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INSELBERGS ON THE PIEDMONT OF VIRGINIA, NORTH CAROLINA,

AND SOUTH CAROLINA: TYPES AND CHARACTERISTICS

By

Richard H. Kesel
Department of Geography and Anthropology
Louisiana State University
Baton Rouge, Louisiana 70803

ABSTRACT

The purpose of this study is to examine the morphologic charac-
teristics of the Piedmont inselbergs and to determine the nature of the
processes that give rise to these forms, The landform elements stud-
ied include the inselberg side-slope profile, the piedmont slope adjacent
to it, the piedmont angle between the inselberg side-slope and the pied-
mont surface, and the thickness andcharacteristics of the waste cover,

Inselbergs on the Piedmont are grouped into four types based
on their association with or isolation from otherlandforms. The neces-
sary prerequisites for the development of the inselberg landscape are
sufficient relief and crustal stability to allow lateral replacement of
the mountain escarpment., Slopes below the critical relief or with
gentle gradients tend to downwaste. The underlying rock type is im-
portant in determining the slope gradients, piedmont angle, and rego-
lith characteristics, The major processes shaping the Piedmont
inselbergs are chemical weathering, solution, throughflow, overland
flow, and gullying.

INTRODUCTION

Inselbergs, isolated mountains that protrude from nearly flat
plains, have been described in many areas of the world. These hills
are the result of degradational processes that have reduced a previous-
ly more extensive mountain mass to erosional remnants. The resultant
landform assemblage is a residual hill, surrounded by an erosion sur-
face that slopes away from the base of the hill and forms some manner
of junction at the base of the hill side-slope. The major attemptsto
explain the formation of inselbergs have embraced a climatogenetic
approach, associating them with arid and tropical savanna environ-
ments that have characteristics similar to the inselbergs in these other
areas. An example of inselbergs in a humidtemperate climate is found
on the Piedmont region in the eastern United States.,



The purpose of this study is to examine the morphologic charac-
ter of the inselbergs on the Piedmont of Virginia, North Carolina, and
South Carolina, and to determine the processes that give rise to these
forms in a humid temperate environment. Among the landform ele-
ments examined were the inselberg slope profile, the erosion surface
immediately adjacent to it, the break in slope between the residual hill
and the erosion surface, and the characteristics of the waste cover. In
addition, the distribution of inselbergs is examined and their position
is described in relation to other landform features (e. g., mountain
scarps, ridges), allowing the inselbergs to be loosely grouped into
landform associations,
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FIELD AND LABORATORY PROCEDURES

All inselbergs were examined on aerial photographs, topo-
graphic, soils, and geologic maps to determine the size parameters,
the rock type underlying the inselberg and adjacent piedmont, and the
structural trends.

Inselberg slope profiles were surveyed with an Abney hand level
and tape to the nearest half degree; for analysis and comparison, the
profiles were marked out in equal intervals of 100 feet, Measurements
of the waste cover thickness were made at each interval along the slope
profile with a portable seismic timer {(Dyna Metric Model R-117B).
Waste cover thickness was calculated from the time-distance data ac-
cording to the method outlined in the operating manual.

To determine the characteristics of the waste cover, samples
were taken at the measured intervals along the profile on selected
slopes from the upper four inches and, intermittently, from depths of
12 and 18 inches, All the samples were mechanically analyzed by wet
sieving, and the silt and clay fractions were determined by the hydro-
meter method. The type of feldspar was determined in the 2-to-4mm
fraction of the waste cover samples, using the staining method des-
cribed by Reeder and McAllister (1957). After staining, the percent-
ages of feldspar, quartz, and mica were ascertained by counting 300
randomly selected grains under a low power microscope, If a fragment

was composed of more than one mineral, an estimate was made for
each mineral,



PREVIOUS wORK ON THI: ORIGIN OF INSELBERGS

Over the past years, a number of hypotheses have been offered
on the genesis of inselbergs. Many of these hypotheses have emphasiz-
ed the role of climate, particularly in arid and tropical savanna en-
vironments. Inselbergs were first described in, and considered indi-
genous to, tropical savanna areas (Bornhardt, 1900). In tropical areas,
especially the wet-dry savanna climate, inselbergs have been consider-
ed to be residual rock masses, developed under a thick, chemically
weathered regolith, characteristic of the humid tropics and subsequent-
ly exhumed during a renewed cycle of erosion (Budel, 1957; Thomas,
1965). The resistantrock masses are attributed to the spatial varia-
tion in the density of joints in the underlying bedrock. This difference
in joint density causes those rocks that are less shattered to be less
susceptible to chemical and fluvial processes. The weaker, jointed
rock mass is more easily weathered and eroded, leaving the inselberg
as a residual. Investigators have indicated that inselbergs are also
found in large numbers in humid tropical regions (Louis, 1959; Barbier,
1957).

Within arid environments the inselberg is considered as a re-
gidual feature resulting from the retreat of a mountain front. Insel-
bergs appear to form as the detached ends of spurs that extend from
the mountain front. They remain connected to the mountain front by a
pediment surface and meet the pediment in an abrupt angle, There are
two generally accepted explanations to account for the mountain-front
retreat and the resulting arid inselberg landscape. One hypothesis at-
tributes the landscape forms to the lateral planation by steep-gradient,
ephemeral streams (Blackwelder, 1931); the other contends that such
features are caused by weathering processes and erosion by sheet and
rill wash (Lawson, 1915), Some writers have combined certainfeatures
of these two concepts (Bryan, 1925).

A number of writers have attempted to discredit the climato-
genetic explanation for inselberg development and have emphasized
instead the role of structural control (King, 1962; Twidale, 1971).
King (1966) feels that deep weathering is not a necessary prerequisite
for the development of inselbergs, but that stream incision along joints
and the subsequent parallel retreat of marginal slopes will give rise to
inselbergs, In summarizing the important factors for inselberg forma-
tion, King (1962, p. 149) includes rock type, scarp retreat, and suffi-
cient available relief. Twidale (1971, p. 50-55) considers differences
in joint density followed by compartment-type weathering as important
to inselberg formation, Penck (1924, p. 194) has emphasized that in-
selberg formation is favored by a stable base level.

In some areas the inselbergs have been attributed to past cli-
mates, Demek (1964) concludes that inselbergs in the Bohemian High-
lands were formed under more humid conditions than at present.
Perret (1953) suggests a similar origin for inselbergs in the Ahaggar.



Several authors have used particular types of residual hills as indi-
cators of climatic change (Bakker and Levelt, 1964; Schwarzbach,
1963, p. 67).

The concept of landscape evolution in the humid temperate cli-
mate, including the Piedmont area, has been dominated by the ideas
of W, M. Davis, according to whom (Davis, 1922, 1932), a mountain
mass is reduced by valley widening, Davis contended that as the valleys
are widened, the bordering slopes tend to attain gentler gradients dur-
ing their retreat. The forested valley slopes were seen to be eroded
by wash and soil creep. The landscape is ultimately reduced to a pene-
plain, a surface of little or no relief with broad convexinterfluves.
Near the final stage of reduction, inselbergs (monadnocks, according
to Davis), rising above the erosion surface, result from their superior
resistance or their remoteness from major drainage lines, The latter
type of inselberg tends to be composed of the same rock type as the ad-
jacent piedmont surface. He described the monadnocks as having gentle
convex slopes that merge without any sharp demarcation into the sur-
rounding piedmont surface.

An alternative hypothesis for landscape development in humid
temperate areas was proposed by Hack (1960). He assumed that all
slopes are mutually adjusted so that they are downwasting at the same
rate. The topography is considered to be in a steady state and will re-
main unchanged as long as rates of erosion and uplift remain constant.

Neither of these concepts adequately explains the inselbergland-
forms found on the Piedmont, It is suggested here that some form of
slope replacement must also be considered to explain the Piedmont
inselbergs and their associated landforms.

DEFINITION OF TERMS

In this study the term '"inselberg' is used in a descriptive sense
to designate an isolated hill that emerges from a surrounding plain,
The definition is limited to erosional remnants that are the result of
subaerial processes, and it includes such features as mesas, buttes,
or tors. If a more exact definition is desired, a modifier or series of
modifiers can be used (e. g., granitic, mesa-type). The term "born-
hardt, " sometimes used synonymously with inselberg, is defined as a
special type of inselberg, composed of massive rock and characterized
by a domal shape (Willis, 1936). The word "monadnock' is not used
because of its genetic implications in the writings of W. M. Davis,
Birot (1952) has used the term 'inselberg' to describe the isolated
mountains on the Piedmont that Davis envisaged as monadnocks.

The inselberg, for the purpose of this study, was limited to
erosional remnants that had a length to width ratio less than 5:1, This
was done to eliminate elongate ridges that may owe their form to ero-
sion processes, but are mnot the characteristic "island mountain'
generally associated with the concept of inselbergs,
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Figure 1. Landforms associated with the insel-
berg landscape; a) exposed pediment surface,
b) piedmont surface with alluvial or soil
cover.

The other landforms associated with the inselberglandscape are
defined below (Figure 1), To avoid confusion, these terms are used in
a non-genetic sense.

Piedmont - the surface that extends out from the base of the
inselberg, regardless of the nature of the surface, whether it be soil
covered or bedrock., The upper boundary of the surface with the insel-
berg is the piedmont angle (see discussion below). It has been suggest-
ed that the maximum gradient of this surface on its upper edge is 12
degrees (Rahn, 1966; Cooke, 1970), Because this estimate was sup-
ported by the location of the piedmont angle in the field (Kesel, 1972),
the upper limit of the piedmont surface was defined as not exceeding a
gradient of 12 degrees. Such a limit is necessary especially in cases
where no sharp break is apparent at the base of the inselberg.

Pediment - the exposed bedrock portion of the piedmont adjacent
to the inselberg (Figure la). The surface of the pediment maybe cover-
ed by a thin veneer of alluvial sediments that is in the process of being
transported downslope. Along its outer edge, the pediment disappears
beneath the alluvial sediments. The outer edge of the pediment is de-
fined where the bedrock surface could no longer be observed in the
bottoms of gully channels. This outer limit was chosen because it is
the point past which gully bottoms are no longer in contact with the bed-
rock surface, and active scouring of this surface may no longer take
place. The upper limit of the pediment is its junction withthe inselberg.



Alluvial apron - that portion of the piedmont surface at the out-
er fringe of the pediment consisting of recently deposited alluvium
(Twan, 1959, p. 4). The term "apron' seems appropriate because the
alluvial material serves as a protective covering for the underlying bed-
rock surface. The alluvial apron can completely cover any bedrock
surface and extend to the base of the inselberg (Figure 1b).

Basal bedrock surface - the bedrock surface beneath the allu-
vial apron. The more common term "suballuvial bench' was not used
because the surface in question was not flatter than the bedrock surface
above and below it. Thus the word '"bench' was not considered applic-
able,

Piedmont angle - the break in slope between the piedmont sur-
face and the inselberg, It is designated as the maximum difference
between two consecutive slope readings from the piedmont to the insel-
berg. The angle is calculated by subtracting the values of the angles
of the two slope segments and is given in degrees. This value is the
supplementary angle of the obtuse angle between the inselberg and pied-
mont surface; as the value increases, the piedmont angle becomes
more abrupt, The piedmont angle, in a recent study (Kesel, 1972), was
not found on slopes steeper than 12 degrees. This value is comparable
to the upper limit of the piedmont suggested previously, Where the
basal junction has a concave profile that increases uniformly upward, a
piedmont angle cannot be identified. Where this occurs, the piedmont
angle is taken as the average change in gradient between successive
slope segments that comprise the basal profile.

Pediment angle - a type of piedmont angle at the base of the
inselberg, formed in bedrock and exposed to observation (Figure la).

Inselberg side-slope - the slope profile from the inselbergcrest
to the piedmont angle.

PIEDMONT INSELBERGS

The Piedmont of Virginia, North Carolina, and South Carolina
contains approximately 350 inselbergs (Figure 2). Most occur within
20 miles of the Blue Ridge escarpment, and all are within 100 miles of
it. In Virginia approximately 150 inselbergslie in a narrow belt within
20 miles of the Blue Ridge. In the Carolinas the remaining 200 insel-
bergs occupy a zone that widens toward the south. The number of insel-
bergs decreases rapidly from North Carolina south into South Carolina
and Georgia.,

One major exception to the concentration of remnants near the
Blue Ridge occurs in the Carolina Slate Belt, between Albemarle and
Ashboro, North Carolina. The Uwharrie Mountains are a cluster of
more than 30 inselbergs located 80 miles south-east of the Blue Ridge
(Figure 2). Other remnants are located at similar distances from the
Blue Ridge, but these occur only as individual peaks or in small groups.
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riles from the I3lue Ridge, where the Catawba and Yadkin rivers have
eroded headward into the Blue Ridge.

A series of northeast-trending, structurally controlled, linear
ridges rise above the Piedmont surface, Inselbergs of the second type
are formed where these ridges have been dissected into smaller seg-
ments by transverse-flowing streams (Figure 3b; for examples see
Brown, 1969; McKenzie and McCauley, 1968), The younger, more re-
cently detached segments are separated by wind and water gaps. Some
segments are classed as ridges rather than inselbergs (see inselberg
definition). This type of ridge-related inselberg is more common in
Virginia than farther south on the Piedmont (Figure 2), Overall it ac-
counts for only 6 percent of the total number of inselbergs on this por-
tion of the Piedmont.

The third type of inselberg results from the dissection of re-
sistant rock units into a number of isolated erosional remmnants (Figure
3c-d; for examples see Conley, 1962; Nelson, 1962; Stromquist, et al.,
1971). This type accounts for 24 percent of the Piedmont inselbergs.
The most prominent example of this type is the Uwharrie Mountains,
which have formed from the rocks of the Carolina Slate Belt of North
Carolina (Figure 2). The Carolina Slate Belt in this area is composed
of three volcanic sequences, the upper one being more resistant to ero-
sion than those below (Conley, 1962), The dissection of these rocks by
the Yadkin-Peedee River has formed a number of inselbergs that are
capred by a resistant volcanic layer.

The fourth type includes inselbergs that are completely isolated
and apparently are not related to any of the other associations (Figure
3b; for examples see Butler and Dunn, 1968; Dunn and Weigand, 1969;
Allen and Wilson, 1968). These inselbergs are generally located near-
er the outer edge of the Piedmont than the other types and account for
25 percent of the total. In some cases the isolated type may have been
formed as one of the other types, with the evidence for this association
obscured by subsequent erosion. The classification of this type was the
most difficult, and several arbitrary criteria were chosen to separate
it from the cther types. First, the inselberg had to lie at least 5 miles
from either a mountain front or a linear ridge. Second, it could not be
within 5 miles of another inselberg, if the two inselbergs were located
on the same continuous rock unit. If this latter criterion was not met,
the remnant could belong to either type two or three.

The rock type that underlies the inselbergs and the adjacent
piedmont slopes was determined from available geologic maps and soil
surveys. Maps at scales greater than 1:200, 000 were considered to be
accurate enough to determine these differences in rock type, although
the accuracy falls off rapidly at scales smaller than 1:62,500., Maps
at scales smaller than 1:200, 000 were used only if no other source was
available. Although there are variations in the figures derived from
the different map scales, similar trends in the data are apparent,

Eighty-seven percent of the inselbergs associated with either
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across resistant rock mass that
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the Blue Ridge or other mountain fronts are composed of the same rock
type as the adjacent piedmont slope. Fifty percent of the inselbergs
formed from dissected mountain masses are composed of the same
rock type as the piedmont slope, while only 25 percent ofthe inselbergs
that are either related to linear ridges or are isolated types fit intothis
category. In some cases the inselberg results from local structural
conditions such as described later for Six Mile Mountain or from dif-
ferences in joint density (Fleming, 1958). In many cases the inselberg
and piedmont slope that are underlain by the same rock type appear to
have been formed as a result of the degradation of a larger resistant
rock mass (Figure 4). Some of the linear ridges also exhibit this de-
graded type of cross section. Several examples can be found on the
large-scale maps in studies by Brown (1958) and Nelson (1962). An
examination of the distribution of Piedmont inselbergs indicates that
resistant type remnants (e. g. , lithology, joints) are located fartherest
from the mountain fronts (Figure 2). This may indicate that inselbergs
formed from the same rock type as the adjacent piedmont surface (€. g.,
type 1, Figure 3) have a much shorter duration in the landscape than
the more resistant types.

The elevation and relief of the inselbergs show a random spatial
distribution. The summit elevations do not become progressively lower
toward the southeast away from the Blue Ridge escarpment. Some
peaks are nearly equal to or surpass the Blue Ridge in elevation. There
is also little correspondence between the relief of the inselbergs and
their distance from the Blue Ridge.

The average height of the inselbergs on the Piedmont is 265 feet,
and this ranges from 60 to 1,321 feet, The average height and the



number of remnants tend to decrease from Virginia southward toward
South Carolina. The heights of the inselbergs tend to be related to the
thickness of the beds rather than to particular rock types. For exam-
Ple, two inselbergs in the Suaratown Mountains of North Carolina stand
227 and 1, 321 feet above the Piedmont surface. Both inselbergs are
less than two miles apart and are formed on the same bed of steeply
dipping, resistant quartzite., The difference in height can be attributed
to variation in thickness of the bed (Butler and Dunn, 1968). The bed
is 200 feet thick under the larger mountain and only 60 feet thick under
the smaller one.

The horizontal dimensions of inselbergs range from 880 feet
long and 715 feet wide, to almost 3 miles long and a little more than
2 miles wide. In plan view the inselbergs have a variety of shapes. An
elliptical plan is most common; other shapes include elongate mountains,
with one or more spurs giving a V or W-shaped outline, and those with
a circular base. The latter type is the least common. The former type
reflects the control by joints.

The orientation of the long axis of the Piedmont inselbergs is
predominantly northeast-southwest. There is a tendency for this
orientation to change to a more easterly direction southward from the
Virginia to the South Carolina Piedmont. The inselbergs of Virginia
and South Carolina also exhibit a secondary trend of northwest-south-
east: this secondary trend is not as pProminent in the North Carolina
Piedmont. The general northeastward trend of the inselbergs is con-
trolled by the lineation and the strike of the bedding of the underlying
bedrock. The secondary, northwest trend is characteristic of many of
the inselbergs associated with the Blue Ridge and is presumably related
to the southeast-flowing streams that flow down the escarpment. These
streams have dissected the escarpment into a series of spurs andinter-
vening coves or valleys., These spur ends are possible loci of insel-
berg production. The numerous angular changes in direction of these
spurs indicate that thie dissection is in large part guided by joint direc-
tions, ‘

The effect that joints have on the orientation of inselbergs is not
easgily measured because of the deep regolith cover. An insufficient
number of joint trends was measured to be able to generalize for the
entire Piedmont. However, measurements made on individual insel-
bergs, especially those composed of massive rocks, indicate that joints
play a role in determining the outline of these remnants.

ANALYSIS OF INSELBERG LANDFORM
ELEMENTS AND WASTE COVER
Inselbergs Examined

In order to assess the characteristics of the landform elements

10



and the waste cover, 4 inselbergs were examined in detail, and supple-
mental observations were carried out on an additional 25 remnants.

The sampling was limited because of the time required to survey and
sample the long and heavily vegetated, humid ingselberg slopes. Insel-
bergs included in the detailed survey are Big Cobbler and Buck mourn-
taing in Virginia, lL.oockadoo Mountain, North Carolina, and Six Mile
Mountain, South Carolina (Figure 2).

Big Cobbler Mountain (see Orleans, Va. Quad., U.S.G.S.) ris-
es 838 feet above the Piedmont and is located 6 miles east of the Blue
Ridge escarpment, The remnant trends N15°E and is elongate along the
strike of the bedding, which dips steeply to the southeast. The rocks
exhibit several joint planes, including one developed perpendicular to
the bedding plane. The remnant and the adjacent piedmont surface are
underlain by the Marshall Formation, which consists of a gray, coarse-
to fine-grained, hornblende gneiss (Va. Div, Min. Res.). Examination
of hand specimens indicates that fine-grained rocks outcrop along the
crest of the inselberg, and coarser grained rocks are found along its
flanks and on the piedmont. The coarse-grained rock tends to weather
more rapidly than the fine-grained (Kock, 1968, p. 13) forming an in-
selberg that is more resistant than the adjacent piedmont surface.

Buck Mountain (see Free Union, Va., Quad., U.5. G ¢ .)is 1,75
miles from the base of the Blue Ridge escarpment. It rises almost 700
feet above the surrounding surface. The trend of the inselberg is N 36°
W and is transverse to the strike of the rocks. The bedding planes in
these rocks strike to the northeast and dip steeply to the southeast.
Joints are most prominently developed in a northwest-southeast direc-
tion. Both the inselberg and the adjacent piedmont are underlain by
the Lovingston Formation, fine-to medium-grained gneiss (Allen,
1963).

Loookadoo Mountain (see Sunshine, N, C. Quad., U.S.G.S.) is
the detached end of a small spur that extends from the southern end of
the South Mountains and is separated from the spur by a col. or low
pass. The South Mountains have been separatedfrom the Blue Ridge by
the headward erosion of the Broad and the Catawba rivers. The insel-
berg stands 360 feet above the piedmont surface. It has a trend to the
northeast that, like Buck Mountain, is transverse to the strike of the
bedding., Joints are well developed in two directions, to the northeast
and to the northwest. The area is underlain by a Precambrian schist
(Le Grande and Mundorff, 1952), but any differences between the insel-
berg and the adjacent piedmont could not be determined because of the
limited number of bedrock outcrops.

Six Mile Mountain (see Six Mile Mt., S. C. Quad., U. S. G. S.)
is approximately 8 miles south and 15 miles east of the Blue Ridge and
has a relief of 401 feet. The trend of the remnant is northwest-south-
east and is transverse to the strike of the bedding in the rocks. The
inselberg crest and the surrounding piedmont are underlain by a Paleo-
soic muscovite mica schist, while a biotite gneiss of similar age
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Big Cobbler Mt., Va.

Slope Profiles, Regolith Depths, and Bedrock

Profiles - Piedmont Inselbergs 0 200 400 600 Foet
— Nove: Vortical scale is twice
— Profile of Bedrock Beneath Regolith hori tical

WV  Piedmont Angle

Figure 6. Slope profiles, regolith depths, and bedrock profiles - Pied-
mont inselbergs,
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Six Mile Mt., SC.
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Figure 5. Schematic east-west cross
section, Six Mile Mt., South Caro-
lina (modified after Griffin, 1967).

underlies portions of the inselberg side slopes (Figure 35), Six Mile
Mountain lies along the axis of a syncline and is essentially a synclinal
mountain (Griffin, 1967). The foliation planes of the mica schist along
the crest of the inselberg are horizontal or dip only slightly., TFoliation
Planes are steeper on the flanks and may dip as much as 35 degrees in
the adjacent piedmont, The mica schist that caps the inselberg does
not form other inselbergs, except for several remnants immediately
adjacent to the Blue Ridge. The resistant character of the inselberg
lies in the horizontal nature of the foliations in the mica schist, Where
the foliations dip steeply, there is a greater infiltration of water and,
thus, susceptibility to weathering,

Landform Elements and Waste Cover

Inselberg side-slopes, Slope profiles for each of the inselbergs
are shown in Figure 6. After the slope profiles were surveyed, the ap-
Proximate percentage of convexity at the top and concavity at the base
of the side-slopes was determined using the method described by Ahnert
(1970b). The inselberg slopes are composed of a number of concave
and convex segments throughout their profiles. The convex portion at
the top accounts for 10,5 to 29. 5 percent of the profile (Table 1). Pro-
files on foliated rocks tend to have a greater degree of convexity than
those on massive rocks. The concave portion at the base of the slope
ranges from 10 to 32. 5 percent of the profilee On massive rocks the
concave portion is almost 22 percent, while on foliated rocks it is 29,5

14



Table 1. Characteristics of Piedmont Inselberg Slope Profiles,

Slope of
Convexity Concavity Steepest upper
Inselberg at slope at slope slope Piedmont piedmont
slopes top (%) base (%) segment(®) angle (°) segment(®)
Big Cobbler Mt,
1 9 32 28.5 5.5 8.5
2 12 23 25 14,5 11
Buck Mt,
1 5 10 28 8 10
2 19 0 30 7.5 14
Lookadoo Mt.
12 22 16 22 15.5 1
2 24 0 29.5 5 12
3 22 50 22 4 12
4 8 17 14 5 3.5
Six Mile Mt,
12 13 47 25 27 3
2 0 0 30 6 3
3 46 18 22 4 12
Massive rocks
(ave. ) 11.3 21,7 27,9 8.9 10.9
Foliated rocks
(ave. ) 22.5 29,5 23.5 9.5(4.8)® 6. 6(8.5)°

35]1ope undercut by stream,
bFigure in ( ) excludes both undercut slopes.

percent.

The steepest slope segments have an average gradient of 25 de-
grees, although segments with inclinations of 30 degrees are not un-
common (Table 1). Portions of slope segments on massive rocks have
stepped profiles that are coincident with joint planes. Along these
joints, slopes can become almost vertical. According to Table 1, the
massive rocks have slightly steeper slopes than the foliated rocks.

Piedmont angle and slope. The piedmont angle at the base of
the Piedmont inselbergs is less conspicuous than it is in the arid and
tropical savanna areas (Kesel, 1973). The average piedmont angle at
the base of the inselbergs is slightly more than 9 degrees, but varies
from 4 to 27 degrees (Table 1). The two piedmont angles with the great-
est break in slope (Lookadoo Mountain - 1; Six Mile Mountain - 1) appear
to be the result of ephemeral-type streams that have eroded headward
and over-steepened the side-slope above, If these two values are ex-
cluded from the calculation, the average piedmont angle is less than 7
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degrees. Rock type appears to have some influence on the va riation of
the piedmont angle. On the massive rocks, the average angle is almost
9 degrees, compared to approximately 5 degrees on foliated rocks.

The piedmont surface that extends out from the humid inselbergs
has a straight to slightly concave longitudinal profile (Figure 6). The
slope segment immediately downslope from the piedmont angle gives
the general magnitude of the piedmont slope along its upper edge. The
average inclination of this segment is about 9 degrees. It is slightly
steeper on the massive rocks than it is on the foliated rocks, although
this difference may not be too significant (Table 1).

The transverse profile across the piedmont surface has an un-
dulatory character. The surfaceis crossed by ephemeral channels, which
are separated by interfluves that are convex upward. The channels
rise in coves or hollows on the inselberg side-slopes. On the flanks of
the inselbergs, the channels have V-shaped cross sections with steep
sides and can be as much as 40 or 50 feet deep. Where these channels
cross the adjacent piedmont surface, they are less steep sided and may
be only 10 or 15 feet deep.

Waste cover thickness. On the highly foliated rock of Six Mile
Mountain, the regolith cover on the side-slopes ranges from zone with
no appreciable thickness to depths greater than 100 feet (Figure 6). One
area of relatively thin waste cover was found on the northeast flank of
the inselberg. On this slope a stream has eroded headwardbecause of
spring sapping along its upper extremity. This action has resulted in a
steepening of the slope and removal of the debris cover from the slope
segments immediately upslope from the stream. Seismic measure-
ments on Lookadoo Mountain indicate a similar thickness of waste
cover,

In comparison, the slopes of Big Cobbler and Buck mountains,
composed of massive rocks, have numerous bedrock outcrops and are
covered by boulders many feet in diameter. The regolith on these
slopes is limited to isolated pockets that, in some cases, can be 20 or
30 feet across, Because of the lack of a continuous waste cover, seis-
mic profiles were not taken on these slopes.

The thickness of the regolith cover on the surrounding piedmont
slopes also appears to be greatly influenced by the underlying bedrock.
The regolith cover on piedmont slopes developed on foliated rocks is
generally deeper than that on the adjacent inselberg slopes. In more
than half the sites on foliated rocks where seismic observations were
made, the thickness of the cover was greater than 100 feet (Figure 6),
In several cases the regolith thickness on both inselberg and piedmont
slopes associated with foliated rocks varied as much as >0 feet over a
distance of 100 feet, The regolith cover on the piedmont slopes sur-
rounding inselbergs composed of massive rocks is thinner and more
uniform in thickness than that of highly foliated rocks (Figure 6).
Rock outcrops on these piedmont surfaces are not uncommon. On most
of the piedmont slopes on massive rocks, there is little increase in the
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regolith thickness downslope from the inselberg.

The piedmont surface surrounding Big Cobbler Mountain general-
ly fits into this category. The cover on the western piedmont is, for
the most part, less than 10 feet thick and maintains a fairly uniform
thickness along the longitudinal profile surveyed (Figure ¢). However,
the bedrock proflile beneath the regolith on the eastern piedmont exhibits
several large depressions that increase in size downslope from the base
of the inselberg. The difference in the waste cover thickness between
the eastern and western piedmont slopes may be explained by the dif-
ferences in the lithology and/or structure of the underlying bedrock.
The variation in the size of the bedrock depression and the correspond-
ing thickness of the overlying waste cover could be the result of dif-
ferences in joint density.

The contact between the waste cover and the bedrock ranges
from a sharp break to a zone that passes from solid rock upward
through progressively weathered material. The latter type is by far
the mo st common, although the former is found on the piedmont slopes
adjacent to Big Cobbler and Buck mountains.

There is a strong similarity between the profile of the piedmont
surface and the ephemeral channels that act as the local base level for
the interfluve areas on the surface. Both exhibit longitudinal profiles
that are concave upward. On massive rocks the bedrock surface be-
neath the regolith cover of the piedmont slope also has a concave pro-
file. Seismic measurements taken across gullies on Big Cobbler and
Buck mountains indicate that the transverse profiles on this bedrock
surface undulate as does the piedmont surface. The regolith cover de-
creases in thickness from the interfluve areas toward the adjacent
gullies,

These data suggest the piedmont surface is in equilibrium and
erosion energy remains the same along the longitudinal profile. The
result is a surface that is downwasting at a uniform rate similar to that
considered by Hack (1960).

Waste-cover characteristics. On the Piedmont inselbergs, the
occurrence of boulders is related to the underlying bedrock. Inselbergs
composed of massive rocks are boulder covered, whereas those on
foliated rocks tend to have few boulders, Both Big Cobbler Mountain
and Buck Mountain are examples of boulder-covered inselbergs. In
both cases the boulders are not confined to the side-slopes, but can also
be found as boulder fans on the adjacent piedmont surface. Farther
south on the Piedmont, massive rock inselbergs visited in southern
North Carolina and South Carolina have boulder coveredslopes that ex-
tend down only to the piedmont angle.

Cobble and pebble fragments onthe inselberg slopes are general-
ly incorporated into the regolith cover and are covered by a vegetation
layer that acts to protect the surface against erosion. Because frag-
ments are not loose or exposed, there is little movement downslope by
wash processes. Large rock fragments are found on the surface near

17



bedrock outcrops and in areas where the vegetation cover is absent.
In the latter case, some winnowing of fine material, probably by sur-
face wash, has occurred and pebbles are concentrated at the surface.

An analysis was made to determine if there was any variation in
grain size (ranging from pebble to clay) related to either distance down-
slope or slope angle (Kesel, 1972). According to these data, there is
no orderly change in the size of material on the inselberg side-slopes.
Similar conclusions concerning these relationships are also reached by
Ahnert (1970a) for crystalline rocks in North Carolina and by Furley
(1968) in England. Some variations in the proportions of the size class-
es appear to be related to the underlying bedrock type. The waste cover
on slopes formed on high foliated rocks (Lookadoo and Six Miles moun-
tains) has a much higher percentage of sand than on massive rocks.
The waste cover on massive rocks contains a higher porportion of silt
and clay. The amount of variation in the coarser material seems to be
greater on slopes where the bedrock has numerous outcrops (e. g., Big
Cobbler Mountain) or has considerable lithological heterogeneity (e. g. ,
Six Mile Mountain), On Big Cobbler, for example, the concentration
of pebbles is quite high near bedrock outcrops and then tends to de-
crease rapidly away from it.

Some slopes show a decrease in coarse material from the side-
slope to the adjacent piedmont slope. In the case of the Six Mile Moun-
tain slope, the break in material size occurs near the piedmont angle.
On the slopes of Buck and Big Cobbler mountains, it occurs at a con-
siderable distance downslope from the piedmont angle. These differ-
ences could indicate progressive comminution of slope debris because
of mass wasting or, possibly, sorting because of surface wash. How-
ever, most of the piedmont surfaces examined have undergone such ex-
tensive erosion as a result of cultivation that much of the sediment data
cannot be relied upon.

At several locations samples of the waste cover were taken from
depths to 18 inches, In each case there is an increase in the percentage
of clay downward in the waste cover. This increase, along with clay
skins observed on soil peds in these lower horizons, indicates that clay
material is being eluviated and moved down through the waste cover.

An analysis was made to determine if any changes occurred in
the degree of roundness of the coarse sand fraction along the slope pro-
file. Two hundred grains were selected at random and examined under
a low-power petrographic microscope. The roundness was assessed
using the method suggested by Muller (1967, p. 100), which ranks the
grains into five categories, ranging from angular to well rounded.
Three of the four inselberg slopes were analyzed in this manner. The
variation in the degree of roundness does not change significantly over
the slope profile, The greatest variation occurs on the Big Cobbler
Mountain slope and is probably related to the amount of surface expo-
sure of the bedrock. The other two slopes have a continuous waste
cover and exhibit less variation in grain roundness.
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The amount of feldspar and quartz in this material was deter-
mined by using the staining method previously. The variation in mine-
ral content is greatest on slopes of Big Cobbler and Six Mile Mountains,
probably as the result of changes in the mineral composition and the
amount of surface exposure of the bedrock. The North and South Caro-
lina slopes exhibit a higher proportion of quartz than Big Cobbler Moun-
tain, which explains the greater amount of sand size material on the
former two slopes. In each profile the minerals in the waste cover
that are most susceptible to chemical weathering have been removed.
For example, plagioclase feldspar accounts for 33 percent of the mine-
ral composition of the bedrock underlying Big Cobbler Mountain, but it
is absent from the fine material (Kesel, 1972). Similar trends are also
apparent on the other slopes.

Several samples were also taken from the upper six inches of
gully bottoms on the inselbergs and subjected to granulometric analyses.
Although the number of samples is not large, it does give some indica-
tion of the material transported to the drainage way from the adjacent
piedmont and inselberg slopes.

The gullies on the Piedmont inselbergs have a thick vegetation
cover, giving the impression that they are undergoing a little surface
erosion. The analysis of gully samples indicates that there is a dif-
ference in the size of material taken from the gully bottoms and that
taken from the adjacent inselberg slopes (Kesel, 1972). Samples taken
from the Big Cobbler Mountain slope show a sizable increase in the
sand fraction., Similar samples taken from Lookadoo Mountain show
an increase in the silt content. These increases can be accounted for,
in part, by the relative decrease of the small gravel and clay fractions.
The lower proportion of small gravel in the gully channels probably re-
sults from the lack of movement of these fragments on the inselberg
slopes. There is a decrease in clay because of eluviation by seepage
water, however, it is not sufficient to account for the entire increase
in silt and sand in the gully samples, Sand and, in the case of Looka-
doo Mountain, silt must be transported to the gully channel by surface
wash running through the thick vegetation cover on the adjacent slopes.

The amount of feldspar and quartz and the degree of roundness
of particles were also examined. The data indicate no differences bet-
ween the slope and gully materials, This would seem to be the expect-
ed result, for this material has probably traveled only a short dis-
tance from the interfluve to the adjacent gully.

INSELB ERG FORMA TION
The formation of inselberg landscapes must be considered on
two levels, First, there are several prerequisites necessary for the

development of the inselberg landscape and, second, there are the pro-
cesses that produce the morphologic characteristics of the individual
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inselbergs.

The models of landscape development that have been applied to
the Piedmont (Davis, 1922, 1932; Hack, 1960) do not adequately explain
the inselberg landforms. The description offered by Davis of monad-
nocks in a humid temperate region is not consistant with current obser-
vations, A comparison of the slope profiles and the steepest slope
segment measurements on Piedmont inselbergs in this report, with
similar data from inselbergs in different climatic areas, indicates that
there is little correlation between these forms and climate (Kesel,
1973). The data presented previously (Table 1) indicate that side-slope
profiles of the erosional remnants are not predominantly convex but
have a basal concavity that forms up to 30 percent of the profile, The
upper convexity accounts for only 11 to 23 percent of the profile. Side-
slopes are far from gentle and gradients up to 30 degrees are not un-
common. In addition the break-in-slope at the base of the inselberg
was not found to be as conspicuous a feature in the humid regions as it
is in arid ones, but it was not the gradual form envisaged by Davis
(Figure 6). Davis seems to have realized that these deficiencies exist-
ed in his model. In 1930 he clearly incorporates elements of slope re-
treat in the sequence of slope development in humid areas. His diagram
(Davis, 1930, figure 7) of the final stage of the erosion cycle is com-
posed of concave piedmont (or pediment-like) surfaces from which
steep-sided erosional remnants rise abruptly. The erosional remnants
in this figure correspond very closely to the inselbergs on the Pied-
mont,

Hack's ideas are equally difficult to apply to Piedmont insel-
bergs. In order to have a uniform rate of downwasting, it is necessary
to have a continuous, uniform rate of uplift. Except for possible fault-
ing during the Triassic (Stucky, 1965) and the Tertiary (White, 1950)
and recent local warping (Richards and Judson, 1965), there is little
evidence for such uplift within the Quaternary. A landscape that has
undergone a long périod of quiescense is not considered in Hack's
model., But even more critical, the model assumes that, during down-
wasting, inseiberg and escarpment slopes are fixedin space by geologic
contacts (Hack, 1960, p. 94). If this assumption was true, all the in-
selbergs and ridges on the Piedmont would be composed of more resis-
tant rock than the surrounding surface. The break-in-slope (piedmont
angle) between the inselberg or ridge side-slope and the adjacent ero-
sion surface would also correspond to the contact between weak and
strong rocks. The map evidence in this report does not support either
corollary. These data indicate a number of cases that the lithologic
boundary lies some distance out from the base of erosional remnants
which seems to imply a form of lateral slope replacement,

It is suggested that the major prerequisites for inselberg forma-
tion is sufficient relief, created either by tectonic activity or incision
of the major river systems, followed by the lateral replacement of
scarp slopes or the valley side-slopes.

20



With the possible exception of the Blue Ridge escarpment, most
of the Piedmont relief occurs as the river network cuts down. Local
uplift has caused increased erosion along the Blue Ridge, forming the
aume rous spurs that extend from the escarpment. It has also resulted
in the detachment of the mountain masses on the Piedmont in Virginia
and North Carolina. In North Carolina, for example, the Catawba and
Yadkin Rivers flow southeastward from the Blue Ridge and Piedmont
across the only portion of the Coastal Plain (Cape Fear Arch), which
has undergone extensive erosion (Geologic Map of United States, 1932,
U. S. Geol. Burvey, 1:2,500,000). The overlying Tertiary material of
the Coastal Plain has been stripped off, exposing the Cretaceous sedi-
ments below. Itis likely that local warping along this portion of the
Coastal Plain during the middle or late Tertiary (Richards and Judson,
1965) has caused increased denudation of the drainage areas of these
rivers and also has accelerated headward erosion of their headwaters
into the then more extensive Blue Ridge highlands. This has resulted
in the numerous mountain masses that are now separated from the Blue
Ridge by these river systems. The inselbergs of the Uwharrie Moun-
tains in the Carolina Slate Belt appear to be the result of dissection by
the Yadkin-Peedee River.

The role of base level as a control in the reduction of a moun-
tain mass to a surface surmounted by inselbergs has long been a subject
of debate. King (1962, p. 145) considers this reduction to be indepen-
dent of base level. Penck (1924, p. 195) argues that the base level of
erosion must be stable for a long period, whereas Willis (1934) em-
phasizes a lowering base level as a result of uplift.

After uplift and incision of major drainage lines, further develop-
ment of the inselberg landscape depends on slope evolution. Do these
slopes evolve due to some form of downwearing, downwasting, or later-
al replacement? With lateral replacement there is retreat of the steep
slope segment and replacement from below by gentler slopes, causing
the lower portion of the profile to become occupied by a concavity.
During evolution the slope profile may also undergo shortening because
of erosion and mass wasting along the upper portion.

The uniformity of the gradients of the steep inselberg slope seg-
ments on the Piedmont suggests that the side-slopes have maintained
fairly stable gradients during their evolution. King (1962, p. 145) in-
dicates that in order to have slope replacement, slopes must maintain
a critical relief. Field data seem to indicate that there is critical re-
lief below which slopes may decline or downwaste, For example, the
slopes of the larger inselbergs in the vicinity of Buck Mountain and the
Blue Ridge escarpment, to the west, all have equivalent gradients.
Several smaller inselbergs in the same area that are composed of the
same rock type as the larger inselbergs, have slopes with lower gra-
dients. These observations can only be considered preliminary because
of the limited data. In order to determine more precisely the inter-
relationship between the critical relief, the slope profile, and rock type,
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dawnturting

downculting

Figure 7. Development of inselberg-
like profiles. A) by processes of
chemical weathering and simple
wash; B) by processes of chemical
weathering and complex wash.
Vertical lines represent more re-
sistant rock; dashed line is base of
regolith (from Ahnert, 1971, p. 151-
153).

larger numbers of measurements will be required.

Further evidence for lateral replacement includes: the lack of
coincidence between the break-in-slope at the base of hillslopes and
lithologic contacts, and the concavity at the base of the inselberg side-
slopes, which seems best explained by some degree of retreat of the
steep segrment. A basal concavity resulting from slope decline could
be associated only with conditions of impeded basal remcval: field ob-
servations presented in the succeeding section do not warrant this con-
clusion.

Some of these ideas support the theoretical slove evolution stud-
ies conducted by Ahnert (1971), using computer models, Several of the
models (Ahnert, 1971, p, 151-153) exhibit characteristics similar to
inselbergs in this study (Figure 7). These models suggest the follow-
ing points: (1) Each type of bedrock develops an equilibrium profile that
tends to retreatmoreorless parallel to itself. (2) Lateral replace-
ment of the side-slopes occurs when sufficient relief has been attained.
(3) The gradient of the inselberg side slope is, at least in part, depen-
dent on the relief. (4) Downwasting occurs on slopes with gentle gra-
dients (e. g. , piedmont slopes).
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Processes on Humid Temperate Inselbergs

Weathering on humid inselbergs is mainly the result of chemical
rather than physical processes. Physical weathering is limited to
sheeting and freeze-thaw activity, There is little evidence to indicate
that thermal expansion and contraction are important on the Piedmont
inselbergs: this process is most likely the result of small diurnal tem-
perature range.

Massive exfoliation sheets were noted on some Piedmont insel-
bergs and have been described in adjacent areas in the Blue Ridge
(Hack, 1966) and in Georgia (Hopson, 1958). Where present (e.g.,
Stone Mountain, Georgia), the sheets give theinselberg a domal or con-
vex profile, Thin (less than 0.5 inches thick) "onionskin'' sheets are
occasionally visible on bedrock outcrops and boulders and probably re-
sult from chemical rather than physical processes.

Weathering because of frost action is dependent on the number
of freeze-thaw cycles and the availability of moisture. Both criteria
are available on the Piedmont inselbergs, and on several occasions ice
needle growth was noted on exposed ground. However, there is little
field evidence to indicate the degree of intensity of the process.

Chemical weathering is intense on the Piedmont inselbergs. An
examination of the waste cover shows that the more easily weathered
minerals, particularly plagioclase feldspar and biotite mica, have been
decomposed and removed from the size fractions larger than silt. The
decomposition of these minerals is, presumably, the source of the clay
size material in the waste cover (Wolff, 1967) Additional character-
istics of the humid waste cover that reflect intense weathering are the
high percentage of clay, the lack of gravel-size fragments, and the high
degree of rounding of fragments, The degree of rounding of fragments
in the humid waste cover is mainly the result of chemical weathering
rather than transport processes. The thick waste cover on the humid
inselbergs has developed because the rate of weathering on the side-
slopes has exceeded the rate of removal, although this relationship need
not still be true. The thickness between inselbergs varies because of
differences in rock type and structure. The regolith cover on the Pied-
mont inselbergs also acts as a cover to retain moisture and, in turn,
this increases the differential weathering of the underlying bedrock sur-
face. This creates greater irregularities of the bedrock surface and
is probably the reason for variations in the waste-cover thickness (Fig-
ure 6)., It also helps to explain the complex profiles of the humidinsel-
bergs,

The waste cover on the humid piedmont slopes is generally
thought to result from "in situ" weathering. On the foliated rocks, the
waste cover on the piedmont surfaces is quite deep, exceeding 100 feet
in many places (Figure 6). The waste cover on piedmont surfaces on
massive rocks is much thinner, except where structural conditions such
as joints permit deeper weathering. The bedrock surface beneath the
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waste cover on three of the pitedmont slopes examined had concave pro-
files similar to the surface profiles (Figure 6). There is no evidence
to indicate that this bedrock surface was formed by running water and
then was subsequently buried by the deposition of material by fluvial
processes. An examination of the waste covers on these surfaces re-
veals no evidence of layering or sorting as would be expected if the
material had been carried and deposited by fluvial processes. The
waste cover on the three piedmont surfaces has a fairly constant thick-
ness downslope, which seems to indicate that thereis uniformweather-
ing and downwasting of the piedmont surface, The control of these

surfaces by fluvial processes is suggested by the similarity between the
profiles of the interstream areas of the piedmont surface and the ephe-
meral channels that act as the local base level for these areas. There
is a strong resemblance between the concave piedmont surfaces andthe
etchplains described by Wayland (1933) and the double planation surface
of Budel (1957). Essentially these surfaces result from degradation of
the interstream areas by slope processes, particularly surface wash
(Budel, 1957).

The major processes that transport material downslope on the
Piedmont inselbergs are mass wasting, surface wash, throughflow, and
gullying. Mass wasting includes freeze-thaw activity and movement
related to the vegetation cover. The former 1is associated with the
growth of ice needles on exposed surfaces and within the organic layer
of the soil cover. The relative importance of the process is restricted
by the limited frequency of freeze-thaw cycles. The latter process has
been termed floral pedoturbation and is the result of trees falling over.
The process, although limited in extent, can bring large quantities of
rock debris to the surface, which can then roll downslope. It also ex-
poses fine material to wash processes.

Soil creek has long been considered a major characteristic of
denudation in humid temperate climates. Attempts to measure creep
have produced only questionable results. There is no indication from
the field and iaboratory data in this study that soil creep is currently
active on the slopes of the Piedmont inselbergs. These findings occur
with the observations of Ahnert (1970a) that creep is either very weak
or entirely absent on slopes composed of crystalline rocks in North
Carolina.

Features such as the boulder fields that extend out from the base
of a number of inselbergs in the northern Piedmont probably indicate
that mass wasting has been more active in the past, especially ata
time when freeze-thaw cycles were more numerous. Similar features
have been described in adjacent areas and havebeen attributed toaperi-
glacial environment during the Pleistocene period (Michalek, 1969;
Clark, 1968).

Surface wash, in theory, plays only a small role inftransporting
debris downslope because of the thick continuous cover of leaf litter
and decayed organic matter, The quantity of water availzble for -vash
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is also reduced by a high rate of infiltration. An indication of the ex-
tent to which surface wash has occurred may be the high proportion of
sand and silt size material in the gully bottoms. The source of this
material is the surface horizon of the soils derived from the weathering
of the bedrock, Wash processes move this material through the litter
cover toward the gullies.

A substantial proportion of the precipitation that falls on the
Piedmont inselberg slopes infiltrates and flows downslope through the
waste cover as throughflow. The effectiveness of throughflow as a
method of transporting debris downslope through the interstices of the
regolith cover has been described by Burykin {(1957). The importance
of throughflow as a method of transporting material through the waste
cover on the humid inselberg slopes is uncertain. The alluvial clay
horizon, along with clay skins on the soil peds in the regolith, indicates
that such movement does occur. However, there is little evidence of
increased clay and silt content downslope as would be expected if
throughflow were effective, Where the waste cover is discontinuous,
throughflow emerges along contact zones and debris is transported by
surface wash, Spring sapping along the slope foot has been suggested
as an important process in the evolution of the Piedmont slopes (Birot,
1952, p. 149) although sufficient field evidence has not been found to
support this idea, Water movement within the regolith is also import-
ant by removing material in solution. The amount of dissolved mate-
rial removed by this water has been estimated by Cleaves and others
(1970), from the study of a forested watershed on the Piedmont, to be
five times as effective in removing material as is surface erosion.

Deep, parallel to subparallel gully channels are common on all
the Piedmont inselbergs. It was noted previously that most of the flow
in these channels is intermittent., A number of the gullies on the insel-
bergs appear to be less active presently than they were in the past as a
result of decrease in the quantity of water available for erosion. Such
a reduction in flow could have resulted from the detachment of the insel-
berg from a large mountain mass or from lower infiltration and greater
runoff because of increased frost action during the Pleistocene. These
gullies seem to be undergoing only minor erosion under the often heavy
rains of the present climate. During visits to the inselbergs over a
period of 18 months, there was little disturbance to the litter cover in
the gullies at times of fairly intense rainfall. Dams across several of
the gullies created by fallen trees show only minor buildup of litter and
sediment. Prior to the start of fieldwork on the Virginia inselbergs,
the area of northern Virginia was struck by Hurricane Camille in 1969,
The rainfall intensity (27 inches in 24 hours) associated with this storm
had a return interval that was in excess of 1,000 years (EDS, 1969, p.
458). An examination of aerial photographs taken of northern Virginia
immediately after the storm indicates that many of the gullies had ex-
perienced intense erosion (Va. Div. Min. Res., 1969). It would appear
that the processes responsible for the erosion of these gullies are high
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intensity events of low frequency. This is in agreement with the ob-
servations of Hack (1956) and the measurements of Ireland and others
(1939). The gullies tend to extend themselves upslope by erosicn of
springs and soil seeps around the gully heads. In places where the
gullies turn transverse to the slope profiles (e. g. , Lookadoo and Six
Mile mountains, Figure 6), the cause undercutting and steepening of
the slope above. Bryan (1940) and, more recently, Beaty (1959) have
emphasized the importance of gully erosion in the retreat of regolith-
covered slopes,

CONCLUSIONS

The principal results of this study include the following:

1. The necessary prerequisites for the development of the in-
selberg landscape are sufficient relief created by tectonic activity (e. g.,
fault scarp) or incision of the major river systems followed by a period
of crustal stability. This latter factor is necessary toallow lateral re-
placement of the mountain escarpment or the inselberg side-slopes.
The lateral replacement of slopes also seems to depend on the main-
tenance of a critical relief. Slopes below the critical relief or with
gentle gradients tend to downwaste.

2. The inselbergs on the Piedmont can be loosely grouped into
four types: (a) outliers in front of a mourtain mass escarpment; (b)
detached segments of linear ridges; (c) dissected mountain masses, and
(d) completely isolated types. The inselbergs that have been detached
from mountain scarps and are still in close proximity to the scarp are
generally composed of the same rock type as the adjacent piedmont sur-
face. Most of the ingelbergs that are farther from the scarps are com-
posed of more resistant rock types.

3. Structural conditions were found to be important factors in
determining the morphology of the inselbergs. Joint direction and den-
sity are important in the orientation and resistance of the inselbergs.
The dip, strike, and thickness of lithologic units help to determine the
size and orientation of the inselberg.

4. The inselberg landform elements, including the side-slope
profile, the piedmont surface, and the piedmont angle, exhibit differ-
ences that are related to the underlying rock type and to the climate.
The slope gradients on massive rocks are steeper than on foliated rocks.
The piedmont angle at the base of the humid inselbergs is a concave
surface developed on the regolith cover. The concave profiles of this
surface are the result of the numerous gullies that traverse the side-
slopes and the piedmont surfaces, The gullies have concave longitudinal
profiles that act as the local base level for the adjacent interfluves and
give rise to the concave erosion surface at the base of the inselbergs.

5. The seismic profiles suggest that changes in thickness of the
waste cover on humid inselberg slopes are greatly influenced by the
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composition and structure of the underlying bedrock.

6. An analysis of the waste cover debris indicates that the
breakdown of crystalline rocks of the Piedmont inselbergs is brought
about by the weathering and removal of less-resistant minerals, partic-
ularly plagioclase feldspar and biotite mica. Intense weathering of this
material is reflected by the high clay content, few gravel-size frag-
ments, and the high degree of rounding of these fragments. Within the
waste cover, there is little suggestion’ of an orderly downslope change
in the range of particle size,

7. The major process on humid inselbergs are chemical
weathering, throughflow, solution, overland flow, and gullying.

REFERENCES CITED

Ahnert, F., 1970a, A comparison of theoretical slope models with
slopes in the field: Zeit, fur Geomorphologie, N. F. Supp. Bd.
9, p. 88-101.

, 1970a, An approach towards a descriptive classification of
slopes: Zeit, fur Geomorphologie, N. F. Supp. Bd. 9, p. 71-
84.

, 1971, A general and comprehensive theoretical model of
slope profile development: University of Maryland Occ. Papers
in Geography #1, 95 p.

Allen, R. M., 1963, Geology and mineral resources of Green andMadi-
son Counties: Virginia Division of Mineral Resources Bull. 78,
192 p.

Allen, E. P, and Wilson, w. F., 1968, Geology and mineral resources
of Orange County, North Carolina: N. C. Div. Min, Res. Bull,
No. 81, 58 p.

Bakker, J. P. and Levelt, Th. W. M., 1964, An inquiry into the pro-
bability of a polyclimatic development of peneplains and pedi-
ments in Europe during the Senonian and Tertiary Period: Serv.
geologique du Luxembourg, V. 14, p. 27-175.

Barbier, R., 1957, Un probleme morphologique au Bresil: pains et
sucre 'et' tunique tropicole: Acad. Sci., Paris, C. R. t. 245,
No. 25, p. 2346-2349.

Beaty, C. B., 1959, Slope retreat by gullying: Geol. Soc. Amer, Bull,,
v. 70, p. 1479-82.

Birot, P., 1952, La limite septentrionale des Inselberge dans le Blue
Ridge: Bull. L'assoc. de Geographes Frangais, No. 229-230,
p. 146-153,

Blackwelder, E., 1931, Rock-cut surfaces in desert ranges: Jour. Geol.,
v. 20, p. 442-450.

Bornhardt, W., 1900,Zur Oberflachengestaltung und Geologie Deutsch
Ost-afrikas, Berlin, 595 p.

Brown, W. R., 1958, Geology and mineral resources of the Lynchburg

27



quadrangle, Virginia: Virginia Division of Mineral Resources
Bull. 74, 99 p.

Brown, W. R., 1969, Geology of the Dillwyn Quadrangle, Virginia:
Virginia Division of Mineral Resources Bull. 10, 77 p.

Bryan, K., 1925, The Papago country: U. S, Geological Survey, Water-
Supply Paper 499, 436 p.

» 1940, Gully Gravure - A method of slope retreat: Jour.
Geomorphology, v. 3, p. 89-107.

Budel, J., 1957, Die Doppeten Einebrungsflachen in den leuclit Tropen:
Zeit, fur Geomorphologie, N. F., Bd. 1, p. 201-228,

Burykin, A, M., 1957, Seepage of water from soils in mounlainous re-
gions of the humid subtropics (Trans. from Russian by Israel
Program for Scientific Translation): Pochvovedenie, N. 12, p.
90-97.

Butler, J. R., and Dunn, D. E., 1968, Geology of the Sauratown Moun-
tains Anticlinorium and Vicinity, North Carolina: Southeastern
Geology Sp. Publ. No. 1, Guidebook for excursions, p. 19-47.

Clark, G. M., 1968, Sorted Pattern Ground: New Appalachian Locali-
ties South of the Glacial Border: Science, v. 161, p. 355-356,

Cleaves, E. T., Godfrey, A. E., and Bricker, O. P., 1970, Geo-
chemical balance of a small watershed and its geomorphic im-
plications: Geol. Soc. Amer. Bull. v. 81, p. 3015-3032,

Conley, J. F., 1962, Geology and mineral resources of Moore County,
North Carolina: N. C. Dept. of Cons. and Dev. Bulletin 76, 40
P-

Cooke, Ronald U., 1970, Morphometric analysis of pediments and as-
sociated landforms in the western Mohave Desert, California:
Amer. Jour. Sci., v. 269, p. 26-38,

Davis, W. M., 1899, The Peneplain: Amer. Geol., v. 23, p. 207-239,

» 1922, Peneplains and the geographical cycle: Geol. Soc.

Amer. Bull., v, 33, p. 587-598,

» 1930, Rock floors in arid and in humid climates: Jour.

Geol., v. 38, p. 1-27, 136-258,

» 1932, Piedmont benchland and Primarrumpfe: Geol. Soc.
Amer. Bull., v. 43, p. 399-440,

Demek, J., 1964, Castle koppies and tors in the Bohemian Highland
(Czechoslovakia): Bieletyn Peryglacjalyn, v. 14, p. 195-216,

Dunn, D. E. and Weigand, P, W., 1969, Geology of the Pilot Mountain
and Pinnacle Quadrangles, North Carolina: N. C. Dept. Conserv.
and Dev., Div, of Min, Res. Geol. Map Series, No. 1, 1:24, 000.

Environmental Data Service (EDS), Climatological Data, National sum-
mary, August 1969, v. 20, No. 8, U. S. Gov't Printing Office,
Washington,

Fleming, R. E., Jr., 1958, Crystalline rocks of the northern half of
the Farrington Quad., North Carolina: Unpub. M. S. thesis,
Dept. of Geology, Univ. of North Carolina, 28 p.

Furley, P. A.,, 1968, Soil formation and slope development: Zeit. fur

28



Geomorphologie, N. F. Bd. 12, p. 25-42,

Griffin, V. S., 1967, Geology of the Six Mile Quadrangle, South Caro-
lina: Div. of Geol., South Carolina State Dev. Bd., MS-14.

Hack, J. T., 1956, Erosion by catastrophic floods in the Ridge & Val-
ley province, Virginia (abs. ): Virginia Jour. Sci. v. e

, 1960, Interpretation of erosional topography in humid
temperate regions: Am. Jour. Sci., v. 258A, p. 8-97.

, 1966, Circular patterns and exfoliation in crystalline ter-
rane, Grandfather Mountain Area, North Carolina: Geol. Soc.
Amer. Bull., v. 77, p. 975-986.

Hopson, Clifford A., 1958, Exfoliation and weathering at Stone Moun-
tain; Georgia, and their bearing on disfigurement of the Confer-
ate Memorial: Ga. Mineral Newsletter, v. 11, p. 65-69.

Ireland, H. A., Sharpe, C. F. S., and Eargle, D. H., 1939, Principles
of gully erosion in the Piedmont of South Carolina: U. S. Dept.
Agric. Tech. Bull. 633, 143 p.

Kesel, R. H., 1972, The comparative morphology of inselbergs in dif-
ferent environments with emphasis on a humid temperate andan
arid area: Unpubl., Ph. D. diss., Univ. of Maryland, College
Pk, , 267 p.

, 1973, Inselberg landform elements: definition and synthesis:
Rev. de. Geom. Dynamique, V. 22, p. 97-108.

King, L. C., 1962, The Morphology of the Earth: N. Y., Hafner Co.,
699 p.

, 1966, The Origin of Bornhardts: Zeit. fur Geomorphologie,
v. 10, p. 97-98.

Koch, N. C., 1968, Ground-water resources of Greenville County,
South Carolina: S. C. State Development Board Bull, 38, 47 p.

Lawson, A. C., 1915, The epigene profiles of the desert: California
Univ. Dept. Geol. Bull. v. 9, p. 23-48.

1.eGrand, H. E. and Mundorff, M. J., 1952, Geology and groundwater
in the Charlotte area, North Carolina: N. C. Div. of Min. Res.
Bull, No. 63, 88 p.

Louis, H., 1959, Beobachtungen jiber die Inselbergs bei Hua-Hin am
Golf Von Siam: Erkunde, v. 13, p. 314-319.

McKenzie, J. C. and McCauley, J. F., 1968, Geology and kyanite re-
sources of Little Mountain, South Carolina: S. C. State Dev.
Bd., Div. Geol. Bull. No. 37, 13 p.

Michalek, D. C., 1969, Fanlike features and related periglacial pheno-
mena of the Southern Blue Ridge: Unpublished Ph. D. thesis,
Dept. Geol., Univ. of North Carolina, Chapel Hill,

Muller, G., 1967, Methods in Sedimentary Petrology (Trans, Hans-
Ulrich Schmincke) New York: Hafner Publishing Co., 283 p.

Nelson, W. A., 1962, Geology and mineral resources of Albemarle
County, Virginia: Va. Div. Min Res. Bull., 77, 92 p.

Penck, W., 1924, Die Morphologische Analyse, Stuttgart, Eng. traus,:
Czech and Boswell, 1953, Morphological Analysis of Landforms,

29



London: MacMillan, 429 p,

Perret, R., 1953, Morphologie de quelques ilots granitigues du Sahara
frangais: Societe Royale de Georgraphie d Egypte, Rulletin, v.
25, p. 49-56,

Rahn, P. H., 1966, Inselbergs and nickpoints in Southwestern Arizona:
Zeit, fur Geomorphologie, N, F. Bd. 10, p. 217-225,

Reeder, S, W. and McAllister, A. L., 1957, A staining method for the
quantitative determination of feldspars in rocks and sands from
soils: Canadian Jour. Soil Sci,, v. 37, p. 1-3,

Richards, H. G. and Judson, S., 1965, The Atlantic Coastal Plain and
The Appalachian Highlands in the Quaternary, in The Quaternary
of the United States (eds. Wright, H. E. and Frey, D. G.), New
Jersey: Princeton University Press, p. 129-136,

Schwarzbach, M., 1963, Climates of the Past: London: D. Van Nost-
rand Co., 328 p.

Stromquist, A, A., Choquette, P. W., and Sundelius, H, W,, 1971,
Geologic map of the Denton Quadrangle, Central North Carolina,
U. 8. G. S. Geol. Quad. Map GQ-872, 1:62, 500,

Stuckey, J. L., 1965, North Carolina: Its Geology and Minerals Re-
sources: N. C. Dept. of Conservation and Development, 550 p.

Thomas, M. F., 1965, Some aspects of the Geomorphology of domes
and tors in Nigeria: Zeit. fur Geomorphologie, N. F. Bd, 9, p.
63-81.

Tuan, Yi-Tu, 1959, Pediments of southeastern Arizona: Univ. Calif.
Pub, Geog. v. 13, 163 p.

Twidale, C. R., 1971, Structural Landforms: Cambridge, Mass.,
M. L T. Press, 247 p.

Virginia Division of Mineral Resources, 1969, Natural features caused
by a catastrophic storm in Nelson and Amherst Counties, Vir-
ginia: Virginia Minerals, special issue 19 p.

Wayland, E. J., 1933, Peneplains and some other erosional platforms,
Annual Rept. and Bull, Protectorate of Uganda, Geol. Survey
Dept. , Nates 1, 74, p. 376-377.

White, W. A., 1950, Blue Ridge front-a fault scarp: Geol. Soc. Amer.
Bull., v, 61,p. 1309-46,

Willis, B., 1934, Inselbergs: Assoc. Am Geog. Ann.: v, 24, p. 123-
129,

» 1936, East African plateaus and rift valleys; Carnegie Inst,
of Washington, Pub, 470, 358 p.

Wolff, R, G., 1967, Weathering of Woodstock Granite near Baltimore,
Maryland: Amer. Jour, Sci., v. 265, p. 106-117,

30



POSSIBLE NEW MAJOR FAULTS IN THE PIEDMONT OF
NORTHERN DELAWARE AND SOUTHEASTERN PENNSYLVANIA

AND THEIR RELATIONSHIP TO RECENT EARTHQUAKES

By

Nenad Spoljaric
Delaware Geological Survey
University of Delaware
Newark, Delaware 19711

ABSTRACT

Study of ERTS-1 imagery, stream characteristics, foliation,
and aeromagnetic data shows that a number of previously unknown
major lineaments exist in the area of northern Delaware, southeastern
Pennsylvania, and adjacent portion of New Jersey. Some of theselinea-
ments are interpreted as faults on the basis of their similar appearance
with the known faults on the ERTS-1 imagery, partial correspondence of
several lineaments with the known faults, characteristics of stream
patterns, truncation of drainage divides, aeromagnetic lineaments, and
displacement of rock units along some lineaments.

No direct relationship between the newly discovered faults and
the recent earthquakes in northern Delaware and southeastern Pennsyl-
vania has been conclusively established. The earthquakes did not cause
any significant surface deformations. This may be the result of a deep
burial of the active fracture zones so they do not directly intersect the
surface, low energy level of the earthquakes, or the strain that has
been continuously building up has not yet reached the rupture level at
the surface.

The northeast-southwest trending set of faults extending from
Delaware through southeastern Pennsylvania to New Jersey generally
corresponds to a postulated major Appalachian crustal wrench - fault
zone,

INTRODUCTION

The strongest earthquake known to have occurred in northern
Delaware and the surrounding area took place in 1871 and had an esti-
mated intensity of VIL. Small tremors have been reported from time to
time which seem to have increased both in frequency and intensity in
recent years. The earthquake of February 28, 1973 had a magnitute of
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3. 8 and a maximum intensity of VI (Woodruff et al., 1973) This
earthquake was felt in a relatively large area encompassing parts of
Maryland, Pennsylvania, Delaware, and New Jersey. The epicenter
was located near Wilmington, Delaware and the focus was believed to
be less than 10 kilometers below the surface (Woodruff, et al., 1973).

Northern Delaware, where the earthquake was felt most infen-
sely, is a part of the deformed crystalline belt of the Appalachian Pied-
mont Province. The core of the belt is made up of Precambrian gneis-
ses, migmatites, and amphibolites comprising the Baltimore Gneiss.
These are overlain by younger crystalline and metasedimentary rocks,
To the north of the deformed belt is the Newark-Gettysburg Triassic
Basin filled with sedimentary rocks, basalts, and diabase sills and
dikes (Figure 1),

There are several major faults known in this region (Figure 1),
however, none in Delaware. For this reason the immediate earthquake
area has been investigated to determine if there are structural elements,
faults in particular, that might be related to the earthquakes.
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METHOD OF INVESTIGATION
Study of ERTS-1 Imagery

Several major lineaments are observed on the ERTS-1 imagery
(Figure 1). They generally trend north-south, northeast-southwest,
and northwest-southeast, appear to be unaffected by topography, rock
types, stratigraphic relationships, known structural boundaries and
structural elements, and locally have rock displacement associated
with them. At least three of the lineaments correspond with known
faults, or portions of the known faults.

The lineaments are usually straight, although some are slightly
curved, and are considered to be surface expression of vertical or
nearly vertical fracture zones (Mollard, 1957; Lattman and Parizek,
1964; Parizek, 1971).
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Study of Stream Patterns

Most of the lineaments observed on the ERTS-1 imagery can al-
so be recognized in the drainage patterns (Figure 2). Many streams
crossing the lineaments abruptly change their courses and for some dis-
tances are aligned with the lineaments. Such streams are usually ac-
companied by truncated drainage divides.

Several asymmetric drainage basins with major streams having
tributaries on one side only can be seenin the eastern part of the im-
mediate earthquake area (Figures 2 and 3). At least two such basins
are also observed in the western part of the area in the lower reaches
of Red Clay Creek (Figure 2). Many streams have pincer like upper
reaches, although they are not apparent at the map scale.

Study of Aeromagnetic Data

There are several distinct magnetic lineaments in the area
(Figure 4). The most prominent one is a northeast-southwest trending
long and narrow lineament extending toward the Triassic Basin to the
north and the Coastal Plain to the south. Various other long lineaments
are seen to the east and west of it trending approximately in the same
direction. The close correspondence between the ERTS-1 and magnetic
lineament a-a {Figure 4) is clearly seen.

DISCUSSION

Several different lines of evidence (ERTS-1 imagery, stream
characteristics, and aeromagnetic data) suggest that some of the major
lineaments could be faults that have been previously unknown. This
conclusion is based on the similar appearance of the lineaments with
the known faults, their expression in the stream patterns, truncated
drainage divides, offsets of rock units, and pronounced aeromagnetic
anomalies associated with some lineaments.

Possible right-lateral offsets are indicated at several places
along the long northeast-southwest trending set of lineaments. For ex-
ample, at the Schuylkill River, where the lineaments cross the carbon-
ate belt, both the river and the.carbonate rocks seem to be displaced
in the same manner (Figure 1). A similar strike-slip is observed
along Brandywine Creek in northern Delaware (Figures 2 and 5); here
the drainage divide is truncated in the same direction as well. The
gtretched-out" magnetic anomalies (magnetic lineaments) correspond-
ing to the ERTS-1 lineaments could have also been produced by such a
deformation (Figure 4). A major right-lateral fault is also implied by
the characteristics of the foliation. In the western part of the area the
foliation attitude is aligned with the regional Appalachian structural
trend, has a dominant control over the orientation of major tributary
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Figure 2. The drainage systems 1n northern Delaware and southeastern
Pennsylvania (taken from U, S, Geological Survey topograph-
ic maps 1:62,500). The alignment of some stream channels
with the major ERTS-1 lineaments (dotted lines) is apparent.
The arrows point to the major truncated drainage divides.
The numbers refer to the asymmetric drainage basins inthe
immediate earthquake area.
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Figure 3. The asymmetric drainage basins in the
immediate earthquake area are interpreted as
being developed on faulted blocks. The main
streams flow along the faults while the tribu-
taries flow over the faulted blocks.
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Figure 4. The aeromaghetic map of the earthquake area (taken from
Higgins et al., 1973). The solid lines are known faults; the
dotted lines are postulated faults previously unknown. Note
a close correspondence between the major aeromagnetic
lineament and a postulated new fault (a-a). (Contour interval
100 gammas. )

streams, and was probably produced by a principal north-south com-
pressional stress (Figure 5).

In the central and eastern parts of the area the foliation attitude
makes an angle of about 40 degrees with the Appalachian structural
trend and has little or no control over the stream orientation (Figure
6). This remarkable deviation from the regional structural trend and
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Figure 5. Structural interpretation of the immediate earthquake area.
Although some of the small surface deformations fall close
to the faults, this is not considered a conclusive evidence
that the faults are indeed active at the surface (foliation taken
from Ward, 1959 and Thompson, Geology Department, Uni-

versity of Delaware, personal communication). .

the absence of the foliation with the same attitude in the western part of
the area could be explained by a major right-lateral fault dividing the
two portions of the study area. The rocks east of the fault could be
allochthonous, brought into the present site by movements along the
fault.

Another major ERTS-1 lineament showing offset, although of a
significantly smaller magnitude, crosses Hoopes Reservoir in northern
Delaware (Figures 1 and 5) and extends northward into Pennsylvania,
The offset is shown by lineations indicating possible rock displacements
(Figure 1). However, because of its small magnitude, it is not clear
whether it resulted from a lateral or vertical mcvement.

The asymmetric drainage basins in the immediate earthquake
area are believed to have been developed on a series of faulted blocks.
The main streams flow along the fault planes while the tributaries flow
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Fipure 6. The relationship between the orientation of the major tri-
butary streams and the attitude of foliation. The control of
the foliation on the tributaries in the western partof the area
is quite apparent. In the vicinity of Brandywine Creek andto
the east of it such a control is slight or nonexistent.

over the faulted blocks (Figures 2 and 3). The flow direction of the tri-
butary streams suggests that the blocks also tilted southeastward. One
of the faults has since been found in the field in the road cut for the
constructior. of the Interstate Highway 95 northeast of Wilmington, Dela-
ware (Figure 5).

CONCLUSIONS

The northeast-southwest trending set of lineaments, most of
which are believed to be faults showing right-lateral slip, generally
correspond with a portion of a major Appalachian crustal wrench-fault
zone postulated by Moody (1973). Although there is no evidence at pre-
sent to link the recent earthquake with any of the newly discovered
faults, it is reasonable to assume that the area is still tectonically
active no matter how imperceptible this activity may be at the surface.

There are no significant surface deformations directly associated
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with the earthquakes. However, small sink holes, cracks in driveways,
swimming pools, basement foundations, etc., have been reportedfrom
the immediate earthquake area (Figure 5).

The lack of observable movements along the faults may have been
due to a deep burial of the active zones with major fractures notdirect-
ly intersecting the surface at present, low energy level of the earth-
quakes, or it may indicate a continuous build-up of the strain at the
surface that has not yet reached the rupture level.
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OYSTER REEF SEDIMENTATION, BILOXI BAY, MISSISSIPPI

By

Charles M. Hoskin®
Department of Geology
University of Southern Mississippi
Hattiesburg, Mississippi 39401

ABSTRACT

Size-frequency distributions were determined for bottom sedi-
ments, collected by grab, from three living oyster reefs (27 samples)
and from two non-reef sites (33 samples).Oyster reef sediments were
found to contain 10 percent gravel (shells), about 60 percent sand (mix-
ture of fragmented shells and quartz), 15 percent silt and 15 percent
clay. Nearby non-reef sediment contained only traces of gravel, about
35 percent sand, 28 percent silt and 38 percent clay. Size-frequency
distributions of reef sediment were leptokurtic, and those for non-reef
sediments were platykurtic. Grainsize parameters of mean size, stan-
dard deviation and skewness did not distinguish between reef and non-
reef sediments.

Grainsize modes for sand and silt in reef and non-reef sediments
were similar. Sand grainsize modes were surprisingly variable, and
were found between 1. 88 to 3. 65% (0.272 to 0. 080 mm) respectively.
A well-developed textural inversion (mixture of rounded and angular
grains) in the interval between 1.25 to 1.50 & (0. 42 to 0. 35 mm) was
not detectable in size-frequency distributions. Silt grainsize modes
were found at 4. 25 and 6. 75% (0,053 and 0.0094 mm) respectively.
Grainsize modes for sediment in reefs matched fairly well with grain-
size modes for sediment recovered from the exterior of living and
dead oyster shells in the reefs.

Measured current velocities ranged up to 0. 94 ft/secat the sur-
face, and near bottom currents met the threshold velocity of 0. 5 ft/sec
for erosion and transport of fine sand. Suspended sediment loads rang-
ed between 58 and 183 mg/l, tending to be greater down-wind in both
reef and non-reef environments. Suspended sediment load varies with
the wind, decreasing with decreasing wind velocity.

*Present address: Institute of Marine Science, University of Alaska,
Fairbanks, Alaska 99701
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INTRODUCTION

Oyster reefs grow to form bathymetric shoals of relatively
great surface roughness. They accumulate sediment in at least three
difference ways; (a) the oyster shells themselves, (b) the aggregate of
oyster shells form a physical baffle in the manner described by Gins-
burg and Lowenstam (1958) which may reduce water flow sufficiently to
result in gravity settling of suspended particles, and (c) the living oys-
ters, mussels, barnacles, bryozoans and their associates arc filter-
feeders, obtaining their food by actively purnping and filtering tlie water
in which they live. Oysters physically separate organic and inorganic
particles, directing organic bits into their alimentary tract, and eject-
ing the inorganic particles as pseudofeces, weakly bonded by mucus.
These feces and pseudofeces may accumulate in the reef environment,

Environmental Setting

Five different sites were studied; (1) St. Louis Bay, a 10-square
mile body of shallow brackish water north of the U. S. highway 90
bridge with no active oyster reefs; Square Handkerchief Shoal, a com-
mercially important oyster reef in Mississippi Sound, lies three miles
south of the bay mouth. Site (2) is an oyster reef in northwest Biloxi
Bay, about thirty miles east of St. Louis Bay. The dimensions of the
Biloxi Bay Reef are 1, 5(E-W)x 0,5 (N-S) miles. It is growing in three-
foot water (mean low water datum) and is closed to oyster fishing. Site
(3) is an oyster reef, about 0. 3 miles long, growing on a submerged
spoil bank 0.2 miles northwest of the sand spit on Marsh Point, Site
(4) is a small oval oyster reef, about 30 feet in diameter, growing on a
spoil bank that is emergent at low tide in Davis Bayou (Figure 1). Many
growing oysters were seen on this reef in late summer 1971, but obser-
vations by diving with a face mask in early summer 1972 showed that it
was now mostly dead shells. Site (5) is an oval, emergent spoil bank,
80 ft. (N-S) x 140 ft, (E-W), located 0. 3 miles east of site (4} in Davis
Bayou. No living oysters were seen on this spoil bank, but disartic-
ulated oyster shells were found, ahout 1 shell per 10 square feet. A
population of fiddler crabs (Uca ?)was living there which had excavated
their burrows near the low water line. These crabs remove sand from
their burrows by forming the grains into balls 3-5 mm in diameter.
The exposed part of the spoil bank adjacent to the low water mark was
covered with these sand balls. The balls were cohesive enough to be
picked up by hand, but disintegrated when placed in water. Presum-
ably these sand balls would not survive in the geologic record. Hartnoll
(1973, pls. 1 and 2) has described and illustrated similar sand balls
made by the crab Dotilla fenestrata in East Africa. The thin layer of
sand covering red and yellow mud of the spoil bank in Davis Bayou was
produced by the sand-quarrying of the fiddler crabs. The age of this
red and yellow mud is probably Pleistocene (Otvos, 1972, Fig. 2, p.
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Figure 1. Index map of Biloxi Bay area, Mississippi. Traced
from U. S. Dept. of Commerce Nautical Chart 876-SC.

225; Otvos, 1973).

Location of sites (2) to (5) is shown in Figure 1. The environ-
mental setting for St, Louis Bay was reviewed by Hoskin (1971a), and
Biloxi Bay is judged to be similar, except for greater concentration of
human activity in the latter. Local '""bedrock' is unconsolidated red and
yellow mottled sand and mud, probably of Pleistocene age. This mate-~
rial is covered by a layer of gray, unconsolidated silt and clay only a
few feet thick, as channel dredging commonly exposes the brightly-
colored underlying deposits in cuts no deeper than 6 feet. Sediment
movement caused by trawling for bait shrimp, channel dredging and
propeller wash was observed to occur almost daily.

Upshaw et al, (1966) published data for regional characteristics
of salinity, water temperature, water circulation, water depth (see al-
so U. S. Dept, of Commerce 1970), and a sediment map showing ratios
between three grainsize components (their Pl. 3). Priddy et al. (1955)
published some chemical and grainsize data for Biloxi Bay and Davis
Bayou. Upshaw et al. (1966) and Priddy et al. (1955) showed that silt
and clay were major components of the bottom sediment. Humm and
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Caylor (1957) described the summer marine algae of Davis Bayou.
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SEDIMENTS
Previous Work

Except for Gunter and Demoran (1971) and Cullen (1962), most
earlier studies of oyster-sediment relationshipshave involved aquarium
experiments with living oysters; surprisingly, Galtsoff's (1964) review
contains little data on this subject. Loosanoff and Tommers (1948)
showed that increasing the amount of suspended sediment caused a de-
crease in the rate of water pumping by the oyster. Mackin (1956) show-
ed that oysters were able to remove about 10 percent of the turbidity
caused by adding natural mud from Bayou Rigaud, Louisiana, to the
water, in the range of 100 to 700 mg/1l. Lund (1957a, Table 1, p. 304)
found that one oyster would produce 1. 67 cc of pseudofeces and 0. 74 cc
feces (total deposited volume 2, 41 cc) per day, and that increasing the
rate of flow of turbid water increased the volumes of pseudofeces and
feces produced. Lund's data (1957b) showed that on a dry weight basis,
one oyster could deposit 0. 82 gm of sediment per day, or between 5 and
23 percent of the suspended sediment load supplied to the oyster. The
rate of oyster deposition was found to be 7.88 greater than gravity
settling, and that dead shells did not cause accumulation of sediment
significantly different from that of gravity settling in the absence of
shells, Haven and Morales-Alamo (1966) determined from laboratory
experiments that oysters deposited 0.23 gm of sediment per day per
oyster over a 6 month period. Deposition of mud by oysters was 6
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times as great as the deposition due solely to gravity settling. Proko-
povich (1969) studied the clam Corbicula fluminea Muller living in con-
crete-lined canals in California and found that a clam weighing one
gram could cause deposition of 5.4 grams of sediment per year from
water having an average suspended sediment load of 30 mg/l. The
average grainsize composition of the clam-caused deposits was 25-30
percent gravel (clam shells), 30-50 percent fine sand (inorganic sili-
cates) and 20-30 percent mud with a dominant grainsize mode smaller
than 7. 65% (5 microns).

Standard grainsize analyses of oyster-caused deposils have not
been found in the literature, but Haven and Morales-Alamo (1960) re-
ported that microscope examinations showed that 95 percent of the par-
ticles deposited by oysters were smaller than 8.43% (3 microns).
Jorgensen and Goldberg (1953) showed that oysters retain and subse-
quently deposit particles between 9.0 to 8.4 3% (2 and 3 microns), and
that particles smaller than 9.8 and 9.0% (1l to 2 microns) are not re-
tained.

It appears that sediments accumulated in oyster reefs might be
recognizably different from sediment accumulated nearby, but outside
the influence of the reef, as suggested by Lund (1957b). The data pre-
sented here document some of these differences.

Field Methods

Sediments were collected by various samplers, and it is believ-
ed that no bias has been introduced through the use of different sampling
devices, St. Louis Bay (sampled summer 1970), Marsh Point and
samples 1-4 from the Biloxi Bay Reef were Phleger cores, samples 5-
12 in Biloxi Bay were taken with a Petersen grab, and samples from
the Bayis Bayou Reef and Spoil Bank were scooped up by hand. The
Davis Bayou samples were collected on short north-south and east-west
traverses, Samples 1, 4, 7 and 10 were taken one foot seaward of the
low water mark, samples 2, 5, 8 and 11 were taken 6 feet seaward,
and samples 3, 6, 9 and 12 came from 15 feet seaward of the low water
mark. These sampling stations are shown in Figure 1.

Suspended sediments were recovered from 5 gallon water sam-
ples taken by immersion of polyethylene bottles. Sampling stations
were located in the field by horizontal sextant angles or compass tra-
verses, and were plotted on nautical charts in the field. Sediment was
stored wet, with no preservatives in polyethylene bags.

Laboratory Analysis
Wet sieving with tap water was used to separate gravel and sand
(retained on a2 4,0 3 , 0.0625 mm screen) from silt and clay. The

gravel and sand were oven dried and standard dry sieve analyses made
at 1/4 ? intervals. Particles passing through the dry 4.0 % screen
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were added to the wet silt and clay. Organic matter and aggregates
were destroyed by digestion with Hp07, and standard pipet analyses
made for the mud fraction (Folk, 1968). Cumulative curves were plot-
ted on arithmetic paper, grainsize components determined, descriptive
statistical parameters computed based on the Folk and Ward (1957)
formulas, size-frequency curves drawn by construction (Folk, 1968, P
42-43), and grainsize names assigned after Folk (1954),

Grainsize Components

Results of grainsize analyses for St. Louis Bay are reported in
Hoskin (1971a, Table 2, p. 19-20) and for the Biloxi Bay - Davis Bayou
area in Hoskin (1972, Table 1, p. 3 -31); these data are also shown as
size-frequency distributions, Figures 2-7.

Gravel. Particles larger than - 1.0 % (2.00 mm) are gravel,
and with one exception, gravel from this area is composed of calcium
carbonate shells, mostly oysters. Most samples from the reef in
Biloxi Bay (Figure 3), Marsh Point (Figure 4) and Davis Bayou (Figure
5) contain gravel, Because individual samples were only a fewhundred
grams, accurate size data for the gravel fraction are lacking, The
average size of 33 living "mature" oysters from the Marsh Point reef
was -6,1% (70 mm). Average gravel content of the three reefs sampl-
ed was about 10 percent. Areas not supporting oyster reefs contain
little gravel; the average gravel content of St. Louis Bay (Figure 2)and
Davis Bayou Spoil Bank (Figure 6) sediments was less than 1 percent.
Gravel from the Davis Bayou Spoil Bank was composed of ironstone con-
cretions, probably of Pleistocene age,

Sand. Sand from this area contained two components; (1) detri-
tal quartz grains which occur mainly in the size range between 1. 0 to
4.0% (0.5 to 0. 0625 mm), and (2) fragmented calcium carbonate skele-
tons of oysters, other mollusks, barnacles and encrusting bryozoans.
The carbonate skeletons contribute particles in a continuous spectrum
from the largest gravel down to about 1.0 (0. 5 mm). The change in
sand composition from carbonate to quartz can easily be detected in
Figures 2-7 as the greatly increased slope of the size-frequency curv-
esat 1,03 .

In the Biloxi Bay area, waves are small and do not form surf,
except during storms. Interestingly, a large portion of the carbonate
shells in these sediments are broken. If the shells are not broken by
waves, what process is responsible? In the rock record, geologists
might interpret broken shells in terms of waves, whereas biological
comrrinution is probably the main cause. McDermott (1960, Figure 3,
P. 206) has shown that a mud crab, Panopeus herbsti, has broken
oyster shells up to 54 mm long. Menzel and Hopkins (1956) have shown
that the stone crab, Menippe mercenaria, can break the largestoysters,
and these investigators estimated that 3 to 12 percent of all "planted'
oyster were killed by stone crabs in Louisiana. Menzel and Hopkins
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(1956) also suggested that the fishes, black drum, sheepshead and
skates, among others, are important shell-breakers in the oyster reef
community.

Although there are not enough data to be unequivocal, and avail-
able data overlap, it apears that oyster reefs contain more sand than
adjacent, but non-reef environments. This suggestion is augmented by
recording echo-sounder data. When crossing reefs, multiple reflec-
tions occur between the water- sediment and water-air interfaces, and
this is usually interpreted as 'hard' bottorn. Soft mud areas surround-
ing the reefs do not produce these multiple acoustical reflections witha
200 KHz system. These multiple reflections are believed to come from
quartz sand bottom rather than oyster shell bottom because the multiple
reflections first appear on a traverse at the transition between soft un-
consolidated mud and firm quartz sand. This transition is located
many years seaward, and in slightly deeper water than the area of
abundant oysters. Observations by Walter Siler (personal communica-
tion 1970) show that in Davis Bayou, an oyster reef grew on a spoil
bank containing enough sand to form a sand substrate, and that oyster
reefs did not grow on muddy spoil banks. Therefore it seems likely
that the sand substrate is required for colonization by the oyster com-
munity.

An intriguing aspect of these sands is the strong textural inver-
sion in the coarser grains. The usual distribution of roundness in sand
is for the larger grains to have greater roundness (MacCarthy, 1933).
Sediment composed of coarse angular grains and small round grains, or
round and angular grains in the same size fraction are described as
containing a textural inversion (Folk, 1968, p. 14). The geologic signi-
ficance of a textural inversion is the implication of two sources of
particles, one source for angular grains, another for rounded grains,
In these coastal Mississippi sands, the interval between 1.25 to 1. 50%
(0. 42 to 0. 35 mm) contains a mixture of rounded and angular grains.
This inversion has been found in St. Louis Bay (Hoskin, 1971b),
Biloxi Bay and Davis Bayou (this report) and Dauphin Island Gulf beach-
es, Alabama (personal communication, John A. Phillips, 1972).

Silt and Clay. Particles between 4.0 and 8.0 % (0. 0625 and
0, 0039 mm) are silt, and particles smaller than 8.0 3 are clay. Size-
frequency distribution data are not easily acquired for the clay-size
range, and thus the distributions shown in Figure 2-7terminate at 8,0
% , Overlapping data do not permit a clear-cut statement, but it ap-
pears that for both silt and clay, oyster reefs contain less fines than
adjacent non-reef areas,

Sand and Silt Grainsize Modes
Grainsize modes may provide fingerprints, identifying specific

sources of particles, as suggested by Folk and Ward (1957). The pur-
pose of the following discussion is to describe the sand and silt
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grainsize modes found in reef and
non-reef sediments of St. Louis and
Biloxi Bays, If significantly different
grainsize modes arefound for these
two environments (and the sampling
design is not faulty), then specific
grainsize modes might provide clues
to specific processes operafting in
reef and non-reef environments.
The author judges these data to be
preliminaryonly, and the above goal
is not yet achieved,

St. Louis Bay samples report-
ed here do not contain enough sand
to enable accurate placement of sand
modes, and therefore only two sand
modes are shown in Figure 2. From
other data, the commonest sand
mode in St. Louis Bay is 2.25 }
(Hoskin 1971b, Fig. 5, p. 182).
Davis Bayou sand modes from the
Spoil Bank (Figure 6) range between
2.25t52,75% , averaging 2.50%?
(0. 177 mm); from Davis Bayou Reef
(Figure