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ABSTRACT

We sought to understand the time scale,
mechanisms, and extent of landscape modi-
fication in unglaciated central Pennsylvania
by studying sediment moving through and
stored in a sandstone headwater valley. In this
landscape, the timing and extent of landscape
modification are poorly constrained, and it is
unclear whether, and how much, periglacial
processes drive landscape evolution during
cold glacial periods. Our investigation pairs
geomorphic mapping with in situ cosmogenic
Be and *Al measurements of surface ma-
terial and buried clasts to estimate the resi-
dence time and depositional history of collu-
vium within Garner Run, a 1 km? headwater
valley in the central Appalachian Mountains
containing relict Pleistocene periglacial fea-
tures, including solifluction lobes, boulder
fields, and thick colluvial toe-slope deposits.
The preservation of periglacial landforms
into the present interglacial suggests active
hillslope sediment transport in cold climates
followed by only limited modification in the
Holocene. The "Be concentrations of stream
sediment and hillslope regolith indicate slow
erosion rates (6.6 = 0.6 m m.y.!) over the
past ~100 k.y. From 2°Al/"’Be burial dating
of valley-bottom deposits recovered from a
9 m drill core, we infer two pulses of deposi-
tion since 340 + 80 ka, a record that spans at
least three glacial terminations and implies
limited removal of valley-bottom deposits
during interglacial periods. The age of valley-
bottom sediment is consistent with indepen-
dent calculations determined from valley-fill
volume estimates, total hillslope contribut-
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ing area, and the catchment-average erosion
rate integrated over multiple climate cycles.
We conclude that outside of the Last Glacial
Maximum ice margin, landscapes in the cen-
tral Valley and Ridge physiographic province
of eastern North America have experienced
extensive periglacial landscape modification.
Our study suggests that sandstone headwater
valleys preserve soils and thick colluvial de-
posits that present opportunities for direct
examination of the rates and dates of climate-
modulated hillslope processes.

INTRODUCTION

Quaternary climate fluctuations profoundly
influenced the style and pace of erosion and
sedimentation in glaciated landscapes (Hallet
et al.,, 1996; Koppes and Montgomery, 2009),
but the extent to which bedrock erosion rates
and subsequent sediment transfer in perigla-
cial landscapes were affected by concurrent
changes in temperature and hydrology remains
unclear. While a switch to colder tempera-
tures is thought to stimulate bedrock lowering
through increased frost cracking (Hales and
Roering, 2007; Anderson et al., 2013; Rempel
et al., 2016), downslope transport of regolith by
ice-driven creep, solifluction, and permafrost-
thaw mass wasting is more efficient during the
periods of warming that follow (Taber, 1929;
Matsuoka, 2001; Lewkowicz and Harris, 2005).
Additionally, headwater channel networks may
be periodically overwhelmed by periglacial hill-
slope sediment flux (Brush, 1961), insulating
these hillslopes from regional base-level change
and thus complicating the overall landscape re-
sponse to changing climate.

In landscapes where erosion rates are slow
compared to the frequency of climate shifts,

weathering profiles within regolith integrate the
effects of multiple glacial-interglacial cycles
(Yoo et al., 2011; Anderson et al., 2013). In
the central Appalachian Mountains, observa-
tions of thick (up to 20 m) packages of col-
luvium mantling hillslopes and valley floors,
often containing buried paleosols, have been
interpreted to reflect a complex history of peri-
glacial weathering and sediment transport asso-
ciated with Pleistocene cold periods (Hoover
and Ciolkosz, 1988; Braun, 1989; Ciolkosz
et al., 1990; Gardner et al., 1991). Periglacial
landscapes like those preserved today in the
central Appalachian Mountains were common
throughout middle latitudes worldwide during
glacial periods (Vandenberghe et al., 2014),
but the rates and timing of hillslope response
to changing climate conditions are in general
poorly constrained. Thus, there is broad impor-
tance in understanding the steadiness of surface
processes through time and space, and evaluat-
ing the impact of past environmental conditions
on the composition and structure of the modern
surface and shallow subsurface (Anderson et al.,
2007; Brantley and Lebedeva, 2011).

In this paper, we quantify the spatial varia-
tion of colluvium texture and morphology in
a small, structurally controlled, upland ba-
sin through detailed surface regolith mapping
supplemented by analysis of light detection and
ranging (lidar)—derived high-resolution topog-
raphy. We used the size, shape, and distribu-
tion of colluvium on hillslopes and sediment in
channels to infer sediment transport processes.
To quantify erosion rates and patterns and time
scales of hillslope sediment transport, we mea-
sured in situ cosmogenic nuclide concentra-
tions in regolith and stream sediment. We also
measured in situ cosmogenic '’Be and *°Al con-
centrations in a valley-bottom sediment core
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to explore the time scale over which material
derived from periglacial hillslope erosion accu-
mulated in the valley bottom. We then discuss
implications of time scales of colluvial storage
for the long-term evolution of headwater val-
leys and channels.

STUDY AREA

We focused on Garner Run, a 1 km? sub-
catchment underlain by the Silurian Tuscarora
Formation within the Susquehanna Shale Hills
Critical Zone Observatory (SSHCZO) in central
Pennsylvania (Fig. 1; Brantley et al., 2016). The
150-m-thick Tuscarora Formation is an ortho-
quartzite sandstone with minor thin interbedded
olive-gray shale, and it is overlain in some lo-
cations by an upper Castanea Member, an iron-
cemented sandstone ~30 m thick (Flueckinger,
1969). Throughout central Pennsylvania, topog-
raphy primarily reflects Paleozoic structures;
the erosion-resistant Tuscarora Formation forms
long linear ridges along plunging folds, which
typically support the highest topography in the
Valley and Ridge Province (Fig. 1). The Garner
Run subcatchment lies within a synclinal val-
ley bounded by two linear ridgelines—Tussey
Mountain to the northwest, and Leading Ridge
to the southeast—and the dip of the Tuscarora
Formation parallels, or is slightly steeper than,
hillslope topography. Further down valley, the
overlying Rose Hill Shale and the Keefer Sand-
stone crop out in the valley axis (Fig. 1).

Overprinting the lithologic and structural con-
trol on topography in central Pennsylvania, there
is a regional pattern of contrasting bedrock river
steepness that is thought to be associated with
a wave of incision propagating up the Susque-
hanna River basin since the Miocene (Miller
et al., 2013). The Garner Run subcatchment
lies upstream of a prominent river knickpoint
(Fig. 1A), consistent with a temporal change in
base level, but it is also coincident with a strong
lithologic contrast between the erosion-resistant
Tuscarora Formation and more readily eroding
overlying rocks (Brantley et al., 2016). Conse-
quently, in the absence of information about ero-
sion rates at Garner Run, the degree to which this
and other nearby knickpoints reflect lithologic
differences, base-level fall, and/or changes in
erosion process is unclear.

Garner Run is located ~75 km south of the
Last Glacial Maximum (LGM) Laurentide ice
sheet extent at 25 ka (Corbett et al., 2017b),
and till deposits indicate that glacial advances
remained north of the area in both the Illinoian
(ca. 130 ka) and early Pleistocene (ca. 800 ka)
glaciations (Ramage et al., 1998; Ciolkosz et al.,
2008). In northeastern North America, a cold-
climate vegetation assemblage (spruce, fir, and
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pines) dominated until the end of the Younger
Dryas ca. 11 ka, at which point the modern
suite of Holocene vegetation (temperate decidu-
ous and warm mixed forests) was established
and persisted (Shuman et al., 2002; Williams
et al., 2004). Palynological evidence indicates
that tundra flora, perhaps in soils underlain by
discontinuous or isolated permafrost, persisted
in the central Valley and Ridge Province until
ca. 16 ka, followed by a transitional period to-
ward alpine communities until they were re-
placed by the modern hardwood community by
10 ka (Kneller and Peteet, 1999), though cold-
climate vegetation communities may have en-
dured longer at higher elevations (Kovar, 1965;
Watts, 1979). Peak Holocene summer tem-
peratures did not occur until 7 ka, correspond-
ing to the weakening influence of the receding
continental ice sheet and the thermal effects
of summer insolation anomalies (Shuman and
Marsicek, 2016). The modern climate of Garner
Run is temperate (mean annual temperature of
10 °C), with mean annual precipitation of ~1 m
(Thomas et al., 2013). Vegetation at present is
characterized by deciduous trees with isolated
conifers on ridgelines, though the area has been
deforested and regrown several times since
European settlement in the eighteenth century
(Robinson, 1959).

Throughout the central Appalachian Moun-
tains, colluvial deposits indicative of peri-
glacial erosion blanket hillslopes and valley
bottoms with blocky debris in areas underlain
by resistant sandstone lithologies (Clark et al.,
1992), influencing soils and hillslope morphol-
ogy (Clark and Ciolkosz, 1988; Braun, 1989)
as well as fluvial incision (Pizzuto, 1995;
Portenga et al., 2013). The preservation of
relict landforms today suggests extensive peri-
glacial landscape modification during glacial
periods followed by limited and less-effective
modification and evacuation of hillslope debris
by temperate landscape processes during inter-
glacial periods (Braun, 1989). Like other land-
scapes in the region, the Garner Run subcatch-
ment contains evidence of extensive periglacial
landscape modification during colder climates.
Boulder fields and landforms indicative of
mass-wasting processes are scattered across
hillslopes at Garner Run (Figs. 1 and 2). In the
valley axis of Garner Run, a broad, low-slop-
ing bench with subtle lobate terraces suggests
significant accumulation of colluvium trans-
ported from adjacent hillslopes by mass move-
ments (Merritts et al., 2015; Brantley et al.,
2016). Periglacial processes likely played a
significant role in regolith generation and sedi-
ment transport processes. Catchment-averaged
1'Be-derived erosion rates are higher in the
Susquehanna River Basin in comparison to

the Potomac River Basin to the south, plausibly
the result of more-intense periglacial processes
adjacent to the LGM ice margin (Portenga
et al., 2013). However, both the timing of peri-
glacial modification and the extent of landscape
modification during Pleistocene cold periods
remain poorly constrained.

METHODS
Topographic Analysis

We used 1-m-resolution lidar-derived topog-
raphy from both the 2010 leaf-off SSHCZO
lidar survey and the 2006 PAMAP lidar survey
of Pennsylvania (PAMAP Program, 2006) to
generate slope-shade maps for identifying peri-
glacial landforms throughout the Garner Run
study catchment and nearby landscape (Fig. 1).
We also generated topographic cross sections
at Garner Run to estimate the orientation and
thickness of the underlying folded bedrock and
interpret the thickness of colluvial valley fill,
which is additionally constrained by a 9 m core
in the valley axis and shallow geophysical sur-
veys (DiBiase et al., 2016).

Field Mapping of Regolith Texture

To characterize spatial variations in regolith
surface texture, we mapped boulder density
and canopy cover as a proxy for interstitial
soil in the field using lidar-derived base maps
and sub-meter-resolution global positioning
system (GPS) data for positioning. We defined
five mapping units based on bedrock expo-
sure, soil and boulder cover, and tree canopy
cover: in-place bedrock, showing evidence for
original bedding orientation (Fig. 2A); open
boulder fields with no soil or tree canopy cover
(Fig. 2B); boulder fields with tree canopy, de-
fined by dominant (>67%) surface boulders,
which typically lacked a soil matrix and which
would shift easily underfoot (Fig. 2C); boul-
ders/soil, defined by abundant (10%—67%)
surface boulders that were embedded in soil
(Fig. 2D); and soil, defined as mobile regolith
with few (<10%) surface boulders (Fig. 2E).
We mapped at a resolution of 5 m, which was
chosen to balance mapping speed and detail
and generally reflects the minimum scale over
which regolith texture varied. We digitized field
maps in ArcGIS, and for each mapping poly-
gon, we used the lidar topography to determine
mean local slope for each polygon. The mean
and standard deviation of slope for each surface
cover type was then determined from the area-
weighted mean and standard deviation of all
mapped polygons for each surface cover type.
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Figure 1. Overview map of Garner Run. (A) Regional topography, showing extent of Tuscarora Formation (blue—dip slopes, red—anti-dip
slopes) and location of solifluction lobes (red lines), shadow bedding (black lines), field observations of channel sediment and in-channel
bedrock, and knickpoint along Garner Run. Inset shows location of Garner Run in Pennsylvania; white boxes indicates areas shown in Fig-
ure 1B and Figure 4. Locations of channel point counts are indicated by white circles. (B) Perspective block diagram showing light detection
and ranging (lidar) surface topography slope-shade map and subsurface geology from Flueckinger (1969), highlighting the synclinal valley
of Garner Run between Tussey Mountain and Leading Ridge. Shadow bedding on the southeast-facing slope of Leading Ridge is outlined
in black, indicating hillslope angle is slightly less than dip of sandstone bedding. Red outline indicates extent of Garner Run subcatch-
ment. Inset map shows detail of solifluction lobes in low-sloping valley floor. Note the obliquity of the apparent lobe motion relative to the
downslope direction (white arrows), which is a feature prevalent in solifluction lobes in central Pennsylvania.
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Figure 2. Photographs showing heterogeneity in surface cover. Letters correspond to mapping units in Figure 3. (A) In-place bedrock show-
ing typical Tuscarora sandstone outcrop along ridgeline with visible bedding planes. (B) Open boulder fields devoid of soil and canopy.
(C) Canopied boulder fields. (D) Boulders/soil, characterized by boulders embedded within a fine-grained matrix. (E) Soil, characterized by
fine-grained regolith mostly devoid of surface boulders. Inset figures show cartoon of subsurface interpretation (bedrock/boulders—light
gray; void space—hatched; interstitial soil—dark gray).

We also dug several shallow (<50 cm) soil pits
on the different mapping units to examine clasts
at depth and their relation to any soil horizons
(Fig. DR2!), complementing four deeper soil
pits along the GroundHOG (Ground Hydrologi-
cal Observation Gear) transect, a monitoring
transect established at Garner Run as part of the
SSHCZO (Fig. 3; Brantley et al., 2016).

Analysis of Coarse Surface Clasts on
Hillslope and in Channels

We conducted point counts of the intermedi-
ate axis of 40-100 surface clasts of at least cob-
ble size (26.4 cm) along a 1 m grid at 23 hillslope
sites to characterize surface patterns in grain-size
distribution (Bunte and Abt, 2001; Fig. DRI [see
footnote 1]). Hillslope sites included all mapped
units except for soil-mantled areas with few

!GSA Data Repository item 2018099, soil pit de-
scriptions, point count data, and cosmogenic nuclide
data, Tables DR1-DR3, Figures DR1-DR7, is avail-
able at http://www.geosociety.org/datarepository
/2018 or by request to editing @ geosociety.org.
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surface clasts. Both open and canopied boulder
fields typically contained no finer-grained mate-
rial, and thus point counts in these areas reflect
the full grain-size distribution of surface regolith.
Point counts of coarse sediment on otherwise
soil-mantled surfaces (“boulders/soil” mapping
classification) do not reflect the full distribution
of sediment grain size, and so are not directly
comparable to coarse sediment point counts of
boulder fields, but nonetheless they provide con-
straints on maximum boulder size.

At eight locations along the channel in and
downstream of the Garner Run subcatchment
(Fig. 1A) we conducted similar point counts as
on hillslopes; we incorporated all grains within
the active channel, defining material with diam-
eter <2 mm as “fine” (Table DR2 [see footnote
1]). Four channel point counts were spaced at
~100 m in the headwaters, beginning with the
onset of channelized flow; two point counts
were conducted 4 km downstream from the
subcatchment; and two point counts were con-
ducted 6 km downstream from the subcatch-
ment, where Garner Run turns southeast and

steepens across a knickpoint (Fig. 1A). In addi-
tion to grain-size characteristics, observations of
any non-sandstone clasts and any bedrock ex-
posed in the stream channel were noted.

To aid in visualization of grain shape, sort-
ing, and organization, we constructed structure-
from-motion photogrammetry models (Westoby
et al., 2012) of three point count sites using a
digital single-lens reflex camera with wide-
angle lens. We aligned 50-100 photographs of
each site and constructed dense point clouds us-
ing Agisoft Photoscan, and we scaled our mod-
els using 15 cm rulers scattered throughout the
scene. Visualization of dense point clouds was
performed using the EyeDome lighting shader
in CloudCompare (http://danielgm.net/cc).

Cosmogenic Nuclide Sampling

To quantify the average concentration of in
situ—produced cosmogenic 'Be in regolith,
we sampled material from the four soil pits
monitored as part of the SSHCZO at Garner
Run (GroundHOG transect of Brantley et al.,
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Figure 3. Surface regolith texture map of Garner Run, highlighting patterns in boulder and
soil cover and location of GroundHOG soil pits and the HV1 drill core. Photographs and
descriptions of mapping units are shown in Figure 2. Black dashed line indicates channel of
Garner Run, which flows to the southwest. Solid black line indicates road. White dashed line
on Tussey Mountain hillslope highlights linear pattern in boulder occurrences. TMMS—
Tussey Mountain midslope; LRVF—Leading Ridge valley floor; LRMS—Leading Ridge

midslope; LRRT—Leading Ridge ridgetop.

2016). Three soil pits were located along the
north-facing slope of Leading Ridge, and one
was on the south-facing slope of Tussey Moun-
tain (Fig. 3). These pits were dug to different
depths—to 0.7 m on the Tussey Mountain mid-
slope (TMMS), to 0.65 m on the Leading Ridge
ridgetop (LRRT), to 1.4 m on the Leading Ridge
midslope (LRMS), and to 1.4 m on the Leading
Ridge valley floor (LRVF)—based on the depth
of refusal (Brantley et al., 2016). Although the
depth to bedrock is not known, pit bottoms con-
tained firm material that could not be excavated
by hand; each pit likely integrates a large por-
tion of the total mobile regolith profile (Jungers
et al., 2009). We amalgamated 100 g of material
from each identified soil horizon for a given soil
pit and sieved amalgamated horizon material to
the 250-850 um fraction sampled within the soil
profile, creating a single sample for each soil pit
(see the Data Repository material [footnote 1]).

We sampled surface boulders along three
30-m-long, slope-normal transects adjacent to
each of the three soil pits on the north-facing
slope of Leading Ridge and analyzed these
samples for both “Be and *°Al (Fig. 3). Every
2 m along each transect we removed the upper-
most few centimeters of rock from the nearest
boulder, sampling boulders representative of the
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typical boulder size on the slope (~1 m or less)
for a total of 15 boulder chips per transect. Each
chip was crushed and sieved individually, and
50 g aliquots of each clast were amalgamated
into one sample per transect.

To quantify catchment-averaged erosion
rates, we collected two stream sediment samples
for in situ—produced cosmogenic ’Be analysis,
~15 m upstream and downstream from the soil
pit transect. Samples were sieved in the field to
the 250-850 um fraction.

To constrain the burial age and thus history of
the colluvial fill in Garner Run, we measured in
situ—produced cosmogenic '’Be and Al in three
buried clasts recovered from a 9.1 m-deep drill
core in the valley axis of Garner Run, just up-
stream from the soil pit transect (Fig. 3; Brant-
ley et al., 2016; DiBiase et al., 2016). Material
recovered during drilling (performed using a
Hydracore Prospector) consisted of discon-
tinuous sandstone clasts dispersed throughout
iron-stained sandy fill from four known depth
intervals. Two sandstone clasts were recovered
between 0 and 3.3 m, but their relative depths
were not recorded. Five clasts, totaling 40 cm
of competent cored material, were recovered in
order from depths of 3.4—4.8 m, and four clasts
totaling 50 cm of core were recovered in order

from depths of 4.8—-6.4 m. Only sand was pres-
ent at depths of 6.4-9.1 m. We sampled the up-
per clast recovered in the 3.4—4.8 m interval and
the uppermost and lowermost clasts recovered
from the 4.8-6.4 m interval. Because the cores
were logged in order of recovery rather than
at discrete depths, we conservatively assigned
depths and uncertainty based on the order and
length of cored clasts, resulting in depths of 3.9
+0.5m,5.3+0.5m, and 5.9 + 0.5 m for GR10,
GR11, and GR12, respectively.

Cosmogenic Nuclide Sample Analysis
and Data Reduction

For all samples, we purified quartz by heat-
ing the ground and/or sieved samples in HCI
and treating them with a series of leaches us-
ing dilute HF/HNO,; mixtures at the University
of Vermont Cosmogenic Nuclide Laboratory
(Kohl and Nishiizumi, 1992). We extracted '’Be
from all samples, and Al from some samples,
following the methods of Corbett et al. (2016).
All Garner Run samples were analyzed for '"Be
at the Center for Accelerator Mass Spectrom-
etry (CAMS) at Lawrence Livermore National
Laboratory, normalizing measured ratios to ICN
standard 07KNSTD3110 with an assumed value
of 2.85 x 107! (Nishiizumi et al., 2007). Samples
GRO1-GR09 were analyzed in April 2016, and
GR10-GR12 were analyzed in July 2016. We
background-corrected samples using an average
of n =3 process blanks (’Be/’Be = 1.20 + 0.66 x
1075). For the drill core samples (n = 3) and the
amalgamated surface boulder transect samples
(n=3), we also measured *°Al at the Purdue Rare
Isotope Measurement (PRIME) Laboratory.
Sample ratios for Al were normalized to stan-
dard KNSTD with an assumed ratio of 1.818 x
102 (Nishiizumi, 2004) and background cor-
rected using an average of n = 3 process blanks
(*AlI/77Al = 1.97 £0.98 x 107).

The samples GRO8 and GR10 were each run
twice, the '"“Be at CAMS (second run March
2017) and the Al at PRIME Laboratory (sec-
ond run April 2017). Although other sample
replicate runs were within 16 error of the origi-
nal runs, the *°Al analyses for sample GR0O8
differed by ~3c. The sample GRO8 had more
Mg isobaric interference (870 counts per second
[cps]) than others analyzed at that time (20-570
cps), which could have resulted in an elevated
2Al/77Al ratio; Mg counts could have the same
energy loss characteristics as 2°Al and therefore
add to measured *°Al. Samples with 370 cps
of Mg on the same run had very low?Al/*7Al
ratios (1 x 107), so we consider it unlikely as
the cause of the disparity, and thus we cannot
justify disregarding the initial analysis of GROS.
We accordingly report the average value and
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standard error (n = 2) for each of the two repli-
cated samples in our analysis.

Minimum limiting exposure ages and maxi-
mum limiting erosion rates were calculated us-
ing the CRONUS-Earth online calculator (http://
hess.ess.washington.edu/, wrapper script 2.3,
main calculator 2.1, constants 2.2.1; see Balco
et al., 2008) based on the constant production
rate model (Lal, 1991; Stone, 2000; Table DR1
[see footnote 1]).

Determining Colluvial-Fill History

As a first-order constraint on the age of col-
luvial fill in Garner Run, we divided colluvial-fill
volume in the valley axis by the average hillslope
lowering rates on the adjacent steeply dipping
slopes determined from “Be concentrations in
stream sediment (samples GRO1 and GR02). To
determine colluvial-fill volume, we constructed
a series of topographic cross sections from
Tussey Mountain to Leading Ridge (Fig. 1). We
estimated the boundary between fill and bedrock
based on surface topography and core depth,
which is consistent with estimates from shallow
geophysical surveys (DiBiase et al., 2016). We
assumed constant regolith storage on hillslopes
over the period of valley filling, a colluvium
density of 1600 kg m=, and a bedrock density of
2700 kg m~, and we assumed that the contribut-
ing area of sediment production was limited to
the steeply dipping slopes, which cover ~75% of
the catchment area (Fig. 1B).

To evaluate potential colluvial valley-fill his-
tories consistent with cosmogenic radionuclide
ratios measured in the core, we modeled the
production and decay of in situ cosmogenic '’Be
and 2°Al in a one-dimensional (1-D), 6.5-m-
thick colluvial fill for three scenarios: a single
burial event, gradual burial, and pulsed burial.

For the single burial event scenario, we mod-
eled the in situ production and radioactive decay
of “Be and %Al as a function of depth below
the modern surface, z, for burial ages, f,, rang-
ing from 50 to 400 ka (e.g., Granger and Muzi-
kar, 2001):

Nyop (Z’to) = Nligljse exp(_}\’IOBelO) +

1- A
Pon (z)(ei(t)] (1
10Be

Nogas (Z’ to) = N;’é’,’Al €xXp (_}\‘ZéAItO) +

1- -\
Pzw(z)[ex‘;( “*"[")} (1b)
26Al

where N,z and N, are the modern concentra-
tions of '"Be and 2°Al, respectively, Ni;" and
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N are the inherited concentrations of "Be
and %°Al, respectively, Aoz and Ay, are the
decay constants for '’Be and 2°Al, respectively,
and Pz, and P, are the depth-dependent post-
burial production rates of '’Be and *°Al, respec-

tively, which we characterize as:

P (2)= P <o>exp[‘mj+

spall

P (O)exp(;""’], (2a)

muon

Py (Z) = RygpioPlose (Z)’ (2b)
where P7:"(0) and P (0) are the local surface
production rate of '°Be due to neutron spallation
and negative muon capture, respectively, p is the
bulk density of colluvial fill, A,,,, and A,,,,, are
the mass attenuation lengths for neutron spall-
ation and negative muon capture, respectively,
and Ry is the production rate ratio for 2°Al
and "Be. We assumed production due to fast
muons was negligible at depths less than 10 m
(Granger and Riebe, 2014).

For the gradual burial scenario, we modeled
steady accumulation of material at a 500 yr time
step from an initial time, f,, to the present, with
t, varying from 50 to 400 ka (corresponding to
accumulation rates of 2-13 cm k.y.™"); we also
tracked postburial production and decay follow-
ing Equations 1 and 2.

For the pulsed burial event scenario, we mod-
eled an initial depositional event at time ¢,, fol-
lowed by a hiatus and a second depositional
event at time #,. The timing and thickness of
each event were adjusted based on constraints
from both the '"Be concentration and *Al/''Be
ratio of the three buried core samples.

For each scenario, we assumed a uniform in-
herited '"Be concentration, Nja» , based on the
mean '"Be concentration measured from the
three amalgamated surface boulder transects
(GR0O7-GR09), although the inheritance varies
among individual clasts (see the Data Repository
material [footnote 1]). We assumed an inherited
26A1/"Be ratio (and thus a value for Nir', ) based
on the mean ratio measured from the same
amalgamated surface boulder transects, which
may vary from the actual production rate ratio
due to burial and preferential decay of °Al dur-
ing downslope transport or because of differ-
ences in the subsurface attenuation length of
1"Be and ?*Al production (Argento et al., 2015).
Postburial production of “Be by neutron spall-
ation and negative muon capture was modeled
assuming a spallation attenuation length scale
for both isotopes of A,,,,;, = 160 g cm™, and a

spal
negative muon capture attenuation length scale

of A, = 1000 g cm™ (Granger and Riebe,
2014). We assumed a colluvial-fill bulk density
of p = 1.6 g cm?, based on typical values for
sandy soils (Soil Survey Staff, 2014). The sur-
face production rate of '’Be for both spallation
(P"(0)) and negative muon capture (P (0))
was determined using the CRONUS-Earth on-
line calculator (http://hess.ess.washington.edu/,
wrapper script 2.2, main calculator 2.1, con-
stants 2.2.1; see Balco et al., 2008).We deter-
mined the Al production rate, P,,(z), based
on an assumed **Al/“Be production rate ratio of
Ren0) = 6.75 (Balco et al., 2008), but we show
results from ratios R0 = 6.5 and R0, = 7.0
in the Data Repository for comparison (see
footnote 1; Corbett et al., 2017a). Radioactive
decay for '"Be and *°Al was modeled assuming
half-lives of 0.705 m.y. (Nishiizumi, 2004) and
1.387 m.y. (Chmeleff et al., 2010), respectively,
corresponding to decay constants of Ay, =
5.00 x 107 yr™ and Aoz, = 9.83 x 107 yr".

RESULTS
Topographic Analysis

Lidar-derived topographic data indicate that
gradients of Tuscarora Formation hillslopes
mirror those of the underlying structure of
plunging folds throughout central Pennsylvania,
except where anticlines are breached (Fig. 1A).
Within the Garner Run subcatchment, the south-
facing planar hillslopes of Tussey Mountain
maintain nearly constant gradient and orienta-
tion, whereas the north-facing slopes of Lead-
ing Ridge steepen with distance down valley in
concert with changing fold geometry. Through-
out the region, subtle cuestas (dip slopes con-
forming to underlying resistant bedrock) on the
south-facing hillslopes appear to show shadow
bedding planes dipping slightly steeper than the
slope gradient (Fig. 1; Brantley et al., 2016).

In contrast to the near-dip slopes, the south-
east-facing toe slope of Tussey Mountain con-
tains a low-sloping bench marked at the surface
by lobate structures oriented oblique to the
valley axis that we interpret to be solifluction
lobes (Fig. 1B). In locations where Garner Run
appears to intersect and incise through surface
lobes, the channel banks expose colluvial fill
up to 5 m thick. This bench widens down val-
ley, and in most places, these lobes have pinned
Garner Run to the base of Leading Ridge; where
these lobes are less prominent, the channel of
Garner Run flows closer to the center of the val-
ley axis (Fig. 1A).

From the lidar slope-shade map, we observed
a number of mass movements that we interpret
to be slides and slumps in the upper few meters
of regolith (Fig. 4; Brantley et al., 2016). These
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Figure 4. Topographic profiles across slump features along Tussey Mountain, demonstrating the inferred depth of excavation and thickness
of debris, which changes topography by 5-10 m compared to background. Solid lines show present topography, whereas dashed gray lines
show an interpretation of the planar, dip-slope hillslope prior to failure; the difference between the two profiles shows elevation gain and

loss. Location is shown on Figure 1A.

features are tens to hundreds of meters across,
and they appear as either angular or curvi-
linear scars with hummocky landslide deposits
downslope. Topographic profiles drawn across
these scars indicate that smaller slumps ex-
cavated and extruded ~2 m of regolith, while
the debris from larger slides is 5-10 m thick
(Fig. 4).

Field Mapping of Regolith Texture

In general, much of the central Pennsyl-
vania landscape underlain by the Tuscarora
Formation is covered in boulder-rich regolith
to varying degrees, with only occasional bed-
rock exposure along ridgelines (Figs. 2 and 3).
In the Garner Run subcatchment, field mapping

Geological Society of America Bulletin, v. 130, no. 11/12

results show that the southeast-facing slope of
Tussey Mountain is generally more boulder-
mantled than the northwest-facing slope of
Leading Ridge (Fig. 3). At and within 200 m
of the ridgeline of Tussey Mountain, boulder
fields form a linear pattern trending roughly
parallel to the strike of the underlying bedrock
(Fig. 3). The area-weighted mean, and standard
deviation in local slope of individual polygons
mapped as open boulder fields is 21.8° + 2.4°.
Areas of the hillslope mapped as canopied
boulder field and boulder/soil mix have local
slopes of 15.0° = 3.7° and 11.5° + 4.0°, re-
spectively. Soil-mantled areas lacking boulders
have local slopes of 8.5° + 3.2° and are largely
confined to the low-sloping valley floor and the
northeastern flank of Leading Ridge (Fig. 3).
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Within the valley floor, lobes tend to be flanked
by boulders but are soil-mantled on top. Down-
stream of the Garner Run subcatchment, where
solifluction lobe crests become more prominent
(Fig. 1B), incision into the colluvial valley fill
exposes coarse blocky debris overlain by fine-
grained material that blankets the entire topo-
graphic bench.

Shallow soil pits showed that, on the south-
facing dip slope of Tussey Mountain, a gray E
horizon up to 15 cm thick occurs between the
O/A horizons and a red, clay-rich B horizon (see
the Data Repository [footnote 1]). However, this
soil horizon thins in sites downslope and dis-
appears completely at sites in the valley floor.
The material mantling the low-sloping bench
consists of mainly soil or a boulder/soil mix and
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exhibits a clayey B horizon just below the sur-
face. Shallow excavations (0.5-1.0 m) of rocky
areas revealed that surficial rocks corresponded
to rocks at depth, and boulders were embedded
within both E and B horizons.

Analysis of Coarse Surface Clasts
on Hillslopes and in Channels

On the hillslopes in the Garner Run sub-
catchment, the largest grains (intermediate axes
> 0.7 m) are generally restricted to boulder
fields near ridgelines and the toe slope of Tussey
Mountain (Fig. DR1 [see footnote 1]). The me-
dian and 84th percentile of intermediate axes
of clasts in canopied and open boulder fields
are also generally larger than those embedded
in a soil matrix, regardless of hillslope position
(Fig. 5). Clasts in open boulder fields are angular,
while clasts in canopied boulder fields and those
in a soil matrix tend to be subangular. Most clasts
are tabular and rarely exceed 25 cm in thickness.
Within a given surface cover type, we observed
a general decrease in median surface clast size
with distance downslope for both Tussey Moun-
tain and Leading Ridge hillslopes (Fig. 5; see
the Data Repository [see footnote 1]). Median
intermediate axis diameter ranged from a high of
Dy, =47 cm in open boulder fields on the Tussey
Mountain hillslope to a low of D5, = 18 cm in the
valley floor where interstitial soil was prevalent.

Within the Garner Run subcatchment, the
median grain size of streambed sediment at four
locations (D5, = 12, 13, 15, and 20 cm) tended to
be slightly finer than the surface clasts in boul-
der fields and boulder/soil near the valley floor
(Dsy = 18-23 cm), but with similar shape and

i T
= 4] ©
So a o)
> o o o
o o
Distance downstream
of divide (m)

into the channel from Tussey Mountain (Fig. 3).
Downstream of the Garner Run subcatchment,
channel sediment shows evidence of sorting
and rounding and decreases in grain size (Ds, =
6-10 cm; Figs. 5 and 6). Additionally, the col-
luvial valley fill thins, as evidenced by bedrock
exposure of the Rose Hill Shale in the channel
floor (Fig. 1A). Further downstream, where
the channel steepens and turns south across a
knickpoint, coarse material again emerges in
the channel coincident with steeper hillslopes
located adjacent to channel banks (Fig. 5).

shown in Figure 1A and Fig-
ure DR1 (see text footnote 1),
respectively. Right panel shows
same data sorted by cover type.

Cosmogenic Nuclide Analysis

Measured surface '’Be concentrations at Gar-
ner Run range from 2 to 8 x 10° atoms g!, with
depth-integrated soil samples, amalgamated
surface boulder samples, and stream sediment
samples having broadly similar concentrations
(Table 1; Fig. 7). The °Be concentrations in
depth-integrated soil pit samples (n = 3) from
the northwest-facing slope of Leading Ridge
increase downslope, but '"Be concentrations in
amalgamated surface boulder samples show no

Figure 6. Perspective views of surface topography generated using structure-from-motion photo-
grammetry, highlighting differences in clast size, shape, and sorting between (A) open boulder
field (Fig. 2B); (B) headwater channel; and (C) channel bed ~5 km downstream of B.

angularity (Fig. 6). The channel site with the
coarsest surface material (D5, = 20 cm) is di-
rectly adjacent to a boulder-lined lobe that feeds
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Figure 7. Overview of cosmogenic nuclide data. (A) Summary of
Be concentrations in samples collected from soil pits (circles), sur-
face boulders (rectangles), and stream sediments (hexagons), shown
on perspective slope-shade model of Garner Run subcatchment.
Erosion rate, E, indicates average of two stream sediment samples.
(B) Plot showing similarity in '’Be concentrations of surface sam-
ples (same symbols as A). Also shown are ’Be concentrations of core
samples (triangles). Black symbols indicate samples with replicate
measurements. Error bars (16 or 1 standard error [SE] for repli-
cate samples) are smaller than symbols where not shown. TMMS—
Tussey Mountain midslope; LRVF—Leading Ridge valley floor;
LRMS—Leading Ridge midslope; LRRT—Leading Ridge ridgetop.

pattern. The mean °Be concentration from two
stream sediment samples (6.0 + 0.5 x 10° atoms
g!, = 1 standard error [SE]) is similar to the
mean of all soil and amalgamated surface boul-
der samples (5.0 = 0.9 x 10° atoms g, =1 SE)
and indicates a catchment-average hillslope
lowering rate of 6.6 + 0.6 m m.y.”!, assuming
steady erosion over and reflecting an integration
time scale of ~100 k.y.

The mean ratio of Al to '°Be in the three
amalgamated surface boulder samples is 6.5 + 0.5
(x1 SE), indicating that the nuclide concentra-
tions primarily reflect exposure (i.e., burial was
either minor, shallow, or early on). Assuming

the clasts recovered during coring were buried
with an initial 2°Al/'°Be ratio of 6.5, consistent
with the average of modern surface boulders,
the lower two clasts (GR11 and GR12) show
evidence of burial (lowered 2°Al/'’Be), whereas
the 2°Al/“Be ratio of the uppermost clast (GR10)
is indistinguishable from the *°Al/"°Be ratio of
amalgamated surface boulders (Fig. 8).

Constraining Colluvial-Fill History
Based on topographic analysis and core

observations, we estimate a total colluvial-fill
volume of 9 + 5 x 10° m? in the Garner Run sub-

catchment (Fig. 9). Assuming that the source
area for this material is limited to the adjacent
slopes of Tussey Mountain and Leading Ridge,
our colluvial-fill estimate is equivalent to
2 + 1 m of hillslope lowering, and thus a mini-
mum age of 300 = 150 ka, assuming a long-
term erosion rate of 6.6 = 0.6 m m.y.”! (based
on '"Be in stream sediment) and no sediment
evacuation.

Our 1-D modeling of **Al/"“Be ratios in the
core provides an independent constraint on
the age and history of the colluvial fill in Garner
Run. For the single-burial scenario, no common
history can explain at once all three buried clast
ratios (Fig. 10). The lower two clasts require
significant burial (210 ka + 70 ka for the bot-
tom sample [GR12] and 270 ka + 110 ka for the
middle sample [GR11], based on 1c analytical
error on the 2°Al/'"Be ratio), but the uppermost
clast (GR10) has an 2°Al/'Be ratio indistin-
guishable from the amalgamated surface boul-
der samples. Based on the 1¢ analytical error
on *Al/"”Be ratio, the upper sample requires a
burial age <80 ka. Similar to the single-burial
scenario, there is no consistent accumulation
rate for the steady accumulation rate scenario
(Fig. 10B) that explains the 2°Al/'Be ratio of all
three buried samples.

For the pulsed burial scenario (Fig. 10C), we
modeled a two-stage burial history consisting
of deposition of the lower 2.6 m of fill (span-
ning the two lower samples and fill between the
middle and upper sample, at final depths of 6.5—
3.9 m) in a single pulse, followed by a hiatus
and then deposition of the upper 3.9 m in a sec-
ond pulse, including the upper clast. We initially
constrained the depth of the hiatus to between
4.7 and 3.4 m depth based on postburial pro-
duction constraints from the low absolute con-
centrations of '’Be and Al in the middle clast,
and then we refined the depth further to 3.9 m
based on the final timing scenario (see the Data
Repository [footnote 1]). The younger pulse
of sediment deposition, #,, cannot be dated but
is constrained to <80 ka, as the %Al/"“Be ratio
measured in the uppermost core clast is the
same within uncertainty as that measured in
amalgamated boulder samples from the slopes
above. Depending on the value of ¢, (0-80 ka),
the °Al/'“Be ratios measured in the lower two
core samples are consistent (within 16) with a
burial age of 420260 ka, and thus we interpret
t, = 340 ka + 80 ka (Fig. 10C). We also show
in Figure 10C a scenario where we assume f,
corresponds to the transition to warmer condi-
tions after the LGM (¢, = 340 ka; ¢, = 16 ka),
which we used to explore the sensitivity of our
results to changes in N ;g’;e Ry6/10, and the depth
of the hiatus surface (see the Data Repository
[footnote 1]).
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8 of coarse material left behind after downslope
transport of finer-grained material via solifluc-
ok tion or active layer detachment, consistent with
modern periglacial landscapes, where these
Figure 8. (A) Overview of HV1 core, showing location of samples taken at processes are promoted by the presence of a
depths of 3.9 = 0.5 m, 5.3 = 0.5 m, and 5.9 = 0.5 m below the surface. The fine-grained matrix (Matsuoka, 2001; French,
interval between 3.4 and 6.4 m is a discrete rocky layer, overlying sand be- 2013). Additionally, the observed thinning of
tween 9.1 and 6.4 m depth and covered by a mix of sand and two clasts E horizons in soils with distance downslope is
from unknown depths from 3.4 to 0 m below the surface. (B) Plot showing consistent with subsurface eluviation of clays
measured **Al/"*Be ratio for surface clasts and core samples (same symbols within solifluction lobes (Carter and Ciolkosz,
as Fig. 7). 1986). We interpret the boulder fields as areas
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Figure 9. (A) Shaded relief map and (B) topographic and core-constrained estimates of colluvial valley-fill thickness. Based on topographic
cross sections, we project only minimum (5 m) long-term stored valley fill at the northeastern drainage divide, where solifluction lobes
and bench are least pronounced. Minimum fill thickness of 9 m is constrained by core location for one cross section. Note that major
lobe feature in shaded relief map (dashed line in A) does not reach core location. Downstream, field observations indicate stream incises
through ~5 m of lobe material.

Geological Society of America Bulletin, v. 130, no. 11/12 1913

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/130/11-12/1903/4534876/1903.pdf
by Pennsylvania State Univ Serials Dept user
on 01 November 2018



Del Vecchio et al.

A single burial B steady accumulation C pulsed burial
0 T T 1} T T T T ]
t,:
<80 ka
1 - - - - o -
2 - - - - o -
£ar 1t 1t ]
=
o
oy
04 F 4 4 F .
5F {F 1t t: -
- 1 340 +
80 ka
6 B 1F 1t .
7 L 1 1 L 1 1
5.5 6 6.5 55 6 6.5 5.5 6 6.5
[2eAl)/["°Be] [26Al]/["°Be] [26Al)/['°Be]
é / th ———I"t
S 0 ’

time —

50 ka
100 ka

Burial ages
15ka

s 150 KO m— 300 ka
200 ka we—— 400 ka

Figure 10. Comparison of measured vs. predicted 2°Al/"’Be ratios as a function of depth for
HV1 drill core samples. (A) Single burial scenario, showing contours of deposition age, ¢,,
in ka. (B) Steady accumulation scenario, showing contours of start of deposition, 7, in ka.
(C) Pulsed burial scenario, showing range of two-staged burial models consistent with data
(¢, = 340 = 80 ka; ¢, < 80 ka) and example model assuming ¢, is Last Glacial Maximum in age

inh

(solid line; ¢, = 340 ka; ¢, = 16 ka), assuming uniform N,;;, = 4 x 10° atoms g'.

in the landscape where regolith is thinnest and
bedrock is closest to the surface. For example,
linear transects of open boulder fields that paral-
lel the strike of the underlying bedrock (Fig. 3)
are composed of blocks that are similar in size
and shape (Fig. 6A) to those adjacent to in-place
bedrock along ridgelines (Fig. 2), suggesting a
local origin.

We observed a decrease in the median
boulder size with increased interstitial soil
content, and a decrease in median boulder
size with distance from the ridgeline that
also corresponds to spatial patterns in surface
cover type (Figs. 3 and 5). The observations
at Garner Run (Fig. 5) are consistent with re-
gional observations of downslope patterns in
boulder size, rounding, and weathering rind

1914

development (Gentoso, 2008), and they may
reflect one of two end-member scenarios:
(1) Boulders are produced from bedrock dur-
ing periglacial conditions and then decrease in
size during downslope transport, or (2) varia-
tions in boulder size reflect a pre-Pleistocene
weathering profile that has been progressively
stripped by periglacial processes (F. Pazzaglia,
2017, personal commun.). Cosmogenic nu-
clide concentrations in soils increase with dis-
tance downslope on Leading Ridge (Fig. 7),
but they are not suited for distinguishing
among the two scenarios. Similarly, the sandy
fill observed in the HV1 drill core (Fig. 8) may
reflect the unroofing of finer-grained regolith,
or it may be the by-product of in situ weather-
ing of coarser -grained material.

The most prominent pattern in regolith tex-
ture that we observed at Garner Run is a strong
asymmetry in boulder cover, with boulder
fields (both canopied and open) covering the
southeast-facing slope of Tussey Mountain, and
more extensive soil cover on the northwest-fac-
ing slope of Leading Ridge (Fig. 3). In the low-
sloping valley floor, the topographic expression
of lobe features (Fig. 1B) and the pinning of
the stream against the base of Leading Ridge
(Fig. 3) suggest that the colluvial fill is sourced
primarily from periglacial solifluction of mate-
rial from Tussey Mountain, a result consistent
with regional observations of solifluction lobes
concentrated at the toe slopes of southeast-
facing hillslopes (Fig. 1A). Although this pat-
tern suggests an aspect control on periglacial
hillslope erosion and sediment transport, the
southeast-facing slope of Tussey Mountain
is steeper than the northwest-facing slope of
Leading Ridge (Fig. 3). Additionally, as Lead-
ing Ridge steepens to the southwest, regolith
texture transitions from mainly fine-grained
soil to extensive canopied boulder fields. Thus,
at Garner Run, it is unclear how much of the
pattern in hillslope erosion and regolith texture
is due to differences in aspect-controlled micro-
climate versus structurally controlled topo-
graphic slope. Additional analysis and mapping
of nearby catchments with similar lithology but
differing topography are needed to untangle
these competing controls on periglacial land-
scape evolution.

Colluvial-Fill History and Implications for
Hillslope-Channel Coupling

Our preferred model of colluvial-fill history
for interpreting the 2°Al/'°Be ratios from buried
clasts is a two-staged pulsed accumulation, with
material from 6.4 to 3.9 m depth deposited at
340 + 80 ka, a hiatus until at least 80 ka, and
then a more recent pulse that deposited the up-
per 3.9 m of colluvium. This is the simplest
model that explains our data from the core and
is consistent with our independent minimum age
estimate of 300 + 150 ka for the colluvial fill
above 6.4 m depth, based on fill volume and
19Be-derived erosion rates. Since there is at least
an additional 2.7 m of fill below our lowest core
sample (Fig. 8), the age of 340 + 80 ka is a mini-
mum estimate of the oldest colluvial fill in Gar-
ner Run. Thus, the headwater valley of Garner
Run preserves a sedimentary record that spans
multiple glacial cycles as a consequence of slow
hillslope erosion rates and limited evacuation of
material from the valley axis.

In contrast to surficial observations in the
Garner Run valley bottom of clayey soils and
boulders embedded in a fine-grained matrix
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(Fig. 3), core observations show only sand and
larger clasts, with an absence of clay. Because
the core is along the valley axis, it is possible
that winnowing of finer material occurred dur-
ing depositional hiatuses through surface or
subsurface flow. The modern stream at Garner
Run generally lacks particles finer than sand
size (see the Data Repository [footnote 1]), and
there is considerable subsurface flow in the val-
ley fill, based on field observations of audible
flowing water in the subsurface and evidence for
hyporheic exchange in surface-water chemistry
(Hoagland et al., 2017). Interglacial winnow-
ing is also consistent with our modeled hiatus
depth of 3.9 m, as this depth corresponds to a
textural change in our core from mostly large
clasts below to a mix of fine-grained material
and clasts above.

The long-lived preservation of colluvial fill in
the valley floor of Garner Run is likely a conse-
quence of the underlying lithology and upland
position insulated from regional base level.
Because the Tuscarora Formation weathers as
large, resistant blocks of quartz sandstone, ma-
terial delivered to the channel network armors
the channel and is not readily transported until
the blocks weather in place sufficiently, either
through frost cracking, abrasion, or dissolution.
Additionally, due to its location upstream of a
knickpoint (Fig. 1A), Garner Run is isolated
from regional base level and exhibits low chan-
nel steepness and slow erosion rates compared
to nearby catchments downstream of the knick-
point (Miller et al., 2013; Brantley et al., 2016),
limiting the ability of the stream to evacuate the
colluvial valley fill in Garner Run during inter-
glacial periods.

Regionally, both the time scale of sediment
storage and direct transfer of hillslope debris
to burial in valleys make sedimentary records
in central Appalachian headwater valleys
valuable archives for assessing the interplay
of hillslope-channel coupling throughout the
Pleistocene, and understanding climate con-
trols on landscape evolution. The lithologic and
structural control on periglacial debris storage,
demonstrated here at Garner Run, implies that
structural traps, which are common within
tightly folded sandstone units in the Valley
and Ridge, can facilitate thick (tens of meters)
colluvial sediment accumulation in headwater
catchments. Because regionally extensive sand-
stone units like the Tuscarora Formation span
a wide latitudinal gradient in the unglaciated
Appalachians, there is potential to explore how
paleoclimate gradients control the pattern and
pace of hillslope erosion, particularly if collu-
vial sedimentation records preserve indepen-
dent climate proxies or paleoenvironmental
indicators.

Geological Society of America Bulletin, v. 130, no. 11/12

Implications for the Evolution of
the Critical Zone

Our results highlight how the regolith man-
tling Garner Run both records past critical zone
processes and influences the structure and com-
position of the modern critical zone. The per-
sistence of regolith at Garner Run means that
the critical zone at this site integrates multiple
climate cycles, which set boundary conditions
like moisture, temperature, and biota that in
turn control the pace and pattern of critical zone
processes (Anderson et al., 2007; Brantley and
Lebedeva, 2011). Previous work on Valley and
Ridge periglacial features, drawing on radio-
carbon and sediment thermoluminescence ages,
assigned Wisconsinan (LGM) ages to colluvial
soils overlying reddened pre-Wisconsinan soils
(Clark and Ciolkosz, 1988; Ciolkosz et al.,
1990), and work at the nearby Shale Hills catch-
ment shows regolith postdates the LGM (West
et al., 2013). However, the regolith at Garner
Run has an older and more complex exposure
history, and thus landforms may be composite
features with nuanced erosional histories (e.g.,
Wilson et al., 2008; Denn et al., 2018). Soil
properties are not just a function of modern
pedogenesis, but also ancient sediment transport
and cold-weather processes (Ciolkosz et al.,
1990). Moreover, slow erosion rates facilitate
the trapping of windborne dust (Cronce, 1988),
a likely contributor to the nutrient-rich soils at
Garner Run, which is underlain by an erosion-
ally resistant orthoquartzite bedrock. Hetero-
geneity in the regolith and shallow subsurface,
shaped by relict climate conditions, controls
modern hydrology by modulating infiltration
and subsurface flow paths and is thus an im-
portant consideration for hydrologic models
(McDonnell et al., 2007; Shi et al., 2013), and
important for interpretations of modern fluxes
of mass and energy in the critical zone (Brantley
and Lebedeva, 2011).

CONCLUSIONS

The widespread preservation of periglacial
landforms in sandstone landscapes of central
Pennsylvania indicates that cold-climate pro-
cesses are the dominant mechanism for sedi-
ment production and downslope transport at
Garner Run, with limited landscape modifica-
tion by surface processes active during warmer
climates. Coarse sediment armoring of chan-
nels and limited incision into the colluvial val-
ley fills suggest that boulder-rich periglacial
colluvium delivered to channels is not readily
evacuated during interglacial periods. Con-
sequently, and as indicated by sediment core
observations and cosmogenic nuclide samples,

the colluvial valley fill at Garner Run preserves
a pulsed depositional record from multiple gla-
cial cycles spanning at least 340 + 80 k.y. Due
to slow erosion rates, regolith on hillslopes
integrates pre-LGM conditions—an assertion
verified by relatively high concentrations of
"Be measured in hillslope regolith. Our field
and topographic analyses show that periglacia-
tion at Garner Run exerts a primary control on
spatial patterns in regolith texture and critical
zone architecture, and thus modern critical
ZONe processes.
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