
in general, be non-zero, reflecting the uncertainty in minimum age.

Although negative errors are possible, e.g., due to bioturbation,
inherited ages are non-negative by definition, so PDFs including all
units of each facies (debris-flow deposits, fluvial fines, and fluvial
gravels) in Knowles Creek are restricted to non-negative inherited
ages. Equation (2) therefore becomes

fI f (t) =

N f∑
j=1

fI j |I j≥0 (t | t ≥ 0)

N f∑
j=1

[∫ ∞

0
fI j (t

′) dt′
] , (3)

where random variable I f represents non-negative inherited age for
a set of N f samples of a single deposit type, or facies. The forego-
ing age corrections use smooth PDFs to represent the underlying
distributions of inherited age for each facies, and the Weibull distri-
bution, among common distribution functions (including gamma,
exponential, and generalized Pareto), provided the best fit to ob-
served inherited age distributions. We estimated the parameters of
the Weibull PDF,

fI f (t) =

bW
aW

( t
aW

)bW−1
e−(t/aW )bW , t > 0

0, t ≤ 0,
(4)

with scale parameter, aW (yr), and shape parameter, bW , by non-
linear least-squares curve fitting of the Weibull CDF to the ob-
served, log-transformed CDF. This method reduces the influence
of small probabilities in the greater-age tails. We restricted each fit
to FI f (t) < 0.99 in order to eliminate a disproportionate influence
of the tail of the oldest sample.

3.3. Deposit Ages

Conceptually, corrected deposit age, T ′d, is the difference be-
tween the apparent, or uncorrected, deposit age, Td, which is equiv-
alent to the sample age, and the inherited age, I f . However, be-
cause these are random variables, this “difference” is calculated
via convolution, or

FT ′d (t) =



∞∫
−∞

[
FTd (t + t′) − FTd (t′)

]
fI f (t

′) dt′

∞∫
−∞

[
1 − FTd (t′)

]
fI f (t

′) dt′
, t ≥ 0

0, t < 0,

(5)

which is conditional on non-negative corrected deposit ages, and
the PDF is fT ′d (t) = dFT ′d (t) /dt. We assume that facies-specific
inherited age distributions for charcoal in Knowles Creek are the
same for charcoal and other woody material dated by Lancaster
and Casebeer (2007) and (Lancaster et al., 2010) in similar sites
(Tables A.3–A.5 in supplement), because we do not have inherited
age data specific to uncharred woody material.

Fifty-four of sixty deposit ages from Bear Creek and all ages
from the Cedar Creek and Golden Ridge Creek sites were corrected
with equation (5). Six deposit ages were inferred from the known
age of a recent debris flow in upper Bear Creek (Lancaster and
Casebeer, 2007) and were not corrected (Table A.3 in supplement).

The residence time distributions, both corrected with equation
(5) and not, as inferred from deposit ages found along the two Bear
Creek reaches and the Cedar Creek and Golden Ridge Creek tribu-
taries, are nevertheless corrected for age inversions: where deposit
ages suggest that older deposits overlie younger, and the 95% con-
fidence interval of either distribution (apparent or corrected) ex-
cludes the mean of the other, the lower age distribution is substi-
tuted for the upper.

3.4. Sediment Ages and Residence Times

Reservoir mass flux, QR, or time-averaged sediment flux passing
through a valley-floor reservoir, is (Eriksson, 1971):

QR =
M0

Tr
(6)

where the mass of material in the reservoir is M0 = V0ρb; Tr is the
mean residence time; V0 is valley-floor sediment volume, calcu-
lated from field surveys (Lancaster and Casebeer, 2007; Lancaster
et al., 2010); and bulk density of sediment is ρb = 1.26×103 kg/m3

(Lancaster et al., 2010). Trapping efficiency, Et, is the fraction of
basin sediment yield contributing to reservoir mass flux. Assuming
that all watershed areas contribute equally to storage,

Et =
QR

Adsερr
, (7)

where Ads is the contributing area at the downstream end of the
reach; bedrock lowering rate is ε = 1.17 × 10−4 m/yr (Heimsath
et al., 2001); and bedrock density is ρr = 2.27 × 103 kg/m3 (An-
derson et al., 2002). For lower Bear Creek, which has a substantial
percentage of debris-flow deposits that all originate in local trib-
utaries, we assume that only local areas contribute to debris-flow
deposits in proportion to their respective fraction among sampling
sites:

Et =
QR

Adsερr

(
1 +

pdAus

Ads − Aus

)
(8)

where Aus is the contributing area at the upstream end of the reach;
and pd is the fraction of charcoal samples taken from debris-flow
deposits. These assumptions imply that local areas, which com-
prise 39.5% of the total basin area, contribute 59.4% of the reser-
voir mass flux of lower Bear Creek.

Stream banks, and some terrace risers, are the surfaces from
which sediment is eroded and thereby leaves the reservoir compris-
ing valley-floor deposits. We therefore infer that ages of deposits
exposed in these surfaces are representative of, and equivalent to,
residence times. We assume that the distribution of these residence
times, sampled over space at an instant in time, is representative of
the steady-state distribution (Lancaster and Casebeer, 2007; Lan-
caster et al., 2010). The residence time distribution, then, is the
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normalized sum of the individual deposit age distributions:

FTr (t) =
1

Nd

Nd∑
i=1

FTdi (t), (9)

where the random variable, Tr, represents residence times in the
reservoir; Nd is the number of deposit ages included in the distri-
bution; the random variable Tdi represents the ith deposit age; and
the individual deposit age distributions, FTdi (t), can be uncorrected
or corrected with (5).

According to Bolin and Rodhe (1973) and (6), the sediment age
PDF and residence time CDF are related by

fTa (t) =
1

Tr

[
1 − FTr (t)

]
, (10)

where the random variable, Ta, represents sediment ages in the
reservoir, and the quantity within the square brackets is typically
called the exceedance distribution, survival function, or tail func-
tion. The probability of evacuation is then given by the hazard rate
function [1/T] (Sigman, 1999),

hTa (t) =
fTr (t)

Tr fTa (t)
. (11)

For exponentially distributed residence times, the sediment age and
residence time distributions (and their means) are equivalent, and
evacuation probability is constant with respect to sediment age. For
distributions that decay more slowly than an exponential (i.e., with
thicker tails), such as the gamma and Weibull distributions with
shape factors less than one, and the Pareto (power-law) distribu-
tion, mean sediment age is greater than mean residence time, and
evacuation probability declines monotonically with age (Bolin and
Rodhe, 1973; Dietrich et al., 1982; Lancaster and Casebeer, 2007;
Lancaster et al., 2010; Makhnin, 2010; Sigman, 1999). We fit the
gamma CDF,

FTr (t) =


1

baΓ

Γ
Γ(aΓ)

∫ t

0
t′aΓ−1e−t′/bΓ dt′, t > 0

0, t ≤ 0
(12)

to the residence time distributions from (9) with the method of mo-
ments, wherein the shape parameter is aΓ = Tr

2
/σ2

Tr
, and the scale

parameter is bΓ = σ2
Tr
/Tr (yr), whereσTr is the residence time stan-

dard deviation, and we used nonlinear least-squares curve-fitting to
fit exponential and power-law distributions.

3.5. Uncertainty Due to Sampling Error
“Sampling error” at the Knowles Creek sites might result in dif-

ferences between true deposit ages and minimum charcoal sam-
ple ages, and the potential for such error produces uncertainties
in inherited and corrected deposit ages and residence times. We
constrained these uncertainties through bootstrapping (Efron and
Tibshirani, 1993). From the original sets of Nu samples from each
Knowles Creek depositional unit, we randomly resampled, with
replacement, new sets of Nu samples from each unit and recalcu-
lated inherited ages and Weibull fits to the facies-specific distribu-
tions. We repeated this process 10,000 times. We then recalcu-
lated, 10,000 times, age corrections based on Weibull parameters
randomly selected from the bootstrapped estimates. For all quan-
tities calculated from the Knowles Creek sample ages, we inferred
95% confidence limits from the 2.5th and 97.5th percentiles of the
bootstrapped estimates of those quantities. These confidence lim-
its therefore represent the propagation of uncertainty arising from

sampling at each Knowles Creek site to determine inherited ages
but do not represent, for example, any uncertainty arising from
the selection of either the inherited-age or residence-time sampling
sites.

4. Results

4.1. Knowles Creek Sample Ages

Minimum mean calibrated ages of Knowles Creek samples
range from 143 to 7530 a BP (Fig. 1; Table A.1 in supplement), and
the percentage of mean calibrated ages that are within two standard
deviations of the minimum in each unit ranges from 0% to 88%,
excluding the minimum mean ages themselves (Table 2).

4.2. Inherited Ages

For the inherited age PDFs calculated from (2) for each unit
(Fig. 3, Table 2), mean inherited ages for the units, I, span more
than an order of magnitude, from 61 to 2700 yr, and are uncorre-
lated with the minimum mean sample ages or contributing water-
shed areas (e.g., F statistic p-value = 0.4 for exponential regres-
sion), and similarly for standard deviation, σI .

Distributions of inherited age for each facies, or deposit type,
from (3) show that the distribution mean, I f , median, I f 50, and
90th percentile, I f 90, are greatest for fluvial gravels and smallest
for debris-flow deposits, and the exceedance distribution for flu-
vial gravels decays more slowly than the others between 200 and
2000 yr (Table 3, Fig. 4). The overall shape of the inherited age
exceedance distribution for debris-flow deposits is steeper than for
fluvial fines, but the distribution tail for debris-flow deposits ex-
tends to greater ages than for either fluvial fines or fluvial gravels:
99th percentiles of inherited ages are 9890, 2940, and 8250 yr for
debris-flow deposits, fluvial fines, and fluvial gravels, respectively.
This long tail for debris-flow deposits influences both the mean
and standard deviation to the extent that the means for debris-flow
deposits and fluvial fines are similar, and the standard deviation is
greater for debris-flow deposits. Sampling error at the individual
units introduces uncertainties to the estimates of the facies-specific
mean inherited ages of approximately ±50%, so that only the mean
inherited age for fluvial gravel is significantly different from the
other two.

Weibull distributions fit to the facies-specific inherited age CDFs
have scale parameters less than, but similar to, the means (aW . I f )
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Fig. 3. Normalized probability density functions of calibrated sample ages, fA(t)
(A), and inherited ages fI (t) (B) at sites 2013-Lb (black line) and 4254-RTR (gray
fill), sites with the largest and smallest mean inherited ages, respectively (Table 2).
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intervals of inherited age (x-axis) rather than intervals of probability (y-axis).

and shape factors less than one (bW < 1), so the distributions are
heavy-tailed (Sigman, 1999). The fits all have R2 > 0.95 and pre-
dict inherited ages within the bootstrapped 95% confidence limits
for FI f (t) ≤ 0.99996, 0.93, and 0.96 for debris-flow deposits, flu-
vial fines, and fluvial gravels, respectively (Table 3, Fig. 4). Typ-
ical of heavy-tailed distributions, standard deviations are greater
than means, means are two to three times greater than medians,
and the 90th percentiles, all greater than 1000 yr, are roughly an
order of magnitude greater than the medians, all less than 500 yr
(Table 3). Given the 95% confidence limits for the fitted values of
the shape parameter, bW , the differences among the values for the
three facies, debris-flow deposits, fluvial fines, and fluvial gravels,
may not be significant (Table 3). For the scale parameter, aW , the
difference between the fitted values for debris-flow deposits and
fluvial fines may not be significant, but the value for fluvial gravels
is greater than for the other two facies, and according to the boot-
strapped confidence limits, the difference is apparently significant
(Table 3).

4.3. Corrected Deposit Ages and Residence Times

Corrected deposit age PDFs are smoother, wider, and shifted to-
ward younger ages, but the forced truncation at zero age in (5) pro-
duced less widening and smaller absolute reductions for younger
samples, although relative changes were generally smallest for the
oldest samples (Fig. 5). Distribution means decreased by 29%, on

Table 3
Inherited age statistics for deposit typesa.

Debris-flow Fluvial fines Fluvial gravels

N 62 29 35
I f 817 [418, 1280] 780 [472, 1080] 1730 [1030, 2440]
σI f 1690 [482, 2500] 868 [594, 1020] 2230 [1430, 2770]
I f 50 295 [175, 360] 425 [180, 705] 565 [325, 1150]
I f 90 1450 [1020, 4100] 2340 [1310, 7100] 5800 [2890, 7860]
aW 516 [336, 724] 708 [387, 1200] 1360 [755, 2270]
bW 0.769 [0.595, 0.833] 0.719 [0.570, 0.857] 0.667 [0.506, 0.786]

a Summary of inherited ages in calibrated years (yr) for each deposit type, where
N is the number of samples from each deposit type; I f , σI f , I f 50, and I f 90, are
mean, standard deviation, median, and 90th percentile, respectively, of non-negative
inherited age PDFs (3); aW and bW are scale (yr) and shape parameters for the
Weibull distribution (4); and 95% confidence limits (in square brackets) represent
uncertainty due to sampling error in determination of inherited age distributions
used in correcting residence times (see text).

average (Fig. 5; Tables A.3–A.5 in supplement). Correction re-
duced post-bomb (after AD 1950) age estimates by 20%–44% for
the youngest to oldest samples, respectively. For pre-bomb ages,
the youngest age estimates were reduced by 31%–36%, the old-
est by 14%–22%. In the case of the oldest (BC-26) and youngest
(BC-27) samples from lower Bear Creek, for example, corrected
mean deposit ages are 22% (3990 vs. 5120 yr) and 32% (123 vs.
181 yr ), respectively, less than uncorrected, and corrected stan-
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Fig. 5. Uncorrected (calibrated) and corrected probability density functions of de-
posit ages for samples BC-26 (A) and BC-27 (B), lower Bear Creek’s oldest and
youngest samples, respectively (Table A.2 in supplement) (Lancaster and Case-
beer, 2007), with deposit age means, Td and T ′d , and standard deviations, σTd and
σT ′d , all in calibrated years relative to time of sampling, AD 2003. Correction is by
convolution with the Weibull fit of Fig. 4E.

dard deviations are 950% (1220 vs. 116 yr) and 2.8% (81 vs. 79
yr), respectively, greater than uncorrected (Fig. 5, Table A.2 in
supplement).

Residence time distributions for the four valley-floor sediment
reservoirs comprising the deposits at each site, upper and lower
Bear Creek and the Cedar and Golden Ridge Creek tributaries,
were calculated from (9), and sediment age PDFs were calculated
from (10). (Due to the small numbers of samples from mainstem
Cedar and Golden Ridge Creeks, these samples were not included
in the analyses.) Correction for inherited age smoothed the dis-
tributions and shifted them towards shorter times, shifts that ef-
fectively narrowed the residence time distributions, so that means
(Tr), medians (Tr50), 90th percentiles (Tr90), and standard devia-
tions (σTr ) were all smaller after inherited age correction (Table
1). For the same storage volume, shorter mean residence times
imply greater fluxes and, therefore, trapping efficiencies, as calcu-
lated with (6), (7), and (8) (Table 1). Relative changes in mean
residence time were greater than for standard deviation at all four
sites: correction reduced estimates of the mean by 24.7%, 29.1%,
16.8%, and 25.2% for lower and upper Bear Creek reaches and the
Cedar and Golden Ridge Creek tributaries, respectively, or 24.0%
on average across sites, and standard deviations by 13.4%, 17.1%,
5.43%, and 14.2%, respectively, or 12.5% on average (Table 1).
Sediment ages decreased less than did residence times or, in the
case of the Cedar Creek fan, increased slightly due to correction,
so the inferred differences between sediment ages and residence
times increased (Table 1).

Consistent with the above results, residence time distributions
had thicker tails after correction, in that gamma shape parame-
ters were smaller, and exponential distributions were poorer fits
(smaller R2; Fig. 6, Table 4). The changes in gamma shape param-
eters are significant in the sense that none of the confidence limits
of the corrected values includes the uncorrected estimate. Changes
in the exponents of power-law fits provide ambiguous and inconsis-
tent results, but essential implications are similar before and after
correction: the third and higher moments are undefined for lower
Bear Creek; the second and higher moments are undefined for up-
per Bear; and the first and higher moments are undefined for the
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Cedar and Golden Ridge Creek tributary deposits (Sigman, 1999)
(Table 4).

Of 19 locations with clear stratigraphic relationships in lower
and upper Bear Creek, the Cedar Creek tributary and mainstem,
and the Golden Ridge Creek tributary and mainstem, there were 3
age inversions. Differences between corrected mean deposit ages
of the upper and lower samples were 400, 3410, and 778 yr for age
inversions in lower and upper Bear Creek and the Golden Ridge
Creek tributary, respectively (Tables A.2–A.5 in supplement).

Perhaps surprisingly, the relatively large uncertainties in inher-
ited ages due to sampling error do not produce large uncertainties
in the corrected residence time distributions. For example, none
of the mean residence times, standard deviations, medians, or 90th
percentiles falls within the relevant confidence intervals for any of
the other sites, and similarly, the parameters of the gamma dis-
tributions fit to the residence time distributions by the method of
moments are each significantly different from the rest.
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Table 4
Parameters of fits to residence time distributionsa.

Lower Bear Upper Bear Cedar fan Golden
Ridge trib.

Uncorrected
Gamma: aΓ 0.928 0.457 0.388 0.635

bΓ (yr) 1400 789 3550 2570
R2 (%) 97.4 98.6 94.2 85.7

Power: α 2.17 ± 0.05 1.14 ± 0.02 0.775±0.006 0.734±0.010
R2 (%) 94.8 97.5 96.3 91.5

Exponential: µ (yr) 1310 ± 10 313 ± 8 1040 ± 10 1370 ± 30
R2 (%) 96.5 91.0 88.5 81.7

Corrected
Gamma: aΓ 0.707 [0.692,

0.738]
0.336 [0.330,
0.357]

0.296 [0.291,
0.308]

0.477 [0.463,
0.496]

bΓ (yr) 1390 [1340,
1430]

762 [738,
791]

3830 [3730,
3870]

2560 [2440,
2680]

R2 (%) 97.9 98.8 94.7 90.5
Power: α 2.50 ± 0.04 1.16 ± 0.01 0.736±0.006 0.745±0.009

R2 (%) 96.8 99.2 96.4 94.8
Exponential: µ (yr) 944 ± 16 201 ± 7 750 ± 15 923 ± 22

R2 (%) 92.2 84.8 79.3 80.5

a Parameters of fits to residence time exceedance distributions, P = 1 − FTr (t),
with fractions of variance explained, R2 (Fig. 6), for upper and lower reaches of
Bear Creek, the debris-flow fan of a tributary to Cedar Creek, and the valley-floor
deposits in the mouth of a tributary to Golden Ridge Creek. Gamma distribution
(12): aΓ is shape parameter, bΓ (yr) is scale parameter, fit by method of moments;
95% confidence limits (in square brackets) represent uncertainty due to sampling
error in determination of inherited age distributions used in correcting residence
times (see text). Power-law: α (± confidence limits from root mean square error)
is exponent in P = βt−α, for t > 2000 yr for lower Bear Creek, and t > 200 yr for
upper Bear, Cedar fan, and Golden Ridge tributary, fit by nonlinear least squares.
Exponential: µ (± 95% confidence limits from root mean square error) is scale
parameter of exponential distribution, P = exp(−t/µ), fit by nonlinear least squares.

5. Discussion

5.1. Uncertainty
Accurate estimation of inherited age depends on accurate esti-

mation of true deposit age, but unless deposit age is known a pri-
ori, that “true” deposit age is itself a random variable. Moreover,
eliminating that random variable, say, by sampling only deposits
of known age (e.g., via air-photo and field surveys) would violate
our protocol of random sampling and add an unknown, unquan-
tifiable bias to our inherited age estimates. Limiting sampling to
deposits . 100 yr old would also likely lead to larger calibration
uncertainties. As bootstrapping provides robust estimation of the
uncertainty introduced by the estimation of true deposit age, we
have opted in favor of unbiased estimation of inherited age with
quantifiable uncertainty at the cost, perhaps, of some accuracy, as
is standard practice in choosing estimators for random variables
(e.g., Benjamin and Cornell, 1970). And bootstrapping reveals
substantial uncertainties for inherited ages: for the facies-specific
inherited age distributions, 95% confidence intervals are approxi-
mately ±40% to 50% for the means, ±35% to 70% for the best-fit
Weibull scale parameters, aW , and ±10% to 25% for the shape pa-
rameters, bW (Fig. 5). However, the resulting uncertainties in cor-
rected deposit ages and residence times are relatively small, both
∼ ±1% to 10%.

5.2. Inherited Age
Right-skewed inherited age distributions peaked at zero age im-

ply that charcoal entering all sampled deposits at our sites is pre-
dominantly young at the time of deposition, and we reason that
these young-age peaks reflect high rates of sediment transport
following fire. The long tails of those distributions imply some
entrainment and deposition of old charcoal with ages spanning
thousands of years. Mechanisms contributing to these long tails
might include long but finite lifespans of trees (i.e., inbuilt ages)

and episodic evacuation of sediment from upslope storage, espe-
cially in the unchanneled extremities of the valley network. Dif-
ferences among the facies-specific distributions may reflect dif-
ferences among, primarily, conditions promoting deposition of
these facies and, secondarily, the charcoal and sediment reservoirs
tapped by fluvial and debris-flow transport. Although the observed
inherited age distributions reflect conditions specific to the geo-
morphology and forest environment of the Oregon Coast Range,
similar processes and mechanisms are active elsewhere, albeit with
effects of different magnitudes. Moreover, sampling protocol may
have the largest effect on both inherited age means and distribution
shapes. Given our sampling sites and protocol and the range of
observed inherited ages, we reason that inherited age magnitudes
and distribution shapes predominantly reflect upslope storage and
a relatively small contribution by inbuilt ages.

5.2.1. Common Controls
Both inbuilt ages and residence times in prior storage may con-

tribute to inherited ages. The interaction of fire and fuel creates an
“original” inbuilt age distribution, i.e., for all the charcoal produced
in the fire. Growth, mortality, and decay rates determine quantities
and age distributions of flammable surfaces. Surface area, mate-
rial properties, and external factors determine fire size and inten-
sity and, therefore, the relative rates of flaming combustion, which
consumes the volatilized fraction, and glowing combustion, which
consumes the charred fraction. Charring itself provides energy for
volatilization but also insulates interior wood from further com-
bustion (Friquin, 2011; Lowden and Hull, 2013; Sullivan and Ball,
2012).

The live biomass consumed or charred by even the most severe
fires predominantly comprises the youngest material, such as nee-
dles, cones, seeds, bark, ground litter, and finer branches of the
canopy and understory, and selection of these materials can min-
imize or effectively eliminate inbuilt ages (Scott, 2010). High-
intensity fires, such as those typical of the coastal ranges of the Pa-
cific Northwest, may incinerate finer organic material in the canopy
and near the soil surface and leave only charcoal from charred
wood. For example, charring at a typical rate of 0.6 mm s−1 over
the woody surface area of a 400-yr-old Douglas-fir in the Pacific
Northwest would produce energy sufficient to volatilize all of the
needles in 0.3 s (Friquin, 2011; Lowden and Hull, 2013; Pike et al.,
1977; Sullivan et al., 2003; Sullivan and Ball, 2012).

Only dead biomass, i.e., standing snags and fallen logs, is deeply
charred by fire, but even for dead wood, the depth of charring is
limited by the drying depth. For example, the 1000-hr (40-day)
depth of 0.1 m corresponds to only 100 yr of growth for western
redcedar, so Gavin’s inbuilt ages, . 700 yr, must result from burn-
ing of snag interiors exposed by decay (Gavin, 2001; Schoennagel
et al., 2004; Scott, 2010).

Charcoal from different forest environments will generally have
different original distributions of inbuilt ages. The wetter climate
of western Vancouver Island and the prevalence of rot-resistant
western redcedar of ∼ 1000 yr age at Gavin’s sites may lead to
unusually large inbuilt ages. On the other extreme, the relatively
dry climate of the Yellowstone Plateau in the Rocky Mountains
has annual precipitation of 0.6–1.1 m (www.prismclimate.org) and
forests dominated by lodgepole pine (Pinus contorta var. latifolia
Engelm. ex. S. Wats). There, the greatest tree ages are gener-
ally < 300 yr, and mountain pine beetles kill many trees on cycles
of 20–50 yr (Donato et al., 2013; Raffa et al., 2008; Romme and
Despain, 1989).

Inbuilt ages in the Oregon Coast Range should generally lie be-
tween the above end members, due to shorter expected lifespans
and greater snag decay rates at the Knowles Creek site relative
to Gavin’s site. Even if biomass production rates were similar at
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the two sites, faster decay rates imply less dead biomass at the
Knowles Creek site. Drier climate and dominance of Douglas-fir
at the Knowles Creek site, then, imply dead wood in smaller vol-
umes and with younger inbuilt ages by factors of 0.1 and 0.5, re-
spectively, than on western Vancouver Island (Daniels et al., 1997;
Gavin, 2001; Pabst et al., 2008).

Given the original inbuilt age distribution, potential charcoal
transport distances may vary among age fractions. Much of the
younger charcoal reaches the ground quickly, before soils are sta-
bilized, so a disproportionate fraction of charcoal mobilized by
rapid post-fire erosion and preserved in valley-floor deposits is rel-
atively young. Much of the older charcoal may remain on boles
until soils are stabilized, so a disproportionate fraction of char-
coal preserved in near-surface hillslope soil is relatively old (Scott,
2010). Although transport processes differ, rapid post-fire erosion
of predominantly young charcoal is common to the pairing of for-
est vegetation and steep terrain. For example, in both forests dom-
inated by Douglas-fir in the Oregon Coast Range and ponderosa
pine (Pinus ponderosa Dougl. ex P. & C. Laws.) in the Colorado
Front Range, removal of ground cover, i.e., litter and understory
vegetation, leads to rapid post-fire slope erosion, but by different
processes, dry ravel and overland flow, respectively (Jackson and
Roering, 2009; Larsen et al., 2009). Whereas shallow landslides
generate debris flows in areas of low rainfall intensity such as the
coastal ranges of Oregon, Washington, and British Columbia and
the Western Cascade Range of Oregon, overland-flow erosion gen-
erates debris flows in much of the western U.S., whether in unveg-
etated areas or where fire has removed ground cover. Both types of
debris flow largely entrain young charcoal from the last fire, but as
overland flow generally erodes to shallower depths, charcoal con-
tent of runoff-generated debris flows may be more biased toward
younger pieces (Cannon, 2001; Cannon et al., 2008; Jackson and
Roering, 2009; Lancaster et al., 2012; McCoy et al., 2010; Meyer
and Wells, 1997; Roering et al., 2003; Schmidt et al., 2001). At
the Knowles Creek site, downstream sampling favors younger age
fractions of the original inbuilt age distribution.

The interaction of charcoal (or other organic material) with
transport processes and potential reservoirs determines potential
inherited ages due to prior storage. Durability of transported ma-
terial and destructiveness of transport processes determine likely
transport distances and, hence, paths of charcoal that might be sam-
pled at a given point in the channel network. Trapping efficiencies
of and residence times in reservoirs along those paths and at the
point of sampling determine the times of prior storage of sampled
material. Inherited ages due to prior storage will increase with
durability, trapping efficiencies, and residence times and decrease
with destructiveness, and the potential for entrainment, transport,
or deposition of charcoal pieces might vary among fractions with
different prior storage durations.

For example, “burned soil surfaces” formed in situ (cf. Meyer
et al., 1995; Pierce et al., 2004), delicate charred plant material un-
likely to survive transport, or charcoal-rich near-surface soil layers
that would be dispersed by transport (e.g., Gavin, 2001) all imply
small or negligible transport distances and, thus, inherited ages due
to prior storage upslope. Intensive sampling of such delicate mate-
rials in a small number of stratigraphic columns might essentially
eliminate inherited ages. For example, Meyer et al. (1995) gener-
ally avoided durable material, but two pieces of rounded charcoal
had mean ages 420 yr and 180 yr greater than an underlying conifer
cone, their only age inversions among 90 samples from deposits
in Yellowstone National Park, albeit with only 2 to 5 ages in most
stratigraphic sections. At the other extreme, charcoal sampled from
river channels by Blong and Gillespie (1978) was associated with
rot-resistant and durable Eucalyptus L’Hér., and their large inher-
ited ages apparently increased with greater downstream distance

and smaller particle size.
The sites of Lancaster and Casebeer (2007) and Lancaster et al.

(2010) lacked burned soil surfaces, and their study objectives ex-
cluded “minimally transported” materials like those sampled by
Gavin (2001). Knowles Creek deposits contained various organic
materials, but charred-wood charcoal was the only type found at
all sampling locations. Since inbuilt ages at Knowles Creek may
only be significant for a small number of samples with small inher-
ited ages, the relative durability of charcoal suggests that upslope
storage is the dominant control on inherited ages.

Given that control, the measured inherited age distributions re-
flect not only the strong association between fire and delivery
of sediment to valley floors but also the variations in recurrence
intervals of sediment evacuation along debris-flow runout paths.
Both mechanisms would produce distributions peaked at zero but
with large variations in thickness and length of the greater-age tail
among the distributions for individual units. Debris flows scour
their beds and thereby first entrain hillslope soil and colluvium, fol-
lowed by colluvium and alluvium on steep valley floors. Material
from a landslide initiation site includes not only recently raveled
hillslope soil with abundant young charcoal but also the soil and
charcoal gradually accumulated over the period since the previous
failure (∼ 103 to 104 yr) (Montgomery et al., 2000; Reneau and Di-
etrich, 1991). At a point downstream of two landslide-prone sites,
that period of gradual accumulation is, on average, half as long.
Storage times on the steepest valley floors (& 10%) are therefore
largely governed by debris-flow return periods that decrease sys-
tematically downstream in inverse proportion to the number of up-
stream debris-flow sources (Benda and Dunne, 1997b; Stock and
Dietrich, 2006). However, stochasticity in valley-network struc-
ture and the timing of individual landslides, e.g., due to patchy
and sporadic fires and other agents of tree mortality, will lead to
similar stochasticity in ages of materials scoured by debris flows.
Also, distributions of debris-flow runout lengths are typically right-
skewed, and many debris flows form deposits in valleys with slopes
& 30% (Lancaster et al., 2001, 2003; Robison et al., 1999). We
have observed that such steep-valley deposits, especially when in-
durated, may occasionally resist progressive, top-down scour and
entrainment, cf. McCoy et al. (2012), by larger debris flows with
longer runout lengths. Such resistance could produce substantial
inherited ages, and this mechanism is probably not peculiar to the
Oregon Coast Range.

Deposits sampled at Knowles Creek, and by Lancaster and
Casebeer (2007) and Lancaster et al. (2010), sit near the down-
stream limit of debris-flow deposition and represent a strong bias
toward greater runout lengths, shorter periods between scour, and
entrainment of younger material (May and Gresswell, 2003; Stock
and Dietrich, 2003). Among the Knowles Creek samples from
debris-flow deposits, the greatest inherited age, ∼ 10 kyr, is within
the range of hollow-colluvium basal ages measured by Reneau
and Dietrich (1991). The other five samples from the same unit
have near-zero inherited ages, likely indicating either the afore-
mentioned bias toward younger charcoal from the most recent fire,
near-zero time since previous scour of the runout path, or both. (Ta-
ble A.1 in supplement). Inherited ages for debris-flow deposits also
appear to be more variable across the different units than for flu-
vial deposits; means and standard deviations for debris-flow units
both span more than an order of magnitude. Some of the variation
introduced through debris flows may be moderated due to mixing
in the fluvial deposits.

5.2.2. Differences Among Deposit Types
For charcoal entering “final” storage in deposits at sampling lo-

cations, persistence of that charcoal in prior storage upstream is
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apparently greatest for charcoal entering fluvial gravels. Concep-
tually, the inherited age PDF is the relative probability that char-
coal of a given age will leave its prior storage location and enter
final storage. The corresponding hazard rate function, hI f (t), is the
conditional probability of charcoal entering final storage with in-
herited age in the increment, I f ∈ [t, t + dt), given that the charcoal
has already been in prior storage for that time, i.e., I f ≥ t. The
complementary probability, 1−hI f (t), is essentially the persistence
of the charcoal in prior storage as a function of charcoal age. For
an exponential PDF, the hazard rate is constant, hI f (t) = 1/I f , so
that the probability of entering final storage is independent of time
spent in prior storage. For a Weibull PDF, the hazard rate is a power
law, hI f (t) = (bW/aW )(t/aW )bW−1. For the best-fit shape parameters,
bW < 1, this rate is greater than the above constant rate for smaller t
(e.g., t < 830 yr for fluvial gravel) and decreases with prior storage
time. That is, charcoal in prior storage becomes more persistent
with time. Increasing induration due to weathering, stabilization
by vegetation, and increasing terrace height due to channel inci-
sion may all lead to increasing persistence with age and, moreover,
might have similar effects on different deposit types.

Differences in probability of charcoal incorporation in the dif-
ferent deposit types might lead to different charcoal concentrations
but not to differences in persistence in prior storage, except perhaps
indirectly. Anecdotal observations suggest that charcoal concentra-
tions in debris-flow deposits and fluvial fines are higher than in flu-
vial gravels. Relative to the fluvial transport of gravel, transport by
debris flows is less frequent, and widespread debris-flow transport,
such as occurs after fires, is rarer still. However, when widespread
debris-flow transport does occur, typically soon after fire, younger
charcoal is relatively abundant and mobile. Moreover, debris flows
that reach valley floors like those along Knowles Creek do, almost
without exception, produce deposits, usually large ones. In con-
trast, widespread gravel transport requires only mobile sediment
and sufficient streamflow. Greater rates of fluvial gravel transport
and deposition may be associated with debris-flow–driven supply,
concomitant flooding, and recent fire, but relative to debris flows,
greater fractions of fluvial gravel transport and deposition occur
at times long after fire events. The stronger association between
debris flows and fire and the relative abundance of young char-
coal after fire might explain different persistence in storage prior
to debris-flow vs. fluvial deposition, but differences in relative fre-
quency and magnitude of transport events would suggest, counter
to the evidence, even greater persistence prior to deposition of flu-
vial fines than of gravel.

To understand why that persistence is apparently greater for flu-
vial gravel than for both debris-flow deposits and fluvial fines and
similar for the latter two, consider the conditions promoting not
only transport but also deposition in the steep headwater streams
of the study area. Whereas smaller, more numerous, leakier dams
formed by fallen trees are generally sufficient to trap fluvial grav-
els, formation of lasting deposits of fluvial fines usually requires
large dams, typically several meters high, formed by debris-flow
deposits, (Lancaster and Grant, 2006). And impounded volumes
can fill quickly: a supply of fine sediment equivalent to the aver-
age sediment yield over a 1-km2 area could fill a typical accom-
modation space of 500 m3 in 5 yr, and the supply associated with
flooding and widespread debris flows following fire might fill that
space within days. Such an association of deposits of fluvial fines
with debris flows and, through them, with fire could explain why
the inherited age distribution for fluvial fines is relatively similar to
the distribution for debris-flow deposits. Conversely, the relatively
weak association of fluvial gravel deposits with fire might explain
the greater inherited ages of charcoal sampled from fluvial gravel.

5.3. Corrected Deposit Ages and Residence Times

While other materials (e.g., wood) may have different distribu-
tions of inherited ages than those of charcoal because of differ-
ent potential for preservation and time spent incorporated in large
boles, no inherited age data exist for these materials. We thus chose
to correct residence times for all materials sampled by Lancaster
and Casebeer (2007) and Lancaster et al. (2010) according to equa-
tion (5). Further study of inherited ages of other materials would
provide greater insight into the effect of these ages on means of,
and fits to, residence time distributions.

Inherited ages of charcoal samples taken from the Knowles
Creek sites span a range similar to that of uncorrected deposit ages
at the Bear Creek, Cedar Creek, and Golden Ridge Creek sites (Ta-
ble 2; Tables A.2–A.5 in supplement), and mean inherited ages for
the debris-flow, fluvial-fine, and fluvial-gravel facies in Knowles
Creek are comparable to or greater than the uncorrected mean resi-
dence times of sediment at the other sites (Table 3, Fig. 4). Correc-
tion for inherited ages therefore reduces deposit ages substantially,
but only the single greatest mean deposit age (16,660 yr at the time
of sampling from fluvial gravel in mainstem Golden Ridge Creek;
Table A.5 in supplement) is reduced by an amount equal to the
mean inherited age for that facies. Most of the differences between
corrected and uncorrected mean deposit ages are much less than
the mean inherited ages for their respective facies, e.g., as little as
5 yr for an uncorrected deposit age of 11 yr (Table A.3 in supple-
ment), because only inherited ages less than or equal to apparent
deposit (sample) ages, Td, contribute to conditional convolution
in (5) (Fig. 5). PDFs of individual corrected deposit ages, T ′d,
are flatter and broader than uncorrected PDFs, and thus convolu-
tion increases standard deviations, more so for greater deposit ages
(Fig. 5; Tables A.2–A.5 in supplement). In contrast, for the resi-
dence time distributions, the effect of shifting all times toward zero
outweighs the effect of increasing individual sample age standard
deviations, so standard deviations for the normalized, corrected
residence time distributions are smaller than for the uncorrected
distributions (Table 1).

Correction for inherited age with equation (5) has small but sig-
nificant effects on apparent age-dependence of the hazard rate func-
tion for sediment evacuation (11). Prior to correction, the “nearly
exponential” gamma distribution of sediment residence times in
lower Bear Creek implied that sediment evacuation probabilities
decline only slightly with sediment age, e.g., by 35% from 1 to
1000 yr (Table 4), and sediment age and residence time distribu-
tions are nearly identical (Table 1). The gamma fit to the corrected
residence time distribution, which has a slightly but significantly
thicker tail (Table 4), implies a significant decrease in evacuation
probability with age, e.g., by 81% from 1 to 1000 yr, so that sedi-
ment ages are significantly greater than residence times (95% con-
fidence limits of mean residence time exclude the inferred mean
sediment age) (Table 1). Although the best-fit power-law exponent
actually increases with correction, we tend to discount this indica-
tion of a thinner tail, given other evidence and that the power law
is fit only to t > 2000 yr (Fig. 6).

All other residence time distributions, both before and af-
ter correction for inherited age, indicate evacuation probabilities
that are decreasing functions of sediment age, albeit decreasing
more steeply after correction, as indicated by smaller gamma-
distribution shape factors, aΓ, and thus thicker tails at longer resi-
dence times. Although the changes are relatively small and do not
necessarily represent major changes in interpretation of differences
in the residence time distributions among sites, these changes are
robust with respect to the uncertainties inherent in the estimation of
true deposit ages from sampling at the Knowles Creek sites. These
results imply that the corrected residence time distributions reflect
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reservoir dynamics more accurately than do the uncorrected distri-
butions.

6. Conclusions

For dating purposes, debris-flow deposits are associated with the
smallest errors at the Knowles Creek site, followed by fluvial fines
and fluvial gravels, but even charcoal samples from debris-flow
deposits have a 50% chance of being off by more than 300 yr and
a 10% chance of being off by more than 1500 yr.

Inherited ages derived from multiple sampling of the 14 depo-
sitional units in Knowles Creek have magnitudes similar to the
uncorrected deposit ages found in the Bear, Cedar, and Golden
Ridge Creek sites (Tables 1, 3), and the facies-specific mean in-
herited ages are comparable to mean residence times inferred from
those deposit ages. However, correction for inherited ages does
not reduce mean residence times by the magnitude of mean inher-
ited ages, and most individual deposit ages are reduced by much
less (Table 1; Tables A.2–A.5 in supplement). Rather than off-
setting ages by simple subtraction, inherited ages are “subtracted”
from the uncorrected deposit ages by convolution via (5), which
is conditional on non-negative corrected ages. On average across
all sites, corrected mean deposit ages are 29% younger than uncor-
rected, and the effects of correction on residence time distributions
are comparable; on average, correction decreases mean residence
times by 24%.

Whereas deposit age uncertainties arising from inherited age
were previously unknown, the dramatically larger standard devi-
ations of individual deposit age distributions introduced by correc-
tion with the convolution of (5) provide better informed and more
accurate estimates of deposit age uncertainties. Correction also
makes the distributions, and thus the 95% confidence limits repre-
senting the range of likely ages, highly left-skewed, so uncertainty
increases asymmetrically toward younger age (Fig. 5). Although
the bootstrapped confidence limits around corrected estimates of
mean deposit ages are typically much smaller than the corrected
standard deviations, those confidence limits reflect only the uncer-
tainty in the estimate of the mean, and not the uncertainty in the
estimate of the true deposit age.

In contrast to the large uncertainties in individual deposit ages
revealed by inherited age correction, this correction introduces
relatively small uncertainties to the inferred residence time dis-
tributions. Like the confidence intervals around the estimates of
mean deposit ages, the bootstrapped confidence limits around cor-
rected mean residence times and other diagnostic statistics are
much smaller than the standard deviations of the component de-
posit age distributions, i.e., the FTdi values of (9). While these
confidence intervals do not encompass all sources of uncertainty
(e.g., due to sampling for residence times), the intervals do reflect
the uncertainties arising from sampling for inherited age in par-
ticular and the correction process in general. These uncertainties
are similar in magnitude to the 2σ ranges in the uncorrected cali-
brated deposit ages. Correction for inherited ages, then, provides
better estimates of residence time distributions and reveals that in-
herited ages introduce essentially negligible additional uncertainty
in those estimates, even though the magnitudes of the corrections
are substantial. Corrected deposit ages and residence time distribu-
tions are robust with respect to sampling error because confidence
intervals at younger inherited ages, which dominate the correcting
convolution, are smaller than for greater ages. With this evident
robustness, inherited age correction methods may be broadly ap-
plicable.

Among the valley-floor sediment reservoir sites, the Bear Creek
reaches of Lancaster and Casebeer (2007) and Cedar Creek and

Golden Ridge Creek tributary confluences of Lancaster et al.
(2010), relative differences in reservoir dynamics implied by the
residence time distributions are similar before and after correc-
tion, but correction does substantially modify our understanding
of these sediment reservoirs. Correction thickens the tails of all the
residence time distributions by similar amounts: gamma distribu-
tion shape factors decrease by 24.7% on average (23.7%–26.5%).
Consequently, the ratio of mean sediment age and mean residence
time, ranging from 1.03 to 1.80 before correction, increases by
21% on average (17.5%–24.7%), so that the corrected range is
1.21–2.18. Therefore, the degree of apparent age dependence of
sediment evacuation probability increases substantially, and simi-
larly, for all sites. So, whereas the previous results of Lancaster and
Casebeer (2007) implied that fluvial evacuation of sediment at one
of their two sites, lower Bear Creek, was age-independent, the cor-
rected results reveal that evacuation at both sites of Lancaster and
Casebeer (2007), as well as both sites of Lancaster et al. (2010),
favors younger deposits.

Decreases in deposit age estimates with inherited age correc-
tion indicate that inherited ages may affect the results of diverse
studies that depend on radiocarbon dating (e.g., seismology, pale-
ofire ecology, and archeology), especially if only a few radiocar-
bon dates are made to suffice for age control of a long time series
and contextual evidence of insignificant inherited ages is lacking.
Although a similar study in a drier region with different vegetation
and more intense storms than the Oregon Coast Range might reveal
substantially smaller inherited ages, this remains somewhat specu-
lative. Further study is warranted to elucidate controls on inherited
ages of charcoal, and how these ages vary with dated material, de-
positional environment, and regional setting.
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