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" mmm==rhe Blue Ridge escarpment, located within the southern Appalachian Mountains
of \4ragypia and North Carolina, forms a distinct, steep boundary between the lower-
elem Piedmont and higher-elevation Blue Ridge physiographic provinces. To
und®sténd better the rate at which this landform and the adjacent landscape are changing,
we mred cosmogenic *°Be in quartz separated from sediment samples (n = 50)
colfected in thirty-two streams and from three exposed bedrock outcrops along four
trafﬁnormal to the escarpment, allowing us to calculate erosion rates integrated over
ears. These basin-averaged erosion rates (5.4-49 m My™) are consistent with
t sured elsewhere in the southern Appalachians and show a positive relationship
between erosion rate and average basin slope. Erosion rates show no relationship with
basiggize or relative position of the Brevard fault zone, a fundamental structural element
of Qion. The cosmogenic isotopic data, when considered along with the distribution
ohze basin slopes in each physiographic province, suggest that the escarpment is
emn average more rapidly than the Blue Ridge uplands, which are eroding more

rapman the Piedmont lowlands. This difference in erosion rates by geomorphic

<C
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setting suggests that the elevation difference between the uplands and lowlands adjacent

to the escarpment is being reduced but at extremely slow rates.

Intfoduction

t escarpments associated with extensional tectonics exist on nearly all

= —
corﬁms and are located along active and recently rifted margins as well as along older
mafginsMatmon et al., 2002; Spotila et al., 2004). Such escarpments have been
extwly studied in terms of the climatic, tectonic, and geomorphic processes that
shd m (Cockburn et al., 2000; Gilchrist and Summerfield, 1990; Heimsath et al.,
2006 Mandal et al., 2015; Matmon et al., 2002; Ollier, 1984; Persano et al., 2002;
Salﬁt al., 2013; Scharf et al., 2013; Seidl et al., 1996; Spotila et al., 2004;
Sumield et al., 1997; Tucker and Slingerland, 1994).

he Blue Ridge escarpment, located inland of the passive margin of eastern North

merica (Figure 1), is a unique feature of the southern Appalachian Mountains

ch@ized by its linear trend, its steep slopes (~20° to 30°), and a dramatic elevation
cha @- er only a few kilometers. The escarpment is sub-parallel to the Atlantic margin
afistinct topographic boundary between the lower-elevation Piedmont and higher-
elq,am, Blue Ridge physiographic provinces (Figure 2). The escarpment forms an

asymme§ric drainage divide where streams flowing to the Gulf of Mexico have to travel

s& the distance (3000 km) of those flowing to the Atlantic Ocean (Figure 1;
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Dietrich, 1959; Spotila et al., 2004). The escarpment and surrounding landscapes are
generally underlain by micaceous schist and gneiss, although locally they are underlain
by granitic rocks and quartz-rich graywackes; thus, the escarpment’s morphology cannot
bé'im'lbfjted to differences in the bedrock’s resistance to erosion (Hack, 1982; Spotila et
aI.,@_

. —

!-_Passive margin escarpments are often the result of uplift from rifting, and rift
bawmdary faults are often assumed to generate such escarpments. Following the
cesm of active rifting, escarpments are shaped by erosional processes that in general
ca arpments to retreat (backwear) from the faults. Great escarpments are found
eitﬁng continental rifts representing early stages of crustal extension, or inland of
pasC‘uargins representing later stages (Matmon et al., 2002). Although it is generally
agrmat rift escarpments are formed tectonically by normal faulting and maintained by
E‘Itemaﬁve hypotheses have been advanced to explain how they change over time

#NQ ceases (Japsen et al., 2012; Spotila et al., 2004). The original paradigm
(OIM984). suggested ongoing, significant, and parallel escarpment retreat over time.
Mo@ent thinking, based largely on geochronologic data, suggests rapid and
significant erosion only during the earliest stages of extension followed by the
aﬁent of a stable or very slowly eroding passive margin escarpment (Spotila et al.,

20G<4smlgerman and Caffee, 2001; Heimsath et al., 2006; Matmon et al., 2002; Seidl et al.,

1996; chker and Slingerland, 1994; Vanacker et al., 2007).
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The Blue Ridge escarpment is smaller, more discontinuous, and on a much older
passive margin than most other rift-generated great escarpments, having formed more
than 200 million years ago (Heimsath et al., 2006; Seidl et al., 1996; Bierman and Caffee,
208 Brown et al., 2000; Fleming et al., 1999; Heimsath et al., 2006; Ollier, 1984;
Pe&al., 2002; Spotila et al., 2004; Summerfield et al., 1997). Yet, more than 200

H
M)safter collisional orogenic events ceased and rifting from Africa terminated (Schlische,
19@(& Appalachians in general, and the Blue Ridge escarpment in particular, still

ex%onsiderable relief (Davis, 1899; Hack, 1960; Rowley et al., 2013; Miller et al.,

20

ﬁhe erosional history and development of the Blue Ridge escarpment have been
extGly studied but remain incompletely understood although multiple lines of
evi@ suggest at least some and perhaps significant control on the overall surface
Egy by tectonic and/or mantle processes (Battiau-Queney, 1989; Davis, 1903;

o 1057, 1959; Hack, 1982; Pazzaglia and Brandon, 1996; Pazzaglia and Gardner,
19%ﬂotila et al., 2004; Tucker and Slingerland, 1994; White, 1950). Seismic data
sug@wat the high topography of the escarpment is underlain by a thick root of low-
dﬁntinenml crust while the adjacent lowlands are underlain by denser material

(
ag(ﬁden hotspot may have passed through northern Virginia although the effect of

I., 1988; Wagner et al., 2012). Seismic data suggest tens of millions of years

such a iassage on escarpment topography is uncertain (Chu et al., 2013). Field
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observations as well as numerical landscape analysis and modeling suggest that the area
around the escarpment is significantly and episodically modified by drainage capture
events and large scale recent uplift (dynamic topography) likely driven by mantle
pm (Prince et al., 2010, 2011; Prince and Spotila, 2013; Gallen et al., 2013;
Ro@gal., 2013; Schmandt and Lin, 2014; Miller et al., 2013; Naeser et al.,
. —
ZOﬁLSuch capture events transiently increase the rate of basin-scale erosion and
esc@nt retreat in specific areas along escarpment strike as base-level falls rapidly and
inc'riboropagates upstream.

rosion rates calculated from measured concentrations of cosmogenic nuclides
suc;)Be quantify the rate of landscape change on a 10°~10°-year time scale and
coantly can also quantify the tempo of passive margin escarpment retreat on a time
scmgrated over cyclic Quaternary climate changes (Heimsath et al., 2006; Bierman
aEe, 2001). Such data, in conjunction with data from geochronometers such as
- ck and (U-Th)/He thermochronology, which integrate over longer time frames
(~]efy_ears; e.g., Spotila et al., 2004; Brown et al., 2000; McKeon et al., 2011), allow for
the@g of theories of long-term landscape evolution. For example, if
ther ronologic data show no time-distance relationship across the lowlands and
cﬂﬁnic data indicate millennial-timescale rates of retreat for an inland escarpment

thaﬁoo slow to accommodate the distance the escarpment has moved over the time

intervalfince rifting began, then the concept of an escarpment continuously retreating at
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one rate over time is not plausible. In such a case, the erosion responsible for the inland
position of the escarpment either must have occurred rapidly, soon after rifting, such that
a period of relative erosional stability (post retreat) coincides with the integration time of
twochronologic data or that the erosion occurs episodically, through drainage
cap@nd rapid back-wearing of drainage divides (Prince et al., 2010, 2011; Prince and
- —

Spgila_,2013).

Oere we use measurements of in situ produced cosmogenic “°Be in fluvial
sedm to estimate millennial-scale erosion rates and test the hypothesis that the Blue
Ri arpment is actively retreating by determining whether there are statistically
di:gcrates of denudation between the Blue Ridge highlands (the upland), the
Piegt (the lowland), and the escarpment zone (steep topography) that could lead to
chm relief and escarpment position over time. To gain a better understanding of
I ape change in and near the Blue Ridge escarpment and the southern Appalachian

ms, we consider the hypotheses that erosion rates are correlative with basin slope
anc@scape position. By understanding the behavior of the Blue Ridge escarpment
ovw and space, our data contribute to a better understanding of passive margin
esc nts in general although we recognize that the integration time of °Be in stable,
pﬂgwargin environments (tens of thousands to a few hundred thousand years) does
notﬂ us to address large-scale, long-term landscape changes definitively with this

new datg set.
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Background

Southern Appalachian Mountains
The Appalachian Mountains formed during a series of Paleozoic collisional

tecQﬁéntS culminating with the cessation of the Permian Alleghenian Orogeny.
= —
Ercﬁgn_guring the Permian and early Triassic was followed by continental rifting and rift
mafgin golift in the Mesozoic associated with the opening of the Atlantic Ocean at ~200
meerous rift basins formed via normal faulting on the central Atlantic margin of
Nomerica during the initial extensional events that separated North America and
Afri chlische, 1993). The western-most Mesozoic rift basin, the Dan River-Danville
bas¢~35 km east of a section of the Blue Ridge escarpment (Spotila et al., 2004), and
rep@s the closest mapped normal boundary fault to the escarpment (Figure 1), and
thu inimum distance for escarpment retreat. Other basins, further to the east, would
suggest even greater retreat distances.

5._After rift shoulder uplift associated with the onset of continental extension ceased,
den and isostatic compensation have prevailed throughout the range (Judson,
19Ezzaglia and Brandon, 1996; Schlische, 1993; Slingerland and Furlong, 1989;
Magmonget al., 2003). Several datasets suggest that erosion and thus sediment delivery

fromrange has likely not been steady over time scales of 10°~108 years. For example,

P@ and Brandon (1996) show large changes over the last 10 years in rates of
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sediment delivery to the passive margin, Prince et al. (2010, 2011) and Prince and Spotila
(2013) argue that drainage capture leads to rapid downcutting and consequent landscape
change over 10° year timescales, and Naeser et al. (2016) provide thermochronologic
eﬂ.l'é'l'l'l,'! for a major Miocene dranage capture event. Modeling (Rowley et al., 2013)
su;&by mantle imaging (Schmandt and Lin, 2014) suggest that some
A.\p@ian topography (on the scale of 10? meters of uplift) is dynamically supported
an@ young, 10° years. The influence of this dynamic topography is revealed in the

Apﬁjian landscape by knickzones incising headward as the landscape uplifts (Miller

et 3).

Bﬁ\e southern Appalachian Mountains in the area near the Blue Ridge escarpment
ha\mmid temperate climate. A major portion of the region’s abundant precipitation
(~J®1,500 mm yr™) occurs during the warmest periods, usually during a few severe
Eents (http://www.sercc.com/; accessed January 2007; Dietrich, 1959). At

. freeze and thaw cycles make frost cracking a potentially important weathering
agwatsuoka and Murton, 2008). The study area has not been glaciated (Barron,
19®'chmond and Fullerton, 1986) although the climate was considerably colder than
tod periglacial processes operated at high elevations during the Pleistocene glacial

X1 Delcourt and Delcourt, 1984).

jhe topography of the Appalachian Mountains is less rugged than that of active

mounta'f belts; however, the orogenic crustal root beneath the mountain chain is still
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relatively thick (40-50 km) and more typical of much higher mountain ranges (Baldwin
et al., 2003; Matmon et al., 2003; Pratt et al., 1988; Wagner et al., 2012). However, the
climate is too warm to support glaciation and the rapid erosion it causes, and together
V\Tl'l"l'mé'lack of tectonic activity, relief is much less than in active mountain ranges. It is
not@mhether relief is stable or changing today; however, erosion could lead to relief
p.r@n by increasing valley erosion rates relative to summit lowering rates (Hancock
anc@an, 2007; Portenga et al., 2013). Relief production could be caused in the
abs f tectonic forcing by drainage capture (Prince et al., 2010, 2011; Prince and
SpQiila2013) and by uplift induced by dynamic topography (Miller et al., 2013)
altgthe timescales of these phenomena far exceed the integration time of 1°Be in
fluEdiment which records a 10* —10° year record of landscape erosion.

CUhe Brevard fault zone is a major regional structure (Figure 1) that is oriented
Et-northeast and extends for ~600 km from Alabama to Virginia (Figure 1; Roper

s, 1973). The Brevard fault zone was active during the Taconic and Acadian

orogen_ies, well before the rifting events that formed the Blue Ridge escarpment. In some
pIa@' is coincident with the boundary between the Blue Ridge and Piedmont
proy but the Brevard fault zone only coincides with the Blue Ridge escarpment for

— . It deviates from the escarpment both to the northeast, where it is farther east in

theﬁwont, and to the southwest, where it is within the Blue Ridge Mountains (Hack,

1982; ﬁper and Justus, 1973).

10
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A mixture of second growth deciduous forest and fields cleared for agriculture
covers the basins we sampled in this study. Most of the landscape is soil-mantled and
there is saprolite exposed in road and stream cuts. Active surface processes that move
séd'l'l'l'a* down slopes and into channels include tree throw, stream bank erosion, and
gul@ﬂon. Most physical erosion and sediment transport are likely caused by soil
H A . .
cregp, mass wasting, and the action of running water (cf., Jungers et al., 2009). Debris

flowy affect the steepest terrain (Witt et al., 2007), primarily on the escarpment

alt?w we saw no recent debris flow paths or run outs during our fieldwork.

BIuQe Idge Escarpment Erosion

Glany hypotheses have been advanced in an attempt to explain the evolution of

the%Ridge escarpment (Davis, 1903; Dietrich, 1957; Hack, 1982; Hayes and
ell, 1894, Ollier, 1984; Pazzaglia and Gardner, 1994; Spotila et al., 2004; White,

L s ves and Campbell (1894) suggested that monoclinal flexure formed the Blue
Ric@carpment. As asymmetrical uplift took place on the upland, stream erosion on
the@wont accelerated and moved headward creating the scarp (Dietrich, 1959; Hack,
198 ter, Davis (1903) suggested that the escarpment developed as a result of the
pﬂﬁ)f the regional drainage divide (Davis, 1903; Hack, 1982; Spotila et al., 2004).
e r—
Daw ued that streams flowing to the Atlantic had an advantage over streams flowing

to the Elf of Mexico because they had a shorter distance to travel. This hypothesis was

11
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disputed by Hack (1982), who noted that western rivers descend to the low continental
interior over a similar distance before flowing to the Gulf of Mexico. Building on Davis’
model, Dietrich (1957) proposed that the escarpment was formed by erosion
a!*!'l'l'p’!nying westward migration of the asymmetric drainage divide (Bank, 2002;
Di@l.%?). Hack (1975) additionally proposed that the highlands west of the
e.sc@ent have persisted due to resistant sandstones and quartzites, which set the base
levgh foWwestward draining streams (Bank, 2002; Hack, 1975; Spotila et al., 2004).

Uj/hite (1950) introduced the hypothesis that the scarp was produced by local,
norgaalssense reactivation of a fault within the Brevard fault zone during the Mesozoic
(Diﬁ 1957; Hack, 1982; Spotila et al., 2004). His theory was based on diffuse shear
plai d aligned bedrock schistosity (Spotila et al., 2004; White, 1950). Evidence for
tecmejuvenation has been criticized (Dietrich, 1957), because the Brevard fault zone
Ecides with the escarpment for 50-60 km (Hack, 1982; Roper and Justus, 1973).

ift-flank uplift followed by parallel slope retreat is a concept commonly applied

to teaiescarpments. Uplift occurs along a rift axis, creating an escarpment and
asy@ric drainage divide, and topography is maintained as the divide migrates away
fro rift margin (Ollier, 1984; Spotila et al., 2004). This hypothesis has only been
ot

b nsidered for the Blue Ridge escarpment (Ollier, 1984). Pazzaglia and Gardner
(1930posed that flexural isostasy was responsible for creating the Blue Ridge

escarpfnt. They suggested that as the Appalachian Mountains eroded, sediment was

12
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carried to the coast and deposited offshore, causing local subsidence of the middle
Atlantic margin and flexural rebound inland of the area of subsidence. They propose a
positive feedback in which erosion drives isostatic uplift which in turn causes more
eI'd'I'U'HT*Nith continued westward migration of the escarpment over time (Bank, 2002;
Pa@and Gardner, 1994, Spotila et al., 2004). Recent work suggests dynamic solid
E.a@cesses may be influencing Appalachian topography (e.g., Rowley et al., 2013).
@

Cownic nuclides in erosion studies

situ-produced cosmogenic nuclides such as *°Be are produced in materials at or
neagh’s surface as cosmic rays interact with minerals such as quartz in rock and
sedg (Lal, 1991) and have provided erosion rate data for passive margin escarpments
womm (e.g., Bierman and Caffee, 2001; Cockburn et al., 1999; Fleming et al., 1999;
E et al., 2006; Seidl et al., 1996; VVanacker et al., 2007; Matmon et al., 2013).

! nigue has also been used elsewhere in the Appalachian Mountains to evaluate
eroﬂates at both the outcrop and basin scale (Hancock and Kirwan, 2007; Matmon et
aI.,@ Portenga et al., 2013; Duxbury et al., 2015; Reusser et al., 2015). Cosmogenic
nuclide analysis has proven to be a useful tool for understanding geologic rates of surface
cﬂﬁnd bedrock erosion because the penetration depth of cosmic rays causes nuclide

corﬁtions in sediment to average erosion rates over the time period required to erode

~60 cm ff rock or more than a meter of soil, thereby buffering the impact of both human-

13
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induced and naturally-forced episodic erosion (Brown et al., 1998; Kirchner et al., 2001;
Hewawasam etal., 2003; Reusser et al., 2015). Numerous studies have shown that the
mixing of soil and regolith by physical and biological processes minimizes the effect of
Izﬂ'lh!'é’change and consequent erosion on the concentration of cosmogenic nuclides in
sed@.ﬁwd thus the calculation of long-term erosion rates (e.g., Hewawasam et al.,
- —

ZOaners et al., 2009). Thus, even though the area we sampled has been used for
tin@rvesting and agriculture, the long term erosion rates we calculate are likely
repmative of erosion rates integrated over tens of thousands of years including

sig%ﬂ climate changes between glacial and interglacial times.

vl

CU/e collected fluvial sediment samples from streams draining 32 basins. We

se basins suitable for sampling using GIS and a 30 m SRTM digital elevation
rthexplorer.usgs.gov) to determine basin size, average basin slope, and

phWaphic province after which, we verified basin access using 1:24,000 USGS
top@’wic maps. Rather than sampling randomly, we sampled locations that represented
a vyl Of basin sizes and slopes within each physiographic province in an effort to
ir‘leiigite factors that may influence erosion rates. The sediment samples were collected
fronr transects, each normal to the escarpment, separated by ~320 km (Figure 1).

Two tEsects were situated at the southern end of the escarpment, one where the Brevard

14
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fault zone is completely within the Blue Ridge province, and the other where the fault
zone coincides with the escarpment. The remaining two transects were located along the
northern end of the escarpment where the Brevard zone is seaward of the escarpment,
cm‘l'p'l'é'!gly within the Piedmont province. We sampled three bedrock outcrops; in this
soi@l&d landscape such outcrops were rare. These outcrops were ~1 m higher than
. —
theguriunding soil cover, and samples were collected from the upper flat surface of the
out@ Bedrock sample thicknesses (for each sample) averaged 3 cm.
Uj/e collected fluvial sediment from streambeds (bars and shallow pools) and
rec the location of each sampling site (Figure 1, Table 1). We sieved six samples
frorﬁnsect C into four grain size fractions: 0.25-0.85 mm, 0.85-2.0 mm, 2.0-9.0 mm,
an(Gmm to test whether a relationship exists between sediment grain size and °Be
cor%tion. Grain size fractions larger than 0.85 mm were ground and sieved to 0.25—
m and each sample was processed individually. For all other samples (n = 26), we
only the 0.25-0.85 mm fraction. Bedrock samples (n = 3) were ground to sand-
sizg.;m_rticles for processing. We isolated quartz (11-41 g) using the method of Kohl and

Niwi (1992).

-gll but six samples were prepared at the University of Vermont using techniques
outl

In Bierman and Caffee (2002). In each batch of samples, there were seven

unlﬁs and one full process blank (SPEX 1000 ppm ICP standard). The *°Be isolated

from thfe samples was analyzed using accelerator mass spectrometry (AMS) at the

15
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Lawrence Livermore National Laboratory (LLNL). The average ratio of the ten Vermont
process blanks was subtracted from the measured *°Be ratios. Measured ratios for
samples analyzed at LLNL were normalized using the KNSTD3110 standard assuming a
1ot i for the standard of 3.15 x 10°2.

Qamples CS-11, -12, and -17 and replicates of samples CS-14, -24, and -30 were
p.rogeT_ed at the Scottish Universities Environmental Research Centre (SUERC)
(htw/\/w.gla.ac.uk/suerc/index.html) in East Kilbride, Scotland following procedures
basm methods modified from Kohl and Nishiizumi (1992) and Child et al. (2000), at
the GLLSUERC Cosmogenic Isotope Laboratory. The *°Be isolated in Scotland was
measured at the SUERC Accelerator Mass Spectrometry Laboratory (Xu et al., 2015).
BIE’rection was done on the basis of one blank processed with these samples. The
sa@nalyzed at SUERC were normalized using the standard NIST (SRM4325)
(g Institute of Standards and Technology) assuming a ‘°Be /°Be ratio for the
S of 3.06 x 10™, analogous to the original value of the KNSTD standard series
prigr to the recent recalculation of the *°Be half-life (Nishiizumi et al., 2007).

O general replicates agreed well (R*= 0.97); two of the three replicates agree
withl 1o analytic uncertainties of the measurements, a reassuring finding
c%g that the Be was extracted in two different laboratories by different people

usiﬁferent methods and that isotopic ratios were measured on different accelerators

and noTalized to different standards. In statistical analyses and for plotting data, we use

16
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the average of replicates. To determine the uncertainty of this average, we use a
conservative approach and report the larger of (1) the standard deviation of that average
or (2) the average AMS analytical uncertainty of the two measurements. Uncertainties
réﬂlﬂ'@d‘for all nuclide concentrations include the 1o AMS measurement uncertainty
Wit@ppropagated blank uncertainty. Blank correction amounts to at most a few

- —

perﬂand usually much less of the measured sample ratios.

(_)/e calculated effective elevations and latitudes for each basin (cf., Portenga and
Bim 2011), allowing the cosmogenic production rate of each basin to be summarized
as asakagde point in space. Erosion rates (Bierman and Steig, 1996) were calculated with
these results and isotopic data using the CRONUS on-line calculator (Balco et al., 2008,
ven .2, Lal/Stone scaling, global production rate) taking into account the different
stam used for AMS normalization (Table 2).

\We used regression models and a series of one-way analysis of variance tests to
relationships between the isotopic data (erosion rates) and basin-specific
ch@istics such as average basin slope, basin area, and landscape position.

O/e classified the geographic location of each sample by considering whether a
majgukiaeof the drainage basin was located in either the Blue Ridge (upland) or Piedmont

owlang) physiographic province or on the steep escarpment zone (Figure 1, Table 1).

Forﬁtudy, we specified the escarpment zone on the basis of slopes derived from

digital fvation models (30 m resolution). We quantitatively delineated the heart of the

17
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escarpment zone by identifying high-slope cells that were surrounded by a majority of
cells with slopes >15° within a 500 m radius. Setting the threshold for what we
considered to be high-slopes any lower resulted in large areas of both Piedmont and Blue
RT@Jge_ur')Iand surfaces being incorporated into the escarpment zone. We drew a 1,000 m
buQﬁmd the delineated escarpment zone to create one conterminous geographical
- —
uni&w_hich includes the upper and lower transitions of the escarpment zone with the Blue
Rigfe aBd Piedmont provinces, respectively. We consider the escarpment zone’s western
borWe eastern boundary of the Blue Ridge uplands) to be the Mississippi River
Basd inage divide; the escarpment zone’s eastern border (the western boundary of the
Pieg[) is defined by the limits of the 1,000 m buffer. Relief for each catchment
; is the difference between the highest point of each catchment and the sample

col% site elevation.

Because we could only sample a limited number of drainage basins across the

r erosion rate determination with ‘°Be, we must consider how representative the
sar‘ﬁle_dbasins are of the surrounding landscape as a whole, specifically in regards to
sIo@ich is in many studies (including this one) is well correlated to erosion rate
(Poﬁ and Bierman, 2011). In other words, we seek to test whether the basins we

sa:ip ed were representative of the physiographic provinces in which they were located

andeetermine whether our sampling was biased in terms of average basin slope.

<
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To characterize physical differences between the three physiographic provinces in
which we collected samples, we subdivided a swath of the landscape (including the Blue
Ridge upland, the escarpment zone, and the Piedmont lowland) encompassing the four
séfl'l'p'l'm'transects, into constituent tributary drainage basins (average area =14.1 £ 4.1
km@.ian area = 14.3 km?, n = 1,084) using ArcGIS. During basin delineation, the
- —
avq:t&basin area was set in ArcGIS to approximate that of the basins that were actually
sar@(average =10.7 + 17.6 km?, median = 5.0 km?, n = 32). We assigned each
resmsub-basin to the Blue Ridge (upland), escarpment, or Piedmont (lowland) based
up jch province the majority of the sub-basin area fell within (Table 3). Because the
escarpment covers only a narrow zone of the landscape, some delineated escarpment
basctlude headwaters that originate on the lower relief Blue Ridge upland province.
Sirm, for some lowland Piedmont basins, small portions of the lower escarpment
Eﬁbute sediment to the drainage basin. Using summary statistics for each sub-

e constructed cumulative probability density functions showing the distribution
of ﬁea_nslopes for all sub-basins within a given province (shown as insets in Figure 6).
OSing the relationship between mean basin slope and erosion rate derived from
o;rﬁnogenic isotope analysis (Figure 3), we estimated synthetic rates of erosion for

e e delineated 1,084 sub-basins based only on average basin slope using the
ero'ﬁate/slope regression analysis appropriate for each physiographic province. Based

upon thimean slopes of all GIS-delineated basins in each of the three provinces, and the

19
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relative area of each basin, we calculated area-weighted model erosion rates for the Blue
Ridge, the escarpment, and the Piedmont provinces in their entirety (Table 3). We stress
that these are synthetic rates based on the relationship of average basin slope to erosion
rf!(d'ﬂldllated from our sampling of the basin populations defined in GIS. Making these
cal@nﬁ IS an important correction to our data because it accounts for sampling bias

H
in tgrms of average basin slope.

ReUI)
Nuﬁ:oncentrations and Measured Erosion Rates

uvial samples from on and near the Blue Ridge escarpment contain 1.21-11.1 x
10gs g™ of 1°Be (Table 2). Considering only the 0.25-0.85 mm grain size fraction
datm all transects, sediment samples from the Blue Ridge province (n = 10) have an
ave rosion rate of 13.8 m My™. Those basins draining only the escarpment (n = 20)

yield an average erosion rate of 21.9 m My™. Fluvial sediment samples from the

PieMt province (n = 2) yield an average erosion rate of 12.2 m My (Table 3).

Lﬂe-erosion rate relationships

} |gsing bivariate regression analyses, slope emerged as the only significant
Ian% parameter related to erosion (Figures 3, 4, 5). In general, basins with steeper

s&ve higher erosion rates than basins with gentler slopes (Figure 3) as has been
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found elsewhere (Montgomery and Brandon, 2002; Portenga and Bierman, 2011). For the
entire dataset, there is a positive relationship between average basin slope and erosion
rate.

e

Qﬂiion rate (m My™) = slope (°) * 1.53 - 0.98, R>= 0.54, p < 0.0001

-

Oote that there is a negative intercept which appears to be the result of a robust
slomsion rate relationship with basins that have >10° mean slope and no dependence
on for erosion rates in basins where average basin slope is < 10°. In those low
sIO[;;sins, erosion rates are similar, ranging between 8 and 14 m/My.

:his slope-erosion rate relationship also holds true for basins sampled in the Blue
Ri@vince (R? = 0.52) and for escarpment basins (R* = 0.46). There are only two
2 samples in this study. The predictive power of the erosion rate-slope
r ip in the overall dataset is moderate; however, when average basin slope of
ba@mpled per province is considered with respect to average erosion rate per
pro@ the relationship becomes much more powerful (R* = 0.99; inset of Figure 3).

Tﬁyo significant relationship between erosion rate and basin area or with basin

e exatlog when the entire dataset is considered (Figures 4, 5).

Dr& basin slope distribution analysis
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Because average basin slope and erosion rate are correlated, it is important to
know the slope distribution of drainage basins within each physiographic province to
evaluate whether the samples we collected are in fact representative of the subpopulations
o‘I'!I'I'Me basins within each province (see methods section for rationale). Using GIS
ana@me found the average slope of all small basins (~14.1 km?) within the Blue
- —

Riﬂovince (the uplands) is 13.3 + 4.3° (n = 447). All small basins within the
es@nt yield an average slope of 14.3 + 2.6° (n = 145) and all small basins within the
Piew province (lowlands) yield an average slope of 6.2 £ 2.7° (n = 492). These
profgaveraged slopes are similar to the average slopes of the basins we sampled for
two e three provinces (Escarpment 14.3° vs. 15.1°; Piedmont 6.2° vs. 7.7°) but quite
digfor the Blue Ridge, 13.3° vs. 9.6°. Thus, we conclude that our sampling from the
Blu ge was biased. Our samples are not representative of the province-averaged
populdmen in terms of average basin slope; we collected samples biased toward low-slope
basins and thus the average erosion rate we calculate for the Blue Ridge province is too
|0V\m is shown graphically by the clustering of Blue Ridge province samples at low
avasin slopes (Figure 6).

Ehe dependence of erosion rate on slope allows us to calculate a synthetic erosion
raq.in.glach province in order to correct any bias in our sampling. Using linear

regressign, we present the following models for erosion rate of the three provinces we

d&this paper:
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Blue Ridge erosionrate (mMy™)=slope (°) *1.132 + 2.933, R*=0.52, n
=10
lEscar pment erosion rate (mMy™) =sl ope (°) * 1.959 - 7.666, R>= 0.46, n

S

LPiedmont erosion rate (m My ™) =slope (°) * 1.060 + 4.015, R*=1.0,n = 2

O

Usw average basin slope data for all basins in the three provinces, we calculate the

avajrovince erosion rates in various ways (Table 3). It is important to note that no
matter which way we calculate province-specific erosion rates, the escarpment is eroding

mo kly than the Blue Ridge (uplands), which erodes more quickly than the

Piem (lowlands).

-Size specific nuclide concentration
uuclide concentration data for the six samples in which multiple grain sizes were
an separately (CS-01, CS-02, CS-03, CS-04, CS-06, CS-07) show no consistent
pat nuclide concentration and grain size (Figure 7). Because of this and for
c‘cﬁisisﬁicy, we calculate erosion rates only for the 0.25 to 0.85 mm grain size. Only one

of lﬁix samples (CS-07) shows a monotonic decrease of °Be concentration with

ir&g grain size. In four samples (CS-01, CS-02, CS-03, CS-06) the largest grain
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size yields the highest °Be concentration, with no systematic pattern between smaller
grain sizes. The remaining sample (CS-04) exhibits no systematic relationship among
grain sizes. Integrating the results for all grain sizes of all six samples, no statistically
swt relationship exists between °Be concentrations and grain size (Fs, 20 = 0.246, p
=0

= —

!-_Bedrock erosion rates for samples collected from outcrops on and near the
esc@nt were highly variable: 106 m My™ (CSB-1, gneiss), 1.5 m My™ (CSB-2,
gnemnd 20.8 m My™ (CSB-3, graywacke and mica schist). CSB-1 was collected from
a~ utcrop of moderately weathered bedrock along the steep escarpment. CSB-2
wascjﬁa)cted from a less weathered flat planar outcrop, ~150 m? just over the crest of the

escgnt within the Blue Ridge province. CSB-3 was collected from a moderately

WeMd ~1 m? outcrop just over the crest of the escarpment within the Blue Ridge

;Ece.

Diggussion

OOSmogenically determined erosion rates for basins draining the Blue Ridge
ernt indicate that it and the surrounding landscape are eroding slowly over a 10°—
10° yeargimescale (5.4-49 m My™). These basin scale rates are consistent with those
estw using °Be elsewhere in the southern and central Appalachian Mountains

i% samples from the Great Smoky Mountains, Shenandoah National Park, the
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southeastern North American piedmont, and the New River basin (Duxbury et al., 2015;
Granger et al., 1997; Matmon et al., 2003; Reusser et al., 2015). Similar to other
Appalachian studies cited above, we find no correlation between basin area and erosion

réﬂd'mgﬂesting a lack of significant sediment storage (and thus post-hillslope cosmic-ray

do&.ﬁhe relatively small basins we sampled (Figure 4).

Ehe three bedrock erosion rates we measured on the Blue Ridge escarpment are
mu@re variable (1.5-106 m My™) than basin-averaged erosion rates, as would be
ex;m from the lack of natural amalgamation. Bedrock erosion rates are generally
conglstent with, but both higher and lower than, those measured elsewhere in the
Apmians (4-11.5 m My™ in the Georgia Piedmont, 2-9.5 m My™ at Dolly Sods,
WEginia, 5-48 m My in the Great Smoky Mountains, 2-11 m My in the
Sh@ah region, and 2.8-66 m My in the Potomac and Susquehanna drainages as
r in Bierman et al., 1995; Hancock and Kirwan, 2007; Matmon et al., 2003;

et al., 2013; Duxbury et al., 2015).

E_The cosmogenic data indicating slow rates of denudation integrated over 10~10°
yea@r the Blue Ridge escarpment are consistent with existing thermochronologic
datgd rating over much longer (10°-10° y) time scales. Spotila et al. (2003) used
aﬁ-Th)/He thermochronology to calculate long-term (10° years) denudation rates

of My across the escarpment from the Blue Ridge toward the inner Piedmont.

Spotila f al. (2003) also reported erosion rates across the escarpment calculated using
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apatite fission track analysis in rock of 22-29 m My integrated over a similar 10° year
time scale. Similarly slow rates of denudation were reported for the southern
Appalachians by McKeon et al. (2011) using apatite (U-Th)/He thermochronology.
Hespite uncertainties in both the cosmogenic and thermochronologic methods,
ero@aﬁes, generated both cosmogenically and thermochronologically, fall within the
- —
sar’selﬂge. This similarity of slow erosion rates integrated over very different time
sca@consistent with long-term stability of the landscape on and near the escarpment
butm mask changes in erosion rates that occurred on intermediate time frames as
su by the offshore record (Pazzaglia and Brandon, 1996) and geologic evidence of
epiqs;)ﬁu;;rainage capture and the resulting incision and hillslope response (Prince et al.,
ZOGLl; Prince and Spotila, 2013; Naeser et al., 2016). Interestingly, if the
slo%sion rate relationship we measured holds farther away from the escarpment, then
t er slopes of the outer Piedmont would suggest even lower erosion rates there — a
N verified by the data of Reusser et al. (2015). The deeper erosion of the inner
Pie@t hypothesized by Spotila et al. (2003) is consistent with our new cosmogenic
me ents.
he meaning of our data in the context of dynamic topography (Rowley et al.,
d subsequent landscape response (cf., Gallen et al., 2013 and Miller et al., 2013)
e —
IS Lﬁain. Unlike Reuter (2005), we did not sample basins above and below

knickaes and we did not specifically select basins for analysis (see supplementary data
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figures for slope maps showing sample basins) because they did or did not have residual,
flat-lying, undisected upland topography noted by Miller et al. (2013) and Prince and
Spotila (2013). However, the significant relationship between average basin slope and
m'é!mqved erosion rate is consistent with either uplift of the landscape or incision due
to Qﬁﬁpture over the last several million years if one accepts the hypothesis of
R.i?e_ital. (2000) that slope and erosion rate are correlated only if there is effective
bag®leMl fall. Such an assertion is supported by Miller et al.’s (2013) more recent

anamof streams in the Susquehanna River basin.

-

Inf& sediment weathering and delivery processes

rain-size specific °Be data from the Blue Ridge escarpment study area clearly
ind(aﬁhat clast transport processes and exposure histories are different than in the
GE\oky Mountains (Matmon et al., 2003). Rather than large grains having less 1°Be
than smaller grains, in the four samples reported here (CS-01, CS-02, CS-03 and CS-06),
thehngﬁst grains contain the most “°Be suggesting that larger clasts have longer near-
sursidence times than sand, perhaps because surface processes are unable to move
Ianﬂsts downslope efficiently. The existence of quartz veins in the micaceous schist
anq.gnals underlying the escarpment provide large, resistant quartz pebbles, the

durabiI|§/ of which appears to at least in part contribute to the relationship between grain

s%oBe concentration.
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Inferring large-scale geomorphic process controls

Examining the Blue Ridge escarpment data set in the context of landscape-scale
dE*I'I'pTGrs such as slope, allows us to infer geomorphic processes at the basin scale. For
exa@hasin average slope and basin average erosion rate are clearly and positively
= —
relw the data set as a whole (Figure 3). A similar slope-erosion rate relationship has
be@d in the Great Smoky Mountains and in the Susquehanna Basin (Matmon et al.,
ZO%Uter, 2005). A relationship between slope and erosion is inconsistent with an
Ap ian landscape that is currently in dynamic equilibrium (non-directional, random
chaﬁs suggested by Hack (1960), who argued that slopes are adjusted to rock
strgand thus eroding at the same rate throughout the landscape. It would appear that
the%sses that affect erosion and sediment transport on slopes, including soil creep,
Igg, and stream incision, are more efficient on steeper slopes (Heimsath et al.,
Imexspiontgomery and Brandon, 2002) than gentle slopes, and therefore the topography
is npt adjusted to rock strength as suggested by Hack — that is, erosion rates are not
ev re the same. This supports recent assertions by numerous authors that at least
S0 ts of the Appalachians have been perturbed by uplift, drainage capture, and/or
o

riven changes in erosion (e.g., Miller et al., 2013; Gallen et al., 2013; Prince and

e —
Sp(ﬁOlS; Naeser et al., 2016).

<C
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Implications for the development of passive margin escarpments over time

In the areas we sampled, which are away from places where drainage capture
events have been identified, the steep Blue Ridge escarpment is eroding more rapidly
tﬁa'l'mladjacent but more gently-sloped uplands and lowlands, thus providing a means
for&aent retreat over time. Since base level for the escarpment is set by the
- —
Piemn and since we estimate overall Piedmont lowering at 9.9 m My™ and
esc@nt erosion at 20.5 m My (Table 3) the difference suggests that while
escmnt drainage basins are eroding slowly, they are eroding more rapidly than the
Pie . We cannot reliably partition the erosion rate we estimate for the escarpment
intﬁcal and horizontal components but if we assume that all the erosion is horizontal
retn .f., Vanacker et al., 2007) then the escarpment is retreating at most, about 20 m
MK &nJverage over the integration time of *°Be at the erosion rates we measure (10*-

ars).
ken at face value, the cosmogenic data we collected (when extrapolated to

mugh longer timeframes) do not support the hypothesis that the escarpment resulted from
di jal vertical erosion because the Piedmont is eroding on average more slowly than
the Ridge. The difference in modeled rates of lowering for the Piedmont (9.9 m My
11$ue Ridge provinces (18.0 m My™) suggests that over time, relief across the
eSCﬁnt should slowly decrease (~8 m My™) if the slope distributions and the

erosion/glope relationship remain similar. Thus, we suggest, on the basis of our
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measurements and modeling, that the Blue Ridge escarpment is both retreating
(escarpment basin erosion) and lowering (differential erosion between the upland and the
piedmont), albeit slowly.
Hn the basis of our data, if we extrapolate the maximum possible escarpment
retr@aassuming all erosion is retreat (~20 m My™), total escarpment retreat would
- —
be gt most ~4 km since the opening of the Atlantic Ocean basin ~200 Ma. Existing
ge@maps do not show normal faults closer than the Dan River-Danville rift
bow fault, ~35 km east of the escarpment base, so our calculation assumes the
origl osition of the escarpment was at or near this rift basin. Whether the Dan River-
Daﬁborder fault is the actual margin that generated the Blue Ridge escarpment is
unCGecause the fault covers only ~25% of the length of the escarpment (Figure 1).
CUhe cosmogenic erosion rate data suggest that the Blue Ridge escarpment is today
more than an order of magnitude more slowly than the mean rate of retreat that
required to bring the landform steadily inland from the western boundary fault
of @n River-Danville rift basin since the opening of the Atlantic Ocean. However,
Iar@'nage capture events, such as those postulated by Prince et al. (2010) and Naeser
eta 1, 2016) would cause abrupt base-level fall and thus rapid landscape response
aﬂﬁ?ncised into and beyond the escarpment speeding the average rate of escarpment

retrﬁur data, because they come from stable parts of the landscape and because these

capturegvents are episodic, are not capable of explicitly testing the process models of
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Prince et al. (2010, 2011) and Prince and Spotila (2013). Sampling elsewhere along the
escarpment could better test these process models.

Due to issues of both spatial and temporal scaling, it is challenging to consider
bU'l"I'RE'cosmogenic nuclide and the extant thermochronologic data in the context of
rec@aﬂnces in the understanding of Appalachian topography. The existence of a
tﬁi@stal root below high Appalachian topography (Pratt et al., 1988; Wagner et al.,
Zow the idea of recent rejuvenation of such topography by surface response to
ma%mamics (Rowley et al., 2013) both provide the driving force for steep slopes that
are ated in our study with higher measured rates of basin-scale erosion. These solid
Earﬁcesses which can drive land surface change may or may not be related to the
obGons of Prince et al. (2010, 2011) and Prince and Spotila (2013) concerning
dramcapture events which would themselves increase local stream and hillslope
Eand thus local erosion rates (Miller et al., 2013). Better dating of both solid

nges (dynamic topographic response) and surface Earth responses, such as
dr%capture, combined with sampling campaigns directly targeted at basins shown to
be @quilibrium (c.f., Miller et al., 2013) will better inform our understanding of
wh ears to be the long-lasting yet dynamic surface topography of the southern

ian Mountains.

D

Conclfions
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Cosmogenic isotopic data collected from four transects along the Blue Ridge
escarpment indicate that it and the bordering Blue Ridge highlands and Piedmont
lowlands are eroding slowly (5.4-49 m My™ for fluvial sediment and 1.5-106 m My for
b!d‘m','kf. The positive relationship between average basin slope and basin-scale erosion
ratQmsistent with a non-equilibrium landscape in the sense of Riebe et al. (2000)

. —

thug providing evidence for base-level change. Calculated rates of Blue Ridge escarpment
ret@ased on our data collected from areas of the escarpment unaffected by recent
dramcapture, are too slow to support a model of long-term landscape evolution in
whj escarpment steadily retreated from the closest potential rift margin boundary
fauﬁdence collected by others in areas we did not sample suggests that periodic
draGcaptures may result in episodes of more rapid escarpment retreat that we
dot isotopically. Targeted sampling in areas where recent incision has occurred

est the importance of such captures for the evolution of Blue Ridge Escarpment

| S.

-
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Figure 1 — Main shaded relief map shows the Atlantic margin of the United States and the
extent of the Blue Ridge and Piedmont physiographic provinces, the location of
the Blue Ridge escarpment zone (gray), the location of the Brevard fault zone

"_l!iashed line), and the location of the Dan River-Danville basin (solid black) — the
Qﬁtern-most Mesozoic rift basin. Upper inset cross section indicates the
- !-:asymmetry of the drainage divide at the top of the Blue Ridge escarpment (cross
Oction modified from Spotila et al., 2004). Thin gray lines are state borders.
lack boxes in the main figure, labeled A, B, C, and D refer to the respective
nels below, which show sample collection locations and the upstream area from
which collected sediment is contributed. Gray shaded areas demarcate the
Gscarpment Zone (EZ), the transition between the Blue Ridge (BR) and Piedmont
CG) provinces. Circles represent sediment samples and black triangles represent

: outcrop samples. White lines in each panel are generally normal to the

carpment. Shaded relief base maps are the World Shaded Relief map, produced
und made available by ESRI.
Fig@— Landscape photographs of each province and large scale province location
ap showing Blue Ridge (BR), Escarpment, and Piedmont (P): A) Blue Ridge
-:ear sample site CS-27 showing subdued relief. B) View of escarpment near

jncy Gap, VA showing heavy vegetation and steep topography. C) Piedmont
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view facing east from the escarpment near Chimney Rock, NC showing subdued
relief and stream network flowing toward the coast.
Figure 3 — Erosion rates are positively correlated to mean basin slope for each province
Hd for the entire sample population. Inset shows average basin erosion rate
Qﬂﬁe) and average basin slope (sampled basins only) for each physiographic

! province are well and positively correlated. Uncertainties are plotted as one

Oandard error of the mean.

Figm— No relationship exists between measured erosion rates and basin area.

Fig — No relationship exists between measured erosion rates and mean basin
elevation.
Fig Cumulative probability plot of average basin slope for each province showing

mw well our sampled basins match the entire population of basins for each of the
ree provinces. Each sampled basin is plotted as a symbol on the cumulative
obability curve of all province basins as determined by GIS. Inset histograms

5 show distribution of average basin slopes within each province: Blue Ridge,

Ocarpment, Piedmont.

Fig — No systematic relationship exists between measured °Be concentration and

grain size fraction. Errors are propagated 1o uncertainties in analytical
jeasurements.
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Table 2. Cosmogenic nudide data and erosion rates

Sample ID Grain Size “Be Camier Quartz AMS IDit Blank corrected mBef'Be Measured “Be Erodion rate
{mm) e ] ix10™) {atoms/g) {m My
cs01 0.25-0.85 304 37.13 BE22565 11.80 & 0.20 644000 + 11100 100 + 08
cso1 0352 305 39.27 BE22566 13.80 + 0.27 716000 + 13900
cso1 29 304 40.09 BE22567 13.30 + 0.27 675000 + 13700
cso1 >9 303 3536 BE22568 19.50 + 0.39 1110000 + 22400
5072 0.25-0.85 300 4093 BE22581 10.50 + 0.25 512000 + 12000 96 + 08
S02 0352 307 10,06 BE22582 977 + 0.17 500000 + 8700
29 299 40.02 BE22583 920 + 0.16 459000 + 8010
>9 306 39.40 BE22584 12.00 + 0.27 625000 + 13800
v 0.25-0.85 303 32.80 BE22569 604 + 0.15 373000 + 9010 145 + 11
cs03 0352 304 37.83 BE22570 685 + 0.17 368000 + 8860
N — 29 300 4011 BE22571 649 + 0.16 324000 * 7770
S03 >9 303 10,06 BE22585 B62 + 0.15 436000 + 7620
0.25-0.85 252 2244 BE22533 439 + 011 330000 + 8410 16.0 + 12
cs 04 0852 253 29.74 BE22534 607 + 0.15 344000 + 8290
29 252 3127 BE22535 559 + 0.14 301000 + 7270
>9 252 33.61 BE22536 6.19 + 0.13 310000 + 6620
C 0.25-0.85 305 40.10 BE22586 945 + 0.23 480000 + 11800 103 + 08
0.25-0.85 251 4069 BE22541 581 + 0.09 239000 + 3510 243 + 17
@ 0352 253 4015 BE22542 522 + 013 220000 + 5400
29 253 24.84 BE22543 331 + 0.07 225000 + 5100
>9 253 2061 BE22544 324 + 0.07 266000 + 5680
cs o7 0.25-0.85 303 29.74 BE22549 706 + 0.18 481000 + 12400 126 + 10
0852 301 24.17 BE22550 427 + 011 355000 + 9450
cso7 29 302 23.66 BE22551 337 + 0.09 287000 + 7810
>9 307 3113 BE22552 376 + 0.07 248000 + 4400
E 0.25-0.85 314 24.47 BE22587 796 + 0.19 682000 + 16200 93 + 08
0.25-0.85 411 28.26 BE23185 4328 + 0.09 416000 + 8670 139 + 11
€510 0.25-0.85 408 2698 BE23186 374 + 0.08 378000 + 8190 156 + 12
@ 0.25-0.85 244 2048 b2276 447 £ 0.10 356000 + 8320 176 + 14
0.25-0.85 247 2218 b2277 339 + 0.11 252000 + 8500 23.0 + 18
0.25-0.85 405 25.01 BE23187 313 + 0.12 339000 + 12500 141 + 12
0.25-0.85 304 3474 BE23189 206 + 0.06 121000 + 3610 492 + 36
ep)  0.25-0.86 245 24.34 b2278 184 + 0.06 124000 + 4000 476 % 35
Cs- 0.25-0.85 303 34.67 BE23190 549 + 0.11 321000 + 6490 158 + 12
6 0.25-0.85 303 40.10 BE23191 837 + 0.16 422000 + 8070 158 + 12
0.25-0.85 248 1057 b2279 227 + 0.07 355617 + 10500 207 + 16
518 0.25-0.85 304 3182 BE23192 BO3 + 0.15 513000 + 9840 12.1 + 09
€519 0.25-0.85 304 3035 BE23193 281 + 0.07 188000 + 4960 333 + 25
520 0.25-0.85 303 26.45 BE23213 276 + 0.09 211000 + 6570 290 + 22
0.25-0.85 309 40.90 BE23194 496 + 0.10 251000 + 5160 227 + 17
0.25-0.85 304 29.06 BE23208 282 + 0.08 197000 + 5460 319 + 24
0.25-0.85 306 40.02 BE23195 432 + 023 221000 + 11800 275 % 24
0.25-0.85 303 25.00 BE23214 278 + 0.07 226000 + 5890 341 %+ 26
0.25-0.86 247 2264 b2280 351 + 0.10 256000 + 7010 296 + 23
0.25-0.85 307 3591 BE23197 13.30 + 0.50 761000 + 28500 B5 + 08
526 0.25-0.85 303 2003 BE23215 636 + 0.14 643000 + 13900 104 + 08
0.25-0.85 306 3203 BE23209 10.60 + 0.30 680000 + 19300 100 + 08
CS28 0.25-0.85 304 2164 BE23210 353 + 0.10 331000 + 9210 174 + 13
% 0.25-0.85 301 38.42 BE23198 13.50 + 0.26 704000 + 13770 72 £+ 06
530 0.25-0.85 304 40.05 BE23199 953 + 047 433000 + 23700 99 + 09
0.25-0.86 247 19.74 b2283 560 + 0.29 459390 + 24100 104 + 10
cs31 i 0.25-0.85 307 32.12 BE23200 284 + 0.08 181000 + 5330 348 + 26
0.25-0.85 306 3491 BE23211 460 + 011 269000 + 6260 209 + 16
304 26.40 BE23201 089 + 0.05 68800 + 4030 106.3 + 95
303 13.08 BE23216 17.50 + 0.35 2710000 + 54800 15 + 02
303 2871 BE23202 473 + 0.17 334000 + 11900 208 + 17

CSB-1 NA .
NA .
NA
1. Anal ncertainty is one standard deviation. Samples run at Livermore National Laboratory [BE #) were normalized to KNSTD3110 with assumed

ratio of 3150 x 10"™. Samples run at SUERC (bif) were normalized to NIST standard with assumed ratio of 30600 x 107

2. Measured ratios were commected for process blanks run with each batch of samples and the uncertainty was propagated in quadrature. Process
blanks {n=10) for samples prepared at the University of Vermont and analyzed at Livermore National Laboratory [BER) averaged 2.140.3x 10 A

single process blank for samples prepared and analyzed at SUERC [b #) retumed a ratio of 1.1#0.1x 10

for samples measured on the different accelerators.

-14

. Blank corrections were applied spedifically

3. Erosion rates calculated using CRONUS [Balco et al., 2008); Wrapper script: 2.2, Main calculator: 2.1, Objective function: 2.0, Constants: 2.2.1,
Muons: 1.1; global production rate and LalfStone scaling with no geomagnetic forcing. External uncertainty reported at one standard deviation.
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Cs-01

CS-14 (rep)

cs21

C5-24 (rep)

€5-30 (rep)
531
532
csB-1
cs8-2
cs8-3

Grain Size (mm)

0.25-0.85
0.85-2
2-9

>9
0.25-0.85
0.85-2
2-9

>9
0.25-0.85
0.85-2
2-9

>9
0.25-0.85
0.85-2

0.250.85
0.85-2
2-9

>9
0.250.85
0.85-2
2-9

>9
0.25-0.85
0.250.85

0.25-0.86
0.25
0.25-0.85
NA
NA
NA

€530 has low linl current (2 uA cclfgpared ot others, teens)

external unc

9Be Carrier (ug) Quartz g)
304 37.13
305 3927
304 4009
303 3536
300 4093
307 4006
299 4002
306 3940
303 3280
304 37.83
300 4011
303 4006
252 2244
253 2074
252 3127
252 3361
305 4010
251 4069
253l 4015

2484

253 2061
303 2074
24.17

23.66

3113

24.47

bs

408 2698
215 2048
[ ;s
405 2501
304 3474
245 2434
3467

303 4010
1057

3182

304l 3035
30 2645
40.90

304 2006
5 4002
25.00

2470 2264
30788l 3591
20,03

6 3203
304 2164
38.42

30M 4005
2278 1974
32.12

3491

304 2640
13.08
C -

Author Ma

BE#
BE22565
BE22566
BE22567
BE22568
BE22581
BE22582
BE22583
BE22584
BE22569
BE22570
BE22571
BE22585
BE22533
BE22534
BE22535
BE22536
BE22586
BE22541
BE22542
BE22543
BE22544
BE22549
BE22550
BE22551
BE22552
BE22587
BE23185
BE23186
2276
2277
BE23187
BE23189
2278
BE23190
BE23191
2279
BE23192
BE23193
BE23213
BE23194
BE23208
BE23195
BE23214
2280
BE23197
BE23215
BE23209
BE23210
BE23198
BE23199
2283
BE23200
BE23211
BE23201
BE23216
BE23202

Blank Corrected 9Be/10Be

1.18E-12
1.38E-12
133612
1.956-12
1.056-12
9.77€-13
9.20E-13
1.20E-12
6.04E-13
6.85E-13
6.49E-13
8.62E-13
4.39E-13
6.07E-13
5.59E-13
6.19E-13
9.45E-13
5.81E-13
5.226-13
3.31E-13
3.24E-13
7.06E-13
4.27€-13
3.376-13
3.76E-13
7.96E-13
4.28E-13
3.74E-13
447613
3.396-13
3.136-13
2.06E-13
1.84E-13
5.49E-13
8.37E-13
2.276-13
8.03E-13
2.81E-13
2.76E-13
4.96E-13
2.826-13
432613
2.78E-13
3.51E-13
133612
6.36E-13
1.06E-12
3.53E-13
135612
9.53E-13
5.60E-13
2.84E-13
4.60E-13
8.94E-14
175612
4.736-13

L,

2.03E-14
2.67E-14
2.70E-14
3.91E-14
2.46E-14
1.70E-14
1.60E-14
2.66E-14
1.46E-14
1.65E-14
1.56E-14
151E-14
1.12€-14
1.46E-14
135614
132€-14
2.336-14
8.53E-15
1.28€-14
7.49€-15
6.93E-15
1.82E-14
1.14E-14
9.17E-15
6.69E-15
1.89E-14
8.92E-15
8.10E-15
1.04E-14
1.14E-14
1.15€-14
6.15E-15
5.94E-15
1.11E-14
1.60E-14
6.69E-15
154E-14
7.42E-15
8.59E-15
1.026-14
7.81E-15
2.30E-14
7.25E-15
9.60E-15
4.98E-14
137614
3.01E-14
9.82E-15
2.64E-14
4.67E-14
2.88E-14
8.37E-15
1.07€-14
5.24E-15
3.54E-14
1.68E-14

Meas. 10Be (atoms/g)

644000
716000
675000
1110000
512000
500000
459000
625000
373000
368000
324000
436000
330000
344000
301000
310000
480000
239000
220000
225000
266000
481000
355000
287000
248000
682000
416000
378000
356193
251928
339000
121000
283978
321000
422000
154686
513000
188000
211000
251000
197000
221000
226000
256493
761000
643000
680000
331000
704000
483000
469743
181000
269000
68800
2710000
334000

WOHOH W W W B W W W W W W W W W W W W W M W W W W W W W B W B W W B B W W W W W W W W W W W W W W W W W W W W W

11100
13900
13700
22400

Lat (dd)

36.6206
36.6206
36.6206
36.6206
364478
364478
364478
364478
36.4683
364683
364683
36.4683
364747
364747
364747
364747
364750
365391
365391
365391
365391
36.5611
36.5611
36.5611
36.5611
366176
35.3335
35.3578
35.3216
35.2889
353133
35,2042
352942
35.3425
35.5419
35.5480
35.6236
35.6361
35,6253
35.5848
35.5692
35.5244
35.5455
35.5455
367172
367727
367533
36.7856
367275
36,6587
36,6587
36.6655
36.6142
36.6200
35.4300
35.6200

long (dd)
-80.7778
-80.7778
-80.7778
-80.7778
-80.8480
-80.8480
-80.8480
-80.8480
-80.8305
-80.8305
-80.8305
-80.8305
-80.8572
-80.8572
-80.8572
-80.8572
-80.8572
-80.8583
-80.8583
-80.8583
-80.8583
-80.7995
-80.7995
-80.7995
-80.7995
-80.7911
-82.3925
-82.4050
-82.3242
-82.2911
-82.2189
-82.2331
-82.2331
-82.1818
-82.3828
-82.3113
-82.3311
-82.2178
-82.1761
-82.1606
-82.2147
-82.1678
-82.4053
-82.4053
-80.4313
-80.4625
-80.3731
-80.2980
-80.2253
-80.1800
-80.1800
-80.3384
-80.4505
-80.7600
-82.2500
-82.2600

Mean Lat Mean Long Elev(m) EffElev(m) Area(km2) %BRE

36.6258
36.6258
36.6258
36.6258
36.4603
36.4603
36.4603
36.4603
36,5186
36,5186
36,5186
36,5186
36.4722
36.4722
36.4722
36.4722
36.4848
36.5468
36.5468
36.5468
36.5468
36.5629
36.5629
36.5629
36.5629
36.6153
353454
353599
353589
353057
353081
35.2869
35.2869
353749
355452
35.5619
356332
356315
35.6062
35,5741
35.5628
35,5349
355622
355622
367316
367843
36.7690
36.7917
367134
36.6674
36.6674
36.6802
36.6258

-80.7728
-80.7728
-80.7728
-80.7728
-80.8505
-80.8505
-80.8505
-80.8505
-80.8718
-80.8718
-80.8718
-80.8718
-80.8656
-80.8656
-80.8656
-80.8656
-80.8710
-80.8575
-80.8575
-80.8575
-80.8575
-80.8131
-80.8131
-80.8131
-80.8131
-80.8072
-82.3855
-82.3983
-82.2974
-82.3041
-82.2339
-82.2286
-82.2286
-82.2238
-82.3522
-82.3236
-82.3350
-82.2451
-82.2328
-82.2031
-82.2355
-82.1587
-82.4006
-82.4006
-80.4433
-80.4609
-80.3704
-80.3168
-80.2363
-80.1805
-80.1805
-80.3479
-80.4638

867.6
867.6
867.6
867.6
478.0
4780
4780
478.0
5483
5483
5483
5483
503.4
503.4
503.4
503.4
4747
597.9
597.9
597.9
597.9
744.2
744.2
744.2
744.2
856.9
686.3
7107
807.2
642.2
3884
590.3
590.3
4584
887.6
1028.1
814.4
707.3
677.9
593.7
7185
679.1
10437
10437
903.5
9226
951.0
6184
564.8
4274
4274
689.9
563.7
892.0
694.0
957.0

867.8
867.8
867.8
867.8
4782
4782
4782
4782
558.4
558.4
558.4
558.4
505.1
505.1
505.1
505.1
4754
601.2
601.2
601.2
601.2
754.1
754.1
754.1
754.1
856.9
686.9
7111
810.0
648.7
390.1
598.6
598.6
467.0
8924
10333
8159
7116
686.2
599.3
7232
682.2
10513
10513
904.0
924.7
951.7
6232
568.4
4275
4275
693.7
569.3

1.98
1.98
198
1.98
2.75
2.75
2.75
2.75
89.57
89.57
89.57
89.57
0.89
0.89
0.89
0.89
4.06
0.64
0.64
0.64
0.64
1.20
1.20
1.20
1.20
3.76
3.78
0.81
18.11
5.07
3.14
0.63
0.63
16.99
11.27
7.36
3.07
6.83
35.83
4767
11.01
432
5.34
534
5.12
493
8.47
6.01
18.18
451
451
5.56
401

Province Relief Mean Slope (°)

BR

BR

BR

BR

BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE
BRE

PIED

PIED
PIED
BRE
BRE
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518

5.7
5.7
5.7
5.7
77
7.7
77
77
111
111
111
111
148
148
148
148
96
17.8
17.8
17.8
17.8
194
194
194
194
5.8
a5
10
121
16.8
95
209
209
1.7
15
17.2
124
189
148
125
16.1
154
17.2
17.2
65
1.7
6.7
154
134
5.8
5.8
183
17.7

Median Slope (*)

CRONUS Erate (m/Myr)

9.97
8.87
9.47
5.44
9.63
9.89
10.88
7.7
1452
14.74
16.95
12.23
15.99
1527
17.68
17.12
1034
2429
2655
2592
2164
1264
17.59
2213
25.88
9.29
13.85
15.64
17.85
23.25
14.08
292
17.7
158
15.77
50.21
1211
3332
2897
2268
3191
27.46
3414
2685
8.54
1044
10.01
17.39
7.24
9.93
9.15
3484
2094
106.27
154
2077

L,

0.78
0.71
0.76
0.46
0.76
0.76
0.83
0.62
111
113
128
0.93
122
116
133
127
0.82
173
195
1.89
159
1
136
169
188
0.75
1.06
119
136
182
115
3.59
139
117
12
3.79
0.94
2.46
221
165
238
244
258
207
0.75
0.83
0.83
134
0.58
0.91
0.86
261
155
9.48
0.16
168

cs-01
cs-01
cs-01
€s-01
€502
€502
€502
€502
€503
€503
€503
€503
Cs-04
Cs-04
Cs-04
€504
€505
€506
€506
€506
€506
cs-07
cs-07
cs-07
cs-07
€508
€509
cs-10
cs-11
cs-12
cs-13
cs-14
cs-14
cs-15
cs-16
cs17
cs-18
cs-19
€520
cs21
cs22
cs-23
cs-24
cs-24
cs-25
€526
cs27
cs-28
cs-29
€530
€530
€531
€532
CSB-1
CsB-2
csB-3

(rep)

(rep)

(rep)
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Sample ID

€5-01_850-2k
€5-01_2k-9k
€5-01_GT9k

Lat (dd) Long(dd) Elev(m) Press.Flag Thickness (cm)
CS-01_250-850 36.6258 -80.7728

36.6258 -80.7728
36.6258 -80.7728
36.6258 -80.7728

CS-02_250-850 36.4603 -80.8505

€5-02_850-2k
€5-02_2k-9k
€5-02_GT9k

36.4603 -80.8505
36.4603 -80.8505
36.4603 -80.8505

CS-03_250-850 36.5186 -80.8718

€5-03_850-2k
€5-03_2k-9k
€5-03_GT9k

CS-04_250-850

€5-04_850-2k
€5-04_2k-9k
€5-04_GT9k
€s-05

€5-06_850-2k
€5-06_2k-9k
€5-06_GT9k

CS-07_250-850

CS-07_850-2k
CS-07_2k-9k
CS-07_GT9k
CS-08
CS-09
CS-10
Cs-11
CS-12
CS-13
Cs-14
CS-14rep
CS-15
CS-16
Cs-17
CS-18
CS-19
CS-20
Cs-21
CS-22
CS-23
CS-24
CS-24rep
CS-25
CS-26
Cs-27
CS-28
CS-29
CS-30
CS-30rep
Cs-31
CS-32
CSB-1
CSB-2
CSB-3

36.5186 _-80.8718

%80.8718
5186 -80.8718

36.4722 -80.8656

W c).3710

CS-06_250-850 !.5468 -80.8575
80.8575

-80.8575

-80.8131

3 -80.8131
.58P9 R80.8131
53 -80.8072

35.3454 -82.3855

. -82.3041
3 -82.2339
2869 -82.2286
-82.2286

35.3749 -82.2238

E 5 %

35.6315 -82.2451

-82.4006

35.5622 -82.4006
36.7316 -80.4433

3.7843 -80.4609
80.3704

36.7917 -80.3168

82.2600

867.8
867.8
867.8
867.8
478.2
478.2
478.2
478.2
558.4
558.4
558.4
558.4
505.1
505.1
505.1
505.1
475.4
601.2
601.2
601.2
601.2
754.1
754.1
754.1
754.1
856.9
686.9
7111
810.0
648.7
390.1
598.6
598.6
467.0
892.4
1033.3
815.9
711.6
686.2
599.3
723.2
682.2
1051.3
1051.3
904.0
924.7
951.7
623.2
568.4
427.5
427.5
693.7
569.3
892.0
694.0
957.0

std
std
std
std
std
std
std
std
std
std

std
std
std

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

3

3

3

Denisty (g/cm3)

2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7
2.7

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Shielding [10Be]

644000
716000
675000
1110000
512000
500000
459000
625000
373000
368000
324000
436000
330000
344000
301000
310000
480000
239000
220000
225000
266000
481000
355000
287000
248000
682000
416000
378000
356593
252212
339000
121000
123676.6
321000
422000
355617.2
513000
188000
211000
251000
197000
221000
226000
256493
761000
643000
680000
331000
704000
483000
459390.4
181000
269000
68800
2710000
334000

[10Be] err

11100
13900
13700
22400
12000
8700
8010
13800
9010
8860
7770
7620
8410
8290
7270
6620
11800
3510
5400
5100
5680
12400
9450
7810
4400
16200
8670
8187
8327
8507
12455
3612
3993.097
6490
8067
10495.53
9838
4964
6567
5162
5456
11766
5894
7012
28495
13851
19309
9208
13767
23669
24148.26
5334
6257
4033
54819
11863
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10Be STD  [26Al]
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
NIST_30600
NIST_30600
KNSTD
KNSTD
NIST_30600
KNSTD
KNSTD
NIST_30600
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
NIST_30600
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD
NIST_30600
KNSTD
KNSTD
KNSTD
KNSTD
KNSTD

OO0 0000000000000 0D0DO0DO00D0DO0DO00D0DO0DO0D0D0DO0DO0DO0D0D0DO0D0D0D0DO0D0D0D0DO0DO0D0D0DO0DO0DO0O0O0OO0OO0OO0OOoOOo

OO0 0000000000000 0D0DO0D0D0D0DO0D0D0D0DO0D0D0D0D0D0D0D0D0D0D0D0D0DO0D0D0D0DO0D0DO0DO0DO0ODO0DO0O0OO0OO0OO0OO0OOoOOo

OO0 0000000000000 0D0DO0DO00D0DO0DO00D0DO0DO0D0D0DO0DO0D0D0D0DO0D0D0D0DO0D0D0D0DO0DO0D0DO0DO0DO0DO0DO0DO0OO0OO0OO0OOoOOo
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Production
rate
Name shield (muons)
| |

CS-01_250-85 ! 1 0.24
CS-01_850-2k 0.24
CS-01_2k-9k 1 0.24
CS-01_GT9k 0.24
CS-02_250-85 0.211
CS-02_850-2k 1 0.211
CS-02_2k-9k 1 0.211
CS-02_GT9k m 0.211
CS-03_250-85 0.216
CS-03_850-2k 1 0.216
CS-03_2k-9k 0.216
CS-03_GT9k 0.216
CS-04_250-85 1 0.213
CS-04_850-2k 0.213
CS-04_2k-9k 1 0.213
CS-04_GT9k 1 0.213
CS-05 0.21
CS-06_250-85 0.22
CS-06_850-2k 0.22
CS-06_2k-9k 0.22
CS-06_GT9k 1 0.22
CS-07_250-8! 0.231
CS-07_850-2k 1 0.231
CS-07_2k-9k 0.231
CS-07_GT9k 1 0.231
CS-08 0.24
CS-09 1 0.226
CS-10 1 0.228
CS-11 1 0.236
CS-12 L 0.223
CS-13 1 0.204
CS-14 0.219
CS-14rep 0.219
CS-15 1 0.21
CS-16 0.242
CS-17 0.254
CS-18 1 0.236
CS-19 0.228
CS-20 I '. 0.226
CS-21 1 0.219
CS-22 0.229
CS-23 0.226
CS-24 0.255
CS-24rep 1 0.255
CS-25 0.243
CS-26 1 0.245
CS-27 1 0.247
CS-28 0.221
CS-29 1 0.217
CS-30 1 0.207
CS-30rep 1 0.207
CS-31 1 0.227
CS-32 1 0.217
CSB-1 1 0.241
CSB-2 1 0.225
CSB-3 1 0.246
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Internal

uncertainty

(m/Myr)

0.18
0.19
0.21
0.12
0.25
0.19
0.21
0.19
0.38
0.38
0.43
0.23
0.43
0.39
0.45
0.39
0.28
0.37
0.68
0.61
0.49
0.35
0.49
0.63
0.48
0.24
0.31
0.36
0.43
0.81
0.56
151
1.58
0.34
0.32
0.64
0.25
0.91
0.94
0.49
0.92
1.53
0.92
0.84
0.35
0.24
0.31
0.51
0.16
0.53

0.6
1.06
0.51
6.33
0.04
0.77

Erosion rate
(8/cm2/yr)

0.00269
0.0024
0.00256
0.00147
0.0026
0.00267
0.00294
0.00208
0.00392
0.00398
0.00458
0.0033
0.00432
0.00412
0.00477
0.00462
0.00279
0.00656
0.00717
0.007
0.00584
0.00341
0.00475
0.00597
0.00699
0.00251
0.00374
0.00422
0.00476
0.00621
0.0038
0.01328
0.01285
0.00427
0.00426
0.00558
0.00327
0.009
0.00782
0.00612
0.00862
0.00742
0.00922
0.00798
0.0023
0.00282
0.0027
0.0047
0.00195
0.00268
0.00281
0.00941
0.00565
0.02869
0.00042
0.00561

Erosion rate
(m/Myr)

9.97
8.87
9.47
5.44
9.63
9.89
10.88
7.7
14.52
14.74
16.95
12.23
15.99
15.27
17.68
17.12
10.34
24.29
26.55
25.92
21.64
12.64
17.59
22.13
25.88
9.29
13.85
15.64
17.64
22.98
14.08
49.2
47.58
15.8
15.77
20.65
12.11
33.32
28.97
22.68
31.91
27.46
34.14
29.57
8.54
10.44
10.01
17.39
7.24
9.93
10.39
34.84
20.94
106.27
1.54
20.77

External

uncertainty

(m/Myr)

0.78
0.71
0.76
0.46
0.76
0.76
0.83
0.62
111
1.13
1.28
0.93
1.22
1.16
133
1.27
0.82
1.73
1.95
1.89
1.59

1.36
1.69
1.88
0.75
1.06
1.19
1.35

1.8
1.15
3.59
3.53
1.17

1.2
1.63
0.94
2.46
221
1.65
2.38
2.44
2.58
2.26
0.75
0.83
0.83
1.34
0.58
0.91
0.97
2,61
1.55
9.48
0.16
1.68

Production
rate
(spallation)
(atoms/g/yr)

8.09
8.09
8.09
8.09

5.9

5.9

5.9

5.9
6.31
6.31
6.31
6.31
6.04
6.04
6.04
6.04
5.89
6.54
6.54
6.54
6.54
7.39
7.39
7.39
7.39
8.02
6.84
6.97
7.53
6.63
5.38
6.37
6.37
5.74
8.06
8.98
7.61
7.01
6.87
6.41
7.07
6.84
9.11
9.11
8.34
8.49
8.66
6.68
6.38
5.68
5.68
7.06
6.38
8.24
6.89
8.49

Wrapper
script: 2.2
Main
calculator:
2.1
Objective
function: 2.0
Constants:
221
Muons: 1.1



Table 1. Samy dgions and basin characteristics

Sample ID . Longitude Area %BRE Province Relief Mean Slope (°)  Median Slope (°) Mean Elevatior Effective Elevation
T (degrees) (km?) (meters) (degrees) (degrees) (meters) (meters)

CS-01 6.6206 -80.7778 1.98 6 BR 93 5.7 5 868 868
CS-02 h -80.8480 2.75 52 BRE 191 7.7 7 478 478
CS-03 36.4683 -80.8305 89.57 62 BRE 662 111 9 548 558
Cs-04 4 -80.8572 0.89 100 BRE 238 14.8 14 503 505
CS-05 47 -80.8572 4.06 78 BRE 269 9.6 8 475 475
CS-06 36.5391 -80.8583 0.64 100 BRE 364 17.8 18 598 601
Cs-07 6. -80.7995 1.20 98 BRE 600 19.4 18 744 754
CS-08 @ -80.7911 3.76 6 BR 154 5.8 5 857 857
CS-09 3 -82.3925 3.78 0 BR 91 4.5 4 686 687
Cs-10 j -82.4050 0.81 0 BR 107 10 10 711 711
Cs-11 35.321 -82.3242 18.11 83 BRE 522 12.1 11 807 810
Cs-12 -82.2911 5.07 100 BRE 571 16.8 16 642 649
CS-13 35.3133 -82.2189 3.14 49 PIED 268 9.5 8 388 390
Cs-14 n -82.2331 0.63 100 BRE 518 20.9 20 590 599
CS-15 5.3425 -82.1818 16.99 51 BRE 722 11.7 10 458 467
Cs-16 . -82.3828 11.27 0 BR 569 15 15 888 892
CS-17 -82.3113 7.36 82 BRE 513 17.2 17 1028 1033
Cs-18 35 -82.3311 3.07 0 BR 389 12.4 12 814 816
Cs-19 . -82.2178 6.83 100 BRE 520 18.9 19 707 712
CS-20 35.6253 -82.1761 35.83 89 BRE 655 14.8 15 678 686
CS-21 s -82.1606 47.67 68 BRE 624 125 11 594 599
CS-22 - -82.2147 11.01 100 BRE 573 16.1 15 719 723
CS-23 -82.1678 4.32 100 BRE 548 15.4 15 679 682
CS-24 -82.4053 5.34 0 BR 609 17.2 18 1044 1051
CS-25 36.7172 -80.4313 5.12 0 BR 175 6.5 6 904 904
CS-26 36.7727 -80.4625 4.93 0 BR 390 11.7 11 923 925
CS-27 36.7533 -80.3731 8.47 29 BR 159 6.7 6 951 952
Cs-28 -80.2980 6.01 100 BRE 546 15.4 15 618 623
CS-29 36.7275 -80.2253 18.18 85 BRE 548 13.4 12 565 568
CS-30 ) -80.1800 4.51 1 PIED 194 5.8 5 427 428
CS-31 -80.3384 5.56 100 BRE 400 18.3 19 690 694
CS-32 -80.4505 4.01 100 BRE 449 17.7 17 564 569
CSB-1 36.6200 -80.7600 892

CSB-2 5.4300 -82.2500 694

CSB-3 -82.2600 957

CS samples are fluvial sediment; CSB samples are bedrock outcrops; BRE = Blue Ridge Escarpment; BR = Blue Ridge; PIED = Piedmont.
%BRE indicat basin area draining the Blue Ridge Escarpment as defined in the text

Province indicates which province (by area) dominates the drainage basin.

Elevation is med evation; Effective elevation is used in CRONUS erosion rate calculation following Portenga and Bierman (2011)

{

U

10.71 avg 17.57878358
5.00 median

A
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Table 2. Cosmogenic nuclide data and erosion rates

Sample ID Grain Size °Be Carrier Quartz AMS ID# Blank corrected 'Be/*Be Measured ““Be Erosion rate
(mm) (ug) () (x10™) (atoms/g) (m/Ma)
cs01 0.25-0.85 304 37.13 BE22565 1180 £ 0.20 644000 * 11100 100 + 0.8
cs-01 03852 305 39.27 BE22566 13.80 + 0.27 716000 + 13900
cs-01 29 304 40.09 BE22567 13.30 +0.27 675000 + 13700
cs01 >9 303 35.36 BE22568 19.50 + 0.39 1110000 + 22400
cs-02 0.25-0.85 300 40.93 BE22581 10.50 + 0.25 512000 + 12000 9.6 £ 08
cs-02 03852 307 40.06 BE22582 9.77 + 017 500000 + 8700
cs-02 29 299 40.02 BE22583 9.20 + 0.16 459000 + 8010
502 >9 306 39.40 BE22584 12.00 + 0.27 625000 + 13800
cs-03 0.25-0.85 303 32.80 BE22569 6.04 + 0.5 373000 + 9010 145 + 11
cs-03 0.85- 4 37.83 BE22570 6.85 + 017 368000 + 8860
cs-03 Ho 40.11 BE22571 6.49 +0.16 324000 + 7770
503 >9 303 40.06 BE22585 862 + 0.5 436000 + 7620
cs-04 0.25-0.85 252 2244 BE22533 439 011 330000 + 8410 160 + 1.2
cs-04 0852 53 29.74 BE22534 6.07 + 0.5 344000 + 8290
cs-04 29 2 3127 BE22535 559 +0.14 301000 + 7270
cs-04 >9 33.61 BE22536 619 + 013 310000 + 6620
505 0.25-0. 40.10 BE22586 9.45 +0.23 480000 + 11800 103 + 0.8
506 0.25-0.85 251 40.69 BE22541 5.81 +0.09 239000 + 3510 243 17
506 03852 253 40.15 BE22542 522 013 220000 + 5400
€s-06 LA 24.84 BE22543 331 +0.07 225000 + 5100
€506 >9 253 2061 BE22544 3.24 + 007 266000 + 5680
cs07 0.25-0. 303 29.74 BE22549 7.06 +0.18 481000 + 12400 126 + 1.0
cs07 0.85- i 24.17 BE22550 427 + 011 355000 + 9450
cs-07 29 2 23.66 BE22551 337 +0.09 287000 + 7810
cs-07 >9 307 3113 BE22552 3.76 +0.07 248000 + 4400
cs-08 0.25-0.8 4 2.47 BE22587 7.96 +0.19 682000 + 16200 93 £ 08
€509 0.25-0. 1 28.26 BE23185 428 + 009 416000 + 8670 139 + 11
cs-10 0.25-0. 8 26.98 BE23186 3.74 +0.08 378000 + 8190 156 + 12
cs-11 0.25-0.85 44 2048 b2276 447 010 356000 + 8320 17.6 + 1.4
cs-12 0.25-0.85 247 2218 b2277 339 + 011 252000 + 8500 230 18
cs-13 0.25-0.8 05 25.01 BE23187 313 £ 012 339000 + 12500 141 £ 12
cs-14 0.25-0. 4 3474 BE23189 2.06 + 0.06 121000 + 3610 492 36
Cs-14(rep)  0.25:0. 3 2434 b2278 1.84 £ 0.06 124000 + 4000 476 £ 35
cs-15 0.25-0.8 3 34.67 BE23190 549 + 011 321000 + 6490 158 + 12
516 0.25-0.85 303 40.10 BE23191 837 +0.16 422000 + 8070 158 + 12
cs17 0.25-0. 3 10.57 b2279 227 + 007 355617 + 10500 207 + 16
cs-18 0.25-0. 4 318 BE23192 803 +0.15 513000 + 9840 121 +09
519 0.25-0.85 4 3035 BE23193 281 +0.07 188000 + 4960 333 25
520 0.25-0.85 3 26.45 BE23213 2.76 +0.09 211000 + 6570 200 +22
cs21 0.25-0. 09 40.90 BE23194 496 + 010 251000 + 5160 27 +17
cs22 0.25-0.85 304 29.06 BE23208 2.82 +0.08 197000 + 5460 319 + 24
cs23 0.25-0.85, 6 40.02 BE23195 432 £ 023 221000 + 11800 275 + 24
cs-24 0.25-0. 3 25.00 BE23214 2.78 +0.07 226000 + 5890 341 + 26
Cs-24(rep)  0.25:0. 247 2264 b2280 351 0.10 256000 + 7010 206 +23
cs25 0.25-0.8 307 35.91 BE23197 13.30 + 0.50 761000 + 28500 85 £ 08
526 0.25-0. 3 2003 BE23215 6.36 +0.14 643000 + 13900 104 +038
cs27 0.25-0.85 306 32.03 BE23209 10.60 + 0.30 680000 + 19300 100 + 0.8
cs-28 0.25-0.8 4 2164 BE23210 3.53 £ 010 331000 + 9210 17.4 + 13
529 0.25-0. 1 38.42 BE23198 13.50 + 0.26 704000 + 13770 72 £06
€530 0.25-0. 40.05 BE23199 9.53 + 047 483000 + 23700 9.9 £ 09
Cs-30(rep)  0.25-0.8 7 19.74 b2283 560 +0.29 459390 + 24100 104 + 10
cs31 0.25-0.85 307 3212 BE23200 2.84 +0.08 181000 + 5330 348 + 26
cs32 0.25-0.85 306 3491 BE23211 460 * 011 269000 + 6260 209 + 16
CsB-1 4 26.40 BE23201 0.89 +0.05 68800 + 4030 1063 + 9.5
csB-2 303 13.08 BE23216 17.50 + 0.35 2710000 + 54800 15 02
CsB-3 NA 03 2871 BE23202 473 017 334000 + 11900 208 +17

1. Analytic uncertainty is one
3150 x 10™°. Samples,

2. Measured ratios were corrected for process blanks run with each batch of samples and the uncertainty was propagated in quadrature. Process blanks (n=10)
for samples prepared at the University of Vermont and analyzed at Livermore National Laboratory (BE#) averaged 2.1:0.3 x 10, A single process blank for samples

prepared and analyzed at SUERC (b #) returned a ratio of 1.1:0.1x 10", Blank corrections were applied specifally for samples measured on the different accelorators.

3. Erosion rates calculate
global production rate an

r

Autho
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10.6
40.9

C (b#) were normalized to NIST standard with assummed ratio of 30600 x 10

min
max

121000.0
1110000.0

min
max

7.2
49.2

viation. Samples run at Livermore National Laboratory (BE #) were normalized to KNSTD3110 with assumed ratio of

(Balco et al., 2008); Wrapper script: 2.2, Main calculator: 2.1, Objective function: 2.0, Constants: 2.2.1, Muons: 1.1;
ing with no geomagnetic forcing. External uncertainty reported at one standard deviation.
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Table 3. Summary of measured and modeled erosion rates

Erosion rate (m/Ma) Erosion/slope relationship
Average Arithmetic Area- Area-weighted ]
Average slope, slope, # average of weighted  average of modelled Corre_la_tlon
sampled #basins  modelled modeled sampled average of  basins (regression Regressio Regressio ~ coefficient
Province basins sampled basins basins basins sampled model) n slope nintercept (R?)
Blue Ridge 9.6+4.4 10 13.3+4.3 447 13.7 14.1 18.0 1.132 2.933 0.52
Escarpment 15.1+: 20 14.3+2.6 145 21.9 19.6 20.5 1.959 -7.666 0.46
Piedmont 1.7+2.6 2 6.2+2.7 492 12.2 11.8 9.9 1.060 4.015 1.00

Modelled basin using GIS as described in the text. Erosion rate/slope relationship modelled using linear regression. Uncertainty is one standard
deviation arou gan.

P

Author Manuscr
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Mean Slooe ( Blue Ridee  Escaroment ~ Piedmont

10
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121
10
319
85
135
104

96

126

16

23

158

145
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103

33

275

176

%

3

E

141
102

o |
72 min

Author Manusc

average erosion rate  1sem erosion average basin slope  1semslope  1SDsiope  n
138 22 955 139 438

blue ridee 10
peidmont 122 20 765 185 262 2
escaroment 219 23 15.08 07 348 1)

flv) = 1.345620E40% + 1.447793E+0
RA2 = 9.910526E-1
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