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EDITOR’S PREFACE

Since 1973, the U.S. Geological Survey (USGS), with
support from the Nuclear Regulatory Commission, has
conducted extensive investigations of the tectonic and
seismic history of the Charleston, S. C., earthquake zone
and surrounding areas. The goal of these investigations
has been to discover the cause of the large intraplate
Charleston earthquake of 1886, which dominates the
record of seismicity in the Southeastern United States,
through an understanding of the historic and modern
seismicity at Charleston and of the tectonic setting of
the seismicity. This goal is being pursued to evaluate the
potential for additional large earthquakes in the
Charleston area and surrounding regions and to deter-
mine whether the Charleston area differs tectonically in
any significant fashion from other parts of the
Southeastern United States. An understanding of the
specific cause for the 1886 event and of the regional
distribution of any structures that are generically
related to or geometrically and mechanically similar to
the source structure is essential for evaluation of seismic
hazards throughout the Southeast.

Investigations by the USGS began with the installa-
tion of a temporary seismograph network in March
1973, followed by the installation of the permanent
South Carolina seismograph network in May 1974. Ma-
jor geological and geophysical field investigations began
in 1975 with drilling of the first of three deep
stratigraphic test holes northwest of Charleston, at
Clubhouse Crossroads in Dorchester County, and the in-
itiation of several seismic-refraction and electrical-
resistivity surveys. Preliminary results of these and
other seismological, geophysical, and geological studies
were given in 1977 in USGS Professional Paper 1028
(edited by D. W. Rankin) and in other reports and
abstracts in the geological literature.

Since the publication of Professional Paper 1028, in-
vestigations by USGS scientists and by affiliated and
nonaffiliated scientists in other institutions have con-
tinued in the Charleston area and throughout the
Southeast. Important among the recent investigations
have been multidisciplinary studies of the material
recovered from the three Clubhouse Crossroads test
holes; seismic-reflection and seismic-refraction surveys
in the Charleston area and on the Continental Shelf off-

shore from South Carolina; regional studies of radio-
metric, aeromagnetic, gravity, and deep-well data; and
continued monitoring and analysis of the seismicity in
the greater Charleston area. This volume presents the
results of 20 of these investigations.

The results given herein represent significant prog-
ress toward understanding the tectonic setting of the
Charleston-area seismicity. Several chapters in the
volume address the distribution and origin of pre-
Cretaceous rocks and structures beneath Coastal Plain
sediments in the Charleston area and regionally beneath
the southern Atlantic Coastal Plain and adjacent Con-
tinental Shelf. The modern seismicity at Charleston is
occurring at depths equal to or greater than the known
extent of these older structures, and rejuvenation of an
older fault in the modern stress field is a possible cause
of the seismicity. Accordingly, several chapters discuss
the possible relationships of the various pre-Cretaceous
structures to faults identified near Charleston that have
a known Cretaceous and Cenozoic movement history
and to the historic and instrumentally recorded seismici-
ty. However, at the present time, none of the young
structures can be related unequivocally to the seismicity
because earthquake fault-plane solutions and hypo-
center distributions do not agree with the locations and
orientations of these structures. Therefore, a major
emphasis of continuing USGS investigations near
Charleston will be to identify additional faults, if any ex-
ist, to delineate fault movement histories, and to further
refine earthquake locations, focal mechanisms, and
related seismological interpretations.

The editor is grateful to the authors, technical editors,
and many other individuals and institutions that con-
tributed to the completion of the scientific investigations
reported herein and to the preparation of the report
itself. The U.S. Nuclear Regulatory Commission, Office
of Nuclear Research, principally funded [Agreement No.
AT(49-25)-1000] the seismograph network and the deep
drilling, several of the seismic surveys, and other related
investigations conducted by the USGS in the Charleston
area. The USGS is grateful to the Westvaco Company
for the use of their land for deep drilling and many of the
geophysical surveys.
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STUDIES RELATED TO THE CHARLESTON, SOUTH CAROLINA, EARTHQUAKE OF 1886 —
TECTONICS AND SEISMICITY

GEOCHEMISTRY AND TECTONIC SIGNIFICANCE OF SUBSURFACE
BASALTS FROM CHARLESTON, SOUTH CAROLINA:
CLUBHOUSE CROSSROADS TEST HOLES #2 AND #3

By DAVID GOTTFRIED, C S. ANNELL, and G. R. BYERLY!

ABSTRACT

Major-, minor-, and trace-element compositions of lower Mesozoic
basalts from three deep test holes near Charleston, S. C., are used to
characterize magma type and to determine the tectonic setting of the
volcanic rocks at the time of their eruption. Chemical and petrographic
evidence indicates that slight to extreme oxidation and hydration in
nearly all samples has caused widespread mobility of K, Na, and
related trace elements. The minor elements P and Ti, the trace
elements Th, Nb, Ta, Zr, and Hf, and the rare-earth elements (REE)
show little or no variation regardless of the degree of alteration. The
contents of these stable elements and the patterns of light-REE
enrichment in basalts from the deepest of the test holes clearly show
the presence of two chemical types that are strikingly similar to lower
Mesozoic high-Ti, quartz-normative tholeiites and lower Mesozoic
olivine-normative tholeiites exposed in eastern North America.

The olivine-normative basalt is stratigraphically intercalated within
a sequence of quartz-normative tholeiitic basalts. Quartz-normative
basalts above and below the olivine basalt have nearly identical con-
tents of most of the stable minor and trace elements, but the lower
basalts have significantly more Cu and Ni and higher Ni/Co ratios.
These differences are ascribed to preeruption separation of an immisci-
ble sulfide melt into which Cu and Ni were strongly partitioned.

The new chemical data clearly show that the olivine tholeiitic magma
type does not necessarily represent the earliest stage of volcanism in
the eastern North American, early Mesozoic tholeiite province and
that the spatial distribution of olivine-normative magma types in the
province is not related to any significant change in tectonic environ-
ment.

INTRODUCTION

As part of a multidisciplinary study of modern
seismicity near Charleston, S. C., three deep test holes
were drilled in the meizoseismal area of the 1886 earth-
quake. The recovery from these holes of core samples of
pre-Upper Cretaceous mafic volecanic rocks provided an

Louisiana State University, Baton Rouge, La.

excellent opportunity for conducting geochemical and
geochronological studies for the purpose of characteriz-
ing the magmatic affinities and tectonic environment of
these rocks. The three test holes were drilled near
Clubhouse Crossroads in southern Dorchester County,
S. C., between Summerville and the Edisto River (Gohn
and others, 1983, fig. 1). Clubhouse Crossroads #1
(CC#1) and Clubhouse Crossroads #2 (CC#2) penetrated
a 750- to 776-m-thick Coastal Plain section of Upper
Cretaceous and Cenozoic sediments and bottomed in a
sequence of subaerial basalt flows. Clubhouse
Crossroads #3 (CC#3) also penetrated the Coastal Plain
section and bottomed in a sequence of lower Mesozoic(?)
sedimentary red beds (Gohn and others, 1983). A
generalized section of the cored intervals of lower
Mesozoic volcanic rocks and associated sedimentary
rocks is shown in figure 1.

The results of a geochemical study of eleven samples
of basalt from two flows in CC#1 were discussed in
detail in a previous report (Gottfried and others, 1977)
and are briefly summarized here. Petrographic observa-
tions and major-, minor-, and trace-element data in-
dicated that the two flows were affected by post-
crystallization processes, including hydration, oxidation,
and hydrothermal alteration, that modified the original
magmatic chemistry to varying degrees. However, the
minor elements P and Ti, the trace elements Th, Nb, Tz,
Zr, and Hf, and the rare-earth elements (REE) were
essentially stable and showed that the two flows were
identical in composition. The major-element composition
of the least altered basalts and the stable trace elements
showed that the basalts are of the quartz-normative
tholeiitic magma type and are remarkably similar to the

Al
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FIGURE 1.—Generalized sections of CC#1, CC#2, and CC#3, near Charleston, S. C., showing lower Mesozoic mafic
voleanic rocks and other lithologic units. Circled numbers beside sections correspond to numbered basalt flows
described in text.
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Upper Triassic or Lower Jurassic high-Ti, quartz-
normative tholeiitic rocks of eastern North America.

Whole-rock potassium-argon measurements of two
samples from CC#1, however, gave ages of 94.8 and 109
m.y. (million years) (middle Cretaceous), which were
considered minimum ages and were ascribed to the ef-
fects of secondary processes (Gottfried and others,
1977). Subsequently conventional whole-rock potassium-
argon analysis of three samples of basalt from CC#2
yielded ages of 204, 162, and 186 m.y. (Gohn and others,
1978), which are in the range of ages determined for
other Upper Triassic-Lower Jurassic basalts and
diabase of eastern North America. However, these three
ages are out of order with regard to the relative
stratigraphic position of the samples in the drill hole,
and this lack of vertical age continuity is attributed to
the somewhat altered nature of the samples. Lanphere
(1983) carried out incremental heating and total fusion
40Ar/39Ar experiments on the three samples and found
that only one sample was suitable for establishing a
meaningful crystallization age. He concluded that the
most reliable age for the basaltic volcanism is 184+3.3
m.y. (Early Jurassic).

This paper is a continuation of our geochemical study
of the subsurface basalts from the Clubhouse Crossroads
drill holes. Major-, minor-, and trace-element data are
presented for samples representing 131 m of basalt from
CC#2 and 256 m of basalt from CC#3.

Analytical methods.—Major, minor, and trace
elements in CC#2 and CC#3 samples were determined
by means of the same methods used for the CC#1
samples (Gottfried and others, 1977). In addition to ther-
mal radiation for instrumental neutron activation
analysis (INAA), epithermal neutron activation analysis
(ENAA) was used for several selected elements from
CC#3 samples because of its increased accuracy and
ability to detect small amounts (Baedecker and others,
1977). Th, U, Hf, and Ta are reported by this method,
along with the rare-earth elements La, Ce, Sm, Tb, and
Ho. The U, Sm, and Ho were counted by means of low-
energy photon detectors, and the other elements by
means of Ge(Li) detectors.

Acknowledgments. — All samples for ENAA were ir-
radiated in Norway at the Institutt for Atomenergi,
Isotope Laboratories, Kjeller. We are grateful to E.
Steinnes for making this technique available to us for
supplementing and substantiating data obtained from
thermal irradiation at the National Bureau of Standards
reactor, Gaithersburg, Md. Deep drilling and related in-
vestigations by the U.S. Geological Survey in the
Charleston, S. C., area are supported by the U.S.
Nuclear Regulatory Commission, Office of Nuclear
Research, under Agreement No. AT(49-25)-1000.

DESCRIPTION OF BASALT FLOWS
CC#1 Basalt

At a depth of 750 m, basalt was encountered beneath a
conglomeratic sand. A total thickness of 42 m of basalt
was recovered before drilling was terminated. Two flow
units are recognized, which do not necessarily correlate
with flows having the same numbers in the two nearby
holes.

FLOW 1

The top of flow 1 occurs at 750 m and the base is at 785
m; hence, this flow has a thickness of 35 m. Much of the
flow is highly vesicular; the upper 32 m contain up to 20
percent vesicles and amygdules. The basalt is fine
grained and nearly aphyric. Alteration is very intense
within the upper 8 m of the flow and gives the basalt a
greasy appearance and feel. The basalt is bright red in
the highly altered top but grades to gray with depth.
These color changes also correspond to a decrease in
vesicularity and an increase in grain size. The ground-
mass texture ranges from hyalophitic to intersertal. At
759 m, a few 2- to 3-mm olivine phenocrysts are replaced
by smectite pseudomorphs. Within several meters of the
base, gash veins occur and contain coarser plagioclase
crystals and chalcedony. These appear to be segregation
veins formed during late stages of crystallization.

The uppermost portion of this flow contains the most
altered basalt cored in the Clubhouse Crossroads holes.
In the upper 3 m, large amygdules contain white ex-
pandable clay pseudomorphs, which replace aggregates
of bladed zeolite. The basalt is now broken into pieces by
the expansion of this clay by as much as 15 percent.
Below the upper 3 m, a pink laumontite is dominant in
amygdules. Minor chalcedony occurs with the zeolite.
Groundmass plagioclase and pyroxene are partially
replaced by zeolite. Residual glassy patches are opaque
black to red. As depth increases, the basalt appears
much fresher; plagioclase and pyroxene are unaltered,
and chalcedony, quartz, and smectite dominate the
secondary mineral assemblage. Sulfides are rare and are
found only in the lower portion of the flow.

FLOW 2

The top of flow 2 is directly beneath flow 1 at 785 m.
The total thickness is unknown because drilling was ter-
minated within this flow at 792 m. The vesicular top ex-
tends down to 790 m depth and is significantly less
altered than is the top of flow 1. The basalt is aphyric
throughout. The upper 0.5 m and the deepest 1 m drilled
are streaked red and green. This lowest zone is highly
fractured and probably quite permeable. Textures range
from hyalophitic to intersertal. The plagioclase and
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pyroxene are partially altered to zeolite near the top but
are quite fresh throughout the remainder of the unit.
Residual glassy patches are altered to smectite.
Amygdules are commonly filled by zeolite, but caleite,
chalcedony, and smectite also occur. The fractured zone
in the lowermost 1 m contains ‘many thin veins of
smectite.

CC#2 Basalt

At a depth of 776 m, basalt was encountered beneath a
conglomerate in a sequence similar to the sequence in
CC#1. A total thickness of 131 m of basalt was
recovered before drilling was terminated. Three flows
are distinguished in this hole.

FLOW 1

The top is at 776 m and the base at 782 m. The upper 3
m are highly vesicular and moderately altered in ap-
pearance. Vesicles and amygdules constitute as much as
25 percent of the upper portion of the flow. Amygdules
are commonly filled by coarse aggregates of a pink,
bladed zeolite and amorphous, green smectite. Many
amygdules are very complex with several different
generations of zeolite and (or) smectite. This flow is
aphyric throughout. The upper part is altered and
greenish but grades to a gray-green color in the lower,
fresher part of the flow. The groundmass texture grades
from hyalophitic to intersertal. Common segregation
veins have a coarser texture and more vesicles than the
surrounding basalt and consequently have more
associated zeolite, chalcedony, quartz, and smectite.
Sulfides are also preferentially associated with the
segregations. Some segregation veins are brecciated
and filled by a matrix of chalcedony. Pipe vesicles occur
in the base of the flow. In the upper part of the flow,
plagioclase is partially altered to zeolite.

FLOW 2

A 4-cm layer of green smectite, zeolite, and calcite
separates flow 1 from flow 2. Flow 2 is 89 m thick be-
tween 782 m and 871 m depth. The upper 8 m are highly
vesicular with 10-20 percent vesicles, which are found in
sheeted horizontal layers that were produced as a result
of flow. At about 6 m below the top, bands of fine-
grained and coarser grained basalt occur, which are
commonly oriented as much as 3° from the horizontal
plane. The coarser grained basalt is always more
vesicular. The vesicular zone has a greenish cast and ap-
pears somewhat more altered than material below. No
phenocrysts are observed in the upper 8 m of the flow.
The flow is massive from 790 to 820 m. This basalt is
gray, appears fresh, and has less than 2 percent vesicles.
At 820 m, another horizontal vesicle sheet about 1 m
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thick occurs within the flow. A few plagioclase
phenocrysts are observed at 825 m. Between 830 and
850 m, the basalt is highly fractured; these fractures are
often associated with thin smectite veins. Recovery of
core in this interval was locally poor, although there was
no indication of any flow boundary. At 860 m, a few
plagioclase phenocrysts and a few pseudomorphs of
smectite after olivine phenocrysts are found.
Glomerocrysts of plagioclase, pyroxene, and olivine
(replaced by smectite pseudomorphs) may also be found.
The phenocrysts are generally less than 5 mm in
diameter. The base of the flow has about 5 percent
amygdules, most of which are filled by zeolite.

The groundmass texture generally varies from
hyalophitic to subophitic, but several zones within the
flow display unusual textures related to flow segrega-
tion during crystallization. A mottled texture at 790 mis
produced by swirls of oriented plagioclase microlites.
Amygdules are commonly filled by basalts having one of
two types of texture. One filling displays coarse, flow-
alined plagioclase microlites. The other is a very fine-
grained, dark, quench-textured material.

In the upper 12 m of the flow, zeolite and smectite are
the dominant secondary minerals in vesicles. Between
794 and 867 m, calcite, chalcedony, and smectite are
dominant. Below 867 m, zeolite again becomes an impor-
tant secondary mineral. In the massive basalt, sulfide is
commonly found in fine veins, often with smectite, and
as disseminated grains. Groundmass minerals are most-
ly fresh throughout the flow; areas of former residual
glass are altered to smectite.

FLOW 3

A 5-cm layer of calcite and zeolite occurs between
flows 2 and 3. The top of flow 3 is at 871 m; however, the
total thickness is unknown because drilling was ter-
minated at 907 m. The upper 24 m is highly
amygdaloidal, although the amygdules are irregularly
distributed. The amygdules tend to be alined in horizon-
tal sheets, and most are filled with zeolite or smectite.
At 877 m, the basalt is coarsely amygdaloidal; these
amygdules are mostly filled by zeolite. As depth in-
creases, the number of vesicles increase, and amygdules
are filled by light green, fibrous prehnite, or, more com-
monly, by pink, bladed zeolite; together, vesicles and
amygdules constitute up to 20 percent of the rock. At
895 m and below the basalt is massive with few vesicles
and has a much fresher overall appearance. The upper
portion of the flow is aphyric, but, at 902 m, phenocrysts
of plagioclase and pyroxene occur along with
pseudomorphs of smectite after olivine phenocrysts.
Some horizontal sheets of vesicles occur near the bottom
of the core at 904 m. Phenocrysts do not occur within
these vesicle sheets. Clots with the same three types of
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phenocrysts also occur in this zone. The groundmass
textures range from hyalophitic to intergranular.

At the top of flow 3 the groundmass has been largely
altered to a highly birefringent, fine-grained aggregate
that may be prehnite. At greater depths the groundmass
minerals are fresh and the patches of former residual
glass are replaced by smectite.

CC#3 Basalt

Coring began in basalt at 775 m, immediately after
cuttings had indicated a change from the overlying
sediments. The basalt extends down to 1,031 m,
although much of the interval between was not cored. A
minimum thickness of 256 m is therefore recorded for
the Clubhouse Crossroads basalt. A total of seven basalt
flows are recognized, though it is likely some were
missed in the uncored intervals.

FLOWS 1, 2, AND 3

These are very thin, highly vesicular flows that are
similar to each other in most respects. All are aphyric,
and they may represent flow lobes of a single eruption.
Flow 1 is 2.7 m thick; its top is at 775 m and its base at
777.7 m. Flow 2 is beneath a 5-cm layer of smectite and
zeolite that contains angular fragments of basalt. The
base of flow 2 is at 782.5 m. Flow 3 is also beneath a
5-cm layer of smectite and zeolite that contains angular
fragments of basalt. Coring was terminated at 784.6 m,
within this flow. Vesicles and amygdules compose as
much as 25 percent of these flows, commonly are flat-
tened and in horizontal sheets, and commonly are filled
by zeolite and smectite. The texture of the groundmass
is hyalophitic throughout. Alteration is moderate to in-
tense; in the upper flow, most plagioclase has been
altered to zeolite, though some secondary chalcedony
and potassium feldspar are also found. Calcite occurs in
minor veins throughout the flows.

FLOW 4%

Coring was resumed at 921 m. Because of the long un-
cored interval, the basalt encountered at 921 m was
assigned to a new unit. The base of this unit is at 924 m.
The basalt of flow 4 is medium grained, massive, gray,
and relatively fresh. The base of the flow is very fine-
grained and black and contains considerable smectite. In
appearance, it is quite similar to the sandstone that
underlies it. Rare microphenocrysts of olivine are
replaced by smectite pseudomorphs. The rock is essen-
tially free of vesicles. The textures range from
hyalophitic to subophitic. Zeolite is rare in this flow.
Smectite replaces the residual glassy material. Sulfides
occur as fine disseminated grains and in veins with
smectite.

A5
SEDIMENTARY BED

A thin sedimentary unit between flows 4 and 5 grades
from a fine-grained black sandstone at its top (924 m) to
a coarse-grained red sandstone at its base (926 m).
Angular fragments of phyric olivine basalt occur in the
upper black sediments, and the lower meter of red sand-
stone contains rounded, irregular pieces of phyric
olivine basalt. Quartz and potassium feldspar occur as
common detrital grains in the sedimentary bed.

FLOW 3

Coring of flow 5 was stopped at 930 m and thus only 4
m were recovered. The top of flow 5 is sparsely vesicular
(less than 5 percent); its very-fine-grained quench tex-
ture suggests that the basalt may have intruded into un-
consolidated sediment as a sill or invasive flow. The flow
contains 10-20 percent olivine phenocrysts that were
unevenly distributed in sheets apparently by segrega-
tion during flow. All olivine is replaced by smectite or
rarely by calcite. Below the quenched top, the basalt is
visibly coarser grained. One meter below the top, the
groundmass is ophitic. The upper part of the flow is red,
but the flow grades with depth to a dark green.
Amygdules contain smectite and calcite.

FLOW 6

Coring was resumed at 984 m. Because the recovered
basalt was aphyric, it was assigned to a new unit whose
base is at 1,021 m. The basalt is fine grained with few
vesicles or amygdules. The texture is mostly hyalophitic
to intergranular, and the rock appears to be quite fresh.
Several small segregation veins of coarser plagioclase
and pyroxene, which occur between 995 and 1,000 m
depth, commonly have vugs filled with chalcedony and
smectite. A few veins have calcite, chalcedony, and
smectite. Zeolite is present in the few amygdules which
occur in the base of the flow between 1,015 and 1,020 m.
The formerly glassy base of this flow is altered to
smectite.

FLOW 7

A layer of calcite, smectite, and angular basalt
fragments occurs between flows 6 and 7. The top of flow
7 is at 1,021 m. The base of the flow overlies an arkosic
sandstone at 1,031 m. The top of the flow is an altered
selvedge having amygdules filled by zeolite and calcite.
The basalt is aphyric and dark gray to black. Very large
vugs and amygdules occur near the top. The amygdules
are filled by very coarse, bladed aggregates of zeolite or
by quartz crystals, whereas the vugs remain empty. Pipe
vesicles are found at the base of the flow. The texture
varies from hyalophitic to intersertal. Sulfides and
native copper occur but are rare.
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CC#2
Major-Element Chemistry

Chemical analyses were made on eight core samples
selected from CC#2 to represent the different flow units
encountered in that hole. The major oxide and nor-
mative compositions of these basalts are presented in
table 1. The data indicate that all the samples have
undergone hydration; total H,O contents range from 2
to 5 percent. Contents of the mobile element K,0 show a
six-fold variation, whereas the contents of the relatively
stable minor elements TiO;, (1.0 percent) and P,05 (0.15
percent) are essentially the same in all the rocks. A plot
of the normative compositions of the samples in the nor-
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mative diopside-hypersthene-olivine-nepheline-quartz
diagram is shown in figure 2. Normative calculations
were made on a water-free basis and an assumed
Fe;04/(FeO + FeyOs) ratio of 0.15 to standardize the ef-
fects of hydration and oxidation.

Six of the eight samples cluster in the quartz-
normative tholeiite field and have essentially the same
composition as do the basalts from CC#1. Sample 786,
which has the highest H;0 and Na,O contents, is slightly
nepheline normative, and sample 878, which has the
highest K;0 and high H,O contents, plots in the olivine-
normative tholeiite field. The departure of these two
samples from the cluster of samples in the quartz-
normative field reflects the mobility of the alkalies,

TABLE 1.—Magor-oxide and normative mineral composition, in weight percent, of basalts from CC#2, near Charleston, S. C.
[Analyses by Z. A. Hamlin and F. W. Brown]

Depth below surface

(meters) ______________________ 780 786 819 836 842 869 878 908
Major-oxide composition
Si0, 53.1 494 53.2 53.8 53.6 53.3 51.2 53.0
Al,O4 14.3 14.0 14.3 14.2 144 14.4 13.4 145
Fe,04 2.3 3.1 3.1 24 2.8 1.8 4.3 2.2
FeO 8.6 7.8 7.8 85 8.6 8.7 6.5 8.6
MgO 6.0 6.3 6.2 5.9 5.9 6.1 6.4 6.3
Ca0 9.5 7.4 9.6 9.5 9.7 8.9 7.2 10.2
Na,0 2.5 4.7 2.3 2.2 2.3 2.3 3.4 2.3
K0 .25 .87 b7 .35 .33 .81 1.5 .23
H,0+ 2.3 4.6 1.2 1.5 1.2 1.9 3.0 1.2
H,0- 1.1 1.0 1.2 .95 1.0 .90 1.7 .64
TiO, 1.0 97 1.0 1.0 99 .99 .99 1.1
P,0O; .15 14 .16 .15 .15 .15 13 .14
MnO .15 17 .16 .16 .16 A7 17 A7
CO, .02 .02 02 .04 13 .01 .01 .01
Total ___________.___ 101 100 101 99 101 100 100 101
Major-oxide composition recalculated volatile-free?
Si0, 54.3 52.2 54.2 54.9 54.3 54.6 53.9 53.7
Al,O4 14.6 14.8 14.6 14.5 14.6 14.8 14.1 14.7
Fe,04 1.8 1.9 1.8 1.8 1.9 1.8 1.8 1.8
FeO 9.3 9.5 9.2 9.2 9.6 9.0 9.3 9.1
MgO 6.1 6.7 6.3 6.0 6.0 6.3 6.7 6.4
Ca0 9.7 7.8 9.7 9.6 9.7 9.1 7.6 10.3
Na,0 2.6 5.0 2.3 2.2 2.3 24 3.6 2.3
K,0 .26 .92 .58 .36 .33 .83 1.6 .23
TiO, 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1
P,0; 15 .15 .16 .15 15 .15 .14 14
MnO 15 .18 16 .16 .16 17 .18 17
Total ____ . ________ 100 100 100 100 100 100 100 100
Normative mineral composition!
Q 6.73 _— 6.40 8.83 7.63 6.75 _— 6.37
Or 1.51 5.42 3.42 2.11 1.97 4.90 9.33 1.37
Ab 21.63 36.87 19.81 18.98 19.72 19.94 30.31 19.72
An 27.67 15.34 27.49 28.39 28.37 27.22 17.77 28.94
Ne —— 297 — P _— — _— _—
Wo 8.09 9.31 8.25 7.68 7.72 7.07 7.88 8.91
En 15.28 4.82 15.72 14.98 14.89 15.56 14.35 15.90
Fs 14.12 4.23 13.96 14.09 14.68 13.69 12.10 13.73
Fo _— 8.23 - _— —— _— 1.70 ——
Fa _— 7.97 _— —_ _— — 1.58 _—
Mt 2.63 2.70 2.60 2.62 2.72 2.55 2.64 2.59
1l 1.94 1.94 1.93 1.93 1.90 1.92 1.98 2.11
Ap .36 .35 .38 .36 .36 .36 .32 .33
Total . __ 100 100 100 100 100 100 100 100

1Based on analyses recalculated to 100 percent volatile-free oxides; Fe,03/(FeO + Fe,0s) ratio assumed to be 0.15.
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FiGURE 2.—Normative mineralogy of basalts from CC#2 plotted on diopside (Diy-hypersthene (Hy)-olivine (Olynepheline (Ne)-quartz (Qz)
diagram. Data are from table 1.

caused by alteration processes, rather than original
magma composition.

Trace-Element Chemistry

Trace-element contents and selected interelement
ratios in samples from CC#2 are given in table 2. The
presentation of the data is similar to that proposed by
Taylor (1965) whereby elements are grouped mainly on
the basis of ionic radii and charges and hence similar
geochemical behavior. Twenty-nine trace elements were
determined for the eight samples selected for major-
element chemistry. Selected trace elements were deter-
mined for 16 additional samples in order to detect possi-
ble variations in composition among individual eruptions
and to assess on a more refined scale the extent and
degree of alteration.

The elements of large ionic radii (Rb, Ba, and K),
which are highly susceptible to remobilization by
postcrystallization processes, show the widest ranges in

abundance. In our study of basalts from CC#1 (Gottfried
and others, 1977), Rb was found to be the most sensitive
indicator of alteration. The same appears to be true for
the suite of samples from CC#2. The range of variation
of Rb (more than fiftyfold: 1.1-59 ppm) is greater than
that found for Ba and Sr. The only K-related element
that appears relatively stable is Pb, which varies for the
most part within a factor of two.

In contrast to the wide range of variation in large-
cation abundances, the high-valence cations (Th, U, Zr,
Hf, Nb, Ta) show striking uhiformity in abundance
throughout the suite. The limited scatter in the abun-
dance data may be due primarily to analytical uncertain-
ties rather than to alteration processes. Th and U con-
tents range from about 1.5 to 2.3 ppm and 0.5 to 0.8
ppm, respectively. With one exception, the Th/U ratios
fall in the narrow range of 3.0 to 3.8. The uniformity in
U contents is somewhat surprising; studies of other
rocks that have undergone hydration and oxidation have
indicated that U is extremely mobile.
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TABLE 2. - Trace-element abundances, in parts per million, and selected interelement

Depth below surface

(meters) _____________ 776.5 780 783.3 786 790 798 803.4 808.9 814 819 829
Large cations
Rb 10 3.4 1.6 34 6.0 10 8.4 37 59 10 17
Ba» _______ 270 80 14 110 45 72 57 89 370 140 140
K - 2,200 —— 1,600 — I — N — 4,800
Sr 380 180 64 170 61 210 160 170 160 160 180
Ca* _____________ — 69,000 ___ 56,000 . _— — _— ——— 70,000 _—
P> ___ 74 5.1 7.1 5.5 9.1 4.8 5.4 5.6 7.6 4.9 5.8
KRb ______________ _— 650 — 220 N — e _— — 480 _—
Ba/Rb _____________ 27 24 8.8 3.2 7.5 7.2 6.8 2.4 6.3 14 8.2
KBa ______________ —_— 28 — 69 — — — — — 34 —
High-valence cations
Th ____ — 2.0 i 1.9 . _— S — — 2.1 —_
U~ — .6 i 5 - I — —_— — q -
V7 o 78 90 83 78 100 77 87 77 78 90 90
Hfe i 2.1 _— 2.1 _— . . . _— 2.1 —
Nb* 4.9 6.1 — 5.9 5.3 i 5.6 5.2 6.2 6.5 4.9
Ta** __ _— .34 . 45 — _— — —_ e .53 —_
T™WU _ o __ _— 3.3 _— 3.8 J— — — _— — 3.0 _—
Zv/Hf ____ ____ ___ —_ 43 . 37 — _— — — — 43 —
Nbx100y/Ti ________ — .10 — .10 I — i J— _—_ A1 -
Nb/Ta _ ____________ — 18 —_ 13 — - _— _— I 12 _—
Ferromagnesian elements
Co*» _ 36 50 44 49 50 39 44 34 37 48 45
Cu* 16 19 18 20 22 17 17 18 24 20 20
L+ 3.9 7.4 2.2 5.2 8.2 19 12 20 20 10 4.8
Ni» 19 21 22 23 25 20 23 20 22 21 25
In* _______ 88 93 89 76 93 90 85 93 87 94 89
Ccr 50 68 56 68 66 50 54 50 51 63 66
Ga* 12 15 20 17 15 15 17 16 15 15 17
Se» 39 39 42 37 50 40 46 40 40 41 46
v 230 270 280 300 370 270 270 280 260 250 290
NifCo ___ . __ .53 42 .50 47 .50 .51 .52 .59 .59 44 .56
Rare-earth elements

La _ o __ — 10 . 9 i _— e — o 9 —
Ce — 20 - 20 . _— i — - 21 —
Nd . 14 —_ 12 —_ — —— — - 14 _—
Sm ________________ — 3.2 . 3.1 . _— o — — 3.2 —
Ba _______________ _— .93 —_— .94 — _— — — — .99 I
Gd i 3.0 — 2.8 I — — . — 3.4 _—
™ e __ — 77 — 71 - —_ — — — .84 —
Ho _____ ___ ______ — 5 o q —_ I — I — .6 —
™m _____ _— .33 . .32 —_— i — N — .36 i
Yo _— 2.7 — 2.6 _— — — — N 3.1 —
Lv — 42 N 44 i — i —_ — 44 —
Y 29 25 i — —_— 28 —

Zr and Hf contents range from 78 to 100 ppm and 1.9
to 2.1 ppm, respectively; these ranges are similar to
those in CC#1 basalts. Nb contents (4.9-6.8 ppm) are
somewhat lower than those found in CC#1 (6.8-7.7
ppm). The Nb/Ta ratios in CC#2 samples range from 12
to 18 and average 14; these are significantly lower than
the average ratio of 25 found in CC#1.

Except for Li, the elements of ferromagnesian affinity
(Co, Ni, Zn, Cr, Sc, and V) are quite uniform in abun-
dance. The low Cu contents, generally in the range
16-20 ppm, are an unusual feature of the test-hole
basalts, as are the rather low Ni/Co ratios of 0.42-0.63
(Gottfried and others, 1977).

The uniformity in abundance of the REE and Y pro-
vide further confirmation of the generally recognized

stability of these elements during alteration (Gottfried

and others, 1977). The chondrite-normalized REE pat-
tern, based on analysis of eight samples of basalt, shows
enrichment of the light REE relative to the heavy REE
(fig. 3). Omitted from the pattern are the Tb and Ho
data, which have rather large analytical uncertainties.

CC#3
Major-Element Chemistry

Studies of the volcanic and underlying lower
Mesozoic(?) sedimentary rocks encountered in CC#3 per-
mit a more complete and detailed interpretation of the
voleanic-tectonic evolution and pre-Cretaceous geologic
history of the Charleston area than do analyses of the
basalt sections in CC#1 and CC#2. The sedimentary beds
and their implications for tectonism are discussed
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836 842 858.7 858.5 864 869 872 878 888 889 899 905 908
Large cations—Continued
19 24 8.6 17 14 21 24 54 2.5 11 1.6 18 17
190 140 160 150 170 150 180 200 83 7 91 150 130
3,000 2,700 — - 6,900 - 12,000 — — — ——— 1,900
170 170 240 220 260 170 210 210 250 95 200 190 180
69,000 70,000 — o _.— 65,000 .- 54,000 _— . — ——— 74,000
6.2 4.5 7.8 5.4 5.4 4.5 71 4.1 4.7 5.1 5.5 4.5 3.8
160 110 . N N 330 — 220 _— _— _— — 110
10 5.8 19 8.8 12 7.1 7.5 3.7 33 6.4 57 8.3 7.6
16 19 . e . 46 I 60 _— _— —_ e 15
High-valence cations—Continued
2.0 2.1 — — — 2.3 e 1.7 —_ i — — 1.5
6 _— — —_ —_— q i 8 _— _— — — b
91 93 91 85 82 85 86 82 85 84 89 90 89
21 2.0 — e e 2.0 I 1.9 — —— — — 2.0
6.5 5.9 6.4 — 6.3 6.8 6.0 6.0 6.0 6.7 6.1 6.3 5.9
49 .49 —_ — —_ 43 - 42 — —_ — — 39
3.3 — _— —_ _— 3.3 _— 21 — _— _— _— 3.0
44 47 — — — 43 o 43 . —_ — _— 45
11 .099 . _— J_— 11 _— .10 . _— — [ .090
13 12 —— — —_ 16 — 14 — — N — 15
Ferromagnesian elements —Continued
48 47 46 47 43 44 53 43 42 45 49 49 54
20 21 21 20 19 19 22 30 23 22 24 38 43
5.8 6.2 15 17 25 9.8 16 15 17 8.1 6.6 2.7 1.8
22 23 24 24 21 21 24 25 20 25 24 31 34
97 85 93 90 88 89 100 % 87 79 89 93 82
69 76 74 59 58 72 62 97 56 62 7 130 170
16 17 18 18 15 16 15 12 17 18 18 18 18
44 45 50 49 46 40 38 37 40 39 41 42 43
270 280 290 290 270 290 280 300 290 300 300 300 300
46 49 52 .49 49 .48 45 .58 48 .56 49 63 .63
Rare-earth elements — Continued
10 9 — — - 10 . 9 _— . . . 9
20 20 _— —_ —_ 20 . 18 J— — — J— 17
12 12 _— I - 12 . 11 i _— — o 9
3.1 3.2 _— [ N 3.2 — 3.0 - [ L — 3.1
.93 .93 — _— — .95 [ .87 — _— . e .94
3.4 31 _ — . 3.1 — 2.9 N — N —— 3.2
71 7 _— e - .76 _— 73 . o — _— .86
q 6 — — - 5 —_ — . _— — — NG
.31 31 ___ — —_ 33 ___ .32 o o — - .34
2.6 2.5 _— — . 2.8 — 2.6 — _— e — 2.8
41 41 _— — — A2 N .39 o — . — 44
29 30 _— e . 26 i 25 I _— e — 29

elsewhere in this volume (Gohn and others, 1983). In ad-
dition to the underlying sedimentary rocks, CC#3 con-
tains a thin sandstone bed at about 925 m between an
underlying strongly altered olivine-rich flow and an
overlying aphyric flow (fig. 1); these rocks document a
brief cessation of volcanism and a distinct change in
magma chemistry.

The major-element chemistry and normative composi-
tion of 14 samples from CC#3 are presented in table 3.
Evidence of alteration of the cored basalt from the top
of the section (777-785 m) is clearly shown by the high
and variable contents of H,O and CO,. Uniformity in
TiO, and P,O; contents in these samples suggests that
the original major-element composition of these samples
was the same. The threefold range in K,O is thus

ascribed to its mobility during alteration. Major-oxide
analyses of basalts from the next cored interval
(921-930 m) indicate that the sample at 921 m is similar
to the overlying samples. However, these analyses also
confirm petrographic observations of basalt of a signifi-
cantly different magma type in the interval from 926 to
930 m. Three samples (from 926.3, 928, and 930 m)
representing different textural variants of this olivine-
rich flow have been analyzed. Rather intense alteration
of these samples is indicated by high H,0, CO,, and
Fe;03/Fe0 ratios. The high MgO contents (11.5-16.6
percent) are consistent with high modal olivine contents,
although some of the variation in MgO could be due to
alteration. The nearly constant and relatively low

amounts of TiO, (0.52 to 0.56 percent) and P,O; (0.08 to
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FIGURE 3.— Average abundances of REE in basalts from CC#2. Data are from table 2. Each vertical bar indicates the range of normalized values
of eight samples.

0.10 percent) indicate that the samples were originally
of rather similar compositions and that this flow unit
represents a relatively primitive magma.

The six samples of basalt from 984 m to the base of the
basalt section at 1,081 m, though showing variable
degrees of alteration, are virtually indistinguishable, on
the basis of their stable minor elements (P;05 and TiOy),
from the basalts from the top of the section.

A plot of the normative compositions of the 14
samples from CC#3 is shown in figure 4. As expected,
the normative data show a rather wide scatter of points
extending from the quartz-tholeiite field to the olivine-
tholeiite and alkali-olivine fields. In contrast, the im-
mobile minor elements indicate the presence of two
distinct magma types, each of which shows little if any
recognizable range in composition. Comparison of the
major-oxide chemistry, especially the stable TiO, con-
tents, of the CC#3 samples to the chemistry of exposed
eastern North American, lower Mesozoic tholeiites
(Weigand and Ragland, 1970) and quartz-normative
tholeiites in CC#1 (Gottfried and others, 1977) suggests
that only high-Ti, quartz-normative tholeiites occur be-
tween 777 and 921 m and between 984 and 1,030 m. Ap-

parent olivine-normative compositions for rocks in those
intervals are ascribed to chemical alteration of the
samples. Olivine-normative compositions that reflect
original magma chemistry and not alteration effects are
found only in samples from 926.3 to 930 m.

Trace-Element Chemistry

Although petrographic and stable minor-element data
indicate the presence of two magma types, additional
data are required to effectively distinguish the
magmatic affinities of the two suites. The immobile
trace elements listed in table 4 make possible the
recognition of diagnostic geochemical features on a
more refined scale and also have implications for the tec-
tonic setting.

In the CC#3 samples, extensive redistribution of Rb
resulted in overlapping of Rb contents, at low concen-
tration levels, between the olivine-rich unit and the more
evolved tholeiitic rocks in the section. Contents of high-
valence cations are virtually the same, within analytical
error, in samples from the top of the section (777 to 921
m) and those from the basal flows (984 to 1,030 m). They
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TABLE 3.-Major-oxide and normative mineral compositions,

All
in wetght percent, of basalts from CC#8, near Charleston, S. C.

{Analyses by Z. A. Hamlin and F. W. Brown]

Depth below surface
(meters) ___ 777 79 782 7844 921 926.3 928 930 984 1002.2 1014 10204 1024 1030
Major-oxide composition
Sio, 47.8 47.8 46.2 55.1 52.1 42.9 4.3 43.2 52.9 52.2 53.7 52.8 52.5 47.8
A0, 14.2 14.0 14.8 13.3 14.3 14.6 13.2 13.4 14.1 13.8 14.1 14.3 14.1 14.6
Fe,0, 5.6 3.9 4.7 4.5 34 6.6 4.9 3.8 3.8 2.4 3.7 2.9 3.7 3.9
FeO 6.4 7.0 7.0 5.3 7.8 3.8 5.4 6.9 8.0 9.7 8.3 84 7.9 8.0
MgO 5.9 6.4 6.5 6.0 6.7 10.6 12.8 15.3 5.6 5.9 5.3 5.7 6.3 8.3
Ca0 5.0 6.5 5.8 5.8 10.6 11.4 8.5 74 8.7 9.7 9.3 9.2 5.7 6.9
Na,0 3.6 4.5 5.0 4.2 2.3 1.6 1.2 1.2 2.8 2.5 2.6 3.3 5.5 3.3
K0 1.3 44 .93 74 16 .05 .27 .15 64 64 .74 34 05 .05
H,0* 5.9 5.8 5.5 3.4 1.1 2.7 4.9 5.4 1.2 1.3 .52 1.4 2.4 2.9
H,0- 2.3 2.2 1.7 1.5 1.5 3.3 4.5 2.8 41 34 .53 99 .92 2.0
TiO, 1.1 92 1.1 .89 11 .52 A7 .49 1.1 .96 1.1 1.1 97 .99
P,0; .16 .15 .16 15 14 .09 .07 .08 .18 .16 .18 18 .16 .16
MnO .30 .21 .24 19 17 .18 14 22 24 22 21 21 21 22
CO, 24 .09 .08 .36 .04 90 .82 10 .02 .24 .14 .02 .13 .02
Total ____________ 100 100 100 101 101 99 101 100 100 100 101 101 100 99
Major-oxide composition recalculated volatile-free
Si0, 52.2 52.0 50.0 57.3 52.8 46.5 48.6 47.0 53.9 53.2 54.1 53.6 54.1 50.8
AlLO,3 15.5 15.3 16.0 13.8 14.5 15.8 14.5 14.5 144 14.1 14.2 145 14.5 15.5
Fe,0s 6.1 4.2 5.1 4.7 3.4 7.1 5.4 4.1 3.9 2.4 3.7 3.0 3.8 4.1
FeO 7.0 7.6 7.5 5.5 7.9 4.1 6.0 7.5 8.2 9.9 8.4 8.5 8.1 8.5
MgO 6.4 7.0 7.1 6.2 6.8 11.5 14.0 16.6 5.7 6.0 5.4 58 6.5 8.8
Ca0Q 5.4 7.1 6.2 6.0 10.7 12.4 9.3 8.0 8.9 9.8 9.4 9.4 5.8 7.3
Na,0 4.0 4.9 5.4 4.3 2.3 1.7 1.3 13 2.9 2.6 2.6 34 5.7 3.5
K.0 14 48 1.0 7 .16 .05 .30 .16 .65 .65 74 .35 .05 .05
TiO: 1.2 1.0 1.2 .93 1.1 .56 .52 .53 1.1 .98 11 11 1.0 11
P,0s 17 .16 17 .16 .14 .10 .08 .09 18 16 .18 18 17 17
MnO .33 .23 .26 .20 17 .20 .15 .24 .24 .22 .21 21 22 .23
Total ____________ 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Normative mineral composition®
Q . _— N 4.81 4.64 N . _— 4.92 4.25 6.21 2.78 — —
Or 9.75 2.84 5.97 4.58 .95 .32 1.77 96 3.86 3.86 4.42 2.04 .30 31
Ab 33.52 41.71 33.98 37.26 19.74 14.94 11.31 11.06  24.21 21.63 2225 2840 48.11 29.70
An 19.98 18.29 16.50 15.99 28.63 35.88 33.23 3348 24.54 25.09 24.90 23.60 14.09 26.46
Ne — . 6.49 —_— — I _— _— — _— —— _—_ — —
Wo 1.80 6.37 5.43 4.39 9.81 7.92 2.87 2.16 7.60 8.90 8.18 8.97 5.47 3.62
En 9.53 3.52 2.78 15.66  16.93 12,54  26.67 18.94 14.25 15.02 13.35 14.44 7.30 14.30
Fs 9.75 3.05 2.51 12.78 14.16 6.34 11.25 7.10 15.21 16.05 15.30 14.49 6.87 10.48
Fo 4.65 9.76 10.37 - — 11.63 6.19 15.81 —_ e _— — 6.25 5.38
Fa 5.24 9.33 10.32 _— i 6.47 2.87 6.53 —_ — _— [ 6.48 4.35
Mt 3.04 2.78 2.94 2.36 2.66 2.59 2.64 2.71 2.82 2.93 2.84 2.70 2.80 2.95
il 2.29 1.91 2.27 1.77 2.12 1.09 .99 1.01 2.13 1.86 2.11 2.12 1.90 2.00
Ap 41 .38 41 .37 .33 .23 .18 .20 43 .38 43 .43 .39 .40
Total ____________ 100 100 100 100 100 100 100 100 100 100 100 100 100 100

1 Based on analyses recalculated to 100 percent volatile-free oxides; Fe;0g/(FeO + Fe;0s) ratio assumed to be 0.15.

are also the same as those in samples from CC#2 and
CC#1. The concentrations of Th, Zr, and Hf in the three
olivine-rich samples are about half those found in the
quartz-normative tholeiitic flows. Nb contents, although
slightly lower than those in the tholeiites, appear to be
relatively enriched in the olivine-rich samples as com-
pared to the relative abundances of the other high-
valence cations. The relatively high (Nb x 100)/Ti ratio
(0.18) and Nb/Ta ratio (32) in one of the olivine-rich
samples (from 926.3 m) may be due mainly to analytical
error in the Nb determination rather than to low Ti and
Ta contents. Previous studies of suites of tholeiitic
basalts and diabases from widely different regions have
shown that Nb/Ta ratios are quite similar: 13.5 in the
Dillsburg, Pa., sill; 14.4 in diabases of Tasmania; and 16

in upper Paleozoic diabase dikes from Scotland (Gott-
fried and others, 1968; Macdonald and others, 1981).

The Th/U ratios in the CC#3 samples are quite
uniform, and are mostly in the range from 3 to 4. These
ratios, like the results for CC#2, suggest that the
original U contents have not been seriously modified.
Similar Th and U contents and similar Th/U ratios were
found in samples of Triassic-Jurassic tholeiitic diabases
from Fairfax County, Va. (Larsen and Gottfried, 1960)
and the Palisades sill, New Jersey (Heier and Rogers,
1963).

The chondrite-normalized REE patterns of the
olivine- and quartz-normative basalts are shown on
figure 5. The light REE pattern for the quartz-
normative basalts of CC#3 is similar to that for the
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FIGURE 4.—Normative mineralogy of basalts from CC#3 plotted on diopside (Di)-hypersthene (Hy)-olivine (Ol)}nepheline (Ne)}-quartz (Qz)
diagram. Data are from table 4.

quartz-normative basalts from CC#2 and CC#1 (Gott-
fried and others, 1977). The patterns for olivine- and
quartz-normative basalts in CC#83 are subparallel, which
stresses their close chemical relationship even though
the abundances of the REE in the olivine-normative
type are one-half of those of the quartz-normative type.

Variations in the abundance of some elements in the
ferromagnesian group have important petrographic im-
plications and also provide a means of “fingerprinting”
units which are otherwise indistinguishable. As noted
above, flows from the top of the section (777 to 921 m)
have virtually the same contents of stable minor
elements (P and Ti) and trace elements (Th, U, Nb, Zr,
Hf) as do those from the base of the section (984 to 1,030
m). However, the lower flows contain 3 to 4 times as
much Cu and nearly twice as much Ni and have higher
Ni/Co ratios than do the upper flows. The average Cu
content in the upper flows (20 ppm) is similar to that in
flows from CC#2 (22 ppm) and CC#1 (25 ppm) but con-
trasts with the average of 75 ppm in the lower flows in
CC#3. The low and relatively uniform Cu contents in

most of the samples of the upper flows suggest that low
Cu is for the most part an intrinsic feature of these
evolved basalts. Low Cu contents have also been noted
by Weigand and Ragland (1970) in some Mesozoic high-
Ti, quartz-normative diabases. The low Cu contents and
low Ni/Co ratios in CC#1 basalts were previously
ascribed to the preeruption separation of an immiscible
sulfide melt into which Cu and Ni had been strongly par-
titioned (Gottfried and others, 1977). Recent experimen-
tal studies on the partitioning of Ni, Co, and Cu and the
solubility of sulfur in silicate melts provide valuable in-
sight into the nature of the processes that control the
observed abundance variations of these elements in the
Clubhouse Crossroads basalts. The solubility of sulfur in
silicate melts at high temperature and pressure has been
shown by Mysen and Popp (1980) to be strongly pressure
dependent; that is, solubility decreases with decreasing
pressure. They found that a melt at 10 kbar has 50 per-
cent less sulfur than does the same melt at 20 kbar. Thus
a decrease in pressure would cause excess sulfur to
separate as an immiscible sulfide melt. A strong



TABLE 4. - Trace-element abundances, in parts per million, and selected interelement ratios in basalt from Clubhouse Crossroads test hole #3, near Charleston, S. C.

[Y determined by emission spectrography; La, Ce, Sm, Eu, Tb, and Ho determined by epithermal neutron activation analysis (NAA); other elements, including all elements of samples from 926.3 m and 980 m, determined by thermal NAA. __,

determined]

, not

Depth below surface

(meters) _______ 77 779 782 784.4 921 924 926.3 928 930 984 1002.2 1014 1020.4 1024 1030
Large cations
Rb* __________ 44 8.5 36 9.8 15 270 1.5 4.1 2.3 17 19 27 7.5 2.0 2.1
Ba»* _________ 550 240 180 74 110 250 70 69 64 170 180 210 200 54 61
K 12,000 4,000 8,300 6,400 1,300 49,000 400 2,500 1,300 5,400 5,400 6,100 2,900 400 400
S __________ 410 360 260 150 150 76 110 83 60 230 240 220 310 260 220
Ca» _________ 39,000 51,000 44,000 43,000 77,000 ——— 89,000 66,000 57,000 64,000 70,000 67,000 67,000 41,000 52,000
Pb>» 5.5 6.1 6.0 4.8 4.0 16 3.0 2.1 2.2 5.5 7.0 6.6 5.1 4.2 2.5
KRb_________ 270 470 230 650 870 180 270 610 570 320 280 230 390 200 190
Ba/Rb ________ 13 28 5.0 7.6 73 .93 47 17 28 10 9.5 7.8 27 27 29
KBa _________ 22 17 46 86 12 200 5.7 35 20 32 30 29 15 7.4 6.6
High-valence cations
Th* _________ 2.6 2.1 24 2.1 1.7 _— 1.0 1.0 1.0 2.4 2.2 2.2 2.1 1.8 1.9
U N 6 6 6 5 . . .3 . N i Wi i .5 6
Y/ o 87 77 87 82 85 110 53 46 45 100 110 94 94 84 77
He~ 2.5 2.0 2.2 2.1 2.2 — 1.1 1.1 1.2 2.6 2.4 2.3 24 2.2 2.0
Nbs» 6.8 5.9 6.9 5.8 5.9 i 5.5 4.5 4.1 6.2 5.6 6.4 5.9 5.7 6.4
Ta* __________ 42 27 47 .26 28 —— A7 21 N 41 .36 37 .39 .28 .33
ThWU _________ 3.7 3.5 4.0 35 3.4 S i 3.3 — 34 3.1 3.1 3.0 3.6 3.2
Zr/Hf ________ 35 39 40 39 39 e 48 42 38 38 46 41 39 38 39
(Nbx100y/Ti __ .10 A1 .10 1 .09 — .18 .16 14 .09 .10 10 .09 .10 A1
Nb/Ta _______ 16 22 15 22 21 _— 32 21 __ 15 16 17 15 20 19
Ferromagnesian elements
Co* _________ 67 44 43 38 49 33 69 70 68 43 42 42 48 46 51
Cu* _________ 20 18 22 19 48 37 150 120 98 66 73 64 82 79 85
Lt 7.5 6.0 8.9 27 2.0 5.3 11 7.8 33 8.4 19 13 12 22 26
Ni» 26 22 20 20 33 200 530 530 530 33 27 35 37 42 35
In* _________. 50 62 68 69 81 63 56 62 74 92 94 110 91 80 82
Cr» __________ 57 52 50 48 190 370 790 - 800 650 32 25 36 27 35 28
Ga* _________ 14 16 14 13 17 12 13 11 12 17 17 16 15 14 14
Sex __ 44 44 41 41 43 19 43 33 39 41 39 43 42 40 37
v 290 280 290 250 300 82 230 180 230 320 330 300 290 290 240
Ni/Co ________ .39 .50 A7 .58 .67 6.1 7.7 7.6 7.8 7 .64 .83 N7 91 .69
Rare-earth elements

La___________ 11 10 10 10 8 I 5.5 5 5 12 11 11 11 9 10
Ce ___________ 20 23 20 20 20 I 14 12 12 22 24 26 32 27 23
Nd 14 10 13 12 12 _— 9 — 6.5 15 13 15 13 14 13
Sm __________ 34 3.0 34 3.0 3.2 — 1.8 1.6 1.7 38 3.5 3.6 3.5 3.3 34
Eu __________ 1.07 .94 1.09 1.10 1.10 _— .62 57 .51 1.32 1.18 1.06 1.20 .90 1.20
To .76 .78 75 67 .81 I I 41 — .83 79 .69 .81 .74 .69
Ho __________ 8 q .8 N 8 I q .6 6 8 8 9 8 8 8
Ybo____ 2.9 2.5 2.6 2.6 2.7 — 2.5 2.0 2.3 3.0 3.0 2.9 3.0 2.8 2.9
Lu__.________ 44 .35 .38 .35 43 . .36 .34 .34 43 43 43 43 43 A1
Y ____  ___ 24 23 25 25 29 20 23 17 20 28 28 29 29 26 25
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FIGURE 5. — Average abundances of REE in basalts from CC#3. Data are from table 4. Each vertical bar indicates the range of normalized values
of 11 quartz-normative samples or 1-3 olivine-normative samples.

preference of Ni, Cu, and Co for the sulfide liquid is
clearly indicated by the large partition coefficients that
were experimentally determined by Rajamani and
Naldrett (1978) between sulfide liquid and a basalt liquid
with 8.3 percent MgO. Their values for the partition
coefficient D [D = (weight percent metal in sulfide
liquid)/(weight percent metal in basalt liquid)] at 1235°C
for Ni, Cu, and Co are 274, 245, and 80 respectively.
Although the process of separation of a sulfide melt
could drastically deplete these elements in residual
liquids, the effect on the major-element composition
would be negligible if, as suggested by Mysen and Popp
(1980), the immiscible sulfide melt amounts to only 0.5
weight percent. The threefold difference in Cu contents
among the CC#3 basalts, in which other elements are
mainly isochemical, is thus probably the result of dif-
ferences in physical-chemical conditions during separa-
tion of the immiscible sulfide melts.

As noted above, the olivine-rich basalts contain about
half the abundances of the stable incompatible minor
and trace elements (P, Ti, Zr, Hf, Th, U, and Ta) of the
quartz-normative varieties. Olivine-rich basalts are also
marked by high Ni and Cr contents and high Ni/Co
ratios. The chemistry of the olivine basalts is consistent

with their being parental to the quartz-normative type
to which they evolved by a crystal-fractionation process.
The two-fold enrichment of the incompatible elements
indicates that at least 50 percent crystallization and
separation of olivine + pyroxene from parental melts is
necessary to produce quartz-normative tholeiites. In ad-
dition, the Cu and Ni/Co data point to some sulfide frac-
tionation, Experimental studies suggest that quartz-
normative tholeiites evolve from olivine-tholeiite
magma by crystal fractionation at crustal pressures of
less than 8 to 10 kbar (Yoder, 1976).

The olivine-normative basalts are stratigraphically in-
tercalated between quartz-normative flows. This
precludes the sampled olivine-normative rocks from
being directly parental to the underlying quartz-
normative flows. They may, however, have the composi-
tion of such parents. The high MgO (11.5-16.6 percent),
Ni (530 ppm), and Cr (650-800 ppm) contents and high
Ni/Co ratios (7.7) may be particularly significant; Mysen
(1978) and Mysen and Popp (1980) have suggested that
partial melting of peridotite at about 20 kbar would
result in a tholeiitic liquid that contains 600-700 ppm Ni.
The olivine basalts may represent near-primary magmas
that have been little modified by crystal fractionation
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during ascent from the mantle. The low Ni/Co ratios of
the quartz-normative basalts preclude the possibility
that they were in equilibrium with mantle peridotite.

Thus a polybaric evolutionary history involving
silicate and sulfide fractionation must be envisioned for
these flows. The geochemical data are consistent with
the possibility that the parental melt for both the olivine-
normative and the quartz-normative basalts was
generated within a relatively homogeneous peridotite
source.

The trace-element chemistry of the sedimentary bed
at 924-926 m (table 4, sample 924) reflects the
mineralogic composition of this detrital unit. Very high
K (49,000 ppm) and Rb (270 ppm) contents reflect the
presence of potassium feldspar and illite that almost cer-
tainly were not derived from the enclosing basalt flows.
High Ni (200 ppm) and Cr (370 ppm) contents agree with
the observation of olivine-basalt clasts in the sedimen-
tary bed.

TECTONIC SETTING AND MAGMATIC HISTORY

A particularly valuable result of the geochemical study
of the test-hole basalts is the use of their geochemical
features to characterize their tectonic setting. Gottfried
and others (1977) attempted such a characterization of
the CC#1 basalts by using the Ti-Zr, Ti-Zr-Y, and Ti-Zr-
Sr discriminant diagrams of Pearce and Cann (1973).
The results obtained were mutually contradictory; the
basalts were described on various plots as calc-alkalic
basalts of the island-arc series, as ocean-floor basalts,
and as island-arc tholeiitic basalts. Gottfried and others
(1977) concluded that the available plots were inap-
propriate for tectonic characterization of CC#1 basalts.

More recently, Wood and others (1979) and Wood
(1980) have proposed the use of a Th-Hf-Ta triangular
diagram for tectonomagmatic classification. A plot of
several Clubhouse Crossroads basalts and, for com-
parison, a typical ocean-ridge basalt and two Paleozoic
continental tholeiitic diabases from Scotland is shown in
figure 6. The Clubhouse Crossroads basalts plot in the
field of basalts from destructive plate margins. How-
ever, the test-hole basalts are closely analogous
chemically to basalts that occur in Atlantic-type passive
continental margins and that represent the early cycles
of magmatism that precede or accompany rifting and
continental separation. Thus, either the diagram is inap-
propriately classifying the Clubhouse Crossroads basalts
or the comparisons with basalts of rifted continental
margins made in our previous study (Gottfried and
others, 1977) are spurious.

We suggest that the geochemical characteristics of
the subsurface basalts of the Charleston area produce
the inappropriate classification on the Th-Hf-Ta plot.

Al5

The Clubhouse Crossroads basalts are characterized by
low abundances of the relatively small ions Ti, Zr, Hf,
and Ta. Macdonald and others (1981, their table 10) have
shown that the Triassic-Jurassic passive-margin basalts
of eastern North America, and presumably the test-hole
basalts, belong to a type of intraplate tholeiite that is
relatively enriched in Th. Thus, on the Th-Hf-Ta
diagram (fig. 6), the test-hole basalts are displaced
towards the Th apex and plot in the destructive-plate-
margin field. The data base used by Wood (1980) for
delineation of his field did not adequately account for
tholeiitic basalts of passive continental margins that are
chemically similar to those of eastern North America.
Although published discriminant diagrams do not ap-
pear appropriate for interpretation of the studied rocks,
the results of this extensive geochemical study (tables 5,
6) of the basalts from CC#2 and CC#3 confirm our
previous interpretation (Gottfried and others, 1977)
regarding the magmatic affinities and tectonic setting
of the basalt rocks. Recent radiometric ages determined
by refined techniques (Lanphere, 1983) substantiate the
correlation by stable minor and trace elements of the
Clubhouse Crossroads quartz-normative basalts with the
lower Mesozoic high-Ti, quartz-normative diabases of
eastern North America. The olivine-normative basalt in-
tercalated with the quartz-normative basalts in CC#3
shows close geochemical similarities to the common
olivine-normative diabases from the eastern North
American province. Thus two of the three main chemical
types of the eastern North American province have been
recognized in the Clubhouse Crossroads basalts. In addi-
tion, the quartz-normative basalts from Clubhouse
Crossroads are virtually indistinguishable from the
quartz-normative tholeiitic rocks from eastern North
America on the basis of their REE patterns and REE
absolute abundances (fig. 7). The REE pattern for the
olivine basalt from CC#3 “fingerprints” this rock as
belonging to the olivine-normative type of eastern North
America (Ragland and others, 1971). The wide ranges in
contents of most of the major elements in the quartz-
normative rocks (table 5) reflect postmagmatic chemical
changes. The average TiO; and P;0s contents in all of
the quartz-normative basalts are virtually identical, as is
the case for Th and Hf and some other stable trace
elements. However, Cu and, to a lesser extent, Ni con-
tents in the lower quartz-normative basalts from CC#3
are significantly greater than those encountered in the
quartz-normative rocks at higher levels in the test holes.
These differences can reasonably be attributed to dif-
ferences in preeruptional history; namely, during
magmatic ascent, the separation of an immiscible sulfide
liquid into which Ni, Cu, and Co are strongly parti-
tioned. In addition to providing important clues to the
petrogenetic history of these basalts, the abundance
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FIGURE 6.—Th-Hf-Ta data for samples of Clubhouse Crossroads basalt, ocean-ridge basalt, and continental tholeiitic diabase plotted on tec-
tonomagmatic discrimination diagram of Wood (1980). Data sources: CC#1 (Gottfried and others, 1977); CC#2 and CC#3 (tables 2 and 4, this
paper); ocean-ridge basalt from Juan de Fuca Ridge (David Gottfried, unpub. data, 1979); continental tholeiitic diabase from Scotland (Mac-

donald and others, 1981).

relations of these elements have potential economic ap-
plication to further our understanding of the formation
of Ni and Ni-Cu sulfide deposits that are associated with
similar mafic volcanic rocks.

Previously, studies have proposed that the tholeiitic
olivine diabases and flows of the eastern North
American province represented the earliest stage of
volcanism in that province. Whole-rock K-Ar
measurements of undeformed diabase dikes in east-

central Alabama yielded ages of 161-168 m.y. for
quartz-normative diabase and 184-193 m.y. for olivine-
normative diabases (Deininger and others, 1975). Field
studies of a swarm of olivine-normative diabase dikes
(Smith and others, 1975) in Pennsylvania showed the
presence of fracture cleavage in many of the olivine-
tholeiitic dikes, which was not observed in quartz-
normative dikes. This suggested that the olivine-
normative magma was the earliest erupted type.
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TABLE 5.—~Average major-oxide composition, in weight percent of subsurface basa,lts from Clubhouse Crossroads test holes CC#1, CC#2, and
'C#3, near Charleston, S. C.

[Recalculated volatile-free. Range is given in parentheses after average. Averages derived as follows: CC#1, averages are for 5 least altered samples, from 771, 774, 779, 782, and 791 m below
surface; ranges are for all samples. CC#2, averages are for 8 samples, from depths of 780, 786, 879, 836, 842, 869, 878, and 908 m below surface. CC#3 upper quartz-normative, averages are
for 4 samples from depths of 777, 779, 782 and 784.4 m below surface. CC#3 lower quartz normative, averages are for 6 samples, from depths of 984, 1002.2, 1014, 1020.4, 1024, and
1030 m below surface. CC#3 olivine- normative, averages are for 3 samples, from depths of 926.3, 928, and 930 m below surface.}

Sample location ________________ CC#1 CC#2 CC#3 CC#3 CC#3
Upper quartz- Lower quartz- Olivine
normative normative normative
Si0, 54.0 (53.1-68.5) 53.9 (52.1-54.8) 52.9 (50.0-57.3) 53.3 (50.8-54.1) 47.4 (46.5-48.6)
ALO, 14.0 (7.3-16.7) 14.6 (14.1-14.8) 15.2 (13.8-16.0) 14.5 (14.1-15.5) 14.9 (14.5-15.8)
FeOy o __ 3.1 (2.5-9.5) 2.9 (1.8-4.6) 5.0 (4.2-6.1 3.6 (2.4-4.1) 556 (4.1-7.1)
FeO 8.6 (.79-9.0) 8.4 (6.8-8.9) 6.9 (5.5-7.6) 8.5 (8.1-9.9) 5.9 (4.1-7.5)
MgO 6.0 (2.6-6.9) 6.3 (6.0-6.7) 6.7 (6.2-7.1) 6.4 (5.4-8.8) 14.0 (11.5-16.6)
Ca0 9.0 (7.1-9.6) 9.2 (7.6-10.3) 6.2 (5.4-7.1) 8.4 (5.8-9.8) 9.9 (8.0-12.4)
Na,O 2.8 (.51-3.6) 2.8 (2.2-5.0) 4.7 (4.0-5.4) 3.5 (2.6-5.7) 1.4 (1.3-1.7)
K,0 .54 (.02-1.4) .63 (.23-1.6) 99 (48-1.4) 42 (.05-.74) .17 (.05-.30)
TiO, 97 (.82-1.1) 1.0 (1.0-1.1) 1.1 (.93-1.2) 1.1 (.98-1.1) .54 (.52-.56)
P,O, 14 (.12-.15) .15 (.14-.16) A7 (.16-.17) .17 (.16-.18) .08 (.08-.10)
MnO, 23 (.14-.27) .17 (.16-.18) .26 (.20-.33) 22 (.21-.24) 20 (.15-.24)
5 4
1 \ EXPLANATION
sor 6 =———————— 1 Eastern North American high-Ti, quartz-normative diabase
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F1GURE 7.-Comparison of average abundances of REE in tholeiitic basalts of eastern North America and subsurface basalts from Clubhouse
Crossroads test holes. Data sources: eastern North American high-Ti, quartz-normative diabase and eastern North American olivine-
normative diabase (Ragland and others, 1971); CC#1 (Gottfried and others, 1977); CC#2 and CC#3 (tables 2 and 4, this paper).
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TABLE 6.~ Average trace-element abundances in subsurface basalts from Clubhouse Crossroads test holes CC#1, CC#2, and CC#3,
near Charleston, S. C.

[Range given in parentheses after average. n.d., not determined]

Sample location _____ CC#1 CC#2 CC#3 CC#3 CC#3
Upper quartz- Lower quartz- Olivine
normative normative normative
Large cations
Rb* 16 (10-19) 17 (1.1-59) 25 (9-44) 12 2-27) 2.7 (1.5-4.1)
Ba» _________ 130 (100-140) 130 (7-370) 260 (74-550) 150 (54-210) 68 (64-70)
K 4,500 (4,100- 5,200 (1,900- 8,200 (3,700- 3,500 (400- 1,400 (600-
5,300) 12,000) 11,000) 6,100) 2,200)
Sr> 190 (160-220) 190 (61-380) 300 (50-410) 250 (220-310) 84 (60-110)
Ca*» 64,000 (62,000- 66,000 (51,000- 44,000 (36,000- 60,000 (41,000- 71,000 (53,000-
66,000) 73,000) 50,000) 69,000) 82,000)
P> 4.5 (3.9-5) 5.7 (3.8-9.1) 56 (4.8-6.1) 52 (2.5-7) 24 (2.1-3.0)
KRb __ ______ 300 (220-410) 290 (110-650) 410 (230-650) 270 (190-390) 480 (270-610)
Ba/Rb ________ 81 (5.8-14) 94 (3.2-24) 10 (5-28) 18 (7.8-29) 31 (17-47)
KBa.. _______ 35 (29-39) 36 (15-69) 43 (17-86) 20 (5.7-35) 20 (6.6-32)
High-valence cations
Th 21 (2.0-2.2) 2.0 (1.5-2.1) 23 (1.7-2.6) 2.1 (1.8-24) 1.0 1.0
U 0.6 (.5-.8) 0.6 (.5-.7) 0.65 (.5-.7) 3
I 76 (69-82) 86 (78-100) 83 (77-87) 93 (77-100) 48 (45-53)
Hf* 21 (2.0-2.1) 2.0 (1.9-2.1) 22 (2.0-2.5) 2.3 (2.0-2.6) 1.1 (1.1-1.2)
Nb*> 7.3 (6.8-7.7) 6.0 (4.9-6.8) 64 (5.8-6.9) 6.0 (5.6-6.4) 4.7 (4.1-5.5)
Ta> 0.29 (.26-.32) 0.44 (.34-.53) 0.36 (.26-.47) .36 (.28-.41) 119 (17-21)
Th/U 3.1 (2.1-3.8) 3.7 (3.4-4.0) 3.2 (3.0-3.6) 3.3
Zv/Af _______ 36 (35-39) 43 (37-47) 38 (35-40) 40 (38-46) 44 (38-48)
(Nbx100)/Ti __ 0.13 (.12-.14) 0.10 (.09-.11) 0.11 (.10-.11) .098 (.09-.11) .16 (.14-.18)
Nb/Ta . ____ 25  (23-26) 14 (12-18) 19 (15-22) 17 (15-20) 127 (21-32)
Ferromagnesian elements
Co*» 46 (40-52) 45 (34-54) 48 (38-67) 45 (42-51) 69 (68-70)
Cue» ______ 25. (16-34) 22 (16-43) 20 (18-22) 75 (64-85) 120 (98-150)
Li+ 9.4 (5-14) 11 (1.8-25) 12 (6-27) 17 (8.4-26) 17 (7.8-33)
Ni»* 17 (14-20) 23 (19-34) 22 (20-26) 35 (27-42) 530 (530)
In* _____ 88 (82-96) 89 (75-100) 62 (50-69) 92 (80-110) 64 (56-74)
Cr* 33 (28-36) 71 (560-170) 52 (48-57) 31 (25-36) 750 (650-800)
Ca»* ______ ___ 16 (15-18) 16 (12-20) 14 (13-16) 16 (14-17) 12 (11-13)
Se>» ___ 51 (46-56) 42 (37-50) 43 (41-44) 40 (37-43) 38 (33-43)
v 320 (250-400) 280 (230-370) 280 (250-290) 300 (240-330) 210 (180-230)
Ni/lCo ________ .38 (.31-.48) 52 (.42-.63) 47 (.39-.53) 7 (64-.91) 7.7 (7.6-7.8)
Rare-earth elements
La 210 (9-11) 494 (9-10) 10 5(10-11) 11 §(9-12) 5.2 7(5-5.5)
07— 19 (18-19) 20 (17-21) 21 (20-23) 26 (22-32) 13 (12-14)
Nd oo 310 12 (9-14) 12 (10-14) 14 (13-15) 7.8 (6.5-9)
Sm o 3.0 (3.0-3.1) 31 (3.0-3.2) 32 (3.0-34) 3.5 (3.3-3.8) 1.7 (1.6-1.8)
Ew __________ 99 (.95-1.02) 94 (.87-.99) 1.05 (.94-1.10) 1.14 (.90-1.32) 57 (.51-.62)
Gd_________ nd. nd. 31 (2.8-3.4) nd. nd. nd. nd nd. nd.
™ .70 (.68-.73) N7 ([71-.86) 14 (.67-.78) 76 (.69-.83) 41 nd.
Ho __________ nd. nd. 6 (.5-.7) .8 (.7-.8) 8 (.8-9) 6 (.6-.7)
Tm _________ nd. nd .33 (.31-.36) nd. nd. nd. nd nd. nd.
Yb_____ 22 (21-23) 2.7 (2.5-3.1) 2.7 (2.5-2.9) 2.9 (2.8-3.0) 2.3 (2.0-2.5)
e 45 (.44-47) 42 (.39-44) .38 43 .36 n.d.
Yy . 32 (28-34) 28 (25-30) 24 (23-25) 28 (256-29) 20 (17-23)

1 Derived from two samples, from 926.3 and 928 m below surface.

2 REE averages derived from three samples, from 771, 779, and 791 m below surface.

3 Derived from one sample, from 779 m below surface.

4 REE derived from eight samples, from 780, 786, 819, 836, 842, 869, 878, and 908 m below surface.
% Derived from four samples, from 777, 779, 782, and 784.4 m below surface.

8 Derived from six samples, from 984, 1002.2, 1014, 1030.4, 1024, and 1030 m below surface.
7 Derived from three samples, from 926.3, 928, and 930 m below surface.

However, the extensive geochronologic study of ex-
posed lower Mesozoic dikes in Georgia by Dooley and
Wampler (1983) indicates that excess 4°Ar in most of
these dikes resulted in variable and highly discordant
K-Ar ages. Further, several of their samples that con-
tained little excess %°Ar included both olivine- and
quartz-normative tholeiites having apparent ages of

190-195 m.y. The new data from CC#3 unequivocally
show the presence of an olivine-tholeiite flow inter-
calated within a sequence of quartz-normative tholeiites.
It thus appears that there were repetitive cycles and
possibly penecontemporaneous eruptions of olivine-
normative and quartz-normative magmas. Weigand and
Ragland (1970) discussed the geographic distribution of
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the main chemical magma types in the eastern North
American province. They proposed that differences in
tectonic environment could account for the absence of
the olivine-normative magma type in the northeast part
of the province. The close association in space and time
of these contrasting magmas at Clubhouse Crossroads
suggests that the olivine-tholeiitic magma may repre-
sent merely a greater degree of melting, hence dif-
ferences in the thermal regime in the mantle, rather
than any significant change in tectonic environment.
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STUDIES RELATED TO THE CHARLESTON, SOUTH CAROLINA, EARTHQUAKE OF 1886 —
TECTONICS AND SEISMICITY

“0Ar/3%Ar AGES OF BASALT FROM CLUBHOUSE CROSSROADS TEST HOLE
#2, NEAR CHARLESTON, SOUTH CAROLINA

By MARVIN A. LANPHERE

ABSTRACT

2Ar/3%Ar total-fusion ages of three samples of basalt from
Clubhouse Crossroads test hole #2, near Charleston, S.C., range from
182 to 236 m.y. (million years); only one of the total-fusion ages agrees
within analytical uncertainty with conventional K-Ar ages of the same
samples. Data from 4°Ar/39Ar incremental heating experiments in-
dicate that only one sample meets the criteria for a reliable crystalliza-
tion age. The *9Ar/3¢Ar versus 3°Ar/36Ar isochron age for this basalt is
184 + 3.3 m.y. This age is in good agreement with reliable ages of tec-
tonically related lower Mesozoic diabase intrusions in eastern North
America and Liberia. The ages of all these intrusions are consistent
with their emplacement shortly after initiation of central Atlantic
rifting about 190 m.y. ago.

INTRODUCTION

Many workers believe that the separation of the
African and North American plates and the formation of
the Atlantic Ocean were the initial events in the breakup
of Pangea (Dietz and Holden, 1970; Pitman and
Talwani, 1972; Phillips and Forsyth, 1972; Larson and
Pitman, 1972; Smith and others, 1973). Basaltic igneous
activity of Triassic to Jurassic age in northeastern
North America and northwestern Africa is probably
related to the extensional tectonics that produced rifting
of the continent (Dietz and Holden, 1970; Dalrymple and
others, 1975). Triassic or Jurassic basalt flows in deep
test wells near Charleston, S. C., indicate that the early
Mesozoic tectonic framework of the Southeastern
United States is the same as that of northeastern North
America (Gohn and others, 1978). The current study is
an extension of isotopic dating work on the basalts near
Charleston.

Acknowledgments. -1 thank S. E. Sims and J. C. Von
Essen of the U.S. Geological Survey (USGS) for the
argon measurements and D. H. Rusling and the staff of
the USGS reactor facility for fast-neutron irradiation of
samples. Deep drilling and related investigations by the
USGS in the Charleston, S. C., area are supported by the

U.S. Nuclear Regulatory Commission, Office of Nuclear
Research, under Agreement No. AT(49-25)-1000.

GEOLOGIC SETTING

Fault-bounded basins filled primarily with clastic
sedimentary rocks of Triassic and Jurassic age are a
characteristic geologic feature of the eastern seaboard
of North America. Some basins contain interbedded
basalt flows and diabase dikes and sills. The dikes
typically extend outside individual basins. Such basins
are exposed in the Piedmont from North Carolina on the
southeast to Nova Scotia on the northeast. Sediments of
the Atlantic Coastal Plain conceal subsurface lower
Mesozoic rocks in South Carolina, Georgia, Florida, and
Alabama, which have been documented from deep wells
or inferred from geophysical surveys.

Three deep test wells drilled by the USGS at Club-
house Crossroads, Dorchester County, S. C., penetrated
a pre-Upper Cretaceous sequence of subaerial, tholeiitic
basalt flows underlain by red sandstone, mudstone, and
conglomerate (Gohn and others, 1978). Two basalt
samples from Clubhouse Crossroads test hole 1 (CC#1)
yielded K-Ar ages of 97.0+4.2 and 111 +4 m.y. (million
years). These ages have been recalculated from those
originally reported by Gottfried and others (1977) by us-
ing the isotopic abundance and decay constants for 4°K
recommended by Steiger and Jager (1977). These ages
must be considered minimum, however, because the
basalts have been somewhat altered. The basalts uncon-
formably underlie strata of Cretaceous (Cenomanian)
age (Hazel and others, 1977) in the test hole; no direct
stratigraphic evidence for a maximum age for the
basalts is available.

Petrographic and major-element chemical data ob-

- tained from samples of basalt from CC#1 (Gottfried and

others, 1977) indicate that the rocks have undergone
slight to extreme oxidation, hydration, and hydrother-
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mal alteration; H,O and CO, contents are relatively high
and variable. Secondary minerals resulting from
hydrothermal alteration include laumontite, calcite,
chlorite, and stilbite. I examined thin sections of the two
samples from CC#1 on which K-Ar ages had been
measured, and I concluded that these samples were too
altered to yield reliable ages.

Conventional K-Ar ages were subsequently measured
on three additional samples of basalt from Clubhouse
Crossroads test hole 2 (CC#2) (Gohn and others, 1978).
Location of the test hole is shown in Gohn and others
(1983, fig. 1). The 132-m-thick section of basalt in CC#2
was divided into 3 flow units by Gottfried and others
(1983); Phillips (1983) further divided these 3 units into
10 subflows on the basis of paleomagnetic measure-
ments. The three basalt samples used for K-Ar measure-
ments—BBH#1 (818.7 m), BBH#3 (842.3 m), and
BBH#5 (907.4 m)—are from flows designated by Phillips
as 2-2b, 2-2d, and 2-3d, respectively. The samples are
slightly altered but, on the basis of thin-section examina-
tion, were considered suitable for dating.

Duplicate analyses of the three basalt samples from
CC#2 yielded ages of 204+4.1, 162+3.2, and 186+3.7
m.y. for BBH#1, BBH#3, and BBH#5, respectively.
These data confirmed that the basalts, and presumably
the underlying sedimentary red beds, are Triassic or
Jurassic in age and are equivalent to rocks in the ex-
posed early Mesozoic basins along the Atlantic
seaboard; however, the poor agreement of these ages
(Gohn and others, 1978) was disturbing. The ages are
not in correct stratigraphic order, and it seems unlikely
that basalt was erupted over a period exceeding 40 m.y.
Therefore, 4°Ar/3%Ar analyses were made on the same
three samples of basalt in an attempt to refine the age
determinations.

TECHNIQUES

Samples for 4°Ar/39 Ar analysis were small cores (6 mm
in diameter and 1 cm long) taken from the same slices of
core from CC#2 as were the samples for conventional
K-Ar analysis. The samples for °Ar/3?Ar dating were
sealed in air in flat-bottomed fused silica vials and were
irradiated at 1 megawatt for 25 to 30 hours in the USGS
TRIGA! reactor, where they received a neutron dose of
approximately 2.5-3 x 108 nvt (neutron density—veloc-
ity-time). Further details of the reactor flux
characteristics, the flux monitor mineral, and the cor-
rections for interfering K- and Ca-derived Ar isotopes
have been given by Dalrymple and Lanphere (1971) and
by Dalrymple and others (1981).

1The use of trade names in this publication is for descriptive purposes only and does not con-
stitute endorsement by the U.S. Geological Survey.
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Irradiated samples were fused by induction heating,
and the Ar was purified in a standard extraction line.
Temperatures for incremental heating experiments
were measured by means of a platinum/platinum-
rhodium thermocouple inserted into a small hole in the
bottom of a machined molybdenum crucible and are ac-
curate within about +20°C (Lanphere and Dalrymple,
1971). Samples were maintained for 30 minutes at each
temperature during incremental heating experiments.
Ar analyses were made by means of a Nier-type,
15.24-cm radius, 60°-sector magnet, single-collector
mass spectrometer, and analog data acquisition.

RESULTS OF AGE DETERMINATIONS ON BASALT
SAMPLES

Data for total-fusion and incremental heating
10Ar/3%Ar experiments are presented in table 1. Errors
given for ages of individual samples or gas increments
are estimates of one standard deviation of analytical
precision. These errors were calculated by using for-
mulas derived by differentiation of the 40Ar/3¥Ar and
age equations (Dalrymple and Lanphere, 1971).

The agreement between total-fusion %°Ar/3?Ar and
conventional K-Ar age determinations for the three
basalt samples is not particularly good. For only one
sample, BBH#5, do the two ages agree within analytical
uncertainty. The ages for BBH#3 differ by slightly more
than analytical uncertainty, and the total-fusion and
conventional ages of BBH#1 differ by nearly 15 percent.
The discordance in ages probably reflects the effect of
alteration of the K-Ar system.

A considerable body of data on the effects of alteration
on K-Ar age determinations has been obtained from
studies of Hawaiian-type basalts altered in the sub-
marine environment. No comparable data exist for con-
tinental tholeiites such as those in the Clubhouse
Crossroads drill holes. The general pattern of the
Hawaiian data may be similar, however. Clague and
others (1975) and Dalrymple and Clague (1976) found
that the total-fusion 40Ar/39Ar ages of altered Hawaiian
basalts generally were greater than conventional K-Ar
ages for the same rocks. They proposed that this pattern
was due to proportional loss of radiogenic *°Ar and
K-derived 3°Ar from K-bearing clays. Dalrymple and
others (1980) devised a parameter to portray this dis-
cordance in age. This parameter, d, is the total-fusion
age less the conventional age and is expressed as a per-
centage of the total-fusion age. Dalrymple and others
(1980) have suggested that for samples having J values
that are less than + 5, the total-fusion #Ar/32 Ar and con-
ventional K-Ar ages probably are quite close to
crystallization ages. Only BBH#5, which has a d value of
- 2.4, fits this criterion for crystallization age, though
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TABLE 1.—Analytical data for “Ar/*®Ar total fusion and incremental heating experiments on three basalt samples from CC#2,
near Charleston, S. C.

[Subseripts in columns 9-12 indicate radiogenic (R), calcium-derived (Ca), and potassium-derived (K) argon]

Depth be-  Tempera- ®Ar Calculated
low surface ture (percent of  *Arc, ®Arc, “Are CAry age?
Sample no. (meters) (°C) J “Ar/Ar  VAr/Ar*  Ar/®Ar  total Ar) (percent) (percent) (percent) (percent) (m.y.)
Total fusion experiments
818.7 0005600  29.10 4466 0.01550 o 78 03 85.5 <01 236 1 2.9°
842.3 - 005600  52.65 1285 1216 — 2.9 8 337 <1 172 i 45
907.4 - 006821 2454 1828 003608 138 12 62.5 <1 182 3 2.8
Incremental heating experiments

BBH#1 _____________ ______ 8187 500 0.005600 34.02 0.8163 0.006458 43.1 3.4 <0.1 94.6 <0.1 299 + 35
600 21.53 4.755 005877 17.5 22.0 3 93.7 <.1 194 + 24
700 23.07 6.759 01539 8.7 11.9 4 82.6 <.1 184 + 3.1
800 24.31 2.550 .01499 10.3 4.6 2 82.6 <.l 193 + 2.7
900 19.94 1.5631 005252 15.2 7.9 1 92.8 <.l 178 + 2.3
975 23.14 6.960 04734 1.8 4.0 4 41.9 <.l 958+ 7.2
1050 38.78 20.86 1213 8 4.7 1.3 11.9 <.1 46.61+18.5
FUSE 34.68 58.47 09643 2.6 16.5 3.7 31.4 <.1 111 + 9.0

100.0
BBH#3 ______ 842.3 500 0.005600 54.04 1.828 0.1321 14.3 0.4 0.1 28.0 <0.1 147 + 6.3
600 45.80 3.831 .09457 14.1 1.1 2 39.6 <.l 175 + 6.3
700 29.84 6.360 .04573 25.7 3.8 4 56.4 <.l 163 1+ 4.3
800 28.78 8.853 04266 17.9 5.6 6 58.6 <.1 164 3 4.3
900 35.18 9.406 .06867 7.0 3.7 6 44.4 <.1 152 +£10.3
975 26.29 11.78 03694 13.8 8.7 N 62.0 <.l 159 + 3.8
1050 34.14 6.987 07551 3.6 25.2 4.4 51.1 <.1 176 +10.9
FUSE 41.82 7.325 1135 _36 17.5 4.6 33.8 <.l 144 1+16.3

100.0
BBH# _____ 907.4 500 0.006821 57.99 22.05 0.1409 6.4 0.4 0.1 28.5 <0.1 193 £10.7
600 26.98 3.260 03939 10.0 2.3 2 57.8 <.l 183 + 7.1
700 27.99 6.113 .04059 16.8 4.1 4 58.9 <.l 193 + 5.3
800 22.56 8.063 02457 27.2 8.9 5 70.7 <.1 187 + 3.5
900 23.04 11.18 .02814 10.2 10.8 N 67.8 <.l 184 + 5.3
975 26.72 12.10 04445 5.5 74 8 54.5 <.1 172 + 8.0
1050 21.14 17.80 02853 12.4 17.0 11 66.9 <.l 168 + 5.3
FUSE 19.53 79.93 03358 11.5 64.7 5.1 82.1 <.1 197 + 6.0

100.0

! A function of the age of the monitor mineral and of the integrated fast-neutron flux.

? Corrected for *’Ar decay; half-life=35.1 da;

8.
2A=0.581x107 yr!, A, =4.962x 107 %r“. %he + figures are estimated standard deviation of analytical precision at the 68 percent level of confidence.

* Conventional K-Ar ages of BBH#1, B

BBH#3, which has a d value of +5.8, is close. BBH#1 has
a d value of +13.6.

40Ar/3Ar incremental heating experiments were done
on all three samples of basalt, and the analytical data are
presented in table 1. The data are treated in two dif-
ferent ways: (1) as an age-spectrum diagram in which
the apparent age of each gas increment is plotted as a
function of the cumulative percentage of 3°Ar released
and (2) as an 40Ar/36Ar versus 3°Ar/3¢Ar correlation
diagram in which the slope of the line (isochron) fitted to
the data points indicates the age of the sample and the
intercept on the ordinate indicates the composition of
nonradiogenic Ar in the sample.

The age of each gas increment (table 1) is calculated by
assuming that the nonradiogenic Ar has the composition
of atmospheric Ar (4°Ar/36Ar=295.5). The interpretation
of age spectra is based on shape; in the ideal case of an
undisturbed sample, all gas increments will have the
same apparent age (Turner, 1968; Dalrymple and Lan-
phere, 1974). The interpretation of age spectra for
disturbed or altered samples is not straightforward, but
workers generally agree that, for igneous rocks, a
crystallization age may be represented by a plateau,
which is a plotted set of adjacent gas increments having
the same apparent age and representing a significant
proportion of the 3°Ar released from the sample.

No assumption about the isotopic composition of
nonradiogenic Ar in a sample is made for an isochron

H#3, and BBH#5 are 204 +4.1, 1621 3.2, and 186 + 3.7, respectively (Gohn and others, 1978).

diagram. For each gas increment, the 40Ar/3¢Ar ratio is
plotted versus the 3°Ar/36Ar ratio after the ratios have
been corrected for interfering Ar isotopes produced dur-
ing irradiation. In an unaltered and undisturbed sample,
all gas increments will form a straight line (isochron)
having an 4°Ar/3¢Ar intercept of 295.5 and a slope that is
proportional to the age of the sample. For disturbed
samples, the interpretation may be more complicated
because decisions have to be made on which points to in-
clude in fitting an isochron. Isochrons are fitted by using
the York 2 least-squares cubic fit and correlated errors

(York, 1969), and by using the formula recommended by

York (quoted in Ozima and others, 1977) for the linear-

regression correlation coefficient, .

To make the interpretation of age spectra and
isochrons as objective as possible, Lanphere and
Dalrymple (1978) suggested a set of conservative
criteria for an acceptable crystallization age. These
criteria are:

1. A well-defined plateau in an age-spectrum diagram
formed by three or more contiguous gas in-
crements representing at least 50 percent of the
39Ar released.

2. A well-defined isochron for the plateau points having
a York 2 fit index [SUMS/(N —2)]2 of less than 2.5

2SUMS/N - 2) is a goodness-of-fit parameter of a straight line to a set of data; SUMS is the
weighted sum of the squares of the residuals, and N is the number of data.
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TABLE 2. - Summary of age-spectrum and tsochron data from ‘OA(;}{”AlZ i'rw'regwntal heating experiments on three basalt samples from CC#2, near
arleston, S. C.

Age spectrum Isochron
Depth Temperature Weighted
Sample below surface increments mean age ®Ar Age “Arf€Ar
Br}x?(:.H#l (éneters) used (°C) (m.y.) (percent) (m.y.) intercept SUMS/N -2)
_______________ 18.7 600-900 187+1.3 51.7 192+ 15.4 —4+330 1445
BBH#3 _______________ 842.3 700-975 161+3.1 64.4 167+ 2.0 2811: 28 1.7
BBH#5 _______________ 907.4 500-900 187+3.1 70.5 184+ 3.3 302+ 6 1.6
500-1050 183+2.6 88.5 175+ 1.0 309+ 14 8.8
' See footnote, p. B3.
(Brooks and others, 1972; Dalrymple and Lan- 5500 .
phere, 1974). EXPLANATION +500°C
3. Concordant isochron and plateau ages. o L'dsed in ;-t_ " 600°C © /i
4. An “Ar/3¢Ar intercept for the isochron that is not + Notusedinf 900°C, "
significantly different from the atmospheric 3500 i
value of 295.5. 3 e
Samples that do not meet these criteria are considered | & e
too disturbed or altered to yield reliable crystallization | & I 700°C -
ages. The age-spectrum and isochron data (table 2) show 1500 - 800°C O e
. Pt Age=192<154 m.y.
that only one sample from this study, BBH#5, meets the * Fuse .-~ “Ar/*Ar intercept = - 4 = 330

criteria for a reliable crystallization age. The results for
each sample are discussed below.

BBH#1 Analyses

The most disturbed of the three samples is BBH#1
(figs. 1, 2). The initial gas increment removed at 500°C
has an apparent age of 299 m.y., more than 50 percent
older than the succeeding four gas increments. The
600°-900°C gas increments contain about 52 percent of
the 3°Ar released and define a reasonably good plateau
that has a weighted mean age of 187+1.3 m.y.; each
datum was weighted by the inverse of its estimated
variance. The first 95 percent of the 3°Ar released pro-
duces an age spectrum (fig. 1) that resembles those for
igneous rocks known to contain excess *°Ar (Lanphere
and Dalrymple, 1971; Brereton, 1972; Ozima and Saito,
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FIGURE 1.— Age-spectrum diagram for 40Ar/3?Ar incremental heating
experiment on BBH#1 basalt. t; is the weighted mean plateau age.

- Greec SUMS/(N - 2)= 1445
L-*1050°C
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BAr/SAr

FIGURE 2.—Isochron diagram for 4°Ar/?Ar incremental heating ex-
periment on BBH#1 basalt.

1973; Kaneoka, 1974; Dalrymple and others, 1975; Lan-
phere and Dalrymple, 1976). The high-temperature gas
increments from BBH#1, however, do not show an in-
crease in age to produce the typical “saddle-shaped”
spectrum. Dallmeyer (1975) did not believe that a
saddle-shaped spectrum indicates the presence of excess
40Ar; he suggested that for samples containing excess
$0Ar, anomalously older apparent ages are found only in
the low-temperature fractions.

The isochron diagram for BBH#1 (fig. 2) shows the
scatter of data typical of isochron diagrams for samples
known to contain excess #°Ar (Brereton, 1972; Dalrym-
ple and others, 1975; Lanphere and Dalrymple, 1976).
This scatter is shown very clearly by the large uncertain-
ty in the “°Ar/3¢Ar intercept and the extremely large
value of SUMS/(N —2) (table 2). The 192+ 15.4 m.y. age
indicated by an isochron drawn through the points that
define the age-spectrum plateau agrees with the plateau
age, though the agreement may be fortuitous because
the isochron age has a large uncertainty.

BBH#3 Analyses

The 700°-975°C gas increments for BBH#3 contain
about 64 percent of the 39Ar released, and the age-
spectrum diagram shows a well-defined plateau that has
an age of 161+3.1 m.y. (fig. 3). The initial fraction
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FiGURE 3.- Age-spectrum diagram for °Ar/**Ar incremental heating
experiment on BBH#3 basalt. t, is the weighted mean plateau age.

released at 500°C has an apparent age that is
significantly younger than the plateau age. An age spec-
trum having this shape is characteristic of post-
crystallization argon loss (Turner, 1968; Lanphere and
Dalrymple, 1971). The isochron age of 167 + 2.0 m.y. for
BBH#3 (fig. 4) differs from the plateau age by slightly
more than the analytical uncertainties. The intercept of
the isochron (table 2) agrees with the atmospheric
40Ar/36Ar ratio but has a large uncertainty. The isochron
statistics (table 2) indicate that the fit does not have ex-
cessive scatter,

BBH#5 Analyses

The most straightforward age spectrum is that of
BBH#5 (fig. 5). The 500°-900°C gas increments contain
about 70 percent of the 3%Ar released and define a good
plateau that has an apparent age of 187+ 3.1 m.y. If the
500° -1050°C gas increments, which contain about 88
percent of the 3°Ar released, are used, the plateau age is
183 +2.6 m.y. The isochron (fig. 6) and plateau ages are
concordant for the 500° —900°C gas increments, but the
two ages are discordant for the 500°-1050°C gas in-
crements (table 2). The fit of the isochron and the preci-
sion of the intercept are better for the 500° —900°C gas
increments.

DISCUSSION

The objective of this study was to refine the age of
basalt in CC#2, and I believe that this objective has been
achieved. The incremental heating experiments show
that two of the basalt samples are markedly disturbed;
the age spectra give evidence for excess 4°Ar in one
sample and for loss of 9Ar in the other. The 40-m.y.
spread in the conventional K-Ar ages, therefore, is not
real. The only sample that meets all the given criteria
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FiGURE 4.—Isochron diagram for 4°Ar/*?Ar incremental heating ex-
periment on BBH#3 basalt.

for a reliable crystallization age is BBH#5. The age-
spectrum and isochron ages for the gas increments
released between 500°C and 900°C are concordant for
this sample. If the 975°C and 1050°C increments are in-
cluded, however, the age-spectrum and isochron ages
are discordant. Thus, the 500°-900°C increments yield
the best available information on the age of BBH#5. The
isochron age of 184 +3.8 m.y. is preferred because no
assumption needs to be made about the isotopic com-
position of nonradiogenic argon in the sample. The
conventional age of 186+3.7 m.y. and the total-fusion
40Ar/39Ar age of 182+ 2.8 m.y. are concordant with the
incremental heating data. Taken collectively, these data
indicate that 184 m.y. is a good estimate for the
crystallization age of sample BBH#5.

The 4Ar/3Ar incremental heating data for sample
BBH#3 show that the sample is slightly but definitely
disturbed; it meets all the criteria for a reliable
crystallization age except concordance of age-spectrum
and isochron ages. However, the shape of the age spec-
trum is typical of postcrystallization argon loss. The
isochron age of 167 m.y. for BBH#3 is about 9 percent
younger than the preferred age for BBH#5. BBH#3
overlies BBH#5 by 65 m, but there is no way to estimate
the time interval between eruption of the two flow units.

Sample BBH#1 clearly is the most disturbed of the
three samples of basalt. In the age-spectrum diagram
(fig. 1), the low-temperature (500°C) gas increment is
significantly older than succeeding fractions. In the
high-temperature increments, the age spectrum does
not show older apparent ages typical of samples known
to contain excess 4°Ar. An alternative interpretation for
the high apparent age of the 500°C fraction is that it
reflects recoil of 3%Ar out of the basalt following the 3°K
(n,p)3®Ar reaction. Turner and Cadogan (1974)
calculated that the recoil energy of 39Ar typically will be
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FIGURE 5.— Age-spectrum diagram for 4°Ar/3®Ar incremental heating
experiment on BBH#5 basalt. t, is the weighted mean plateau age.

approximately 200 kiloelectron volts (keV), which would
cause a recoil distance of 0.08 ym on the average. This
recoil could easily cause loss of K-derived 3°Ar from fine-
grained alteration products in the basalt. Loss of 3?Ar
would result in an anomalously high 490Ar/3?Ar age. Loss
of 3°Ar by recoil, however, is not a factor in the conven-
tional age determination of BBH#1, 204+4.1 m.y.,
which is more than 10 percent higher than the preferred
age of BBH#5. The latter sample, on the basis of
stratigraphy, must be the oldest of the three. Therefore,
BBH#1 must contain some excess 4°Ar that was loosely
bound and removed in the 500°C gas increment (table 1,
fig. 5). The 600° —900°C gas increments of BBH#1 have
age-spectrum and isochron ages that agree with those of
BBH#5. However, in the absence of the independent
data provided by sample BBH#5, a reliable crystalliza-
tion age cannot be inferred from the analytical data for
BBH#1.

The most reliable age for the Clubhouse Crossroads
basalt is the preferred age of 184+ 3.8 m.y. for sample
BBH#5. Phillips (1983) estimated an age for the basalt
unit as a whole from the paleoinclination of samples
from all three drill holes at Clubhouse Crossroads. He
compared the paleoinclination with a paleoinclination-
versus-time curve produced from the pole positions of
Irving (1977). From his paleoinclination data, Phillips
suggested that the most probable age of the basalt is 170
m.y; probability that the age is between 110 and 196
m.y. is 95 percent. Given the uncertainty in the
paleoinclination-versus-time curve (Phillips, 1983), the
agreement in the age inferred from the paleomagnetic
data and the K-Ar age measured on BBH#5 is good.

Most workers believe that the basaltic igneous activity
in eastern North America and northwestern Africa is
related to rifting and separation of the African and
North American plates (Dietz and Holden, 1970;
Dalrymple and others, 1975). The consensus is that this
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separation began 180 to 200 m.y. ago. The principal
evidence for this conclusion includes the age of the
basaltic rocks (Dalrymple and others, 1975; Sutter and
Smith, 1979), analysis of the magnetic-anomaly pattern
in the North Atlantic Ocean (Pitman and Talwani, 1972;
Phillips and Forsyth, 1972; Larson and Pitman, 1972),
and extrapolation of the sea-floor spreading rate in the
northwestern Atlantic Ocean to the Continental Rise
(Geotimes, 1970).

The coincidence of paleomagnetic poles derived from
mafic volcanic rocks from eastern North America (Penn-
sylvania to Nova Scotia) and northwestern Africa
(Liberia, Sierra Leone, and Morocco) indicates that the
two continents could not have been separated very far
before latest Triassic to earliest Jurassic time (Larson
and LaFountain, 1970; Dalrymple and others, 1975).
Reliable K-Ar ages for diabase dikes in Liberia range
from 177 to 196 m.y. (Dalrymple and others, 1975). K-Ar
ages of basalt flows and diabase intrusive rocks in
eastern North America from Massachusetts to
Maryland show considerable scatter, which Armstrong
and Besancon (1970) have attributed to potassium in-
homogeneity and (or) loss of radiogenic *°Ar during
superimposed low-grade metamorphism, For the basalt
in the Clubhouse Crossroads drill holes, the alteration
appears to be deuteric; no independent evidence exists
for a later metamorphic event in the region.

Sutter and Smith (1979) subsequently made 4°Ar/39Ar
incremental heating experiments on diabase intrusive
rocks from Connecticut and Maryland. Four of six
samples from diabase intrusive rocks in Connecticut and
two of four samples from intrusive rocks in Maryland
yielded data that meet the criteria outlined for a reliable
crystallization age. The four samples from Connecticut
have “°Ar/36Ar versus 3°Ar/3¢Ar isochron ages ranging
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from 182 to 192 m.y., and the two samples from
Maryland have isochron ages ranging from 186 to 189
m.y.

In conclusion, the most reliable age for the Clubhouse
Crossroads basalt is 184 +3.3 m.y. This age is in good
agreement with the reliable ages of diabase intrusive
rocks farther north in eastern North America and in
Liberia. All these data are consistent with the initiation
of central Atlantic rifting about 190 m.y. ago.
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STUDIES RELATED TO THE CHARLESTON, SOUTH CAROLINA, EARTHQUAKE OF 1886 —
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PALEOMAGNETIC INVESTIGATIONS OF THE CLUBHOUSE
CROSSROADS BASALT

By JEFFREY D. PHILLIPS

ABSTRACT

Paleomagnetic investigations have been undertaken on partially
oriented basalt samples recovered from three USGS (U.S. Geological
Survey) deep test holes at Clubhouse Crossroads near Charleston, S.
C. The basalt unit lies at the base of the Coastal Plain sedimentary sec-
tion; it is 256 m thick in test hole #3. It overlies and is partially in-
terbedded with a sedimentary red-bed unit of probable Triassic or Ear-
ly Jurassic age. On the basis of the paleomagnetic evidence and the
geologic descriptions of the cores, 23 flows can be identified. Six of the
flows have negative magnetic inclinations, which are interpreted as in-
dicating periods of reversed polarity; one test hole contains a definite
sequence of five reversed-polarity intervals separated by four normal-
polarity intervals. The mean thermal remanent-magnetization (TRM)
inclination for the 23 flows after magnetic cleaning is 85.4+3.2°. Com-
parison of this value with a paleoinclination curve for the Charleston
area reveals that the age of the basalt has a 95-percent chance of being
in the range 110-196 m.y. Comparison of the Clubhouse Crossroads
basalt with other eastern North American basalts and diabases sug-
gests that the true age is more likely to be in the older part of this
range.

INTRODUCTION

Between 1975 and 1977, the U.S. Geological Survey
drilled three deep test holes (CC#1, CC#2, and CC#3)
near the hamlet of Clubhouse Crossroads, Dorchester
County, S. C. (fig. 1) as part of a study of the epicentral
area of the 1886 Charleston earthquake. All three
penetrated the Coastal Plain sedimentary section, and
two of them, CC#1 and CC#2, bottomed in a thick basalt
unit underlying the Coastal Plain section. The third test
hole, CC#3, penetrated 256 m of basalt and bottomed in
a 121-m-thick sedimentary red-bed section of probable
Triassic or Early Jurassic age (Gohn and others, 1978).

Paleomagnetic investigations of the basalt were
undertaken with two goals in mind. First, flow bound-
aries within each core were to be detected paleomag-
netically, and flows were to be correlated among the
three holes. Such a correlation might indicate faults or
other tectonic features in the area. Second, the mean in-
clination of the paleomagnetic samples was to be com-

pared to the paleoinclination curve for the site, as pre-
dicted from other North American paleomagnetic
studies, in order to estimate the age of the basalts. This
would serve as a check on the early Mesozoic
radiometric ages obtained for the basalts and aid in the
geochronological interpretation of the cores.

Earlier paleomagnetic studies of eastern North
American Mesozoic basalts and diabases as summarized
by de Boer (1968), Beck (1972), and Smith (1976) have
established the following:

1. The igneous rocks associated with eastern North
American early Mesozoic basins are all normally
magnetized, which suggests that they formed
during the Late Triassic-Early Jurassic interval
of predominantly normal polarity.

2. Most radiometric ages for eastern North American
Mesozoic basalts and diabases fall within the
range 180-200 million years (m.y.), which sup-
ports a Late Triassic-Early Jurassic age.

3. The position of the magnetic pole relative to North
America changed rapidly during the Triassic and
Early Jurassic. This permits paleomagnetic
studies to be used to determine relative ages of
lower Mesozoic units and to correlate these units
over large areas.

4. The basalts and diabases associated with eastern
North American early Mesozoic basins are of an
age similar to that of the associated sedimentary
basin-fill materials.
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TECHNIQUE

A total of 240 m of basalt core was available for study.
In CC#1, the basalt was cored continuously from its top
at 750 m depth to the bottom of the hole at 792 m, a total
of 42 m. In CC#2, the basalt was cored continuously
from its top at 776 m to the bottom of the hole at 907 m,
a total of 131 m. In CC#3, the basalt was cored in three
discontinuous sections. These extended from the top of
the basalt at 775 m to 785 m (10 m), from 921 m to 930 m
(9 m), and from 983 m to the base of the basalt unit at
1,031 m (48 m). The basalt core is 8 cm in diameter and is
fractured into segments 3-50 ¢m long. Each piece of the
core is oriented with respect to the vertical, but there is
no azimuthal control.

Samples of the cores were gathered at depths where
field descriptions of the cores indicated the possibility of
a new flow, and paleomagnetic specimens were
prepared. Each sample of core was drilled down its axis
with a 2.5-cm-diameter core drill. The resulting 2.5-em-
diameter core was cut into two to four 2.3-cm-long eylin-
drical specimens. Each specimen was oriented with
respect to the vertical, and usually all specimens from a
single 2.5-cm-diameter core were assigned the same ar-
bitrary azimuth.

Paleomagnetic directions and intensities of all
specimens were measured on high-speed spinner mag-
netometers (Doell and Cox, 1965), and two magnetic-
cleaning techniques were tried (Tarling, 1971, p. 66-69).
In a preliminary study, alternating field (af) demag-
netization in a two-axis tumbler with peak fields of 30,
60, and 80 mT (millitesla) was attempted on samples
from CC#1 and 2. Although samples from CC#1 retained
stable magnetization directions throughout the af clean-
ing process, all samples from CC#2 became unstable as a
result of the cleaning. An alternative cleaning method,
thermal demagnetization, was therefore tried. CC#1
and 2 were resampled, and the new specimens were
cleaned in a magnetically shielded furnace. Thermal
demagnetization at a range of temperatures from 100°
C to 550° C resulted in greater stability for samples
from CC#2 than did af demagnetization. The natural
remanent magnetization (NRM) measurements
presented here are for samples from both the
preliminary and the subsequent studies. However, only
the thermally cleaned samples are considered in defin-
ing the thermal remanent magnetization (TRM) ac-
quired by the basalts during their initial cooling.

Magnetic stability was assessed on the basis of cluster-
ing of paleomagnetic inclinations (Tarling, 1971, p.
85-86). For example, specimen NRM inclinations of a
particular sample might cluster loosely. Low-
temperature demagnetization might cause the specimen
inclinations to diverge somewhat, but at higher
temperatures the demagnetization process should bring

the inclinations together again. The mean inclination at
the demagnetization step that produces the greatest
clustering of the specimen inclinations is taken as a
measure of the TRM inclination of the sample. An
unstable sample is one for which the specimen inclina-
tions fail to converge during the demagnetization
process.

THERMOMAGNETIC ANALYSIS

Prior to an extensive program of thermal cleaning and
remanence measurement, thermomagnetic curves for
several specimens were produced on a Curie balance
(Doell and Cox, 1967). These curves helped in designing
the thermal cleaning process and in identifying the
magnetic minerals present in the samples through their
Curie temperatures.

Figure 2 shows thermomagnetic curves (saturation
magnetization against temperature) for four different
basalt specimens. Curie points and transition tempera-
tures are indicated by inflections in the curves. The
heating and cooling were done in air at a slow rate
(typically just under 1 hour for an entire heating and
cooling cycle) to insure that the sample was always close
to thermal equilibrium. A strong magnetic field (~ 180
mT) was applied to the sample during the entire cycle.
The cooling curves do not reproduce the heating curves,
which indicates that some of the magnetic minerals
were altered during laboratory heating in air. Although
the magnetic minerals have not been examined in pol-
ished section, we can make inferences about the
magnetic mineralogy from the thermomagnetic curves.

The dominant magnetic mineral in fresh basalts is
titanomagnetite, a solid-solution-series mineral having a
composition intermediate between that of ulvospinel
(FegTiQ,) and that of magnetite (FesO,). The Curie
temperature of titanomagnetite ranges from -153° C
for ulvospinel to 580° C for magnetite (Akimoto and
others, 1957). Initial titanomagnetite compositions in
basalts must contain more than 50 mole percent
ulvéspinel (Carmichael and Nicholls, 1967; Merrill,
1975). However, oxidation can reduce the proportion of
ulvéspinel. At high temperatures (260-700° C), such as
might exist during the initial cooling of the basalt,
titanomagnetite can undergo oxidation to form mag-
netite and ilmenite (FeTiO3) lamellae. The product will
have a Curie temperature between 500° C and 580° C
and a strong TRM recording the local direction of the
earth’s magnetic field at the time of cooling (Grommé
and others, 1969).

The specimens used to produce the curves in figures
2B, C, and D have Curie points at around 580° C, sug-
gesting that the magnetic remanence in these specimens
is carried by nearly pure magnetite. This is most likely
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FIGURE 2.—-Thermomagnetic curves for four basalt specimens from CC#2 (859.5 m depth) and CC#3 (779, 922,
and 1,004 m depth). Curie points (T.) estimated from the intersections of tangent lines with one another are
indicated. Arrows on curves indicate which is the heating curve and which is the cooling curve.

the primary magnetic mineral produced during the in-
itial cooling of the Clubhouse Crossroads basalt. It
should be a reliable recorder of the paleomagnetic field
directions at the time of cooling.

Magnetite can also form at times other than during
the initial cooling of a basalt. For example, it can form
through high-temperature oxidation of titanomagnetite
during a reheating event, such as the emplacement of a
nearby intrusion. In this case the basalt would tend to be
uniformly remagnetized in the direction of the earth’s

field at the time of reheating. As will be seen later, the
TRM directions of the Clubhouse Crossroads basalts are
far from uniform. Thus a reheating event is an unlikely
explanation for the 580° C Curie temperatures.

At low temperatures (50-135° C) and under oxidizing
conditions, an original titanomagnetite in a basalt will
oxidize to the metastable iron oxide titanomaghemite.
At slightly higher temperatures (135° C to the Curie
point of the titanomagnetite), this oxidation is accom-
panied by unmixing of the titanomaghemite into mag-



PALEOMAGNETIC INVESTIGATIONS OF THE CLUBHOUSE CROSSROADS BASALT C5

netite, hematite-ilmenite, and rutile (Johnson and Mer-
rill, 1973). Magnetite formed in this way will contain a
strong chemical remanent magnetization (CRM), which
could easily be mistaken for a stable TRM.

Although it is difficult to rule out CRM entirely as a
source of the stable remanence in the Clubhouse Cross-
roads basalts, two factors suggest that most of the
stable remanence is TRM. First, the present temper-
ature near the top of the basalt is about 40° C (Sass and
Ziagos, 1977). Barring much deeper burial, much higher
radiogenic heating, or a local reheating event, it is
unlikely that the Clubhouse Crossroads basalt has ex-
perienced temperatures in excess of 135° C since its
initial cooling. Second, there is no evidence in the ther-
momagnetic curves for the presence of residual titano-
magnetite or titanomaghemite. If titanomaghemite
were present in the samples, the cooling curves would
probably lie above the heating curves (Ozima and Lar-
son, 1970), whereas just the opposite behavior is ob-
served in figure 2.

The curves of figures 24 and C contain inflections
near 310° C. These inflections probably result from the
decomposition of maghemite into hematite. Maghemite
(yFe,0s) is a low-temperature (50-250° C) oxidation
product of magnetite (Johnson and Merrill, 1972; Stacey
and Banerjee, 1974, p. 30). Depending upon the grain
size of the magnetite, the chemical remanence acquired
during maghemitization can be parallel either to the
original TRM or to the ambient field at the time of oxida-
tion (Johnson and Merrill, 1972, 1974). Fortunately, in
most cases, thermal cleaning in a field-free space at
temperatures above 350° C can be used to reduce the ef-
fect of the CRM and to recover the original TRM direc-
tions. Thus the presence of maghemite partially explains
the need for thermal cleaning of the samples.

The presence of a third magnetic mineral is indicated
in the thermomagnetic curve of figure 24. The Curie
point of 610° C is too high for magnetite; most likely it is
due to an ilmeno-hematite of composition Fe, ,Ti ;0
(Stacey and Banerjee, 1974, p. 37). The presence of
titanium suggests that the ilmeno-hematite, like the
magnetite, is a primary magnetic mineral. [If the titan-
ium were absent, the resulting hematite could be ex-
plained as a byproduct of maghemitization (Johnson and
Merrill, 1972).] At this composition, the ilmeno-hematite
should be weakly magnetic and may be a carrier of
primary remanence.

It should be noted that minerals of the hematite-
ilmenite solid-solution series are the best documented
self-reversing minerals (Stacey and Banerjee, 1974, p.
166). Thus the presence of ilmeno-hematite in one sam-
ple of the Clubhouse Crossroads basalt raises the remote
possibility of stable self-reversals. However, at this par-
ticular composition, ilmeno-hematite is not known to

self-reverse, and in general self-reversals are rarely
observed in subaerial basalts (Merrill, 1975).

Thermomagnetic analysis has indicated that three
magnetic minerals are present in the Clubhouse
Crossroads basalts. Magnetite is probably the carrier of
primary remanence. Maghemite is present as a low-
temperature oxidation product of the magnetite.
Ilmeno-hematite, perhaps rarely present, is another
probable carrier of primary remanence. The magnetic
mineralogy is consistent with the hypothesis of a
subaerial basalt that cooled in a highly oxidizing environ-
ment and has not been reheated above 135° C since its
initial cooling,

The thermomagnetic curves were considered in the
design of the thermal demagnetization experiment. Ow-
ing to the apparent range of magnetic minerals present
in the samples, cleaning at a single temperature or
within a small range of temperatures was deemed inap-
propriate. Thorough cleaning in small temperature
steps, although desirable, was impractical because of the
large number of samples. Therefore a procedure was
chosen in which large temperature steps were used in
cleaning all samples. In addition to the NRM measure-
ments, measurements were taken after heating in air
and in zero magnetic field to 100 or 150° C, 300° C,
500°, and 550° C. At low temperatures the samples
were heated rapidly and allowed to equilibrate at the
desired temperature for 10 minutes prior to cooling and
measurement. At higher temperatures, the heating rate
was slowed to prevent the samples from exploding from
expansion of trapped moisture. Despite these precau-
tions, some samples were destroyed during heating.

MEASUREMENTS

The complete set of paleomagnetic measurements is
presented in table 1. Because the azimuth of each speci-
men is arbitrary, the declinations in this table are
unrelated to geomagnetic field directions. Only the
changes in declination seen during demagnetization may
have some significance. Although every precaution was
taken to ensure that the specimens were correctly
oriented with respect to the vertical, inconsistencies in
the table suggest that one specimen at 858.3 m depth in
CC#2 was inverted. In the following analysis the signs of
the inclinations have been changed for this specimen. In
addition to measurements made on basalt specimens,
table 1 contains measurements made on red-bed speci-
mens from two depths near the bottom of CC#3.

During the course of the study, the density and
magnetic susceptibility of 60 randomly selected
specimens were measured. These results (table 2) are
useful for estimating the contribution of the basalt to the
gravity and magnetic fields at the ground surface
(Daniels and others, 1983).
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TABLE 1.-Paleomagnetic measurements—natural remanent magnetization (NRM) and remanent magnetization after thermal cleaning at
various temperatures
[Ine, inclination; Dec, declination; J, intensity (in ampere/meter). Each sample contained several specimens]

Depth of sample

below surface NRM 150°C 300°C 500°C 550°C
(meters) Ine Dec J Inc Dec J Inc Dec J Inc Dec J Inc Dec J
CC#1
7565 ___ 54.2 318.6  3.19x10
7605 ______________ 411 237 136
42.2 16.0 1.05
7629 ______________ 349 355.0 1.82
39.3 359.0 1.57 36.3 358.8 1.49 36.7 356.8 1.35 36.0 356.1 9.85x 10!
50.2 94.3 6.50x 107! 39.4 92.3 6.97x 10 38.4 90.4 7.083x10*
7669 ______________ 48.7 188.9 6.50x 10!
49.1 124.2 2.31x10! 49.1 1183 1.79x10-* 48.0 115.7 1.78x 10 478 1184 1.63x10-*
37.7 1108 1.75x 10 37.0 1223 1.55% 10! 35.8 1238 1.70x 10 38.8 124.7 1.59x 10"
7702 39.9 156.3  1.02
42.3 1449 9.22x 10! 38.3 147.0 8.711x 10t 36.2 1478 8.70x10
24 418 339.7 4.24
40.6 344.4 4.07 36.3  340.7 3.99 356.7 345.1 3.51 36.3 3425 2.58
7800 ______________ 37.2 2685 8.33
37.8 304.8 7.69 35.7 305.2 7.23 35.6 302.6 7.22 34.4 3105 5.07
685 1059  1.78x10 67.1 860 1.16x10" 71.2 745 1.29x 10! 493 824  1.06x10
878 498 327.1  6.80x 10"
60.1 184 1.13x10 34.6 9.5 5.97x10* 31.0 350.2 4.42x102 29.7 331.7 3.562x 102
894 ______________ 86.1 146.3  2.82
36.8 149.5 3.02 35.0 149.2 2.94 33.7 1444 2.85 33.4 1450 1.87
790.7 585 102.8 1.02
56.5 91.7 1.33 48.1 90.2 9.29x10 40.7 85.0 8.39x 10! 38.4 89.3 5.09x10
CC#2
760 ~32.4 300.6 9.64x10" -424 296.0 9.00x10" -458 2923 6.37x10" -48.7 291.1  3.33x10"  -47.1 300.8  2.58x10™
~15.0 2814 1.38 -224 2842 1.28 -27.3 2844 6.42x 10! -31.3 288.6 2.56x 10! -235 2924 1.83x 10
-18.4 284.1 1.10 6.0 2425 5.17x 10 -13.2 266.5 2.55x10 -16.1 274.2 8.95x 102 -38.0 285.1 6.36x107
8 28.6 288.1 1.60x 10" - - - 23.3 280.8 1.12x 10 46.7 308.0 3.58x 102 31.3 316.0 3.07x 10
309 3213  2.29x10 - - - 26.5 291.3 1.13x 107 51.5 300.5  3.97x10? 23.7 3004  3.25x10°
-19.7 3248 2.41x107 - - - -15.7 321.0 1.72x 10 -16.9 333.0 5.39x 1072 -31.2 319.8 2.82x107
2.1 305.6 3.14x 10" - - - -14.8 3223 1.76x 10 -18.2 3384 6.95%x 102 - 9.0 343.1 3.46x 107
77.6  159.4 2.01x10
82 15.2  185.2 1.05x 10 -104 166.9 1.68x 10~ -21.5 1609 1.52x 10 -26.3 158.9 7.6561x102
56.2 185.7  1.61x10 23.3 1924  1.02x10 1.6 1984  7.256x10*  -13.0 203.7  3.56x10-?
70.3 189.5 8.06x 102 44,2  180.0 4.48x 10 25.6 184.2 2.18x 102 24.7 1821 8.70x 1072
7791 59 2759  2.62x10" -11.6 2847  1.38x10" 11.9 307.0  5.67x10™ 141 3204  2.76x107
3.5 2534 2.19x10! - 6.0 2903 8.14x 102 37.2 315.6 4.92x10? 36.6 324.7 2.49x 102
49.1 344.2 4.25%10! 24.2 9.3 2.37x10! 31.0 153 1.19x10 28.2 18.6 5.20x 102
7797 21.3 273 7.36x 10"
20.0 428 7.96x 10"
209 1710 7.85%10!
7821 o _ 19.6 168.6  7.66x10™!
44.5 1745 8.03x 10!
44.1  204.7 9.51x10!
7833 ____ .. __ -13.4 1133 6.95x1072 -30.4 115.7 6.09x107 -46.9 116.2 5.04x 107 -56.6 114.5 3.03x10° -539 1277 3.25x 107
9.0 99.1 4.58x 107 -11.4 1048 3.39x107 -254 108.6 2.38x 107 ~42.3 1087 1.06 x 107 -38.5 103.7 1.23%10*
16.2 89.1 6.23x 107 - 99 944 4.14x10 -25.3 96.5 2.97x 107 -61.6 92.3 1.69x 107 ~-53.8 110.5 2.58x107
78.1 ____ 50.2 94.4 2.73x10* 5.8 127.7 1.76x 10 -18.3 133.0 1.41x107 -46.5 143.7 1.25x 107
-80.8 1244 1.83x10* -30.0 1411 4.11x10°® -374 1453 4.10x107 -484 144.1 3.58x10
-54.9 82.0 5.67x107* -29.3 93.1 3.74x 10 -43.6 97.0 3.64x10™ -56.4 100.2 2.20x107*
855 57 713 4.70x10?
66.8 2495  4.70x10
40.8 2654  6.60x10"
7863 ______________ 558 1170  4.37x107 49.4 1035  1.76x107 23.3 46.8 4.40x10™* -434 67.7  3.89x10™
57.2 1156  2.28x107 453 1084  1.00x10 365 995 4.05x10* -38.0 834  239x10™
44.0 114.6 3.28x10 24.6 100.1 1.40x10 12.7 96.3 7.13%x10¢ -44.4 42.8 6.09x 10
894 ______ - 8.7 1317 2.14x107 -29.6 1286 1.76x 1072 —-44.5 129.7 1.64x102 -48.8 128.6 1.27x102
17.1  116.1 1.07x10 3.0 1233 5.93x10? -26.4 1335 5.06x 1072 -42.7 1294 3.81x107?
343 1317  5.23x10? 1.6 1388  4.21x102 -155 1365  3.14x10? -27.4 1319  2.08x10™
15.8 1140 2.62x107°
15.8 117.7 1.97x10™*
7907 476 1173 3.98x 10"
67.7 1719  4.62x10*
716  200.7 6.04x10™
623 1680  7.61x10"
794.3 -21.1 856 163

-20.4 106.2 8.74x 107
-13.4 1228 7.02x10*
37.5 82.3 5.44x 10
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TABLE 1.—Paleomagnetic measurements—natural remanent magnetization (NRM) and remanent magnetization after thermal cleaning at
various temperatures —Continued
[Inc, inclination; Dec, declination; J, intensity (in ampere/meter). Each sample contained several specimens}

Depth of sample

below surface NRM 150°C 300°C 500°C 550°C
(meters) Inc Dec J Inc Dec J Inc Dec J Inc Dec J Inc Dec J
CC#2—Continued
795 -329 2138 1.69 -435 2093 1.81 -475 2073 1.52 -46.1 207.6 1.03
-41.2 10.0 2.69 -47.3 6.3 2.70 —49.9 4.0 2.19 -51.8 5.2 1.54
-30.7 210.8 1.68 -42.6 2083 1.74 -46.7 205.9 1.36 —-44.8 206.6 9.22x10
7980 ______________ -45.0 297.0 2.03 -48.3 300.2 2.42
-46.9 2949 2.56 —-49.4 2968 2.63 -51.3 301.1 2.27 -51.2 3024 1.52
—-42.7 275 2.39 —47.0 30.2 2.50 -49.9 34.0 2.25 ~50.0 33.8 1.65
8010 ______________ -21.0 96.2 2.04
- 18 1145 1.22
71 1221 1.04
24.7 1262 9.73x 107
8016 ______________ 37.7 68.4 9.88x10! 15.8 56.3 7.69x10™ 3.8 52.9 6.756x 107! 4.2 53.2 4.22x10
14.3 75.6 1.30 - 05 65.3 1.10 - 49 61.9 8.59x 10! - 44 59.5 5.59%x 107
26.1 51.9 1.10 3.5 48.1 9.42x 10! - 89 56.3 6.55x 107! - 89 55.1 4.17x10
80256 _____ -40.9 35.7 1.83
-53.5 24.4 8.87x10™!
-3756 113.0 8.85x107
30.6 293.6 5.58x10
-16.9 3232 9.83x10
8028 ______________ -22.7 63.3 1.53 ~32.2 60.6 1.62 - - - -41.8 2995 6.56x10™
-28.5 64.1 1.57 -36.4 65.0 1.65 -41.6 64.4 1.52 -39.7 61.1 8.46x10™
-43.3 1386 194 -47.7 1371 2.01 -499 137.1 1.97 -51.0 137.1 1.16
8046 ______________ - 6.7 3185 9.84x 10! -26.5 317.6 9.54x 10! -38.8 3176 8.16x 10! -42.2 3184 4.68x 10
- 6.1 144.0 8.77x10™ -26.8 149.6 8.23x10 -38.0 155.7 6.98x 10 -39.9 156.2 4.06x 10
- 53 3012 1.50 -24.5 3084 1.14 -353 310.1 8.44x10! -36.7 310.5 5.54x 10
8089 ______________ 4.6 111.8 1.15 - 94 96.0 6.67x10™
- 63 1221 1.66 -15.2 1141 7.88x10™ -23.2 98.1 4.09x10! -26.7 85.1 2.34x 10!
- 4.0 36.5 1.58 ~18.0 22.6 8.96x10™ -26.6 10.0 5.22x 10! -30.1 14 3.18x10!
‘813.8 -43.9 1545 2.29 —-43.0 1534 3.24 -49.3 160.2 2.29 -48.1 163.5 1.15 -49.1 163.5 9.73x 10!
-46.1 165.1 2.98 -51.9 158.7 3.05 -51.9 168.1 2.33 -52.5 168.7 1.38 -53.0 169.1 1.17
-38.4 1619 2.18 -36.6 160.5 2.23 -47.7 166.3 1.27 —49.7 1684 7.00x10t -50.8 168.6 5.98x 10
-38.1 156.0 2.55 -39.9 153.2 2.61 -46.7 1579 1.81 -434 161.2 9.25x 10! -44.1 160.2 7.79% 10
8144 ______________ 29.6 196.8 3.72x 10!
49.7 263.1 2.95x10
21.3 2107 6.73x10*
36.5 2034 1.36
8190 ______________ 9.3 139.8 1.09
21.9 1717 1.06
321 1935 6.83x10"
39.0 1923 1.11
48.7 48.9 6.64x10™
42.1 283.6 6.60x10™
8193 ________ 32.6 185 1.53 32.9 26.6 1.29 17.8 30.2 6.66x107!
40.2 14 1.18 43.1 16.7 1.00 22.8 26.5 5.95x10! 19.4 27.4 2.75x10 39.7 14.0 1.30x 10
34.9 23.0 1.76 33.2 216 1.44 20.7 27.6 7.54x10t
8230 ______________ 45.5 73.6 2.03 389 284.0 2.09 36.1 286.5 1.64 35.1 289.2 3.90x 10
225 2224 2.15 17.9 2348 2.13 14.7 226.0 1.74 19.2 2319 2.44x107
274 2305 2.69 187 2355 2.67 18.0 226.8 1.87 16.8 2349 2.13x10
- 41 84.7 2.56
- 34 83.1 3.64
- 2.7 98.2 3.68
825.7 - 98 2421 6.00 -103 2451 5.41 -13.5 2449 4.52 31.9 240.8 1.67x10! - 83 1324 4.64x102
-11.1  239.0 4.81 - 89 2451 5.19 -11.2 244.2 4.46 75.9 1308 1.03x 10 - 34 72.0 8.92x 102
-12.2 2844 5.54 -14.7 280.2 5.59 -17.3 2818 4.88 30.2 54.6 1.43x10! -10.2 2564 7.47%x1072
-10.8 280.0 3.59 -13.1 2827 5.45 -15.4 2822 4.64 8.9 66.7 1.79x 10 24.1 2417 9.18x 1072
8288 ______________ - 1.7 235.1 4.90
2.4 2438 4.62
- 39 1463 4.61
8358 ______________ - 6.1 1399 6.25 - 7.0 1419 5.94 - 6.2 1402 4.71 2.1 144.8 3.31x10
- 9.8 1388 5.23 -10.1 1400 4.96 - 91 1411 4.23 -23.0 188.7 3.60x102
2.1 2987 5.47 - 29 296.6 5.27 - 38 2963 4.51 -12.7 221.3 4.31x107
8388 ___ -39.1 103.2 3.97 -41.2 106.1 4.07 -42.3 107.1 3.78 -65.5 94.9 2.40x10!
-41.0 108.8 3.92 -431 1114 4.02 -43.7 1118 3.70 -68.6 92.4 1.60x 10
-42.7 3264 4.32 -446 3274 4.42 -46.0 324.7 3.86 -66.3 3463 1.36x 10
8409 ______________ 0.2 170.7 4.90
- 25 1701 4.70
-10.2 1729 4.68
-19.8 1779 4.46
8428 ______________ 25.1 280.6 4.49
30.6 277.1 4.14
28.2 276.2 4.10
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TABLE 1.—Paleomagnetic measurements—natural remanent magnetization (NRM) and remanent magnetization after thermal cleaning at
various temperatures —Continued
{Ine, inclination; Dec, declination; J, intensity (in ampere/meter). Each sample contained several specimens]

Depth of sample

below surface NRM 150°C 300°C 500°C 550°C
(meters) Inc Dec J Inc Dec J Inc Dec J Inc Dec J Inc Dec J
CC#2—Continued
846.7 ______________ 39.0 44.7 2,51 32.8 414 1.85 27.8 36.3 9.83x 107 23.2 36.7 2.94x10™ 19.8 4.9 4.10x10
45.5 23.2 2.40 38.4 27.2 1.70 33.1 26.6 1.07 28.3 31.6 2.08x10™" 19.7 40.9 2.25x 107
453 304.1 1.78 38.3 315.2 1.563 32.2 3193 1.10 23.8 336.2 1.17x10" 191 284.7 9.30x 107
853.7 34.9 9.0 1.76

35.4 1.2 1.94
32.8 3432 1.62

49.9 308.9 2.15 410 3112 1.51 317 3153 1.01 273 320.7 2.74%10! - 38 3204 2.13x107

67.1 3232 1.58 50.6 3204 1.10 36.1 317.6 7.65x10" 30.3 3209 2.00x10™ -747 250.6 1.17x10?

57.8 263.3 1.95 455 264.6 1.42 29.6 2625 7.72x10™ 25.8 263.5 2.41x10 -736 3393 1.46x102
858.3 11.5  298.0 1.28

20.2 267.8 1.69
185 2452  2.58

:_154 23.6 1.87 -204 271 181 -26.7 268 144 -283 263  4.71x10*
8595 ______________ B50 1163  2.10 485 1235 210 42.8 1468 1.08 259 1825  297x10" 500 1287  17.06x10
49.4 1081 229 436 1154 216 319 1228 133 254 1252  3.42x10™ 272 99.9  9.37x10?
39.7 3520 216 432 3505 1.95 29.3 352.6 1.10 23.0 3562 2.60x10" 161 46.6  7.33x107
44.2 3528 252 42.2 355.6  1.89 29.9 3554  1.21 202 3523  1.82x10" 415 480  8.44x10
8638 ______________ 792 911  9.05x10"
63.6 814  9.90x10™
62.0 48  8.69x10
68.2 3049 1.03
-56.7 217.1  146x10" -434 188.1 259x10? -17.0 2423  2.70x107? 50.4 938  7.62x10?
-60.5 178.2  1.42x10* - 0.7 2108  7.28x107 4.1 2202  8.138x107 56.4 1766  5.85x107
-76.0 1045 1.03 81.1 223.0 8.07x10* 67.7 1665  4.34x10™ 53.3 1449  2.26x10™
72.6 1506  7.12x10™ 7271 1779  8.03x10 57.7 1504  5.07x107 49.5 1486  2.83x10™
869.0 ______________ 716 428 5.71x10™"
51.8 106 6.47x10
48.9 80  530x10*
8693 _____ 59.9 150  7.08x10 644 359.8  6.44x107 38.3 3450  2.79x10" 17.5 339.4  1.08x10™ 178 3221  6.08x10
58.9 359.7  7.19x10™ 60.3 3588  6.39x10 34.9 3447  2.93x10~ 119 347.7  1.26x10* 95 3444  6.93x107
38.0 3579  7.74x10" - - - 37.9 215  3.38x10™ 230 296  1.57x10™ 23.7 318  1.18x10"
36.3 3.0  7.87x10" 45.3 3.9  5.81x10™ 322 196  3.39x10™ 256 353  1.14x10™ 105 294  8.48x107
8705 ______________ —-59.9 3376 2.48x10™
38.1 2828  4.21x10"
48.9 8.0  5.30x10"
8788 ______________ 50.8 2356  1.55x10~ 29.3 2387  2.00x107? 172 2389  1.13x10? 9.0 2380 2.86x10° 12.7 2822  2.12x10°
36.5 2452  2.59x107? - - - 106 2491  1.25x107 141 2417  3.17x10° -185 2420  2.90x10°
- - - 22.4 2414  2.16x107 7.6 2399 1.33x10® -~15.7 2455 2.79x10° -259 83.6  1.03x107
8781 _____ -209 198  3.22x10"
42.2 3449  3.46x10™
53.7 469  4.31x10"
8839 ______________ -242 12783 120 -37.8 1441 1.04 —45.2 1465 6.29x10" -484 1472  3.55x10"
-249 1025 127 -389 1177 1.0 -46.3 1217  7.74x10"  -49.2 1224  4.84x10"
-19.4 1180 153 -326 1328 124 -39.1 1352  8.61x10" -43.7 1376  4.65x10"
8854 ___ -404 552 296
-38.7 478 278
-343 523 258
8876 ______________ -44.7 204 258
-476 120 239
-484 719 204
8888 __ - 89 2158 1.36x10™
51.4 2473  3.21x10*
52.1 2498  2.48x10™
890.0 ______________ 462 2056 1.14x10* -17.3 3260 9.88x10 -28.1 3340 6.19x102 -38.3 3313  3.68x10
30,7 267.7 2.38x10"  -31.1 3 1.88x10" —422 115 161x10" -53.6 158  8.75x107
8940 ______________ 185 1168  1.82x10™ 241 1199  7.05x107 29.0 1214  2.98x107 384 1169  1.39x107
245 1206  1.78x10" 30.8 1217 7.22x107* 36.3 1229  3.08x107 401 1237 1.39x107
8961 ______________ -17.1 109  6.36x10" -57.9 2866 3.77x10" -551 2533 3.17x10" -53.8 2448  221x10"
-18.8 869 5.07x10" -68.7 3379 264x10" -559 3055 2.19x10" -54.4 2970 1.61x10
-183 761 694 -65.4 354.6 38.54x10"  -588 38106 2.39x10"  -583 3800.3  1.55x10"
8973 ~34.7 3855.6  6.75x10™
-42.7 3585 111
7.1 392  3.37x10"
823 1249  2.62x10™
714 805  L78x10™
902.8 36.0 51.6 129

773 140.6  7.21x10™
758 115.0 7.71%x10™
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TABLE 1.-Paleomagnetic measurements —natural remanent magnetization (NRM) and remanent magnetization after thermal cleaning at
various temperatures —Continued
[Inc, inclination; Dec, declination; J, intensity (in ampere/meter). Each sample contained several specimens]

Depth of sample
below surface NRM 150°C 300°C 500°C 550°C

{meters) Inc Dec J Inc Dec J Inc Dec J Inc Dec J Inc Dec J
CC#2—Continued

9043 _______ 55 206 2.26
10.0 10.9 3.06
5.6 0.1 3.04
348 937 2.01 17.7 925 1.63 14 96.2 1.16 -23.1 1021 1.64x10"
14.5 15.4 2.04 3.3 132 1.78 -13.5 11.8 1.46 -49.7 9.3 1.89%10™
10.9 1310 2.20 6.8 133.1 2.04 - 76 1374 1.49 -169 152.0 1.47x10™
9053 . ___ 25 145.5 4.19
515  62.3 1.58
CC#3
e ___ 612 1348 6.53x10"! 51.4 1045 3.21x 10 389 1058 1.95x 10! 249 1123 8.12x 10
843 151.9 9.53x 10! 50.3 110.6 6.00x10" 412 110.0 3.88x10™ 31.0 1149 1.32x 10
51.1 595 141 442 640 8.46x 107 345 609 5.05x10" 28.7 748 1.565x10™
618 888 1.02
Mo 11.9 1598 8.59x10 -17.3 152.6 9.56x 107 -31.6 152.0 8.14x107 -39.1 153.8 5.74x 107
-17.3  140.0 1.19 -244 1432 1.27 -29.2 1439 113 -345 1429 5.80x10
-32.5 146.7 2.72 -35.7 1484 2.75 -38.9 1495 2.44 -42.6 150.4 8.28x10™
8l 67.6 312.2 1.06 66.3 306.4 9.24x 107 54.0 248.8 5.64x 107 451 237.2 3.18x10™ 479 225.0 2.61x10™
68.5 341.9 7.73%10™ 65.9 3349 6.68x 10" 522 2515 3.28x10™ 38.8 237.4 1.65x10™ 56.8 230.7 7.28x107
64.0 3383 7.13x10 61.5 333.7 6.26x 10 52,7 255.7 2.98x10™ 38.0 237.7 1.67x10™ 57.7 2394 8.58x 107
. 245 73.0 1.33 203 725 1.21 163 73.7 8.76x 10 150 738 3.53x 107
335 824 1.67 201 818 1.41 129  80.2 1.00 112 798 3.93x10
312 928 1.35 1756 909 1.08 9.0 882 6.76x 10" 85 864 3.07x10™!
. 219 911 2.64x10" 1832 2773 1.47x10* 14.6 2810 8.42x107* 12.1 283.9 3.63x10
53.2 891 1.41x10 259 279.0 1.13x 10 18.9 2845 7.05%10 8.0 286.4 2.71x10"
921 _______.________ 658 511 5.33x107
713 545 5.85x10*
922 __ 60.8 489 6.16x10™ 55.0 57.8 3.63%x10™ 36.4 617 1.70x107 340 643 6.27x107?
46.0 579 3.25%10™ 364 69.9 2.32x10™ 12.7 752 1.35x10™ 6.6  69.8 4.49%x102
70.1 3 4.39%10™ - - - 53.9 246.3 1.18x 10! 55.6 257.2 4.82x107 424 2442 2.57%x10
21.6 2255 1.983x10™! - - - - - - 15.7  266.7 4.49%107 473 194.6 1.68x10*
2.1 252.7 2.85x10™ - - - - - - -17.7  266.4 5.75x107 -13.3 1804 1.08x 102
'60.2 353.4 4.94x10" 775 100.1 5.19x10™ 73.9 253.1 1.63x10* 56.6 2464 5.04x107 589 1232 2.256%x 10
B 49.2 2844 3.06x10™ 50.0 2835 2.73x10™ 52,5 283.1 2.563x10™ 51.1 2835 1.68x 10! 50.7 2829 1.20% 107
52.9 2719 3.58x10* 51.3 2773 3.29x10™ 53.4 2718 3.08x 107 498 279.3 1.87x10™ 488 2715 1.55x10"!
482 2822 2.33x10* 46.9 283.0 2.15x10™ 50.3 283.7 2.09%x10™ 49.1 2835 1.30x10™ 50.2 283.2 9.36x 107
928 ________________ 46.9 226.6 2.34x10™" 45.6 228.4 2.19x10* 456 2285 2.06x10™ 4.7 2321 6.81x107
52.56 229.1 2.89x10 48.8 2276 2.78x10" 484 2274 2.62x10 50.3 221.6 6.18x107
984 ________________ 199 275.7 5.24 12.2  276.8 5.55 9.7 2779 5.42 81 2778 4.17
15.7 2811 6.58 105 2779 6.85 84 2779 6.65 72 2788 5.12
087 el 67.5 292.0 1.03 66.7 2713 9.89%10™ 58.1 264.7 5.87x 107 459 266.2 2.32x10™ 414 264.4 1.34x 10!
59.0 306.4 8.99x10 64.7 283.0 8.33x10™ 55.1 2675 5.87x10™ 420 2689 2.10x10™ 32.6 2654 1.02x 10!
53.9 3043 9.31x10™ 66.6 265.6 1.04 56.6 251.1 6.29% 10~ 47.4 258.6 2.77x107 46.7 262.5 1.48x 10
989 __ 64.7  20.9 9.13x10! 726 111 8.28x 107 - - - 50.1 323.0 1.69x 10" 43.3 3433 7.42x107
69.9 356.0 7.11x10* 76.0 265.7 7.37x107" - - - 413  245.7 2.05%x 107 347 2433 1.09x 10
54.0 18.8 1.10 63.3 3.0 9.06x10™ 59.9 3463 4.35x10™ 51.6 329.8 1.96x10™ 27.6 3489 9.90x10*
094 381 227.0 7.07x10 35.6 224.0 6.04x10™ 19.2 2215 6.45%10™ 16.3 2219 4.06x10™ 9.3 220.7 2.33x10™
67.4 2134 8.76x10™ 58.5 216.9 7.64x10™ 34.0 2139 6.24x10™ 217 216.2 3.67x10™ 122 2193 2.19%10™
62.2 220.9 8.20x10™ 50.1 213.7 8.96x 107 314 2156 7.08x10™ 181 2171 4.59x10™ 1.9 217.0 3.17x10™*
516 225.6 1.03 51.5 208.7 1.01 32.7 2149 7.37x10" 19.8 217.1 4.33x10" 143 216.8 2.74x10™
1004 _______________ 47.1 3243 3.80x10" 793 3144 6.15x 10!
479 349.2 5.18x10" - - - 727 181.2 3.99x10™ 43.0 161.8 1.68x 10! 33.0 168.2 1.22x 10"
63.4 923 1.13 59.0 1054 8.95%x107? 413 1223 6.04x 10 21.6 125.5 3.06x10! 188 127.7 2.02x10
60.7 108.0 9.01x107* 57.0 111.8 7.78x10* 349 125.6 5.47x10" 15.2 1349 3.10x10* 158 129.3 1.99x 10
iz ___ 78.6 2929 8.99x 107! 70.8 230.7 8.03x 107 60.6 233.5 4.71x10™
79.1 2576 9.05%x10™ 68.2 229.0 8.00x10™ 58.0 2314 4.62x10™
84.8 183.6 9.81x10™ 65.5 201.0 8.51x10™ 60.3 218.7 4.28x10™
014 . 753 2034 1.08 65.56 212.2 7.56x 107 572 2164 5.09x10™ 48.6 227.1 2.67x10*
66.5 235.9 1.03 63.4 228.4 7.48%10™ 56,5 231.6 5.13x10™ 42,9 2389 2.44x10™
655 218.2 7.56x10™ 57.6 223.0 7.33x10™ 53.0 227.9 5.34x10™ 43.8 233.7 2.68x10™
1024 143 2703 2.92x10*
30.4 2723 3.556x10!
452 56.7 5.89%10"! 29.9  56.2 3.91x10™ 214 55.0 3.01x10™ 170 56.4 2.14x10"
52.6 571 6.15x10™ 353 573 3.52x10™ 254  59.0 2.45x10™ 216 581 1.62x10™
1081 _______________ 38.1 1521 4.25%10™ 27.1 168.7 3.91x10™ 249 168.6 2.85x10™
359 152.2 4.68x10! 23.4 157.6 3.63x 10 23.0 165.0 2.88x 107!
22.4 1789 4.82x10™ 20.0 186.5 3.68x 107 176 179.6 3.34x10™
1047 17.2  157.0 2.72x10? 9.8 159.6 2.72x 107 52 1599 2.74x 107 4.9 1593 2.57x107
14.8 163.7 1.68x107? 8.6 165.0 1.83x10 9.6 163.4 1.83x107 8.7 1640 1.75x 107
146 7.7 3.4 3.95x10 71.3 322 2.70x107 844 864 1.88x10? 73.2 168.4 1.40x 107
75.4 933 3.18x10"? 69.1 502 2.33x107 63.5 16.1 1.80x10~° 313 269 1.81x10"?
71.3 13.6 3.25x107 59.2 3856.8 2.76x107 46.9 357.7 2.44%107 31.1 2.5 2.58x107

! Samples cleaned at 100°C rather than 150°C.
2 Sample probably inverted.
? Red-bed sample.
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TABLE 2.—Measured physical properties
[Density not available for samples from CC#1)]

Depth Number of Remanent Magnetic Densi
belz)r;alve 1i!ull"sf)ace samples magzl:rz_zgtlon susceigtix)bﬂlty @ cmg,
CC#1
756.5 1 319x100  341x107
766.9 1 650x10"  1.02x107
772.4 1 4.24 2.84% 107
780.0 1 8.33 3.14x 107
787.3 1 6.80x10"  1.75x10
789.4 1 2.82 2.98x 1072
790.7 1 1.02 3.83x 107
CC#2
777.8 4 2.29%x10™ 3.43x10 2.788
813.8 4 2.48 1.43x1072 2.669
819.3 3 1.47 6.40x 102 2.892
825.7 4 4.89 1.73x 1072 2.852
859.5 4 2.26 4.64%x102 2.901
869.3 4 7.45%x10™ 2.94x10 2.872
873.3 3 2.00x 102 1.22x102 2.598
CC#3
781 3 8.36x 10 1.57x1072 2.585
922 4 3.30x 10 3.38x 102 2.895
927 3 2.94x 107 2.92x102 2.658
987 3 9.52x 1071 4.64x10? 2.886
989 3 8.94x 10 3.97x 10 2.884
994 4 8.69x 107 3.38x 102 2.851
1004 4 6.69x10 3.09x 1072 2.885
1012 3 9.28 10! 4.07x10? 2.917

In the usual statistical analysis of paleomagnetic data,
remanent directions are assumed to have a Fisherian
distribution (Tarling, 1971, p. 75). Briden and Ward
(1966) and Kono (1980) have developed a method for
determining Fisherian statistics when only inclination
measurements are available. Use of their technique was
attempted in this study, but unfortunately it often failed
to converge to a solution, apparently owing to the small
number of specimens at each sample depth. According-
ly, in this study statistical analyses assume a normal
distribution for the inclination measurements. When
comparison could be made with the more exact method,
the results were found to be in good agreement. This
study has also adopted the standard assumption that the
magnetization intensities have a log-normal distribution
(Tarling, 1971, p. 87).

RESULTS

Location of Flow Boundaries

As a first step in the interpretation of the paleomag-
netic measurements, TRM parameters as a function of
depth were estimated. From the information in table 1,
the mean inclination and its standard deviation were
calculated as a function of depth and demagnetization
temperature. At each depth, the mean inclination at the

demagnetization temperature that minimized the stan-

SOUTH CAROLINA, EARTHQUAKE OF 1886

dard deviation was chosen as the best estimate of the
TRM inclination. The resulting parameters are given in
table 3.

Flow boundaries for the three test holes were then
chosen on the basis of the existing geologic descriptions
and the TRM inclinations. (Further details are provided
in the following section.) For CC#1, the paleomagnetic
results do not disagree with the presence of a single flow
boundary as described by Gohn and others (1977). Al-
though sample TRM inclinations were not determined
for the lower flow (flow 1-2), specimen inclinations ap-
pear indistinguishable across the flow boundary; there-
fore it is likely that the two flows are close in age. For
CC#2, the locations of the two major flow boundaries
described by Gottfried and others (1988) are in agree-
ment with the NRM intensities, which show a marked
decrease at the top of each major flow. This decrease in
NRM intensity may be due to a combination of flow sur-
face weathering immediately following emplacement
and hydrothermal alteration during burial. However,
more than two flow boundaries are required to explain
the paleomagnetic measurements. For this reason, each
of the three major flows in CC#2 has been divided into
subflows at depths where the sign of the TRM inclina-
tion changes. Where lithologic evidence was lacking,
NRM inclination changes were sometimes used in an at-
tempt to pin down the flow boundary more precisely
than was possible by using the relatively sparse TRM
measurements. Most of the required additional flow
boundaries are located near lithologic changes identified
by Gottfried and others (1983) and S. H. Perlman (un-
publ. data, 1977). A similar procedure was used on the
data from CC#3. The complete basis for choosing flow
boundaries is given in table 4.

There will always be some uncertainty in the locations
of flow boundaries. For example, many thin flows may
have been missed by the paleomagnetic sampling. This is
particularly true near the bottom of CC#2, where the
sampling is sparse and the lithologic description in-
dicates many possible disruptions. On the other hand,
some of the chosen flow boundaries may be superfluous.
For example, the flows labeled 2-3a and 2-3b originally
may have been the top and bottom parts of a single flow,
but when flow 2-2d was emplaced above it, the top part
(2-3a) was reheated and remagnetized so that its polari-
ty is now different from that of the lower part (2-3b).
Despite these uncertainties, the flow boundaries given
in table 4 should provide a good basis for geologic cor-
relation and paleomagnetic dating.

The next step in the interpretation was to determine
the mean TRM inclination for each flow. This was done
by averaging sample mean TRM inclinations. The
results (table 5) can be used to correlate flows among the
three test holes and to estimate the age of the basalt.
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TABLE 3. —Means of inclination and intensity as a function of depth

[Flows are categorized by the number of the test hole, number of the major flow within the test hole, and letter of the subflow within the major flow. Queries (?) indicate anomalous samples,
which are not included in flow averages. N, number of specimens; Inc, inclination; S8.D., standard deviation; J, intensity ( in ampere/meter).]

Depth Natural remanent magnetization Thermal remanent magnetization
Flow below surface N Tne SD. 7 N Tne SD. ] TCCy
{meters)
CC#1
1-1 756.5 1 54.2 - 3.19x 10"
760.5 2 41.7 0.8 1.19
762.9 3 41.5 7.9 1.23 2 37.6 1.2 9.74x 10 300
766.9 3 45.2 6.5 2.97x 10 2 43.3 6.4 1.61x 10 500
770.2 2 41.1 1.7 9.70x 10
772.4 2 41.2 9 4.15
780.0 3 47.8 17.9 2.25 2 419 10.5 7.40x10 500
1-2 787.3 2 55.0 7.3 2.77%x 10
789.4 2 36.5 b 2.92
790.7 2 575 14 1.16
CC#2
2-1a 776.0 3 -21.9 9.2 1.14 3 ~36.2 119 1.44x10™ 550
? 777.8 5 23.9 36.5 2.23x 10 4 4.8 23.2 1.40x 10 300
? 778.2 3 47.2 28.6 1.11x 10 3 1.9 23.6 6.22x 1072 300
2-1b 779.1 3 19.5 25.7 2.90x 10 3 26.3 11.4 3.29x10 500
779.7 3 20.7 7 7.72x10™
2-2a 782.1 3 36.1 14.3 8.36x 10
783.3 3 3.9 15.4 5.83x107? 3 —48.7 8.9 2.18%x 107 550
785.1 3 —28.5 69.4 3.03x10" 3 —~50.4 5.3 2.14x 107 500
785.5 3 37.8 30.7 5.26x 10!
786.3 3 52.3 7.3 3.20x 10" 3 —41.9 3.4 3.84x10™ 500
789.4 5 15.9 13.5 1.44 %102 3 —-39.6 11.0 2.16x107 500
790.7 4 62.3 10.5 5.39x 10~
794.3 4 —-4.4 28.1 8.59%x 10
795.5 3 —-34.9 5.5 1.97 3 —48.0 1.7 1.65 300
798.0 3 —44.9 2.1 2.32 2 —50.6 9 1.58 500
801.0 4 2.3 19.0 1.26
? 801.6 3 26.0 11.7 1.12 3 -3.3 6.5 7.24x10 300
802.5 5 —23.6 33.0 9.53 x 10
802.8 3 -31.5 10.6 1.67 2 —45.8 5.9 1.73 300
804.6 3 -6.0 N 1.09
808.9 3 -1.9 5.8 1.44 2 —-28.4 2.4 2.73x10™ 500
813.8 4 —41.6 4.0 2.48 4 —48.9 2.3 1.87 300
2-2b 814.4 4 34.3 12.0 5.63x 10!
819.0 6 32.2 14.5 8.563%x10
819.3 3 35.9 3.9 1.47 3 204 2.5 6.69x 10 300
823.0 6 142 20.8 2.72 3 23.7 10.0 2.73x10* 500
2-2¢ 825.7 4 -11.0 1.0 4.89 4 -144 2.6 4.62x107 300
828.8 3 -1.1 3.2 4.71
? 835.8 3 —4.5 6.0 5.63 3 —6.4 2.7 4.48 300
? 838.8 3 —-40.9 1.8 4.07 3 —66.8 1.6 1.73%x 10 500
840.9 4 -8.1 9.0 4.68
2-2d 842.8 3 28.0 2.8 4.24
846.7 3 43.3 3.7 2.21 3 19.5 4 2.05x10? 550
853.7 6 46.3 14.2 1.81 3 278 2.3 2.36x 10 500
858.3 4 16.4 3.8 1.80
‘ 859.5 4 47.1 6.6 2.26 4 23.6 2.6 2.63x10™ 500
? 863.8 8 19.1 69.5 5.76 x10* 4 52.4 3.1 1.30 x10™ 500
869.0 3 57.4 12.4 5.81x 10
869.3 4 48.3 12.9 7.45 %10 4 35.8 2.9 3.11x 10 300
870.5 3 9.0 59.9 3.81x 10
2-3a 873.3 2 434 9.8 2.00x10* 2 25.9 4.9 2.08 %1072 100
878.1 3 38.9 16.6 3.63x 10
2-3b 883.9 3 —-22.8 3.0 1.33 3 —47.1 3.0 4.31x10™ 500
885.4 3 —-37.8 3.2 2.1
887.6 3 —46.9 2.0 2.33
888.8 3 31.5 35.0 2.21x107
890.0 2 38.5 11.0 1.65x10! 2 —24.2 9.8 1.36x 10" 150
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TABLE 3.—Means of inclination and intensity as a function of depth—Continued

[Flows are categorized by t'he number of the test hole, number of the major flow within the test hole, and letter of the subflow within the major flow. Queries (?) indicate anomalous samples,
which are not included in flow averages. N, number of specimens; Inc, inclination; S.D., standard deviation; J, intensity ( in ampere/meter).]

Depth Natural remanent magnetization Thermal remanent magnetization
Flow bel?z:ets::‘gce N Inc SD. J N Tne SD. J Oy
CC#2—Continued
2-3c 894.0 2 21.5 4.2 1.80x10™ 2 39.3 1.2 1.39x102 500
2-3d 896.1 3 —-16.4 2.3 1.31 3 —56.6 2.0 2.55x 10 300
897.3 5 16.7 58.2 4.11x 10
902.8 3 63.0 23.4 8.95x 107
? © 9043 6 13.6 11.0 2.40 3 —-6.6 7.5 1.36 300
905.3 2 27.0 34.7 2.57
CC#3
31 777 4 64.6 14.0 9.73x10™ 3 28.2 3.1 1.18x10™ 500
3-2a 779 3 -12.6 22.6 6.53 x10™ 3 —38.7 4.1 3.02x10* 500
3-2b 781 3 66.7 24 8.36x10™ 3 53.0 9 3.81x10™ 300
3-2¢ 782 3 29.7 4.7 1.44 3 19.3 1.6 1.23 150
33 784 2 37.6 22.1 1.93x 10 2 10.1 2.9 3.14x107 500
34 921 2 68.6 3.9 5.68 x 107
922 6 43.5 26.4 3.66x 10" 3 56.3 20.6 3.62x10™ 150
3-5 927 3 50.1 2.5 2.94x10™ 3 49.9 1.0 1.20x 10 550
928 2 49.7 4.0 2.60x 10 2 47.0 2.0 2.32x10 300
? 984 2 17.8 3.0 5.87 2 7.7 .6 4.62 500
3-6a 987 3 62.1 4.7 9.562x 10 3 66.0 1.1 9.50x 10 100
989 3 62.9 8.1 8.94x 107 3 47.7 5.6 1.89x 10 500
3-6b 994 4 54.8 12.9 8.69x 10 4 11.9 2.1 2.58 %10 550
1004 4 44.0 27.0 6.69x10™ 3 22.5 9.2 1.70 x 10~ 550
3-6¢ 1012 3 80.8 3.4 9.28x10™ 3 59.6 1.4 4.53x10™ 300
1014 3 69.1 5.4 9.44x10™ 3 55.2 2.1 519%x10™ 300
3-7 1024 4 35.6 17.0 4.40x10™ 2 23.4 2.8 2.72x10™ 300
1031 3 32.1 8.5 4.58x10™ 3 23.5 3.6 3.74x10™ 150
sed 1047 2 16.0 1.7 2.14x 107 2 9.2 8 2.23x10? 150
sed 1146 3 74.8 3.2 3.44%x107

'Thermomagnetic cleaning temperature.

Details on flow determinations.—To aid in the deter-
mination of flow boundaries, a statistical test was used
to compare pairs of sample mean TRM inclinations. The
test statistic is given by

U= I mi—Inj |
JEmy Gy

where m, is the mean TRM inclination at depth k, and
Am, is the standard error in the mean

, )

Oy
vy

Here o, is the standard deviation of the TRM inclina-
tions at depth k, and n, is the number of specimens used
to estimate m, and o,. The test statistic U is used to test
the hypothesis that the mean TRM inclinations at the
two depths are identical. If the value of U is greater than
2.0, then the hypothesis is rejected at the 95-percent
confidence level.

For each test hole, the test statistic was computed for
every possible pairing of samples. Pairs for which the

@)

Am,

hypothesis of equivalent mean inclinations could not be
rejected at the 95-percent confidence level were found to
be linked together into groups of samples. Note that
paired adjacent samples need not have satisfied the
statistical test in order to be classified in the same
group. Rather they were only required to satisfy the test
when each was paired with a third sample elsewhere in
the hole. Due to the large scatter in the inclinations, the
more rigorous approach would have yielded nearly as
many groupings (flows) as there are samples in test
holes 2 and 3.

CC#1 was found to have a single group of samples hav-
ing a mean TRM inclination of 40.9°. Results for CC#2
were equivocal until the two samples with standard er-
rors in the mean greater than 10° were rejected from
the analysis. Three groupings were then found having
mean TRM inclinations of 26.9°, —41.2°, and -5.4°.
The latter grouping contained three isolated samples
that were rejected from further analysis as being
anomalous. Two samples found to belong to no grouping
were also rejected from further analysis. Rejected
samples are indicated by question marks in the flow col-
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TABLE 4.—Evidence for flow boundaries

Flow Depth below surface (m) to Paleomagnetic Lithologic
flow top feature evidence evidence
CC#1
1-1 750.0 Top of basalt
1-2 784.7 Sharp contact
792.0 Base of core
CC#2
2-1a 775.3 Top of basalt
776.0 Top of core
2-1b 777.8 Mixed TRM inclinations
778.2 Mixed TRM inclinations
2-2a 781.6 TRM inclination changes from + at 779.1 to — at 783.3 Sharp contact
793.5 Gradational contact
801.6 Shallow TRM inclination
804.6 Unstable sample
2-2b 814.0 TRM inclination changes from — at 813.8 to + at 819.3
NRM inclination changes from — at 813.8 to + at 814.4
2-2¢ 824.0 TRM inclination changes from + at 823.0 to — at 825.7
835.8 Shallow TRM inclination
838.8 Steep TRM inclination Sheet of vesicles
2-2d 842.0 TRM inclination changes from — at 838.8 to + at 846.7
NRM inclination changes from — at 840.9 to + at 842.8
2-3a 871.3 Breccia zone
2-3b 883.0 TRM inclination changes from + at 873.3 to — at 883.9 Gradational zone
NRM inclination changes from + at 878.1 to — at 883.9
888.0 Gradational contact
2-3c 892.0 TRM inclination changes from — at 890.0 to + at 894.0
2-3d 895.0 TRM inclination changes from + at 894.0 to — at 896.1 Gradational contact
899.3 Gradational contact
901.3 Sharp contact
903.0 Gradational contact
904.3 Shallow TRM inclination
907.0 Base of core
CC#3
31 775.0 Top of core
3-2a 777.7 TRM inclination changes from + at 777 to — at 779 Sharp contact
3-2b 780.0 TRM inclination changes from — at 779 to + at 781
3-2¢c 781.5 TRM inclination shallows by 33.7° between 781 and 782
3-3 782.6 Sharp contact
785.0 Base of core
34 921.0 Top of core
3-5 925.5 Sedimentary wedge
930.0 Base of core
3-6a 983.0 Top of core
3-6b 992.0 TRM inclination steepens by 35.8° between 989 and 994
3-6¢ 1008.0 TRM inclination steepens by 37.1° between 1004 and 1012
3-7 1021.3 TRM inclination shallows by 39.0° between 1014 and 1024 Sharp contact
1031.0 Base of basalt

umn of table 3. CC#3 also produced three groupings,

having mean TRM inclinations of 54.3°, 18.3°, and

-38.7°.

Flow boundaries were located on the basis of the fol-
lowing criteria, listed in order of their importance:

1. Geological description of the core provided unequiv-
ocal evidence for a flow boundary;

2. Sample TRM inclinations changed groupings across a
probable flow boundary mentioned in the
geologic description;

3. Sample TRM inclinations changed groupings without

geologic evidence for a flow boundary.

Flows determined using criterion 1 are designated by
numbers. Criteria 2 and 3 are used to subdivide the
numbered flows into alphabetized subflows.

Correlation of Flows

Correlation of flows among the three test holes is
hindered by the limited amount of vertical overlap
among the cored sections of the holes and by the
horizontal distance between the holes. However, CC#2
and 3 are only about 760 meters apart, and it appears
likely either that flow 2-1b (TRM inclination 26.3°) and
flow 3-1 (TRM inclination 28.2°) represent the same
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TABLE 5. —Means of inclination and intensity as a function of flow

[ND, number of depths from which samples for analysis were taken; Inc, inclination; S.D.,
standard deviation; J, intensity (in ampere/meter)]

Natural remanent magnetization Thermal remanent magnetization

Flow ND Inc S.D. J ND Inc S.D. J
CC#1
1-1 7 4.7 4.9 1.03 3 40.9 3.0 4.88x 10
1-2 3 49.7 11.5 9.79% 10!
CC#2
2-la 1 -21.9 - 1.14 1 —36.2 - 1.44x 10!
2-1b 2 20.1 8 4.78x10™ 1 26.3 - 3.29x10*
2-2a 16 —04 38.7 3.06x10* 9 —44.7 7.2 7.64x107*
2-2b 4 29.2 10.1 1.18 2 22.1 2.3 4.27x10"
2-2¢ 3 -54 5.1 4.76 1 —14.4 - 4.62x10*
2-2d 8 36.6 17.0 1.36 4 26.7 7.0 1.41x10*
2-3a 2 41.2 3.2 8.52x 1072 1 25.9 - 2.08x 10
2-3b 5 -75  39.8 7.93x10! 2 —35.7 16.2 2.42x 10"
2-3¢ 1 21.5 - 1.80% 10" 1 39.3 - 1.39x 107
2-3d 4 22.6 32.7 1.05 1 —56.6 - 2.56x10™
CC#3

31 1 64.6 - 4.97x10 1 28.2 - 1.18x 107!
3-2a 1 -12.6 - 6.58x 10" 1 -38.7 - 3.02x 10!
3-2b 1 66.7 - 8.36x10™! 1 53.0 - 3.81x10
3-2¢ 1 29.7 - 1.44 1 19.3 - 1.23

3-3 1 37.6 - 1.93x10™ 1 10.1 - 3.14x10?
3-4 2 56.1 178 4.52x10* 1 56.3 - 3.52x 10"
3-5 2 49.9 3 2.76x 10" 2 48.5 2.1 1.67x10™
3-6a 2 62.5 6 9.23x 10! 2 56.9 12.9 4.24x10"
3-6b 2 494 7.6 7.62x 10 2 17.2 7.4 2.09x10
3-6¢c 2 75.0 8.3 9.34%x 10! 2 57.4 3.1 4.85x10*
3-7 2 33.9 2.5 4.49%x10 2 23.5 1 3.19x10*

flow or that flow 2-1a (TRM inclination —36.2°) and flow
3-2a (TRM inclination of —38.7°) represent the same
flow. In the former case, the major flow boundary at
777.7 m in CC#8 corresponds to the major flow bound-
ary at 781.6 m in CC#2, and flows 3-2b, 8-2¢, and 3-3 are
absent in CC#2. In the latter case, the major flow boun-
dary at 777.7 m in CC#3 corresponds to the top of the
basalt in CC#2, and the major flow boundary at 782.6 m
in CC#3 corresponds to the major flow boundary at
781.6 m in CC#2. In this interpretation, flows 3-2b, 3-2¢
and 2-1b become independent thin flows, and flow 3-3
could be the remagnetized top of flow 2-2a, the
remagnetization having occurred at the time of emplace-
ment of flow 3-2¢. In either case, the flow boundaries at
the top of CC#2 and 3 have a near-horizontal apparent
dip, which indicates little tilting since extrusion.

Because CC#1 extends to only 792 m, it is possible that
the basalt flows sampled in CC#1 lie entirely above the
section sampled in CC#2 and 3. Alternatively, the top
flow in CC#3 could correspond to the lower flow in
CC#1. Thus the paleomagnetic measurements in the
three test holes can be reconciled without requiring the
presence of faults or other tectonic elements.

Age of the Basalt

After the basalt unit has been divided into flows and
the mean TRM inclination has been estimated for each
flow (except flow 1-2), the mean inclination of the basalt
unit as a whole can be estimated. This number can be
compared to a graph of paleoinclination against time for
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the Charleston area in order to estimate the age of the
basalt. The unit mean inclination is determined by
averaging the absolute values of the flow means. Possi-
ble correlations of flows among the three holes were not
considered in the averaging process; therefore some
flows may have been sampled twice. The mean inclina-
tion computed from the 22 flow means is 35.4° +3.2°.
Ignoring possible errors in the flow averages and assum-
ing a normal distribution for the sample means, the unit
mean inclination has a 95-percent chance of falling in the
range 35.4°+6.4°.

In figure 3 this mean inclination and its 95-percent
confidence band have been superimposed on a paleo-
inclination curve that shows the mean inclination at
Charleston (lat 33° N., long 80° W.) as a function of time
for the past 300 million years. The paleoinclination
curve was generated by using the pole positions of Irv-
ing (1977). The dashed lines in the figure show the
95-percent confidence region about the mean paleoin-
clination curve.

On the basis of the present study, the most probable
age of the basalts corresponds to the time at which the
paleoinclination curve crosses 35.4 degrees. This turns
out to be 170 m.y. ago. The actual intersection of the
two curves, however, has a 95-percent chance of falling
anywhere within the ruled area. Thus we can be
95-percent certain that the true age of the basalts lies
between 110 m.y. and 196 m.y. This time range runs
from the end of the Triassic, through the Jurassic, and
into the Early Cretaceous. For comparison with radio-
metric age dates (fig. 4), we also have computed the one-
standard-error range (68-percent confidence interval)
on the paleomagnetic age to be 120 m.y. to 188 m.y.

The large uncertainty in the age of the basalts is a
result of both the uncertainty in the paleoinclination
curve and the uncertainty in the mean magnetic inclina-
tion of the Clubhouse Crossroads basalt unit. It is likely
that a more precise age could have been determined if
completely oriented cores had been available to provide
azimuthal information.

Figure 4 is a time line comparing paleomagnetic and
radiometric ages of the Clubhouse Crossroads basalt
with the geomagnetic reversal history and with
radiometric ages for other eastern North American
Mesozoic igneous rocks. The figure shows that neither
the paleomagnetic data nor the radiometric age
measurements provide sufficient constraints on the age
of the Clubhouse Crossroads basalt to permit com-
parison with the other Mesozoic units. However, the
presence of normal and reversely magnetized flows in
the basalt unit suggests either that the age of the basalt
may differ from the age of other early Mesozoic basalts
and diabases or that certain periods of lower Mesozoic
magnetic reversals are inadequately documented within
the paleomagnetic record.
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FIGURE 3.-Paleoinclination and age of the basalt. The solid curve
shows the mean inclination at Charleston (lat 33° N., long 80°W.) as
a function of past time. The dashed curves represent 95-percent con-
fidence limits about the mean. These curves were computed from
pole positions given by Irving (1977). The horizontal line at 35.4°
represents the mean TRM inclination of the Clubhouse Crossroads

From the marine magnetic record, frequent magnetic
reversals are known to have occurred during the Late
Jurassic and Early Cretaceous (Larson and Hilde, 1975).
From paleomagnetic measurements made on land,
another period of frequent reversals is known to have
occurred in the Early Triassic (McElhinny, 1971). These
two periods of frequent reversals are separated by a
long period of normal polarity, containing few reversed-
polarity intervals. It is during this long period of pre-
dominantly normal polarity that most of the Mesozoic
igneous rocks of eastern North America apparently
were formed.

Regional tectonics suggest that the Clubhouse Cross-
roads basalts probably are not old enough to have
formed during the Early Triassic interval of frequent
reversals. On the other hand, the initial Cretaceous
radiometric ages for the CC#1 basalt (Gottfried and
others, 1977) suggest that they may have formed during
the Late Jurassic-Early Cretaceous reversal sequence.
In that case, the Clubhouse Crossroads basalts would be
much younger than the other eastern North American
basalts and diabases associated with early Mesozoic
basins. Instead their age would be similar to the
youngest intrusive rocks of the White Mountain
Plutonic-Volcanic Suite of New England (Foland and

basalt, as computed from 22 flow means. The intersection of this line
with the solid curve gives the most probable age of the basalt as 170
m.y. The ruled area is the 95-percent confidence region about this in-
tersection. Thus the actual age of the basalt has a 95-percent chance
of falling in the range 110-196 m.y.

others, 1971; Armstrong and Stump, 1971). There are
three problems with this interpretation. First, like the
other eastern North American Mesozoic basalts and
diabases, the Clubhouse Crossroads basalts are found
close to a probable Triassic-Jurassic basin. Secondly, the
presence of a thin sedimentary red-bed unit between
flows 3-4 and 38-5 of CC#3 (Gottfried and others, 1983)
indicates that the Clubhouse Crossroads basalts, like the
other eastern North American basalts and diabases of
Mesozoic age, are closely associated in time with the
sedimentary rocks they intrude or overlie. Thirdly, geo-
chemical analyses indicate that the Clubhouse Cross-
roads basalt is of the same chemical type as other
eastern North American Triassic-Jurassic basalts (Gott-
fried and others, 1977, 1983). Thus it is likely that the
Clubhouse Crossroads basalts are similar in age to the
igneous rocks of other eastern North American early
Mesozoic basins. That is, they are of Late Triassic and
Early Jurassic age. As a corollary, the reversely
magnetized flows of the Clubhouse Crossroads basalt
are evidence for a period of frequent reversals during
the Late Triassic or Early Jurassic.

Opdyke and McElhinny (1965) and Brock (1968) pre-
sent evidence for short reversed-polarity intervals with-
in the Late Triassic-Early Jurassic normal-polarity
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FIGURE 4.—A time line comparing the paleomagnetic and radiometric
ages for the Clubhouse Crossroads basalt with geomagnetic field
behavior and with radiometric ages for other eastern North
American Mesozoic igneous rocks. The following features are shown:
1. Geomagnetic field behavior. Dark bands represent normal
polarity. Light bands represent reversed polarity. Shaded
bands represent mixed polarity (Larson and Hilde, 1975;
McElhinny, 1971; Opdyke and McElhinny, 1965; Brock, 1968;
Reeve and Helsley, 1972; Steiner and Helsley, 1974).

2. Biostratigraphic age of the oldest Cretaceous sediment in CC#1
(Hazel and others, 1977).

3. Paleomagnetic age of the Clubhouse Crossroads basalt (this
study).

interval. Apparently two such reversed intervals can be
identified from paleomagnetic studies of South African
igneous rocks, one at 195 m.y. near the Triassic-Jurassic
boundary and the other around 170 m.y. The reversed
flows seen in the Clubhouse Crossroads basalt could
date from either of these times, although the younger
date corresponds well to the most probable age of the
basalt as determined by this study and might therefore

4. Radiometric ages of the Clubhouse Crossroads basalt (Gohn and
others, 1978; Lanphere, 1983).

5. Radiometric ages of other southeastern North American
Mesozoic basalt and diabase (Gohn and others, 1978; Watts
and Noltimier, 1974).

6. Radiometric ages of northeastern North American Mesozoic
basalt and diabase (de Boer, 1968; Dallmeyer, 1975; Sutter
and Smith, 1979).

7. Radiometric ages of the rocks of the White Mountain Plutonic-
Volcanic Suite (Foland and others, 1971; Armstrong and
Stump, 1971: Hurley and others, 1960).

be preferred. The presence of five distinct reversed in-
tervals in CC#2 indicates that, if the correlation with the
170-m.y. reversed event is correct, this event is actually
a sequence of reversals, similar in form to the short Late
Triassic reversal sequences seen by Reeve and Helsley
(1972) and Steiner and Helsley (1974) in the Chinle (New
Mexico) and Kayenta (Africa) formations.
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It should be mentioned that Opdyke and Wensink
(1966) found reversely magnetized samples at three sites
in the White Mountains; samples from two of the sites
were thought to be of Early Jurassic age, whereas
samples from the third site were radiometrically dated
(K-Ar) as Early Cretaceous. However, K-Ar dating by
Foland and others (1971) has since established that one
set of the “Jurassic” samples is indeed Early Cretaceous.
The other site is undated, but similar paleomagnetic
directions in all samples suggest a similar Cretaceous
age for all three.

CONCLUSIONS

Although hampered by the lack of completely oriented
cores and by the relatively small amount of overlap in
the depth ranges of the cored sections of the three test
holes, paleomagnetic investigations of the Clubhouse
Crossroads basalt have yielded worthwhile results. The
age of the basalt has been confirmed as Mesozoic and
probably Early Jurassic. No faults are required to cor-
relate flows among the three holes. Reversed polarities
and a definite polarity sequence have been found for the
first time in eastern North American igneous rocks
associated with early Mesozoic basins. In addition, the
description of the basalt unit itself has been expanded.

Thermomagnetic analysis indicates that the main car-
rier of the remanence in the basalt is nearly pure
magnetite. In some samples having high Curie points,
the remanence may be carried by primary ilmeno-
hematite. Low Curie points are also seen, providing
evidence for maghemite. The inference is that all the
original unoxidized titanomagnetite in the basalt under-
went high-temperature oxidation during the initial cool-
ing to form nearly pure magnetite. Some of the mag-
netite has undergone low-temperature oxidation since
cooling, which has resulted in the production of
maghemite. Both the magnetite and the ilmeno-
hematite can be expected to provide reliable paleomag-
netic remanent directions.

On the basis of the paleomagnetic measurements and
the geologic descriptions of the cores, 23 flows have
been identified. These are divided as follows: 2 flows in
CC#1, 10 flows in CC#2, and 11 flows in CC#3. One of
the top two flows in CC#2 may correspond to one of the
top two flows in CC#3. The flow boundaries are essen-
tially horizontal.

The mean TRM inclination of the flows is 35.4° + 3.2°.
Comparing this figure with a paleoinclination curve for
the Charleston area indicates that the most probable age
of the basalt is 170 m.y. and that the actual age has a
95-percent chance of falling in the range 110-196 m.y.
Similarities between the Clubhouse Crossroads basalt
and other lower Mesozoic eastern North American
basalts and diabases suggests that the true age is more
likely to fall in the older end of this range.
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The flow inclinations in CC#2 exhibit a definite polar-
ity sequence. Five reversed-polarity intervals are
separated by four normal-polarity intervals. Reversed
polarities are not seen in other eastern North American
Mesozoic basalts and diabases. However, reversed
polarities and polarity sequences are known from other
studies of Upper Triassic and Lower Jurassic rocks in
the Southwestern United States and in southern Africa.
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STUDIES RELATED TO THE CHARLESTON, SOUTH CAROLINA, EARTHQUAKE OF 1886 —
TECTONICS AND SEISMICITY

GEOLOGY OF THE LOWER MESOZOIC(?) SEDIMENTARY ROCKS IN
CLUBHOUSE CROSSROADS TEST HOLE #3, NEAR CHARLESTON, SOUTH
CAROLINA

By GREGORY S. GOHN, BRENDA B. HOUSER, and RAY R. SCHNEIDER

ABSTRACT

In Clubhouse Crossroads drill hole #3, near Charleston, S. C., a
minimum of 121 m of well-consolidated sedimentary red beds underlies
256 m of subaerial basalt flows. The basalt flows are of Early Jurassic
age and underlie 775 m of Cretaceous and Cenozoic Coastal Plain
deposits. The red beds are of probable Late Triassic and (or) Early
Jurassic age, on the basis of the age of the basalt and the lithologic
similarity of the red beds to lower Mesozoic red beds exposed
elsewhere in the Eastern United States.

The red-bed section is divided into an upper fine-grained facies (39
m) consisting of mudstones, siltstones, and argillaceous sandstones
and a lower coarse-grained facies (82 m) consisting of mudstones and
conglomeratic sandstones. Sandstones in the fine-grained facies show
several types of low-amplitude cross-stratification, whereas con-
glomeratic beds in the coarse-grained facies are inversely and normally
graded. The predominant sandstones in both facies are arkosic wackes
that contain abundant quartz-feldspar lithic fragments as well as abun-
dant feldspar. Detrital lithic fragments and heavy minerals indicate
that the red beds’ provenance consisted primarily of granitic rocks.
Microbrecciated granitic rock, basalt, and mylonite are additional
types of detrital rock fragments found in the deposit. Comparison of
the red-bed section with exposed Triassic-Jurassic red beds and
modern continental sediments suggests that the Clubhouse Crossroads
rocks were deposited in fluvial and alluvial-fan environments.

INTRODUCTION

Between January 1975 and May 1977, the U.S.
Geological Survey drilled three deep stratigraphic test
holes near Clubhouse Crossroads, Dorchester County, S.
C. (fig. 1). Clubhouse Crossroads #1 and #2 penetrated a
poorly consolidated Coastal Plain section and bottomed
in a sequence of basalt flows. Clubhouse Crossroads #3
(CC#3) penetrated the basalt and bottomed in a se-
quence of well-indurated sedimentary red beds that is
the subject of this report.

CC#3 is located at lat 32°54.18' N., long 80°18.95' W.,
in the south-central part of the Clubhouse Crossroads
7.5-minute quadrangle, 0.8 km northeast of Clubhouse
Crossroads and about 40 km west-northwest of
Charleston, S. C. CC#3 was drilled to a total depth of

1,152 m below a surface elevation of 6.7 m. Field
descriptions of cuttings collected from the Coastal Plain
section and of cuttings and cores recovered from the
basalt and red-bed sections have been published by
Schneider and others (1979). Geophysical logs were run
only in the Coastal Plain section because the hole was
blocked at the top of the basalt.

Acknowledgments. — Deep drilling and other phases of
the investigations conducted by the U.S. Geological
Survey near Charleston, S. C., were supported by the
U.S. Nuclear Regulatory Commission, Office of Nuclear
Research, under Agreement No. AT(49-25)-1000.
Melodie Hess performed the X-ray diffraction analyses
of the red-bed samples; R. Wayne Burrow and Sharon L.
King assisted in other laboratory analyses of the
samples. The Clubhouse Crossroads test holes were
drilled by a U.S. Army Corps of Engineers team from
the Mobile, Ala., district. We express our appreciation
to the Westvaco Company for use of their land for drill-
ing sites.

STRATIGRAPHY

The Clubhouse Crossroads test holes encountered
three major subsurface stratigraphic sequences: Coastal
Plain sediments of Late Cretaceous and Cenozoic age,
subaerial basalt flows of Early Jurassic age, and
sedimentary red beds of presumed Triassic and (or)
Jurassic age (fig. 2). Stratigraphic data from studies of
the basalt and the younger sediments are reviewed in
this section as ancillary data for a discussion of the
stratigraphy of the red-bed section.

Coastal Plain Section

The Upper Cretaceous and Cenozoic section in the
Clubhouse Crossroads test holes ranges in thickness
from 750 m in CC#1 to 776 and 775 m in CC#2 and #3,

D1
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respectively. The Coastal Plain section was continuously
cored in CC#1, and preliminary reports on the litho-
stratigraphy (Gohn and others, 1977) and bio-
stratigraphy (Hazel and others, 1977) of this section
have been published. Early Late Cretaceous (late
Cenomanian) fossils (Hazel and others, 1977; Hattner
and Wise, 1980) in sediments 18 m above the top of the
basalt provide a minimum age for the underlying rocks

(fig. 2).

Basalt

The basalt unit contains numerous individual subaerial
flows of massive to amygdaloidal, moderately to strong-
ly altered basalt (Gottfried and others, 1983; Phillips,
1983). Both the top (775 m) and bottom (1,031 m) con-
tacts of the 256-m-thick basalt unit were penetrated in
CC#3 (fig. 2).

Whole-rock K-Ar ages for heavily altered samples of
basalt from CC#1 (Gohn and others, 1977; Gottfried and
others, 1977) initially suggested a middle Cretaceous
age for the basalt flows. Subsequent whole-rock K-Ar
and 4°Ar/3Ar ages and paleomagnetic data for less
altered samples from the other holes indicate an older
and presently accepted Early Jurassic age (Gohn and
others, 1978; Lanphere, 1983; Phillips, 1983). An initial
geochemical study of the basalt by Gottfried and others
(1977) provided insight into the age, origin, and inferred
tectonic affinities of the basalt that have been supported
by the additional radiometric ages and by additional
geochemical and petrologic studies (Gottfried and

others, 1983). The principal conclusions of the basalt
studies to date are that the basalt in the Clubhouse
Crossroads test holes has geochemical and inferred tec-
tonic affinities with mafic igneous rocks from rifted
passive continental margins in general and the eastern
North American, lower Mesozoic tholeiitic diabases and
basalts in particular.

A 2-m-thick bed of argillaceous red sandstone within
the basalt sequence was cored at a depth of about 925 m,
and other thin sedimentary beds may exist undetected in
uncored sections of the basalt. The sandstone at 925 m
contains abundant basalt fragments and quartz and
minor microcline and perthite. The quartz and
potassium feldspar suggest that the source of the sedi-
ment was not limited to the enclosing basalt. The
presence of red sediments within the basalt section also
suggests that the basalt has some temporal affinity with
the underlying red-bed section.

Red-bed Section

In CC#3, 121 m of well-indurated sedimentary rocks
were penetrated between depths of 1,031 and 1,152 m
(fig. 3) before drilling was terminated because of
mechanical problems. Of the 121 m of red beds, the top
23 m and the bottom 7.8 m were cored with moderate
recovery, whereas only cuttings were obtained from the
remaining 90.2 m.

From the top of the red-bed sequence at 1,031 m to a
depth of about 1,070 m, the section consists of red-
colored mudstone and smaller amounts of siltstone and

A A
0 CC#1 CC#3 CC#2
Cenozoic sediments
200 — 244 m 240 m 239 m
2 400 — -
=
uEJ Upper Cretaceous sediments
Zz 600 - 4
I
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FIGURE 2. —Generalized stratigraphic cross section through the Clubhouse Crossroads test holes. Location of section shown in figure 1. Approx-
imate altitudes of the tops of the drill holes are: 6 m (#1), 6 m (#2), and 7 m (#3).
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FIGURE 3. - Stratigraphic column for the lower Mesozoic(?) red-bed se-

quence in CC#3.

fine-grained sandstone. Cuttings from the interval be-
tween 1,066.8 and 1,075.9 m indicate that the lithology
changes to coarse-grained or conglomeratic sandstone
and minor amounts of red mudstone. Therefore, an up-
per fine-grained facies and a lower coarse-grained facies
are defined, and the boundary is placed, somewhat ar-
bitrarily, at 1,070 m.

Although plant debris was observed, no biostrati-
graphically useful macro- or microfossils were found in
the red-bed cores. Nine samples processed for
palynomorphs were barren (R. A. Christopher, oral com-
mun., 1977). Age estimates for the red-bed sequence can
be based, therefore, only upon the limits imposed by the
age of the overlying unit and the uncertain regional
lithostratigraphic correlation of this sequence with
other similar rock units. The Early Jurassic age for the
basalt imposes a minimum age limit of Early Jurassic for
the red beds; an additional constraining age of early
Late Cretaceous is supplied by the fossils in the basal
Coastal Plain sediments. Gohn and others (1978) noted
the lithologic similarity of the Clubhouse Crossroads red
beds to the exposed fossiliferous Triassic and Jurassic
Newark Group of the Eastern United States (Cornet
and others, 1973; Cornet and Traverse, 1975) and the
association of both exposed and buried rock sequences
with radiometrically dated lower Mesozoic basaltic
rocks. Although no age-specific data can be cited, these
similarities provide some basis for provisionally assign-
ing a Late Triassic and (or) Early Jurassic age to the
red-bed sequence below the basalt in CC#3.

Lower Mesozoic red-bed sequences also are associated
with basaltic rocks in fault-bounded basins below parts
of the Georgia and Florida Coastal Plain and parts of the
South Carolina Coastal Plain other than those discussed
here (Marine and Siple, 1974; Popenoe and Zietz, 1977,
Chowns and Williams, 1983; Daniels and others, 1983).
Gohn and others (1978) interpreted the presence of
lower Mesozoic basalt and lower Mesozoic(?) red beds in
the Clubhouse Crossroads section to represent an exten-
sion of this lower Mesozoic(?) sub-Coastal Plain sequence
into the Charleston, S. C., area.

DESCRIPTION OF THE RED-BED SECTION
Fine-grained Facies
LITHOLOGY AND PRIMARY SEDIMENTARY STRUCTURES

The fine-grained facies of the red-bed section consists
of about 39 m of color-mottled mudstones, siltstones,
and argillaceous very-fine- to medium-grained sand-
stones. Sandstones and siltstones are current-bedded;
these beds are grouped in 1- to 2-m-thick sections con-
centrated near the top of the section (fig. 4). Mudstones
typically occur in 1- to 4-m-thick sections. Carbonaceous
plant debris is common as finely comminuted grains
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along bedding and crossbedding in sandstones and as
larger fragments throughout mudstones.

The sandstones and siltstones show a variety of small-
scale (low-amplitude) primary sedimentary structures
(figs. 4, 5). Cosets of trough crossbeds having individual
set heights of less than 2 cm are typical of the siltstone;
similarly small sets of planar cross lamination and flaser
bedding, in addition to horizontal bedding, characterize
the sandstones. A 1-m-thick set of planar crossbeds oc-
curs in a fine-grained sandstone bed near the top of the
section. The lower contacts of the sandstone beds
typically are erosional and show several centimeters of
relief. Mudstone and siltstone intraclasts and quartz
granules overlie the erosional surfaces.

Near the top of the core, at about 1,032.0 to 1,032.8 m,
there is a broad and irregular contact zone between an
upper poorly sorted medium-grained sandstone and a
lower sequence of fine-grained sandstone and mudstone
that contains abundant calcite nodules (fig. 54). Within
the contact zone as seen in the core, the medium-grained
sandstone occurs in irregular patches that are not ver-
tically continuous with the main body of this rock type at
the top of the section (figs. 4, 54). These structures are
interpreted to be soft-sediment deformation features,
possibly ball-and-pillow structure, produced by sediment
loading on a water-saturated, unstable substrate. As ad-
ditional evidence of sediment loading, a possible flame
structure occurs at the principal contact between the
two units at 1032.4 m.

The mudstones in the fine-grained facies are typically
massive, nonfissile, fine-grained rocks lacking primary
stratification. However, numerous secondary features
and zones of disrupted fabrics are common.

DIAGENETIC FEATURES

Calcite occurs in irregularly shaped nodules as large
as 6 cm and irregular blebs as small as 1 mm. The
nodules consist of microspar in submicroscopic to 100-u
grains. In thin sections, the nodule interiors show a wide
range of organization; some have fine-grained rims and
coarser grained interiors, whereas others have a
translucent clotted fabric. Most nodules contain at least
a few relict detrital grains or small patches of matrix. A
continuum in the replacement of detrital material can be
seen in the thin sections, from areas devoid of calcite to
areas where detrital matrix and framework grains are
partially replaced to areas showing well-formed nodules.
The nodules occur in all lithologies, but the large nodules
tend to be concentrated at specific horizons, particularly
the calcareous interval near the top of the section (figs.
4, 5A).

The color-mottling of the red-bed section is a second-
ary feature that cross-cuts primary stratification. Most
of the rocks of the fine-grained facies are grayish red

(5R4/2, 10R4/2) or pale reddish brown (10R5/4) (God-
dard and others, 1948). Non-red parts of the core are
grayish green (10GY5/2, 5G5/2, 5G6/1) or grayish yellow
green (5GY7/2). The occurrence of colors other than red
is related to depositional and diagenetic features of the
core. Green is found in halos around carbonized plant
material in fine-grained beds (fig. 5F'), in halos around
calcite nodules, in sandstones containing fine-grained
carbonized material (fig. 5C), and in mudstones that oc-
cur just below carbonaceous sandstones or as intraclasts
within those sandstones (figs. 5B, C, D).

Curving, rregular slickensided surfaces pervade the
mudstones and occur at all orientations, including
horizontal (fig. 5G). The thicker mudstone sections of
the core typically are broken and partly disaggregated
due to breakage along the slickensided surfaces. The
absence of a preferred orientation of the slickensides
may have resulted from random particle orientation in
the massive mudstone. These surfaces indicate that con-
siderable mechanical deformation of the mudstone has
occurred. This deformation may have been caused by
lithostatic loading, by volumetric mineralogic changes
during diagenesis, or by tectonic stress.

MINERALOGY AND PETROLOGY

Clay mineralogy. — Two distinct clay-mineral suites oc-
cur in the fine-grained facies (table 1). Samples above
1,035 m contain mostly interlayered illite-smectite,
which was found to consist of 100 percent expandable
layers and is, therefore, true montmorillonite. Only
minor amounts of kaolinite-group minerals or chlorite
and moderate amounts of illite are present. In samples
from 1,039.24 m to 1,066.8 m, the dominant mineral is
discrete illite with lesser amounts of illite-smectite and
minor kaolinite and chlorite. The illite-smectite is of
relatively low expandability (40 to 62 percent). The two
clay-mineral suites correlate with specific rock types in
the core. The upper suite, dominated by mixed-layer
clay, is contained within sandstones, whereas the lower,
illite-dominated suite is contained within mudstones and
siltstones.

Sand mineralogy — light-mineral fraction.—The light-
mineral fraction of sand samples (63-125 u) isolated
from sandstones of the fine-grained facies were studied
by means of refractive index oils in grain mounts (table
2). In all studied samples, feldspar predominated over
quartz; plagioclase was more abundant than potassium
feldspar. Albite and oligoclase, in subequal amounts,
were the only plagioclase minerals recognized.

Sandstone petrology.—Sandstones in the fine-grained
facies are compositionally and texturally immature
rocks characterized by high matrix contents and abun-
dant unstable detrital grains, including polycrystalline
quartz, feldspar, and quartz-feldspar lithic fragments
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TABLE 1.—Mineralogy of the <2-u, clay-sized fraction of 23 samples
Jfrom the red-bed section

[Determined by X-ray diffraction. Samples were sieved and centrifuged after removal of the
carbonate fraction by means of acetic acid. Semiquantitative determinations of the types
and amounts of the minerals present follow the methods of Reynolds and Hower (1970) and
Perry and Hower (1970). Tr, trace.]

Percent

Constituent minerals (percent) expandable
Mixed-layer layers in
Depth of sample Kaolinite illite- 1llite- .
below surface (m) group Illite smectite smectite Lithology

1,032.74 0 50 50 100 sandstone
1,033.03 14 36 50 100 sandstone
1,033.80 0 10 90 100 sandstone
1,034.23 19 73 100 sandstone
1,039.23 18* 76 6 45 mudstone
1,040.03 20* 72 8 40 mudstone
1,04045 ___________ 15* 7 8 49 siltstone
1,042.00 __ 8* 35 57 40 mudstone
1,043.25 __ 14* 46 40 49 mudstone
1,047.02 __ 19* 70 11 62 siltstone
1,050.94 __ 14* 76 10 45 mudstone
1,051.78 __ 16* 71 13 49 mudstone
1,052.03 ____ _— 20* 61 19 50 mudstone
1,062.20 ___________ 13* 60 27 45 mudstone
1,060.7-1,066.8 _____ 14* 43 43 40 mudstone

cuttings
1,094.2-1,104.0 _____ ™ 47 46 45 mudstone and

conglomerate

cuttings
1,122.3-1,131.4 _____ 62 38 Tr __ granitic

rock fragment
1,122.3-1,181.4 _____ 8* 77 15 40 mudstone

cuttings
114584 _____ _____ Tr 24 76 64 conglomerate
1,145.67 __ - 9* 20 71 90 mudstone
1,146.67 __ . 10* 40 50 82 conglomerate
1,146.95 __ - Tr 11 89 93 conglomerate
1,14740 ___________ 10* 37 53 62 conglomerate

* Also contains chlorite,

(table 3). The framework grains are only moderately
rounded. These rocks typically contain at least 10 per-
cent argillaceous matrix, which consists of detrital mica
and chlorite, fine-grained quartz and feldspar, and clay
minerals, all of which are iron stained. Locally the
detrital matrix is partly to completely replaced by sec-
ondary calcite.

Using the classification of Williams and others (1954,
p. 292-293), we classified most of the studied sandstones
as arkosic or feldspathic wackes. Sandstones contain-
ing abundant locally derived siltstone and mudstone
intraclasts are lithic wackes (sample from 1,032.0 m,
table 3).

Coarse-grained Facies

LITHOLOGY AND SEDIMENTARY STRUCTURES

The coarse-grained facies consists of 82 m of very
poorly sorted, argillaceous, coarse-grained to con-
glomeratic sandstones and interbedded mudstones (figs.
6, 7). The sandstones in the cored interval are in 0.5- to
1.0-m-thick beds that alternate with 0.25- to 0.5-m-thick
mudstones (fig. 6). The upper contacts of sandstone beds
typically are sharp and slightly undulating; as much as 1
cm of relief is visible in the core. Basal contacts of sand-
stone beds are also sharp. However, recognizing exact
basal contacts is difficult because the lower part of each
sandstone bed has a high matrix content and resembles
the underlying mudstone bed. Each basal sandstone con-
tact is best delineated by the abundance of large calcite
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TABLE 2.—Mineralogy of the light-mineral fraction of sand-sized
grawns (63-125 u) from sandstones

[Determined by means of refractive index oils and the central-focal-masking technique. 100
grains were counted per sample. Analyses are given as percentages]

Depth of sample Potassium .

below surface (m) Quartz feldspar Albite Oligoclase
1,032.7 _______ 45 15 29 11
1,033.0 _______ 23 4 26 47
1,033.8 ______ 25 4 17 54
1,034.2 _______ 24 6 45 25
1,047.0 ______ 14 2 32 52

nodules in the upper part of the underlying mudstone
(figs. 6, 7D). Sedimentary structures in the sandstone
beds consist of inverse or inverse-to-normal size grading
(fig. 6). Pebbles and granules occur in the center or top
of each bed, whereas sand-sized grains and fine-grained
matrix are distributed throughout each bed (“coarse-tail
grading”). Other forms of stratification and ordered
fabrics are difficult to discern but are probably present.
For example, in figure 74, the top half of the core shows
faint inclined bedding (upper left to lower right), and
there is a tendency toward subhorizontal alinement of
the larger, flat clasts.

Mudstones in the coarse-grained facies are similar to
those in the fine-grained facies and typically are
massive, red- and green-mottled rocks. No primary
sedimentary structures were observed in the mud-
stones; their most obvious features are common calcite
nodules and veinlets (figs. 7C, 7D).

Rocks of the coarse-grained facies are dominantly
grayish red (5R4/2 or 10R4/2). Nonred color mottling is
typically yellowish gray (5Y7/2) or pale greenish yellow
(10Y8/2) and occurs within and around carbonate
nodules and veinlets and plant debris.

MINERALOGY AND PETROLOGY

Clay mineralogy.—The clay-mineral suite found in
samples between depths of 1,094.2 m and the bottom of
the section differs from both clay suites found in the
fine-grained facies (table 1). In the coarse-grained
facies, mixed-layer illite-smectite of moderate expan-
dability (64 to 93 percent) is the dominant mineral. Illite
is common but in relatively smaller percentages than
above; chlorite and a kaolinite-group mineral are pres-
ent in amounts from trace to 10 percent. A kaolinite-
group mineral (62 percent) and illite (38 percent) con-
stitute the clay-sized fraction of a chip of granitic rock
from the interval between 1,122.3 and 1,131.4 m. In that
sample, these two minerals are interpreted to represent
the principal alteration minerals of the feldspars in the
granitic rock.

Sandstone petrology.— Argillaceous conglomeratic
sandstones in the coarse-grained facies are extremely
immature rocks characterized by high matrix content
and large amounts of unstable polycrystalline grains,
particularly quartz-feldspar lithic fragments (table 3;
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FIGURE 5.—Core segments showing sedimentary features of the fine-
grained facies. A, Medium-grained sandstone overlies (upper
highlighted contact) and is interlayered with (at base of ruler)
argillaceous fine-grained sandstone. Lower irregular lens of the
coarser lithology and a possible flame structure at the upper contact
(arrow) may be due to sediment loading. Calcite nodules (dark) occur
in both lithologies. Length of ruler is 15 cm. Upper contact is from a
depth of about 1,032.1 m. B, Fine- to medium-grained sandstone (up-
per third of sample) contains numerous grayish-green (light) and
grayish-red (dark) siltstone clasts. Sandstone overlies (highlighted
contact) the eroded top of red- and green-mottled siltstone contain-
ing numerous 1- to 5-mm calcite nodules. Mottled siltstone grades

Y

downward into dominantly red siltstone that lacks nodules. Scale in
inches; bar equals one cm. Base of sandstone is from depth of
1,085.30 m. C, Medium-grained, cross-laminated sandstone overlies
the eroded top of grayish-green mudstone at lower highlighted con-
tact (11-cm mark). Quartz granules and small mudstone clasts occur
in base of sandstone, and carbonaceous debris is concentrated along
cross laminations. Medium-grained sandstone grades upward into
fine-grained sandstone with planar, horizontal laminations. Horizon-
tal laminations are truncated at top along moderately dipping ero-
sional surface that displays several hemispherical pits (burrows?).
Dipping erosional surface is overlain by mudstone. Base of sample is
from 1,047.7 m depth. Scale in centimeters.
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Figure 5.—Continued.—D, Contact (highlighted) between an upper
color-mottled fine-grained sandstone and a lower color-mottled
mudstone. The mudstone is mottled grayish red (dark) and grayish
green (light). The sandstone is mottled grayish red and light olive
gray and displays several small sets of planar to gently curving cross
laminations. The bases of the sets and the sandstone-mudstone con-
tact are erosional; the latter contact has about one centimeter of
relief. Cross lamination is disrupted by the presence of thin
mudstone clasts at about the 6-cm mark (foreset slumping?). The
cross-laminated sandstone grades upward (above the 8-cm mark)

into wavy laminated (not visible) red siltstone. Scale in centimeters.
Base of sample is from a depth of 1,046.0 m. E, Dominantly red
siltstone displaying faint sets of trough cross laminations. Scale in
centimeters. Sample is from a depth of about 1,046.6 m. F', Grayish-
green halo around carbonized plant fragment in dominantly grayish-
red mudstone. Scale in centimeters. Sample from a depth of 1,050.8
m. G, Slickensided horizontal surface in mudstone from a depth of
about 1,047.9 m (wet for photograph). Green mottles and car-
bonaceous material are also visible. Diameter of core is about 6.7 cm.
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TABLE 3. —Modal analyses (in percent) and petrologic classifications of sandstones from the red-bed section
[250 grains were counted per slide. The sandstone classification is from Williams and others (1954, p. 292-293)]
Lithic fragments
Depth of Quartz- Fine- Other
sample Quartz Feldspar feldspar  grained and
(m) Mono- Poly- Potas- Plagio- plutonic sedimen- unknown
crystalline crystalline  Total sium! clase? Total rock  tary rock Total Matrix  Calcite  minerals Sandstone classification
Fine-grained facies:
0820 ___ 22.4 6.0 28.4 4.8 3.6 8.4 2.0 14.8 16.8 36.4 84 1.6 lithic wacke
11,0353 ____________ 24.0 15.6 39.6 12.0 5.6 17.6 12.4 1.2 13.6 136 . 148 8 arkose or arkosic wacke
1,0460 ____________ 32.4 6.8 39.2 2.4 2.8 5.2 24 . 24 24.0 27.6 1.6 feldspathic wacke
Coarse-grained facies:
B 3.2 4.8 8.0 24 8.0 10.4 .6 _ 65.6 104 5.2 4 arkose
1,467 ____________ 8.0 7.4 15.4 9.2 7.8 17.0 25.6 _ 25.6 39.6 1.2 1.2 arkosic wacke
1,1469 ____________ 2.8 11.2 14.0 12.4 5.6 18.0 34.0 __ 34.0 29.2 4.8 __ arkosic wacke

t Includes perthite.
2 Includes myrmekite.

fig. 7). The conglomeratic sandstones are classified as
arkoses or arkosic wackes (Williams and others, 1954, p.
292-293).

The quartz-feldspar lithic fragments represent
granitic rocks composed of plagioclase, perthite,
myrmekite, quartz, chlorite, epidote, opaque minerals,
and sphene. Feldspar and quartz also compose most of
the single-crystal sand-sized grains in the unit and
display the same microstructures and types of alteration
both as single grains and in granitic clasts (Gohn, 1983).
Less common types of lithic fragments include altered
basaltic rocks, mylonite, and microbreccia.

Sediment provenance. — Gohn (1983) discusses in detail
the mineralogy and petrology of the rock fragments in
the conglomeratic sandstones and concludes that the
sediment source area consisted primarily of granitic
plutonic rocks. Because the granitic clasts are contained
within beds interpreted to have been deposited close to
their source area (see following section on depositional
environments), at least part of the pre-Mesozoic base-
ment in the greater Charleston area must consist of
these granitic rocks (Gohn, 1983). In addition, the
microbreccia and mylonite clasts indicate that two styles
(and times?) of deformation have affected the local base-
ment. The basalt clasts indicate that a period of basaltic
magmatism older than the one represented by the basalt
above the red-bed section in CC#3 occurred in the area.

Nonopaque, heavy-mineral suites present in both the
fine-grained and the coarse-grained units (table 4) are
characterized by low diversity of mineral species and a
dominance of epidote. Heavy-mineral fractions
separated from samples at the top of the section
(samples at 1,034.3 m and above) and at the bottom of
the section (samples at 1,145.7 m and below) consist of
more than 85 percent epidote. Zircon, tourmaline,
apatite, biotite(?), chlorite, and garnet are the only other
minerals present in significant amounts. The samples at
1,042 m and 1,047 m contain more diverse suites but are
dominated by zircon (1,042 m) or phyllosilicates (1,047
m). Samples consisting of rotary cuttings between
depths of 1,061 and 1,131 m contain more diverse suites
than do the cored samples, although epidote and biotite

(or stained chlorite) remain the most common minerals.
Because the cuttings unavoidably contain cavings from
higher stratigraphic levels, the relatively high
mineralogic diversity of these samples was attributed to
contamination. Epidote, zircon, tourmaline, white mica,
and iron-stained chlorite were also seen as detrital
grains in thin sections, as was detrital sphene. Chlorite
flakes as large as 1.0 mm and white mica flakes as large
as 0.2 mm were observed.

The low diversity of the heavy-mineral suites in the
core samples is interpreted to indicate that the sedi-
ments were derived from a limited variety of source-
rock types. In addition, the lack of dilution of this limited
suite by other minerals from other sources suggests that
the source rocks were close to the site of deposition. The
abundance of epidote suggests that selective diagenetic
removal of mineral species by intrastratal solution is not
the cause of the low diversity.

In general, the composition of the heavy-mineral suite
supports the interpretation made from the rock-frag-
ment data that the source area was dominantly granitic.
Epidote is a common to abundant secondary mineral
within all types of rock fragments in the deposit, in-
cluding the granitic clasts (Gohn, 1983), and its abun-
dance as individual detrital grains in the heavy-mineral
suite, therefore, is to be expected. The remainder of the
observed heavy minerals that are common in the
samples (zircon, tourmaline, apatite, mica, sphene) are
all typical accessories in granitoid rocks. Chlorite was
observed to be common in the detrital granodiorite,
microbreccia, and basalt clasts in the deposit (Gohn,
1983).

DEPOSITIONAL ENVIRONMENTS

The depositional history and environments repre-
sented by the red-bed section are interpreted herein
through comparison with sediments found in exposed
early Mesozoic basins of the Eastern United States and
through comparison with modern deposits in Israel and
the Southwestern United States. The basis for com-
parison with the Mesozoic rocks is the general lithologic
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TABLE 4.—Percentages of heavy minerals in red-bed samples (very fine sand fraction)
[The heavy minerals were studied in refractive index oils; 200-500 grains were counted per slide. Tr, noted but not counted or less than 1 percent. *, cuttings]

Depth of sample 1061- 1094- 1122-
below surface (m) 1032.8 1033.0 1034.0 1034.3 1042.0 1047.0 1067* 1104* 1131* 1145.7 1146.7 1147.0
Zircon ____________ 5 Tr 1 Tr 78 Tr 4 2 6 7 5 4
Tourmaline ________ 5 0 Tr Tr 1 Tr 14 5 3 Tr 0 Tr
Rutile . Tr 0 0 0 1 0 0 0 Tr Tr 0 0
Apatite ___________ 1 1 3 Tr 4 2 19 10 7 0 0 0
luscovite _________ Tr 0 0 2 Tr 36 7 5 5 Tr 0 0
Biotite ____________ 1 0 0 0 Tr 47 28 38 53 1 2 2
Epidote ___________ 86 98 95 97 5 11 14 31 16 90 92 94
Chlorite ___________ Tr 1 Tr Tr 1 3 0 2 5 Tr 0 0
Garnet 1 0 0 0 10 0 10 4 5 0 0 0
Sillimanite _________ 0 0 0 0 0 Tr 1 0 0 0 0 0
Amphibole _________ 0 0 0 0 0 0 2 3 0 Tr Tr 0
Pyroxene __________ 0 0 0 0 0 0 0 Tr Tr 0 0 0
DEPTH, LITHOLOGY BED TEXTURE STRUCTURES
IN METERS CONTACTS 123456 78 tee awa
1144 A T I Y B |
CUTTINGS -
?
1146 —<0% "
-
_lcem
1147 —¢' A
1148 EXPLANATION
CONTACTS TEXTURE STRUCTURE
Flat, sharp 1 Clay <4u s+ Normal grading
B R awn and S . IRepauenG
B i an m— e
1149 3 VF <1251 Calcite nodules
LITHOLOGY A F <250 1 Abundant or well
developed
; 5 M <5001
Argillaceous, 6 C £5 mm Common or obvious
conglomeratic s |
1150 — sandstone VC <2mm parse or poorly

1162

ey S e Mudstone
[ oo |

8 Granule <4 mm
9 Pebble <64 mm

developed

FIGURE 6.—Graphic log for the coarse-grained facies of the red-bed section showing rock types, contact relationships, textures (determined from
core with hand lens), and sedimentary structures.

similarity and probable correlation of the Clubhouse
Crossroads red-bed section with the exposed Triassic
and Jurassic red beds. However, inherent limitations ex-
ist in studying a discontinuously cored section and com-
paring it with exposed sections. These limitations in-
clude the lack of information on the large-scale

geometries of beds and the limited information on the
vertical sequence of units and structures in the cores.
The exposed Triassic-Jurassic red beds and associated
igneous rocks, and their tectonic setting, have been ex-
tensively researched. The general conclusion of most
authors is that exposed Triassic-Jurassic sedimentary
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FIGURE 7.-Sedimentary features of the coarse-grained facies.
A, Typical conglomeratic sandstone showing dominance of granitic
(light-colored) debris in the sand- and granule-sized fraction. Large
(dark) rock fragments are basalt. Note the poor sorting, local varia-
tions in matrix content, and possible inclined stratification (in upper
third of sample). Sample from a depth of 1,144.7 m. Scale = 15 cm.
B, Rock fragments in conglomeratic bed. Largest clast is granite.
Dark fine-grained clast at upper right is basalt. Smaller light-colored
clast near center is epidote-rich cataclastic rock. Note the poor sort-

ing and lack of an ordered fabric. Core segment illustrates local in-
verse size grading of clasts. Sample from a depth of 1,144.6 m. Scale
in cm. C, Red mudstone containing green-rimmed calcite nodules and
veinlets. Sample from a depth of 1,145.5 m. Scale in ecm. D, Slabbed
section showing contact (highlighted) between sandstone bed and
underlying mudstone containing large calcite nodules. Smaller white
grains are granitic material in sandstone and calcite in mudstone.
Sample from a depth of 1,146.8 m. Inverted scale in cm.
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FIGURE 7.-Continued.
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rocks represent deposition in a variety of continental en-
vironments within closed rift basins (grabens). Inter-
preted environments typically include alluvial fans,
braided and meandering streams and associated flood-
plains, and permanent and intermittent lakes (for exam-
ple, Van Houten, 1969, 1980; Hubert and others, 1978;
Manspeizer, 1980).

Fine-grained Facies

Generally, active sedimentary processes during
deposition of the fine-grained facies were relatively low
energy. This characteristic is suggested by the fine
grain size of the facies as a whole, the moderate sorting
of the sandstones, and the small amplitude of the cross
stratification. However, several of the sandstones
shown in figure 5 contain mudstone intraclasts, which il-
lustrates that energy levels were occasionally high
enough to erode partially consolidated, stable sub-
strates. Rapid deposition on unstable, water-saturated
substrates also occurred, as suggested by the deformed
and intermixed lithologies shown in figure 54. The
flaser bedding (fig. 4) indicates that occasionally trac-
tion movement of sand alternated with settling of fine
sediments from slack water. The absence of body fossils
and the rare oceurrence of possible biogenic structures
(fig. 5C) suggest deposition in an environment lacking
an abundant fauna.

The lithologies, sedimentary structures, and inferred
depositional processes of the fine-grained facies in CC#3
are generally similar to those documented in sections of
grayish-red mudstones and associated thin sandstones
and siltstones in exposed sequences of Triassic-Jurassic
rocks. These exposed rocks are generally interpreted to
represent vertically accreting floodplain (overbank)
deposits associated with fluvial systems or the distal
ends of alluvial fans (Hubert and others, 1978, p. 104,
figs. 18, 35; Manspeizer, 1980, p. 331, 334, 343).

However, some sedimentary features considered to be
diagnostie of typical fluvial floodplain deposits (Reineck
and Singh, 1975, p. 244-253) are absent in the fine-
grained facies of the Clubhouse Crossroads section.
Specifically, climbing-ripple lamination in sandstones
and horizontal lamination in mudstones were not found.
In addition, channel-sand deposits, a necessary element
in fluvial systems, are not represented in the Clubhouse
Crossroads core unless the rocks between 1,035.5 m and
the top of the red-bed section (fig. 4) represent one or
more truncated, relatively fine-grained, channel-bar
deposits. Plant root casts, mud cracks, and raindrop im-
pressions also were not observed in the mudstones. The
absence of these features may indicate that the fine-
grained facies was deposited in an environment
somewhat different from the generally recognized
fluvial floodplain environment associated with perennial
streams.

STUDIES RELATED TO THE CHARLESTON, SOUTH CAROLINA, EARTHQUAKE OF 1886

Because of the massive character of the dominant
mudstone and the paucity of structures and vertical
sedimentary sequences typical of fluvial channel
deposits, the fine-grained facies bears a close
resemblance to sedimentary sequences in the semi-arid
southern Basin and Range province, which have been
deposited on the floors of dry closed basins (B. Houser,
unpub. data, 1981). A dry-basin floor is defined
topographically as the relatively flat, generally elongate
axial part of a sediment-filled closed basin, flanked by
alluvial fans or pediments and exclusive of the parts of
the basin occupied by lakes or playas. A key element of
the dry-basin floor environment is the high ratio of the
volume of transported sediment to the volume of water
available to transport this material. Gerson (1977) has
described sediment transport by ephemeral streams in
an analogous environment near the Dead Sea in Israel.

Dry-basin floors are environments that contain fine-
grained alluvium derived from the distal parts of adja-
cent alluvial fans and also reworked from the basin floor
itself. The sediment is transported episodically by
overloaded streams during floods, chiefly in the form of
slurries and less commonly as mudflows. Coarse-grained
sediment (sand and gravel) is deposited in shallow chan-
nels on distal fan surfaces during waning flow or on the
largely unchanneled surface of the basin floor in
response either to waning flow or to the abrupt decrease
in topographic gradient at the alluvial fan-basin floor
boundary. After deposition of the coarser grained
material, high concentrations of suspended fine-grained
sediments remain in the transporting fluid. These
sediments ultimately are deposited in beds with
characteristics that are either typical of mudflow
deposits or intermediate between those of mudflow
deposits and water-lain sediments (Bull, 1963; Gerson,
1977).

Hence, the characteristic features of the sedimentary
sequences of dry-basin floors are interpreted to result
from deposition from slurries and differ from the more
commonly noted sedimentary features of floodplains of
perennial streams where water budgets are larger and
sediment concentrations in channels and floodwaters
are relatively lower. In particular, bimodal sorting into
massive mudstone beds (lacking horizontal lamination)
and thinner lenses of sand or gravel is diagnostic of dry-
basin-floor sediments.

The similarity of the sedimentary features seen in the
fine-grained facies of the core to those outlined above
for deposits of dry-basin floors suggests that this may
have been the depositional environment of the fine-
grained facies. In addition, the calcite nodules (fig. 5) in
the core resemble features in upper Paleozoic and
Mesozoic continental rocks that are typically interpreted
to represent pedogenic carbonate deposits (caliche) (Van
Houten, 1973; Marine and Siple, 1974; Steel, 1974;
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Jensen, 1975; Hubert, 1977). Paleosol horizons marked
by caliche zones are also common in dry-basin floors of
the semi-arid Southwestern United States and are taken
as evidence of significantly long periods of subaerial ex-
posure between depositional events, during which time
little erosion occurred. Caliche in the Clubhouse
Crossroads red beds is incipiently developed (mostly
type 1 of Steel, 1974; stage 1 of Hubert, 1977) and con-
sists only of scattered nodules and calcite cement in
sandstones. Laterally continuous nodular limestone
layers and laminar, brecciated, or pisolitic limestone are
absent.

Also compatible with the interpretation of a continen-
tal (fluvial-alluvial) environment is the dominantly red
color of the fine-grained and coarse-grained facies,
which suggests oxidation of these rocks in a subaerial
setting except where local reducing conditions (produc-
ing colors other than red) were maintained by the
presence of plant material (fig. 5C, F) or were produced
by the calcification process.

Coarse-grained Facies

Beds of the coarse-grained facies represent deposition
by debris flow (sediment-gravity flow) rather than by
water-gravity flow. As discussed by Middleton and
Hampton (1973), debris flows are cohesive, high-density
mixtures of water, mud, and coarser grained sediment
that possess a finite yield strength and buoyancy and
that move sluggishly downslope under the influence of
gravity. Characteristics of the conglomeratic sand-
stones of the coarse-grained facies that suggest debris
flow include inverse and inverse-to-normal size grading
of clasts within beds, matrix-supported textures, limited
alinement of large and perhaps small clasts in a fine-
grained matrix (indicating shearing of a cohesive
sediment-water mixture), and very poor sorting (figs. 6,
7). Although mudstones in the coarse-grained facies
show few primary features, they may represent mud
flows that moved in a manner similar to the debris flows
and hence may be genetically related to the mudstones
of the fine-grained facies.

The identification of debris-flow deposits in a sequence

of continental rocks is evidence for the interpretation of

an alluvial-fan environment. Rust (1979) concluded, in a
summary discussion of alluvial fans (p. 12), “that with
few exceptions debris flow deposits characterize alluvial
fans and can be used (together with other criteria) to
recognize ancient fan deposits * * *” although other
depositional processes do occur on fans. As examples,
exposed sequences of Triassic and Jurassic con-
glomerates and associated rocks displaying many of the
same structures and textures as the coarse-grained
facies of the Clubhouse Crossroads section have been in-
terpreted as alluvial fan deposits (Randazzo and others,

D15

1970; Cloos and Pettijohn, 1973; Lindholm and others,
1979; Hubert and others, 1978). Additionally, in modern
continental settings, the natural conditions observed to
promote debris flow are typical of alluvial fans, par-
ticularly those in semi-arid climates (Bull, 1972). Our in-
terpretation is, therefore, that the coarse-grained facies
of the Clubhouse Crossroads red beds represents deposi-
tion on an ancient alluvial fan and probably, on the basis
of the lack of boulders and the proportion of fine-grained
beds in the deposit, on the medial to distal part of the
fan.

Tectonic Implications

Several corollaries follow from the interpretation of
alluvial-fan and related sedimentary environments for
the Clubhouse Crossroads red-bed section. Firstly,
debris flow (and mud flows) do not transport sediment
for long distances. An extremely long transport
distance of over 20 km for a 1941 Wrightwood, Calif.,
flow reported by Sharp and Nobles (1953) can probably
be considered an upper limit for movement by a single
debris flow. Accordingly, as discussed above, detrital
lithic fragments and other sediments in the con-
glomeratic sandstones can be considered representative
of at least some of the pre-Mesozoic rocks underlying
the Charleston-Summerville area.

Secondly, late Cenozoic alluvial fans in the Western
United States (for example, Hooke, 1967, figs. 2, 3; Bull,
1972, p. 77-81), inferred lower Mesozoic alluvial-fan
deposits in the Eastern United States (for example,
Hubert and others, 1978, p. 9; Lindholm and others,
1979; Ratcliffe, 1980, p. 288-292; Manspeizer, 1980),
and other examples of alluvial-fan deposits (for example,
Rust, 1979) are spatially associated with faulted basin
margins. In these cases, near-surface faulting produced
the topographic relief necessary for accumulation of the
alluvial-fan deposits. Therefore, by analogy, the coarse-
grained facies of the Clubhouse Crossroads red beds
probably records deposition in an area of formerly great
topographic relief, which was perhaps produced by
faulting. This tentative conclusion, based on sediment-
facies analysis, is consistent with interpretations, from
seismic surveys, that locally thick (up to 1 km) or thin
sequences of red beds occur in a faulted horst-and-
graben terrane below Jurassic basalt and (or)
Cretaceous sediments in the Charleston-Summerville
area (Talwani, 1977, Ackermann, 1983; Hamilton and
others, 1983; Schilt and others, 1983).
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STUDIES RELATED TO THE CHARLESTON, SOUTH CAROLINA, EARTHQUAKE OF 1886 —
TECTONICS AND SEISMICITY

GEOLOGY OF THE BASEMENT ROCKS NEAR CHARLESTON,
SOUTH CAROLINA —DATA FROM DETRITAL ROCK FRAGMENTS IN
LOWER MESOZOIC(?) ROCKS IN CLUBHOUSE CROSSROADS TEST HOLE #3

By GREGORY S. GOHN

ABSTRACT

Detrital rock fragments in conglomeratic lower Mesozoic(?) sedimen-
tary rocks in Clubhouse Crossroads drill hole #3 are the only material
available for direct geologic study of the pre-Mesozoic crystalline base-
ment in the Charleston, 8. C., area. No drill holes in the area have
penetrated the pre-Mesozoic section. Many lines of evidence from the
core (textures, mineralogy, sedimentary structures) and from local
geophysical surveys (basement-surface configuration) suggest that the
source area for these compositionally immature, poorly sorted con-
glomeratic sediments was proximal to their site of deposition.

Four types of basement rocks occur as detrital clasts; in decreasing
order of abundance, these types are granodiorite and similar plutonic
rocks, microbreccia, basalt, and mylodite. Plutonic igneous-rock
fragments grouped as granodiorite have apparent compositions rang-
ing from tonalite or granodiorite to granite. Alteration of the
granodiorite has occurred, and the present mineralogy is typically
saussuritized plagioclase, perthite, quartz, chlorite, opaque minerals,
epidote, and sphene. Microbreccia clasts have a protolith that closely
resembles the granodiorite clasts, but the microbreccia shows con-
siderable comminution of grains, fracturing, and secondary epidote,
chlorite, quartz, and zeolite(?) mineralization in veinlets. Basalt clasts
in the deposit have also been mineralogically altered to saussuritized
plagioclase, chlorite, epidote, and other secondary minerals, but they
do not show obvious effects of penetrative deformation. Mylonite
clasts have a mineralogy similar to that of the granodiorite clasts, but
the mylonite clasts have been strongly deformed, and their texture is
dominated by fluxion structure and porphyroclasts.

Inferences about the geologic history represented by these detrital
rock fragments can be made from the petrologic data. However, the
lack of data on the larger geometries of the rock units involved and on
their relative and absolute ages limits these interpretations. At least
one episode of granodiorite intrusion into an unknown sequence of host
rocks has been documented, as has an episode of basaltic volcanism or
shallow plutonism. The basalt cannot be temporally related to the
younger lower Mesozoic basalt encountered higher in the drill hole.
The mylonite and microbreccia may represent relatively ductile and
relatively brittle deformation, respectively, within a single fault zone,
or they may represent contrasting styles of deformation in different
fault zones of different age. Deformation textures are restricted to the
interiors of the detrital mylonite and microbreccia clasts and do not ex-
tend into the enclosing sedimentary matrix. Therefore, on the basis of
the probable age of the sedimentary section, the minimum age of the
faulting is established as early Mesozoic. The mylonite and micro-
breccia are direct evidence of ancient faulting in basement rocks of the
Charleston area.

INTRODUCTION

In recent years, studies of the historic and modern
seismicity in the Charleston, S. C., area have included
efforts to understand the geology of the pre-Cretaceous
rocks below the South Carolina Coastal Plain and the
tectonic history these rocks encode. Important results of
these efforts include the recognition of widespread sub-
surface lower Mesozoic volcanic rocks and lower
Mesozoic(?) sedimentary rocks in the Charleston area
and the recognition of their stratigraphic equivalence to
similar rocks throughout the subsurface of the South-
eastern United States and adjacent offshore areas (for
example, Gohn and others, 1978). To date, studies of the
older, pre-Mesozoic crystalline basement in the
Charleston area have been restricted to geophysical in-
vestigations including gravity and aeromagnetic studies
(Long and Champion, 1977; Phillips, 1977; Popenoe and
Zietz, 1977; Daniels and others, 1983), seismic-
refraction surveys (Ackermann, 1977, 1983; Talwani,
1977), electrical resistivity surveys (Campbell, 1977),
and seismic-reflection surveys (Hamilton and others,
1983; Schilt and others, 1983). Geologic investigations of
pre-Mesozoic rocks in the Charleston area were pre-
cluded by the absence of boreholes deep enough to
penetrate that section. In other parts of the Southeast,
however, geologic data from deep boreholes have been
used, in conjunction with regional potential field data, to
produce maps of the basement rocks (Popenoe and
Zietz, 1977; Chowns and Williams, 1983; Daniels and
others, 1983).

The deepest borehole in the Charleston area is
Clubhouse Crossroads #3 (CC#3) in southwestern Dor-
chester County, about 40 km west-northwest of
Charleston (fig. 1). A generalized geologic column for
CC#3 is given in figure 1, and discussions of the pre-
Cretaceous rocks in this section are included in papers
by Gottfried and others (1983) and Gohn and others
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(1978, 1983). In this stratigraphic test hole, below 775 m
of Cretaceous and Cenozoic Coastal Plain sediments,
256 m of subaerial basalt flows overlie a minimum of 121
m of sedimentary red beds. On the basis of radiometric
ages for the basalt and regional lithostratigraphic rela-
tionships of the basalt and red beds, Gohn and others
(1978, 1983) assigned a Late Triassic to Early Jurassic
age to the combined basalt and red-bed section. Due to
mechanical failures, CC#3 did not penetrate the
crystalline basement thought to underlie the red-bed se-
quence. Ackermann (1983) suggests, on the basis of
seismic-refraction data, that CC#3 may have stopped
only a few tens of meters above that basement.

However, a 3.1-m core recovered from the bottom
(1,144-1,147 m) of CC#3 does contribute to our under-
standing of the basement geology in the Charleston
area. Below a depth of about 1,070 m in the hole, the
red-bed section consists of interbedded conglomeratic
sandstones and mudstones, most of which are repre-
sented only by rotary cuttings. The bottom core,
however, consists predominantly of conglomeratic sand-
stone that contains detrital fragments, as large as 4 cm,
of crystalline rocks. Numerous lines of evidence suggest
that these rock fragments were derived from areas
proximal to their site of deposition and that they repre-
sent, therefore, the only material available for direct
geologic investigation of the crystalline basement near
Charleston. For this report, the 2.0- to 40-mm-sized
polymineralic fragments were studied petrographically
to determine the types of rock present and to provide
data from which inferences about the geology of the
crystalline basement could be made. Comparisons of the
petrologic data with the geophysical interpretations of
the basement are also presented.
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RED-BED SECTION

Lithofacies

The general geology of the red-bed section in CC#3 is
discussed by Gohn and others (1983), and a generalized
description of the red-bed lithofacies is given in figure 2.
From the base of the overlying basalt, at a depth of
1,030.8 m, to a depth of 1,070 m, the section consists of
red and green mudstones, siltstones, and fine-grained
sandstones. Due to the fine grain size, these rocks do
not lend themselves as readily to studies of sediment
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provenance and basement geology as do underlying
coarser-grained deposits. Beginning with the rotary cut-
tings from the interval between 1,067 and 1,076 m, drill-
ing chips of conglomeratic sandstone and chips con-
sisting entirely of individual crystalline-rock fragments
appear. The depth of 1,070 m has been selected ar-
bitrarily as the top of this conglomeratic unit. This
lithology was penetrated to a depth of 1,144 m where a
3.1-m core was recovered.

The conglomeratic beds in the bottom core are divided
into seven depositional units (fig. 3). Four inverse-
graded or inverse-to-normal-graded beds occur in the
core. Starting at the base, each of these beds consists of
a matrix-supported conglomeratic mudstone that grades
upward into framework-grain-supported argillaceous
conglomerate or argillaceous conglomeratic sandstone.
Thin mudstone layers intervene between the graded
conglomeratic beds. Color-mottling, carbonate nodules,
clay mineralogy, and other sedimentary aspects of this
core are discussed by Gohn and others (1983). The loca-
tions in the core of thin sections examined during the
present study are shown by arrows on figure 3.

Evidence for Local Sediment Source

The detrital rock fragments in the conglomerates
from the bottom core are relevant to the basement
geology of the Charleston area only if their source area
was proximal to their site of deposition at Clubhouse
Crossroads. Several lines of evidence suggest that such
proximity was the case.

DATA FROM CORE

Compositional immaturity. — The conglomeratic beds
in the bottom core are poorly sorted deposits containing
abundant mineralogically and texturally unstable
detrital rock fragments. Although the maturity of a
sedimentary deposit may depend on several factors, in-
cluding intensity of source-rock weathering before
transportation and diagenetic alteration after deposi-
tion, the interpretation is made here that the time and
distance of sediment transport was insufficient to pro-
duce appreciable breakdown of polycrystalline grains in-
to texturally stable grains or appreciable chemical
alteration of unstable minerals to secondary products.
Similarly, the abundance of unstable grains indicates
that the pretransportation and postdepositional proc-
esses also contributed little to the maturation of the
deposit.

The relative maturity of a sediment or sedimentary
rock may be represented by a ratio of the stable grains
(monocrystalline quartz, chert, orthoquartzite lithic
fragments) to the unstable grains (feldspar, poly-
crystalline quartz, other lithic fragments) in the deposit.
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samples from which sets of thin sections were cut.
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Such a ratio is typically used as a maturity index in sand-
stone classifications (for example, Pettijohn, 1957, p.
286-293). The greater the percentage of stable grains,
the more compositionally mature the sediment has
become. In table 1, modal analyses for three representa-
tive conglomeratic beds from the core show that the
maturity ratio [monocrystalline quartz/(feldspar + poly-
crystalline quartz + lithic fragments)] is very low
(0.4-0.16), and therefore these rocks are considered to
be very immature.

Angularity of grains.—As shown in figure 4, the
detrital sand-sized and larger grains in the con-
glomeratic beds are poorly rounded. The framework
grains were visually determined to vary in roundness
from subrounded to angular on Pettijohn’s scale (Petti-
john, 1957, p. 59) and from subangular to very angular
on Powers'’s scale (Powers, 1953); subangular (Pettijohn)
or angular (Powers) is the modal class. The relative
angularity of the grains, like the other sedimentary
parameters, suggests short transport distances.

Sedimentary structures.—Inverse grading and
matrix-supported fabrics like those observed in the core
(figs. 3, 4, 5) indicate that, during active deposition, the
mass of moving sediment and associated fluid possessed
sufficient matrix strength and buoyancy to support the
larger grains within or on top of the mass. Poorly
developed alinement of larger grains within the matrix,
visible in some of the conglomeratic beds, also indicates
that the depositional mass was sufficiently rigid to be
sheared during flow, thereby producing the alinement.
The depositional mechanism in which a matrix of in-
terstitial fluid and fine-grained sediment possesses a
finite yield strength and internally supports the larger
grains is called debris flow (Middleton and Hampton,
1973, p. 2).

Debris flow is a viable mechanism for subaerial deposi-
tion of coarse-grained sediments (Sharp and Nobles,
1953; Bull, 1972). The factors necessary to produce
subaerial debris flows limit the distances to which sedi-
ment may be transported. Bull (1972, p. 69) lists the fac-
tors that promote debris flows on subaerial alluvial fans:
abundant water supplied over short periods of time at ir-
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regular intervals; steep, sparsely vegetated slopes; and
a source of material to provide the mud matrix. The
distance any debris flow can move is limited, therefore,
by the time period of abundant water supply and by any
area of very low or reversed slope. A possible transport
distance of 20 km for the 1941 Wrightwood, Calif., flow
is one of the longest reported examples of subaerial
debris flow movement (Sharp and Nobles, 1953). The in-
terpretation of debris flow as a depositional mechanism
for the conglomeratic beds in the red-bed section is con-
sistent with the interpretation of alluvial fans and other
subaerial environments as the sites of deposition of this
sedimentary section (Gohn and others, 1983).

DATA FROM GEOPHYSICAL SURVEYS

Ackermann (1983) presents contour maps based on
seismic-refraction surveys that show the configuration
of several subsurface horizons in the Charleston area in-
cluding the pre-Mesozoic(?) basement surface. Con-
spicuous features on this basement-surface map include
a northeast-trending basement ridge (which underlies
the Clubhouse Crossroads test holes) separated from a
deep basin to the northwest by a steep gradient and
from a second basin to the southeast by a less steep gra-
dient. On the basis of several types of seismic evidence
and the geologic columns for the Clubhouse Crossroads
test holes, Ackermann interprets the two basins to be
filled with as much as a kilometer of lower Mesozoic
sedimentary rocks (see also Talwani, 1977, fig. 5;
Talwani and others, 1979, fig. 14). A thinner section of
these sedimentary rocks exists on the basement high, as
demonstrated by the red-bed section in CC#3.

The large relief on the basement surface, the inter-
pretation of a fault origin for the steep northwestern
slope of the basement high (Ackermann, 1983; Hamilton
and others, 1983), and the age, thickness, and composi-
tional immaturity of the associated sedimentary rocks
suggest rapid early Mesozoic filling of a graben bounded
by active faults. The basement ridge existed as a
topographic and structural high (horst) within a larger
graben and shed sediment into the adjacent basins. In
this setting, sediments in the thin Clubhouse Crossroads

TABLE 1.—Modal analyses (percent) of representative conglomeratic rocks
[500 points counted per thin section}

Quartz Feldspar Suartz-

Depth of sampi Mono- Polyerys- Potas- _ Plagio- lithic Oth Classification*

below surface (r:) cryst:lline s 1%3 Total sg‘ms‘ cﬁagslg Total fra!gmlecnts Matrix  Calcite mine:;ls Williams and others? Pettijohn*
1,144.7 3.2 4.8 8.0 2.4 8.0 104 656 104 5.2 0.4 arkose or arkose

arkosic wacke.
1,146.6 8.0 7.4 15.4 9.2 7.8 17.0 25.6 39.6 1.2 1.2 arkosic wacke feldspathic
acke.

1,146.9 2.8 11.2 14.0 124 5.6 18.0 34.0 29.2 4.8 0 do. grﬁ%w

! Includes perthite.

2 Quartz-feldspar lithic fragments grouped with feldspars.

* Williams ang others (1954).
* Pettijohn (1957).
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FIGURE 4.-Photomicrographs showing textures of conglomeratic
beds. A, B—plane light; C—crossed nicols. A, Conglomeratic sand-
stone from a depth of 1,146.9 m. Sample consists primarily of quartz-
feldspar lithic fragments. Note the framework-grain-supported
fabric and moderate rounding of grains. Veinlike feature at bottom is
epoxy. B, Conglomeratic sandstone from a depth of 1,146.6 m. Note
possible framework-grain-supported fabric, poor sorting, and
moderate to poor rounding of grains. Large, subhedral plagioclase
grain at left. C, Conglomeratic mudstone from a depth of 1,146.7 m.
Note matrix-supported fabric, poor sorting, and moderate rounding
of framework grains.

red-bed section, located near the top of the basement
ridge, were derived from the older rocks that composed
the highest parts of the ridge. Older crystalline rocks in
areas adjacent to the ridge would already have been
buried by Mesozoic sediments at the time of deposition
at Clubhouse Crossroads.

PETROLOGY OF DETRITAL ROCK FRAGMENTS

Study of the basement-rock clasts in the core was con-
centrated on, but not restricted to, large polymineralic
fragments, generally those grains larger than 2 mm.
Smaller rock fragments, monomineralic polycrystalline
grains, and single-crystal grains, as a group, show
minerals, microstructures, and textures similar to those
observed in the larger fragments. However, textural
relationships within clasts are better displayed in the
larger grains, particularly for the coarser-grained rocks.
The larger clasts also better display the genetic associa-
tions of minerals in the various rock types and, there-
fore, provide better data for petrologic classification.

The conglomeratic sedimentary rocks in the bottom
core were studied by standard petrologic techniques in-
cluding study of thin sections and rock slabs with
binocular and petrographic microscopes. Some slabs and
thin sections were stained with sodium cobaltinitrite to
aid in the identification and differentiation of
plagioclase and potassium feldspars. X-ray diffraction
studies aided in the identification of alteration products
of the feldspars and mafic minerals. In thin sections,
modal analyses of individual rock fragments were made
by determining the areal proportions of the minerals
present along orthogonal lines in a 0.5-mm grid (line
counting). This method, rather than point counting, was
used because of the small size of the clasts and the
polymodal size of grains within clasts.

Nomenclature used for the textural and optical
features of quartz grains follows that of Young (1976)
and Bell and Etheridge (1973). The petrologic classifica-
tions used for igneous-rock fragments are those of the
International Union of Geological Sciences Subcommis-
sion (IUGS, 1973; Streckeisen, 1979). Textural
nomenclature is taken primarily from Travis (1955). The
classification of cataclastic and mylonitic rocks by Hig-
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METRIC

FIGURE 5.—Cores of conglomeratic beds. A, Section of core from a
depth of 1,146.6 m showing large rock fragments and sand- and
granule-sized quartz and feldspar grains in a fine-grained red matrix.
Labeled clasts are basalt (b), granite (g), and epidotized microbreccia
(m). Scale in centimeters. B, Section of core from a depth of 1,144.7
m consisting of detrital coarse-sand-sized quartz and feldspar grains
and granodioritic lithic fragments in a fine-grained matrix. Several
large (dark) basalt clasts are present. Scale in centimeters.

gins (1971) is used to describe fragments of highly
deformed rocks.

Four groups of detrital rock fragments are recognized
in the CC#3 conglomeratic rocks: granodiorite,
mylonite, microbreccia, and basalt. These groups or
their disaggregated constituent minerals compose over
99 percent of the silt-sized and larger detrital grains.
Virtually no detrital grains were recognized that could
not be related to one of these groups with confidence.

As shown in figure 5, light-colored, coarse-grained
crystalline rock fragments, here classified collectively as
granodiorite, are the dominant clast type. Individual
quartz and feldspar grains interpreted to have been
derived from the granodiorite constitute a large part of
the sand-sized fraction. Two varieties of strongly
deformed rocks, mylonite (sparse) and microbreccia
(common), are recognized as small black clasts and light-
green epidote-rich clasts, respectively (fig. 54). Basalt

clasts are also common in the core and appear as dark,
earthy-red clasts that contrast with the leucocratic
granodioritic debris (fig. 5B).

Granodiorite

The fragments of plutonic rocks described herein as
granodiorite represent a compositional range of in-
termediate to silicic igneous rocks. On the basis of
mineral modes, these range in apparent composition
from tonalite to granite; granodiorite is the most com-
mon rock type. All these plutonic-rock fragments have
been assigned to a single category because of the
similarities in their primary and secondary mineralogy,
texture, and inferred origin.
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FIGURE 6.— Photomicrographs of plagioclase and myrmekite in grano-
dioritic clasts. Crossed nicols. A, Interior of a large granite clast
from a depth of 1,144.6 m. Twinned, moderately to heavily
saussuritized plagioclase crystals occur in perthite (dark). Clear, un-
twinned albitic(?) rims are visible on most plagioclase grains. B, In-
terior of a large granodiorite clast from a depth of 1,144.7 m. Large
groundmass plagioclase crystal is bent, broken, and healed by quartz
and epidote. Twinning is partially destroyed by saussuritization. C,
Interior of same clast as in A. Myrmekite (grains having vermicular
texture) projects from groundmass plagioclase grains into perthite
grain at right.

MINERALOGY

Plagioclase. — Plagioclase is the largest and most abun-
dant mineral in the granodioritic clasts. Blocky,
euhedral or subhedral plagioclase grains are typically
500 to 6,000 u in largest dimension and typically
polysynthetically twinned (fig. 6). Albite twinning is the
most common, along with rare Carlsbad-albite twins and
rare combinations of albite twins with either acline or
pericline twins. On the basis of maximum albite-twin ex-
tinction angles, the typical plagioclase in these clasts is
probably oligoclase or sodic andesine. The maximum
recorded extinction angles indicate An values of An9 or
An3l; the average extinction angle (20 grains) of 9.5°
indicates An values of An13 or An28. Refractive-index
studies of individual detrital plagioclase grains in the
red-bed section indicate that only albite and oligoclase
are present (Gohn and others, 1983). Clear, untwinned
rims on plagioclase are probably albite of late magmatic
origin. Plagioclase grains in many clasts have been bent,
broken, and subsequently healed by quartz and (or)
epidote (fig. 6B). Plagioclase crystals occur both as
enclosed grains in perthite and as groundmass grains in
the rock (fig. 6).

Alteration of the plagioclase to secondary minerals is
widespread and was observed in all the granodioritic
clasts; unaltered plagioclase occurs but is sparse. The
plagioclase is replaced partially by epidote (saussuritiza-
tion), sericite, calcite, and possibly kaolinite (fig. 6); the
epidote and sericite are particularly abundant.
Crystallographic orientation of the sericite laths was
observed in numerous grains. The epidote is locally
coarse grained (30-70 u).

X-ray diffraction study of selected drilling chips con-
taining only granodioritic material indicates that a
kaolinite-group mineral is an important alteration prod-
uct of feldspars in these grains, although this mineral
cannot be definitely related to the plagioclase. Calcite
replaces feldspars and other grains in certain samples,
but the patchy or nodular replacement of matrix as well
as of detrital framework grains suggests that the calcite
is a postdepositional, diagenetic mineral (see Gohn and
others, 1983).
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Myrmekite.— Myrmekite, vermicular quartz in
plagioclase, occurs as an epitaxial overgrowth on
plagioclase at plagioclase-perthite boundaries in
numerous clasts. A few individual detrital myrmekite
grains were also noted. Myrmekite in the studied clasts
typically has a bulbous shape and “penetrates” adjacent
perthite (fig. 6C). Myrmekite was observed only on
groundmass plagioclase, not on plagioclase enclosed in
perthite.

Potasstum feldspar and perthite.—For this study,
three types of potassium-bearing feldspar were defined
on a petrographic basis; in increasing order of abun-
dance, these are orthoclase, microcline, and perthite.
Microcline was defined solely by the presence of grid
twinning. If any microperthitic structures were ob-
served, the grain was classified as perthite. Perthite
grains displaying grid twinning in the potassic lamellae
or in irregular areas within the grain were classified as
perthitic microcline. Potassium feldspars lacking both
twinning and microscopically observable perthite
lamellae were classified as orthoclase. Orthoclase was
identified only as rare, individual detrital grains. The
possibility that untwinned triclinic feldspar or un-
detected cryptoperthitic structure was present was not
explored. Therefore, the classification of the potassium
feldspars used in this report, although practical, is not
rigorous with regard to the structural state of these
minerals. Staining, twinning, and differences in the
development and mineralogy of alteration products
facilitated the distinction between potassium and
plagioclase feldspars.

Perthite is the only potassic feldspar in many rock
fragments, but it also occurs with microcline or perthitic
microcline (fig. 7A4). String and film textures were
observed in the perthites. Complex micropegmatitic in-
tergrowths of potassium feldspar, plagioclase, and
quartz were observed in a few small clasts,

All the potassium-bearing feldspars occur as large
anhedral or subhedral grains comparable in size to ac-
companying plagioclase grains. Quartz and plagioclase
are common in the perthite.

The potassium feldspar typically is less altered than is
the accompanying plagioclase, even in the same clast.
The principal alteration products of the potassium
feldspars are sericite, identified petrographically, and
possibly the kaolinite-group mineral identified by X-ray
diffraction.

Quartz. —Quartz occurs in elongate polycrystalline ag-
gregates of grains (fig. 7) that show undulatory extinc-
tion, deformation (extinction) lamellae, or polygoniza-
tion (segmented undulatory extinction). Individual
grains within these aggregates typically are equant,
although elongate (1:2 to 1:4) grains lacking any obvious
preferred crystallographic orientation occur in some ag-

gregates. Quartz-quartz grain boundaries are slightly
serrated, and the amplitude of serration increases as
grain length increases. Incipient recrystallization of
original quartz grains to smaller, strain-free crystals is
not common. Trails of minute inclusions are common
within individual grains; some trails pass across several
grains. Individual quartz grains are typically 300-600 u
in size, although larger and smaller grains occur, and
are one-quarter to one-tenth the size of accompanying
feldspar. Quartz, with or without epidote and chlorite,
occurs in fractures in broken feldspars (fig. 6) and also
as grains in perthite.

Accessory minerals.—Minor constituents of the
granodioritic clasts all show evidence of a secondary
origin. No magmatic mafic minerals, such as biotite,
hornblende, or pyroxene, were observed. Several sec-
ondary minerals compose equant to elongate mafic
patches in the clasts (fig. 7). Chlorite occurs in these
patches as reddish-brown, iron-hydroxide-stained
sheaves that retain the chlorite pleochroism pattern and
rarely retain the typical green color. Epidote is abun-
dant as an alteration product of plagioclase but also oc-
curs as large (as much as 600 u) grains associated with
chlorite. Clinozoisite was observed in one large clast.
Apatite is commonly associated with the chlorite and
epidote, and zircon and tourmaline are present but
sparse. Opaque minerals are associated with the other
accessory minerals and are typically polyhedral, which
suggests that the original mineral was magnetite or an
iron-titanium oxide; the present mineralogy is hematite
with iron-hydroxide rims. Sphene occurs as euhedral
(600-1,000 w) grains, in some cases associated with
quartz and feldspar but more typically in association
with the secondary minerals. The spatial association of
chlorite, epidote, and sphene suggests that these
minerals may have formed from primary hornblende.

PETROLOGIC COMPOSITION

Modal analyses for some of the studied granodioritie
clasts are given in table 2 to illustrate the apparent
range of compositions represented in the granodiorite
group. Rigorous interpretation of the petrographic data
is not attempted, however, because these clasts, by vir-
tue of their small size, may not be strictly representative
of the coarse-grained lithologies involved. On table 2, a
range in apparent composition from tonalite or grano-
diorite to granite is indicated, although the largest clasts
(best data) are generally in the more calcic end of this
range and the smallest clasts have the most silicic com-
positions. The name “granodiorite” has been selected,
therefore, as representative of this range. All the rock
types listed are quartz-rich, intermediate to silicic rocks;
therefore, they could be genetically related and actually
present in the provenance area.
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FIGURE 7.—Photomicrographs of feldspars, quartz, and textural
features in granodioritic clasts. A, B—crossed nicols; C, D —plane
light. A, Microcline, perthite, and minor quartz and plagioclase in a
small granodioritic clast from a depth of 1,146.7 m. Plagioclase is
heavily altered. B, Interior of granodiorite clast from a depth of
1,144.7 m. Aggregate of quartz grains between altered plagioclase

TEXTURE

All varieties of the granodiorite clasts are medium-
grained (1-5 mm) rocks. An igneous hypidiomorphic-
granular texture is suggested by large euhedral to
subhedral plagioclase and subhedral to anhedral
potassium feldspar grains, but this texture has been
somewhat altered. A single clast of granitic composition
was observed to have a finer grained (1-1.5 mm) aplitic

500p

grains. Note the uneven extinction within individual quartz grains.
C, Interior of granodioritic clast from a depth of 1,144.7 m. Note the
hypidiomorphic-granular texture and alteration of the feldspars. D,
Interior of granodioritic clast from a depth of 1,144.7 m. Directional
fabric is defined by oriented plagioclase (turbid), elongate quartz ag-
gregates (white), and elongate mafic patches (black).

texture, and several lithic fragments with micropeg-
matitic textures were encountered. Some clasts appear
to have developed an oriented fabric, although observa-
tion of this feature is inhibited by the small size of the
clasts. This fabric is defined by elongate aggregates of
quartz and by elongate patches of chlorite, epidote, and
associated secondary minerals (fig. 7D). In some clasts,
this fabric is more obvious because of the alinement of
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TABLE 2.-Modal analyses (in percent) for granodioritic clasts
[Analyses 1 through 6 are individual clasts. Analysis 7 is the average for 8 small clasts. tr, trace]

Chlorite,

epidote,
apatite,
Analysis . . Potassium opaque Feldspar Petrologic Maximum clast
sample no. Plagioclase Myrmekite feldspar Quartz minerals Sphene Calcite ratio® classification dimension (mm)
1 53.1 0.6 6.0 24.3 15.1 0.7 0.2 0.90  tonalite or 40
granodiorite.
2 62.8 tr 7.1 26.6 3.5 tr 0 90  leucotonalite or 6
leucogranodiorite.
3 51.9 tr 9.8 22.2 15.5 .6 0 .84  granodiorite 20
4 30.7 1.1 28.0 33.9 4.8 4 1.1 .53 granite 40
5 17.2 3.6 51.6 19.8 6.8 tr 1.0 .29 do. 3
6 13.8 7 52.2 29.0 3.6 7 0 22 do. 3
7 30.0 2.5 28.1 30.6 1.9 0 6.9 .54 leucogranite 2-3.5

! (Plagioclase + myrmekite)/(potassium feldspar + plagioclase + myrmekite).

feldspar megacrysts in the elongation direction of
quartz aggregates and mafic streaks. The megacrysts
are also stretched and broken in the direction parallel to
their long-axis alinement, and the resulting fractures
are healed by quartz and epidote (fig. 6). This alinement
of feldspars could represent, at least in part, an igneous
flow texture.

ALTERATION

In addition to the larger scale texture and fabric of the
granodioritic clasts, numerous microstructures also in-
dicate that these rocks are somewhat deformed. The
characteristic undulose extinetion, deformation lamel-
lae, polygonization, and grain elongation of the quartz
indicates that some strain and partial strain recovery
has occurred in these rocks (Bell and Etheridge, 1973;
Young, 1976). The presence of chlorite, epidote, and
sphene as the major mafic minerals in the rock also in-
dicates some mineralogic alteration. It is impossible,
however, to determine with certainty what processes
were responsible for the textural and mineralogic altera-
tion. The relatively low intensity of alteration suggests
that magmatic and deuteric processes may have been
responsible, although low-grade regional metamorphism
and tectonism or fault-zone deformation cannot be une-
quivocally discounted.

Mylonite

Detrital rock fragments characterized by fluxion
structure (mylonitic foliation) and sparse porphyroclasts
are classified as mylonite (fig. 8). The only mineral
phases recognized with certainty in these clasts are fine-
grained quartz, feldspar, and epidote. Quartz occurs in
elongate, segmented lenses or stringers of equant to
slightly elongate (1:1 to 1:4) grains and as very fine
grains in the matrix (fluxion bands). The observed range
in quartz grain size was from less than 20 u to a max-
imum of 150 u. Quartz grain boundaries are typically
gently curving or microserrate, and most grains show
straight or slightly undulatory extinction. Sericitized

potassium feldspar and saussuritized plagioclase occur
as sparse, subrounded porphyroclasts and as fine grains
(less than 20 u to 150 y) in the matrix. Albite(?) twinning
was observed in some plagioclase porphyroclasts. Dark
fluxion lines consist primarily of very-fine-grained
epidote that ranges in size from less than 10 x to 30 p.

The texture of the mylonite clasts is dominated by the
semicontinuous fluxion lines and porphyroclastic quartz
and feldspar grains (fig. 8). Fluxion structure is well
defined in these clasts by alternating irregular, wavy
bands of epidote, similar bands of fine-grained quartz
and feldspar, and elongate quartz stringers. The por-
phyroclasts and quartz stringers are typically 200 to
1,000 u in longest dimension and typically constitute
about one-third of the rock. Small fractures and veinlets
of quartz, quartz plus epidote, or calcite cut the
mylonitic texture.

The characteristics of the quartz grains in the
stringers (polyhedral and serrate grain boundaries,
slightly undulatory extinction, small grain size) indicate
that considerable, but incomplete, strain recovery has
occurred by subgrain growth and subsequent new grain
growth. The quartz stringers may represent originally
highly strained quartz ribbons in which considerable
strain recovery and recrystallization has occurred.

The presence of epidote, quartz, and porphyroclastic
feldspar, at least some of which is twinned plagioclase,
indicates that the protolith of the mylonite contained
quartz and plagioclase and also suggests that the defor-
mation took place under greenschist-grade conditions.
The similarity of primary and secondary minerals sug-
gests that the granodiorite recognized as detrital
fragments in this deposit could have been the parent
rock for the mylonite.

Microbreccia

Many of the granodiorite clasts found in CC#3 have
been subjected to moderate to strong cataclasis and
associated secondary mineralization. Those granodiorite
clasts whose texture and mineralogy are dominated by
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FIGURE 8.—Photomicrographs of mylonite clasts from a depth of
1,144.7 m. Plane light. A, Mylonite clast showing early formed
mylonitic texture, later fractures (right), and cross-cutting quartz-
epidote veinlet (upper left). B, Close-up view of part of A showing
well-defined fluxion structure, oval feldspar porphyroclast, and
segmented quartz stringers. Fluxion lines are defined by dark, thin
bands dominated by epidote. Numerous bubbles appear in thin sec-
tion. C, Mylonite clast consisting of segmented quartz stringers sur-
rounded by a matrix of fine-grained quartz, epidote, and minor
feldspar(?).

fracturing and neomineralization are described here as
microbreccia. Most of these clasts retain a recognizable
protolith of quartz, plagioclase, potassium feldspar, and
associated accessory minerals that is identical to the
granodiorite clasts in the deposit. However, the overall
texture and fabric of these deformed clasts are produced
by secondary processes.

MINERALOGY

Protolith. — The primary mineralogy of the microbrec-
cias is the same as that of the less-fractured granodiorite
(fig. 9). Plagioclase, potassium feldspar (chiefly
perthite), and quartz are the major minerals, in decreas-
ing order of abundance. The plagioclase is euhedral or
subhedral except where crushed, and saussuritization
and sericitization of the plagioclase is ubiquitous.
Plagioclase is typically very cloudy, and, in many grains,
the characteristic polysynthetic twinning is difficult to
distinguish. Microcline twinning, perthite structure, and
myrmekite are also present, but, where the rock has
been crushed or extensive neomineralization has oc-
curred, they are discernible only with difficulty. Ac-
cessory minerals of magmatic origin and secondary
minerals not associated with the cataclasis occur as
lenses or patches; they include chlorite, apatite, sphene,
zircon, epidote, and opaque minerals. Quartz occurs in
the protolith as aggregates of grains that display the
same microstructures as the quartz in the granodiorite
clasts.

Vein and fracture-filling minerals. — Chlorite, epidote,
and quartz also occur as fracture fillings and veins. A
possible zeolite mineral occurs with the epidote in some
veins. The chlorite is slightly to heavily iron-hydroxide
stained and is the principal mineral in narrow fractures
in which little separation normal to the fracture has
taken place (fig. 94). Epidote is the most abundant
mineral in veinlets and in composite fracture fillings
where brecciation has been most intense (fig. 9B, C).

Several stages of epidote neomineralization can be
documented in the microbreccia clasts. Clasts in which
little cataclasis has occurred contain only minor
amounts of very-fine-grained epidote (for example, the
rock in fig. 9A4). In clasts of rock that are more exten-
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FIGURE 9.—Photomicrographs of microbreccia clasts. Plane light. A,
Microbreccia clast from a depth of 1,144.7 m. Chlorite-lined frac-
tures and zones of crushing occur in various orientations. Note com-
minution of quartz and feldspar in crushed zones and turbid
appearance of feldspars. Fine-grained epidote (not visible) occurs in
crushed zones but not in fractures. Apparent rock composition is
granite. B, Interior of mineralized microbreccia clast from a depth of
1,144.6 m. Perthite (turbid) and quartz grains “float” in a matrix of
fine-grained epidote. Later formed veinlets of epidote cut the per-
thite and continue into the epidote matrix. Note the closely matching
boundaries of the feldspar fragments, C, Same clast as B. Protolith

sively crushed, large areas consisting primarily of
epidote contain only “floating” quartz or feldspar grains
or grain aggregates (fig. 9B). Discrete large to small
veins of epidote with or without quartz and zeolite(?)
crosscut the protolith and the areas of more diffuse
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(upper left) of plagioclase, quartz, and mafic minerals is bordered by
a composite quartz and epidote vein. Quartz-rich (lighter and thin-
ner) and epidote-rich (darker and broader) bands parallel the edge of
the protolith and alternate from right to left. Coarse-grained epidote
at lower right probably formed the center of the vein/fracture filling.
D, Plagioclase grain at the edge of a granodioritic clast from a depth
of 1,146.7 m. Sedimentary matrix is at left and lower left. Composite
epidote (dark), quartz (q), and zeolite(?) (z) veins cut the plagioclase
and terminate at the clast boundary (bottom). Later compactional
fracture (horizontal) offsets the veins and is partially filled by
diagenetic calcite (c).

epidote mineralization (fig. 9B, D). Sequential filling of
relatively large, open fractures is suggested in figure 9C
by the mineral zonation parallel to the fracture wall and
by the differences in epidote grain size.
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Quartz veins without large amounts of epidote also oc-
cur in widths from 100 to 1,500 u. The microstructures
of the vein quartz differ considerably from the micro-
structures of quartz in the protolith. Vein quartz typical-
ly is in clear, equant to subrectangular (up to 1:6) grains
having straight or broadly curving boundaries. Extinc-
tion of these grains is straight to very slightly undulose.

A mineral of uncertain composition, possibly a zeolite,
occurs with epidote in certain composite fracture fill-
ings. In figure 9D, a veinlet consisting of epidote along
its outer edges contains quartz in its center along with
another, very-fine-grained, colorless mineral whose
relief and birefringence are lower than those of the
quartz. The same or an optically similar mineral also oc-
curs in lenticular vugs in large epidote veins.

TEXTURE

Textures of the microbreccia clasts are dramatically
different from that of the granodiorite and are divisible
into two groups: rocks dominated by broad zones of
crushing with some fractures and rocks dominated by
fractures and associated mineral veins. Rocks of the
first type have bands consisting of large feldspars
and aggregates of quartz separated by zones of finely
comminuted quartz and feldspars and fine-grained
secondary epidote (for example, fig. 94). The epidote in
these bands may be the product of plagioclase
breakdown. Although this secondary mineralization
does occur, crushing and comminution of grains is the
dominant process. Discrete fractures with or without
associated chlorite also cut these clasts and offset or
otherwise disrupt the comminuted zones. Neither the
zones of crushing nor the fractures define a directional
fabrie, nor do the two generations of structures retain
any consistent relationship to each other.

Other microbreccia clasts (for example, figs. 9B-D)
are cut by numerous veins of epidote and associated
minerals. These two textural groups are interpreted as
representing a continuum of cataclastic textures, the
secondary mineralization being most extensive where
the granodiorite was most severely deformed. This in-
terpretation implies that this mineralization occurred
either during or slightly later than the deformation.

Certain other fractures in the microbreccia clasts are
partially filled by calcite and offset other structures (for
example, fig. 9D). This set of calcite-filled features is in-
terpreted to be diagenetic (compactional) in origin, on
the basis of widespread pedogenic(?) calcite (Gohn and
others, 1983) in the sedimentary matrix and, in certain
examples, the extension of these fractures into the
matrix.

EPIDOSITE

The nongenetic term “epidosite” is applied herein to a

group of detrital clasts consisting largely or entirely of
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epidote and minor amounts of quartz and feldspar. With
the exception of minor amounts of alteration minerals
within feldspars, no other minerals were identified in
these clasts. The epidosite clasts are interpreted as
fragments of the rocks described as microbreccia, par-
ticularly those with large epidote veins. Secondary
epidote is a characteristic of these brecciated rocks, and
it is expected, because epidote is abundant, that certain
clasts randomly derived from the mineralized micro-
breccia would consist primarily of that mineral. No
special significance is attached to the epidosite clasts
other than those interpretations of origin that are made
for the microbreccia fragments.

Basalt

Common, dusky-red to dark-reddish-brown, earthy
clasts as large as 2 cm in maximum dimension have been
identified petrographically as altered basalt. These
clasts, like the plutonic-rock clasts, record a complex
history involving primary magmatic cooling, deuteric or
metamorphic alteration, and diagenetic or weathering
alteration.

MINERALOGY

Plagioclase. — Plagioclase laths (150-400 u length) oc-
cur in various states of alteration. Most of the
plagioclase is polysynthetically twinned (typically albite
or less common Carlsbad-albite laws). In some cases it is
also compositionally zoned: the (more calcic?) centers of
laths are replaced by fine-grained aggregates of epidote
and illite and surrounded by clear (more sodic?) rims (fig.
10B). In other basalt clasts, twinned but unzoned
plagioclase is altered in varying degrees to randomly
distributed illite and less common epidote. Altered,
zoned plagioclase phenocrysts as large as 500 u occur in
one clast of weathered porphyritic basalt (fig. 100).
Feldspar also occurs as untwinned, equant or irregularly
shaped interstitial grains (100-200 y) that are typically
free of alteration minerals.

Mafic and accessory manerals.—Chlorite occurs as
100- to 300-u-sized, iron-hydroxide-stained grains. The
chlorite, combined in aggregates with magnetite and
very-fine-grained epidote, appears, in some basalt
clasts, to be crudely pseudomorphous after pyroxene. In
other basalt clasts in which chlorite is less abundant,
primary pyroxene and (or) olivine grains have been
replaced by aggregates of colorless chlorite (or perhaps
serpentine), very-fine-grained epidote, and magnetite
(fig. 104). The magnetite in these replaced minerals oc-
curs along the borders of the grains and along fractures
and cleavages within the grains, thereby preserving the
original grain outlines. The chlorite (serpentine?) is fine
grained and has a low birefringence.
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FIGURE 10.—Photomicrographs of basalt clasts. A, C—plane light.
B-—crossed nicols. A, B, Altered basalt from a depth of 1,144.6 m.
Relict igneous texture is defined by altered plagioclase laths.
Plagioclase is zoned with epidote and illite-replaced centers and clear
rims. Pyroxene and (or) olivine grains have been replaced by
chlorite(?) in their interiors and by magnetite along edges and frac-
tures. Minor chlorite and slender, prismatic apatite crystals are visi-
ble in A. C, Strongly altered, porphyritic basalt from a depth of
1,144.7 m. Iron-hydroxide staining partially obscures igneous tex-
ture. Some phenocrysts appear to be aggregates of several
plagioclase grains.

In addition to replacing plagioclase and pyroxene,
epidote also occurs abundantly as 50- to 100-u-sized,
equant, disseminated grains, and (with minor secondary
feldspar) in small veinlets that terminate at the basalt
clast boundaries. Magnetite, or a similar iron-titanium
oxide (grain size about 100 u), having pronounced red-
dish coatings is a common accessory mineral in all the
basalt clasts (fig. 104). Apatite needles as large as 70 u
are common (fig. 104). Interstitial calcite was observed
in one clast.

TEXTURE

Although the primary igneous texture is partly
obscured by the formation of secondary minerals, a
relict diabase or subdiabase texture is still suggested by
the plagioclase laths. This texture is indicated by the
volumetric dominance of the plagioclase laths over the
mafic minerals and by the shape and relatively small size
of the pyroxene pseudomorphs, which suggest that
these grains were isolated interstitial grains or grain ag-
gregates rather than large poikilitic patches (fig. 104).
This diabase texture may represent either a diabase or a
coarse-grained basalt. Both porphyritic and nonpor-
phyritic basalt clasts are now holocrystalline, although
original interstitial glass, if it was ever present, would
almost certainly have been replaced.

ALTERATION

Most of the minerals presently observed in the basalt
clasts are the result not of primary magmatic
crystallization but rather of at least two periods of
alteration. Iron hydroxide is widespread as a stain on
chlorite, as rims on magnetite, and dispersed in
weathering rinds on the clasts, probably because of
weathering in the source area or perhaps postdeposi-
tional diagenetic processes.

The presence together of chlorite, epidote, and
albite(?), however, indicate an earlier period of altera-
tion at pressures and temperatures greater than those
of near-surface settings or shallow burial. Albite +
epidote + chlorite + quartz is the classic mineral
assemblage for mafic volcanic rocks in the greenschist
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facies of regional metamorphism, but these minerals can
also be produced under deuteric or hydrothermal (late
magmatic) conditions. Serpentine plus magnetite is a
common deuteric alteration pair for pyroxene and
olivine, apatite forms typically as a late magmatic
mineral, and saussuritization and illitization of pla-
gioclase may be deuteric or hydrothermal processes.
Chlorite is a common alteration product of the fer-
romagnesian minerals in altered basalts. Both chlorite
and epidote are common alteration minerals in the
unmetamorphosed basalt above the red-bed section in
the Clubhouse Crossroads drill holes. It is not possible,
at present, to choose between a metamorphic and a late
magmatic origin for the secondary minerals.

PETROLOGIC CLASSIFICATION

The texture and mineralogy readily categorize this
group of clasts as mafic igneous rocks. The virtual
absence of quartz and potassium feldspar and the
diabase texture suggest that the rock type represented
is a basalt or andesite (Streckeisen, 1979). The lack of
chemical data for the bulk composition of the rock or for
specific minerals and the extensive mineralogic altera-
tion do not permit distinction between basalt and
andesite or distinctions among basalt types identifiable
from modal or normative mineralogy.

A plutonic rather than volcanic origin for these rocks
also cannot be determined with certainty. Moderately
coarse-grained diabase textures are produced in both
hypabyssal diabases and extruded basalts. Sills, dikes,
and flows all may be texturally (and mineralogically)
zoned with glassy margins and coarse-grained interiors,
thereby making detailed studies of the textural varia-
tions among the altered basalt clasts of little value in
‘determining a hypabyssal or volcanic origin. Textures as
coarse as those observed in the studied clasts also occur
in the subaerial basalt flows encountered higher in the
section in the Clubhouse Crossroads holes. Microflow
structures were not observed, and micropegmatitic in-
tergrowths of sialic minerals, typical of many diabases,
were sparse. This group of igneous-rock clasts is,
therefore, loosely classified in this text as basalt, with
the understanding that it may represent basaltic or
andesitic flows or hypabyssal diabase intrusions.

DISCUSSION
Regional Basement-Rock Provinces

Numerous syntheses of the geology of the pre-
Cretaceous rocks below the southern Atlantic Coastal
Plain have been published during the past three decades.
Recent summaries, which include references to earlier
work, are Popenoe and Zietz (1977), Gohn and others
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(1978), Chowns and Williams (1983), and Daniels and
others (1983). In general, three major rock provinces
have been recognized in this area. A northern province
located near the Fall Line in South Carolina and Georgia
(fig. 11) is the extension of the Appalachian Piedmont
beneath the sediments of the Coastal Plain. A wide
variety of crystalline rocks, including schists, meta-
voleanic rocks, and mafic and felsic plutonic rocks
(Daniels and others, 1983), constitutes this province.
Several small early Mesozoic basins containing con-
tinental sedimentary rocks and mafic volcanic rocks also
occur in this northern province. In eastern and southern
Georgia and northern Florida, a southern province con-
sists of relatively undeformed Paleozoic sedimentary
rocks that overlie felsic volcanic rocks and granitic
plutonic rocks of Paleozoic or Proterozoic age (Chowns
and Williams, 1983).
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States showing the subsurface pre-Cretaceous rock provinces.
Modified from Gohn and others (1978).
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Between the northern and southern provinces is a
wide basin filled with lower Mesozoic continental
sedimentary rocks and associated mafic igneous rocks.
The nature of the pre-Mesozoic rocks below this large
basin is poorly understood because of the absence, in
most areas, of deep wells that penetrate through the
Mesozoic section and into older rocks,

The central early Mesozoic province is represented at
Clubhouse Crossroads by the basalt and red beds (Gohn
and others, 1978). However, the basement rocks
represented by the detrital rock fragments in the
Mesozoic section in CC#3 cannot be assigned with any
certainty to the northern (Appalachian) or southern
(Florida) province. The fragments of granodiorite and
basalt in the Clubhouse Crossroads core bear no
resemblance to the sandstones, dark shales, and
rhyolitic rocks of the southern province; however, a
general resemblance exists between the granodiorite
clasts and granitic rocks of the southern province in
east-central Florida. Similarly, there is a general
resemblance of the granodiorite clasts to granitic rocks
exposed in the southern Appalachians. As additional
conjecture, it is possible that crystalline rocks of
the southern province, the basement rocks around
Charleston, and some exposed rocks of the southern Ap-
palachians are tectonically and temporally related.

Geologic Events Inferred From Petrographic Data

The studied rock fragments record a complex geologic
history of magmatism and deformation that suggests a
wide variety of tectonic settings and events. This varie-
ty of inferred tectonism in turn suggests that these
events occurred across a considerable span of time.
Detailed interpretations of this geologic history are
severely limited, however, by the lack of data on the
large-scale geometries of the rock units involved and on
their relative and absolute ages. The presence in the
Charleston-area basement of mafic (gabbroic?) plutons,
inferred from geophysical data (Popenoe and Zietz,
1977), suggests an additional geologic event that is not
recorded by the detrital clasts. The timing of this
magmatic event also remains conjectural. A general
discussion of inferred geologic events is given below.

GRANODIORITE PLUTONISM

Emplacement of granodioritic magma into an
unknown sequence of host rocks is readily inferred from
the petrographic data. The textural and mineralogic
features of the granodiorite clasts indicate the presence
of a magmatic phase, but no evidence was gathered that
could address the questions of mechanism or depth of
magma emplacement or the size and degree of concord-
ancy of the plutonic bodies. The temporal relationship of
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the magma emplacement to any particular period of tec-
tonism is similarly unclear.

The hypidiomorphic-granular texture of the
granodiorite, although slightly affected by deformation
and neomineralization, is typical of granitoid plutonic
rocks. A strong long-axis alinement of plagioclase
megacrysts in at least one clast suggests an igneous
flow foliation, but this alinement is also parallel to the
direction of elongation of mafic-mineral and strained-
quartz aggregates and could have been produced by late
magmatic or regional tectonic forces.

The magmatic nature of the granodiorite clasts is ob-
vious from their primary minerals. Coexisting
plagioclase, perthite, myrmekite, and quartz with minor
apatite, sphene, zircon, and minor (altered) ferromagne-
sian minerals are a typically igneous assemblage. In ad-
dition, the textural relationships of the feldspars,
myrmekite, and quartz show at least a partial record of
sequential crystallization of mineral grains that is
typical of myrmekite-bearing granitic rocks (for exam-
ple, the crystallization history described by Hibbard,
1979).

Determination of the age of the granodiorite is im-
possible from the data at hand. The temporally
widespread distribution of plutons in the exposed
southern Appalachians, Proterozoic Z to late Paleozoic
(Hatcher, 1978; Hatcher and others, 1979; Butler and
Fullagar, 1979), precludes any firm conclusions.

BASALT MAGMATISM

The presence of volcanic or hypabyssal basaltic rocks
downsection from the basalt flows encountered in the
Clubhouse Crossroads drill holes is indicated by the
mafic clasts in the bottom core. Geophysical data from
two areas northwest of Charleston may be interpreted
tentatively as evidence for the presence of deeper,
presumably lower Mesozoic basalt flows or sills.

Ackermann (1983) has mapped the high-velocity pre-
Mesozoic(?) basement surface in the Charleston area by
means of seismic-refraction techniques. In the area west
and northwest of Summerville (fig. 1), the deepest
refracting horizon observed is characterized by shingled
arrivals that indicate the presence of a relatively thin
layer. In this area, velocity values for this refractor are
only slightly greater than those for the Clubhouse
Crossroads basalt flows. Ackermann (1983) suggests
that this thin unit could be a lava flow or sill of limited
thickness and lateral extent stratigraphically above
crystalline basement and below the cored basalt at
Clubhouse Crossroads.

Schilt and others (1983) report that reflections near
1.0 seconds (s) (two-way traveltime) on their seismic-
reflection line southeast of Middleton Place (fig. 1)
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probably represent a stratigraphic unit that does not oc-
cur in the Clubhouse Crossroads drill holes. Near Mid-
dleton Place, reflections from crystalline basement and
the Clubhouse Crossroads basalt are probably about 1.2
to 1.3 s and 0.7 to 0.8 s, respectively (Schilt and others,
1983; Ackermann, 1983), and the reflector near 1.0 s
could represent a basalt unit stratigraphically below the
Clubhouse Crossroads basalt.

An early Mesozoic age for this deeper (older?) basalt
unit is postulated but is based only upon the lack of
penetrative deformation in the basalt clasts and the
presence of known basalts of this age in the area (Gohn
and others, 1978; Lanphere, 1983). If this cryptic basalt
unit is of early Mesozoic age, the basalt clasts could have
been supplied to the red beds more easily from basalt
flows than from subsurface diabase dikes or sills that
would have had to be intruded and then exhumed before
they could be eroded. However, the possibility of pre-
Mesozoic basalt or diabase within the crystalline base-
ment cannot be discounted. Some basalts as old as Pro-
terozoic in the exposed Appalachians are no more
altered than are the basalt clasts from the Clubhouse
Crossroads red beds (for example, see Reed, 1955).

MAFIC PLUTONISM

Geophysical surveys provide a considerable volume of
data on the geometry of the basement surface and the
composition of the rocks at or below that surface in the
Charleston, S. C., area. Refraction and reflection
surveys (Ackermann, 1977, 1983; Hamilton and others,
1983; Schilt and others, 1983; Talwani, 1977) provide
most of the information on the depth to crystalline base-
ment in the area, although additional data from
magnetic depth estimates supplement the seismic work
(Phillips, 1977; Popenoe and Zietz, 1977). As determined
by Ackermann (1983), the most striking feature of the
basement surface is the northeast-trending basement
ridge in the central part of the study area. Seismically
determined thick sections of sedimentary rocks that fill
basement lows north and south of the ridge are inter-
preted to be the lateral equivalents of the thinner red-
bed section penetrated on top of the ridge in CC#3.

Numerous authors have been in close agreement as to
what geophysically defined rock types are to be ex-
pected within the basement ridge. At the western end of
the ridge, circular to elliptical positive magnetic
anomalies of large amplitude coincide spatially with
positive gravity anomalies. Together these anomalies in-
dicate the presence of thick cylindrical bodies of dense,
magnetic rock. These bodies have been interpreted as
gabbroic or ultramafic plutons (Kane, 1977; Phillips,
1977, Popenoe and Zietz, 1977; Daniels and others,
1983).
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In the eastern part of the ridge, negative or less
positive magnetic anomalies coincide with negative
gravity anomalies, which indicates less dense and less
magnetic rock (Ackermann, 1983). A two-part geo-
physically determined composition for the basement
ridge is therefore defined; a western terrain of mafic
plutons and an eastern terrain of nonmagnetic, less
dense rocks. Therefore, the geophysical investigations
have identified one rock type, gabbro or a similar rock,
that was not recognized as detrital clasts.

Discussions of genetic relationships among the gab-
broic plutons and the granodiorite, mylonite, microbrec-
cia, or basalt must remain speculative. The aeromag-
netic and residual gravity anomalies associated with the
mafic plutons do not suggest a tectonic megafabric for
these bodies but rather indicate oval or circular outlines
(Long and Champion, 1977; Phillips and others, 1978;
Popenoe and Zietz, 1977, p. 134) and, hence, a relatively
young, postkinematic age. The mafic plutons must have
intruded an older country rock, and it is likely that this
country rock is the granodiorite seen as detrital
fragments in the core because this rock type could pro-
duce the negative potential field anomalies that exist
over the eastern part of the basement ridge. The gab-
broic plutons could be early Mesozoic plutons associated
with the Clubhouse Crossroad tholeiitic basalt flows
(Gottfried and others, 1983) and with the other basalt
flows or sills whose presence is suggested by the basalt
clasts in the red beds. These mafic plutons could also be
Mesozoic or younger alkalic plutons as postulated by
Sykes (1978, p. 655).

Depths for the top of the gabbroic bodies estimated
from magnetic and residual gravity anomalies suggest
that many of them have tops at or near the top of the
crystalline basement (Popenoe and Zietz, 1977; Long
and Champion, 1977; Phillips, 1977). The question of
whether the top of the basement at the plutons is a non-
conformable or an intrusive contact cannot be presently
resolved. The absence of gabbro clasts in the Clubhouse
Crossroads red beds suggests a post-Paleozoic age for
the mafic plutons. However, the absence of a metamor-
phic aureole in the red beds, which overlie an inferred
mafic pluton at Clubhouse Crossroads, suggests a pre-
Mesozoic age for that pluton.

DEFORMATION EVENTS

Two styles of severe rock deformation are recorded by
the detrital rock fragments. The microbreccia
represents relatively brittle deformation dominated by
fracturing and crushing of the rocks. In contrast, the
mylonite fragments represent relatively ductile
response of a protolith to deformation. The mineralogic
similarity of the microbreccia and granodiorite suggests
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that the microbreccia almost certainly was produced
from the granodiorite. The mineralogy of the mylonite
fragments indicates that they also were derived from a
granitoid rock and, hence, possibly from the same
granodiorite as the microbreccia. If both styles of defor-
mation have affected the same granodioritic rock body,
and presumably in the same general geographic area,
questions about the relative and absolute ages of the de-
formations can be discussed.

It is assumed herein that the deformation recorded in
the clasts represents movement within a fault zone and
not some other tectonic setting. Examples of such dis-
counted tectonic settings would include protoclasis
(synkinematic deformation during intrusion) of the
borders of granitic plutons and large terranes in which
metamorphosed plutonic rocks, including those posi-
tioned far from faults, contain pervasive tectonite
fabrics such as those found in much of the southern Blue
Ridge province (Rankin, 1970; Bryant and Reed, 1970a,
1970b). These settings are discounted because strong
penetrative deformational fabrics are lacking in the
granodioritic clasts from which the mylonite and micro-
breccia are believed to have been derived and because
microbreccia clasts are much more abundant than
mylonite clasts.

Two generations of faults that could cause the defor-
mational fabrics seen in the detrital clasts are: Paleozoic
(or Proterozoic) shear zones with predominately thrust
or strike-slip movements produced during compres-
sional orogenesis, and early Mesozoic extensional faults
produced during continental rifting. Younger fault
generations are not discussed, because the observed
deformational fabrics do not extend from the clasts into
the sedimentary matrix of the enclosing lower
Mesozoic(?) sedimentary rocks.

Major fault zones typically described as mylonitic duc-
tile shear zones are important tectonic elements in the
southern Appalachian Piedmont (Higgins, 1971; Hatch-
er and others, 1977; Bobyarchick and Glover, 1979; Hor-
ton, 1981; and others). These features are narrow, linear
to broadly curving zones of highly strained rocks.
Mylonitic, phyllonitic, and blastomylonitic rocks are
characteristic of these zones and are interpreted to
represent deformation under relatively ductile condi-
tions and commonly at (retrograde) greenschist-grade
temperatures and pressures (for example, Hatcher,
1978; Bobyarchick and Glover, 1979; Horton, 1981;
Nelson, 1981). The mylonite fragments studied for this
report resemble similar rocks described from the ex-
posed shear zones, and the presence of such a zone in the
crystalline basement near Charleston is possible. In-
tuitively, a Paleozoic or older age seems likely for the
fault movements that produced the Charleston-area
mylonite, on the basis of the age of the exposed Ap-
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palachian shear zones. Textures indicative of dynamic
recovery (subgrains), a high degree of dynamic
recrystallization, and neomineralization of epidote along
mylonitic foliation (fluxion) surfaces suggest a domi-
nantly ductile style of deformation for the Charleston-
area mylonites, probably at lower greenschist-facies
conditions.

In contrast to the mylonite, the fractures and crush
zones of the microbreccia clasts indicate deformation
under dominantly brittle conditions, although strain-
induced microstructures in quartz in these rocks may in-
dicate unrecovered strain produced hefore brittle
failure. Because the microbreccia clasts are enclosed in
red beds of probable early Mesozoic age, which fix a
minimum age for the faulting, the preferred origin of
the microbreccia is in a normal-fault zone of early
Mesozoic age that bounds or is within a Triassic-Jurassic
basin containing the red beds and basalt encountered in
the Clubhouse Crossroads drill holes. This faulting may
not be much older than the deposition of the red beds.
Numerous examples of multiple and syndepositional
movements of border faults of exposed Triassic-Jurassic
basins are documented by such data as cataclastic red
beds and basalt at these faults and other examples of
fault breccia as detrital clasts in the basin sediments
(Reinemund, 1955; Randazzo and others, 1970;
Ratcliffe, 1980, 1982; Bain and Harvey, 1977; Leavy,
1980).

An alternative to the origin of microbreccia and
mylonite in spatially isolated, tectonically different fault
zones is worthy of brief consideration. There is an in-
creasingly well documented occurrence of Ilate-
kinematic, relatively brittle faults within major Ap-
palachian ductile shear zones (Hatcher and others, 1977;
Horton, 1979, 1981; Nelson, 1981; Bobyarchick and
Glover, 1979; and others). The possibility exists,
therefore, that the mylonite and microbreccia clasts
represent different styles and times of deformation
within a single fault zone. Horton pointed out (1981, p.
32) that late-stage brittle deformation such as he
described in the Kings Mountain shear zone of the
Carolinas could be attributed to reactivation (of Taconic
or Acadian shear zones) by Alleghanian thrusting or to
early Mesozoic rifting. An association of early Mesozoic
normal faults with Paleozoic shear zones is readily con-
firmed in other areas where lower Mesozoic red beds
and basalt occur with the faults (Glover and others,
1980). Good examples in the southern Appalachian in-
clude the Hylas shear zone along the western margin of
the Richmond and Taylorsville Mesozoic basins in
Virginia (Weems, 1980; Bobyarchick and Glover, 1979),
shear zones along the Dan River Mesozoic basin in
Virginia and North Carolina (Henika and Thayer, 1977;
Robinson, 1979; Butler and Dunn, 1968), and a shear
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zone associated with the Davie County Mesozoic basin in
North Carolina (Milton, 1980). Ratcliffe (1971, 1980)
also has proposed a tectonic heredity of faults in the
Ramapo seismic zone of New Jersey.

Whatever the age(s) of formation of the microbreccia
and mylonite might be, the fact that no unequivocal ex-
amples of brecciated mylonite were observed is negative
evidence that the zone of brecciation was not directly
superimposed on the zone of mylonitization, at least
locally. However, if more information was available than
could be gained from the small detrital fragments, a
more complex fault zone with a more complex move-
ment history might be apparent.

The most important conclusion to be drawn from this
discussion of the mylonite and microbreccia clasts is that
fault-zone materials exist in the crystalline basement. If
the arguments about the local derivation of these
materials in the Charleston-Summerville area are ac-
cepted, then one or more faults in crystalline rock must
occur at depths of about 1.15 km or greater in the
Charleston earthquake zone. Known movement on these
faults is limited by the existing petrologic data to early
Mesozoic or before; however, their presence is impor-
tant to any synthesis of the tectonic and seismic history
of the Charleston area because reactivation of Mesozoic
and (or) older faults may be a major factor in the
localization of modern-day seismic activity in the
Eastern United States (Ratcliffe, 1981).
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SEISMIC-REFRACTION STUDY IN THE AREA OF THE CHARLESTON,
SOUTH CAROLINA, 1886 EARTHQUAKE

By HANS D. ACKERMANN

ABSTRACT

Thirty-five seismic-refraction spreads were recorded in an area near
Summerville, S. C., that encloses the zone of intensity-X effects of the
Charleston 1886 earthquake. Penetration was to a 6.0- to 6.4-kmys
layer at depths ranging from 700 to 2,400 m; this layer is interpreted
to represent the pre-Mesozoic crystalline basement complex. The sur-
face of this layer has a northeast-trending ridgelike feature, which the
coincident magnetic anomalies suggest contains both mafic and silicic
rocks. The ridge is bounded on the northwest by an abrupt 900-m drop
in altitude of the basement surface, inferred to represent a Triassic-
basin border fault. Recent earthquake epicenters appear to cluster on
both sides of this fault; however, fault-plane determinations indicate
high-angle faults both parallel and perpendicular to the ridge-boundary
fault. Thus, the combined results indicate that the basement complex
in the earthquake area contains orthogonal northeast- and northwest-
trending faults and rocks of highly contrasting types.

Refraction arrivals were also recorded from a shallower, gently
seaward sloping horizon marking the base of the Cretaceous section.
Clubhouse Crossroads #3, a test hole about 18 km southwest of Sum-
merville, encountered this horizon at 775 m depth and then penetrated
256 m of lower Mesozoic basalt flows before encountering sedimentary
red beds. The seismic interpretations suggest that the flows thin and
become increasingly intercalated with sediments away from the test
hole.

INTRODUCTION

This report discusses the interpretation of 35 seismic-
refraction spreads recorded on the Atlantic Coastal
Plain in southeastern South Carolina within an area of
approximately 20 km radius centered near Summerville
(fig. 1). The study area includes the region of intensity-X
(Modified Merealli) effects of the Charleston 1886 earth-
quake (Bollinger, 1977). Funding for this seismic-
refraction study was provided by the U.S. Nuclear
Regulatory Commission, Office of Nuclear Research,
under Agreement No. AT(49-25)-1000.

Data were interpreted by using interactive computer
programs written by the author. A brief description of
them is given in the appendix.

Several other seismic-refraction surveys have been
done on the Atlantic Coastal Plain of South Carolina

(Bonini, 1956; Pooley, 1959; Talwani, 1977) and its
offshore extension (Meyer, 1956; Hersey and others,
1959; Antoine and Henry, 1965; Hales and others, 1968).
Onshore reflection surveys are reported by Yantis and
others (1983), Hamilton and others (1983), and Schilt
and others (1983). Offshore multichannel surveys are
reported by Dillon and Paull (1978), Dillon and others
(1983), and Behrendt and others (1983).

The Coastal Plain sediments in South Carolina are of
Cretaceous and Cenozoic age; they increase in thickness
from a feather edge at the Fall Line to approximately 1
km (Popenoe and Zietz, 1977) at the coast. The sonic log
from a deep drill hole near Summerville, Clubhouse
Crossroads 1 (CC#1), shows that sediment velocities
range from approximately 1.8 to 2.6 km/s.

The deepest refracting horizon generally reported is
an approximately 3.8- to 6.8-km/s layer interpreted as
the gently sloping pre-Cretaceous surface marking the
postrift unconformity (Dillon and others, 1983). The
large range in velocity implies that this horizon
represents a diversity of rock types. The average on-
shore velocity is 5.6 km/s (Bonini, 1956).

The shot-seismometer arrays for the extensive survey
of Bonini (1956) were planned to be just long enough to
record arrivals from this pre-Cretaceous surface. Thus
they stood no chance of detecting deeper, higher-
velocity layers. The survey of Pooley (1959), which used
longer spreads and tied the survey of Bonini to near-
shore spreads of Meyer (1956), implies a deeper, 6-km/s
layer at locations where lower (5.4 km/s) velocities were
found for the pre-Cretaceous surface. The offshore
refraction surveys near Charleston recorded velocities
of 5.8-6.2 km/s for the pre-Cretaceous surface, which is
in the range generally expected for crystalline basement

rocks.
A salient feature of all the reflection surveys is a

strong reflection from the pre-Cretaceous unconformity.
Deeper events are also identified; however, they tend to
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be discontinuous, due to the large reflection coefficient
between Cretaceous sediments and underlying dense
rocks (Yantis and others, 1983).

Potassium-argon ages from drill samples, and suppor-
ting geological and geophysical data (Gohn and others,
1978), imply that the Coastal Plain section in an exten-
sive area across southeastern Alabama, southern
Georgia, and southeastern South Carolina is underlain
by a basin containing Triassic and Jurassic red beds and

basalt produced during crustal extension related to the
opening of the modern Atlantic Ocean. A broad range of
physical properties of these rocks is indicated by the
large variation in their velocities, but the considerable
occurrence of values exceeding 6 km/s (Bonini, 1956;
Meyer, 1956; Pooley, 1959; Talwani, 1977) indicates that
the pre-Cretaceous subcrop in this area may also contain
remanents of the crystalline basement rocks that
predate continental rifting.
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DATA ACQUISITION

Refraction seismic data were acquired during the
spring and summer of 1975, 1976, and 1977 (fig. 1). In-
dividual spreads contained 24 single seismometers (4.5
Hz) spaced at approximately 120-m intervals, resulting
in a spread length of approximately 2,760 m. Shot-hole
depth was from 3 to 20 m, and shot size ranged from 4.5
to 13.6 kg (10 to 30 1b.) of gelatin dynamite. The
seismograph was a Texas Instruments Explorer 8000t
analog unit with magnetic tape and paper oscillograph
records. Individual recording channels were set at fixed
gain to prevent overdriving of initial arrivals.

The 1975 survey was based on the assumed existence
of a single pre-Cretaceous refracting horizon at a depth
of 500 to 1,000 m. At most locations, two or more
spreads were deployed end to end (fig. 24) and each was
recorded by at least four shotpoints: one at each end and
one at in-line offset distances of approximately 2,760 m
(one spread length) from each end of the spread. Some
spreads were recorded at additional closer offset loca-
tions. This configuration would have provided complete
reversed coverage from the pre-Cretaceous surface at
the assumed depth by combining data from adjacent
spreads, as shown in figures 2B and 2C, in addition to
providing data from shallower horizons. However, dur-
ing acquisition of the 1975 data, it was noted that at
most locations the pre-Cretaceous rocks yielded arrivals
from two distinct layers. The shallower were from the
pre-Cretaceous surface and were characterized by
highly varying velocities (4.2-5.7 km/s) and by poor
transmission properties (both discussed in later

sections). The deeper had velocities more representative.

of crystalline rocks (approximately 6.0-6.4 km/s).
Because two distinet pre-Cretaceous layers were record-
ed, instead of only one as anticipated, complete reversed
coverage was obtained from neither.

In an effort to obtain complete reversed coverage
from the 6.0- to 6.4-km/s layer, each spread for the 1976
survey was recorded with two additional shots, offset by
two spread lengths (5,520 m). Furthermore, half-spread-
length offset shots were recorded for better coverage of
the pre-Cretaceous surface. Of the four sets of spreads
recorded in 1976, however (fig. 1), three obtained few
first arrivals from the 6.0- to 6.4-km/s layer, implying a
large range in its depth,

In 1977, 14 single spreads were recorded, each using
only two shotpoints that were offset between 2,500 and
3,500 m from opposite ends (fig. 1). Most of these, as in
1975, provided data from both the pre-Cretaceous sur-
face and the deeper basement. Inadvertently, three of
the four spread locations of 1976 were deployed where
the 6.0- to 6.4-km/s layer was anomalously deep.

1Use of trade names is for descriptive purposes only and does not constitute endorsement
by the U.S. Geological Survey.
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FicuRE 2. —A,Typical shot-seismometer configuration used in 1975 for
recording end-to-end spreads 1 and 2 with five shotpoints (8,-5;). B,
Hypothetical arrival-time curves (A through H) from a single base-
ment horizon. Solid line segments represent arrivals for spread 1,
and dashed line segments represent arrivals for spread 2. Arrival-
time segments C, G, B, and F are short because they represent shot-
points at the ends of the spreads and because the arrivals from
shallow events are not shown. C, Combined data from B, resulting in
complete reversed coverage between shotpoints 2, 3, and 4.

SHINGLING

Severe attenuation of refracted first arrivals and
related shingling (Cassinis and Borgonovi, 1966; Sheriff,
1973, p. 193) were caused by high-velocity beds that are
relatively thin compared to the length of the transmitted
wave within both the shallow Eocene section and the
rocks forming the pre-Cretaceous surface. Shingling is
defined by Sheriff as a successive loss of visibility of ear-
ly eycles as range increases.

The sonic log from CC#1 shows a layer approximately
30 m thick whose upper surface is 111 m below ground.
This layer corresponds lithologically to a series of well-
cemented Eocene beds having a highly variable velocity
that averages 2.5 km/s. The wavelength of the recorded
0.035-s period signal at 2.5 km/s is about 90 m, which is
considerably greater than the bed thickness. These beds
are underlain by approximately 1.9-km/s rocks to a
depth of about 300 m. Except for occasional spikes on
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the sonic log, the 2.5-km/s value is close to the maximum
velocity for Cenozoic rocks recorded in the drill hole.
These Eocene beds form a seismic marker horizon
throughout much of the area and were contoured as a
2.5- to 2.7-km/s layer in an earlier report (Ackermann,
1977). The rapid attenuation in this layer is seen in the
sample seismogram of figure 3.

Such a high-velocity zone obscures the underlying
lower velocity distribution, so that, unless the inversion
is properly compensated for, depth calculations to
deeper, higher velocity horizons will be too large.
Therefore, the velocity function from the CC#1 log was
used in this study to calculate all pre-Cretaceous layers.
On the other hand, such a highly attenuating marker
horizon generally results in a “quiet” seismogram and
decreases the effect of interference with later events,
which can then be readily identified as second arrivals
(fig. 3).

Bonini (1956) makes only one reference to this shin-
gling effect, noted in his spread 53 immediately north of
the area of this study. His published arrival-time plots
show little evidence for a shallow 2.5-km/s horizon
elsewhere in the South Carolina Coastal Plain.

Severe attenuation of arrivals from the pre-
Cretaceous surface similarly implies relatively thin high-
velocity beds in that position at all spread locations ex-
cept 6, 9, 15, and 16 (fig. 1), which are underlain by
lower velocity rocks. Near CC#3 (Clubhouse Crossroads
well 3) (fig. 1, spread location 10), where 256 m of basalt
was penetrated, the shingling effect was slight, sug-
gesting that the high-velocity zone beneath the
Cretaceous sediments is thicker there than elsewhere.
The wavelength of the pre-Cretaceous surface event in
the Clubhouse Crossroads area is about 5.7 km/s x
0.045 s or 250 m.

The shingling of this pre-Cretaceous surface event
takes two forms. One represents a shift of energy to suc-
cessively later cycles (figs. 44, 4B), in which case the
successive cycles have approximately equal phase
velocities. The method of picking these data is shown by
the tick marks in figures 44 and 4B and results in a
stair-stepped or shingled plot. To facilitate interpreta-
tion, a single line is constructed, as shown, by lowering
and connecting successive cycles. This process entails
personal judgment and, therefore, decreases the
likelihood that faults will be identified. It assumes, fur-
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FIGURE 3.—Sample seismogram from spread location 11 showing rapid attenuation of event A-A’ from relatively thin well-cemented Eocene beds
at approximately 100 m depth. The shingled event B-B' has the same apparent velocity as A-A' but is delayed about 80 milliseconds (ms).
Rapid attenuation permits clear identification of the pre-Cretaceous event C-C' as a second arrival.
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FIGURE 4.—Sample seismograms showing shingling of the pre-Cretaceous event at spread locations 5 (4) and 23 (B) in the form of cycle skipping.
Time-distance plots for this event are made by lowering the shingled arrivals to connect with segment A-A’, as shown by the dashed lines. In

4A, line B-B' represents the deeper 6.0- to 6.4-km/s event.

thermore, that the arrivals picked nearest the shotpoint
represent an unshingled event. For example, line
segments A-A’ in figures 44 and 4B might already
represent a skipped cycle, which could not have been
detected, so that plotted arrival times would be too large
and computed depths too deep. Problems of this nature
were severe in the 1977 data for which only offset shot-
points were used, and the initial development of shin-
gling could not be clearly identified.

Another form of shingling is illustrated in figure 5. In
this case, initial arrivals from the pre-Cretaceous sur-
face (A-A') attenuate rapidly but are not followed by
later cycles. This permits easy identification of the later,
deeper event (B-B').

In most cases, the arrivals following the pre-
Cretaceous surface event have apparent velocities of
about 5.8 to 6.4 km/s and are not themselves shingled,
suggesting that they are caused by a thick, continuous,

high-velocity layer that underlies the pre-Cretaceous
surface. However, at spread locations 1, 2, and 4, these
later arrivals also tend to be shingled (fig. 6) and have
velocity values only slightly greater than those for the
pre-Cretaceous surface. These events may represent
some intermediate layer of limited thickness and lateral
extent such as a lava flow or sill. Because of uncertain-
ties regarding arrival times, travel paths, and velocity
contrasts, depth calculations were not made for these
events.

VELOCITY VARIATIONS OF THE
PRE-CRETACEOUS SURFACE

Interpretations of the refraction data indicate large
areal variations in the velocity of the pre-Cretaceous
surface, as shown and contoured in figure 7. Locations
at which arrivals from this refractor are not shingled are
also indicated. A velocity minimum of 4.2 to 4.5 km/s




F6 STUDIES RELATED TO THE CHARLESTON, SOUTH CAROLINA, EARTHQUAKE OF 1886

1.30 1.50

~2.00

B TIME, IN SECONDS
FIGURE 4.-Continued

occurs near the coast and apparently extends approx-
imately 40 km inland along a narrow northwest-
trending tongue. Outward from this tongue, velocities
increase. The highest velocities occur to the northeast,
at spread locations 15 and 16. Because arrivals there are
not shingled, they are inferred to represent the 6.0- to
6.4-km/s crystalline basement complex, which,
elsewhere in the study area, is considerably deeper and
underlies the pre-Cretaceous surface.

Another velocity maximum of 5.7 km/s, known from
drill-hole data to represent basalt, occurs at spread loca-
tion 10 near Clubhouse Crossroads, west of the tongue.
Paleomagnetic studies of drill cores (Phillips, 1983) show
that the basalt there consists of a sequence of numerous
flows. However, the velocity decrease away from this
location implies that the physical properties of these
flows must change. Ackermann (1977) suggested that
this change may be due to increased fracture porosity or

simply to termination of the flows. I favor the latter ex-
planation and infer that at spread location 6 within the
tongue, where no shingling is observed, the flows are
effectively absent, and a horizontally propagating,
critically refracted wave sees only the underlying
Triassic(?) sediments. One possible explanation for this
pattern is that a volcanic vent may have existed in the
vicinity of Clubhouse Crossroads. Away from the
source, the flows would have thinned and been inter-
calated with lower velocity sediments, thus accounting
for the observed overall velocity decrease and the in-
creased attenuation. The low-velocity tongue would
have lain beyond the extent of most, if not all, of these
flows. This explanation requires the existence of a sec-
ond vent or vent system to the north and east of the low-
velocity tongue to account for the higher velocities seen
again at spread locations 3, 7, 8, and 14. The possibility
envisioned here, that lava may have issued from a series
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FIGURE 5.—Sample seismogram from spread location 3, showing rapid attenuation of pre-Cretaceous event A-A’, without subsequent cycle
skipping. The deeper 6.0- to 6.4-kn/s event is shown by segment B-B'.

of northwest-trending fissures, is consistent with the
northwest-trending system of diabase dikes beneath the
Coastal Plain of South Carolina and Georgia, which
Popenoe and Zietz (1977) interpreted from
aeromagnetic maps.

VELOCITY DISTRIBUTION

The velocity function used for calculating pre-
Cretaceous depths consists of six horizontal layers (table
1) derived from the sonic log at CC#1 and augmented by
additional refraction data for very shallow depths from
which well data were not available.

The function for computing the 6.0- to 6.4-km/s
crystalline basement layer below the base of the
Cretaceous was approximated by combining results
from CC#1, the velocities of the pre-Cretaceous surface
layer obtained from the individual seismic spreads, and
the results from the spreads at location 6 (fig. 7). The

basalt layer at Clubhouse Crossroads is 256 m thick. A
thickness of 250 m was thus arbitrarily assumed for the
higher velocity pre-Cretaceous subcrop layer that gave
rise to shingling. The velocity used for this layer was
that determined from the individual refraction results at
each site. At spread location 6, pre-Cretaceous surface
velocities were 4.4 km/s and were not shingled, implying
absence of this relatively thin, high-velocity layer. It was
thus assumed that 4.4 km/s represents the underlying
Triassic(?) sedimentary rocks throughout the area.
Marine (1974) reports Triassic velocities averaging 5.1
km/s, obtained from three closely spaced wells in the
Dunbarton Basin in Georgia. Sonic velocities from a
well drilled to crystalline basement in the Durham-
Wadesboro Triassic basin in North Carolina (Coffey,
1977) average about 4.7 km/s. Using a velocity value ac-
tually recorded in the survey area is probably preferable
to using those reported from distant wells. If the
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FIGURE 6.—Sample seismogram from spread location 1 showing rapidly attenuating pre-Cretaceous event A-A', followed by later arrivals B-B'
and C-C' of approximately equal velocity, inferred to represent some deeper lava flow or sill. The poorly defined event D-D' may represent

the 6.0- to 6.4-km/s layer.

adopted velocity of 4.4 km/s is too low, calculated depths
to deeper horizons will be too shallow (see discussion of
error, next section).

DEPTH TO THE PRE-CRETACEOUS SURFACE

Figure 8 is a contour map of the pre-Cretaceous sur-
face interpreted from the seismic-refraction data of this
study. Because the map reflects new data a