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Abstract

Jacobson, R.B., Miller, A.J. and Smith, J.A., 1989. The role of catastrophic geomorphic events in central Appalachian
landscape evolution. In: T.W. Gardner and W.D. Sevon (Editors), Appalachian Geomorphology. Geomorphology,
2: 257-284.

Catastrophic geomorphic events are taken as those that are large, sudden, and rare on human timescales. In the
nonglaciated, low-seismicity central Appalachians, these are dominantly floods and landslides. Evaluation of the role
of catastrophic events in landscape evolution includes assessment of their contributions to denudation and formation
of prominent landscape features, and how they vary through space and time.

Tropical storm paths and topographic barriers at the Blue Ridge and Allegheny Front create significant climatic
variability across the Appalachians. For moderate floods, the influence of basin geology is apparent in modifying
severity of flooding, but for the most extreme events, flood discharges relate mainly to rainfall characteristics such as
intensity, duration, storm size, and location. Landslide susceptibility relates more directly to geologic controls that
determine what intensity and duration of rainfall will trigger slope instability.

Large floods and landslides are not necessarily effective in producing prominent geomorphic features. Large historic
floods in the Piedmont have been minimally effective in producing prominent and persistent geomorphic features. In
contrast, smaller floods in the Valley and Ridge produced erosional and depositional features that probably will require
thousands of years to efface. Scars and deposits of debris slide-avalanches triggered on sandstone ridges recover slowly
and persist much longer than scars and deposits of smaller landslides triggered on finer-grained regolith, even though
the smaller landslides may have eroded greater aggregate volume.

The surficial stratigraphic record can be used to extend the spatial and temporal limits of our knowledge of cata-
strophic events. Many prominent alluvial and colluvial landforms in the central Appalachians are composed of sedi-
ments that were deposited by processes similar to those observed in historic catastrophic events. Available strati-
graphic evidence shows two scales of temporal variation: one related to Quaternary climate changes and a more-recent,
higher-frequency variation due to rare events during the Holocene. In much of the central Appalachians, landforms
related to Quaternary climate changes persist as the most prominent features, despite the modifying effects of late-
Holocene catastrophic events.

Introduction

Hack and Goodlett (1960) hypothesized that
rare, large, geomorphic events may be the dom-
inant sculptors of the central Appalachian
landscape. At nearly the same time, Wolman

and Miller (1960) developed the concept that
moderate-sized events occurring with moderate
frequency were responsible for transporting
most of the sediment load on some landscapes.
Both of these concepts, and Wolman and Ger-
son’s (1978) elaboration of the magnitude/fre-



258

R.B.JACOBSON ET AL.

ASme(hpon

Fig. 1. Physiographic provinces and locations in the central Appalachians. a=Seneca Creek, b= Passage Creek, c = Little
Lehigh Creek, d=Pendleton County, W. Va., e=Buffalo Creek basin, f=Nelson County, Va., g=St. Albans archeological

site.

quency argument, were substantiated with data
and examples from the central Appalachians,
an area with great physiographic variety. Our
goal in this paper is to examine the current state
of knowledge of the role of catastrophic events
in evolution of the landscapes of the central Ap-
palachians. In this paper, the central Appala-
chians are considered to include the nongla-
ciated portions of the Piedmont, Blue Ridge,
Valley and Ridge, and Plateau physiographic
provinces of Pennsylvania, Maryland, Virginia,
and West Virginia (Fig. 1).

Almost any geomorphic event could be con-
sidered catastrophic, depending on one’s refer-
ence frame in time and space. From social and
economic perspectives, however, there is little
debate over the catastrophic effects of a few
dozen flood and landslide events that have af-
fected parts of the central Appalachians during
historic time. Therefore, to provide a reference
frame for discussion, and to emphasize appli-
cations in hazards mitigation, human time and
spatial scales are adopted here for definition of
the term “catastrophic”. This paper considers
events to be catastrophic that are rare on hu-
man timescales (one or two per generation to
several during the Holocene) and sufficiently

intense and (or) extensive as to threaten lives
and property. In the central Appalachians these
are usually storm-induced landslides and floods.
An understanding of the role of these events in
shaping the Appalachian landscape will allow
better prediction of where and how often cata-
strophic flood and landslide hazards occur.
Assessment of the role of catastrophic geo-
morphic events in shaping the landscape should
be cast in terms of magnitude, frequency, and
effectiveness of geomorphic processes (Wol-
man and Miller, 1960; Wolman and Gerson,
1978). In these terms, two separable questions
are apparent: are catastrophic events impor-
tant in total geomorphic work and denudation?
and, are catastrophic events important in pro-
ducing prominent landforms? The answers to
these questions vary with the highly variable
geology and climate of the central Appalachi-
ans. Lack of sediment transport data precludes
quantitative consideration of the first question,
but observations of the causes and effects of ex-
treme geomorphic events across the region ap-
ply to the second question. In the first part of
this paper we consider some examples of his-
toric catastrophic flood and landslide events to
generalize about the spatial and temporal con-
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trols on present-day catastrophic events. In the
second part of the paper we consider selected
examples of the surficial stratigraphic record to
evaluate the long-term effect of catastrophic
events on the Appalachian landscape.

Controls on the spatial and temporal
distributions of catastrophic geomorphic
events

Variations in structure, lithology, and rego-
lith have produced four distinctly different
physiographic provinces in the central Appa-
lachians (Fig. 1). The geologic framework and
variable meteorological settings determine a
wide range of factors controlling hydrologic and
hillslope processes across the region.

Geologic framework

The Piedmont physiographic province is
dominated by gently rolling topography under-
lain by thick saprolite regolith formed from
schists, gneisses, and other metamorphic rocks.
Small areas underlain by carbonates and mafic
rocks have thinner regolith and the Mesozoic
sedimentary rocks have thin soils and low relief.

In the Blue Ridge province, regolith thick-
ness and relief vary markedly with bedrock li-
thology and texture (Pavich, 1986). Generally,
quartzites, mafic rocks, carbonates, and mas-
sive siliceous igneous rocks have thin residuum
and underlie a steep landscape. Metasedimen-
tary and metaigneous rocks have thick saprol-
ite and underlie a gently rolling landscape sim-
ilar to the Piedmont. Thick colluvium occurs
on some hillslopes and alluvium and debris are
common in fans along the Blue Ridge. Debris is
defined as poorly sorted to diamictic hill-
slope sediment transported in part by debris
flow with variable fluvial reworking (Jacobson,
1988a).

In the folded and faulted Valley and Ridge,
thin regolith is dominant on shaley lithologies
and on tops of steep, quartzite ridges. Thicker
colluvium and debris have collected at the bases
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of many slopes and may be tens of meters thick
where deposited over dissolving limestone.

Some of the steepest land in the central Ap-
palachians occurs in the Plateau province where
major rivers have incised nearly flat lying Pa-
leozoic sandstones; relief is more subdued in
areas underlain by shales and limestones. Thin
residual weathering profiles are dominant in the
Plateau although thicker colluvium exists at
high elevations, in hillslope hollows, and at the
bases of slopes.

Meteorological patterns and hydrologic
responses

Mean annual precipitation varies markedly
across the four physiographic provinces (Fig.
2), from a maximum of over 1420 mm (56 in)
in the Allegheny Mountains at the eastern edge
of the Appalachian Plateau and along the crest
of the Blue Ridge, to a minimum of less than
914 mm (36 in) at low elevations in the western
Valley and Ridge. Approximately 125 mm (5 in)
of the mean annual precipitation in the Appa-
lachian Plateau and 30 mm (1.2 in) in the Blue
Ridge is from snow.

The role of topography in determining pre-
cipitation characteristics is complex. More im-
portant than total altitude are the effects of the
two major topographic boundaries, the Blue
Ridge and Allegheny Front. The mechanisms
by which the Blue Ridge and Allegheny Front
influence precipitation are quite different. The
Blue Ridge produces an elongate area with high
values of mean annual precipitation which var-
ies with that of the two neighboring provinces,
as shown by high correlations of annual precip-
itation among three representative rain gages
in the Piedmont, Blue Ridge, and Valley and
Ridge, Table 1. In contrast, the Allegheny Front
separates much more distinctly the climate of
the Appalachian Plateau from the eastern phy-
siographic provinces. Mean annual precipita-
tion increases more than 500 mm over a dis-
tance of less than 48 km and, more significantly,
annual precipitation in the eastern Appala-
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Fig. 2. Map of mean annual precipitation of the central Appalachians (modified from Environmental Data Service, 1968)
and cumulative frequency distributions of annual rainfall at four representative raingage stations. a=Piedmont, Charlottes-
ville, Va, b=Blue Ridge, Big Meadows, ¢ = Valley and Ridge, Wardensville, W. Va., d = Appalachian Plateau Bayard, W. Va.
Rainfall isohyets in inches can be converted to mm by multiplying by 25.4.

TABLE 1

Cross correlation of annual rainfall for four stations in the central Appalachians

Big Meadows Charlottesville Wardensville Bayard
(Blue Ridge) (Piedmont) (Valley and Ridge) (Plateau)
Big Meadows 1
Charlottesville 0.64 1
Wardensville 0.75 0.70 1
Bayard 0.27 0.29 0.31 1
chian Plateau is very poorly correlated with Values of extreme, short-duration rainfall
gages in the other provinces despite small dis- generally decline in magnitude east to west
tances between gages (Table 1, Fig. 2). The Ap- across the central Appalachians, increasing lo-

palachian Plateau experiences a significantly cally along the Blue Ridge topographic bound-
different precipitation regime on the annual ary but not at the Allegheny Front (Fig. 3).
time scale from the other provinces. Contrasts in extreme rainfall between the east-
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Fig. 3. Map of maximum daily rainfall with 100 yr recurrence interval (modified from Hershfield, 1961) and cumulative
frequency distributions of annual maximum daily precipitation at four representative raingage stations: a= Piedmont, Char-
lottesville, Va, b=Blue Ridge, Big Meadows, ¢ = Valley and Ridge, Wardensville, W. Va., d = Appalachian Plateau, Bayard,
W. Va. Rainfall isohyets in inches can be converted to mm by multiplying by 25.4.

ern and western central Appalachians can be
explained in large part by the typical paths of
tropical storms along the coast (Neumann et
al., 1981), that impose an east to west gradient
in mean rainfall patterns.

To assess geomorphic effects of extreme
storm rainfall at the basin scale, spatial varia-
bility of storms must also be considered. A sta-
tistical model of storm rainfall for the Valley
and Ridge portion of the central Appalachians
(based on storm data 1949-1981) depicts
storms as consisting of intense cells represent-
ative of convective complexes (Smith and Karr,
in press). Applying this model to Valley and
Ridge storm data yields the following statistical
description of storms: Storms with rainfall ex-

ceeding 125 mm over three days (measured at
apoint) occur with a frequency of 1 per 2.2 years
over the 10,000 km? area; each storm consists
of a mean density of 3 cells/10,000 km? The
average rainfall at cell centers is 64 mm and the
radial distance over which cell rainfall de-
creases by one half is 28 km. Virtually all of the
rainfall of a single cell falls within a 50 km ra-
dius, corresponding to the meteorological small
mesoscale (50-1000 km?). Using the model, and
assuming a stationary climate over the Holo-
cene, we obtained the probability distribution
of maximum 3-day totals at a point for the
10,000 km? area (Fig. 4). These results show
that extrapolation of historic rainfall data over
1000-10,000 years predicts high probabilities
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Fig. 4. Calculated probability distributions of maximum point rainfall for the central Appalachians over periods of 1000 and

10,000 yr.

that each point in the central Appalachians will
be (and has been) subjected to extreme rainfall
events on the order of 305-760 mm (12-30in)
over a 3-day period.

The tendency for extreme rainfall to occur in
cells of 50-1000 km? area strongly determines
the basin scales at which rainfall produces geo-
morphically significant floods. Decrease in
maximum unit discharge with increasing basin
size is controlled in part by organization of ex-
treme rainfall at the small mesoscale (Fig. 5a).
Note that maximum unit discharge and varia-
bility in maximum unit discharge decrease
sharply beyond approximately 400 km?; basin
areas of maximum unit discharge are generally
less than corresponding storm cell areas be-
cause storm cells usually distribute rainfall to
two or more basins.

The role of spatial inhomogeneities of ex-
treme rainfall in determining extreme flood
characteristics is even more pronounced when
contrasting only Appalachian Plateau and
Piedmont basins (Fig. 5b). The contrast in val-
ues of extreme, short-duration rainfall between
the Plateau and the Piedmont (Fig. 3) are
clearly reflected in extreme floods. Unit dis-
charges at small drainage areas are much larger
in the Piedmont than in the Plateau. Except for

the anomalous 1985 storm, which resulted from
complex interactions of a tropical cyclone with
two low-pressure systems (Jacobson et al.,
1989), big floods in the Appalachian Plateau are
much smaller than big floods in the Piedmont.
For all the Piedmont basins included in Fig. 5b,
the flood of record is associated with a tropical
storm. In contrast, the floods of record for the
Plateau basins are associated with a variety of
meteorological events, including convective
thunderstorms, frontal rainfall, and snowmelt.

In a discussion of the relative magnitudes and
geomorphic effectiveness of several historic
floods in the Potomac River Basin and adjacent
watersheds, Miller (in press) describes basin-
scale hydrologic response as a function of the
intensity, duration, and area of precipation.
Three discharge-drainage area envelope curves
enclosing the maximum recorded values of dis-
charge for each of three great floods on the Po-
tomac River illustrate differences in extreme
floods attributable to storm differences (Fig. 6,
Table 2). Each flood has a steep rising limb;
peak discharge increases downstream with in-
creasing size of area contributing runoff, and
the rising limbs of all three curves have similar
slopes. On each curve there is a break in slope
at a drainage area above which little or no in-
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Fig. 5. (a) Plot of maximum unit discharge versus drainage area for 70 streamgage stations in the central Appalachians. (b)
Plot of maximum unit discharge versus drainage area showing contrasts between Piedmont and Plateau floods. Modified

from Smith (1988).

crease in peak discharge is observed. The flat
limb of each curve represents translation and
possibly some attenuation of the flood wave,
with only modest contributions from tributary
basins outside the areas of greatest precipita-
tion depth.

The three floods were generated by three dif-
ferent kinds of precipitation events. The great-
est intensity and smallest area of precipitation
were observed in the 1949 storm, a conven-
tional complex astride the Shenandoah and
South Branch Potomac River basins (Hack and
Goodlett, 1960), that affected basin areas less
than 200 km?. This storm triggered more than
100 debris avalanches and caused reworking of
valley floors in small basins (Stringfield and
Smith, 1956; Hack and Goodlett, 1960). The
lowest intensity and largest area affected were
observed in the 1936 flood produced by a series

of winter-spring frontal storms, partly on snow

and frozen ground (Grover, 1937). Despite
widespread inundation of river valleys and ex-
tensive property damage, there are no reports
indicating major geomorphic changes on slopes
or on valley floors resulted from this event. The
intermediate event, the 1985 storm, was pro-
duced by a tropical cyclone interacting with two
extratropical low-pressure systems. Peak dis-
charge of this storm occured at drainage areas
between those of the 1936 and 1949 storms; val-
leys with drainage areas between 500 and 2000
km? incurred extreme channel widening and
flood-plain erosion (Miller, 1987).

Analysis of other storms in the central Ap-
palachians shows that flood response is not
simply related to the meterological context of
the storm, because storms of similar genesis can
produce very different floods depending on in-
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Fig. 6. Plot of peak discharge versus drainage area for three extreme floods on the Potomac River. Modified from Miller (in

prep).

TABLE 2

Peak two-day precipitation totals for selected storms

Official peak (mm) Unofficial peak (mm)

Storm Date
Potomac, James, and upper March 1936
Ohio floods (Grover, 1937)

Smethport, Pa. (Eisenlohr, July 1942
1952)

Petersburg, W. Va. and North June 1949
River basin, Va. (Stringfield

and Smith, 1956)

Johnstown, Pa. et al (Hoxit, July 1977
1982)

Hurricane Camille, Nelson August 1969
County, Va. (Camp and Miller,

1970)

Tropical storm Agnes, Md., Pa., June 1972
and Va., (Bailey, 1975)

November 1985 storm November 1985

(Lescinsky, 1987)

179 no data
209 909
305 413
305 no data
278 711
442 406
310 no data

tensity, duration, and area of the storm (Fig.
7). The Smethport storm (Fig. 1, July 1942),
like the June 1949 storm, was a short-lived con-
vectional system producing high precipitation
intensity in a limited area. Camille and Agnes
were both tropical cyclones, but Camille moved

through the Appalachians very quickly and de-
livered all of its precipitation in a small area in
less than 12 h, whereas Agnes, like the Novem-
ber 1985 storm, combined with an extratropical
low-pressure system and, stalled by a high-
pressure system off the east coast, delivered
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Fig. 7. Plot of rainfall depth (over two-day-duration) and area for four extreme storms in the central Appalachians. Modified

from Miller (in press).
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Fig. 8. Plot of peak discharge versus drainage area for four extreme floods in the Central Appalachians. Modified from Miller

(in press).

precipitation over a broad region for several
days.

Although the four storms form two distinct
classes of rainfall depth-area curves, dis-
charge-drainage area envelope curves for the

resulting floods (Fig. 8) show greater diversity
in flood responses, with peak discharges occur-
ing over a range of 700-70,000 km?. The differ-
ences in discharge-drainage area curves are
presumably related to different combinations
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drainage basins in the Piedmont and Plateau. (b) Plot of discharge versus probability that the discharge is equal to or less
than the given value for two similar size drainage basins in the Valley and Ridge on different bedrock types. Modified from

Smith (1988).

of rainfall intensity and duration, and differing
landscape hydrologic responses.

Geologic controls are capable of modifying
flood responses to moderate and high-magni-
tude storms but are ineffective in mediating the
most extreme events. In a comparison of the
annual peak flow distributions for two stream-
gage stations of similar drainage area, Seneca
Creek in the Piedmont, and Buffalo Creek in
the Appalachian Plateau, annual peak quan-
tiles for Seneca Creek are lower than Buffalo
Creek for discharges less than the 80th percen-
tile (Fig. 9a). This reflects the higher storage
capacity of thick saprolite in the Piedmont
compared to the thin discontinuous, colluvial

and residual soils of the Plateau. In the upper
tail of the annual peak distribution, however,
Seneca Creek discharges are much higher, re-
flecting the dominant effect of extreme rainfall
magnitudes associated with tropical storms.

In a comparison between two Valley and
Ridge basins of similar size, Little Lehigh Creek,
draining an area dominated by carbonates, and
Passage Creek, draining an area dominated by
sandstone and shale, the effects of geologic con-
trol are apparent for annual discharges up to
the 80th percentile but are less important for
the extreme, infrequent storms (Fig. 9b). For
the small and moderate-size events, the annual
discharges from Passage Creek are larger than
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Little Lehigh Creek, evidently reflecting the
higher relief and lower storage available in the
non-carbonate, Passage Creek basin. Similar
dramatic effects of karst features on the central
portion of annual flood peak distributions have
been described by White (1976). For extreme
floods, however, the discharge differences be-
tween the carbonate and sandstone/shale bas-
ins are negligible.

Landslide susceptibility and meteorological
triggers

Landslides are often catastrophic geo-
morphic events. When landslides are triggered
during a storm that also produces catastrophic
flooding, the sediment supplied to the flood can
increase its potential for geomorphic change.

As with hydrologic processes, landslide pro-
cesses vary with physiography and climate
across the central Appalachians. Factors influ-
encing landslide susceptibility are interdepen-
dent with one another and rainfall character-
istics. Intrinsic factors operating at a slope site
include regolith shear strength, regolith thick-
ness, regolith permeability, slope morphology,
and shear strength provided by roots. The in-
trinsic factors interact with extrinsic factors,
such as antecedent soil moisture levels, and in-
tensity and duration of rainfall, to determine
landslide susceptibility. At the slope scale, in-
teraction of these factors make prediction of
landslide susceptibility at a site extremely dif-
ficult during any particular storm (Mills et al.,
1987; Jacobson et al., 1989). At a regional scale,
where vegetation influences can be averaged out
and rock types can be assumed to have charac-
teristic slope morphologies, landslide suscepti-
bility can be described in terms of characteris-
tic regolith infiltration and drainage rates that
determine the accumulation of soil pore-water
pressures under given rainfall intensity and
duration.

Landslides are uncommon on natural slopes
of the Piedmont. Even the prolonged, heavy
rainfall of Hurricane Agnes did not trigger no-
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ticeable slope instability in the Piedmont of
Maryland (J.E. Costa, unpubl. data; Clark,
1987). In contrast to the Piedmont, the steeper
slopes of the Blue Ridge have been subjected
repeatedly to landsliding, especially in the
southern Blue Ridge of North Carolina and
Tennessee (Clark, 1987). One of the most dra-
matic cases of landsliding in the central Blue
Ridge was the regionally extensive destabiliza-
tion caused by intense rainfall from Hurricane
Camille in Nelson County, Va., in 1969. Land-
slides were dominantly debris slide-avalanches
that delivered large amounts of coarse sedi-
ment to streams and fans (Williams and Guy,
1973; Johnson, 1983; Kochel, 1987; Gryta and
Bartholomew, 1987).

Landslide processes and spatial distributions
in the Valley and Ridge have been related to
rock and regolith, and variations in their hy-
drologic response to different types of storms
(Jacobson, 1988b; Carr and Jacobson, 1988).
For example, in November of 1985, 200-240 mm
rainfall over 48 h in Pendleton County, W. Va.
produced thousands of shallow landslides on
thin colluvial and residual soils formed on shale,
and eight debris slide-avalanches on quartzite
ridges. In contrast, when the same landscape
experienced much more intense, short-dura-
tion rainfall (approx. 356 mm in 24 h, String-
field and Smith, 1956) from the 1949 convec-
tive thunderstorm, dozens of debris slide-
avalanches were triggered on quartzite ridges.
Presumably, long-duration/low-intensity rain-
fall is required to fill soil moisture reservoirs in
fine-grained regolith, whereas, short-duration/
high-intensity rainfall is required to fill soil-
moisture reservoirs in quartzite regolith where
infiltration and drainage rates are high to coarse
materials and fractures in underlying bedrock.

At the slope scale, other factors appear to
control landslide location, but these factors have
variable influence depending on the storm
characteristics. Locations of the 1949 debris
avalanches were insensitive to bedrock dip
(Clark, 1987) whereas most of the debris slide
locations in 1985 were on dip slopes where bed-
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ding plane weaknesses and down-dip flow of
groundwater may have been important contrib-
utors to slope instability (Jacobson et al.,1989).
Smaller landslides triggered in 1985 were
strongly biased toward cleared land but were
fairly insensitive to hillslope topography
(Jacobson et al., 1989).

The eastern edge of the Allegheny Plateau has
steep slopes on Mississippian and Pennsylvan-
ian sandstones along major river valleys. These
slopes, like those documented by Pomeroy
(1980), are subject to debris slide-avalanches
triggered by intense rainfall. In contrast, shaley
Pennsylvanian and Permian lithologies in the
Plateau have gentler slopes characterized by
shallow slips, slumps, and earth flows (Jacob-
son, 1985; Pomeroy, 1982). On interbedded
sandstones and mudstones of the Permian
Dunkard Group, ages of a population of land-
slides dated by tree ring growth correlated best
with long, wet periods, mostly spring months
with high values of runoff over 30-day dura-
tions, rather than with any specific storm event
(Jacobson, 1985).

Geologic controls and meteorological varia-
tions determine a broad range of conditions that
can trigger major landslide events. As indicated
by Wieczorek (1987), slope instability is trig-
gered by pore-water pressures that rise as a
function of regolith thickness, infiltration rate,
and drainage rate, plus convergence or diver-
gence of shallow groundwater flow, as well as
intensity and duration of rainfall. Because of
the complex conditions that determine rainfall
intensity and duration and how they trigger
slope instability, flood-producing events and
landslide-producing events are not necessarily
the same. For example, Hurricane Agnes pro-
duced extreme amounts of rainfall over dura-
tions from 12 to 96 h, which resulted in extreme
flooding (Fig. 8) but negligible landsliding (J.E.
Costa, unpubl. data; Clark, 1987) because it
mainly affected the Piedmont (Fig. 10, lines i,
j). Much lower storm totals at comparable du-
rations (Fig. 10, lines a-h) produced thousands
of small landslides (Jacobson et al., 1989) and
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Fig. 10. Plot of ratio of storm rainfall to estimate of 100 y
recurrence rainfall (from Hershfield, 1961) versus storm
duration for extreme storms in the central Appalachians.
a-h=Nov. 1985 storm; i-j=tropical Storm Agnes, June
1972; k=June 1949 storm; ! =Hurricane Camille, August
1969; p=July 1942 storm (Smethport, Pa.).

extreme flooding (Figs, 6, 8) in the Valley and
Ridge in November, 1985. In the same area,
smaller storm totals at higher intensity pro-
duced dozens of large debris slide-avalanches
(Stringfield and Smith, 1956) with less-ex-
treme flooding (Fig. 6) in June, 1949 (Fig. 10,
line k). The extremely intense rainfall recorded
during the Smethport storm (Fig. 10, line p)
evidently produced some smail “blowout” land-
slides but was not noted for triggering extensive
slope instability (Eisenlohr, 1952) probably
because rainfall intensities were too great and
duration too short to allow deep infiltration.
Extremely high-intensity/moderate-duration
rainfall from Hurricane Camille (Fig.10, line 1)
was very effective in triggering landslides in
Nelson County, Va. and in producing extreme
flooding at small drainage areas (Figs. 7, 8).
History of landsliding in an area also influ-
ences the response to extreme rainfall. After a
hillslope site has failed and regolith has been
removed, some time interval is necessary to re-
plenish regolith by bedrock weathering or ac-
cumulation of colluvium in the landslide scar to
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critical thickness for subsequent failure (c.f.
Reneau and Dietrich, 1987). Lack of hillslope
sites with critical regolith thicknesses may have
prevented extensive slope instability in Nelson
County, Va. in 1985 when 325 mm of rain fell
over 48 h. Alternatively, rainfall intensity and
duration may not have been adequate to trigger
landslides during the 1985 storm.

Geomorphic work and effectiveness

Wolman and Miller (1960) concluded that
most of the geomorphic work accomplished by
rivers, as measured by the sediment loads they
transport, is performed by flood discharges with
frequencies of one or two per year in many areas.
However, their data did not extend to consider
catastrophic events with frequencies of 1 in 100
years and smaller. Data for assessing the work
performed for these events are rare and esti-
mated recurrence intervals for threshold of
transport are tenuous. This is especially true
for rare events in steep mountainous terrain
where debris flows are common and flood
transport is dominated by coarse bedload.

Existing data on sediment transport by cat-
astrophic floods indicate that they transport a
very large percentage of total annual suspended
sediment. Floods from Hurricane Agnes trans-
ported 135-435% of the estimated annual sed-
iment load from three small basins ( <2 km?)
in Pennsylvania (Reed, 1980) and 300% of the
annual sediment load of the Susquehanna River
(Gross et al., 1978). No comparable data are
available for steep basins in the central Appa-
lachians, although rough estimates of debris-
flow denudation rates in Central Virginia
(Osterkamp and Costa, 1986) are close to long-
term denudation rates, implying that infre-
quent debris flows are the dominant denuda-
tional process in that area. However, debris-flow
denudation rates are also ten times greater than
present-day erosion rates based on river sedi-
ment loads, indicating disequilibrium between
slopes and rivers (Osterkamp and Costa, 1986 ).

While available data are insufficient to ade-
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quately characterize and compare geomorphic
work performed by catastrophic events in the
central Appalachians, we can characterize their
geomorphic effectiveness. Geomorphic effec-
tiveness was defined by Wolman and Gerson
(1978) as the ability of events to form or shape
the landscape, regardless of how those events
rank in denudational importance. Effective-
ness also is defined relative to the time required
to restore the landscape to the form it had be-
fore the event, that is, a recovery time. A geo-
morphic event is effective if the resulting ero-
sional and (or) depositional landforms are
large, cover a broad area, and last a long time.
For most of the historic, catastrophic events
discussed here, absolute erosion attributable to
the event, and event frequency, are poorly
known, but thicknesses of flood deposits, chan-
nel widening, and depths of landslide scars at-
test that the events produced many times the
mean annual erosion.

Effectiveness in the fluvial regime

Within any one basin or physiographic prov-
ince, geomorphic effectiveness of a storm event
on river channels and flood plains may vary with
intensity, duration, and spatial extent of pre-
cipation. For example, no major geomorphic
changes were reported from the flood of largest
contributing area and lowest rainfall intensity
in the Potomac River Basin (1936 flood, Fig.
6). The smaller, more intense storm of June
1949 caused channel widening and valley-floor
erosion at small drainage areas (< 50 km?) or
at sites where debris-avalanche deposits blocked
river channelsin larger valleys (A.J. Miller, un-
publ. data; Hack and Goodlett, 1960; String-
field and Smith, 1956). In contrast, size and in-
tensity of the November 1985 storm produced
flood peaks capable of widespread valley-floor
erosion at drainage areas of several hundred
km?2. Flood features documented by Miller
(1987), Clark et al. (1987), McKoy (1988), and
Miller (in press) include cobble bars, cobble



270

levees, sand splays, stripped flood-plain sur-
faces, extremely widened channels, and chutes
cut across flood plains. Sites of extreme erosion
and stripping of flood-plain surfaces are slowly
recovering since the 1985 flood by incremental
deposition of clay- to sand-size material from
moderate floods. Depositional features, like
cobble bars and levees, however, probably will
persist much longer as prominent features.

The contrast of geomorphic effects of the 1949
and 1985 floods is typified by the sequence of
events occuring at a location along the South
Branch Potomac River in the Smoke Hole, a
canyon reach near Petersburg, W.Va. (Fig. 1).
This site was located in the area of most intense
precipitation during the 1949 storm, and debris
avalanches occurred in most of the local head-
water valleys. Debris avalanches in the Red-
man Run basin delivered a large volume of
coarse sediment directly into the channel of the
South Branch Potomac River; discharge on the
South Branch was incapable of removing this
material, and the channel was diverted to the
right, cutting into the alluvial bottomland on
the opposite bank. Comparison of aerial pho-
tographs from 1945 (Fig. 11a) and 1952 (Fig.
11b) shows the resulting change in configura-
tion of the channel and valley floor. During the
subsequent 36-year period the only notable
change was the growth of vegetation on the sur-
face created in the 1949 flood (Fig. 11c¢ shows
the site in 1980). In November 1985, only a few
debris avalanches occurred in the South Branch
Potomac River basin and all of them came to
rest well upstream of tributary confluences with
the main trunk river. At the site illustrated in
Fig. 11, some reworking of tributary valley de-
posits was observed but the volume of new sed-
iment delivered to the South Branch was rela-
tively small. Peak discharge on the South
Branch was much larger than in 1949, however,
and resulted in complete removal of the surface
created in the 1949 storm and formation of a
large gravel bar along the right side of the valley
(Fig. 11d).

Although the comparison of storms and flood
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effectiveness cited above is valid for that part
of the Valley and Ridge, storms of comparable
intensity and size occurring in different geo-
morphic settings may not be equally effective.
The range of peak discharges measured at sta-
tions in the Potomac River basin in areas that
experienced severe erosion in 1985 is indicated
by the shaded area in Fig. 8. The other envelope
curves included in the figure indicate that
Agnes, Camille, and the Smethport storm all
produced discharge peaks falling within or
above the shaded area. Geomorphic impacts of
Camille and of the Smethport storm have been
documented (Eisenlohr, 1952; Williams and
Guy, 1973; Johnson, 1983) and are character-
ized chiefly by slope failures and reworking of
valley floors in small drainage basins that are
directly affected by slope failures. Fluvial ef-
fects in larger basins affected by Camille were
concentrated in the vicinity of bridges and roads
(Williams and Guy, 1973) and were not com-
parable in magnitude to the fluvial impacts ob-
served in the Potomac and Cheat River basins
at drainage areas of 250-2000 km? in 1985. Sim-
ilarly, geomorphic effects of Tropical Storm
Agnes were also meagre. Most rivers recovered
fairly quickly from any channel widening oc-
curring during the flood (Costa, 1974; Gupta
and Fozx, 1974; Moss and Kochel, 1978). Gravel
and sand were deposited only at scattered sites
on flood plains, and extensive erosion of the
flood plain was not documented.

Differences in geomorphic effectiveness ap-
pear to result in part from the controlling influ-
ence of valley physiography on flood hydraulics
in the Valley and Ridge province (Miller, in
press). The three forks of the South Branch
Potomac River are narrow and steep, with av-
erage gradients between 0.002 and 0.009 and
average width of the valley floor varying be-
tween 200 and 400 m for drainage areas up to
about 800 km?2. Structural and lithologic con-
trols effectively prevent any systematic in-
crease in valley width as drainage area in-
creases. Furthermore, these valleys also have
many local expansions and contractions of val-
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Fig. 11. Sequence of four aerial photographs of site along the South Branch River ups
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ley width that create backwaters upstream from
the contractions and severe erosion of the val-
ley floor by jet-shaped flow patterns down-
stream from the valley expansions. Prelimi-
nary investigations suggest that unit stream
power, which is a function of both slope and dis-
charge and varies inversely with width, may be
more useful than discharge alone as an indica-
tor of geomorphic effectiveness.

Effectiveness in the hillslope regime

Geomorphic effectiveness of landsliding is at
a minimum in the Piedmont where, apparently,
thick, well-drained saprolite rarely accumu-
lates pore-water pressures sufficient for failure.
In other areas where a variety of types and sizes
of landslides occur, relative effectiveness must
be measured in terms of the size of the resulting
landforms and their recovery time.

For landslide scars, recovery time is the time
required to re-establish critical thicknesses of
colluvium and (or) residuum on a hillslope site.
Re-establishment of vegetation is not consid-
ered recovery of a landslide scar. Failure sus-
ceptibility generally increases with the time in-
terval between triggering events as failure
thresholds are steadily lowered.

The time required for recovery of landslide
scars is variable depending on the rock type in-
volved and the capability of high-frequency,
low-magnitude processes to operate on filling
the scar. For example, shallow landslides trig-
gered in 1985 on steep pastured slopes under-
lain by thin, shaley residual and colluvial soils
in Pendleton County, W. Va., have substantial
natural revegetation after only three years.
Ravel and wash from steep scarps around slip
scars have filled portions of scars with 2-5 cm
of fine colluvium. As scarp steepness declines,
however, rates of filling are expected to de-
crease and total recovery to prefailure thick-
ness may require many years. On shaley rocks
in the Buffalo Creek basin (Fig. 1), diffusional
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colluvial transport by bioturbation and creep,
and weathering of bedrock into failure-suscep-
tible residuum were calculated to require sev-
eral thousand years for a landslide scar to re-
cover to mean failure conditions, although head
and toe scarps disappear much more rapidly
(Jacobson, 1985). Scars from large debris slide-
avalanches in Nelson County, Va. (1969) and
Grant County, W. Va. (1949) persist as prom-
inent landscape features. In both cases, land-
slides stripped colluvium and weathered bed-
rock from hillslope sites; refilling with colluvium
derived from side slopes has been minimal and
weathering of bedrock negligible.

Recovery of landslide deposits is a funda-
mentally different process from recovery of
landslide scars. Many landslides produce sedi-
ment that falls or flows and accumulates in de-
bris cones, colluvial benches, or debris fans.
Unlike scars, these deposits can have much
longer residence times if they are on low-angle,
inactive slopes and (or) if the deposit itself is
resistant to erosion. Some clayey mudflows
triggered in the November 1985 storm in Pen-
dleton County, W. Va. have been in corporated
into pre-existing colluvial cones and benches.
After three years, only very subtle turf levees
remain; however, the colluvial landforms may
integrate many such events over very long time
intervals, and thus establish aggregate effec-
tiveness. In contrast, individual bouldery de-
bris deposits from 1949 debris slide-avalanches
still retain primary depositional features like
lobes, levees, and fans. Older, prehistoric de-
posits also are evident. The most dramatic ex-
amples of Appalachian landslide features with
long residence times are the extremely large
rock-block slides and debris avalanche features
identified by Schultz (1986) and Southworth
(1987). The size (several million to 1 billion
cubic meters) and resistant materials that
comprise these features, assure that the land-
forms will remain prominent for thousands of
years.
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The surficial geologic record of
catastrophic events

Surficial deposits contain a discontinuous,
transient record of depositional geomorphic
events. The history contained in these deposits
is essential for understanding the spatial dis-
.tribution and long-term recurrence of rare cat-
astrophic events. An example of the utility of
such data is the formal statistical procedures
that have been developed recently to incorpo-
rate paleoflood information directly into fre-
quency analyses of rare floods (e.g., Hupp,
1988). In other cases, however, progress would
be made if we could simply count the number
of large events over a time interval and assign
heuristic recurrence intervals.

As the time interval of interest is extended
backward into the middle Holocene, it is in-
creasingly tenuous to assume stationary cli-
matic conditions. One of the most important
goals of surficial stratigraphic research is to de-
termine what portions of the episodic, surficial
stratigraphic record are attributable to extreme
events under the present-day climate as op-
posed to major Quaternary climatic changes.
This section reviews selected surficial strati-
graphic studies in the central Appalachians to
consider the role of catastrophic floods and
landslides in landscape evolution during the
Quaternary.

Valley bottoms and alluvial terraces

Interpretation of catastrophic flood histories
from valley-bottom alluvium and alluvial ter-
races requires comparisons to effects of historic
catastrophic flooding. In the Piedmont, the
Hurricane Agnes flood in 1972 significantly
widened channels but produced only minor
flood-plain deposition in rare areas that were
hydraulically favorable (Gupta and Fox, 1974;
Costa, 1974; Moss and Kochel, 1978). Reason-
ing from the Agnes example, we would not ex-
pect isolated extreme flood events like the Agnes
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flood to be extensively recorded in the Pied-
mont valley-bottom stratigraphy.

Few studies exist on prehistoric alluvial stra-
tigraphy of Piedmont valley bottoms. Wolman
and Leopold (1957) used a conceptual model
that flood plains form from floods of 1-2 year
recurrence and radiocarbon dates from Penn-
sylvania and North Carolina to suggest that
Piedmont flood plains are young (less than 2000
yr) and adjust rapidly to frequent flood events.
In view of paleobotanical evidence that the
eastern U.S. has been dominated by woodlands
for most of the Holocene (Knox, 1983; Delcourt
and Delcourt, 1986), and the historic insensi-
tivity of Piedmont streams to extreme events,
it is unlikely that Holocene climate changes or
catastrophic floods have been recorded unam-
biguously in flood plain strata of stream basins
located entirely within the Piedmont. In con-
trast, agriculturally induced upland erosion
produced a distinct, broadly distributed layer of
silty flood-plain sediment throughout the Pied-
mont of Maryland (Jacobson and Coleman,
1986), Georgia (Trimble, 1974), and presum-
ably elsewhere in the Piedmont. In the Mary-
land Piedmont, agricultural sediments are much

‘more extensive and distinct that any produced

by major floods, including the Tropical Storm
Agnes flood. Hence, it would appear that a
widespread, intense, and long-lasting distur-
bance equivalent to agricultural disturbance is
necessary to produce an unambiguous strati-
graphic record in the Piedmont.

In contrast to the Piedmont, stream valleys
of the Blue Ridge, Valley and Ridge, and Pla-
teau, and streams draining from these areas
across the Piedmont, exhibit more evidence of
episodic deposition. Historical observations,
again, help to calibrate the surficial record.
Hurricane Camille in 1969 produced dramatic
widening of stream channels with small drain-
age areas and extensive deposition of alluvium
and debris-flow in channels and fans (Williams
and Guy, 1973; Johnson, 1983). Many of these
features are distinct today. In the Valley and
Ridge, the 1949 storm around Harrisonburg,
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Virginia produced channel widening, flood-
plain incision, and deposition of levees and
flood-plain bars (Hack and Goodlett, 1960).
Similar features were created by the 1985 storm
in the same area (Kochel et al., 1987); the ef-
fects of the 1985 storm on the South Branch
Potomac River basin have been described above.
All these storms occurred in mountainous areas
with thin soils, steep stream gradients, and
coarse sediment supply. The 1949 and 1969
events also were characterized by extensive de-
livery of coarse landslide debris to the floods.
These conditions appear to be the most favor-
able for creation and preservation of a strati-
graphic record of extreme events.

There have been only a few alluvial strati-
graphic studies to document the prehistoric re-
cord of mountainous parts of the central Ap-
palachians. Most of these studies have
attributed flood-plain strata or terraces to cli-
mate change rather than individual cata-
strophic events but the number of observations
are insufficient to generalize over the region.

Multiple fans and terraces have been studied
by Kite et al. (1986) along the west flank of the
Blue Ridge and in the Valley and Ridge of Vir-
ginia. They observed post settlement alluvium,
an indistinct Holocene record, and extensive
alluvial terraces and fans of undetermined age,
some of which are extensively weathered and
are probably pre-Holocene. Terraces along the
Shenandoah River in the vicinity of the Thun-
derbird archeological site also have been attrib-
uted to major Pleistocene climate changes
(Segovia and Franco, 1977; Foss, 1977).

Alluvium of the South Branch Potomac River
valley near Moorefield and Petersburg, W. Va.
appears typical of the Valley and Ridge. A com-
plex series of cut and fill episodes is represented
by strata in the valley bottom (Fig. 12). The
oldest valley bottom unit is presumed to be early
Holocene to Late Wisconsin based on relative
weathering criteria. A younger aggradational
sequence has yielded basal dates of 7060+ / —
230 yr BP (W-6077) and 2170 +/— 180 yr BP
(W-6076) at two separate locations (R.B. Ja-
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cobson, unpubl. data). Without additional ra-
diocarbon dates, episodic deposition within the
valley bottom sediments cannot be attributed
reliably to either climatically induced periods
of increased flooding or individual catastrophic
floods. Similarity of the cut and fill scour fea-
tures in valley bottom alluvium to flood-plain
chutes produced by the 1985 flood, however,
suggest that they may have been incised by a
catastrophic flood event and subsequently filled
by moderate flood events. At least three higher,
undated, highly weathered terraces flank the
valley bottom. We interpret the major terraces
to reflect aggradation under Pleistocene cli-
mates when the capacity of streams to trans-
port sediment eroded from slopes was propor-
tionally less compared to present conditions.

Valley-bottom alluvium in the Buffalo Creek
drainage basin (Fig. 1) may be typical of small
drainage basins in the Appalachian Plateau.
Alluvium there is composed of uniform silty and
sandy units, lacking buried weathering profiles,
and dominated by late-Holocene radiocarbon
ages of less than 4000 yr. (Jacobson, 1985). This
was interpreted as evidence that the area had
experienced no major climate changes over this
time interval and that extreme storms, if they
had affected the area, had not left distinct stra-
tigraphic evidence.

In another alluvial stratigraphy study in the
Plateau, an archeological excavation along the
Kanawha River (26,700 km? drainage area,
Kanawha County, W. Va.) exposed 5.5 m of
stratified sediment with seventeen occupation
zones spanning the years 9850-8160 yr BP
(Broyles, 1971). If each occupation zone cor-
responds to a depositional hiatus between flood
events, the average recurrence interval is ap-
proximately 100 years. Variations in the amount
of sediment between occupation zones suggest
that flooding conditions were not uniform dur-
ing the time interval and the entire sequence is
thought to reflect a climatically controlled pe-
riod of aggradation unlike the late Holocene
(Olafson, 1971; Barlow, 1971).

Older and higher alluvial terraces along ma-
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jor rivers in the central Appalachians are con-
sidered generally to be Pleistocene and pre-
Pleistocene in age. These include terraces along
the New River (Mills and Wagner, 1985),
Monongahela River (Jacobson et al., 1988),
Rappahannock River (Dunford-Jackson,
1978), Rappahannock Estuary (Newell, 1985),
and Potomac River (Reed, 1981). Episodic ter-
race formation for these rivers over the late
Cenozoic has been ascribed variably to climate
change and tectonism.

In summary, the alluvial stratigraphic record
in the central Appalachians has two contrast-
ing components. The high-level terrace rem-
nants that comprise some of the most dramatic
elements of the landscape were deposited dur-
ing the Pleistocene or earlier, as the result of
climatically induced changes in sediment sup-
ply and (or) hydrology, or tectonism. Meagre
studies of alluvium in the valley flats suggest
that aggradational episodes have been associ-
ated with both climatically induced periods of
more frequent flooding and with catastrophic
floods. Based on historic flood effects and pre-
served flood-plain morphologic features and
deposits, it is apparent that catastrophic flood-
ing is more effective in sculpting flood plains in
steep basins of the Valley and Ridge and Blue
Ridge, than in the Piedmont and Plateau.

Hillslope sediments

The surficial stratigraphic record of collu-
vium, debris, and related slope deposits is the
most direct available evidence for the sediment
supply side of the geomorphic system. As such,
hillslope sediments may comprise a more sen-
sitive record of extreme storms and climatic
events than alluvial strata. Additionally, col-
luvium and debris can have longer residence
times, especially in cases where colluvium and
debris are composed of coarse materials that re-
sist erosion.

In the Piedmont, scattered, thick, colluvial
deposits have been attributed to episodic de-
postion, but lack of datable materials or a reli-
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able stratigraphic framework has precluded a
definite paleoclimatic interpretation (Whitte-
car, 1985), although thick, colluvial deposits in
North and South Carolina have been attributed
to cool-wet paleoclimates (Whitehead and
Barghoorn, 1962; Eargle, 1977).

Debris and alluvial fans along Blue Ridge of
Virginia have been described by Kochel and
Johnson (1984 ), Kochel and Simmons (1986),
and Kochel (1987). Radiocarbon dates on de-
bris flow deposits were used to distinguish three
or four debris-flow events in the last 11,000
years, for an average recurrence interval of
3000-4000 yr for the area upslope from the fans.
Kochel (1987) interpreted the fan stratigraphy
to reflect increased debris-flow activity due to
the influence of tropical air masses following
the northward migration of the Polar Front at
the end of the Holocene. In contrast to the rel-
atively active debris fans east of the Blue Ridge,
Kochel (1987) describes inactive, coalescent
alluvial fans along the western flank that are
interpreted to be pre-Holocene age based on
weathering criteria.

In the Valley and Ridge of West Virginia,
toeslope colluvial deposits with a source area in
fine shale bedrock have revealed an episode of
colluviation radiocarbon dated from 12,000-
10,000 yr BP (Fig. 13). These dates may indi-
cate a series of landsliding events at this time,
or alternatively, they may mark the transition
from a time of general hillslope instability dur-
ing the late Wisconsin, to a period of less fre-
quent landsliding during the Holocene. Over-
lying the thick, late Wisconsin colluvium are at
least two debris flows separated by a distinct
soil horizon: the top one is from 1985, the lower
was radiocarbon dated as 315 yr BP. On adja-
cent slopes situated below quartzite ridges, ex-
tensive debris terraces composed of mixed ma-
trix-supported diamicton and clast-supported
gravel, ascend in steps to the tops of spur ridges
at elevations up to 50 m above modern channels
(Fig. 14). Although undated, elevations of these
terraces above present-day stream channels and
lack of weathering suggest the higher terraces
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Fig. 13. Stratigraphic section of colluvium in Penleton County, W. Va. showing episodic debris-flow deposition. Radiocarbon
identification numbers are: AA-4350 (315 yr BP), AA-4351 (10,700 yr BP), AA-4352 (12,900 yr BP), and AA-4353 (13,240

yr BP).

may be as old as middle Pleistocene or older.
Lack of weathering of the lowest, youngest unit
suggests it is probably Holocene age. Signifi-
cantly, all but the youngest debris terrace are
much more extensive in width than large debris
flows triggered nearby in the same landscape
setting in 1949 and 1985. Hence, the older rem-
nants were either deposited by much larger sin-
gle events, or they were produced by lateral ag-
gradation of numerous smaller events.
Stratigraphic exposures are not sufficient to
chose between these alternatives. However, the
large apparent time intervals between periods
of debris terrace aggradation suggest episodic-
ity with a frequency comparable to Pleistocene
climate change.

Similar debris deposits have been noted in
southwestern Virginia (Mills et al., 1987; Mills,
1989). Mills (1989) subdivided debris deposits
into those produced by debris flow and those
produced by gelifluction. Based on relative
weathering characteristics, Mills (1989) also
concluded that younger deposits tended to be
emplaced by debris flows and older deposits
showed more influence of periglacial processes.

Studies of colluvium in the Valley and Ridge
of Pennsylvania also have documented episodic
colluvial deposition (Ciolkosz et al.,, 1979;
Sevon, 1985; Hoover and Ciolkosz, 1988). Al-
though no absolute dates exist, regional cli-
matic models and the existence of periglacial
sedimentary features suggest that these units
were deposited during Pleistocene cold periods.

Similarly, thick weathered colluvial deposits
in the Buffalo Creek drainage basin have been
attributed to accelerated colluviation under
early Wisconsin paleoclimatic conditions
(Jacobson, 1985). These thick diamicton col-
luvial deposits were then entrenched and eroded
materials were incorporated in younger debris
fans that grade to late Wisconsin (?) to late
Holocene age alluvial units. The younger de-
posits have a higher percentage of clast-sup-
ported units compared to the early Wisconsin
deposits, thus indicating a change in dominant
transport processes from the early Wisconsin
to the late Wisconsin. Holocene fans have mul-
tiple units but individual dates for events could
not be obtained. Because the associated alluvial
stratigraphic record did not disclose regional
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Fig. 14. Map of debris terraces in Pendleton County, W. Va., with cross section and longitudinal profile.
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Fig. 15. Aerial photograph of muddy debris flows triggered in Pendleton County, W. Va. in November, 1985. Bulk of debris-
flow volume in central part of photo was intercepted and stored on a Pleistocene debris terrace, Qg;.

depositional events, Jacobson (1985) inter-
preted the fan stratigraphy to reflect asyn-
chronous destabilization by small landslides
scattered in time and space. Relict prehistoric
debris flows were also recognized in southwest-
ern Pennsylvania by Pomeroy (1983), who in-
terpreted them as the product of the Late Pleis-
tocene climate. Pleistocene climates are also
invoked to explain thick colluvial deposits on
the eastern edge of the Appalachian Plateau
(Jordan et al., 1987).

Under present-day conditions Pleistocene
deposits continue to influence moderate and
extreme geomorphic events. The debris ter-
races described above (Fig. 14) act as long-term
sediment storage sites that intercept sediment
produced by landslides on adjacent slopes, thus
mitigating the effects of extreme events (Fig.
15) Miller (1987) noted that valley constric-
tions formed by debris fans were important hy-
draulic controls that influenced erosional and
depositional effects of 1985 flood waters on the
South Branch Potomac River.

In summary, the surficial stratigraphic re-
cord of hillslope processes in the central Ap-
palachians is dominated by deposits that owe
their origin to climate change. In the Piedmont,
where slopes presently are insensitive to cata-

strophic storms, the stratigraphic record shows
old, episodically deposited sediments. In the
Plateau, scattered occurrences of landslides
under present-day climatic conditions have
produced thin, scattered deposits and land-
forms while most of the colluvium present is
Pleistocene age (see also Braun, this volume).
In the Valley and Ridge and Blue Ridge prov-
inces, where modern-day events have produced
distinct and dramatic deposits, colluvial and
debris deposits record large Holocene events,
but even these are much less extensive than
those produced during the Pleistocene.

Discussion and conclusions

Most historic catastrophic geomorphic events
in the central Appalachians have been trig-
gered by extreme rainfall events from either
tropical storms or from small mesoscale fea-
tures associated with frontal systems and ex-
tra-tropical cyclones. Our model of spatially
varying rainfall indicates high probability that
all points within the Valley and Ridge province
have been subjected during the Holocene to
rainfall amounts that historically have been
sufficient to trigger catastrophic geomorphic
events (Fig. 4). Although extreme rainfall
amounts will vary across the region with cli-
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mate and physiography, this conclusion sug-
gests that all parts of the central Appalachians
have been affected by one or more extreme
rainfall events during the Holocene.

Tropical storm tracks and topographic bar-
riers of the Blue Ridge and Allegheny Front act
to influence the spatial distribution of the ex-
treme rainfall. These topographic and climatic
controls are superimposed on the highly vari-
able physiography of the Central Appalachians
to determine variable hydrologic responses and
landslide susceptibilities. Geologic and physio-
graphic controls strongly modify flood dis-
charges and determine landslide locations when
floods and landslides are triggered by moderate
storm events, but intrinsic controls are less im-
portant for truly rare, catastrophic events when
storm characteristics dominate. Size of storm,
track and location of storm elements with re-
spect to basin boundaries, and intensity and
duration of rainfall combine to determine peak
discharges occurring at different drainage areas.
Locations and spatial densities of landslides are
primarily determined by rainfall intensity and
duration relative to the infiltration and drain-
age rates of regolith.

In contrast to the direct dependency of ex-
treme flood discharges on storm characteris-
tics, the geomorphic effectiveness of central
Appalachian floods are significantly modified
by basin geology. Extreme discharges in the
Piedmont have left little lasting geomorphic re-
cord because the deposits can be reworked by
subsequent moderate flows and sufficient fine
sediment is available to fill in widened chan-
nels. In contrast, smaller discharges in steep
areas of the Blue Ridge and Valley and Ridge
have been effective in producing geomorphic
change because of the direct sources of coarse
sediments supplied by hillslopes and high
stream powers produced in steep channels.
Furthermore, geologic constraints like the water
gaps in Valley and Ridge impose hydraulic con-
trols that increase stream power relative to
similar  discharges elsewhere in the
Appalachians.
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Catastrophic landslides are effective geo-
morphic events when they are triggered in hard
rocks on slopes, producing prominent scars and
deposits with long residence times. Despite rel-
atively common occurrence of long-duration,
high-intensity rainfall from tropical storms, the
Piedmont landscape is minimally susceptible to
landsliding because the thick and highly
permeable saprolite there allows infiltration and
drainage of rainfall without allowing soil mois-
ture to accumulate to critical levels. The same
storms can trigger many landslides on steep
slopes of the Blue Ridge. In the Valley and
Ridge, shaley regolith is more likely to be desta-
bilized by long-duration, low-intensity rainfall
whereas the steeper, better-drained sites on
sandstone ridges are more likely to destabilized
by short-duration, high-intensity rainfall.
However, scars and deposits from the small
landslides on shale recover quickly whereas
those from the sandstone ridges remain prom-
inent for much longer. Thin, residual and col-
luvial soils on shaley lithologies of the Plateau
have not been susceptible to catastrophic land-
sliding because extreme rainfall totals are rel-
atively rare in the region; instead, most hill-
slopes are adjusted to more frequent movement
triggered during long wet periods in the spring.

The ultimate geomorphic effect of a storm re-
sults from the combination of landslides and
floods. The importance of sediment supplied
directly from landslides to flood waters was ob-
vious in Camille (1969) and the 1949 storm
when sediment from debris slide-avalanches
was entrained in the flood and was deposited
downstream on fans and flood plains (Johnson,
1983; Schleiff and Kite, 1989). Less directly,
correlations of the locations of thousands of
landslides triggered by the November 1985
storm with areas of flood erosion, suggests that
sediment introduced from many small land-
slides can contribute in aggregate fluvial ero-
sion, probably by increasing flow density (Har-
per et al., 1987). Thus, the most catastrophic of
central Appalachian geomorphic events will be
those in which conditions simultaneously pro-
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mote landslides and high flood discharges.

The answer to the question of whether cata-
strophic events or smaller, more-frequent
events are the most important in modifying the
central Appalachian landscape under present-
day conditions cannot be answered reliably un-
til more data are gathered on meteorology, hy-
drology, and sediment transport. Without these
data, recurrence intervals and geomorphic work
cannot be evaluated. However, the foregoing
discussion of spatial variations of intrinsic and
extrinsic geomorphic controls across the cen-
tral Appalachians implies that the answer will
vary with location. Our preliminary conclusion
is that catastrophic events are currently less
important in shaping the Piedmont and Pla-
teau than the Blue Ridge and Valley and
Ridge.This results primarily from the interplay
of decreasing importance of tropical storms east
to west and increasing sensitivity to cata-
strophic events in areas of hard rocks and high
relief.

Because the historic record is too short for
adequate assessment of the long-term impor-
tance of catastrophic events, the surficial stra-
tigraphic record becomes an important source
for additional data. Most alluvial stratigraphic
studies attribute terrace formation to aggrada-
tion triggered by changing climates during the
Holocene and Pleistocene. However, the de-
tailed mechanisms of such aggradational events
have not been explored. In particular, we do not
know how changing meteorological patterns and
seasonal climate changes have interacted to de-
termine relative changes in sediment supply,
hydrologic response, and dominant transport
processes. Periods of increased flooding during
the Holocene have been documented at other
sites in the eastern U.S. (Knox, 1983, 1988;
Brakenridge, 1980) and should be expected in
the central Appalachians. Conditions for pres-
ervation of stratigraphic evidence vary widely
across the Appalachians because of variable hy-
drology and hydraulic settings. Conditions for
preservation of a long stratigraphic record are
more favorable on low-energy rivers like the
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Kanawha (Barlow, 1971) than high-energy riv-
ers like the South Branch Potomac River or
smaller streams like Buffalo Creek.

Evidence for individual extreme floods has
not been distinguished stratigraphically from
climatically induced periods of aggradation in
the central Appalachians. Detailed strati-
graphic studies like those of Knox (1987) have
been successful in documenting extreme and
moderate floods in the midwest U.S. and could
be applied to the central Appalachians. Den-
drochronological paleoflood analyses have been
used successfully to date individual extreme
floods (Hupp, 1988) but slackwater methods
appear less promising, because few hydrauli-
cally suitable sites are available (Kite and Lin-
ton, in prep).

The surficial stratigraphic record of hillslope
sedimentation is dominated by discrete time
intervals of aggradation. Weathering of the most
extensive deposits suggests that they formed
during the Pleistocene, probably due to an in-
crease in the rate of regolith production on hill-
slopes relative to the transport capability of
streams. The surficial record also shows that
Holocene episodes have been smaller in aggre-
gate than Pleistocene episodes. Furthermore,
sedimentological data (Mills, 1989) and obser-
vations of remnant periglacial features (Clark
and Ciolkosz, 1988) show that in some parts of
the central Appalachians, hillslope transport
was at least in part by periglacial processes,
presumably during Pleistocene cold periods.
Therefore, aggradational episodes probably are
not solely due to increased magnitude and fre-
quency of catastrophic events relative to the
present.

In general, the surficial stratigraphic record
of the central Appalachians indicates two time-
scales of variation. Most of the region exhibits
multiple, prominent hillslope and alluvial ter-
race deposits indicative of climate changes with
durations and recurrence frequencies of tens of
thousands of years or more. Historic and late
Holocene catastrophic events create, add to, or
erode these features, but their effects are gen-
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erally smaller. Thus, the events that have been
the most effective in sculpting the Appalachian
landscape are largely the result of events asso-
ciated with what appears to have been a very
different geomorphic climate in the Pleisto-
cene. Present-day catastrophic events, al-
though effective in modifying the landscape in
some parts of the central Appalachians, have
not yet erased much of the legacy of previous
climates.
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