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ESTIMATION OF IN SiTu POROSITY BY ELECTRIC RESISTIVITY SURVEY: A
CASE STUDY IN THE EASTERN SHORE OF VIRGINIA

ALl A. NOwR0OzI AND DONALD P. SWIFT

Department of Ocean, Earth and Atmospheric Sciences
Old Dominion University
Norfolk, VA.

ABSTRACT

Inversions of 136 Schlumberger field
curves and water quality parameters from
96 screen-elevation wells across the Eastern
Shore of Virginia are used to obtain in situ
porosity maps at several depths. In addition,
empirical equations are derived for estima-
tions of resistivity, formation factor, total dis-
solved solids and porosity at any depths.

Inversion of surface resistivity field
curves over the Eastern Shore of Virginia
provides values of rock resistivity (Rs) as a
function of depth (h). Rock resistivities are
calculated for 3, 5, 10, 20, 30, 40, 50, 60, 70,
100, and 130 m respectively at all 136 loca-
tions. The resistivity values are used to con-
struct resistivity maps at these depths as well
as resistivity profiles across the area. For the
entire Eastern Shore, equation Rs = 902.46*h-
0.6336_ with a multiple correlation coefficient
of R2 = (0.9773, gives the average rock or sedi-
ment resistivity in ohm-meters ((2m) with
depth. Pore water electrical conductivity
(Con) in micro-siemens /cm (uS/cm) and total
dissolved solid (TDS) in mg/l are also avail-
able for 96 water samples taken from the wa-
ter of wells in a series of water research
stations within the Eastern Shore. Variations
in average pore water conductivity (Con)
pore water resistivity (Rw), and total dis-
solved solids with depth (TDS) are calculated
by curve fitting. The equations are: Con =
167.85%¢0-0272*h Rw = 67.767%e0-0217*h and
TDS = 154.91%¢0-0251*h with multiple correla-
tion coefficients of 0.8376, 0.8296, and 0.5217,
respectively. From these equations, maps and
profiles of resistivity formation factor, F,
(where F = Rs/Rw) are constructed. Archie’s
law is then used for a sandy formation, F =

0.62*¢ —2-15, to construct porosity maps and
porosity profiles. Variation of porosity with
depth may result from lenses of high porosity,
perhaps related to old paleochannels and sed-
iments with higher clay content. The values of
porosity vary between and within each pro-
file, from about 15 to 85%. However, the av-
erage porosity between profiles varies from
31.96 to 51.77 % with a grand mean of 42%;
while, the average value within the profiles
varies from 23.07 to 51.43 with a grand mean
of 41.15%. The average estimate of resistivity
formation factor, total dissolved solids, and
porosity at any depth are calculated from
equations presented in this work.

INTRODUCTION

Porosity is essential for estimation of the
storage capacity of aquifer as well as of petro-
leum reservoirs. In addition it is vital informa-
tion for flow modeling, cleaning of the polluted
areas, and remediation of soil and rock forma-
tions. In the petroleum industry, sonic, density,
and neutron logs are tools of choice for estima-
tion of porosity. However, for ground water
evaluation in near-surface aquifers, estimates
are more commonly based on core samples.
There are limited data on porosity of aquifers in
the Eastern Shore. The lack of real porosity data
forced Richardson (1992) to assign a porosity
of 0.25 to all layers in her modeling of ground
water flow and saline intrusion in this region.
Porosity, however, is not constant for each layer
and a higher porosity could affect her conclu-
sions significantly. Swift (2003) reported poros-
ity of core samples from a limited area of the
Eastern Shore in vicinity of Oyster, Virginia.
His collection is restricted in depth, from sur-
face to about 10 m. An analysis of this data
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Figure 1. Map of the Eastern Shore of Virginia,
indicating the central position for 136 Schlum-
berger soundings (crosses). Lines AB, CD, EF
and others show the positions of profiles.

shows a nearly normal distribution with a mean
porosity of about 36.22% and a mode of 40%.

Goff and others (2002) used extensive box
coring and resistivity data from the Eel shelf
(Northern California) in modeling two sites.
They employed a 7-cm diameter tube core and
high resolution Wenner-type resistivity probe to
measure the formation factor (Andrews and
Bennet, 1981; Wheatcroft and Borgeld, 2000)
and employed Archie’s equation (1942) to cal-
culate porosity. They assumed that ionic com-
position and resistance of the bottom water and
pore water are the same. Their data are also lim-
ited in depth from surface to 15 cm; based on
their report, porosity shows a large variability
with the mean porosity varying from about 55
to 70%.

In this paper we have assembled inversion
results of Schlumberger field curves at 136 lo-
cations (Figure 1), and parameters of water
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Longitude

Figure 2. Solid circles show the position of the
ground water research stations; each well may
have up to six screens. Modified after Fennema
and Newton 1982.

quality from 96 screened-elevation wells in the
water research stations across the Eastern Shore
(Figure 2). Using Archie’s equation we calcu-
late porosity and other parameters up to a depth
of 130 m.

GEOLOGY AND HYDROGEOLOGY
OF THE AREA

Geology

The Eastern Shore is part of the Coastal Plain
province of Virginia separating Chesapeake
Bay from the Atlantic Ocean. The area is nearly
flat with a maximum elevation of about 20 m.
The stratigraphy of the area consists of consoli-
dated and unconsolidated sediments of Creta-
ceous to Holocene age that gently dip and
thicken eastward (Foyle and Oertel, 1992).
Quaternary sediments unconformably overlay
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Figure 3. Schematic diagram of aquifers and generalized flow lines of the Eastern Shore from
Richardson 1992. The Columbia, upper, middle and lower Yorktown-Eastover aquifers are main

sources of freshwater on the Eastern Shore.

Tertiary glauconitic sand and silt that in turn
overlies a basement of undifferentiated crystal-
line rocks of Precambrian to Jurassic age (Mix-
on, 1985). About 35.5 million years ago an
astronomical body is believed to have impacted
this area and formed the Chesapeake bolide
structure. The impact center is near the city of
Cape Charles in the Eastern Shore. The maxi-
mum relief of the faulted rim of the bolide struc-
ture is about 1.3 km and the thickness of
sediments above the impact structure is 300 to
500 m (Poag, 1966). The structure is deeper
than the zone of interest for this paper.

Hydrogeology

The study area has one unconfined and sev-
eral confined aquifers. The near-surface Pleis-
tocene Columbia aquifer is unconfined. The
deepest, the Lower Potomac Aquifer, is Lower
Cretaceous in age (Meng and Harsh, 1988; Ri-
chardson, 1992; Figure 3, this paper). The water
qQuality measurements by Fennema and Newton
(1982) are limited to the Pleistocene, and to Up-

per, Middle, and Lower Miocene strata. There-
fore, our analysis is valid only for these units.
They report that several wells reach to sedi-
ments of the Lower Miocene age at a depth of
about 100 m. The Pleistocene aquifer consists
of fine to medium sand, separated by layers of
silt from underlying Miocene aquifers. The
three Miocene aquifers consist of a combination
of fine gravel, sand, silt, clay and shell frag-
ments. Generally silt layers separate the Mi-
ocene aquifers from each other, but in some
areas these units are not easily distinguished.
The lithology varies laterally much more in the
East-West direction than in the North-South di-
rection. Using stream resistivity surveys in Del-
marva coastal bays and analysis of core
samples, Manheim and others (2002) discov-
ered a large-scale submarine discharge distrib-
uted in the middle Delmarva coastal region to a
depth of 30 m below the sea floor; they attribut-
ed this discharge to sharp changes in vertical li-
thology of coastal and submarine sediments.
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Figure 4. Four examples of resistivity field curves and their interpretation. Open circles are the
digitized field curves; the staircase lines are the interpreted models, the dashed lines are the
result of calculation for the given model. The results of interpretation are also presented.

FIELD WORK AND
INTERPRETATION

Schlumberger Resistivity
Soundings

The central positions of 136 Schlumberger
resistivity soundings and the direction and
length of several profiles are presented in Fig-
ure 1. The details of field methods and the in-
version processes are explained in Nowroozi
and others (1999 and 2003) and are not repeated
here. Briefly, the AB/2 spacings are: 1, 2, 3, 5,
7,10, 12, 16, 20, 24, 30, 40, 50, 60, 80, 100.
120, 150, 200, 250, and may even include some
300 and 400 m. The MN/2 spacing varies from
0.2 m to about 10 m, depending on the potential
drop across the M and N electrodes. Always
AB/2 was greater than 5 times MN/2: this is a
recommendation for deployment of the
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Schlumberger arrays. The maximum current
electrodes spacing employed in the field is suf-
ficient for a penetration depth of 130 m or more.

Interpretation of Resistivity Field
Curves

For interpretation of the field curves several
programs were used (Zhdanov, and Keller,
1993, Interprex Limited 1999, Zohdy and Bis-
dorf 1989a and 1989b). For brevity, four field
curves and their interpretations are presented in
Figure 4. Assuming horizontal layering, the in-
version process produces rock resistivity, or
sediment resistivity, Rs, as function of layer
thickness or depth, h. The results for all the
soundings were put in the form of a large data
matrix. The matrix has 15 columns, where the
columns represented station number, station
name, their latitude, longitude and resistivity at
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Resistivity at 20 meters depth

Latitude

SCALE
1:7 2Iﬂ Miles

372

T
20 Kilometers

371

@ <
o w
~ ~

Longitude

Figure 5. Resistivity map for 20 m depth; con-
tour interval is 10 m. The 10 and 20 ohm —meter
contour lines are presented by heavy lines.
They may represent the interface between
brine and fresh water.

depth of 3, 5, 10, 20, 30, 40, 50, 60, 70, 100 and
130 m respectively. The rows of this matrix
consist of information related to the 136 field
stations. Contour maps of resistivity are pro-
duced at 11 depths, from 3 to 130 m. They may
show the position of saltwater intrusion and pa-
leochannels as discussed by Nowroozi and oth-
ers (1999 and 2003). For example, Figure 5, and
Figure 6 show resistivity maps at 20 and 130 m
depths respectively. Heavy contour lines indi-
cate the areas covered by resistivity values less
than 20 Qm. Most probably, they show the hor-
izontal extent of brine water intrusion at these
depths. In construction of resistivity profiles,
sections are made from each map at various di-
rections as shown in Figure 1. The sections are
marked as AB CD, EF and others. The results
are put in another large-grid data matrix. This

Resistivity at 130 meters depth
o ©

Latitude
375 376 37.7 37.8 37.9 38.0
374 375 376 37.7 37.8 379

374

37.3
373
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37.2

T
20 Kilometers
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371

< [ © <

ol w w0 w

~ ~ ~ ~
Longitude

Figure 6. Resistivity map for 130 m depth; the
contour interval is 10 -m. The 10 and 20 10 -m
contour lines are presented by heavy lines. At
this depth saltwater appears in the area of
Wachapreague, Acomack, Onancook, Chin-
coteague and bay side of Eastville.

matrix has latitude, longitude, resistivity and a
constant depth for each crossing of the resistiv-
ity map. The Surfer program (Golden software,
1994, version 6) is used to create the grid ma-
trix. It is also used for construction of the resis-
tivity maps and profiles. Figure 7 shows the
resistivity profiles along GH, 1J, and KL direc-
tions. Heavy lines mark the interpreted loca-
tions of the paleochannels; the brine water
intrusions are marked by heavy dashed line.
On following pages, we present a procedure
for calculation of porosity using the electric
sounding method. In addition we display sever-
al porosity maps and porosity cross sections in
the Eastern Shore. We use the average resistivi-
ty at each depth, resistivity maps, resistivity
cross-sections, and water quality data reported
by Fennema and Newton (1988) to present
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Figure 7. Resistivity profiles along IJ, GH, and KL directions. The dashed lines indicate resistivity
contours with less than 20 O-m; they may represent the freshwater-brine water interface. The
heavy solid lines indicate contour lines with resistivities of 100 to 130 Q-m. They may indicate

paleochannel boundaries.

these findings.

METHODS OF CALCULATION
Basic Data

Fennema and Newton (1982) present water
quality measurements for 110 wells: however
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only 96 measurements include both conductivi-
ty and total dissolved solids. In addition to well
numbers, each observation is identified by let-
ters S, A, B, C, D and E. The letters refer to wa-
ter-well screening classifications. They also
provided the screen elevation. Screen S is in
Pliocene, while Screen A is in Upper, B in Mid-
dle and C, D and E are in Lower Miocene strata.
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Table 1: Mean value of conductivity in pS/cm, total dissolved solids in mgr/L and pore water resis-
tivity in ohm — meter. The STD next to each column is the standard error of the mean for that

parameter. -
Screen  neoth  Con STD
Name
S 7.381 235.1 17.39
A ‘ 29.551 ‘ 299.96 24.18
B o 52.358 ‘ 787.48 208.82
C 79.209 . 2520.74 7 51?317
D 71.065 983.86 . 59.00
E 77.470 893.50 12.50

Variability of the entire 96 data points is rather
large, but a large variation in conductivity ap-
pears to be normal for the aquifers in the Coast-
al Plain of Virginia. More recent measurements
also show large variation in water quality data;
for example, Focazio and others (1993) report-
ed 250 to 4380 uS/cm for conductivity in the
Yorktown-Eastover aquifer. They also reported
arange of 250 to 8000 and 171 to 10,200 puS/cm
for other aquifers in the Coastal Plain.

Table 1 presents the means and standard er-
ror of the means (STD), for Con, TDS and Rw
as a function of depth. We assume that these da-
ta are a good representative for the entire East-
ern Shore, and develop functional relationships
between depth and different parameters.

ANALYSIS OF WATER QUALITY
DATA

General

Equation (1) presents an exponential rela-
tionship between conductivity and depth, h in
meters.

Con = 167.85%¢-0.0272*%h, (1)
The multiple correlation coefficients (R2) for
this relationship is 0.8376, this is corresponding
to a correlation coefficient of 0.915, which is
very satisfactory.

The pore water resistivity is given by, Rw =
10000 / Con, where resistivity is in Q-m, and
conductivity is in pS/cm. The relationship be-
tween Rw and h is:

TDS STD Rw STD
145.9 10.93 » 44.72 3.47
546.74 ‘ 313.57 | 52.01 ‘ 11.97
515.77 154.69 23.96 | 2.38
3440.44 1794.87 | 15.50 | 3.07

' 580:67 ) 63.76 10.24 ‘ 0.62
» 481.00 ' 15.00 77;.719 ‘ 0.16

Variation of TDS, Con and Rw with

depth
4000
§ 3500 | y = 167.85e%047% J
E R? = 0.8376
% 3000
g8 _ 0.0251x
2 § 2500 | yrioegis .
£ 2 R?=0.5217 <708
c E 2000 -
8% y = 67.767¢ 0417 iy
: £ 1500 2 4Rw
£3 1 R? = 0.8296
g«
g 1000
8 500
=
0 : : ,
0 20 40 60 80

Depth in meters

Figure 8. Variation of average total dissolved
solid, TDS, Conductivity, Con, and pore water
resistivity, Rw, with depth.

Rw = 67.767%¢-0.0217*h ()
The value of multiple correlation coefficients is
0.8296 corresponding to a correlation coeffi-
cient of 0.911, which is again very satisfactory.
The relation between total dissolved solids and
depth is

TDS = 154.91%-0.0251%h 3)

This relationship has a multiple correlation co-
efficient of 0.5217 corresponding to correlation
coefficient of 0.72, which is acceptable. Figure
8 shows the plot of equation 1, 2 and 3 and the
average parameters. Also, there is a linear rela-
tion between total dissolved solids and conduc-
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Figure 9. Linear relationship between pore
water conductivity and total dissolved solids.

tivity in the form
Con=0.7921*TDS (4)

This relationship, Figure 9, has a multiple cor-
relation coefficient of 0.7802; this is equivalent
to a correlation coefficient of 0.88. The experi-
mental work of Greenberg and others (1980) al-
so required a linear relationship between total
dissolved solids and conductivity in the form of
TDS= K*Con, where constant k varies between
0.98 and 0.55.

Calculation of Average Rock
Resistivity

The rock resistivity was calculated from in-
version of 136 field curves. The means of Rs for
136 inversion field curves at depth 3 to 130
were calculated. A power law best represents
the variation of Rr with respective depth:

Rs = 902.46#h-0-6336 ®

Equation (5) has a multiple correlation coeffi-
cient of 0.9773. This corresponds to an excel-
lent correlation coefficient of 0.989: a plot of
the original data and equation 4 is shown in Fig-
ure 10.

RESISTIVITY FORMATION FACTOR
AND POROSITY

Archie’s Law

The conduction of electric current in saturat-
ed sediments and rock formation is mostly elec-
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Variation of average rock resistivity

with depth
600
y = 902.46x0933¢
500 |, R?=0.9773

H
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« avrRr
|— Power (avr Rr)

Resistivity in Ohm-m
w
o
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o

1004 *

0 30 60 90 120
Depth in meters

Figure 10. Variation of average rock resistivity,
Rs, with depth.

trolytic and depends on pore water resistivity,
Rw, rock resistivity Rs, and porosity, ®@. Equa-
tion (6) presented by Archie (1942) gives their
relationship,

F=Rs/Rw=a*p 6)

(See also Ward, 1990). In this equation F is
known as the resistivity formation factor, while
a, and m are constants related to rock type. The
constant m is commonly known as the porosity
exponent or cementation factor, and the con-
stant a is the coefficient of saturation. The value
of a is between 0.6 and 1.5, while the value of
m falls between 1.6 and 3 (Sheriff, 1981 ).

Calculation of the Resistivity
Formation Factor and Porosity

As the ratio of Rs / Rw is the resistivity for-
mation factor, we obtain after substitution from
equation 3 and 2:

F =Rs/Rw = (902.46%h-06336 /67 767+-0.0217%h) 7,

For sandy sediments similar to the formation in
the Eastern Shore a = 0.62 and m =2.15 may be
used. Archie’s equation with these constants is
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Table 2: The mean value of sediment resistivity, Rs, formation factor, F, porosity, ¢, and the stan-

dard error of the means of each parameter are also presented.

Screen

Name Depth Rr STD
s 7381 34196  31.39
| A ‘ 29.551 ‘ 175.32 . 43.94
| Bi ‘ 52.358 . 79.26 . 4.98
E 79209 7 57.31 . 1.22
D 7 ;1.065 - 60.567 ) aOO
E 77.470 57.34 707007 1

known as Humble Formula (Schlumberger web
site, 2004), and given by:
F=0.62%d-2.15 (8)

This equation or its equivalent is applied for
studies related to resistivity of brine- saturated
sands in pore geometry (Winsauer and others
(1952).

After substitution for F from equation 7 we can
write

(902.46%h-0.6336 / 67.767%e-0.0217*h) = () 62*D-2:15 (9)

It is also possible to use either conductivity or
total dissolved solids for calculation of Rw.
Instead Rw = 67.767%*e-0-0217*h it is possible to
use Con directly, then

Rw = 10000 /167.85%¢-0-0272*h (10)

In Equation 10, the constant 10000 is intro-
duced to change the units of pS/cm to Qm.
Then Equation 9 changes to

(902.46+h-06336% 67 85%e-0:0272h)/10000=0.62#D-215 (1)

The value of Rw may also be calculated by us-
ing total dissolved solids. Using equation 4 and
10 it follows that

Rw = 10000/0.7912#TDS = 10000/ 0.792%154.91%¢-
0.0251%h (12)

After substitution, it follows that

(902.46% h —0.6336x(). 792%154.91% e —0.0251*h ) / 10000 =
0.62%@ -2.15 (13)

In equations 7, and left side of equations 11 and
13 all the coefficients are known. Thus, for any
value of depth h, the equations give the resistiv-

F STD o STD
860 214 3391 297
458 081 5048  4.88
5.6 136 4451  2.49
1409 294 3723 416
596 036 3499  0.99 |
512 0072 37.44 §0.24 |

ity formation factor. Also, as left sides of equa-
tions 9, 11, and 13 are known; thus, for any
given depth h the equations give the porosity.
We will see later that the value of porosity does
not change more than 2% between calculation
based on the resistivity formation factors ob-
tained from Rw, Con or TDS.

The Humble equation has a range of applica-
bility (Winsauer and others (1952); Schlum-
berger web-site 2004). The equation gives a
porosity of 100% if F = Rs/Rw = 0.62. For
smaller value of F it will give a porosity value
that is erroneously higher than 100%. In few
cases when Rs< 0.62*Rw, the calculated poros-
ity was abnormally high. These cases were iso-
lated and discarded. However, when Rs >
0.62*Rw porosity is under 100%. For example
for resistivity formation factor of 0.7, 1.0, 4.3
and 60.0, the porosities are 94.5%, 80.06%,
40.63% and 11.92% respectively. The first two
cases may result from clay layer saturated with
salt water. The last two cases may result from
sandy strata saturated with fresh water.

Table 2 presents the values of Rs, F and @,
and their standard errors of the mean. Figure 11
presents variations in pore water resistivity, re-
sistivity formation factor, and porosity with
depth. In this Figure, the equations 2, 5, 6 and 9
are used for calculations of the pore water resis-
tivity, sediment resistivity, formation factor, and
porosity, respectively. Depth varies from sur-
face to 130 m in 5-m intervals. These parame-
ters at the screen positions are also plotted. The
agreement appears very good.
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Variation of pore water resistivity,
formation factor and porosity with

depth
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Figure 11. Variation of pore water resistivity,
resistivity formation factor and porosity with
depth. These parameters at positions of
screen S, A, B, C, D and E are also plotted.
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Figure 12. Variation of formation factor at a
depth of 30 m.
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Porosity at 3 meters
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Figure 13. Porosity map at 3 m depth. Porosity
values are in%.

CONSTRUCTION OF MAPS

Map of Resistivity Formation Factor

Rock resistivity has been calculated for
depths of 3 to 130 meters at each field station;
thus the numerical value of Rs is known as a
function of latitude, longitude and depth. The
Surfer program was used to construct the resis-
tivity map. Two examples of resistivity maps
are presented in Figure 5 and 6. Equation 2 pro-
vides the pore water resistivity, Rw, for each
depth. Thus, the numerical value of resistivity
formation F = (Rs/Rw) was calculated as a
function of depth, latitude and longitude. As an
example, Figure 12 presents the resistivity for-
mation factor at a depth of 30 meters.

Porosity map

When the numerical value of the resistivity
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Porosity at 30 meters
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Figure 14. Porosity map at 30 m depth. Porosity
values are in%.

formation factor is available, then the Humble
Equation 7 was used to calculate the porosity.
For each map, the equation may give the poros-
ity in the range Of 0.10 to about 0.85; we have
multiplied each value by 100 to present the po-
rosity value in percentages. Although the 11 po-
rosity maps are constructed for depths of 3 to
130 m, we only present the porosity maps at 3,
30, 50, 70 and 130- meter depths in Figures 13,
14, 15, 16 and 17 respectively. A comparison
between porosity maps shows considerable
variation vertically and horizontally from map
to map. The average value of porosity and po-
rosity plus and minus one standard deviation for
the eleven porosity maps as a function of depth
is presented in Figure 18. Table 3 presents the
depth and the variation of average porosity,
standard deviation of mean, minimum, maxi-
mum and the number of grid points. The aver-
age porosity shows a smooth variation with
depth. Its value varies from 23.07 to 51.43%,

Porosity at 50 meters

373 374 s 376 T 37.8 319 38.0

37.2

371

Figure. 15. Porosity map at 50 m depth. Poros-
ity values are in%.

with a range of 8.6% to 89.61%. Figure 18
shows the vertical variation of porosity with
depth. A broad higher value of 51.43, 49.96,
and 46.74% at depths between 20 to 40 meters
depths is noted. The broad higher porosity value
may be due to contribution of profiles in the pa-
leochannels (Nowroozi and others (2003).

CONSTRUCTION OF PROFILES

Profile of Resistivity Formation
Factor

We have used the grid matrix for resistivity
profiles and Equation 2 for calculation of the re-
sistivity formation factor. Each grid point has
latitude, longitude, depth and sediment resistiv-
ity, Rs. Equation 2 provides the pore water resis-
tivity, Rw. Thus the resistivity formation factor
F = (Rs/Rw) is known and the profile of resis-
tivity formation factor is easily constructed.

183



ALl A. NOoWR0OOZzI AND DONALD J.P. SWIFT

Porosity at 70 meters
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Figure. 16. Porosity map at 70 m depth. Poros-
ity values are in%.

Construction of Porosity Profiles

When the resistivity formation factor at each
grid point is calculated then Equation 8 is used
to calculate the porosity at that point. After cal-
culation of porosity at all grid points, then po-
rosity profiles are constructed. The direction
and length of resistivity profiles are presented
in Figure 1. Because the other profiles are based
on the resistivity profiles, the length and the di-
rection of profiles for the resistivity formation
factors and the porosity profiles are identical.
Figure 19 has four panels and presents resistiv-
ity profile, pore water profile, resistivity forma-
tion factor and porosity profile along section 1J.
We have assumed that, the average value is val-
id for the entire Eastern Shore; thus, the pore
water resistivity is constant at each depth. This
assumption is reasonable, because Equation 2 is
derived from a large number of water quality
data from wells that are distributed across this
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Porosity at 130 meters

5 5
« o
5 5
N N
5] 5
< ©
& 5
© 9
s 5
< <
5] &
« ”
5] &
R o
5 5
5 5

Figure. 17. Porosity map at 130 m depth. Poros-
ity values are in%.
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Figure 18. Variations of average porosity
across eleven maps as a function of depth, the
mean porosity plus and minus one standard
deviation are also plotted. Thus, 68% of calcu-
lated porosities are within the upper and the
lower plots.

area. The longest porosity profiles are presented
in Figure 20. They are profiles AB, CD, EF and
MN, respectively. They cover the length of the
Eastern Shore; their directions are a few de-
grees east of the north. Figure 21 presents the



Table 3: Variation of the average porosity and other parameters with depth. The grand mean of
porosity is 41.15%.

POROSITY BY ELECTRIC RESISTIVITY SURVEY

Average St§n§ard Minimum Maximum _ . :
Depth, m porosity in% deviation of porosity porosity Grid points
mean
3 34.78 15.59 12.93 88.69 127
5 38.62 15.89 12.51 83.71 127
10 45.56 17.0 17.9 89.61 123
20 51.43 14.44 14.48 89.43 119
30 49.96 13.98 13.36 86.30 122
40 46.74 14.53 14.32 89.80 124
50 41.03 13.87 19.03 85.40 124
60 39.85 13.89 16.91 85.86 123
70 37.52 13.43 12.74 84.78 116
100 31.21 12.73 12.25 85.80 76
130 23.07 9.33 8.63 58.07 65
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Figure 19. Rock resistivity profile, the pore water resistivity profile, the profile of resistivity for-
mation factor and the porosity profile along IJ direction. Because average pore water resistivity
is assumed to be the same across the Eastern Shore, the pore water resistivity map does not
show any horizontal variation.

within each profile as is evident from compari-
son between Figure 20 and 21.

A recalculation of porosity based on Equa-
tions 9, 11 and 13 for profile I-Oyster is given
in Figure 22. The calculation is based on total

shorter profiles along different directions in the
middle area of the Eastern shore. They are pro-
files GH, KL, and I-Oyster, respectively. Their
length is measured in 100 m or 0.1 km. The pat-
tern of porosity distribution varies between and
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Figure 20. Porosity profile along direction AB,
CD, EF, and MN. The horizontal scale is in Km.
Porosity values are in%. The direction of pro-
files is shown in Figure 1.

dissolved solid, pore water resistivity and con-
ductivity. As expected the TDS, Rw and Con
have only vertical variations with depth, h. A
visual inspection of porosity distribution shows
that the three profiles show nearly the same pat-
tern especially at depths shallower than 30 m. A
plot of porosity based on TDS and Rw is pre-
sented in Figure 23. This plot shows a very
good correspondence between the two methods
of calculation and yields a multiple correlation
coefficients of 0.9618. This value corresponds
to a correlation coefficient of 0.98071. Thus,
the two porosity estimations are differing by
less than 2%.
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Figure 21. Porosity profiles along direction GH,
KL, and I-Oyster. The horizontal scale is in 100
m or 0.1 of Km.

DISCUSSION

Porosity is an important physical property of
soil sediments and rock formations. Porosity
can be calculated from a sample by measure-
ments of wet and dry masses, grain and fluid
density and saturation coefficient (Henry,
1997). For sedimentary rocks, its value depends
on rock type, grain size, compaction, cementa-
tion, sediment packing, composition, clay con-
tent, and geological history of the rock
formation. The amount of water bounded to
clay particles in sediments is an important pa-
rameter for evaluation of porosity. Henry
(1997) discussed a correlation between the total
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Figure 22. Recalculation of porosity using total
pore water resistivity. A comparison between the
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dissolved solids, pore water conductivity and
results of calculations shows that the patterns

and distributions of porosity are nearly the same.

water content of the samples and their cation-
exchange capacity. He also reported that smec-
tites strongly influence the ability of the sedi-
ments to retain both absorbed and pore water. In
this work, no sediment samples were available
for laboratory examination. Thus, cation ex-
change capacity, measurement of wet and dry
masses, grain and fluid density and saturation
coefficient were not measured. It is known
however, that wet clay has relatively high elec-
tric conductivity; also conductivities have im-
plication for migration of chemical elements
(Manheim and Waterman, 1974). Thus, our cal-
culation of porosity may show considerable
range of values within each profile and across
them due to lithology of sediments and its clay
content.

Based on geometry and, assuming spherical
grains for a sedimentary rock, porosity for cubi-
cal packing is 47.65%, but for rhombohedral
packing it is 25.95%. However, a mixture of
large and small grain sediments sorting may
have smaller values of porosity. Porosity of
clean sand may rise to 50%, and that of clay
may reach as high as 80% (Fetter, 1980). The
large range of variations (15 to 85 per cent) in
calculated porosity is very probably the results
of different clay content or sediment sorting.

Porosity plot
80
» 70 y = 0.9831x
& 60 - R?=0.9618
2 50
2 40
@ 30 1
§ 20
10 |
0
10 20 30 40 50 60 70 80
Porosity via TDS

Figure 23. Porosity based on pore water resis-
tivity and porosity based on total dissolved sol-
ids. If the values were identical the coefficient
of X would have been 1; but it is 0.9831. This is
a good indication that the difference between
two methods of calculation is less than 2%.

Published measurements of porosity for the
Eastern Shore of Virginia are limited. However,
in the vicinity of the town of Oyster, Swift
(2003) reported over 700 laboratory measure-
ments. This data set is for a depth range of sur-
face to 10 m. Figure 24 shows eight observed
distributions reported by Swift (2003) and cal-
culations for profile I-Oyster. The left hand four
distributions are from Swift (2003); the top
three are individual samples; the last is the dis-
tribution for the total samples. It is clear that the
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Figure 24. Variability of porosities. Sam
Swift and Others, in the vicinity of Oyster in the
to 10 m. The variation of over 700 sam
porosity for profile l-oyster is presented on the

ples NC-ODU3, SO-S8 and NC-ODU4 are measured by

Eastern Shore. The depth range is from surface

ples is also presented as ALL DATA. The variability of

right side. The first upper three panels are from

surface to 10 m depth. They are calculated based on pore water conductivity, total dissolved sol-

ids and pore water resistivity. The last

to depth of 130 m. All Data have a mean of 36.22%;

face to 130 m show a mean of 38.86%,

distribution varies from sample to sample, but
all three samples show a maximum frequency
of 35 to 40%; the entire sample, over 700 esti-
mations, indicates a mode of 40% and a mean of
36.22%. The right hand four distributions are
along the I-Oyster profiles. The first three dis-
tributions are from surface to a depth of 10 m,
using Con, TDS and Rw respectively. The last
distribution is based on Rw and covers the
depth of surface to 130 m. A direct comparison
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panel shows

the distribution for this profile from surface
calculations for the entire depth range of sur-

between the left hand panels and the right hand
panels is not valid, because Swift’s measure-
ments are limited only to vicinity of Oyster. Our
calculations are for a profile that is ending at
Oyster but it is about 17 km long. It appears that
for this profile the mode of porosity calculation
in this paper is slightly smaller than the mode of
measurements by Swift. However, his measure-
ments are based on core samples. This type of
measurement gives the ratio of pore volume to



POROSITY BY ELECTRIC RESISTIVITY SURVEY

Table 4: The variation of calculated porosity along various profiles.

Profile Porosity Standard Maximum Minimum Grid
in% Deviation in% in% points

AB 44.47 14.06 17.9 95 763

CD 39.55 14.5 1.5 83.5 856

EF 42.39 15.14 15.5 83.9 778

GH 51.77 18.58 22.5 89.3 312

IJ 42.96 16.61 14.3 871 394

KL 39.27 15.76 141 80.3 155

MN 38.62 13.69 13.0 95.1 390

|-Oyster 31.96 9.34 17.3 57.6 160

Average porosity variation along Variation of porosity
profiles o
c
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Figure 25. Variation of average porosity and
standard deviation of the mean along the eight
profiles.

total volume but measurements based on elec-
tric survey give the porosity along the current
line over the entire path; thus, a small difference
should be expected.

An attempt was made to see the variation of
average porosity across various profiles. Table
4 gives profile names, standard deviation of the
mean, minimum, maximum porosity and the
number of observations or grid points along
each profile. Figure 25 shows the graphical plot
of this variation. The average values vary from
about 51.77% to 31.96%; however, Table 4
gives a grand mean of about 42.06%. The grand
mean of porosity in Table 3 is 41.15%. Thus, it
appears that the grand mean of the porosity
across eleven depths is the same as that across
eight profiles.

CONCLUSIONS

We have used water quality data and the re-
sults of Schlumberger electric soundings to es-
timate porosity. The relationships between

Depth in meters

Figure 26. Theoretical calculation of porosity
with depth based on equation 9, the average
value of eleven porosity maps, and the mean
and standard deviation of porosity at the six
screen levels.

porosity and depth are given by equations 9, 11
and 13. Results obtained by the equations are
consistent.

Figure 26 summarizes the porosity results
presented in Tables 2 and 3 and theoretical cal-
culations of porosity based on equation 9. Po-
rosity is shown to a depth of 130 m at 5-meter
intervals. The average porosity across eleven
porosity maps, the average plus and minus one
standard deviation of the mean and the porosity
at the six screen levels are also plotted. The av-
erage porosity varies from 23.03% at a depth of
130 m to a value of 51.43% at a depth of 20 m,
falling to 34.78% at a depth of three m. The
grand mean of the average porosity at all depths
is 41.15 per cent. Porosity at the screen levels
varies from 33.91% at a depth of about 7.4 m to
a maximum of 50.48% at a depth of 29.6 m and
falling to 37.23% at a depth of 79.2 m. The
grand mean of porosity at the six screen levels
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is 39.74%. The average porosity values are
slightly above the theoretical values from sur-
face to about 30 m; then are slightly under the
theoretical values from 50 m depth onward. The
difference may indicate a systematic anisotropy
of porosity in the eleven horizontal planes. The
azimuthally variations of the porosities are pre-
sented in Figure 25; however, it appears that the
mean of porosities is the same as in the vertical
direction. The average porosity along eight ver-
tical profiles with differing directions varies
from 31.95% to 51.77%. This shows the azi-
muthally variation of the porosity perhaps due
to sediments sorting and its clay content. The
average grand mean for all the profiles is
42.05%. This is very close to the average mean
of 41.15 at all depths and the grand mean of
39.74% at the screen levels. Swift (2003) made
over 700 estimates between surface and a depth
of 10 m; their data has a mean of 36.22%. This
is very close to our estimate of 34.78% at a
depth of 3 m and 33.91% at a depth of 7.4 m.
Thus, although there is a variation of average
porosity with depth, no significant variation in
horizontal directions is observed.

In this study, we have synthesized all avail-
able data in order to provide a model of the dis-
tribution of porosity in the shallow aquifers of
the Eastern Shore. Although the variation in da-
ta is considerable, we were able to develop a
functional relationship between pore water con-
ductivity, pore water resistivity, sediment resis-
tivity, resistivity formation factor and porosity
with depth. This is essential for ground water
flow modeling and solute transport.
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ABSTRACT

This pilot study used wide-angle seismic
reflections to investigate the tectonic rela-
tionship between the Elberton granite and
surrounding rocks. The principal goal of the
study was to image the base of the granite. In
contrast with previous COCORP normal-in-
cidence profiles in the region, field experi-
ments for this study were designed to image
the uppermost 12 km of the crust. Shot-re-
ceiver offsets were chosen to avoid interfer-
ence with shear waves and to take advantage
of the increase in reflection coefficients near
the critical angle to image relatively subtle
contrasts in acoustic impedance between the
Elberton and underlying gneisses. Seismic
sources were timed, instantaneous blasts at
dimension-stone quarries. These were re-
corded with a portable array of 19 three-
component seismographs. Receiver spacings
of 50 m yielded recording apertures of about
1 km for each blast; nine blasts were record-
ed, with source-receiver distances ranging
from 7.8 to 23.4 km. Shot gathers for five of
the blasts (7.8-14.9 km) show coherent sig-
nals arriving shortly after the direct P wave
that are interpreted as postcritical reflec-
tions from a layered complex. Although the
data coverage is very sparse, the migrated
events consistently appear with small appar-
ent dip at depths between two and four km.
Corresponding zero-offset travel times are
similar to travel times for scattered reflec-
tions recovered from reprocessed COCORP

data. The wide-angle data extend those ob-
servations along strike, 5 km to the south-
west and 20 km to the northeast of the
COCOREP line. It is suggested that the lay-
ered complex is laterally continuous and that
it marks the base of the granite. The granite
itself appears to be 2-3 km thick; this is un-
derlain by 1-2 km of layered rocks. Possible
interpretations of this layering include mig-
matites, mafic cumulates, or a mylonitic
shear zone at the base of the granite possibly
formed during late Alleghanian thrusting.
The migrated sections also show southeast-
dipping reflectors that span a depth of 5-10
km and that correlate with previously re-
ported southeast-dipping events in CO-
CORRP lines. The transition from horizontal
to dipping reflections beneath the Elberton
granite supports the hypothesis that the
granite is a tabular body that does not extend
deeper than 2-3 km. A high-amplitude, well
resolved, multicyclic event at depths between
10 and 11 km is interpreted as the master de-
collement. A similar event in regional CO-
COREP sections loses much of its signal
strength southeast of the Brevard Zone. The
wide-angle results constrain the depth of this
feature beneath the southeast flank of the In-
ner Piedmont and suggest that it is layered,
with a thickness of roughly 500 m.

INTRODUCTION

The southern Appalachians have been
crossed by numerous seismic reflection pro-
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files. Middle to late Paleozoic thrusting of Val-
ley and Ridge and Blue Ridge rocks over
relatively undeformed platform sediments of
the North American craton is now well estab-
lished. However, the style and extent of thrust-
ing beneath the outboard terranes of the
crystalline core (the Inner Piedmont and Caroli-
na Terrane) remain controversial. In COCORP
(Cook et al., 1979) and ADCOH (Coruh et al.,
1987) seismic reflection profiles, strong, con-
tinuous reflections associated with the sole
thrust and platform sediments beneath the Blue
Ridge and the northwest flank of the Inner Pied-
mont give way to weaker, more scattered reflec-
tions beneath the Elberton Granite (Inner
Piedmont) and the Carolina Terrane.

It is not clear whether the sole thrust steps
down into basement rock and terminates be-
neath the northwest flank of the Carolina Ter-
rane in a zone of southeast-dipping reflections
possibly marking the root zone for the Blue
Ridge/Inner Piedmont nappes (Iverson and
Smithson, 1982), or whether the sole thrust and
associated platform sediments continue south-
east beneath the Carolina Terrane and the
Coastal Plain, indicating a Blue Ridge / Inner
Piedmont root zone somewhere beneath the
continental shelf (Cook et al., 1979; Harris and
Bayer, 1979). A summary diagram illustrating
the two competing models can be found in
Cook et al. (1981).

A number of attempts have been made to
constrain the age of late Paleozoic thrusting by
dating unmetamorphosed plutons. The Elberton
Granite (age: 320 m.y.; see below), intruded
near the southeast flank of the Inner Piedmont,
has figured prominently in these studies be-
cause it is the only pluton crossed by COCORP
seismic lines. Competing models for the Elber-
ton granite include a rooted body extending to
depths greater than 8 km, a tabular intrusion,
and the upper portion of a larger pluton decapi-
tated by thrust faulting (see Figure 2 in Jurdy
and Phinney, 1983). Unfortunately, attempts to
constrain the geometry of the granite have been
frustrated by the poor quality of the seismic im-
ages.

In Summer 2000, we conducted a pilot study
to test the feasibility of using quarry blasts to
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generate stronger reflections. The experiments
were performed using small-aperture arrays of
three-component instruments, with instanta-
neous blasts at dimension-stone quarries in the
area as seismic sources. The principal aim of
this study was to place constraints on the geom-
etry of the granite body and the nature of its
contacts with surrounding rocks. Specifically,
the goals of the experiments were: 1) to image
the base of the Elberton granite and underlying
units and 2) to take advantage of the relative
seismic transparency of the Elberton granite to
study the nature of the master decollement in
the transition zone between the Inner Piedmont
and Carolina Terrane.

In this paper, we show examples of data be-
fore and after processing and offer a prelimi-
nary interpretation based on very sparsely
sampled migrated sections.

GEOLOGIC AND TECTONIC
SETTING

Rocks of the Inner Piedmont (Figure 1a) con-
sist of upper-amphibolite facies mica schists,
amphibole gneiss, granite gneiss, and smaller
amounts of quartzite, amphibolite, and met-
agabbro (Griffin, 1971: Hatcher and Zietz,
1980; Hatcher et al., 1987). Protoliths probably
included late Precambrian to early Cambrian
sediments and mostly felsic volcanics (Dallm-
eyer, 1989). Peak metamorphism (pressure: 7-9
kbar; temperature: 725° C) was reached at 350
- 360 m.a. (Devonian), during the Acadian
orogeny (Dallmeyer, 1989). Ages within the In-
ner Piedmont gradually decrease to the south-
east. The structure is dominated by recumbant
folds overturned to the northwest (Griffin,
1971; Coruh et al., 1987). The adjacent Caro-
lina Terrane (Belair, Kiokee, Charlotte, and
Carolina Slate Belts) includes felsic metavolca-
nics, pyroclastics and intrusives, mafic dikes
and sills, and associated argillites and
graywackes of late Precambrian to early Cam-
brian age. It has been interpreted as an island
arc sequence (Whitney et al., 1978) developed
on basement of uncertain affinity (Secor et al.,
1986; Hatcher, 1989). The sequence was meta-
morphosed and thrust northwestward during the
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Figure 1 a. Geologic map of northeast Georgia and surrounding states (after Dallmeyer et al.,
1981) showing the regional setting of the Elberton Granite. Other granite bodies of similar age are
shown in black; BH = Ben Hill granite, PG = Panola granite. b. Larger-scale map of the Elberton
Granite (after Ellwood, 1980 and Jurdy and Phinney, 1983), showing the main body of the granite
and several outliers. Solid line with dots is COCORP line 1, with vibrator station numbers for ref-
erence. Dotted lines are raypaths for shots recorded for the present study; stars are the blast
locations and heavy bars are the seismic array locations. The blasts recorded for raypath D (Table
2) are just off the map, at a distance of roughly 23 km from the center of the array.
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Taconic and Alleghanian orogenies (Dallmeyer,
1989). Recent evidence suggests that the shear
zone marking the boundary between the Inner
Piedmont and Carolina Terrane (the Central
Piedmont suture, known locally as the Middle-
ton-Lowdnesville zone in Georgia and the Car-
olinas) extends into southern Virginia, where it
is known as the Hyco shear zone (Hibbard et al.,
1998).

ELBERTON GRANITE

The Elberton granite is a northeast trending,
roughly 60 km by 10 km exposure of fine-
grained granite intruded near the southeast
flank of the Inner Piedmont in northeast Geor-
gia (Figures 1a, 1b). The remarkably uniform
chemical composition of the granite suggests
that it was intruded as a single body (Ellwood
and Whitney, 1980). Estimated depth of em-
placement was 13-16 km (pressure: 4.5 - 5.0
kbar) at temperatures of roughly 675° C (Dall-
meyer et al., 1981). Subhorizontal contacts with
overlying gneisses of the Inner Piedmont sug-
gest that the present erosional surface is close to
the original top of the pluton, with an “undula-
tory” exposure pattern in the northeast section
of the pluton suggesting an irregular upper sur-
face (Ellwood and Whitney, 1980). Whole-rock
U-Pb ages of roughly 320 m.y. are interpreted
as the age of emplacement (Dallmeyer et al.,
1981). Younger ages of 235 - 245 m.y. are prob-
ably associated with rapid uplift and cooling to
temperatures of 300° - 350° C associated with
Alleghanian thrusting (Dallmeyer, 1989).

The granite is roughly bounded by (but not in
direct surface contact with) the Hartwell exten-
sion of the Towaliga Fault to the northwest and
the Middleton-Lowndesville fault zone to the
southeast (Figure 1a). In contrast with the cata-
clasis along the Towaliga fault seen farther to
the southwest near Pine Mountain (West et al.,
1995), evidence for displacement along the
Hartwell extension in the Elberton area is re-
stricted to abrupt changes in lithology. Identifi-
cation of the fault is based largely on magnetic
anomalies. In contrast, rocks within the Middle-
ton-Lowndesville fault zone are intensely
sheared, with northwest-vergent folds record-
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ing an earlier ductile phase of deformation fol-
lowed by brittle faulting and cataclasis; this in
turn was followed by intrusions of aplite dikes
and additional faulting (Ellwood et al., 1980).
Recent interpretations suggest that the Middle-
ton-Lowndesville zone may represent a low-an-
gle normal fault associated with gravitational
collapse of the orogen (Dennis, 1991). Except
for the aplite dikes, these fault-related features
are not seen within the Elberton, suggesting that
most of the non-extensional deformation along
the fault zones preceded its emplacement.

Based on the present dip of magnetic folia-
tion, Ellwood et al. (1980) proposed a south-
eastward rotation of the Elberton about a
northeast-trending axis. They also suggested
that the paleomagnetic data are not consistent
with large scale thrusting (displacements: 200 -
400 km) of the Elberton (or a sheet containing
the Elberton). However, the associated change
in paleomagnetic latitude is small compared
with the uncertainties associated with the 300 -
350 m.y. pole positions (Jurdy and Phinney,
1983). Based on heat-flow measurements, Cos-
tain et al. (1986; 1989) proposed that the Elber-
ton is rooted, with a thickness of roughly 8 km.
Geologic evidence summarized by Ellwood
(1982), on the other hand, suggests that the El-
berton was emplaced as a tabular body.

RESULTS OF EARLIER SEISMIC
REFLECTION PROFILING

The Elberton granite is crossed by COCORP
line 1 (Figure 1b). Line 4, a short strike line, fol-
lows the 5-7 km-wide Middleton-Lowndesville
shear zone and just misses the southeast flank of
the pluton. Unfortunately, no plotted sections of
this shorter line have been published. Early ver-
sions of common-midpoint (CMP) stacks
(Cook et al., 1979; 1981) show little coherent
signal beneath the Elberton between 0 and 3 s
TWT (two-way time). Furthermore, reflections
associated with the sole thrust and overthrust
platform sediments beneath the Blue Ridge
(TWT: 2.5 - 3 s) become significantly weaker
and less continuous as they pass beneath the
southeast half of the Inner Piedmont. Reflec-
tions directly beneath (0-3 s TWT) the surface
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exposure of the Middleton-Lowndesville zone
are virtually absent. Starting at VP 1875 be-
neath the Elberton, and continuing to the south-
east beneath the northwest flank of the
Charlotte Belt, is a more coherent band of
southeast-dipping reflections (TWT: 2 - 65). As
noted in the introduction, interpretation of this
feature remains controversial. It could represent
a buried passive margin consisting of either a
sequence of relatively undeformed sediments or
an imbricated sedimentary sequence annealed
to the edge of the continent during emplace-
ment of the overlying thrust plate (Cook et al.,
1979). Alternatively, it could mark the root
zone of the Blue Ridge/Inner Piedmont nappes
(Iverson and Smithson, 1982).

Coherency filtering and migration of the
CMP stacks do little to improve the image be-
neath the Elberton and Middleton-Lowndes-
ville zone (Phinney and Roy-Chowdhury,
1989). Prestack migration, however, enhances
the continuity of the reflection packet at 3-4 s
(10-12 km), suggesting that the sole thrust and
perhaps the platform sediments inferred be-
neath the Blue Ridge may continue beneath the
Elberton (Jurdy and Phinney, 1983). Besides
confirming the transparency of the crust direct-
ly beneath the Middleton-Lowdnesville zone
(0-3 s TWT; 0-9 km), prestack migration also
reveals numerous southeast-dipping reflections
at depths of 4-10 km (1.4 - 3.3 s TWT) beneath
the pluton which are similar to reflections well
beyond the pluton’s flanks. As noted by Jurdy
and Phinney (1983), this suggests that the base
of the Elberton is much shallower than the 8-km
depth proposed by earlier workers (Costain et
al., 1986).

Unfortunately, the portion of the section for
two-way times less than 1 s (depths less than 3
km) is not well defined because of front-end
mutes applied to suppress coherent noise with
low apparent velocity. The noise may represent
refracted P or S waves multiply reflected within
the weathered zone (Jurdy and Phinney, 1983).
As an alternative to surgical muting of these ar-
rivals, Jurdy and Phinney (1983) experimented
with low-cut filtering and apparent-velocity fil-
tering of shot gathers prior to CMP stacking.
The resulting stacks show scattered reflections

Table 1. Comparison of field parameters: COCORP
and wide-angle experiments.

COCORP Wide-Angle

5 Vibrators Instantaneous quarry

blasts

Seismic
Source

Receivers 7.5-Hz, single = 4.5-Hz, three component

component
Record- = 96-channel twenty PRS-4 seismo-
ing Sys-  MDS-10 graphs
tem
Receiver 67 m 50-100 m
Spacings
Source- | 0.47-6.83km 7.77 - 23.40 km (not con-
Receiver tinuous; range for all
Distances blasts)

at two-way times of about 1 second (depth: 2 -
3.5 km) which they tentatively identified as the
base of the pluton. They also noted that reflec-
tions at 3-4 s (9-12 km) continue uninterrupted
beneath the pluton from the northwest, suggest-
ing that the sole thrust is younger than the gran-
ite.

FIELD EXPERIMENTS

In contrast with earlier seismic profiling con-
ducted by COCORP, the experiments described
here targeted the uppermost 12 km of the crust.
Recording parameters for the two experiments
are compared in Table 1. We used instantaneous
blasts at dimension-stone quarries as seismic
sources. Two types of blast were recorded: “line
shots”, which used vertical drillholes, and “lift-
ing shots”, which used horizontal drillholes.
Both types of blast are designed to detach large
blocks intact. The blasts were timed with a seis-
mograph at the quarry; generally this was de-
ployed 100-200 m from the shot (see Hawman,
1996, for a description of the timing strategy).

Recording in the field was done with a small-
aperture array of 19 stand-alone seismographs
with three-component, 4.5-Hz geophones. Re-
ceiver spacings were kept small (50 m) to avoid
spatial aliasing of high-frequency signals. Shot-
receiver distances (7.8-23.4 km) were chosen to
avoid overlap of P-wave reflections with inter-
fering S waves (Hunter et al., 1984), thus elim-
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Figure 2. Travel times for direct and reflected P waves and direct S waves. “Offset”

between source and receivers. Velocity for dire

s. Average crustal velocity for P-wave reflections: § km/s. Reflection travel times

for horizontal reflectors at depths of 2, 3, 9, an

with direct S and surface waves can be avoided by recording at minimum offset

km for target depths of 2 km to about 14 km for

inating the need for severe muting or apparent-
velocity filtering. The goal here was to record at
distances great enough to ensure that all P-wave
reflections of interest arrived before the direct S
wave. Travel times computed for simple models
(Figure 2) suggested the use of minimum off-
sets ranging from 3 km for target depths of 2 km
(corresponding to the smallest depth estimate
for the base of the Elberton) to about 14 km for
target depths of 9-10 km (the estimated depth of
the sole thrust) to avoid interference with direct
S and surface waves. Recording at large offsets
(“wide angles™) also took advantage of the in-
crease in reflection coefficients near the critical
angle to image relatively subtle constrasts in
acoustic impedance between rock units of sim-
ilar composition. It was hoped that the expected
contrast in fabrics (nonfoliated granite in con-
tact with foliated and otherwise layered meta-
morphic rocks) would also enhance reflectivity.

The arrays were deployed at several widely
spaced locations within the granite to provide
wide-angle “point soundings™ of the principal
discontinuities above basement. Raypaths sam-
pled a variety of azimuths to the north and south
of the COCORP line: recordings were concen-
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is the distance
waves: 3.4 km/
were computed
d 10.5 km. The results suggest that interference
s ranging from 3

ct P waves: 5.8 km/s; for direct S

target depths of 9-10 km.

Table 2. Summary of wide-angle experiments
with dimension-stone quarry blasts. Raypaths
are plotted in Figure 1b.

Date | Detectable

Raypath Blas; Distance
Type Range, km | Signal?

6/2/00 A line 8.00-9.04 | yes

6/7/00 D line 22.49-23.40 | no ‘
67000 | D line 22.28-23.19 [no K.
6/7/00 ) [ tine ’ 22.49-2340 | no 4
6/9/00 c line  1153-1248  yes B
613000 B lifting 14.01-14.91 | yes ‘
6/15/00 A line 7.77 - 9.02 : yes |
7/13/00 E | tine 10.17-10.93 | no il
7/18/00 F T tine ‘ 13.09 - 14.18 .yes ]

trated in the northern half of the granite, where
quarries are most active (Figure 1b). The blasts
are referred to in the text and Figure 1b by their
source-receiver raypaths. Raypath A refers to
W0 separate blasts at the same quarry, recorded
with instruments deployed along partially over-
lapping stretches of road. Raypath D refers to
three separate blasts at the same quarry, record-
ed on the same day with the same array.
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(b)

Figure 3. Field records for four dimension-stone quarry blasts recorded over the Elberton granite,
northeast Georgia. The left plot in each pair is the raw field record, with only a 60-Hz notch filter
applied. P and S mark the direct P wave and S wave, respectively. The right plot shows the gather
after the application of an additional trapezoidal bandpass filter to suppress background noise.

a. Gather for raypath B (Figure 1b). This blast was a lifting shot. Original offset range of recording:
14.01-14.91 km; offset range shown, after removal of noisy traces: 14.20-14.91 km. Corner fre-
quencies for bandpass filter: 15, 26, 44, 55 Hz. b. Gather for raypath C (line shot). Original offset
range: 11.53-12.48 km; offset range shown, after removal of noisy traces: 11.53-12.09 km. Corner
frequencies for bandpass filter: 20,25,60,70 Hz.

199



MOHAMED O. KHALIFA AND ROBERT B. HAwMmAN

P

ikt i g

10+

(d)

Figure 3. c. Gather for raypath F (line shot). Offset range: 13.09-14.13 km. Corner frequencies for
bandpass filter: 13,19,33,45 Hz.d. Gather for raypath A (line shot). Original offset range: 7.77-9.02
km; offset range shown, after removal of noisy traces: 7.77-8.19 km. Corner frequencies for band-
pass filter: 15,25,45,60 Hz

DATA PROCESSING tude spectra of traces free of traffic noise show

signal energy at frequencies as high as 45-50

Of the nine blasts recorded (Table 2). five Hz. Predictive deconvolution (Robinson and
generated detectable signal. Field records show Treitel. 1980; Yilmaz, 1987) with a prediction
strong direct P and S waves (Figure 3). Ampli- distance of one sample was used to improve res-
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Figure 4. Records after corrections for statics (left) and after the application of a coherency filter
to isolate the most reliable events for migration (right). The gathers on the right were generated
by inverse stacking of coherency-filtered slant stacks (not shown). The coherency filtering and
inverse stacking procedures are outlined in Kong et al. (1985). Compare with the time windows
displayed in Figure 3; the windows shown here begin shortly before the arrival of the direct P
wave and end before the arrival of the direct S wave.

a. Gather for raypath B (Figure 1b). Portions of the gather with a semblance (coherency) value
less than 0.45 have been removed. b. Gather for raypath C. Coherency filter setting: 0.45.
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Figure 4 c. Gather for raypath F. Coherency filter setting: 0.6 d. Gather for raypath A. Coherency

filter setting: 0.6

olution by whitening the spectrum (i.e., roughly
equalizing the contribution of all frequency
components) of each trace. Notch filters were
applied to eliminate noise at 60 Hz and other
narrow-band noise generated by local industry.
A trapezoidal bandpass filter was also applied
to suppress incoherent noise.
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Statics corrections were determined by align-
ment of first arrivals. The traces in each shot
gather first were shifted by applying a reduction
velocity corresponding to the apparent velocity
of the direct P wave (generally about 5.8 km/s).
This reduction velocity was adjusted in cases
where slant stacks of the uncorrected gathers
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Portions of interface imaged by blasts

Figure 5. Schematic cross section showing the geometry of the wide-angle seismic experiments
over the Elberton granite. For small dips, the portion of an interface sampled by each blast is

roughly half the length of the seismograph array.

suggested a different (generally higher) value.
Variations in reflection travel time caused by to-
pography and lateral variations in near-surface
velocity then were estimated by cross-correla-
tion of first arrivals in the velocity-reduced
gathers (Hawman et al., 2000; Hawman, 2004).
Although these static corrections were deter-
mined from refracted arrivals, the fairly steep
near-surface raypaths for the latter resulted in
improved coherence for reflections as well
(Figure 4).

The static-corrected shot gathers then were
slant stacked (Phinney et al., 1981) to provide
objective measures of travel time and apparent
velocity for coherent arrivals (Hawman and
Phinney, 1992; Hawman, 2004). Extremely
noisy traces were removed prior to stacking. No
attempt was made to extract reflections arriving
after the direct S wave. Reflection continuity
was evaluated by computing the semblance, a
measure of coherence with values ranging from
zero to one (Douze and Laster, 1979). The sem-
blance was used to derive a coherency filter
(Kong et al., 1985) to isolate the most reliable
portions of the slant stack for each shot gather.
An example for this data set is shown in Khalifa
and Hawman (submitted manuscript). The
slant-stack process is reversible (Kong et al.,
1985); the equivalent coherency-filtered shot
gathers are shown alongside the input static-
corrected gathers in Figure 4. As noted by

Kong et al. (1985), the filter parameters must be
chosen carefully to avoid generating artifacts in
the coherency-filtered shot gathers (and ulti-
mately in the migrated sections). All events
passed by the coherency filter should be observ-
able (albeit partly obscured by noise) in the in-
put gather. The semblance cutoff value was
raised until this criterion was met.

The coherency-filtered slant stacks then were
migrated using an algorithm for depth migra-
tion described in Hawman (2004). The velocity
model used for migration consists of 6 layers
and was based on travel times of direct P waves
and laboratory velocity measurements for gran-
ites at confining pressures up to 4 kbar (Birch,
1960). The velocities in this model range from
5.5 km/s in the uppermost 0.5 km to 6.2 km/s
beginning at 6 km depth.

MIGRATION RESULTS

Given the very sparse nature of the data set,
a few comments regarding the migration algo-
rithm and the appearance of migrated sections
are in order here. Briefly, the algorithm maps
each sample in the slant stack into a dipping in-
terface in the subsurface image. The apparent
velocity fixes the angle of incidence of the
wavefront across the array; this together with
the travel time fixes the subsurface location and
dip of the reflecting interface. For gentle dips,
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Figure 6. Tests of the migration algorithm using synthetic data as input. a. Synthetic shot gather
generated for a series of planar dipping interfaces (dip = 10 degrees). Travel times were computed
for a constant velocity of 6 km/s. Signal and random noise bandwidth (15 - 50 Hz), random noise
level, station spacing (50 m), and distance range (10-11 km) are representative of the data actually
recorded. b. Depth migration of the shot gather in part a. The right axis shows the corresponding
two-way, vertical-incidence travel times (TWT). The blast and seismograph array locations are
shown by the star and heavy bar, respectively. Dashed lines show the positions of reflecting inter-
faces for the input model. The migrated image for each interface extends well beyond the zone of
reflection points actually sampled by the blast (Figure 5). Weaker reflection bands immediately
above and below each migrated interface are artifacts generated by sidelobes of the symmetric

input wavelet.
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Figure 7. Cross section showing the results of depth migration of the coherency-filtered slant
stack of the record for raypath B (Figure 1b). For Figures 7 through 10, the vertical sampling incre-
ment is 10 m and the horizontal sampling increment is 50 m. The right axes show the correspond-
ing two-way, vertical-incidence travel times (TWT) computed for the migration velocity model, for
comparison with earlier COCORP surveys. These times differ very little from the times computed
for a constant velocity of 6 km/s. Locations of the blasts and seismograph arrays are indicated
by the stars and horizontal bars, respectively. The considerable smearing of the images is due
largely to the small aperture of the recording arrays. For the migration shown in this figure, the
semblance cutoff is 0.8 for events in the uppermost 4 km, 0.6 for events between 4 and 9.5 km,

and 0.45 for events below 9.5 km.

the portion of an interface actually sampled by
a given shot will be roughly half the width of
the recording array (Figure 5). In the migrated
sections, the interface segments are smeared
well beyond this halfwidth. The degree of
smearing (or, the width of “migration smiles”)
is determined by the degree of smearing (uncer-
tainty in ray parameter) in the slant stack, which
in turn is controlled by the array aperture and
signal bandwidth. Thus the migration smiles
represent confidence regions within which the
sampled interfaces are constrained to lie.

This smearing effect is illustrated in Figure 6,
which shows the response of the migration al-
gorithm to a series of planar, dipping interfaces.
Station spacing, total array aperture, noise level,
and signal bandwidth for the synthetic input
gather (Figure 6a) are similar to corresponding
values for the actual field gathers. Weaker re-
flection bands immediately above and below

each migrated interface (Figure 6b) are artifacts
generated by sidelobes of the symmetric input
wavelet.

For the very small array apertures considered
here, replacing the dipping interfaces with sin-
gle point scatterers at positions coinciding with
the midarray reflection points generates a very
similar response. The resulting diffractions ar-
rive with virtually the same travel times and ap-
parent velocities as the corresponding
reflections, and with a similar degree of smear-
ing in the slant stack, thus yielding a very simi-
lar migrated image. Distinguishing between
scattered and reflected energy therefore re-
quires considerably more data coverage than
the very limited number of sources and receiv-
ers used for this study can provide. Even if it is
assumed that all coherent signals are reflec-
tions, the migrated sections shown in Figures 7-
10 represent only partial images of the subsur-
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Figure 8. Results of depth migration for the record for raypath C (Figure 1b). The semblance cutoff
is 0.8 for events between 1 and 2 km and 0.45 for events between 2 and 7 km.

face. The subset of features illuminated by the
experiments is controlled by the distribution of
blasts and recording arrays as well as by the
geologic structure. With these caveats in mind,
we briefly describe the migrated sections and
offer a preliminary interpretation.

Section B

Figure 7 shows the migrated section generat-
ed for a coherency filter setting with a cutoff
semblance value of 0.8 for the uppermost 4 km,
0.6 for depths between 4 and 9.5 km, and 0.45
for depths greater than 9.5 km. This decrease al-
lowed for the loss of coherence due to statics
generated by deeper velocity variations not ac-
counted for by the statics determined from first
arrivals. Shot-receiver distances for traces in-
cluded in the slant stack ranged from 14.20-
14.91 km. Ray paths for this blast are almost
perpendicular to strike (Figure 1b). At depths
between 9.5 and 11 km (corresponding to a two-
way, zero-offset travel time or TWT of 3.2-3.6
s), a series of reflectors with gentle apparent dip
(4-14 degrees to the southeast) occurs with rel-
atively good horizontal resolution of 2-3 km.
Above this is a series of southeast-dipping re-
flectors (7-20 degrees) at depths between 6 and
9.3 km (2.2-3.1 s). The shallowest reflectors ap-
pear as a layered structure at depths between 3
and 4.2 km (1-1.4 s). Horizontal resolution
within this package is poor but improves with
depth. Apparent dips range from 0 to 8 degrees
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to the northwest.

Section C

The distance range for traces included in the
slant stack used to generate Figure 8 was 11.53-
12.09 km. Raypaths are roughly parallel to CO-
CORP Line 1 (Figure 1b), at an angle to the re-
gional dip. The migrated section is dominated
by horizontal to subhorizontal, well-focused re-
flectors except for two steeply dipping reflec-
tors at the northwest end of the section and a
more poorly resolved reflection near the south-
east end. The deepest reflectors, at 5.5-6.2 km
(1.9-2.1s TWT), have very small apparent dips.
These are overlain by a horizontal reflector at 5
km (1.7 s). The shallowest reflectors are ob-
served at depths of 1.5-2 km (0.5-0.7 s); these
are subhorizontal, with an apparent dip of less
than 4 degrees to the southeast.

Section F

Migration results for the remaining sections
(Figures 9-10) are shown for two coherency fil-
ter settings. Increasing the cutoff setting pro-
duces more focused images with fewer events.
The distance range for traces included in the
slant stack for this recording was 13.09-14.13
km. Source-receiver raypaths (Figure 1b) are
almost perpendicular to the raypaths for Section
B. In the section generated with the lower cutoff
setting (Figure 9a), the deepest reflector is ob-
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Figure 9. Results of depth migration for raypath F (Figure 1b). a. Semblance cutoff for coherency-
filtered slant stack: 0.45. b. Semblance cutoff: 0.6. The higher cutoff generates a more focused

image with fewer migrated events.

served at 8.5 km (2.8 s TWT) and is well re-
solved (resolution width: 1 km). A multicyclic
reflector appears at 7.8 km (2.6 s) with poorer
horizontal resolution. At a depth of 6.6 km (2.2
s), a well resolved, north-dipping reflector is
observed. A horizontal, multicylcic reflector
appears at depths between 4.7 and 5 km (1.6-1.7
s) but horizontal resolution is relatively poor (4
km). The shallowest complex consists of two
interfaces (depth: 2.5-3 km; 0.9-1 s) that dip
gently to the north; above this is an interface at
2 km depth (0.7 s) that is subhorizontal.

Section A

The distance range for this recording was
7.77-9.02 km, but due to traffic noise only the
portion recorded between 7.77 and 8.19 km was
used to generate the migrated section (Figure
10). In the section generated with the lower co-
herency-filter setting (Figure 10a), the deepest
reflector (5.5 km; 1.9 s) is flat and well re-
solved. A poorly resolved but mostly horizon-
tal event is observed at 3.8 km (1.3 s). Apparent
dips range from zero to 15 degrees to the west.
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Figure 10. Results of depth migration for raypath A (Figure 1b). a. Semblance cutoff for coher-
ency-filtered slant stack: 0.45. b. Semblance cutoff: 0.6

Two east-dipping events are observed at depths
of 2.4-2.7 km (0.8-0.9 s) with an apparent dip of
15 degrees. The shallowest events appear at
depths of about 2 and 2.2 km (0.7 s). These are
subhorizontal, with large resolution widths.

INTERPRETATION

As noted earlier, the reflector distributions
for the migrated sections described above are
strongly controlled by the sparse recording ge-
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ometries. They are of interest, however, be-
cause the wide-angle recordings sample parts of
the granite not crossed by COCORP lines, and
because they sample the crust at larger angles of
incidence. The combined results from both sur-
veys are summarized in the fence diagram
shown in Figure 11. This was constructed from
line drawings of Figures 7, 8, 9b, and 10b, and
COCOREP sections reprocessed by Iverson and
Smithson (1983) and Jurdy and Phinney (1983).
Travel times for the COCORP sections were
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Figure 11. Fence diagram showing line drawings of migrated wide-angle data (Figures 7, 8, 9b,
and 10b) and COCORP sections reprocessed by Iverson and Smithson (1983) and Jurdy and
Phinney (1983). Depths for the COCORP sections were approximated assuming an average
velocity of 6 km/s. The inset map is reproduced from Figure 1b.

converted to approximate depths assuming an
average velocity of 6 km/s. The main elements
of our geologic interpretation are summarized
in the schematic shown in Figure 12.

Structure Within the Top 4 km

In this depth range, the wide-angle migrated

sections contain reflectors that, in the COCORP
data, are either obscured by coherent noise or
not observed at all. Reflectors at about 3 km ap-
pear in sections B, C, and F (Figures 7-9). In
section B (Figure 7), these appear as a layered
complex at depths between 3 and 4.2 km (1-
1.4s). In section C, these appear as discrete re-
flectors with variable apparent dips at depths
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Figure 12. Generalized interpretation of the migrated sections over the Elberton granite, drawn
mainly from Line B (Figure 7). The granite extends to a depth of 2-3 km, where it is underlain by
a layered complex 1-2 km thick. Possible interpretations of this complex include cumulate layer-
ing or migmatites at the base of the pluton as originally emplaced, or a mylonitic shear-zone
associated with thrust faulting. Southeast-dipping interfaces at depths of 6-9.5 km become more
prominent just southeast of the granite. The sole thrust lies at a depth of 10-11 km and appears
to be associated with a package of layered rocks (metasediments?) roughly 0.5 km thick.

between 3 and 4.5 km (1-1.5s TWT) (Figure 8).
In sections F and A, they occur as pairs of mul-
ticyclic reflectors, at 2.5 and 4.5 km (0.9 - 1.5 s)
in section F (Figure 9a), and at 2 and 3.8 km
(0.7 and 1.3 s) in section A (Figure 10a). These
depths are consistent with the scattered reflec-
tions recovered by Jurdy and Phinney (1983) at
about 1 s and observed by Iverson and Smithson
(1983) between 1.2 and 1.4 s (3.5-4 km). The
wide-angle data extend those observations
along strike, 5 km to the southwest and 20 km
to the northeast of the COCORP line.

Taken together, the results suggest a layered
complex beginning at 2-3 km depth and bot-
toming out at roughly 4-4.5 km. The combined
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data suggest that this complex is laterally con-
tinuous, supporting the interpretation of Jurdy
and Phinney (1983) that it marks the base of the
Elberton granite. The near-absence of reflec-
tions above 2-3 km is consistent with an intru-
sive body that is seismically transparent. As
noted by Jurdy and Phinney (1983), the hypoth-
esis that the granite is a tabular body that does
not extend deeper than 2-3 km is also supported
by the transition from horizontal to southeast
dipping reflections at slightly greater depths
(see below).

The layered complex is similar to reflection
packages interpreted by Lynn et al. (1981) as
layering near the base of other granitic
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batholiths. Some of those packages are 0.5-2.5
km thick. Lynn et al. (1981) propose four alter-
native mechanisms for generation of the layer-
ing: 1) underplating of the plutons by basaltic
magma; 2) melting of crustal rocks by mantle
basalts, yielding cumulate layers of mafic com-
position; 3) layering associated with migma-
tites; and 4) thrust-fault contacts between the
base of the batholith and sedimentary rocks or
mylonitic shear zones of finite thickness. It is
well known that a sequence of thin layers can
generate reflections with greatly increased am-
plitudes through constructive interference. The
effect depends on the scale of layering, the layer
velocities, the angle of incidence, and the fre-
quency content of the signal (Fountain et al.,
1984; Braile and Chiang, 1986). Within shear
zones, fine-scale layering coupled with con-
trasts in the degree of anisotropy between adja-
cent layers (weak anisotropy within feldspar-
rich layers; strong anisotropy with the slow ve-
locity oriented vertically within mica-rich lay-
ers) enhances reflectivity (Fountain et al.,
1984). Anastomozing structure within a shear
zone beneath the Elberton Granite could help to
explain the variations in apparent dips and
thicknesses of the shallow layered complexes
seen in the reprocessed COCORP and wide-an-
gle migrated sections. If the reflections are from
a shear zone, they should extend into the Caro-
lina Terrane, well beyond the southeast flank of
the granite. Reflections over this depth range in
the COCORP portion of Figure 11, however, do
not continue southeast of the Middleton-Lowd-
nesville fault zone. This would be consistent
with later motion along that fault zone (Dennis,
1991); alternatively, it simply could be related
to the difficulty of recovering reflections over
this depth range in COCORP sections, as noted
earlier.

Structure Between 4 and 10 km

Directly beneath this layered complex, the
wide-angle migrated sections show a zone that
is relatively reflector-free, underlain by gently
dipping reflectors beginning at roughly 6 km
(Figures 8, 9a, 10a). In section F (Figure 9a),
these events appear at 6.6 km (2.2 s TWT) with

apparent dips to the north, followed by a pack-
age at 7-7.5 km (2.4-2.5 s) with apparent dips to
the south. Section B (Figure 7) is unique in
showing southeast-dipping interfaces (dip
range: 7-20 degrees) that span a depth range of
6-9.3 km (2-3.1 s). This could have been due to
experiment geometry; two of the blasts (F and
C) were recorded along raypaths at appreciable
angles to the dip direction and the third blast (A)
was recorded at smaller offsets where reflec-
tions arriving from depths greater than 5 km
were more susceptible to shear-wave interfer-
ence.

These southeast-dipping features are well
correlated with southeast-dipping events in CO-
CORP Line 1. The COCORP line shows appar-
ent dips ranging from 15 degrees (Jurdy and
Phinney, 1983) to about 20 degrees (Iverson
and Smithson, 1983). These events do not ap-
pear in the sections reprocessed by Phinney and
Roy-Chowdhury (1989) except for a hint of the
southeast dipping arrivals after 3 seconds. Inter-
estingly, the dipping reflectors in the wide-an-
gle section are parallel to the southeast
projection of the Towaliga-Hartwell fault zone.

Structure at Depths Greater Than 10
km

Section B (Figure 7) is the only wide-angle
migrated section that shows reflectors at 10-11
km (3.3-3.6 s); for the other blasts recorded at
smaller distances, these reflectors may have
been obscured by interfering shear waves. Re-
processed COCORP sections (Iverson and
Smithson, 1983; Jurdy and Phinney, 1983)
show weaker, sporadic arrivals beneath the El-
berton at two-way travel times that are consis-
tent with this deepest event. The reflector in the
wide-angle migrated section is multicyclic, sub-
horizontal, relatively high in amplitude, and
well resolved. Reflections with similar charac-
teristics in profiles across other crystalline ter-
ranes have been interpreted as mylonitic shear
zones (Smithson et al., 1979; Hurich et al.,
1985). We interpret this event as a package of
reflections from the master decollement. As
noted earlier, COCORP sections show a marked
decrease in strength for this event southeast of
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the Brevard Zone. The wide-angle results con-
strain the depth of this feature beneath the
southeast flank of the Inner Piedmont and sug-
gest that it is layered. However, questions re-
garding the composition of rocks within the
fault zone (whether they are mylonites or rela-
tively undeformed platform sedimentary rocks)
remain unresolved.

CONCLUSIONS
Results from Pilot Study

A wide-angle reflection study using instanta-
neous blasts at dimension-stone quarries has re-
covered reflections to a depth of 11 km beneath
the Elberton granite. Of the nine blasts record-
ed, five generated recognizable signal. Coher-
ent events arriving shortly after the direct P
wave are interpreted as postcritical reflections
from a layered complex. Although the data cov-
erage is very sparse, the migrated events consis-
tently appear with small apparent dip at depths
between two and four km. It is suggested that
the layered complex is laterally continuous and
that it marks the base of the granite. This is con-
sistent with an earlier interpretation of scattered
events observed in COCORP sections repro-
cessed by Jurdy and Phinney (1983). The wide-
angle data extend those observations 5 km to
the southwest and 20 km to the northeast of the
COCORRP line.

The migrated sections also show southeast-
dipping reflectors that span a depth of 5-10 km
and that correlate with previously reported
southeast-dipping events in COCORP lines
(Cook et al., 1979, 1981). As noted by Jurdy
and Phinney (1983), the transition from hori-
zontal to dipping reflections beneath the Elber-
ton granite supports the hypothesis that the
granite is a tabular body that does not extend
deeper than 4 km. A high-amplitude, well re-
solved, multicyclic event at depths of 10-11 km
is interpreted as the master decollement. A sim-
ilar event in COCORP sections loses much of
its signal strength southeast of the Brevard
Zone. The wide-angle results constrain the
depth of this feature beneath the southeast flank
of the Inner Piedmont and suggest that it is lay-
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ered, with a thickness of roughly 500 m.

Suggestions for Follow-up Work

One of the main limitations of this pilot ex-
periment was the very small recording array;
the 50-m station spacing resulted in a recording
aperture of only 1 km for each blast. Clearly, a
more definitive quarry-blast study would re-
quire more instruments. Alternatively, one
could deploy a similar number of instruments
over a much wider area within the granite to
record signals from a single vibrator. Here the
receivers would remain fixed and the source
would move, a geometry similar to that em-
ployed for recent onshore-offshore seismic
studies of continental margins (Brocher and
Moses, 1990). For a source interval of 50 m, the
result would be a set of large-aperture receiver
gathers recorded over a range of azimuths that
would allow one to construct three-dimensional
images of the granite and sole thrust and to
study their reflectivity as a function of inci-
dence angle. Overlap of coverage with CO-
CORP Georgia Lines 1 and 5 would allow a
direct comparison of near-vertical and wide-an-
gle reflections from the same targets. Record-
ings of instantaneous quarry blasts could be
used as a guide in determining optimum offsets
for the vibrator work. The quarry blasts also
would provide the clearest first arrivals (no cor-
relation sidelobes) and strongest shear waves
(for supplementary studies of physical proper-
ties). To better constrain velocities for migra-
tion, one could record a reversed refraction
profile (total aperture: about 30 km) along the
axis of the granite; for this part of the work, one
could use much larger blasts at crushed-stone
quarries to generate adequate signal at distances
greater than 15 km.

Specific objectives of this work would in-
clude:

1) Determining the source of reflections ob-
served from depths between 2 and 4 km. Basal
reflections extending beyond the Elberton
would indicate a thrust fault contact well above
the sole thrust. Basal reflections restricted to the
region directly below the granite, on the other
hand, would suggest that the Elberton was em-
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placed as a tabular body, with the original con-
tact with underlying rocks preserved; this
would provide important information regarding
the geometry of the pluton as originally em-
placed.

2) Construction of detailed, three-dimensional
images of the sole thrust, to establish its conti-
nuity beneath the Elberton granite. Clearly im-
aged disruptions of reflection continuity
beneath the Elberton would argue in favor of
post-thrust emplacement of the granite.
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ABSTRACT

Seven species of Echinocyamus have
been described from the Eocene deposits of
the western hemisphere: E. avilensis, E. car-
ibbeanensis, E. parvus, E. macneili, E. huxley-
anus, E. meridionalis, and E. bisexus.
Echinocyamus bisexus, E. huxleyanus and E.
macneili are shown to be junior synonyms of
E. parvus, and the remaining species are as-
signed to other genera. Echinocyamus parvus
occurs in a narrow chronostratigraphic
range, which correlates closely with the dep-
osition of the Gosport Sand in southern Ala-
bama and the Bartonian/Priabonian
transition. The rapid dispersal of the species
from North Carolina through Georgia and
into Alabama is evidence for a short-term re-
versal of the current flowing through the Su-
wannee Channel. Stressful environmental
conditions may have caused deviant repro-
ductive adaptation in the species, and even-
tually led to the extinction of the genus from
North America until the late Oligocene.

INTRODUCTION

The echinoid genus Echinocyamus (Order
Clypeasteroida, Family Fibulariidae) is repre-
sented by numerous species ranging from the
Eocene into the Recent. Mortensen (1948) not-
ed that the genus is characteristically found in
the Tertiary (particularly the Eocene) of the cir-
cum-Mediterranean area. The Recent species
are found in the Caribbean, the coast of western
Europe, the Mediterranean, eastern Africa, the
Indo-Pacific, and Hawaii (Ghiold and Hoffman,

1986).

Seven species of Echinocyamus have been
described from the Eocene deposits of the west-
ern hemisphere. E. avilensis Lambert from Cu-
ba, E. caribbeanensis Kier from Barbados, E.
parvus Emmons from North Carolina, E. mac-
neili Cooke, E. huxleyanus Meyer, and E. me-
ridionalis Meyer from Alabama, and E. bisexus
Kier from Georgia.

Details are given in Systematic Paleontology
to show that three of the species (E. bisexus, E.
huxleyanus and E. macneili) are junior syn-
onyms of E. parvus, and none of the remaining
species should be included in the genus Echi-
nocyamus. The genus is represented in the
Eocene of North America by a single species, E.
parvus.

MATERIAL AND METHODS

Ghiold and Hoffman (1984) noted that paleo-
geographic conclusions are inherently narra-
tive. Circumstantial evidence, both positive and
constraining (i.e., negative), is required to re-
veal significant aspects of the paleobiology and
distribution of Echinocyamus in the Eocene of
North America.

The author has collected over a period of sev-
eral decades from the Tertiary deposits of the
southeastern United States (from Texas to
North Carolina), and these data are an important
source of information. Collecting methodology
included regular bulk sampling of outcrops
when searching for these small echinoids. Near-
ly all specimens came from washed and
screened samples. Collections deposited with
the Texas Memorial Museum, Austin, Texas
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(TMM), Louisiana State University Museum of
Geoscience, Baton Rouge, Louisiana
(LSUMG), Florida Museum of Natural History,
Gainesville, Florida (FLMNH), and the U.S.
National Museum of Natural History, Washing-
ton, DC (USNM) and some material from pri-
vate collections were also reviewed.

AGE AND OCCURRENCE

Echinocyamus parvus (or its synonyms) has
been reported from Alabama, Georgia and
North Carolina. Detailed location information
is given in the Appendix. The reported strata in-
clude the Lake City Limestone (lower Clai-
borne or Lutetian), the Gosport Sand (upper
Claiborne or Bartonian), the Moodys Branch
Formation (lower Jackson or Priabonian), and
the Castle Hayne Limestone (lower to upper
Claiborne). However, E. parvus is associated
with the protoscutellid echinoid Periarchus ly-
elli in all occurrences except one, where it is as-
sociated with Protoscutella plana.
Protoscutellids first appeared in the southeast-
ern United States region (Stefanini, 1924) and
the family occurs throughout the region from
North Carolina to Texas. Zullo and Harris
(1987) and Harris and Laws (1997) described
biostratigraphic zonation of the Castle Hayne
Limestone using protoscutellids. They showed
that the transition from P. plana to the closely
related P. lyelli corresponds to a discrete period
of time at the boundary between the middle and
late Eocene (Bartonian-Priabonian). Echi-
nocyamus parvus first appears in North Caroli-
na at this time, coexisted with P. [yelli for a
short period, and then disappeared from the
western hemisphere, not known from North
America again until the late Oligocene, proba-
bly 12 to 14 million years later.

Little Stave Creek, Alabama

Specimens of E. parvus have been collected
from washed samples of the Gosport Sand at
this locality, along with juveniles of Periarchus
Iyelli.
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Claiborne Bluff, Alabama

This is the type locality for E. huxleyanus (=
E. parvus). Clark and Twitchell (1915) noted
that it is found “...in some abundance...” in the
Gosport Sand, and there are several specimens
other than the type at the USNM. The fibulariid
echinoid Fibularia texana is also known from
the Gosport Sand at this location (Zachos and
Molineux, 2003).

Conecuh River, Alabama

Recent study of several closely-spaced expo-
sures along the Conecuh River has resulted in
the collection of a number of specimens of
small echinoids. Although the exact collecting
location for the type of E. macneili (= E. par-
vus) is not known, abundant E. parvus were col-
lected from a small creek on the east side of the
Conecuh River that agrees with the locality de-
scription given by Cooke (1959). Faunal evi-
dence from the Echinocyamus-containing beds
and adjacent strata on the Conecuh indicates
that the Echinocyamus beds are age equivalent
to the Gosport Sand at Claiborne Bluff and on
Little Stave Creek. The underlying section con-
tains Periarchus lyelli and Fibularia texana, as
well as the Lisbon index fossil Cubitostrea sell-
aeformis — the distinctive “saddle” oyster. The
Echinocyamus beds contain some Gosport mol-
luscan species, including Bathytormus protex-
tus and Turritella carinata, as well as F. texana
and abundant fragments of P. lyelli. The upper-
most beds are more calcareous and lack Echi-
nocyamus, but contain abundant whole P. lyelli.
All of the section above the Cubitostrea ledge is
lithostratigraphically Moodys Branch, although
the matrix contains up to 30% quartz grains and
30% glauconite grains in a carbonate matrix,
and the entire section represents the equivalent
of the upper Lisbon-Gosport-Moodys Branch
sequence seen at the classic section at Claiborne
Bluff. The quartz grains are indistinguishable
from the quartz found in the Gosport at Clai-
borne (unfrosted, clear, angular to subangular
monocrystalline grains). No definitive age for
these beds between unquestioned Lisbon and
Moodys Branch has been clearly reported in the
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literature. Cooke (1939) suggested that the Gos-
port and Moodys Branch were equivalent to
some extent. MacNeil (1946) described the sec-
tion along the Conecuh River and noted the am-
bivalent age treatment. Toulmin (1977) and the
Alabama Geological Survey geologic map of
Covington County (SM66, 1968) both included
this section in the Moodys Branch Formation
and showed it directly overlying the Lisbon
Formation.

Choctawatchee River, Alabama

Cooke (1959) reported E. parvus from expo-
sures doubtfully attributed to the Moodys
Branch Formation from this locality near Gene-
va, Alabama. Material in the USNM confirms
this identification. These beds are similar in na-
ture to those on the Conecuh River, and the
same age considerations apply.

United States Geological Survey
(USGS) Test Well 5 (34H337), Glynn
County, Georgia

The types and additional specimens of E. bi-
sexus (= E. parvus) were collected from depth
interval between 342 and 354 m in this well. Ki-
er (1980) reported the interval was in the Lake
City Formation (lower Lisbon equivalent). This
was according to a determination by S.M. Her-
rick of the USGS based on first occurrences of
what were at the time considered to be diagnos-
tic benthic foraminifera (S.M. Herrick letter to
PM. Kier, January 9, 1967). There are several
slides in the USNM with foraminifera, mol-
lusks, brachiopods and crinoids picked from
samples in this depth range. Notable is the oc-
currence of the foram Discorbis inornatus,
which Applin and Jordan (1945) considered
characteristic of the Lake City Formation. Mill-
er (1986) stated that the paleontologic criteria
for differentiation of the Avon Park and Lake
City Formations were lacking. He specifically
reported D. inornatus near the top of the upper
Claiborne in Georgia. Kier did not give an exact
location of USGS Test Well #5, but records
from the USGS in Atlanta, Georgia place it
about 3.2 km from USGS Test Well #26, which

was described by Jones and others (2002). The
depth-correlated zone in Test Well #26 to the
echinoid-bearing horizon in Test Well #5 is in-
terpreted to be near the top of the upper Clai-
borne section, significantly higher than the
Lake City, and temporally equivalent to the
Gosport Sand in Alabama. The associated echi-
noid fauna includes Fibularia texana, Periar-
chus lyelli, and Durhamella floridana, which
also indicate upper Claiborne equivalence, al-
though Carter and Hammack (1989) reported
that the echinoids suggested a Jacksonian age
for the zone.

East Coast Limestone, Inc. quarry,
Maple Hill, North Carolina

Specimens of E. parvus were found in spoil,
but in sandy matrix associated with Protoscu-
tella plana. Periarchus lyelli also occurs in the
highest section in this quarry, although it was
not found in direct association with E. parvus.

Lanier quarry, Maple Hill, North
Carolina

Kier (1980) reported both E. parvus and E.
bisexus from this quarry, and this has been con-
firmed by material in the USNM and by later
collections. Echinocyamus parvus is associated
with P, lyelli.

Ideal Cement Corp. quarry, Castle
Hayne, North Carolina

Reported by Kier (1980) and confirmed by
material in the USNM.

Martin-Marietta quarry, Catherine
Lake, North Carolina

This quarry was opened after Kier’s 1980
study. Abundant E. parvus are found with P, [y-
elli. The variant described by Kier (1968) as E.
bisexus is also found at this locality.
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1 Upper Lisbon
Deposition
Lutetian-Bartonian

2 Gosport Deposition
Late Bartonian

3 Moodys Branch
Deposition
Priabonian

Outcrop

" Suwannee Channel

Major Currents
Littoral Currents

Echinocyamus
Localities

Figure 1. Eocene dispersal of Echinocyamus parvus in southeastern United States. Outcrop of
upper Lisbon and Gosport (upper Claiborne) sediments is shown for reference. 1, Major ocean
and littoral currents and location of Suwannee Channel during deposition of Upper Lisbon and
equivalents, Lutetian-Bartonian. Single occurrence of E. parvus associated with Protoscutella
planain Pender County, North Carolina. 2, Reversal of currents through Suwannee Channel, with
dispersal of E. parvus into Georgia and Alabama during deposition of Gosport and equivalents,
Late Bartonian. 3, Reestablishment of currents through the Suwannee Channel during deposition
of Moodys Branch and equivalents, Priabonian, with disappearance of Echinocyamus.

Thomas Farm, Onslow County,
North Carolina

The exact location is not known, but was
about “10 miles northwest of Jacksonville”
(Kellum, 1926), and judging from Kellum’s
map it was within 2 or 3 km of Catherine Lake.
The Kellum material is at the USNM.

Craven County, North Carolina

Emmons (1858) gave the type locality for E.
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parvus as Craven County, but no other informa-
tion is available. The type itself has been miss-
ing for nearly a century. Emmons also reported
Periarchus lyelli from Craven County.

The stratigraphic and geographic distribution
of E. parvus is constrained by non-occurrences
(absences). Negative evidence is suspect in the
paleontological record, but in this case there are
several things that reduce the uncertainty. Kid-
well and Holland (2002) note that biomineral-
ized taxa are reasonably well represented in the
geologic record, especially at the genus or high-
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er taxonomic level. The occurrences of other
echinoid genera, particularly Fibularia, where
Echinocyamus is absent serve as proxies, or
what Kidwell and Holland (2002) term “tapho-
nomic control taxa”. Finally, when E. parvus is
found it is usually found in abundance, which
negates the Signor-Lipps effect (see Newman
and Palmer, 1999). Decreased spatial or tempo-
ral resolution due to mixing by postmortem
transport or poor collecting methodology is a
problem in accurate determination of appear-
ance or extinction of a taxon, but makes ab-
sence data more robust by increasing the
likelihood that specimens from outside the tar-
geted stratum will occur in a sample, if the sam-
ples are large enough to capture such
occurrences.

Lower Claiborne, Texas to Alabama

The genus has not been reported from Lisbon
(or equivalents) or older beds of Florida, Ala-
bama, Mississippi, Louisiana, or Texas. Hun-
dreds of specimens of Fibularia texana and
juvenile sand dollars have been collected from
the lower Claiborne beds of Texas without a
single Echinocyamus.

Lower Castle Hayne Limestone,
North and South Carolina

The genus does not occur in the oldest sec-
tions of the Castle Hayne Formation and is not
known in association with Protoscutella conra-
di, P. tuomeyi, nor susbspecies of P. mississippi-
ensis.

Moodys Branch Formation,
Mississippi and Alabama

The only reported Moodys Branch occur-
rences are from the Gosport-equivalent sections
discussed previously. No Echinocyamus are
known from the Moodys Branch exposures at
Jackson, Mississippi or Claiborne Bluff or Lit-
tle Stave Creek in Alabama.

Lower Ocala (Inglis beds), Florida

The genus has never been reported from the
Ocala Limestone of Florida. A large washed
sample at the FLMNH taken from the Inglis
beds of the Ocala Limestone (Moodys Branch
equivalent) along the Cross Florida Barge Ca-
nal in Citrus County, Florida contained 15,324
echinoids, including 7,071 Fibularia vaughani
and more than 4,000 juvenile sand dollars, but
not a single Echinocyamus.

Creola member, Yegua Formation,
Texas and Louisiana

A fossiliferous zone in the upper portion of
the Yegua Formation was described by Stenzel
(1940) and named by him the Creola member.
Stratigraphically below the Moodys Branch at
the Creola Bluff (Montgomery Landing) locali-
ty on the Red River in Louisiana, the section
was correlated by Stenzel with the Gosport
Sand of Alabama. The type section is now be-
low water level, but no echinoids of any type
have been found in Stenzel’s collections at the
TMM and LSUMG. In addition, no Echinocya-
mus have been reported from the Moodys
Branch Formation at Montgomery Landing.

PALEOGEOGRAPHIC
SIGNIFICANCE

The Suwannee Channel, extending from the
Florida panhandle through southern Georgia,
was a negative structure during the middle and
late Eocene, and experienced strong current
flow from the Gulf of Mexico into the Atlantic
Ocean north of the Blake Nose (Popenoe and
others, 1987). This structural feature has been
called variously the Gulf trough, Suwannee
Strait or Suwannee Channel (see McKinney,
1984). During the Lutetian and Bartonian (Lis-
bon deposition) deep-water conditions across
the Florida/Bahamas platform and southern
Georgia permitted spillover of currents from the
Gulf of Mexico into the Atlantic Ocean via the
Suwannee Channel (Figure 1-1). Popenoe and
others (1987) have shown that the current mag-
nitude through the Suwannee Channel was di-
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rectly related to water depth. A eustatic fall in
sea level during the late Bartonian (Gosport
deposition) is evidenced by an unconformity at
the top of the Avon Park Formation that implies
very shallow, possibly subaerial, conditions
across the Florida-Bahamas platform and sea-
ward migration of the coastline along the Gulf
of Mexico from at least Texas to Alabama. This
coincides with the dispersal of Echinocyamus
into Alabama from North Carolina, and indi-
cates a reversal of surface current flow bringing
planktonic Echinocyamus larvae into the Gulf
of Mexico (Figure 1-2). The deposition of the
Gosport Sand itself is likely the result of a con-
vergence of littoral currents and longshore drift
across this 65 km stretch of northern Gulf of
Mexico shoreline. There are two modern ana-
logues: the shell beaches formed by the conver-
gence of littoral currents along the Texas
Coastal Bend (Watson, 1971) and the extensive
shell deposits centered at Sanibel Island, Flori-
da — an analogue first described by Gardner
(1957). A reversal of current through the Su-
wannee Channel would also have created a con-
vergence off the coast of North Carolina, which
may have resulted in the thick bryozoan-echin-
oderm grainstone/packstone facies described
by Coffey and Read (2004) in the upper Castle
Hayne Limestone. These high-energy current
regimes are the favored habitat for the extant
species Echinocyamus pusillus (Telford, and
others, 1983). The subsequent rise in eustatic
sea level during deposition of Jackson Stage
(Priabonian) sediments reestablished the earlier
current regime (Figure 1-3). Environmental
conditions, most importantly changes in current
patterns and larval dispersal paths but possibly
including sea temperature and nutrition sources,
became inhospitable for Echinocyamus and led
to its subsequent disappearance from North
America.

The Suwannee Channel has been envisioned
as a barrier to faunal mixing (Cheetham, 1963)
and a boundary between facies (Chen, 1965), or
a coincidental topographic feature with only
minor relationship to faunal distribution (Carter
and McKinney, 1992). It can also be recognized
as an avenue for faunal mixing and propagation.
The panmictic populations and lack of vicari-
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ance of the endemic protoscutellids from the
upper Texas coast to North Carolina during the
middle Eocene indicates that the Gulf trough
was not a barrier to larval dispersal. Rather, the
suspected reversal that explains dispersal of
Echinocyamus into the Gulf of Mexico could
have been episodic, ensuring panmixis of the
protoscutellid population. Lambert and Thiéry
(1925) and Kier and Lawson (1978) collective-
ly list 29 species of Echinocyamus from the
Lower to Upper Eocene of Africa and Europe.
The sudden appearance of a single species rela-
tively late in the Eocene and its rapid dispersal
from North Carolina to Alabama is evidence
that the genus was exotic to North America.
The ultimate source of the species may have
been via the equatorial current from Africa (see
discussions of paleocurrents by Poddubiuk and
Rose, 1984; Chirat, 2000).

SYSTEMATIC PALEONTOLOGY

Family Fibulariidae Gray, 1855
Genus Echinocyamus van Phelsum,
1774
Echinocyamus parvus Emmons, 1858
Figures 2-3, 2-4, 2-5, 2-6, 2-7
Echinocyamus parvus Emmons, 1858:
307, fig. 244; Clark and Twitchell, 1915:
119; Kellum, 1926: 14; Cooke, 1942: 28,
pl. 1, figs. 6-8; 1959: 31, pl. 9, figs. 9-11;
Kier, 1966: figs. 10, 11, 13b; Toulmin,
1977:360; Kier, 1980:34, pl. 10, figs. 5-10.
Echinocyamus huxleyanus Meyer, 1886:
85, pl. 3, fig. 23; Gregorio, 1890: 251, pl.
43, fig. 15 (after Meyer); Clark and
Twitchell, 1915: 119, pl. 57, figs. 1a-d;
Cooke, 1942: 29, pl. 1, figs. 1-5; 1959: 32,
pl. 9, figs. 12-14; Kier, 1966: figs. 10, 11,
12e; Toulmin, 1977: 360.
Echinocyamus macneili Cooke, 1959:
32-33, pl. 9, figs. 6-8; Kier 1966: figs. 10,
11, 13a; Toulmin, 1977: 360.
Echinocyamus bisexus Kier, 1968: 12-
21, figs. 11-23, pl. 3, figs 1-6, pl. 4, figs. 1,
2; 1980: 34-35, pl. 10, fig. 11.
Diagnosis: Small, rarely more than 6 mm
length. Petals relatively short, pore series paral-
lel to slightly divergent, pore pairs oblique and
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non-conjugate. One hydropore; four (some-
times only three) genital pores, diameters larger
in females (Figure 2-7), distance between pores
variable. Peristome round, two more or less
conspicuous buccal pores in each ambulacrum,
no buccal tubes or peristomial points, no ambu-
lacral grooves. Tubercles irregularly arranged,
but distinct ring of tubercles surrounds peris-
tome. Accessory pores distinct, restricted to
adoral ambulacra. Periproct located about mid-
way between peristome and posterior of test,
submarginal in some immature specimens (Fig-
ure 2-4). Ten internal radiating walls or but-
tresses, two associated with each ambulacrum.
Discussion: Clark and Twitchell (1915) report-
ed the type missing from Williams College.
Handwritten notes in the type collection at the
USNM indicate that at the time Twitchell trans-
ferred several other types from Williams Col-
lege to the USNM. Cooke (1959) reported that
the type was not located with Emmons’ other
types at Williams College. Markes Johnson of
Williams College (personal communication) re-
ports that the Emmons collection was trans-
ferred to the Smithsonian many years ago, but
searching of the collections at the USNM re-
vealed only vertebrate material derived from
the Emmons Collection and the echinoid types
transferred by Twitchell. Emmons listed the
type locality as Craven County, North Carolina.
Clark and Twitchell (1915) indicated that the
specimen was “Very probably from the Trent
marl” (which was thought to be Claiborne in
age and underlying the Castle Hayne), but Kel-
lum (1926) stated that he had ... found it ... as-
sociated with typical Castle Hayne forms and
therefore considers it as belonging to that hori-
zon.” Emmons’ figure certainly appears to rep-
resent the species we refer to E. parvus, and is
much narrower than E. wilsoni Kier (1997)
from the Oligocene Belgrade Formation in On-
slow County, N.C. Emmons noted that the
crinoid Microcrinus conoideus was also from
the Eocene of Craven County “...and associat-
ed with Echinocyamus parvus”. The author has
found Microcrinus with Echinocyamus at the
Lanier quarry at Maple Hill, North Carolina,
and it also occurs in the samples from USGS
Test Well 5 from Glynn Co., Georgia. Emmons

also listed Periarchus lyelli from the Eocene of
Craven County.

Echinocyamus huxleyanus Meyer was de-
scribed from the Gosport Sand at Claiborne
Bluff in Alabama. Echinocyamus macneili was
described from a single specimen collected
from beds along the Conecuh River in south-
eastern Alabama, reportedly from the Moodys
Branch Formation (but see earlier discussion).
Comparison with recent collections of abundant
Echinocyamus from the type area along the
Conecuh River reveals no significant differenc-
es. None of these specimens can be confidently
differentiated from specimens of E. parvus
from North Carolina.

Mortensen (1948) noted that the size of the
genital pores differs between males and females
of species of Echinocyamus due to differences
in the genital papillae. Kier (1968) suggested
that the large, widely-spaced genital pores in E.
bisexus indicated production of large, yolky
eggs, implying a lecithotropic (non-feeding)
larval stage. The genital pores are developed in
the paired interambulacra (rather than in the
genital plates). The occurrence of genital pores
in the interradii has been reported for other cly-
peasteroid echinoids (Mortensen, 1948, de-
scribes this for Clypeaster rosaceus, Peronella
peronii, and Laganum putnami, although he
does not suggest a cause) and so is not surpris-
ing in E. parvus. Kier further stated that it is im-
possible to distinguish males of E. bisexus from
males of E. parvus. He subsequently found E.
bisexus in samples from the Lanier quarry in
North Carolina, but could only distinguish very
small, sexually precocious forms with devel-
oped genital pores (in the interradii). This is al-
so the case for specimens from the Martin-
Marietta quarry at Catherine Lake (Figure 2-3)
— with the implication that either the adult fe-
males of E. bisexus are indistinguishable from
E. parvus, or juveniles of E. bisexus fail to sur-
vive to adulthood as a result of this accelerated
sexual maturity. Given the overall rarity of pre-
served juveniles of any echinoid, the fossil
record may under-record such aberrancy.

Although sexual dimorphsm expressed in the
size and arrangement of genital pores is charac-
teristic of E. parvus throughout its range, ex-
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Figure 2. All images at same scale, 1-6 and 9-11 coated with NH,4CI. 1,2, Periarchus lyelli, USNM
526246, Locality Ala-1, aboral and oral views. 3, Echinocyamus parvus, “bisexus” variant, USNM
526253, Locality NC-1, aboral view. 4, E. parvus, USNM 526252, Locality Ala-3, oral view. 5,6, E.
parvus, USNM 526251, Locality Ala-1, aboral and oral views, male. 7, E. parvus, USNM 559481,
Locality Ala-2, aboral view, female. Figured by Clark and Twitchell (1915, PI. LVII, Figs. 1a-d) as E.
huxleyanus. 8, P. Iyelli, USNM 526250, Locality Ala-4, acid-etched, section showing internal but-
tressing, viewed from aboral side. 9, 10, P. Iyelli, USNM 526249, Locality Ala-3, aboral and oral
views, 11, P. lyelli, USNM 526247, Locality Ala-3, aboral view. 12, P, lyelli, USNM 526248, Locality
Ala-3, photographed wet, section showing internal buttressing, viewed from aboral side.

treme deviant stages (E. bisexus) are known
only from Georgia and North Carolina (and
only from juvenile forms in the latter case). The
question is whether this has led to the develop-
ment of two sympatric species, or if the E. bi-
sexus form is an individual deviancy. The early
sexual maturity shown by the E. bisexus form
could be considered a form of heterochrony
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(specifically progenesis), but the formation of
genital pores outside the genital plates is not
part of the normal ontogeny of any echinoid. It
is unlikely that the two distinct forms indicate
phenotypic plasticity within E. parvus, express-
ing itself as multiple development modes or po-
ecilogony, which has not been reported in
echinoids.
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Lawrence and Herrera (2000) list several
characteristics of stress-induced deviant repro-
duction in echinoderms. E. bisexus shows the
characteristics of (1) accelerated sexual maturi-
ty. (2) increased egg size — with implication of
change from typical planktotrophic (feeding) to
lecithotropic (non-feeding) larvae. If, as con-
cluded here, E. bisexus is a deviant form of E.
parvus, there is the suggestion of an adaptive
response to environmental stress. Pearse (1969)
studied the causes of reproductive periodicities
in tropical echinoids and concluded that nutri-
ent availability and sea temperature were likely
the most important parameters determining the
timing of gametogenesis. The small size of
some of the E. bisexus forms is evidence that
they were at most only weeks past metamor-
phosis, when settlement of the larvae must have
been on hospitable substrate at acceptable tem-
perature and salinity. Environmental conditions
changed rapidly enough to force the accelerated
sexual maturity and increased egg and yolk size
but not immediately kill the animal. Because of
limited internal volume of the echinoid, gonad
growth occurs at the expense of digestive or-
gans. Starvation could have been the impetus
for the changes seen, possibly coupled with an
abrupt change in sea temperature. The modern
species E. pusillus feeds primarily on diatoms
and other organic debris adhering to substrate
particles (Telford and others, 1983). Any condi-
tions affecting the abundance of diatoms in the
bottom sediment could have indirectly stressed
the E. parvus population.

Genus Fibularia Lamarck, 1816
Fibularia avilensis (Lambert, 1931), new
combination
Echinocyamus avilensis Lambert, 1931:
298-299, fig. 2.

Diagnosis: Small, globose. Petals relatively
short, pore series parallel to slightly divergent,
pore pairs oblique and non-conjugate. Four
genital pores. Peristome round, periproct circu-
lar, located about midway between peristome

and posterior of test. No internal buttresses.

Discussion: Echinocyamus avilensis Lambert,
as noted by Kier (1968), was never adequately
figured, and the location of the type is not

known. The reported dimensions of the species,
as well as Lambert’s interchanged usage of the
genera Echinocyamus and Fibularia (see
Mortensen, 1948; confirmed by Lambert’s
(1931, p. 299) explicit reassignment of Fibular-
ia jacksoni Hawkins 1927 to Echinocyamus),
indicates that this species should be referred to
the latter genus.

Genus Fibulaster Lambert and Thiéry,
1925
Fibulaster? caribbeanensis (Kier, 1966),
new combination

Echinocyamus caribbeanensis Kier,

1966: 7-8, figs. 10-12, pl. 1, figs. 4, 5.

Diagnosis: Small, thick test. Petals relatively
short, pore series parallel to slightly divergent,
pore pairs oblique and non-conjugate, anterior
petal (IIT) longer than others. Four genital
pores. Peristome round, sunken, two more or
less conspicuous buccal pores in each ambu-
lacrum, no buccal tubes or peristomial points,
no ambulacral grooves. Accessory pores along
suture between ambulacral and interambulacral
plates past petals. Periproct marginal to submar-
ginal, protruding slightly. Internal structure un-
known.
Discussion: Two paratypes of this species are
retained in the collections of the USNM (US-
NM 328794 and USNM 328795). Both speci-
mens show a degree of inflation more typical of
Fibularia than Echinocyamus. Echinocyamus
caribbeanensis, with its slightly protruding and
marginal or nearly marginal periproct is tenta-
tively referred to Fibulaster.

Fibulaster? caribbeanensis was described
from the Scotland Formation on Barbados,
from the Upper, Middle, and Lower Chalky
Mount members and the older Murphys Mem-
ber, suggesting a middle through upper Eocene
range (Vaughan, 1945). However, more recent
studies of the stratigraphy of Barbados (Speed,
1983) indicate a lack of stratigraphic coherence
in the Chalky Mount area of Barbados, casting
uncertainty on the accurate age of occurrence.
The faunal associations tend to indicate a Bar-
tonian or Priabonian age.
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Family Protoscutellidae Durham, 1955
Genus Periarchus Conrad, 1866
Periarchus lyelli (Conrad, 1834)

Figures 2-1, 2-2, 2-8, 2-9, 2-10, 2-11, 2-12
Periarchus lyelli (Conrad). See Zachos
and Molineux, 2003 for full synonymy.

Echinocyamus meridionalis Meyer,
1887: 12, pl. 2, figs. 21, 21a; Gregorio,
1890: 251, pl. 43, figs 13, 14 (after

Meyer); Cooke, 1942: 29; 1959: 32, pl. 9,

figs. 4, 5; Kier, 1966: fig. 10; Toulmin,
1977: 360.

Fibularia meridionalis (Meyer). Clark
and Twitchell, 1915: 121, pl. 57, figs. 3a-
d.

Diagnosis: Petals poorly defined in juveniles
less than 6 mm length. Apical system eccentric
anteriorly, often sunken (Figure 2-9), this re-
gion of test weak; genital pores undeveloped in
Jjuveniles. Periproct circular to elongate, nearer
posterior margin in small juveniles, closer to
midpoint between peristome and margin in
larger juveniles. Ambulacral grooves present in
larger juveniles, buccal tubes or peristomial
points protrude into peristome (Figures 2-2, 2-
10) and complex internal buttressing (Figures

2-8, 2-12) present at all sizes.

Discussion: The holotype of E. meridionalis,
USNM 559486, is broken in the apical region of
the test. This affords a look at the internal struc-
ture of the test and reveals complex radial inter-
nal buttresses. Four additional specimens,
USNM 559485, one figured by Cooke (1959),
are missing from the USNM collection. The
fragment noted by Cooke (1942, p. 29), USNM
166502, and specimens from the Conecuh Riv-
er localities also show complex internal but-
tresses. Immature individuals of Periarchus
lyelli show identical internal structure. Clark
and Twitchell (1915) reported only rudimentary
petals or genital pores, an indication of immatu-
rity common in the Protoscutellidae. In addi-
tion, the primitive stage of petal development of
specimens referred to E. meridionalis is the
same as that seen in the early stages of an onto-
genetic series of P. lyelli. The location of the
periproct is more marginal than expected for P.
lyelli, but the location of the periproct appears
to migrate towards the peristome during early
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growth of the individual. Clark and Twitchell
(1915, p. 122) noted “faint radiating creases”
(ambulacral grooves) on some specimens. The
breakage of the peripetalous region on the holo-
type is characteristic of damage seen in imma-
ture protoscutellids, and uncharacteristic of
fibulariids, which usually break along the ambi-
tus or transversely.

Clark and Twitchell (1915, p. 122) noted that
E. meridionalis *...occurs in comparative abun-
dance...” in the Gosport Sand at Claiborne, Al-
abama. Meyer (1887) also reported it from
Jackson, Mississippi, probably from the Mood-
ys Branch Formation. These occurrences would
be expected for juveniles of Periarchus lyelli.
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APPENDIX

Localities

Ala-1, Little Stave Creek, upper section, ap-
proximately 1 km north of Jackson, SE/4 Sec.
20, T7N, R2E, Clarke County, Alabama. Geo-
graphic coordinates: 31° 33" 21” N 87° 53’ 19”
W; UTM Zone 16 (NAD27) coordinates: East-
ing 415,650m Northing 3,491,370m

Ala-2, Claiborne Bluff, left bank of Alabama
River at US Highway 84 bridge, NW/4, Sec. 25,
T7N, RSE, Monroe County, Alabama. Geo-
graphic coordinates: 31° 32” 48” N 87° 30’ 57"
W; UTM Zone 16 (NAD27) coordinates: East-
ing 451,050m Northing 3,490,120m

Ala-3, Right bank of Conecuh River at
mouth of Fall Creek, 200 m upstream of County
Road 42 bridge, west of Andalusia, SW/4 SE/4
Sec. 29, T4N, RISE, Covington County, Ala-
bama. Geographic coordinates: 31° 16’ 45 N
86° 34’ 12 W; UTM Zone 16 (NAD27) coor-
dinates: Easting 540,933m Northing
3,460,429m

Ala-4, Creek on left side of Conecuh River,
80 meters south of County Road 42 bridge, west
of Andalusia, NW/4 NE/4 NE/4 Sec. 32, T4N,
R15E, Covington County, Alabama. Geograph-
ic coordinates: 31° 16” 36” N 86° 34’ 7 W;
UTM Zone 16 (NAD27) coordinates: Easting
541,056m Northing 3,460,147m

Ala-5, Railroad bridge over Choctawatchee
River at Geneva, NW/4 SW/4 Sec. 28, TIN,
R16W, Geneva County, Alabama. Geographic
coordinates: 31° 1’ 39” N 85° 51’ 21" W; UTM
Zone 16 (NAD27) coordinates: Easting
609,200m Northing 3,433,040m

Ga-1. U.S.GS. Test Well #5 (34H337) locat-
ed on the west side of the railroad tracks, be-
tween London and Albermarle Streets, in
Brunswick, Glynn County, Georgia. Geograph-
ic coordinates: 31° 8’ 24” N 81° 29 43" W
UTM Zone 17 coordinates (NAD27): Easting
452,785m Northing 3,445,038m

NC-1, Martin-Marietta quarry, south of
County Road 1223, about 2.25 km NNE of
Catherine Lake, Onslow County, North Caroli-
na. Geographic coordinates: 34° 50° 10" N 77°
33" 3" W; UTM Zone 18 (NAD27) coordinates:
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Easting 266,725m Northing 3,857,645m

NC-2, East Coast Limestone, Inc. quarry, 1.3
km SW of intersection of State Roads 50 and
53, 2.5 km WNW of Maple Hill, Pender Coun-
ty, North Carolina. Geographic coordinates: 34°
39" 537 N 77° 43” 22” W; UTM Zone 18
(NAD27) coordinates: Easting 250,500m
Northing 3,839,040m

NC-3, Lanier quarry, about 4.25 km SSE of
Maple Hill, 0.6 km south cemetery off County
Road 1532, Pender County, North Carolina.
Geographic coordinates: 34° 37° 36" N 77° 40’
357 W; UTM Zone 18 (NAD27) coordinates:
Easting 254,645m Northing 3,834,715m

NC-4, Ideal Cement Co. quarry, south of
Junction of Island Creek with Northeast Cape
Fear River, at end of County Road 2023, 7.2 km
NE of Castle Hayne, New Hanover County,
North Carolina. Geographic coordinates: 34°
227 35”7 N 77° 49’ 36” W; UTM Zone 18
(NAD27) coordinates: Easting 240,080m
Northing 3,807,325m

NC-5, J. M. Thomas Farm, “10 miles north-
west of Jacksonville”, Onslow County, North
Carolina (Kellum, 1926, Locality 10636).

NC-6, Craven County, North Carolina (Em-
mons, 1858).
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ABSTRACT

Sand grains associated with intense
chemical weathering during residence in pe-
dogenic and alluvial storage environments
have been described in clastic fluvial sedi-
ment loads. These phases are labile, but their
behavior in stream sediments has not been
systematically studied. The purpose of this
study was to determine the abundance of
weathered particles in stream sediments
from two streams in Mountain Lake water-
shed, Paris Mountain, South Carolina. The
distribution of weathered particles was then
compared with stream profile, sand composi-
tion, and texture data in order to assess con-
trols on weathered particle distribution in
light of bulk downstream trends. An undif-
ferentiated assemblage of schists and gneiss-
es underlies the watershed. Sixty-five sample
localities were established along Kaufman
and Hartness Creeks, which are second or-
der systems. All samples were analyzed for
grain size distribution. Grain mounts of the
medium sand fraction of 20 selected samples
were prepared for petrographic analysis.
The results indicate that sediments in Moun-
tain Lake watershed are texturally and com-
positionally immature. Both streams show a
slight downstream trend with respect to im-
proved sorting. Kaufman Creek shows a
slight downstream trend with respect to in-
creasing grain sizes. There are no systematic
downstream changes in weathered particle
abundance or bulk composition, but sedi-
ment compositions in the two creeks are very
distinct. The lack of alluvial storage, related

to the steep slope, and rapid export of mate-
rial minimize in situ alteration within the
streams, even of the labile weathered parti-
cles. Individual site slope and mineralogic
composition are not correlated, indicating
that the influence of slope on sediment matu-
ration is scale dependent. Disaggregation of
weathering rims on coarser clasts and con-
tinued soil particle input along the streams
may partially mask early attrition of weath-
ered particles. When integrated with other
studies, the results suggest that significant
loss of weathering rims is detectable between
2.3 to 4.8 km of net downstream transport in
the Southern Appalachians. Because the lack
of alluvial storage limits in situ weathering of
sediment, variations in sediment composi-
tion reflect variations in source rock distri-
bution as modified by soil processes.

INTRODUCTION

Interpreting the mechanisms related to alter-
ation of clastic fluvial sediments is of key im-
portance in distinguishing source rock and
environmental signals preserved in the sedi-
mentary record. Accordingly, many studies
have focused on petrographic examination of
modern stream sands to assess different sedi-
ment populations reflecting different sources,
environmental conditions, transport histories,
and weathering mechanisms (Cameron and
Blatt, 1971; Mann and Caravoc, 1973; Basu,
1976; Mack, 1981; Franzinelli and Potter, 1983;
McBride and Picard, 1987; Girty and others,
1988; Grantham and Velbel, 1988; Johnsson
and others, 1988; Johnsson, 1990b, a; Johnsson
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and Meade, 1990; Girty, 1991; Johnsson and
others, 1991; Savage and Potter, 1991; Heins,
1993; Johnsson, 1993; Robinson and Johnsson,
1997). A relatively separate body of literature
has focused on the controls on downstream tex-
tural changes in modern rivers, particularly sed-
iments in the gravel size range (Jones and
Humphrey, 1997; Hoey and Bluck, 1999; Rice,
1999; Jones, 2000; Heller and others, 2001
Rice and Church, 2001; Surian, 2002; Brummer
and Montgomery, 2003; Constantine and oth-
ers, 2003).

The net effects of alteration are related to
both the intensity and duration of exposure to
physio-chemical environments that are not in
equilibrium with a given sedimentary particle
(Johnsson, 1993). Distinguishing the effects of
intensity versus duration of exposure can be dif-
ficult in an absolute, quantitative sense, espe-
cially in the rock record. However, qualitative
data concerning the relative influences of these
rates along given transport distances under spe-
cific environmental conditions are more easily
estimated and are of value when interpreting the
sedimentary record (Savage and Potter, 1991).
Along a link, defined as a channel segment be-
tween tributaries, if bank failure, hill slope fail-
ure, and runoff are minimized, then changes in
bulk sediment composition will be due primari-
ly to in situ alteration. If the net rate of alteration
is greater than the average rate of grain trans-
port through the link (i.e. the time spent in the
bedload plus the time spent in temporary stor-
age in alluvial deposits), then strong differences
should be noted over very small distances. If the
average rate of grain transport through the link
is greater than the rate of alteration, however, no
significant compositional trends should be de-
tected.

A number of studies of clastic fluvial sedi-
ments have also noted that bedload sediments
often contain intensely weathered particles as-
sociated with residence time in colluvial (sap-
prolite, regolith, and soil) and/or alluvial
(stream bar and floodplain) depositional envi-
ronments (Grantham and Velbel, 1988; Johns-
son, 1990a; Johnsson and Meade, 1990; Pope,
1995). Johnsson (1990b) suggests that weath-
ered particles, including soil grain types and
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grains with weathering rims, are likely suscep-
tible to mechanical abrasion and rapid mass loss
during transport. This may be a primary control
on coupling of chemical/mechanical processes
influencing grain size and grain size normalized
compositional changes in fluvial sediments. A
simple, theoretical box model helps conceptual-
ize how these changes and processes are related
(Figure 1). Although downstream loss of
weathering rims on larger size fractions, includ-
ing cobbles, has been shown to be an important
control on the expression of downstream fining
trends in mountainous streams (Heller and oth-
ers, 2001), there have been few systematic at-
tempts to assess the controls on the production,
transport, and fate of weathered particles in the
sand fraction. In one of the few examples of
weathered particle studies, Grantham and Vel-
bel (1988) note that the relative abundance of
garnet grains with weathering rims begins to
decline after about 4.8 km of transport in the
southern Appalachians, but these numbers are
only loosely constrained. Further study of such
weathered particles, however, may provide very
sensitive proxies for interpretation of weather-
ing and transport processes influencing bedload
materials in modern systems (Grantham and
Velbel, 1988; Johnsson, 1993; Heller et al.,
2001).

The purpose of this paper is to assess the con-
trols on the distribution and behavior of weath-
ered particles in stream sediments from a small,
steep, weathering-limited watershed in a low-

L Soil and Regolith “ing™, !
1 W l
Coarse breg::(ii:wn Med' Sand bre!irli‘riir;wn Fine
(<lphi) | —= (1-2}phi) — | (>2phi)
S situ ; rind J Jinsitu
l trind prod, “export, \rind loss

Sediment Export J
Figure 1. Theoretical box model for potential
sources, fates, and processes related to the
abundance of medium grains with weathering
rims.
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order, subtropical basin. Mountain Lake water-
shed, located on Paris Mountain, in Greenville,
South Carolina, provides two small streams that
have been sampled at a high resolution to exam-
ine the bulk texture and composition in addition
to the weathered particle abundance. The
dataset provides a thoroughly documented ref-
erence point for comparison with similar stud-
ies of headwater stream sediments and serves as
a springboard for further research in the local
area.

REGIONAL SETTING

The 295 ha Mountain Lake watershed (Fig-
ure 2) is located on the northeast flank of Paris
Mountain (34° 56’N, 82° 22°W) in Greenville,
South Carolina, USA. Paris Mountain is a
monadnock that lies in the Inner Piedmont Ter-
rain about 20 km southeast of the Blue Ridge
escarpment. Tectonically, the area is part of the
Paris Mountain thrust sheet, which is one of
four regional thrust sheets that form a compos-
ite stack known as the Inner Piedmont province
(Horton and McConnell, 1991). The lithologies
underlying the watershed include a complex as-
semblage of biotite schist, muscovite schist,
quartz muscovite schist, and biotite gneiss with
varying amounts of sillimanite and kyanite
(Niewendorp, 1997). Structurally, the water-
shed is characterized by a complex array of im-
bricate thrusts resulting in a complex
metamorphic stratigraphy of different types of
schists and gniesses, with deeper metamorphic
units exposed to the east and south.

The study area is in the east central portion of
the Paris Mountain USGS 7.5-minute quadran-
gle. The highest elevation in the watershed is
the peak of Paris Mountain, at approximately
690 m above sea level. The lowest point at
Mountain Lake lies at an elevation of 342 m.
The total relief is 348 m.

Hartness and Kaufman Creeks dominate the
surface hydrologic system of the study area.
Analysis of channels marked on the Paris
Mountain USGS 7.5-minute quadrangle indi-
cate that both creeks are second-order systems
(Strahler, 1952). In the northern portion of the
watershed, the 2.3 km-long Kaufman Creek

Mountain
State Park
Boundary

0.5 km

— 100 km

Figure 2. Map of Mountain Lake watershed,
located on Paris Mountain in northern Green-
ville Co., South Carolina. Dots represent sam-
pling localities at 50 m intervals along Kaufman
Creek (north, n= 36) and Hartness Creek (south,
n=29); numbering begins at the confluence and
counts upstream.

drains 1.40 km? and descends 154 m along its
course for an average slope of 0.067. Kaufman
Creek cuts across regional structural trends for
most of its lower course. In the southern portion
of the watershed, the 1.9 km-long Hartness
Creek drains 1.55 km?2 and descends 118 m for
an average slope of 0.062.

Outcrops occur in the channels as either
metamorphic lithologies with steeply dipping
foliation that directs water along strike or as
gently convex-up exposures of biotite gneiss.
Both stream channels are characterized by a se-
ries of step pools connected by waterfalls and
segments of straight channel. Niewendorp
(1997) traced several faults that coincide with
or extend directly under relatively straight
reaches of Hartness Creek between sites 1-10,
14-22, and 22-29, suggesting some structural
control of the drainage.

Lateral spread of high water is clearly con-
fined by the steep topography and abundant
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rock outcrops along the banks. The banks are
thin accumulations of soil held in place by ri-
parian vegetation, which includes rhododen-
dron, dog hobble, and other herbaceous species.
The adjacent slopes and ridges are character-
ized by thin, mature Ultisols (Camp, 1975) col-
onized by an oak-hickory forest mixed with
mountain laurel. Small, discontinuous outcrops
are common. Many slopes in the upper water-
shed show evidence of significant soil creep,
but large alluvial fans are not observed.

The watershed is characterized by a subtrop-
ical climate. The average annual daily maxi-
mum temperature for Greenville County is 22°
C, but monthly averages range from 11° to 31°
C. The annual average daily minimum temper-
ature is 11° C, but monthly averages range from
2° to 21° C. Average annual precipitation is
122.9 cm (Camp, 1975).

The lower portion of the watershed is pro-
tected land within Paris Mountain State Park.
The upper portions are private property. A few
high-value housing developments exist around
the margin of the watershed, but the area is still
largely undeveloped. The creeks are each cur-
rently sourced from small impoundments. Ob-
servation of the watershed indicates no
significant differences between the drainages
for Kaufman and Hartness Creeks, no signifi-
cant, localized anthropogenic disturbances, and
no significant point sources of sandy sediment.

METHODS
Sampling

A total of 65 sampling sites were established
at approximately 50 m intervals along the
creeks (Figure 2, Hartness, n = 29; Kaufman, n
= 36). Elevations of sites were taken from the
Paris Mountain USGS 7.5-minute quadrangle
map. To test for scale dependency of slope-tex-
ture and slope-composition relations, an en-
larged copy of the Paris Mountain USGS 7.5-
minute quadrangle was used to determine the
instantaneous slope for each locality by divid-
ing by the distance between the closest 6 m con-
tour intervals. Representative samples of
bedload sediment were collected at each locali-

232

ty with a 1-quart scoop and dried in an oven at
80°C. Although grain size analysis focused on
the sand and granule size fractions, observa-
tions suggest that the population may be bimo-
dal, with one mode in the sand range and
another in the cobble to pebble range. Samples
were not collected downstream from Mountain
Lake to avoid complications related to sediment
storage in the lake.

Grain Size Analysis

Samples were sieved through screens at
half-¢ intervals between -2.0 ¢ and 4.0 ¢ in a
Ro-Tap machine for 12 minutes. Particles larg-
er than -2.0 ¢ were omitted due to sampling bi-
ases. The grains smaller than 4.0 ¢ comprise
only a very small percentage of the total sedi-
ment load and were not further separated.
Mean and sorting were calculated according to
the method of moments (Krumbein and Petti-
john, 1938):
Mean (15t moment):

X¢= (S(f¥m))/n (eq.1)

Sorting (2" moment, s; = ((S(f*(m-Xp?2))/100)0-5  (eq. 2)

standard deviation):

In these calculations, f equals the weight per-
cent of each grain size, m equals the midpoint of
each grain size range in ¢, and n equals the total
number of samples. The <63 pm fraction was
qualitatively observed to be dominated by silt,
and, for moment calculations, the midpoint of
the range was placed at 6.5 ¢.

Petrographic Analysis

A riffle split of the medium sand fraction (1.0
to 2.0 ¢) was selected from twenty localities,
embedded in epoxy, and thin sectioned for pet-
rographic analysis. This fraction was chosen
both for ease of optical analysis and to facilitate
comparison with other studies. All thin sections
were stained for potassium feldspar and plagio-
clase. The classification scheme (Table 1) was
modeled after Robinson and Johnsson (1997)
but was modified to focus on the limited range
of source rocks, to incorporate observed sub-
populations, to characterize the lithic composi-
tion, and to distinguish between degrees and
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Classification scheme for petrographic analysis of the medium sand fraction in Moun-

tain Lake Watershed

Qt
Qtm

Ft

Mt

At

Ot
Ya
Pf
Ou
Bi
Rt
Rtp

Zx

= total quartz = Qm+Qs+Qp
= total moncrystalline quartz = Qm+Qs
Qm = quartz, monocrystalline
Qms = straight extinction
Qmu = undulatory extinction
Qp = quartz, polycrystalline
Qp2-3 = 2-3 grains per crystal
Qp>3 =>3 grains per crystal
Qs = quartz, subgrained
= total feldspar = Fp+Fk
Fp = plagioclase
Fk = potassium feldspar
= total mica = Mb+Mm+MI
Mm = muscovite
Mb = biotite
= total accessories = Ao+Ai+Ak+As+Ab+Ap+Aul+Au2
Ao =opaque

Ai = inosilicates (hornblende)
As =sillimanite
Ak = kyanite

Ab = brown garnets

Ap = pink garnets

Au1 = unknown: gray to brown, B(-), textured, ~-relief, possibly zeolite from fault/fracture
Au2 = unknown: clear, 10 gray, hi (-) relief, possibly zeolite from fault/fracture
= total other grains = Ya+Pf+Ou+Bi

= alterites

= pedogenic/ferruginous

= other

= biogenic debris

= total rock fragments = Qp+As+Lg+Lf+Lm+La+Ly+Lp

= total poly-phase rock fragments = Lg+Lf+Lm+La+Ly+Lp

Rq = rock fragments with quartz under the cross hairs

Rf = rock fragments with feldspar under the cross hairs

Rm = rock fragments with micas under the cross hairs = Lmm+Lmb

Ra = rock fragments with accessories under the cross hairs

Ry =rock fragments with alterites under the cross hairs

Rp = rock fragments with pedogenic ferrunginous materials under the cross hairs
= grains with FeO rims

Z1 = minimal rinds (0-25%)

Z2 = partial rinds (25-50%)

Z3 = complete rinds (>75%)
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types of alteration. Most of the grain popula-
tions are standard minerals commonly identi-
fied under the microscope. Two types of
“weathered particle” grain types were recog-
nized. Alterite (Ya) grains are defined as those
grains that have been altered to the point where
the original mineralogy can no longer be confi-
dently identified but have not been leached of
all mobile elements (Johnsson, 1990b). In
Mountain Lake watershed, alterites commonly
consist of chlorite and sericite, and many have
picked up a light pink stain. This could be due
to the presence of remnant K-feldspars, clays
that react with the stain, and/or leaching and
filling of micropores by the stain solution. Pe-
dogenic ferruginous (Pf) particles are second-
ary concretions of precipitated iron oxide or
residual weathering products of alterites that
have been further leached of all mobile phases
(Johnsson, 1990b). In Mountain Lake water-
shed, pedogenic ferruginous particles, charac-
terized by chaotic, thick, reddish-to-opaque
oxide minerals, lack good crystal faces and of-
ten appear irregular in shape. Many types of
otherwise recognizable grains from proximal
pedogenic sources have weathering rims pro-
duced during residence in colluvial (regolith,
sapprolite, soil) and alluvial (bar and flood-
plain) deposits.

Thin sections were point counted (n = >300;
grid spacing of 0.66 mm) using the traditional
method in which the entire sedimentary grain is
used in the classification rather than the Gazzi-
Dickinson method (Ingersoll and others, 1984).
In the traditional method, if a single mineral
species makes up more than 95% of the visible
surface area of a grain, then the grain is classi-
fied as monomineralic. If no single mineral spe-
cies makes up more than 95% of the visible
surface area of a grain, then the grain is classi-
fied as a polymineralic rock fragment. Quartz is
the only phase to be further subdivided into
monocrystaline and polycrystaline aggregates.
Rock fragments were sub-classified based on
the composition of the grain under the cross-
hairs. Statistical maximum and minimum limits
for each grain type counted were calculated us-
ing the method of Howarth (1998).
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Weathering Rims

The abundance of weathering rims, recog-
nized as reddish-brown material similar to Pf
grains, but concentrated in thin convexo-conca-
vo zones along the boundaries of grains that are
otherwise identifiable, was also recorded.
Grains are considered to have a class one (Z1)
rim if reddish alteration covers 1-25% of the to-
tal visible circumference and fracture length
combined. Class two (Z2) rims cover 25-75%
of the total visible circumference and fracture
length combined. Class three (Z3) rims cover
75-100% of the total visible circumference and
fracture length combined.

RESULTS

The sediments in Mountain Lake watershed
are texturally and compositionally immature,
but stream profiles, bulk composition, and tex-
tural trends reveal significant differences be-
tween the two creeks. Data tables have been
abbreviated and summarized due to the sheer
quantity of data, but a complete dataset of all
textural and compositional parameters for each
site is available from the authors.

Stream Profiles

The two creeks are characterized by distinct-
ly different profiles (Table 2 and Figure 3). A
single, large slope break dominates the Kauf-
man Creek profile, whereas Hartness Creek is
characterized by a much more even slope along
its entire length. These same differences are re-
flected in a plot of the instantaneous slopes, cal-
culated using the nearest 6 m contour intervals,
for each site (Figure 4).

Grain Size Data

Sediment samples from Mountain Lake wa-
tershed show considerable variability with re-
spect to grain size distributions along a
downstream profile (Table 2, Figures 5 and 6).
Mean grain sizes from sediment samples in
Mountain Lake watershed fall within a range of
-0.28 to 1.12 ¢. The mean grain size in Kaufman
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Longitudinal Stream Profiles
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Figure 3. Longitudinal profiles for A) Kaufman
Creek and B) Hartness Creek. Profiles are
based on the elevations of the sampling sites.

Creek is 0.32 ¢, while the mean grain size in
Hartness Creek is 0.28 ¢. Sorting coefficients
fall within a range of 0.94 to 1.65. On average,
the sediments are poorly sorted in both creeks,
with only one sample falling into the extreme
low end of the moderately sorted category

100%

80%

<
< 60%
=

(Folk, 1974). In Kaufman Creek, the mean
grain size increases downstream, and sorting
improves slightly downstream. In Hartness
Creek, mean grain size does not change down-
stream, but there is a slight trend toward im-
proved sorting.

Textural trends illustrated in Figures 5 and 6
indicate that the most downstream sites seem to
behave anomalously. The relative percentages
of the coarse and medium sand fractions in both
creeks change sharply, as do the sorting in both
creeks and the mean grain size in Kaufman
Creek. These sites are located near the junction
of the streams with Mountain Lake, where the
systems essentially form a small delta/estuary
system. Anthropogenically induced complica-
tions from reduced flow velocity are assumed to
be influencing these sites and, accordingly, tex-
tural data from the three closest sites to the lake
have been discarded for statistical purposes in
each creek.

Compositional Data

Compositional analyses indicate significant
amounts of alterites, feldspars, micas, and lithic
fragments in addition to quartz (Table 3, Figure

Grain Size Profile for Kaufman Creek

fine (>2.0f) B mediumsand (1.0t0 20f) M coarse (<1.0)

)
S

= 40%
20%

0%

000 0.15 0.35 0.55 0.75

0.95 115 1.35 1.55 175

Downstream Distance

Grain Size Profile for Hartness Creek

0.00 0.20 0.40 0.60

1.20

0.80 1.00 1.40

Downstream Distance

Figure 5. Textural profiles for A) Kaufman Creek and B) Hartness Creek. The choice of “coarse”
(< 1.0 ¢), medium sand (1.0 to 2.0 ¢), and “fine” (>2.0 ¢) fractions is based on the box model pre-

sented in Figure 1.
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Texture Trends Along Kaufman Creek
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Figure 6. Grain size and sorting trends for A)
Kaufman Creek and B) Hartness Creek. The
three lowest sites (i.e. lower 0.15 km) are not
considered for statistical purposes due to the
interference of Mountain Lake. Kaufman Creek
shows a trend toward coarser grain sizes (R2 =
0.6347, y = -0.6595x + 0.8472), but only a very
weak trend toward improved sorting (R2 =
0.3274). Hartness Creek shows a very weak
trend toward improved sorting (R2 = 0.3800),
but no trend with respect to grain size (R2 =
0.0172).

7). Although there are no significant, systematic
changes in the sediment composition along the
stream profile, Hartness Creek sands are char-
acterized by total feldspar, microcline, and
hornblende abundances that are more than one
standard deviation greater than the abundances
in Kaufman Creek (Figure 8). Kaufman Creek
contains a greater amount of quartz than Hart-
ness Creek, as well as local peaks in muscovite
abundance. Although difficult to statistically
determine, abundances of many individual ac-
cessory minerals also suggest different distribu-
tions. Sillimanite distribution, for example, is
much more consistent along Hartness Creek
(11.7 +/- 7.5%, RSD 0.65%), than along Kauf-
man Creek (2.7 +/- 3.5%, RSD 1.32%).

Weathered Particles
Alterites and pedogenic ferruginous particles

are present in low abundances throughout the
watershed (Figure 9). Rind abundances are sim-
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ilar in both creeks, and there are no distinct
trends with respect to the loss of these phases.
Approximately one-fourth of the grains have
weathering rims of some degree (Figure 10). Z1
rims are almost twice as common as Z2 and Z3
rims combined. Along the stream profile, there
is some variability of the relative proportions of
both constituent minerals and rims. However,
as sediment moves through the watershed, no
single population is observed to systematically
change volumetrically at the expense of anoth-
er.

DISCUSSION

The results show that the overall lack of allu-
vial storage and rapid export of material mini-
mize the detectable effects of downstream
alteration of sedimentary particles at this scale,
even those associated with pedogenic sources.
The dominant weathering mechanism influenc-
ing the stream sediment is the extended resi-
dence time in the soil horizons on the adjacent
slopes; in situ chemical alteration is minimized
by the rapid export. No net influence of me-
chanical weathering is detected in the sand frac-
tion, although this could be masked partially by
the breakdown of larger cobbles, which move
more slowly through the system and may break
down into sand-sized particles. More work is
needed to determine the impact of this effect.
Because the lack of alluvial storage limits in
situ weathering of sediment, variations in sedi-
ment composition reflect variations in source
rock distribution. The results of this study are
contrasted with studies of larger systems to pro-
vide some boundaries on the detectability of al-
teration in such systems and insight into the
potential limits of many methodological as-
sumptions that implicitly underlie similar stud-
ies.

Sediment Texture

Textural analyses of sediments from Moun-
tain Lake watershed suggest that sediments are
not subject to significant mechanical weather-
ing or hydrodynamic sorting during transport.
Similar to the coarsening trends here document-
ed in Kaufman Creek, Brummer and Montgom-
ery (2003) noted downstream coarsening, rather
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Table 3 — Summary of medium sand composition (wt%) for Mountain Lake Watershed. A com-
plete dataset is available from the authors.

Kaufman Creek, downstream distance Hartness

175 160 1.45 130 1.15 1.00 0.85 075 0.55 0.25 0.10 0.00 | 1.35 1.20
Qt 59.74 76.14 61.11 68.98 69.71 72.55 63.82 71.19 67.21 71.43 62.58 57.19 46.89 40.85
Qtm 58.75 74.18 59.15 67.99 67.43 70.59 62.50 70.53 64.61 71.10 61.92 56.21 45.25 38.89
Ft 594 327 425 429 521 490 230 430 390 2.33 232 0.64 21.97 22.22
Rt 759 7.84 1438 891 9.12 10.78 14.14 7.28 12.99 6.98 10.26 17.6q4 14.75 15.03
Rtp 6.60 588 1242 792 6.84 8.82 12.83 6.62 10.39 6.64 9.60 16.674 13.11 13.07
Mt 792 425 686 660 879 425 7.89 629 390 797 762 7.84 328 3.92
At 6.60 229 850 264 326 327 757 364 487 598 762 584 8.52 12.09
Ot 1221 621 490 858 391 425 428 7.28 7.14 532 960 10.7d 459 5.88
Ya 6.27 523 359 660 391 294 1.32 530 357 399 497 429 262 229
Pf 561 098 065 198 0.00 1.31 296 1.99 325 066 464 490 1.64 0.65
Pf+Ya | 11.88 6.21 425 858 391 425 428 728 6.82 465 960 9.1 426 294
Zt 41.91 43.79 51.31 44.22 40.39 42.48 49.34 50.33 51.30 46.18 39.07 56.54 52.79 33.01
Z1 29.37 34.97 30.39 35.64 30.62 30.72 31.25 38.74 37.34 33.55 24.17 28.7d 29.51 26.80
z2 858 588 15.03 6.93 6.84 7.19 11.18 6.95 9.74 7.97 11.26 20.59 16.72 4.90
Z3 396 294 588 165 293 458 6.91 464 422 465 364 719 656 1.31

Hartness Creek, downstream distance Averages

1.05 090 0.75 0.60 0.45 0.30 0.15 0.00 Um0 S Avarage

Avg SD JAvg SD |Avg SD
Qt 45.60 46.05 45.54 47.85 47.21 43.89 35.50 41.5(] 66.80 5.84 44.09 3.81 55.45 4.83
Qtm 43.32 44.74 44.55 46.86 45.57 42.90 33.22 39.54 65.41 574 4249 4.14 53.95 4.94
Ft 24.43 20.72 23.43 24.75 19.34 21.12 23.78 19.99 364 1.51 22.17 1.89 12.90 1.70
Rt 11.40 17.43 11.22 14.85 11.80 15.84 24.10 17.69 10.66 3.41 1541 3.84 13.04 3.62
Rtp 9.12 16.12 10.23 13.86 10.16 14.85 21.82 1569 9.27 3.29 13.80 3.70 11.54 3.50
Mt 358 164 561 297 525 726 521 529 668 168 440 162 554 1.65
At 8.14 1151 792 561 721 6.93 6.51 12494 518 214 869 245 6.93 2.29
Ot 6.84 263 627 396 9.18 495 4.89 327 7.04 275 525 190 6.14 2.33
Ya 456 164 396 231 426 330 326 064 433 146 289 122 361 1.34
Pf 163 033 165 099 3.93 0.66 1.30 2.61H 241 186 154 1.07 198 1.46
Pf+Ya 6.19 197 561 330 820 3.96 456 327 674 262 443 182 558 2022
Zt 49.51 48.68 51.49 46.20 64.26 48.84 49.84 62.09 46.41 5.32 50.67 8.57 4854 6.95
Z1 31.92 28.95 33.66 31.02 43.28 30.03 27.36 36.99 32.13 4.09 31.95 4.98 32.04 4.53
Z2 12.38 1283 9.90 9.24 11.80 13.86 16.94 16.99 9.85 4.26 12.56 3.88 11.20 4.07
Z3 521 691 792 594 918 495 554 817 443 163 6.17 219 530 1.91

than conventional downstream fining of sedi- trol on the coarsening trends is differential
ments in another low order, mountainous, head- transport rates of coarse and fine material, with
Water system. Detailed geomorphic analysis in addition of coarse sediment as a secondary con-
the latter case suggested that the primary con- trol. The downstream coarsening trend in Kauf-
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Figure 7. Selected photomicrographs of major phase classifications (Table 1; rim data in paren-
theses). All fields of view of approximately 4mm. a) and b) are different views under crossed
polars. The lithic (L) in a) is composed of quartz (Q) and biotite (Mb). The top right lithic in b) is
composed of quartz (Q), biotite (Mb), and pedogenic ferruginous material (Pf); the lower lithic is
composed of quartz (Q), muscovite (Mm), and pedogenic ferruginous material (Pf). c) and) are the
same view with polars uncrossed and crossed respectively. The upper left lithic is composed of
quartz (Q) and biotite (Mb); the middle lithic is composed of potassium feldspar (Fk), alterite (Ya),
and biotite (Mb). The bottom lithic is composed of quartz (Q), biotite (Mb), and pedogenic ferrug-
inous material (Pf). e) and f) are the same view with polars crossed and uncrossed respectively.
The lithic is composed of quartz (Q), biotite (Mb), and opaque oxides (Ao).

man Creek (Figure 6), with its large, steep slope
break, and observed lack of large colluvial de-
posits in the stream channel, are here interpret-
ed to reflect a similar process at work in
Kaufman Creek drainage basin. The more vari-
able slopes in Hartness Creek are associated
with a weaker textural signal, suggesting that
there are other factors complicating the grain
size distribution (Figure 3, Figure 6). The dis-
crepancies between grain size trends in the two
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creeks are likely related to the fact that Kauf-
man Creek drainage basin has significantly
greater relief (348 m) than Hartness Creek
drainage basin (202 m) (Figure 3). These data,
combined with the evidence for abundant out-
crops and thin soils on the adjacent slopes, sup-
port the interpretation of Mountain Lake
watershed as a weathering-limited system. Con-
sistent sorting coefficients along both creeks
(Figure 6) suggest that the sampling of the me-
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Compositional Profile for Kaufman Creek
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Figure 8. Bulk compositional variation for A) Kaufman Creek and B) Harntess Creek. Neither
stream shows significant systematic changes in the relative percentage of any species relative

to another.

dium sand fraction for compositional analysis
has not been obviously biased by hydrodynamic
sorting processes.

Downstream Compositional Trends

The compositional profiles indicate that
there are no significant changes in the bulk
composition or weathered particle abundance in
the medium sand fraction as sediments are
transported down the creeks. Several recent
studies of modern environments have hypothe-
sized that alluvial storage, related to slope, acts
as a dominant control on compositional matura-
tion trends by extending the duration of expo-

sure of sediments to chemical weathering
(Schumm, 1968; Franzinelli and Potter, 1983:
Grantham and Velbel, 1988; Johnsson and oth-
ers, 1988; Johnsson and others, 1991; Savage
and Potter, 1991; Johnsson, 1993; Jones and
Humphrey, 1997; Robinson and Johnsson,
1997). In these systems, sediment is temporari-
ly stored in deposits such as levees, bars, and
floodplains. While in storage, sediments are
leached of mobile phases due to an extended
fluid-sediment contact time. During channel
migration, this stored sediment is reincorporat-
ed into the system and the overall composition-
al maturity of the sediment is increased. This
relationship between alluvial storage and sedi-
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Alterite and Pedogenic Ferruginous Particle Profile for Kaufman Creek
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Figure 9. Alterite and pedogenic ferruginous particle profiles for A) Kaufman Creek and B) Harn-
tess Creek. Data show no systematic downstream trends.

ment maturation has been documented in arctic
and tropical environments (Franzinelli and Pot-
ter, 1983; Grantham and Velbel, 1988; Johnsson
et al., 1988; Johnsson et al., 1991; Savage and

Potter, 1991; Johnsson, 1993; Jones and Hum-

phrey, 1997; Robinson and Johnsson, 1997).
Together, compositional and weathering rim

data from this study support the slope/storage
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Figure 10. Distribution of weathering rims in A) Kaufman Creek and B) Hartness Creek. Z1 rims
cover 1-25% of the combined rim and fracture length of the grain, Z2 rims 25-75%, and Z3 rims
75-100%. There are no systematic downstream changes associated with the bulk profiles, sug-
gesting that the bulk rim population is not affected by mechanical weathering at this scale of

observation
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hypothesis discussed above by documenting an
opposite end-member, where high slopes, rapid
transport, and limited alluvial storage are asso-
ciated with a lack of petrographic changes.
However, there is no correlation between local
site slope (Figure 4) and either textural (Figures
5, 6) or compositional parameters (Figures 8, 9,
and 10) along either creek. This indicates that
the effects of slope on sediment texture and
composition are scale dependent. At very small
scales there are higher order controls that affect
sediment texture and composition, such as sed-
iments locally derived from very small drainag-
es on adjacent slopes, log jams along the stream
that artificially increase slope, or local channel
morphologies that result in hydrodynamic sort-
ing.

In Mountain Lake watershed, the presence of
weathering rims and alterites shows that during
early evolution these sediments are chemically
weathered and not simply formed by the me-
chanical disagregation of source rocks. Based
on the lack of observed alluvial storage, this
weathering is inferred to occur in the soil hori-
zon. The consistent abundance of these parti-
cles and rims, which are considered very labile
phases, suggests that they are not subjected to
further significant alteration as they move
through the creeks (Johnsson, 1990b). Thus the
composition at this early stage of sediment de-
velopment reflects the mineral composition of
the source rocks as modified by soil processes.
Although the importance of soil processes has
been demonstrated before in tropical environ-
ments (e.g., Franzinelli and Potter, 1983; Johns-
son, 1990b), these data clearly show that this is
true in more temperate environments as well.

The lack of storage in Mountain Lake water-
shed precludes significant in situ chemical
weathering in longitudinal bars, but the detec-
tion of any particle attrition is potentially com-
plicated by two additional factors (Figure 1).
First, the relative increase in coarse clast abun-
dance suggests, but does not prove, that me-
chanical breakdown of coarse grains is not a
significant source for sand-sized particles with
weathering rims. Abrasion of highly weathered
rims associated with these relatively slow-mov-
ing, increasingly abundant clasts may, however,

effectively produce weathered sand-sized parti-
cles within the stream. Second, the steep banks
that lie adjacent to the streams also provide a
constant source of fresh, pedogenically derived
material along their entire length.

In light of these complications, the lack of a
net downstream increase in weathered particle
abundance suggests two possibilities. The first
possibility is that there is no change at all in any
of the weathered particles as they move down-
stream. If this is true, then the material added by
coarse clast breakdown and pedogenic sedi-
ment input must be homogeneous. The second
possibility is that there is indeed some loss of
weathered particles, but it is effectively in equi-
librium with the rate of addition by coarse clast
breakdown and pedogenic sediment input, and
thereby masked. Further research is required to
understand the relative importance of these ef-
fects on the detectability of alteration trends.

Although no significant compositional alter-
ation has been detected in the present study, re-
sults can be integrated with other data to
constrain some minimum limits on the distanc-
es over which alteration is detectable in the bulk
load stream sediments of the southern Appala-
chians. In a similar study of the Coweeta water-
shed in North Carolina, Grantham and Velbel
(1988) determined that weathering rims on gar-
nets are lost through abrasion in mountain
streams somewhere between 0.8 and 4.8 km.
Somewhere within this interval, the rate of rim
loss due to abrasion in the streambed becomes
greater than the rate of rim addition because the
rate of attrition of rims surpasses the rate of cre-
ation/addition of fresh rims. This distance is
likely related to stream network patterns and the
tendency for steep headwater streams merge in-
to higher order systems with flatter alluvial val-
leys over just a few kilometers. In the higher
order systems, the rate of input of fresh material
from the adjacent slopes is limited by increased
distance to the channel and a decrease in slope;
simultaneously, the channel slope decreases,
thereby increasing the duration of exposure to
chemical weathering per unit downstream dis-
tance.

These results support previous conclusions
that weathered particles are useful tracers of
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weathering and transport processes (Grantham
and Velbel, 1988; Johnsson, 1993; Heller et al.,
2001). Although not necessarily preserved in
ancient deposits, careful monitoring of these
particles in modern systems should provide a
method for relating processes to subtle changes
in the bedload that are not evident through anal-
ysis of changes in bulk composition alone. As
tracers, weathered particles provide a useful
tool that should be relatively insensitive to com-
positional differences between source areas.
Thus, results from different basins may provide
comparable, parallel proxies that can be used to
more confidently assess the impacts of various
processes on fluvial sediments.

Compositional Differences Between
the Creeks

The lack of downstream changes in bulk sed-
iment mineralogy along Hartness and Kaufman
Creeks is consistent with rapid transport of ma-
terial through the system and suggests that the
compositional differences between the streams
are not merely sampling artifacts. There are
three hypotheses related to this difference. The
first scenario involves differences in the bed-
rock beneath each watershed. Although the ge-
ology of Mountain Lake watershed has not been
mapped in sufficient detail to distinguish such
differences, studies of other small basins have
also encountered similar complexities when
working with such high-resolution datasets
(Mann and Caravoc, 1973; Mack, 1981;
Grantham and Velbel, 1988; Heins, 1993;
Yuretich and others, 1996). The second poten-
tial influence on bulk compositional differences
between the streams involves differences in de-
gree or depth of excavation of the weathering
horizons on the adjacent slopes. The homoge-
neous climate and evidence for extremely rapid
denudation of the slopes, however, suggests
that these differences are minimal. A third pos-
sible influence would be the anthropogenic in-
put of sand into the system. Field observations
of the watershed and contacts with local resi-
dents, however, suggest that the watersheds are
virtually identical with respect to degree of de-
velopment and lack any significant, potential
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point source(s) for such consistent sand input.
After considering these three hypotheses, the
first hypothesis is preferred. Although the com-
plex geology of Mountain Lake watershed has
not yet been mapped in detail, the current data
suggests that the deeper metamorphic units ex-
posed to the south and the east under the source
area for Hartness Creek, produce more feldspar,
more hornblende, and less quartz in the medium
sand fraction than the shallower units underly-
ing the source area for Kaufman Creek.
Grantham and Velbel (1988) note that the
Coweeta watershed, which is also in the south-
ern Appalachians, is too complex to map at a
high-resolution scale but use petrographic pa-
rameters of stream sediments to actually try and
distinguish source rock differences. This is like-
ly a function of bulk differences in source rock
mineralogy and composition but could also re-
flect textural differences that selectively in-
clude or exclude medium sand-sized crystals of
certain phases. Although the structure is likely
a significant influence on the physiography of
Mountain Lake watershed, lithologic differenc-
es between the sub-drainage basins may also be
related to the different stream profiles. Kauf-
man Creek produces high abundances of quartz,
which is highly resistant to chemical weather-
ing, and is characterized by 348 m of total re-
lief; Hartness Creek, on the other hand,
produces higher abundances of more labile
minerals and has only 202 m of total relief.
These results suggest that immature sedi-
ments containing abundant unstable phases
may prove to be hypersensitive indicators of
provenance by preserving a distinct local source
rock signature that is of limited value in draw-
ing regional conclusions regarding geology
(Butler, 1979; Mack, 1984; Girty and others,
1988; Heins, 1993). Ternary diagrams of
quartz/feldspar/rock fragments, for example,
can be used to infer two very distinct proximal
populations derived from the same source (Fig-
ure 11). The error polygons, formed by the 95%
confidence intervals calculated according to
Howarth (1998), for the Kaufman Creek, Hart-
ness Creek, and watershed averages are mutual-
ly exclusive. Because this difference is
primarily in the feldspars, the same magnitude
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Figure 11. Quartz-Feldspar-Rock Fragment (QFR) ternary diagrams: A) Total samples from Kauf-
man Creek (closed circles) and Hartness Creek (open triangles). B) Suite averages for Kaufman
Creek (closed circles), Hartness Creek (open triangles), and the entire watershed (closed
squares). Error polygons for each group represent the 95% confidence levels of the suite means
with respect to each species (e.g. Robinson and Johnsson, 1997) were calculated using methods
of Howarth (1998). The mutual exclusion of all fields suggests caution when making regional
provenance interpretations from immature sediments.

of differences should show up even if these
point counts were done according to the Gazzi-
Dickinson method, which would reclassify the
“rock fragments” recognized in the current
study based only on the crystal (or microcrys-
talline aggregate) directly beneath the cross-
hairs (Ingersoll et al., 1984). These data support
the conclusions of other studies that ternary di-
agrams by themselves should be interpreted
cautiously (Butler, 1979; Mack, 1984; Girty et
al., 1988; Heins and Ingersoll, 2000).

Future Work

These results propose several hypotheses for fu-
ture studies. Further work on the character of
medium sand grains in the soil horizons should
document the range of phases present and how
alteration of grains proceeds. Further work on
the age and depth of soil profiles, the transport
rate of material from the slopes to the stre-
ambed, the rim distribution in deposits of
Mountain Lake, and rim distributions associat-

ed with longer stream reaches should offer
quantitative constraints on the rates and distanc-
es associated with these processes. Further
work on the distribution of these rims with re-
spect to the parent phase may yield quantitative
predictions of compositional changes associat-
ed with textural maturation.

CONCLUSIONS

1. Mountain Lake watershed, located on
Paris Mountain in Greenville, South Carolina,
is a subtropical system drained by Kaufman
and Hartness Creeks, which are both second-
order, headwater streams. A complex, undiffer-
entiated assemblage of high-grade metamor-
phic and granitic source rocks underlies the
watershed. Bulk samples of bedload sediments,
including gravel-, sand-, and clay-sized detri-
tus, were collected from 65 sites along the
creeks for textural and petrographic analysis.

2. Textural analysis of Kaufman Creek sedi-
ments indicates a downstream trend toward
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increased grain sizes. Textural analysis of Hart-
ness Creek sediments indicates no significant
grain size trends. Poorly sorted sediments char-
acterize both creeks, and neither creek shows a
significant downstream trend with respect to
sorting.

3. Quartz, lithic fragments, micas, and feld-
spars characterize the sediments in Mountain
Lake watershed. The relative proportions of
these constituents are fairly constant through
the watershed. This lack of compositional
change is interpreted to be the result of steep
slopes, which move sediments out of the sys-
tem more rapidly than they can be altered in
situ.

4. There are significant differences between
the sediment compositions from the two
streams. Hartness Creek contains greater
amounts of potassium feldspar than Kaufman
Creek, and Kaufman Creek contains signifi-
cantly more quartz than Hartness Creek. These
differences are interpreted to reflect the source
rock distribution undetectable by normal sur-
face mapping. Results suggest that immature
sediment containing abundant labile phases
preserves a very strong, distinct source rock
signature but is of limited value in drawing
regional generalizations concerning prove-
nance.

5. Roughly 25% of all grains show evidence
of iron oxide weathering rims. These rims,
along with the presence of alterites and
pedogenic ferruginous grains, indicate that
sand-sized grains are chemically weathered in
Mountain Lake watershed. A complete lack of
trends with respect to weathering rims or
weathered particle abundance indicates that
this weathering is restricted to the soil horizons
prior to introduction into the stream. Integra-
tion of the current data with the findings of
Grantham and Velbel (1988) suggests that
these rims may be lost due to mechanical abra-
sion between 2.0 and 4.8 kilometers of trans-
port.

6. Careful monitoring of labile grain types,
including accessory minerals and weathered
particles, in different size fractions may help
quantitatively constrain subtle parameters
related to physical and chemical processes in a
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given system.
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