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SEISMIC REFLECTION, REFRACTION AND GRAVITY MEASUREMENTS
FROM THE CONTINENTAL SHELF
OFFSHORE FROM NORTH AND SOUTH CAROLINA
By

M.S. Grim
U.S. Geological Survey
Denver, Colorado 80225

W.P. Dillon
U.S. Geological Survey
Woods Hole, Massachusetts 02543

and

R.E. Mattick
U.S. Geological Survey
Reston, Virginia 22092

ABSTRACT

A compilation of geophysical data collected on the coastal plain and offshore
from Naorth Carolina and South Carolina raises questions about the nature of the pre-
Cretaceous basemnent tocks in the area. An interpretation of the data from the
Continental Shelf of South Carolina and southern North Caroling must Llake into
account Lhe presence af local Bouguer gravily anomalies in excess of +80 mgals and -
60 maals, Lhe presence of a smooth seismic reflecting horizon at depths where seismic
velocities range from 5.6 to 6.1 kmfsec, and the presence of deeper refractors having
veloeities in execess of 6.3 km/sec. Our interprelalion of these data suggests Lhal the
smooth reflector represents basall flows that overlie both a complex crystalline
basement and areas of Triassic(?) sedimerls. '

INTRODUCTION

The term "Southeast Georgia embayment” s used in Lhis paper Lo define the
recession into the Atlantic Coastal Plain that interrupts the uniform slope aof the
basement surface away from the sauth flank of the Cape Fear Arch. This definition
follows the usage of Maher (1971) and Dillon and olhers (1975). The embayment
extends southwestward from the Cape Fear Arch to the Peninsular Arch in Florida
(Figure 1) and opens toward Lhe sea.

Mumerous onshore wells, some af which have penetrated basement rocks, have
been drilled in the embayment. On the basis of data from these wells, the rocks in
Lhe onshare part of the Southeast Georgla ernbayment can he divided into Lwo general
categories: (1) Caastal Plain sediments of Crelaceous and younger age, and (2)
underlying pre-Crelaceous rocks of the basement complex. In Lerms of present
sodiment  depasition, 1he Southeast Georgia embayment lies in a Lransitional zone
betwesn a predominantly clastic depositional province north aof Cape Hatteras and a
carbonate province thal ineludes Florida and the Bahamas.

A stratigraphic section {(Figure 2) from the Peninsular Arch in Florida to ihe Cape
Fear Arch in Nerth Carolina shows the general distribution of Coastal Plain sediments
along the Allantic coast. Maximum Lhitkness of Crelaceous and yournger (Coastal Plain
sediments is about 1.4 km. Lower Cretapsous roclks, which are absent in Lhe vieiniky
of the Cape Fear Arch, may be represented by thin (30-90 'm) nonmarine claslic
sediments penelrated near the bottom of Lhe Californiu 0l Buie No. 1 well (Brown,
1974). I general, Upper Cretacenus rocks grade 1rom {errigenous sands and shales
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inland in Georgia and South Caraolina to mere marine chalks, limestones, and dolomites
near the coastline (Dillon and olhers, 1975). The Cenozoic rocks, predominently
shallow-water maring parbonates in Florida, grade northward into marginal marine
clastic facies composed of sands, marls, and limestone (Dillon and others, 1975).

" pre-Cretaceous rocks of the basement complex can be divided into: (1) early
Paleozoic and late Precambrian igneous and metamorphic rocks similar to those
exposed in the Appalachian Piedmont province (Spivak and Shelburne, 1971); and (2)
Triassic deposits of nonmarine arkoses, sandstones, shales, basic flows, and diabase
intrusions. Where exposed from northern South Carolina to Nova Seotia, Triassic rocks
peeur in northeast-southwest trending downfaulted grabens (Dillon and others, 1975).

In the offshore Southeast Georgia embayment, where data from deep wells are
unavailable, early authors (e.g., Woollard and athers, 1957) defined "Pre-Cretaceous
basement" on the basis of seismic refraction veloeities greater than 5.6 km/sec.
Recently collected multichanhel seismic reflection data suggest Lhat some of these high
velooities could represent a layer of Mesozoic volcanic rocks. These voleanic rocks
may overlie sedimentary rocks, Paleozoic basement racks containing mafic intrusions,
and possibly Triassic hasins and granitic intrusions.

This paper presents newly acquired multichannel seigmic reflection and seismic
refraction data together with previously published gravity data of Krivoy and Epperl
(1977). These new data were collected in 1975 during a cruise jointly sponsored by the
U.S. Geological Survey (USGS) and I'Institut Francais du Petrole (IFP) (Dillon and
others, 1979). mMultichannel seismic reflection profiles were collected using the IFP
[Flexichoe acoustic source, a large-law pressure @irgun thal produces a relatively simple
pulse equivalent to about a 1000 in? array of airguns. Reflection data were processed
using a 2400 percent common-depth-paint (CDP) stack. The same sound source was
Uged with disposable sanobuays to record four refraction profiles on the Continental

Shelf.
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Figure 3. Bcatiﬁns of seismic profiles on the Continental Shelf shoreward of the 200
m isobath between 30°N and 350N. The letters in parentheses indicate the principal
worker (see explanation of letter designation in Table 1).
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GEOPHYSICAL STUDIES
Seismic Reflection

The locations of the USGS-IFP seismic reflection profiles discussed in this paper
are shown in Figure 3 and two seismic sections are shown in Figure 4. All records show
harizontal reflectors above a smooth, stri.g reflector that was recorded at depths of
between 1.5 and 2.0 seconds of twosway travel time. On the records from Lines FC-
Voand FC-IV (Figures 4a and 4b) there are weak indications Lhat suggest the existence
of reflectors beneath the smooth, strong reflector. On FO-IV (Figure 4b), the smool b,
strong reflector loses its distinetive character at about 319N and a rough acoustic
horizon is apparent at 2.0 to 3.0 seconds depth,

Seismic Refraction

Figure 3 shows the lacations of seismic refraction profiles oblained during the
1975 USGS-IFP program, 7(FC), B(FC), AFC), and 10(FC), as well as the earlier warlk
of Woollard and others (1957), Hersey and others (1959), Antoine and Henry (1965), and
Dowling (1968). The results of these surveys are given in Table 1. The station
numbering system is the same as that used by the ariginal authors. Most seismic
refraction studies have indicated the presence of four layers, and these were defined
on the basis of similar depths and veloeities. When the results fram all the studies
were tabulated together, we found it eonvenient to divide them into six groups baserd
on veloeity.  Our primary interest in this paper is the nature of the roclks reprasetited
by the velocities in eolumns V aned VI in Tahle ).

Sever) velocilies greater than 6.3 km/fsee are listed in calumn VI (Table 1). A1
three additional onshore =1 tons, Woallard and others (1957) miensurad veloelties equal
Lo or in'excess of 6.3 km/ape.  The Ibeations of Lhese len siatipns and Lhe depths Lo
the high velority refractor are shown in Figure 5,

The two lowest of these high velocity values, 6.3 km/sec (Hersey and others,
1959) and 6.36 km/see (AnLoine ard Henry, 1965), are believed to he the most accurate
because they were obtained at loeations where both farward and reverse recording was
employed. The remaining velocities listed in column VI, recorded on unreversed lines,
might be somewhat high. On lines, FC-8 and (W), velocities of 6.59 km/sec were
recorded. These extremely high velorities were recorded on essentially perpendicular
lines, thereby partially eliminating the problem of increased apparent velocity caused
by dip of the refracting surface along unreversed profiles.

These velocities indicate the presence af high density rock. It should he noted,
however, that they were generally recorded in areas of negative gravity anomalies
(Figure 6). If the volumes of Lhese high-velocity rocks are small, their effect on the
measured gravity would be minimal.

Gravity

1
The most striking features on the Bouguer gravity map of the Southeast Georgia
embayment (Figure 6) are the north-south elongate positive anomalies in excess of 80
mgals at 78.79W and the adjacent areas where negative anomalies are lower than -40
mgals. The location of the gravity highs coincides with the location of large magnetic
highs (Taylor and others, 1968; Klitgord and Behrendt, 1977).

INTERPRETATION OF DATA

The data in Table 1 were used to construel @ contour map showing depth to
refractors having velocities between 5.6 and 6.1 km/sec (Figure 7). On the basis of
onshore refraction results, where well control was available, Woollard and others (1957)
were able to show that velocities in the 5.6-6.1 km/sec range represented pre-
Cretaceous racks, and this relationship was extended to the offshore area where drill
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Figure 4. Samples of seismic reflection records recorded during the 1975 USGS-IFP
cruise. Figure 4(a) shows the smooth, strong reflector on Line FC-V. Figure 4(b) shows
reflections from horizons beneath this strong reflector on Line FC-IV.

hole data were unavailable. The term "basement" was applied to this pre-Crelaceous
surface. In the Cape Fear area it was generally assumed that velocities between 5.6
and 6.1 km/sec represented crystalline Paleozoic rocks.

Superimposed on the contour map of Figure 7 are depths to the smooth, strong
reflector (Figure 4). The excellent agreement in depth between the two horizons
suggests that seismic arrivals of velocities of 5.6-6.1 km/sec were refracted along the
smooth, strong reflector or a horizon at approximately the same depth. This smooth,
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Table 1.

Compilation of the results of seismic refraction surveys in the Southeast

Georgia embayment. Results are grouped by measured velocity. Velocities of less than
Depths are

5.3 km/see are believed to represent Cretaceous and vounger sediments.

given in km below sea level and velocities in km/sec.
principal investigator:
and others (1959), (W) Woollard and others (1957), (FC) recently acquired USGS-IFP

data. Velocities (v) and depths (d).

(A) Antoine and Henr

Letters in parentheses indicate
y (1965), (D) Dowling (1968), (H) Hersey

d

1.29

1.28

1.0-2.2 k/s 2.2-2.8 k/s 2.8-3.1 k/s 3.4-4.3 Kk/s 5.3-6 k/s 6.3-7+ K/s
Station v d v d v d v d v d v
2313(D)  2.0%* .02  2.44 .38 3.43 .76 5.9 1.07
2312(D)  2.0% .03 2.44 .35 3,43 .84 5.96 1.47
2311(D)  2.0% .04 2.44 .21 3.43 1.04 5.9 2.72
2301(D)  2.0% .04  2.74 .67 5.82 1.68
2302(D)  2.0% .04  2.74 .67 5.82 1.83
2305(D)  2.0% .04  2.67 .39 3.76 1.39 5.9 2,54
2306(D)  2.0% .04  2.67 .69 3.74 1.58 5.9 3.16
2308(D)  2.0% .04 .67 .98 4.27 1.84
13-54(3) 1.84 .03 .41 .53 3.88 1.32
3-54(H)  1.86 .03  2.48 .25 5.49 1.16
12-54(H) 1.88 .04  2.46 .40 5.90 1.47
200 1.62 .03 2,37 .35 5.88 1.31
3(W) 2.18 .02 2.51 .08 5.91 .77
400 2,10 .02 2.36 .21 5.91 71 7.01
1(W) 171 .02 5.79 .88
6(W) 2.23 .02 2.33 .32 5.79 .64 6.46
50) 1.67 .03 2.32 .33 5.82 .91
11-54(H)° 2,05 .03  2.26 .09 5.89 .86
76w 1.95 .03 6.25 .73
) 2.00 .02 2.43 .30 5.76 .9
10(FC) 1.87 .05 2.19 .31
9(FC) 1.82 .04 2.85 .70 5.94 1.61 6.87
N .03 .35 1.28
1-55(0)g 190 03 2.4 o s.98 123
10-54(H) 1.66 .03  2.71 .50 6.04 1.78
N .05 .62 2.15
L-ss@y 177 003 2065 S 5.96 5'io
10(w) 1.74 .02 2.48 .23 6.13 1.42
9(W) 1.76 .04 2.28 .35 5.64 2.04 6.59
8(FC) 1.78 .04  2.68 .59 6.59
1260 2.12  .006 2.3% .08 6.04 1.18
1L (W) 1.80 .01 6.07 .93
14.(W) 1.89 .01 2,59 .22 5.88 1.23
1500) 1.87  .006 2.56 .16 5.88 1.30
W .03 .13 .41 1.63
788 L6l ol 236 13 2 i s.85 163
W .03 .20 160 1.79
sh 176 g, 247 50 303 8D 5.96 12
o8 .03 .3l .73 2.59
13-555 1.83 03 256 O 3.45 170g  5.95 2139
W .045 .23 .69 1.99
(M) L7238 2.6 (DY a0 tS) 5.76 50
lowg 172 2 2.6 i? .05 72 5.45 gig
7(FC) 1.86 .04  2.70 .32 5.89 2,31
16(W) 1.76  .006 2.47 .14  2.99 .31 5.30 1.24
W ~02 12 42
38 L7z 0 23 gk o t¥2 6.36
N .03 .14 S45 1.68
4y L6703 231 e 2.9 o s.52 188
N .03 .14 .43 1.78
Sy 163 oy 226 5 sos 2 5.39 10
E .03 .18 .52 1.93
sy L7z 0l w38 0 300 ol 5.81 1'po
. . ! 91
2@y Lo N s h 29 A 5.9 1'%
W .04 .34
12-55m) 1,95 o8 2.88 2 6.30
s-55(0)y  1.68 193 257 02 3.65 7 5.86 74
N .04 a5 .55 1.01 3.05
=SS 192 ol 2,34 ¢ 28 (3R 343 10 s.96 3100
* assumed velocity
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Figure 5. Locations where seismic refraction surveys measured velocities equal to or
in excess of 6.3 km/sec. Measured velocities and depths of high-velocity refractor are
indicated on the map-.

strong reflective horizon has been traced on seismic reflection rpeards over an
extensive aren of the offshore Southeast Georgia embayment belwesn 510K and 359N,
where il appears Lo be continuous and is overlain by about 1 km of essentially flat-lying
undisturbed sediments (Dillon and others, 1979).

Orilling near Charleston, South Carolina, has revealed basall flows at a depth of
0.8 km (Gohn, Higgins, and pthers, 1978), K-Ar dates indicate Lhat the basall is about
160-200 m.y. old (Triassic-Early Jurassic age) (Gohn, Gottfried, and others, 1978). By
projecting the gmmooth, strong reflector onshore, Dillon and nthers (1979) correlated the
reflector with these basalt flows.

South of 319N reflections are recorded from @ horizan about ] to 1.5 km deeper
than the smooth, strang reflector. These deeper reflections could represent Paleozoic
metasediments or rocks af a crystalline basement complex. The interval between the
strong reflector and this deeper sel af reflections might represent Triassic ar Lower
Jurassic deposits, Although we cannot be sure that such lower Mesazoic deposits exist
peneath the smooth reflector rorth of 319N, their presence would help explain the large
negative gravity anarmalies that are observed thare and are discussed in the next
paragraph.

On the Bouguer gravity map af the Southeast Geergia pmbayment (Figure 6), a
north-south elongate pasitive anomaly appears between 320N and 349N,  According to
Harold Krivey (LSGS, writlen commun., 1977), the amplitude of this positive gravity
anomaly, its gradient, and s association with a large positive aeromagnetic anomaly
indicate thal the source of the anomaly is & high-dengily mafic bady of rock thal hss
been intruded to relatively shallow depths (possibly 1-2km). To the east of this positive
gravity feature, Bouguer values are ag low as -60 mgals. The mass deficit that rmust
copregpond Lo such low gravity values Is difficult e explain.  The short horizontal
extont of the steep gradients suggests a shallow source for the neqalive anamalies.
Because post-Triassic sediments appear Lo simply thicken seaward, Lhe source is
Believed to be a mass defieit peecurring immediately below or at shallow depths bielow
the smooth, strong reflector.
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Figure 6. Bouger gravity map of the Continental Shelf in the Southeast Georgia
embayment area. Figure is modified from Krivoy and Eppert (1977).

Sedimentary rocks or low density granitic rock could account for the mass deficit.
Buried Triassic basins, cartaining chiefly nonmarine sediments, are presenl in the
region. These include the Dunharton Basin (Marine and iiple, 1974), the Florence Basin
(MacCarthy, 1936; Bonini and Woollard, 1960) and the Durham-Wadesboro Basin
(Randazzo and others, 1970; Ackermann and others, 1976),

Several onshore wells in ecoastal North Caroling have penetrated rhyolite
basement (Maher, 1971; Brown and others, 1973). MNorth of Cape Hatteras, on the
northern shore of Albemarle Sound near 369N, 760W (1 igure 6), Denison and olthers
(1967) reported an altered rhyolite porphyry, which is apparently associated with a
negative Bouguer gravity anomaly lower than -30 moals.

To estimate the thickness of the low density rack the following assumptions were
made. The surrounding basement was assigned a density of 2.73 gm/ce. This density,
assigned to the Appalachian-Allantic coast area by Woollard (1962), was chosen because
it allows piausible density contrasts in calculations involving either the negative
anomalies of -60 mgals or the positive anomalies of +80 mgals. An average density cf
2.6 gm/cc was assigned to the rocks causing the low anomalies.  This density is
appropriate for either sedimentary rocks or low-density granitic rock (Daly and others,
1966). A thickness of about 7.5 km of 2.6 gm/fce rock is necessary Lo produce a
negative anomaly of about -42 magals, which, except for one small area, approximales
the lowest negative anomaly values. If the density contrasl were assumed Lo be 0.18,
then the source of the anomaly would be about 5.5 km thick.

To explain the Georgetown, South Carolina, gravity low, Talwani and others (1975)
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Figure 5. Locations where seismic refraction surveys measured velocities equal to or
in excess of 6.3 km/sec. Measured velocities and depths of high-velocity refractor are
indicated on the map.

strong reflective horizon has been traced on seismic reflection records over an
axlensive area of the offshore Southeast Georgia embayment belween 319 and 359N,
where il appears Lo be continuous and is averlain by about 1 km of pssentially flat-lying
undisturbed sediments (Dillon and athers, 1979).

Drilling near Charleston, South Carolina, has revealed basalt flows at a depth of
0.8 kim (Gohin, Higging, and others, 1978). K-Ar dales indicate that the basalt is about
160-200 m.y. old (Triassic-Early Jurassic age) (Gohn, Cottfried, and others, 1978). By
projecting the smooth, strong reflector anshore, Dillon and others (1979) correlated the
reflector with these basalt flows.

South of 319N refleotions are recorded fram a horizon about 1 Lo 1.5 km deeper
than the smaoth, strong reflector. These deeper reflections could represent Paleozoic
metasediments or rocks of a crystalline basement complex. The interval between the
strong reflector and this deeper set of reflections might represent Triassic or Lower
Jurassic deposits. Although we cannot be sure that such lower Mesozoic deposits exist
beneath the smooth reflector north of 319N, their presence would help explain the large
negalive gravily anomalies that are observed Lhere and are discussed in the next
paragraph.

On the Bouguer gravity map of the Goutheast Georgia embayment (Figure 6), a
north-south elongate positive anomaly appears hetween 520N and 349N, Acecortding to
Harold Krivay (LUSGS, written commui., 1977), the amplitude of this positive gravity
anomaly, its gradient, and ita associntion with o large positive geromagnetic anomaly
indicate that the source of the anamaly 18 a high-density mafie body of rock that has
been intruded ta relatively shallow depths (possibly 1-2km). To the east of this positive
gravity feature, Bouguer values are as low as -60 mgalo The mass deficil that must
correspond to such low gravity vaelues io difficult to explain. The short horizontal
exlent of the steep gradients suggests a shallow source for the negative angmalies.
Because post-Triassic sediments appear to simply thicken seaward, Lhe source i¢
helieved to be a mass deficil oceurring immediately below or at shallow depths below
the smooth, strong reflector.
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Figure 6. Bouger gravity map of the Continental Shelf in the Southeast Georgia
embayment area. Figure is modified from Krivoy and Eppert (1977).

Sedimentary rocks or low density granitic rock could account for the mass deficit.
Buried Triassic hasins, containing chiefly nonmarine sediments, are presenl in the
region.  These include the Dunbarton Basin (Marine and Siple, 1974), the Florence Basin
(MaeCarthy, 1936; Bonini and Woollard, 1960) and Lhe Durham-Wadeshora Basin
(Randazzo and others, 1970; Ackermann and others, 1976).

Several onshore wells in coastal North Carolina have penelrated rhyolite
basement (Maher, 1971; Brown and others, 1973), North of Cape Halleras, on the
northern shore of Albemarle Sound near 360N, 76°W (f igure 6), Denison and others
(1967) reported an altered rhyolite porphyry, which is apparently associated with a
negative Bouguer gravity anomaly lower than -30 mgals.

To estimate the thickness of the low density rock the following assumptions were
made. The surrounding basement was assigned a density of 2,73 gm/ce.  This densiiy,
assigned to the Appalachian-Atlantic coast area by Woollard (1962), was chasen because
it allows plausible density contrasts in caleulations invelving either the negalive
anomalies of -60 mgals or the positive anomalies of +80 mgals. An average density cf
2.6 gmjce was assigned Lo the rocks causing the low anomalies.  This density s
appropriate for either sedimentary rocks or low-density granitic rocl (Daly and others,
1966). A thickness of ahbout 7.5 km of 2.6 gm/ee rock is necessary to produce &
neqgative anomaly of about -42 mgals, which, except for one small area, approximates
the lowest neqative anomaly values. If Lhe density contrast were assumed Lo be 0.18,
Lthen the source of the anamaly would be aboul 5.5 km thick,

To explain the Georgeltown, Sauth Carolina, gravity low, Talwani and others (1975)
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Figure 7. Contour map showing depth to 5.6-6.1 km/sec refracting horizon in the
Southeast Georgia embayment area. Note the excellent agreement between depths to
5.6-6.1 km/sec horizon and the smooth, strong reflector recorded on USGS-IFP cruise.

proposed the presence of a sedimentary basin and calculated its thickness using a
surrounding rock density of 2.67 gm/cc. Their estimate of density was based on that
of Marine (1974) for the Dunbarton Basin. 1f we were to use their basement-density
value, the source of the anomaly would have a thickness in excess of 15 km.

These thicknesses are unusually large for a sedimentary basin. The size of the
low-density mass necessary to produce these large negative anomalies suggests that it
is a granitic intrusion. On the other hand, the large numbers of Triassic (and/ar
Jurassic) basins found on- and off-shore along the east coast of North America (Marine
and Siple, 1974) suggest the possible existence of others. Perhaps the low densities
might be best explained by a combination of granitic intrusions and sedimentary basins.

2000
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CONCLUSIONS

Compilation of seismic reflection, seismic refraction and gravity data from the
area between 320N and 340N latitude on the U.5. Atlantic Continental Shelf suggest
that the pre-Cretaceous basement in the area is quite complex. The data obtained to
date cannot be unequivocally interpreted. Many of the compressional wave velocities
ranging from 5.6 to 6.1 km/see, which have been recorded in seismic refraction surveys
appear Lo represent & basalt flow or series of such flows of large areal extent. In
places these flows may rest directly on Paleazoic rocks, but, particularly in areas of
negative Bouguer gravily anomalies, they may overlie sediments.

Offshore from South Caralina two unusually strong negative anomalies suggest the
presence of extremely thick Triassic-Early Jurassic basins, unusually low density
granilic intrusions, or a combination of the btwo. High positive Bouguer gravity
anomalies between the Lwo areas of negative anomalies are believed Lo be caused by
dense mafic intrusions.
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PETROLOGY OF THE BALSAM GAP DUNITE,

JACKSON COUNTY, NORTH CAROLINAL

By

F. M. Honeycutt2
and

R. A. Heimlich
Department of Geology
Kent State University

Kent, Ohio 44242

ABSTRACT

The Balsam Cap dunite is enclosed in Precambrian qneiss composed of biotite-
quartz-feldspar £ garnet and Hornblende-quartz-feldspar £ garnet assemblages indieative
of amphibolite facies metamorphism.  Ground magnetic survey data and geologic
mapping show the body ta have maximum plan dimensiona of 240 by 390 meters and
a thickness of 150-170 meters. Its long axis is oriented roughly parallel to the strilee
af follation in the enclosing grieiss which strikes NE-SW ahd dips steeply either SE or
INW

Mineralogically the rock is caomposed of olivine (ru?3) and chromite, altered in
varying degrees Lo serpentine, talc, chlarite, tremaolite, vermiculite, anthophyllite, and
saleite.  Typieally Uhe dunite texture is characterized by equant nlivine grains (0.1~
5 im0 diameter) which meet al 1200 triple-point junctions. Oliving also oocurs as
large irregular grains (3-6 mm in diameter) which commanly display undulatory
exlinction and strain bands. The amount of alteration varies throughout the bady, bul
it generally increases from Lhe center toward the margine with a maximum alteration
of 40%. In conjunction with the alteration, there is a slight increase in silica and
glight decrease in magnesia as the marging of the body are approached.

Petrofabric data indicate a preferred orientation of olivine crystallographic axes
in one of two samples investigated. There is no direct relationship betweeh lhese
orientations and the shape of the bady nor Lhe attitude af foliation in the country
rock.

Collectively, the dala suggest that the Balsam Gap dunite was emplaced as a
cold, solid mass of mantle material, Hydrous alteration of the dunife acourred during
and/or after emplacement.

INTRODUCTION

Alpine ultramafic bodies have drawn considerable atteption in recent years due
to development of the plate tectonic theary and interest in the nature of the mant!e.
such bodies are found in folded mountain belts near continental margins which are
considered to be or Lo have been aclive plate boundaries. The ultramafic rock is
thought to be upper mantle material which was emplaced in subduction (Colaman,
1971; Ragan, 1963%; Chidester angd Cady, 1972; Stevens et al.,, 1974) or obduction
(Church and Stevens, 19715 Dewey and Bird, 1971; Williams, 1971; Laurent, 1979)
ZONES.

1 Contribulion No. 187, Department of Geology, Kent State University,

Kent, Ohio 44242 ) )
2present address:  Ohio Division of Geological Survey, Fountain Square,

Columbus, Ohio 43224
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The nature of the ultramafic material during emplacement has been debated by
different workers. Some feel the bodies were emplaced as fresh peridotite which
underwent serpentinization and other hydrdus alteration during and/or after emplace-
menl (Dribus et al., 1980; Hahn and Heimlich, 1977; Kingsbury and Heimlich, 1Y/8;
Ragan, 1963; Condie and Madison, 1969; Yurkavich, 1977; Coleman, 1971; and Dribus
el al., 1976). Others believe that the material was emplaced as serpentinite which
underwent partial or near total dehydration to peridotite after emplacement (Astwood
et al., 1972; Carpenler and Phyfer, 1976; Vance and Durigan, 1977).

Many of the earlier studies of soulliern Appalachian ultramalites were directed
primmarily toward their economic potential with respect Lo chromite, vermiculite,
ashestos, and olivine (Huriter et al., 1942; Murdock and Hunter, 1946; Conrad et al.,
1963; Hunter, 1941). The more recent studies tend Lo be restricted Lo a single aspect
such as geochemistry (Carpenter and Phyfer, 1976; Carpenter and Chen, 1978),
petrofabrics (Astwood et al., 1972; Sailor and Kuntz, 1973; Bluhm and Zimmerman,
1977) or serpentinization (Condie and Madisan, 1969; Alcorn and Carpenter, 1976;
Swanson and Raymond, 1976).

The goals of this study of the Balsam Gap body were to apply field mappirg,
geaphysics, petrography, petrofabric analysis, and geochemistry for the purpose of
determining its three-dimensional shape and size, lithology, textures, fabric, and its
mineral and chemical composition. Regarding earlier work, the Balsam Gap body was
included in Hunter's (1941) reconnaissance gl udy, two samples were studied by means
of petrofabric analysis by Astwood et al. (1972), and several olivine samples were
subjecled Lo electron micruprobe analysis by Carpenter and Phyfer (1976).

Financial assistance for Lhis sludy was provided by the Sociely of the Sigma Xi,
Mr. R. Henry and the International Minerals and Chemical Corporation gave
permission to work on the Balsam Gap property and Mr. E.B. Conrad and the Parks
family provided access to their lands nearby, Additionally, we are grateful to Donald
van Buskirk, James Kluttz, and Steven P. Yurkovich for their assislance and advice
during the field work.

LOCATION AND REGIONAL GEOLOGIC SETTING

The Balsam Gap ullramafic bady is located in Jackson County, North Carolina
approximately 65 kilometers WSW of Asheville (Figure 1) near the town of Balsam. It
occurs within the Blue Ridge Province of the Appalachian Mountains, and is one of a
large number of ultramafic bodies which define a discontinuous but persistent belt
that extends from Alabama northeastward to Newfoundland.

In western North Carolina the ultramafic rocks occur as relatively small,
subcircular to lenticular bodies typically associaled with quartzofeldspathic ("Careo-
lina") and mafic ("Roan") gneisses of Precambrian age (Misra and Keller, 1978). These
rocks, as well as some of the ultramafic badies, were intruded by granitic peygmalites
of the Spruce-Pine type during middle Paleozoic Lirme, suggesling that the ultramafics
may have been emplaced during the Taconian (I ate Ordovician) Orogeny (Misra and
Keller, 1978).

METHODS

The body was mapped by the pace-and-rcompass method and by means of
magnetic surveys (Honeyeutt et al., 1980). An enlargement of the U.S.G.S. Hazelwood
Quadrangle (1:24000 scale, 1941) was used as a hase map (1 inch equals 250 feet) for
the pace-compass data and for sample locations. Due to generally poor exposure in
this area, a relatively small number of samples was obtained (Figure 2). An earlier
open pit mine provided sampling access to the interior of the dunite.

A total of 29 thin sections was studied, including 18 samples of the ultramafic
rock and 11 samples of the gneiss. Modes were obtained for each thin section based
on counts of 1200 points minimum. In conjunction with standard petrographic analysis,
a luminoscope was used to identify carbonate riinerals and to determine Lhe presence
of potassium feldspar in the country roek. In addition, two oriented ultramafic
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samples were collected and studied with a five-axis universal stage, fallowing Emmons
(1943), to determine if any preferred orientation of the olivine is present.  [or each
section 150 grains were measured and the results were plotted on etjual-area
stereographic nels.

X-ray diffraction was used for mineral identification and to determine forsterite
cantenl. of the oliving, within a maximum error af £4% (Yoder and Sshama, 1957).
Plagioclase compositions were estimated by the Michel-Levy method.  Whole rock
chemical analysis of 12 ultramafic samples was performed with a Perkin-Clmer Model
40% atomic absorption spectropholometer for selected major and trace elements.
Duplicate samples were analyzed, including those for whole rock standards DTS-1 and
PCC-1, Lo determing precision (better than 49),  Accuracy was determined to be
within 4% by comparing the values obtained for DTS-1 and PCC-1 with Lheir accepled
values.
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COUNTRY ROCK

As is true throughoul Lhe southern Appalachian Mountains, the country rock in
the Balsam Gap area is generally poorly exposed and typically highly weathered. A
thick saprolite is the more common indicator of country rock rather than actual
outerops. Where exposed, the rock is clearly a gneiss composed of alternating layers
of mafic and felsic minerals. Its faliation strikes generally northeast-southwest
(Figure 3). The gneiss is composed of biotite-quartz-feldspar +qgarnet and hornblende-
quartz-feldspar 4 garnet assemblages. Table 1 lists the minerals identified in thin
section by means of their optical properties and cathodoluminescent characteristics.

The feldspar is primarily twinned plagioclase which occurs as subidioblastic
grains possessing an average composition of An35 (range = An26-42). This is the
dominant mineral in all but three samples of the gneiss (Table 1). With the exception
of one sample, potassium feldspar is present only as inclusions in the plagioclase.

A major constituent in several samples, hornblende occurs as subidioblastic
pleochroic grains (light to dark green} which exhibit well-defined cleavage and
incipient alteration to fine-grained magnetite. Among the micas, biotite occurs as
relatively large grains concentrated in bands while muscaovite occurs as small
scattered flakes. The biotite is strongly pleochroic (light to dark brown) and typically
altered to magnetite along cleavage traces and grain boundaries.

Quartz, a prominent constituent of the gneiss (Table 1), is typically xenoblastic,
finer grained than the feldspar, and characterized by undulatory extinction.

Accessory minerals include garnet, calcite, apatite, zircon, rutile, and mag-
netite. Garnet occurs as small polygonal prophyoblasts associated with the hornblende
or biotite bands. Irreqular calcite grains and idioblastic apatite prisms are scattered
throughout the thin sections in small amounts. Zircon and primary magnetite are
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Table I. Modal analyses of the gneiss.
Sample Number 101 103 105 109 134 |35 128 137 135 142 143
Plagioclase 52.6 43.6 34,4 60.5 32.0 62.2 46.9 50.6 34.9 55.3 48.3
Microcline tr 3.8 tr
Hornblende 16.2 12.4 41.0 59.5 54.4
Biotite 7.8 14,2 7.9 10 | 0.6 6. 14.8 16,2 tr 12.0 21.8
Quartz 21.6 28.2 10.9 8.2 4.1 27. 36.2 31.3 5.2 28.8 26,7
Muscovite 0.4 0.4 3.5 0.5 0.2 tr 0.2 0.6 2.5 3.0 1.3
Magnetite 0.4 0.1 tr tr 0.3 tr 0.2 0.1 tr 0.1 0.4
Garnet 0.1 0.2 0.5 0.4 0.4 0.2 0.1 i 3
Apatite 0.1 0.l 0.3 0.2 0.3 0.3 0.2 0.2 0.1 0.3 0,5
Zircon tr tr tr tr tr tr
Rutile tr tr tr tr tr
Calcite 0.8 0.8 1.7 0.5 2.4 tr 1.0 0.7 2.6 0.3 0.6
Hematite tr tr tr 0.1



commonly associated with harnblende and biolite typically as inclusions in the latter.
Rutile is present only in trace amounts associated with the hornblende and biotile. In
the more weathered samples, hematite is present along clgavage traces and grain
boundaries, and in some Cases it discolors the feldspar.

Based upon the observed mineralagy, the country rock in this area lies within the
amphibolite facies of regional metamorphisim.

DUNITE
Field Characteristics

In plan view the Balsam Gap body measures 240 by 390 meters, as determined
by field mapping and by a ground magnetic survey (Honeycutt et al., 1980). Its long
axis is oriented N35E which is subparalle] to the strike of foliation in the gneiss
(Figure 3). In gross aspect the body appears to be copcordant. However, lack of
gneiss exposures near the contact prohibils a detailed comparison of the strike of the
contact with that of the country pock. Modeling of the magnetic data suggests that
the mass is pod-shaped and extends to a maximum depth of 150-170 meters (Honeycutt
et al., 1980). .

Megascopically, the rock varies from unaltered dunite to highly serpentinized
dunite. The grealest degree of alteration by velume is generally along the margin,
but alteration is also found at scattered [oeations throughout the body.

A network of fractures and joints characterize the dunite. Based on sparse data,
there appear to be two major sets of joints, one strikipg northeasterly parallel to the
long axis of the body, and anather striking westerly to northwesterly roughly normal
to its long axis (Figure 3). Dips range from 22° to 909, Some of the fractures display
slickensides and many are filled with serpentine or talc.

Although Astwood et al. (1972) make reference Lo the local presence of chromite
lineations, none were found in the present study. Veins of calcite, quartz, and granitic
pegmatite are also lacking in the dunite.

Petrography and Mineralogy

petrographic study reveals that the primary minerals of the dunite are olivine
and accessory chromite (Table 2). The olivine occurs characteristically as a mosaic
of unstrained, polygonal grains possessing triple-point junctions which meet al
approximately 1200.  This texture is exhibited by all samples and it dominates each
thin section. The polygonal grains range in diameter from 0.1 to 5.0 mm. The olivine
also occurs as seattered irregular porphyroclasts which show deformational features

Table 2. Modal analyses and olivine composition for the dunite.

Sample Number 112 13 14 16 118 119 120 121 122
01 ivine 55,5 60.9 66.5 92.4 92,1 5.2 q97.5 72.9 94,2
Chrom!te 4.2 1.9 2.1 0.8 3.9 0.8 0.8 2.9 0.8
Serpentine 39.6 33.8 24.4 2.6 2.6 3.2 1.7 6.7 Z:%
Talc tr 4.2 3.8 0.6 9.5 13.9 0.6
chlorite 0.7 3.3 1.9 0.4 0.5 1.2 ¥r 2.6 0.1
Tremo! ite 0.5 tr 0.9 Q.4
Vermiculite tr 0.2 tr tr 0.1 tr 0.3 0.1
Anthophyllite 0.1 Tr Tr 0.l o8

Caicite 0.3 tr

Olivine Fo% 92. 1 90.7 91.8 95. | 93.5 93.4 95.2 90.3 93.3
Samp le Number 123 124 125 126 128 129 131 132 138
0l ivina 78.3 B8.6 94.5 96.3 71.9 9.4 T6.4 92.0 B3.7
Chraomite [ (0.6 0.8 0.6 0.4 0.7 0.9 (] [
Sarpantine 3.4 2.2 4.1 2.0 A4 5.4 5.9 5.9 2.9
Tale 2.8 8.3 0.5 15,7 9.9 4.9 a.l 10.1
Chlorita 5.0 a.i tr 0.1 1.7 3.1 e . 0.4
Tremol it 1l U5 1.3 0.8 tr 13
Varmicullte 0.2 tr 0.1 tr 0.1 tr tr
Anthophylilite tr 0.2

Calclte 0.1 0.1 0.5 0.2 tr 0.3 tr
Olivine Fo% 89.4 93.9 93.3 94.3 93.7 90.6 92.8 94.8 93.0



such as undulose extinction and strain bands. The porphyroclasts are typically larger
(3-6 mm. in diameter) than the surrounding polygonal grains.

X-ray analysis of the ulivine indicales thal it is highly magnesian, averaging
F092.9%, virtually the same as Lhe compasitions obtained by microprobe analysis (Fo
92.5%) by Carpenter and Phyfer (1976), Eighteen samples were analyzed and the
resulls are consistently within the experimental error, suggesling the absence of
olivine compositional zonation across Lhe body.

Chromite occurs as disseminated euhedral grains which comprise 0.4 to 4.2% of
the rock (Table 2). Its grain size ranges from 0.05 to 1.00 mm. Although one outcrop
exhibits thin, irregular stringers of chromite, in general chromite occurs as scattered
grains.

Modal analyses indicate that alteration of the dunite ranges from L7 to greater
than 40%. In general the amount of alteration increases from the center of the body
to its margins. Major alteration products, in decreasing order of abundance, are
serpentine (chrysotile and antigorite), Lale, chlorite, calcite, and tremaolite. Traces af
vermiculite and anthophyllite are present in addition. Chrysotile oceurs as fracture
fillings which transeet olivine grains while anligorite occurs as irregular replacement
patches along olivine grain boundaries. Both Lypes ol serpentine are characterized by
disseminated, fine-grairied secondary magnetite. Although associated with the olivine
locally, chlorite has formed primarily at the expense of chromite. When all the
alteration products are associated in a single thin section, there appears to be a
sequence of alteration (chlorite replaced by serpentine, in turn replaced by talc) which
is consistent throughout the body. Tremolite is present as a later stage of alteration,
as indicated by its cross-culling relationship with the other alteration products.

Chemical Data

Whole rock analysis of six representative samples of the dunite (Table 3)
indicates that the pluton is relatively homogeneous with respect to the four major
oxides:  5i0p, Aly03, MgO, and FepOs. A slight increase in SiOp and a slight
decrease in Mg are present locally as Lhe margins of the body are approached. This
suggeslive zonation may reflect original chemical variations or may be the result of
interaction between the dunite ard Lhe enclosing gneiss. The major oxide data are
comparable to those for other North Carolina dunites (Hahn and Heimlich, 1977;
Dribus et al., 1980; Kingsbury and Heimlich, 1978; Carpenter and Chen, 1978).

Nickel and chromium, present in Lrace amounts, fail Lo exhibit systemalic
variation within the body (Table 3). Average values are 2764 ppm nickel and 3953 ppm
chromium. Although both values are higher than the averages far Ihese elements in
typical ultramafic rock, buth fall within the range of values reported by Goles (1967).
Both the nickel and chromite values exceed those in several other North Carolina
ultramafites (Hahn and Heimlich, 1977; Kingshury and Heimlich, 1978),

Petrofabric Data

Of the two oriented samples selected for petrofabric analysis, ane (#126) is from
very near the center of the body whereas the other (#123) was oblained 30 meters
inward from its western contact (Figure 2). The texture of bath samples is daminated
by polygonal, unstrained olivine; less than %% of the grains are strained por-
phyroclasts.

As shown in Figure 4, sample 126 shows an X point maximum (6%) with Y and
Table 3. Chemical analyses of the dunite.

Sample Number 12 1a 18 120 (21 . 123
Si0p 45.39 45.99 42,23 41,19 46.09 45,43
MgO 41.91 42.35 48.46 51,32 43.39 43,21
Fep03* 8.45 7.79 8.10 7.35 7.35 7.4
Al,03 0.35 _0.46 0.15 0.03 0.82 0.98
Totals 96.10 96.59 98.94 99.89 97.65 57.46
cr (ppm) 2541 3208 8044 3539 3576 3972
NI (ppm) 2568 2582 3031 3071 2261 2092

*Total Fe as Fey03
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Figure 4. Petrofabric diagrams for samples 123 and 1
and 6%).

7 partial girdles normal to each other and normal to %, The olivine in sample 123
exhibits diffuse patterns for all three axes with maxima falling below 4% in all cases.

A comparison of these pesulls with those of @ previous petrofabric investigation
(Astwood et al., 1972) sungests that their method of analysis, invalving measuremant
of only 40 grains per thin section, may have fatled to detect the presence of a
preferred arientatinn of the olivine as is suggested by the 6% maximum {Ave!
Lallemant, 1967) obtained in the present study.

CONCLUSIONS AND DISCUSSION

[ield mapping combined with a ground magnetic survey (Honeyeutt el al., 1980)
indicates that the Balsam (Gap dunite body is elongate and somewhat irregqular in plan
view #nd that it was emplaced in a tertain of gneisses which belong Lo Lhe amphibolite
facies of regional metamarphism.  The long axis of the dunite is subparallel to the
strike of foliation in the qrieiss, suggesting that the dunite and the gneiss may b
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genetically related.  However, the apparent absercn of otfher straligraphic units
Uypical of ophiolite ((Chidester and Cady, 1972; Dewey and Bird, 1971; Soulhwicl,
1974) suggests thal the dunite is nol the ullramafic portion of an ophiolite sequence.
Other dala which support this are the absence of layering and megascopic prefprrod
orientation of minerals in e dunite (( ‘oleman, 1971).

Moreover, the magnetic data sugrest that, in three dimensions, the dunite mass
is pod-shaped and may plunge steeply northward (Honeycutt et al., 1980). Thus the
body is nol tabular, a form which might be expected if it were an ultramaflic layer
within an ophiolite sequence, The shape of the body supports the contention, based
on Lhe apparent absence of contact metamorphism, that it is an isolaled pod of mantle
material which was Leclonically emplaced as a solid mass.

Modal analyses of the dunile suggest thal serpentinization and other hydrous
alteration increase generally toward the margins of the body. Such a patterr requires
either alteration of dunite from Lhe margins inward or dehydralion of serpentinite
from the eenter outward, Petrofabric dala are consistent with, but do nol prove,
initial emplacement of solid dunite rather than serpentinite.  Although the number of
Balsam Gap samples is far less than that analyzed by Ave' Lallemant (1967) in the
French Pyrenees, the maximum concentration obtained here in at least one of the two
samples is the same number which Ave'Lallemant interpreted as indicating the
presence of a preferred orientation.

Deformational features such as strain bands, undulase extiriction and pro-
phyroclasts surrounded by mosaics of smaller rectystallized olivine grains also argue
for solid-state emplacement of the RBalsam Gap dunite.  Specifically, strain-banded
porphyroclastic olivine grains are suggestive of incomplete recrystallizalion, move-
ment, and deformation of a solid mass (Ragan, 1963; Nicolas et al., | 971; Mereier and
Nicaolas, 1975).

The prevalent polygonal texture of the dunite suggests recrystallization before
(Ave'lallemant and Carter, 1970), during (Ragan, 1969), or after (Spry, 1969)
emplacement.  Because this texture is identical to that in upper mantle peridatite
tectonite inclusions in basalts (Mercier and Nicalas, 1975) and because |t duplicates
the experimental results of Ave'lallemant and Carter (1970), we believe that the
recrystallization occurred in Lhe upper mantle source region prior to emplacemenl.
The resulls of petrofabric analysis support this conelusion in Lhat they show no direct
relationship between preferred orientation of the olivine and the overall shape ol the
bady nor the attitude of foliation in the country rock.

Pelrographic data suggest three possible stages of dunite alteration. The first
was characterized by extensive development of chlorite and serpentine, with the latter
being the majar alteration product.  Its oceurrence as eross-culting veinlets and
interstitial patches suggests alleration of olivine rather than dehydration of ser-
pentine. If the latter was the case one might expect cross-cutting veinlets of
secondary olivine in primary serpentine, as seen by Vance and Dungan (1977) in the
Cascade Mountains of Washington, The second stage of alteration was steatization,
characterized by Lhe development of lale and some calcite. Textural relationships
between the serpentine and tale-caleite suggest thal the tale and caleite formed later.
The third stage of alteralion, amphibolization, is indicated by the presence of
tremolite and trace amounts of anthophyllite and vermiculite, each of which transects
olivine and minerala of the other fwo alteration stages. The most likely source of the
hydrous fluids is the enclosing gneiss which represents eugeosynclinal sediments once
rich in water,

The high magnesium content of the olivine and its large concentrations of nickel
and chromium support the idea of a mantle origin for the dunite (Ragan, 1963; Goles,
1967).

The slight increase in silica and slight decrease in magnesia along the margins
of the hody appear to be the resull of alteration of the dunite (See modes in Table
2).  Similar results were naled by Hahn and Heimlich (1977), Palmer et al. (1977),
Kingsbury and Heimlich (1978), and Dribus et al. (1980). The numerous joints and
fractures in the dupnite may have acled as avenues for the hydrods fluids during
alteration af the dunite, which explains the presence of tale and serpentine fillings
along these struclures. Moreover, Lhe absence of chromium and njckel Zoning supports
the theory of alteration zonation rather Lhan a primary chemieal zonation,
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ABSTRACT

The geologic formations comprising the Floridan aquifer system in St. Lucie,
Martin, and northern palm Beach Counties, Florida, have been studied through litho-
Jagic analysis of euttings and analysis of the geophysical signatures of the formations
as shawn on borehole geophysical logs. At least three units make up the Floridan
aguifer system in the study area: an unnamed gray caleilutite, the Oeala Limestone
of the upper Eocens, and the Avon Park Limestone of the upper middle Eocene.

The unnamed caleilutite is gray in color and eontains varying amounts of quartz
and phosphorite. Two members were observed in the Ocala Limestone. The uppet
member is a white coquina composed of foraminiferal tests such as Lepidocyelina,
whereas the lower member is a cream colored bioclastic palcarenite containing smaller
forams. The upper portion of the Avon Park Limestone is a white chalky calcilutite
containing cone-shaped foraminifera such as Dictyoconus cookei. The lower portior
consists of alternating beds of dolomitic limestones and dolomites.

A slightly undulating surface, dipping generally south to southeast, is developed
on each of the three units of the aquifer system. Np hard evidence was discerned for
faults postulated in this area. An erosional surface at the top of the unnamed
calcilutite may represent an Oligocene unconformily.

The unnamed calcilutite is less than thirty feet thick throughout most of the
study area but reaches a thickness of 168 feet in casternmost St. Lucie County. Maore
detailed study is needed Lo better define this unit. The Deala Limestone is thickest
alang a linear feature trending NW-SE through St. Lueie and Martin Counties. Water
wells penetrating the Floridan aquifer system along this trend record the highest
composile {ransmissivities but yield the poorest guality water (highest compogite Lotal
dissolved solids) within the study ares.

INTRODUCTION

The term "Floridan aquifer" was originally defined on a regional basis to include

the principal artesian aquifer which underlies the entire state of Florida. The Floridan

lCurrent. address:  Exxon Co., USA, 925 Common Street, New Orleans, Louisiana
70112
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aquifer was said to include "parts or all of the middle Eocepe (Avon Park and Lake City
limestones), upper Eorene (Ocala limestone), Oligoeene  (bSuwannee limestone), and
Miocene (Tampa limestone, and permeable parts of the Hawthorn Formation that are
in hydrologic eontacl with the rest pf Lhe aquifer)" (Parker, et al., 1955, p. 189).
Brown and Reece (1979) have sinece fourkd in the area of interest that the aquifer
actually consists of a number of producing zones separated by semi-permeable zones,
all of which they designate as the Floridan aquifer system.

The purpose ul Lhe present study is Lo determine which Tormations make up the
Floridan aquifer system in St. Lucie, Martin and narthern Palm Beach Counties,
Florida, and Lo determine Lheir general stratigraphic and structural relationships. The
geophysical signatures of these formations are identified in an effort to establish a
useful stratigraphic tool within the study area. By means of these sighalures, Lhe
formations are mapped and Lheir stratigraphic relationships interpreted. Correlations
are then made between some of the geologic information so derived and aquifer data
obtained by companion studies (Brown, 1979; Brown and Reece, 1979). Overall, our
study is intended to aid in the understanding of the Floridan aquifer system in
southeastern Florida and to provide a starting point for more detailed studies in the
future.

METHODS

The study area covers some 1800 square miles (4662 square kilometers) of St.
Lucie, Martin and northern Palm Beach Counties in southeastern Florida (Figure 1).
Latitudes, longitudes, and total depths below mean sea level (MSL) of the wells studied
are given in Table 1. Wells were drilled primarily by the percussion or hydraulic rotary
drilling method. Mo cores were available, Cutting samples for many of the wells were
collected at uniform depth intervals, usually every ten or twenty feet. Most of these
cutting samples are on file with the Florida Bureau of Geology, Tallahassee, Florida.
Wells referred to herein are designated by Florida Bureau of Geology ("W" series) or
South Florida Water Management numbers, Sample descriptions (lithalogies and the
presence of certain key foraminifers) for five wells were given by Maoney (1979,
Appendix). Mineral identifications and their approximiate percentages were determined
by X-ray diffraction. Key foraminifers were identified using Applin and Applin (1944),
Applin and Jordan (1945), and Loeblich and Tappan (1964).

Three types of geophysical logs were used in the study: natural gamma-ray log,
neutron porosity log, and short and long narmal electrical resistivity logs.  The
geophysical signatures of the various formations were identified by comparing the
cutting samples from a reference well (SLF-3A) with geophysical lags of the well.
SLF-3A was chosen for this purpose as the senior author alded in the callection of the
cutting samples and felt confident as tp the depths which the eutting samples
represent.  Geophysical lngs and cuttings of other wells were comparerd to check these
signatures. Credence was placed primarily in the geophysical logs since discrepancies
were found in Lhe depths recorded for some culting samples. These discrepancies seem
to have resulted from errors in estimating the depths from which the cuttings came,
a problem common to deep well studies of this lkind. The formations are identified
primarily by means of Lhe gamma-ray logs, with the neutron and electrical resistivity
logs reinforeing identifications. The geophysical logs used are lists by well in Table |
and are on file al the Floride Bureay of Geology.  The depths ebtained from the
geophysical logs were corrected to mean sea level (MSL). This information was then
synthesized into cross-section, structure contour maps and isopach maps.

PREVIOUS STUDY AND EVOLUTION OF FORMATIONAL CONCEPTS

The stratigraphy and general geology of south Florida have been subjerts of
debate since the first attempts were made to explain the geologic development of
Florida's peninsula. Agassiz (1852) and LeCount (1857, 1878) hypothesized that much
of the Florida peninsula was constructed of Recent coral reef debris; however, a study
of fossil mollusks by Heilprin (1887) showed that the peninsula was neither Recent in
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Figure 1. Map of study area showing well locations and lines of cross-section.

age nor formed of coral reef deposils.

Close similarities in the lithologies of Florida's limestones led early workers to
subdivide these limeslones into formations primarily on the basis of paleontological
data, Initially, all of the alder Tertiary rocks ol the peninsula were included in Lhe
Vicksburg Limestone by Gmith (1881). This included all limestones older than the
greenish clay sequence presently regarded as the Hawthorn Formation.  The Vicksburg
Limestone of Smith was later divided by Dall and Harris (1892) on paleontological
grounds. They distinguished a lower division which Lhey called the Vicksburg
Limestone, or Orbitoides limestone, and an upper division which they named the Ocala
Limestone. The Ocala Limestone was distinguished as a yellow, friable limestone with
many foraminifera, pgpecially in the form of "nummulitic beds."

The Tampa Limestone was also named by Dall and Harris (1692). 1t was described
as a hard white, earthy limestone that underlies the town of Tampa. The Tampa
Limestone is a controversial formation recently restudied by King and Wright (1979).
It is generally regarded as an impure limestone, usually in the form of a caleilutite.
The quartz sand content of the Tampa as reported in the literature varies greatly. The
range of lithologic characlerislics attributed to the Tampa is sulficiently wide that
almost any limestone could be regarded as the Tampa Limestone using published
eriteria. The age of the Tampa is also debatable. However, most workers seem Lo feel
that it is late Oligocene, early Miocene, OF baotl

Dall (1903) proposed the replacement of the name Vicksburg Limestone with the
term Peninsular Limestone. The names Peninsular Limestone and Ocala Limestone
were adopted by Matson and Clapp (1909) and later by Matson and Sanford (1913). They
followed Dall in regarding  the Opeala Limeslong as younger than the Peninsular
Limestone although they considered both limestones Lo be in the Vicksburg Stage
(Oligocene).

(“ooke (1915) found that much of the Peninsular Limestone was identical Lo Lhe
Ocala Limestone and that the fauna of the Ocala is of the Jackson Stage (upper
Focene). Cooke also suggested that the term "Peninsular Limestone" not be used until
Ll relationship between the Ocala Limestone became better understood. He listed the
formations older than the Ocala as being buried and presumably unwarkable at the
time. This view of soulh [ lorida's older limestanes is again reflected in Stringfield's
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Table 1. Well Locations, Depth and Geophysical Logs Available for Study.
Depth (feet Electrical
Well #  below MSL) L_atitude Longitude -ray  Neutron Resistivity

SLF-3A 1200 27029'48"  80026'48" X X X
(W-13850)
SLF-9 1033 27026'50" 8035128y X X X
SLF-11 921 27032112 8QO35r1]n X X X
SLF-17 1260 27020'14"  g8pO34'1g™ X X X
SLF-20 867 27026'04"  809040'4Q" X X X
SLF-21 686 27925'37"  80O24'Q9" X X X
SLF-23 868 27013'11"  80o28'11" X X
SLF-28 852 27920'28"  80016'35" X
SLF-31 982 27016'14"  gQO23t5Qn X X X
MF -1 801 27014'12"  80029'pQ X X X
MF-2A 852 27009'37"%  80O3Q'39"x X X
MF -6 1017 27009'39"  gpo3siggy X X X
MF-10 970 27004'32"  gpo17'23n X X
MF-23 1089 27004'25"  8QO33r47 X X X
MF -30 2990 27011'46"  BOO15'Q2" X
(W-12556)
MF -40 992 27005'58"* 80039127 X X
(W-5441)
MF-50 997 27001'22"«  80038'04"x X X
(W-5442)
PBF-2 1337 26056'42"  g8poQ7!23t X
PBF-3 3314 26%44'21"  gpog7r3gn X
(W-13000)
PBF -4 2063 26042'20"*  80038'45M% X
(W-8077)

*approximate values; accurate to the nearest minute

(1933) study of the ground water in the Lake Okeechobee area. He reported the Ocala
Limestone in well cuttings from the area, but was uncertain as to the bottom of the
Ocala.  Stringfield, therefore, referred ta all limestones from the top of the Qcala
down to the bottom of the wells as being part of the Ocala Limestone. Stringfield
(1936, p. 125) wrole, "The lithology of the Ocala and the underlying Eocene rocks is
similar, and it is therefore necessary Lo dislinguish the two units on the basis of a study
of fossils collected from Lhe well cuttings. No diagnostic fossils have been reported
near the contact and the lower limit of the Qcala has therefore not been definitely
determined,"

At that time it was believed that no representative of the Vicksburg Stage
nceurred in the Florida peninsula (Stringfield, 1936). However, within the same year,
Cooke and Mansfield (1936, p. 71) proposed the nare "Suwannee Limestone" for a
yellowish limestone exposed along the Suwannee River in Florida. They felt that this
limestone should be included in the upper Vickshurg Stage on the basis of its contained
fossils. The Suwannee is presently described as being a rather pure limestone composed
primarily of limy particles of organic origin. Small amounts of quartz sand (<10%) may
be present (Cooke, 1945, p. 86).

Based on cuttings and data obtained from deep oil wells, Applin and Applin (1944)
mapped and described Lhe stratigraphy of the entire state of Florida as well as southern
Georgia.  Using lithologic and faunsl differences, they were able to subdivide the
subsurface limestones of south Florida and, in the process, they named several new
formations.  Thus, they succeeded in establishing Florida's first good subsurface
stratigraphic column from the Vicksburg Stage of the Oligocene Series down to the
Lower Cretaceous, and this study provided the framework for all future stratigraphic
worle in the state.

Applin and Applin (1944) were able to separate the Ocala |imestone into upper
and lower members. The upper member is the characteristic Ocala consisting of a soft,
white, foraminiferal coquina (nummulitic beds). The lower member is a cream-colored
calearenite which is harder than the upper member and composed largely of molds of

264



small miliolids. Unlike the uppet member, the lower member contains very few large
taraminifera. This concept of the Ocala is still used by the U.S. Geological Survey and
can be applied in our study area.

The Avon Park | imestone, one of the new formations named by Applin and Applin
(1944), is recagnized in the present study. The Avon Park Limestone is described as
4 cream-colored, highly fossiliferous, chalky limestone containing interhedded sub-
cryslalline dolostones. It is also distinguished frorm the overlying Ocala Limestone hy
a difference in microfauna. The Avon Park contains many cone-shaped foraminifera
such as Coskinolina and Dictyoconus (Applin and Applin, 1944). Applin and Applin listed
the age of the Aven Park as late middle Eocene.

Subjacent Lo Lhe Avon Park in Florida's peninsula is the Lake City Limestone, also
named by Applin and Applin (1944). However, because only three wells used in the
present study are deep enough to penetrate the |Lake City, and since the geophysical
logs of these wells are not of a high guality, the |Lake City Limestone is not discussed
in this study.

The water resources of Palm Beach Counlty were investigated by Schroeder,
Milliken and Lowe (1954). They listed the formations comprising the principal artesian
aquifer as the lower Hawthorn limestones, and the Tampa, Suwannee, (Ocala and Avon
Park Formations. This aguifer system was then named the "Floridan aquifer" in the
comprehensive study of the water resources of southeastern Florida prepared by Parker,
et al. (1955).

The geology of Martin County was studied by Lichtler (1960) using well cuttings
and electric logs. He postulated, in the eastern part of the county, a "major subsurface
fault having a displacement of 300 to 400 feet and a strike thal is approximately
parallel to and about five miles inland from: the coastline” (Lichtler, 1960, p. 16).
Movement alang the fault was thearized Lo have started in late to post Oligocene time
and to have continued during parly Miocene time, when the Suwannee Limeslong was
exposed and eroded. The faull was considered a scissorstype faull with the greatesi
development at the southern end. Lichtler showed the fault extending from Martin
County into adjacent 5t. Lucie and Palm Beach Counties.

In a study based primarily on glectric logs, Chen (1965) described the
lithastratigraphy of the Paleocene and Focene rocks of Florida, He presented his
findings in the form of numerous structure maps, isopach maps and lithofacies maps.
Chen's study was a broad regional study as evidenced by the fact that only five of his
control points occur in all of Gt. Lueie, Martin and Palm Beach Counties.

Lsing hydrologic data, Vernon (1970, p. 7) further extended Lichtler's fault
northward into: 5t Lucie County and southward through northern Palm Beach Counly.
He showed the faull as intersecting the coastline somewhere near the ecity of West
Palm Beach. Vernon used the top of the artesian aquifer as his measuring point rather
than any particular geologic unit.

In 1975, Law Engineering Testing (Campany conducted a study of Hutchinson
Island, St. Lucie County, far the purpose of locating a nuclear power plant (Ananymous,
1975a). During this study three deep geologic borings were drilled along a line west
of the proposed plant site in order to obtain data on both sides of Vernon's (1970)
exlension of Lichtler's (1960) faull. In addition, seismic surveys were conducted along
the Indian River and up the north fark af the St. Lucie River just narth of the Martin
County - St. Lucie County line (Figure 1). These surveys orossed the fault hypothesized
by Lichtler. Utilizing the data obtained, Law Engineering concluded that no fault was
present but that warping (folding) was responsible for the offset in marker beds.

A report on Lhe drilling and testing of deep disposal and monitoring wells for the
cily of Stuart in Martin County was produced by anather engineering company, Black,
Crow and Eidseness, Ine. (Anonymous, 1975b). In this study, another faull was
postulated, based on the offset of key beds indicated on gamma-ray logs, as lying
parallel to and just west of Lichtler's (1960) fault. The configuration and Liming of
movement along this faull are similar to those suggested for Lichtler's (1960) fault. A
brief description of the core taken from the Stuark disposal well is given in the
appendix of Black, Crow, and Eidseness, Inc.'s 1975 report. The Stuart monitor well
(W-12556) is used as @ control point in the present study.
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STRATIGRAPHY
Lithostratigraphy

As previously mentioned, well SLF-3A was chosen as the primary reference well
for the study area. The stratigraphic section in this well, which is considered
characteristic for the study area, is shown in Figure 2 and deseribed below.

The base of the Hawthorn Farmation oceurs within the 483-503 foot (147-153 m)
sample interval in SLF-3A, and is marked by a thin bed of unconsolidated sand. The
sand is a mixture of phosphorite and quartz grains, and sand-sized fragments of chert
and limestone. Traces of dolomitic limestone are also present. The thickness of the
sand bed is probably less than the twenty fool sample interval as evidenced by Lhe
amount of limestone presenl.

The next lithalogic unit encountered downhole is a gray caleilutite, similar to that
found in the sand unit above, and about 20-30 feet (6~9 m) thick. Minar silt-sized
phosphorite and traces of quartz sand are found in this limestone. No microfossils have
been observed in Lhis unit.

Below the gray calcilutite is a white foraminiferal coquina composed of large
nummulitic genera such as Lepidocyclina.  Some bryozoans and bioclastic debris are
found in this coquina along with other foraminifera such as camerinids. This
foraminiferal coquina is about 60 feet (18 m) thick.

Below the faoraminiferal coquina is a cream-colored bioclastic calcarenite or
"grapestone" type of limestone. Larger foraminifera are absent except as small
fragments. However, smaller forms such as camerinids are still present and seem to
be more abundant. Traces of dolomitic limestone and recrystallized limestone are also
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Figure 2. Detailed stratigraphic columnar section of well SLF-3A which is used herein
as the reference section for the study area.
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present. The bioclastic clacarenite is about 60 feel (18 m) thick.

The next lithologic unit encountered downhole is a white chalky clacilutite
containing traces of dolomitic limestone. Oceurring with this unit are cone-shaped
foraminifera such as Coskinolina, and Dictyoconus. The thickness of this unit is about
80 feet (24 m). :

Below the chalky caleilulite is a cream-colored grainy caleilutite.  This gray
caleilutite grades downward into a caleilutitic calearenite which appears to be
bioclastic in part. There seems to be an increase in the diversity of foraminifers, but
the forams are too abraded and recrystallized to be accurately identified. There is also
some evidence of recrystallized limestone and dolomite. The combined thickness of the
gray caleilutite and the bioclastic calcarenite is about 140 feet (43 m).

Below these limestone unils is a dolomitic limestone, amber in color and
microsucrosic in texture. Dolomites extend to the total depth of this well and consist
of alternating layers of sucrosic textured amber dolomites and massive, suberystalline,
grey dolomites.

These lithologic units in SLF-3A are representative of the stratigraphic sections
in other wells where the cuttings were described (see Mooney, 1979, Appendix), and
most of the units can be traced throughout the study area although depths of
occurrence and thicknesses may vary.

Formations Encountered

As previously mentioned, the base of the Hawthern Formation is readily
recognized in the cutting samples, and corresponds to @ sand umit with the highest
concentration of phosphate found in the well.  The sand is composed primarily of
rounded, polished phospharite and quartz grains. As stated abave, in well SLF-3A the
base of the Hawthorn occurs between 483 and 507 feet (147-153 m) below land surface.

The next lithologic unit is the gray, sandy calgilutite, which veeurs between 503
and 523 feet (153-159 m) in well SLF-3A. The formational name and age of this unit
are nol known, as no microfossils or other diagnostic eriteria have been observed by
the authors. This limestone fits neither the usual definitions for the Suwarinee nor
Tampa limestons, although il could be cansidered closer to the Tampa (due largely to
the Tampa's vague definition)

The while, foraminiferal coquina below the gray ealeilutite corresponds to Lhe
upper member of the Ocala Limestane as described by Applin and Applin (1944).  The
foraminifera found here are large nummilitic types and therefore correspand to Dall
and Hareis's (1892) "nummulitic beds.! The next unit down, the cream-colared,
bioelastic calcarenite, or "grapestone' is probably the lower member of the Ocala as
described by Applin and Applin (1944). In well SLF-3A, the Ocala has a thickness of
about 120 feet (37 m). The Ocala Limestone has been placed in the Jackson Stage af
the Epcene Series (Cooke, 1915).

Below the Ocala Limestone in well SLF-3A is a while, chalky clacilutite,
containing cone-shaped foraminifera such as Coskinolina and Dictyoconus. This fits the
description of part of the Avon Park Limestone of Applin and Applin (1944). Based on
the cutting samples, the top of the Avan Park in SLF-3A is placed at 643-663 feel
(196-202 m). The well apparently ends in the Avon Park Limestone, therefore, ils
thickness eannpl be determined. Applin and Applin (1944) placed the Avan Park
Limestone in the Claiborne Stage (upper middle Eocene).

Comparisan of Formations
and Geophysical Logs

The geophysical signatures of the formations discussed above were recognized by
comparing the well cutlings and geophysical logs of well SLF-3A. This camparison is
shown in Figure 2. The lithologic log obtained from examination of the cultings from
well SLIF-3A was adjusted to correspond with changes in the geophysical logs.
Characteristic geophysical signatures af the various formations then became evidenl.
Befare these geophysical signatures are deseribed, a briefl mention of the types of logs
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used is in order.

The natural gamma-ray log is the log which gave the most satisfaclory
correlalion results and is the only geophysical log cormmon to all the wells used in the
present study.  The gamma-ray log basically is a measurement of the natural
radioactivity of the various formations. Since phosphales in Florida contain uranium,
the gamma-ray log effectively shows the presence of phosphate. To a lesser exlent,
it can also mark the presenice of clay units and in some cases dolomites, depending an
their concentrations of radioaclive elements.

The neutron porosity log responds most directly Lo hydrogen concentration and
ecan be used to determine the porosity of a formation. It thus provides a useful check
an unils in the Florida aquifer system. Neutron loys are especlally useful in delineating
Lhe deeper dolomites, many of which are sub-erystalline in Lexture and therefare have
little porosity.

Electrical resistivity logs were used to delineate formations in wells where no
neutron log was available. Although the resistivily log is highly affected by the quality
of the water (fresh or saline) contained in a formation, it seemed to delineate the
dolomites quite well because of their high resistivities. ' '

The base of the Hawthorn Formation is easily recognized on the gamma-ray log.
It corresponds with the deepest, and usually strongest, sharp gamma-ray inlensity peak.
This is due Lo the inerease in rounded phospherite grains which in well SLF-3A (Flgure
2) occurs al about 488 feet (149 m).

Below the base of the Hawthorn, there is a 30-35 foot (9-11 m) interval of
moderate radiation that occurs befare the next good gamma-ray "kick." This zone
corresponds to the unnamed gray calcilutite that commonly contains some quartz and
minor phasphorite.

The next noliceable unit an Lhe gamma-ray log is an interval of relatively low
gammia-ray intensily. This unil iy approximalely 110 feet (34 m) thick in wall SLF=3A

and vorresponds Lo Lthe (0 ala Limestone.  On fh gamma-ray log for well SLF-34A there
fo @ pealk of slightly hi ronbensily wmothe middle of this limestone whem cuttings
ety Uhie conlacl e Wheupper and lower Qealay, This dividion, i wover, is ol
verywhere evident; therolore Uhe wparakion of the Ocala Limestane pannot ilways lie
wle.  The [oviel pa alu shows an increase i LI riedlyany |'|'_] inkensity. Thin
fisry redtleet Lhe hardes l=ss poroud charaoler of Lthe lower Ocala.
lelow Ll = tone [here is a noticeable increase in the hackground
sily of Lhe gamma- 4. This increase corresponds Lo the top of the Avon Park
Linmestolie, The lileves b garmimasray background intensily may be «due to Lhe
dulomitie chasacter of the Avon Park, D per in the Avon Parle the dolomite beds can
wily be revognized Dy strong intonsity peasks on Lhe neulron log. A slight increase

blhe gammea-ray log intengily s alse associated with the dolomites. The electrical
reststivity logs for obther wells ave alse useful in delineating these dolomite beds.

STRATIGRAPHIC-STRUCTURAL INTERPRETATIONS
AND CORRELATIONS

Using geophysical criterla, the formations comprising the Florida aquifer system
were delineated in all wells used in this study. Table II lists the depths to the Lops
of these formations in the wells and the thicknesses for two of them: the upnamer
gray calcilutite and the Ocala Limestone. The data in Table II were used to construct
structure contour maps for the base of the Hawtharn Formation (Figure 3), the top of
the Ocala Limestone (Figure 4), and the top of the Avon Park Limestone (Figure 5).
Isopach maps for the unnamed gray calcilutite and the Ocala Limestore were
constructed and are shown on Figures 6 and 7, respectively.

An examination of the structure contour maps shaws a similarity between the
tops of the unnamed calcilutite (bottom of Hawthorn), Ocala Limestone and Avon Park
Limestone. All these units have a southerly or southeaslterly general dip, and in
northerr and central St. Lucie County, they show a regular, uniform surface. However,
in southern St. Lucie County and in Martin County, their surfaces are mare irreqular.
A small, high area is present in east central Martin County on all three maps. The
existence of this high area is probably the source of most of the faults proposed in this
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Table 2. Subsurface D

well #

SLF-3A
(W-13850)
SLF-9
SLF-11
SLF-17
SLF-20
SLF-21
SLF-23
SLF-28
SLF-31
MF -1
MF-2A
MF -6

MF -10
MF-23
MF-30
(W-12556)
MF -40
(W-5441)
MF -50
(W-5442)
PBF-2
PBF -3
(W-13000)
PBF -4
(W-8077)

Figure 3. Structural contour map O

Base of
Hawtharn

465

446
392
564
484
443
602
575
697
637
601
671
628
729
772

685
698

1079
772

801

Top of Top of Unnamed ls.
Ocala  Avon Park thickness
501 609 36
477 556 31
412 504 20
598 742 34
515 627 31
510, 634 67
625 734 23
743 794 168
702 773 5
671 757 34
633 718 32
697 748 26
645 779 17
741 835 12
784 814 12
698 760 13
724 759 26
1085 1197 6
831 933 30

*(Depths in feet below MSL)
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baaes

Figure 6. Isopaéh map of't'fle unnamed calcilutite that overlies the Ocala Limestone.

area. It is our opinion, however, that this high probably is not caused by faulting but
by some other means. This high area may represent only an erosional feature, or it
may have been produced by tectonic activity such as warping, as suggested in the Law
Engineering report (Anonymous, 1975a). '

A structural low is shown at the base of the Hawthorn Formation in southeastern
Martin and northeastern Palm Beach counties (Figure 3). It is not known whether this
feature is present on the top of the Ocala or Avon Park Limestones. The gamma log
on well PBF-3 is not of good quality and these units cannot be picked in this well with
confidence.

The thickness of the unnamed gray caleilutite is plotted in two categories:
greater than thirty feet and those less than thirty feet (Figure 6). The areas where
the thickness is greater than thirty feel are located in eastern and southwestern St.
Lucie County, with an indication that another thick area may be present in the
southwesternmost, corner of the study area.

The unnamed caleilutite has not yet been assigned to a specific formation
although several possibilities exist. Minor phosphorite in the limestone suggests that
it may be cansidered a lower unit of the Hawthorn Formation. If this is true, then the
phosphorite sand used in the present study Lo mark the base of the Hawthorn would
have to be moved up into Lhe middle of the Hawthorn rather than marking its base.
This would alsa place the Hawthorn Formation in direct eofitact with the Ocala
Limestone.  An alternative interpretation is that the ealeilutite represents part af the
Tampa L imestone. This is possible if the phosphorite in the caleilutite is the result of
downthole contamination. Although the calpilutite does not closely resemble the Tampa
ot ils Lype locality, Lhe two would be similar if the phosphaorite were nal present (1K.C.
|<ing, 1979, personal communicationl.

Another possibility is thab the eadleilutite is a facies of the Suwahnee Limestone.

The ealecilutite, however, shows liltle resemblance to the Suwannee  as originally
described by Cooke and Mansfield (1936).
] A fopurth alternative is Lhal the unnamed calcilutite does not belong to any of the
above formatigns, but represents a New formation in itself. If this is indeed the case,
ther il heeds to be formally fameod, deseribod ool mapped, an endeavor that is beyond
the scope of this paper.

If one assumes that the phosphorite sand thal is called 1he base of the Hawthorn
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in this paper marks the Oligocene unconformity of Vail (1978), then the resolution of
Lhe stratigraphic position of Lhe unnamed calcilutite could have some inleresling
cansequences.  For example, if the unnamed caleilulite is in fact part of either Lhe
Hawlhorn or Tampa Formations, then the Jast major unconfarmity in the study area
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formed during a hiatus in the deposition of the Miocene. Assuming that the Miocene
age of the Hawthorn is correct, this would mean that the presumed Oligocene
unconformity is absent in the study area.

On the other hand, if the Oligocene unconformity is marked by the phosphorite
sand and the unnamed calcilutite is shown to be pre-Miocene in age, then other
interesting conclusions are possible. The unnamed calcilutite can then be thought of
as representing the youngest rock that survivied the erosion of the unconformity. This
means that with the exception of two areas, less than 30 feet of post-Ocala rock
survived the Oligocene erosion in the study area (Figure 6). Where it is recognized,
the Oligocene section in South Florida is generally much thinner than in other parts of
the state (Puri and Vernon, 1964).

The isopach map of the Ocala Limestone (Figure 7) shows two relatively thin
areas (€50 feet of Ocala) in western and northeastern Martin County. The rest of the
map shows a thicker section. The axis of this thicker section trends NW-SE through
the study area with the thinner located on either side of the axis.

This suggests that a trough or low feature ran NW-SE through the area during
deposition of the Ocala Limestone. This trough could have come about in many ways.
More detailed study is necessary before the origin of this feature can be determined.

Three lines of crass-section are shown in Figure 1. Cross-sections A-A' and B-
B' (Figures 8 and 9), running north-south, show the dip of the formations. Cross-section
C-C' (Figure 10), running east-west, is approximately parallel to strike. On all the
cross-sections, unit 1 refers to the interval on the geophysical logs that corresponds
with the gray unnamed calcilutite in well SLF-3A. Unit 2 refers to the interval that
corresponds with the Ocala Limestone. Below unit 2 is the Avon Park Limestone.
While we believe that all of the geophysical logs as shown end in the Avon Park
Limestone, correlations between beds within the Avon Park (primarily dolomite beds)
have been proposed where possible.e. Due to the poor quality of the geophysical logs
for well MF-30, PBF-2 and PBF -3, correlations involving these wells in cross-section A-
A' (Figure 9) are speculative.

The surfaces of the formations are depicted as slightly undulating surfaces which
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may indicate slight warping in the area. Na faulting is deemed necessary to produce
the structures shown on the cross-sections.

As previously mentianed, slight warping is also seen in the structure contaur maps
(Figures 3, 4 and 5) and Lhese warps may be the fealures interpreted by earlier workers
as faults parallel to the coastline in this area. It should be noted that in section C-
C' (Figure 10), the Ocala and Avon Park limestones trend deeper from well SLF-31 to
well SLF-28. This line of section crosses two postulated faults, both of which predict
that the formation depths should become deeper to the east (on the downthrown
blocks). This deepening of the Ocala and Avon Park in well SLF-28 is accompanied by
a dramatic thickening of the unnamed calcilutite. Here it is some 168 feet thick. The
configuration and character of the unnamed calcilutite in this area is the subject of a
follow up study in progress by Mr. J.R. Armstrong.

CORRELATION OF GEOLOGIC AND HYDROLOGIC DATA

Comparison of the geologic data presented above with water quality and
hydralogic characleristic data gathered in companion studies leads to some interesting
correlations and conclusions. Figure 11 shows concentrations of Lotal dissolved solids
(TDS) of composite water samples collected in September, 1977, from the South Florida
Water Management Distelet's Florida aquifer system monitoring network. In regards to
these daty, Brown and Reece (1979) have shown thal Lhe relatively high TDS
cancentrations of Floridan aquiler system waters in Martin and St. Lucie Cournties (due
Lo the presence of connate water) vary areally bul not temporally for measurements
taken from 1976 Lo 1978. In Figure 1L a "ridge" of high TDS concentrations (2500
mg/1) trends northwest-southeast with concentrations decreasing to 1500 and 500 mag/1
along the east and west flanks of this feature respectively. The pattern of TDS
concefitrations correlates with the isopach map pattern far the Ocala Limestane (Figure
7). A comparison of Figures 7 and 12 shows that the "ridge" of poorer quality water
correlales with the area where the thickesl seetion of Ocala Limestone exists. To Lhe
east and west the decrease in TDS concentrations correlates with the areas where Lhe
Ocala Limestone is thinnest, less than 50 feel Lhick. Thus the Dcala Limestone could
be the primary source of the poor quality waler in this area,

Brown (1979) documented aquifer recovery lest data and analyses for the Floridan
aquifer system in St. Lucie and Martin Counties. Figure 12 shows results of this study
as ranges of composite transmissivity values. Of interest, the area of relatively high
transmissi ‘ities correlates with the area where the Ocala Limestane is thickest and
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TDS concentrations are highest. The general north-south Lrend of high transmissivity
values, although not precisely aligned with Lhe axis of thick Ocala Limestone, is
thought to be associated with this feature. The lack of data points in southwestern
Martin County possibly biassed the contouring to cause the apparent north-south trend
in high transmissivily values. The preliminary data, therefore, suggest that the Ocala
Limestone could have Lhe highest permeabilily within the aquifer system, although
additional packer-type pumping lests are necessary to confirm this.

CONCLUSIONS

1. Subsurface stratigraphic study has delineated an unnamed post-Ocala limestone
which may represent a new stratigraphic unit. If so, it should be formally named,
deseribed and mapped.

2. Correlations by gamma-ray and neutron borehole geophysical logs, when tied
closely to a stratigraphic reference section, can be used for correlation over
rather wide areas in southeast Florida.

3. Mo hard evidence was obtained Lo support the hypathesis of faulting in the study
area although the evidence presented does not preclude such a possibilily.

4, A comparison of geologic and hydrologic data show that the highest compaosite
Lransmissivities bul poorest quality water (highesl composite total dissolved
solids) oceur along a trend where the Ocala Limestone is thickest.
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LATE DEVONIAN CHRONOSTRATIGRAPHI CORRELATIONS BETWEEN
THE CENTRAL APPALACHIAN ALLEGHENY FRONT AND
CENTRAL AND WESTERN NEW YORK
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and
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ABSTRACT

Considerably refined time correlations are now available for Late Devonian
claslic strata of the central Appalachian region using @ model which combines classival
paleontalogical methods with more recently developed eustatic sea-level varialion
curves for the Appalachian basin.  Preliminary biostratigraphic contral  for the
boundaries of the Greenland Gap Ciroup: of Maryland, Wesl Virginia, and Virginia is
pbtaiped by utilizing the time ranges of the brachiopods Cyrtospirifer sulcifer (IHall),
Athyris angelica Hall, Nervostrophia nervesa (Hallly the bivalve "Cornellites" chemung-
ensis (Conrad); and parts of the ecollective ranges of the brachiopod families
Cyrtospiriferidae and Alrypidae. Wilthin this framewark, specific correlations from the
central Appalachians to New vark are developed by matehing times of sea-level
fluctuations as preserved in the stratigraphic column of the eastern United States.
Eustalic sea-level rises preserved winnowed sands on the eastern side of the
Appalachian basin, synchronous with presently melhane-enriched, black-shale marker
zones which accumulated as a resull of slow deposition west of the basin axis.
Brownish-gray and non-marine redbed pulses into the basin are produced by sea-level
drops.

The Red Lick Member of the [oreknobs Farmation (Greenland Gap Group) i8
equivalent Lo Lhe Caneadea Formation (in New York)., The Pound Sandstone, Blizzard,
and Briery Gap Sandstone Members of the Foreknobs Formation are believed to be Lime
equivalents to Lhe Hume Shale, Wiscoy Formation, and Pipe Creek Shale, respectively,
in New York. The Mallow Member is equivalent to the Nunda and the upper parl of
the Gardeau Formations of New York. The Seherr Formation (of the Greenland Gap
Group) is equivalent to the remaining lower portion of the West Falls Group of New
York.

INTRODUCTION

The age of the Greenland Gap Group strata (previously called the "Chemung
Formalion™) along the Allegheny Front in Maryland, West Virginia, and Virginia (Figure
1) has been of interest to [Devonian workers for some time. These strala (Figure 2)
have been exltensively studied from gtratigraphic (Dennison, 1970; MeGhee and
Dennison, 1976), petrological (Kirchgessner, 1973), and paleontalogical (McGhee, 1976)
points of view. Recenl attempls to resolve the problem of time relations within the
Fareknobs and Schere Formations (Greenland Gap Group) include the works of Depnison
(1971), Curry (1975), and MeGhee (1977).
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The object of this pager is to propase & new chronastratigraphic correlation
between the Late Devonian Greenland Gap Group of the central Appalachians aned the
New York State Devonian reference section. We feel thal Lhis correlation is the most
accurate time correlation possible given current stratigraphic and paleontological data.

PALEONTOLOGICAL CONTROL

The following represents a brief review and synapsis of the paleontological
contributions toward the resolution of Lime relations within Lhe Greenland Gap Group,
using classical biostratigraphic techniques. Concerning the geolagic age of Lhe
Greenland Gap Group, Dennison (1970, p. 64) stated: "The basal beds of Lhe Scherr
Formation contain Cyrtospirifer chemungensis (Conrad), and Cornellites chemungensis
(Conrad), which indicate age assignment Lo the lower Cohoclon Stage."  Elsewhere,
coneerning the upper limit of the Greenland Gap Group, he stated: "Along  the
Allegheny Front in the area studied no fossils in the uppermost member of the
Forekinobs Formation appear younger Lhan Cohocton Stage" (Dennison, 1970, p. 71).
However, in view of Lhe thickness of the Red Lick Member of the ["areknobs Formation
4l the Route 250 section, Dennison (1971, p. 1186) later considered that the Forekriohs
Formation mighl extend upward into Lhe post-Cohocton toward the southern end of the
study area.

Palynologic zonation of the Gresnland Gap Group was atlempted by Curry (1975},
though without marked success due 1o Lhe largely unfossiliferous nature of the alterops
with respect to miospores. Curry (1975, p. 129) tentatively assigned a Middle to | ate
I'rasnian age to the Greenland Gap Group, after noting that almost all of his deseribed
samples came from the Mallow Member of the Foreknobs Formation at the
Corriganville section.

McAlester (1962) criticized the use of "Cornellites" chemungensis (Conrad) as a
guide for the Chemung (Cohocton) Stage, noting that jts present usage is based solely
on its empirically determined distribution in the New York Devonian to date, and not
upon its evolutionary paosition, which remains uncertain, However, co-occurrence with
the brachiopod Nervestrophia nervosa (Hall) in Lhe Mallow Member of the Foreknobs
Formation (McGhee, 1976) supports the view thal the Scherr-Foreknobs contact lies
within the middle Cohoclon Stage, based on the range of Lhat species in New York and
as documented by Rickard (1964).
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Figure 1. Location of sections studied along Allegheny Front (after Dennison, 1971).
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Figure 3. Late Devonian paleontologic correlations between New York and the central
Appalachians.

The Frasnian-Famennian Series boundary was determined by MeGhee (1977) to lie
within the Pound Sandstone Member in Maryland and West Virginia. This determinalion
was based on the first occurrence of two articulate brachiopods, Athyris angelica Hall
and Cyrtospirifer suleifer (Hall), and the last observed occurrence of members of the
Alrypidae. Previous Devonian warkers are in agreement Lhat the first appearance of
Athyris angelica Hall marks the beginning of the Canadaway (Cassadaga) Stage
(Chadwicl, 1935, p. 323 Willard, 1939, p. 261: Cooper and others, 19425 McAlester,
1962, p. 6). Likewise, Cyrospirifer suleifer ia presently considered Lo extend no lower
than the beginning of the Cassadaga Stage (McGhee, 1977). Highest observed
peeurrences of members al the Alrypidae along the Allegheny Frant, usually Lhe
species Spinalrypa hystrix (Hall), were in the lower Pound Sandstone.  This entire
family of articulale brachiopods are believed Lo have become extinet by the close of
the Frasnian Epoch (Boucot and others, 1965; Copper, 1973, text-fig. 1)

In summary, from paleontological data alone the age af the hase of the Greenland
Jap Group, the position of the Frasnian-F amennian boundaty within the Group, and a
time-range for the base of the Foreknabs Formation can be obl aiped.  These
relationships are outlined in Figure 3.
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THE EUSTATIC MODEL

Eustatic sea-level changes leave sedimentary imprints which should be traceable
for long distances in shallow marine sediments. Thus, when basin-wide sea-level
fluctuations occur, they should provide ideal correlation indicators which can be
preserved in the stratigraphic column. Difficulty arises, however, in trying to
distinguish those lithologic markers which have originated from eustatic fluctuations
and those records of submergence and emergence which have arisen from localized
tectonic activity on the basin margin, local shoreline shifts related to local delta
construction or destruction, and sediment supply factors.

Dennison (1971) proposed a combination geographic and stratigraphic facies model
designed to detect Lhe sedimentary imprint. of a basin-wide eustatic sea-level change.
This model has been considerably refined and expanded by Dennison and Head (1975,
Figure 1}, and used to construct a sea-level variation curve for the Appalachian basin
Silurian and Devonian. This curve compares favorably with a similar curve constructed
by Jdehnsan (1971) for the middle Paleozoic of western North America.

In the main Appalachian basin from Virginia north to New York the record is
sufficiently preserved that information is available in the stratigraphic column
concerning the history of tectonic uplift, subsidence areas, marine and non-marine
clastic wedges, and lithofacies and palececologic patterns. A key concept in the
recognilion  of eustatic sea-level flictuations is the discernment of certain sets ot
contemporaneous events which can be explained by water depth changes and which can
be recognized on two or more sides of the basin margin or, in some rases, recognized
in at least two separate delta lobes of the Catskill delta complex. These events can
be interpreted as regiopal, basin-wide, sea-level changes as distinguished from local
shoreline shifts. A regional change is defined as any water depth change that appears
to have affected the eptire basin.

In a depositional basin with gentle offshore slopes and bounded by a series of
delta lobes, a sea-level drop would immediately lower the base level. This would cause
the simultaneous rapid progradation of all the delta lobes, and could result in a series
of contemporaneous redbed tongues of non-marine sediments extending into the basin
from each lobe. Reddish strata may be swept offshore into marine waters, extending
a faint reddish (brownish gray) coloration for some distance offshore, out to the limit
where marine reduction of reddish coloration occurs in oxygen-deficient sediments. An
abrupt sea-level rise would cause the simultaneous shift of the shoreline back toward
the basin margin, flooding the previous deltas and stream channels, and resulting in the
deposition of fluvial sediments only in nearshore drowned valleys and floodplains. With
the onset af flondplain alluviation, quiel water sills and shalps would accumulate over
Lhe former marine and non-marine delta constructs.

Likewise, in a basin with steeper offshore slopes and only moderate sediment
supplies, wave action energy would be concentrated into narrower langshore zones and
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250 section in Virginia (after Dennison, 1971).
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would not be overwhelmed by clastic influx. This would resull in the formation of a
series of winnowed submerged or possibly emergent sand bars or shallow delta-fron
sand deposils, Sea-level diops ar rises would not cause the shareling Lo migrake as
exlensively as in the case of a basin with gentle offshore slopes, and could result in
Lhe Llnpusil.imn al shallow water sheel sands extending either into ar oul of the Lasin,
produced by the steady shifling of winnowed sand deposits created by Lhe migration of
Lthe wave action zone. Nan-marine redbed pulses into the basin would also be expected
fram sea-level drops, with some fainl reddish (brownish gray) coloration extending into
near-shore marine walers, offshore to where complete reduction ogeurs in oxygen-
deficienl sediments.

As previously pointed out by Dennison and Head (1975), basin-wide sea-level
variations may reflect changes in the world volume of ocean water, vertical or lateral
movement of the crust, shifts in rate of seafloor spreading, or even general tilting of
partions of the crust on such a large scale that the relatively small Appalachian basin
experienced a general rise or drop in sea-level. .

COMBINATION MODEL FOR CHRONOSTRATIGRAPHIC CORRELATION

Classically, time correlations and the recognition of time surfaces across
extensive geographic distances has been accomplished through the utilization of
paleontological comparisons, often with only widely spaced stratigraphic sections as
controls. Though the introduction of radiometric dating has considerably refined Lime
correlations and allowed the stratigraphic column to be scaled in terms of "measured
time" (rather than the wrelative time" of evolutionary paleontology), the fact still
remains that the most useful methods of regional and intercontinental time correlation
are the technigues of biostratigraphy. ~ Yel there are limits to the amount of
subdivision thal can be imposed upon Lhe evalutionary speclrum discernable from Lhe
fossil record. The prablems of ecophenotypic species varialions and species habitat
preferences ("facies fossils") are well known, and thus il is often difficult to construct
an evolutionary phylogery for @ given series of taxa in anything less than the broadest
generalizations.

Increasingly, stratigraphers are realizing that physical correlation of closely
spaced seclions may provide significantly refined resolutions of time relations. One
Lype of such physical correlation may be the matehing of bentonite ash beds, another
may be that of recognizing eustatic sea-level pulses. However, an gssential factor in
the accuracy af such correlations is the spacing of the sections compared. Correlation
of two widely spaced seclions on physical eriteria alone can be very risky, for while
the respective physical records may be preserved it each section, ib is often difficult
to demanstrate which portion of the respective records were caused by the same event
in time. The problem is compounded when one deals with numerous such events
geeurring in each section.

Dennison (1971, Figure 7) outlined a preliminary study of Mime lines" wilhin the
Devonian delta strata along the Allegheny Front in a series of closely spaced seclions,
gach of which has been examined in bed-hy-bed detail. A tentative correlalion between
the Allegheny Front to MNew Yark State was then attempted, based primarily on the
sustatic sea-level model,  That correlation is reproduced in Figure 4, which represents
the finest time resolution he could then olitain from @ gequencing of physical events.

Though further work has supported the general framework given in Figure 4,
recent  studies have provided new data which allow substantial revision of the
correlations. These studies irclude the revision of New York Devonian stratigraphy
(Rickard, 1975), the pa]tmm:uluqical work of MeGhee (1976, 1977), the wark of Dennison
and Head (1975) with Appalachian basin eustatic sea-level varialion curves, and a re-
exarmination of the original stratigraphic sections (Figure 2).

Utillizing the paleontological control given in Figure 3, the Pound Sandstone
Member of the Foreknobs F ormation ran be correlated with the Hume Shale of New
Yuik, and Lthe base of the Scherr Formation (Greenland Gap Giroup) can be shown Lo
fall within the New York Morelard Shale.  Within this binstratigraphically nbtained
time-framework, specific physical carrelations from the central Appalachians to New
Yark can be developed by ratching Limes af sea-level fluctuations. The Appalachian
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basin was roughly elliptical in outline, or rowboat-shaped, during most of the middle
and late Paleozoic, with the present day New York area being located towards the
northeastern end, or stern, of the basin. Sea-level rises produced widespread black
shale tongues in this part of the basin, black shale tongues which penetrated eastward
into the coarser facies of the Catskill delta complex as documented by Sutton (1963)
and Sutton, Bowen, and McAlester (1970). Offshore slopes were steeper along the
southeastern side of the basin in the area of the present day central Appalachians, and
minor sea-level rises did not produce widespread black shale tongues in the
southeastern part of the basin. More pronounced sea-level rises did, however, produce
wave-winnowed sheet sands from the migration of offshore bar deposits, while drops in
sea-level resulted in mostly marine, brownish gray, "redbed" tongues extending into the
deeper water marine facies. Our proposed revision of chronostratigraphic correlations
between these two parts of the basin for the Foreknobs Formation is given in Figure
5 (cf. Figure 4). Beside each stratigraphic column is given the pertinent facies and
interpreted event producing that facies, and the proposed series of correlations between
those events are indicated. The paleontologically obtained correlation between the
Pound Sandstone and Hume Shale is taken as the base line against which the other
correlations are then sequenced. A eustatic sea-level variation curve is given for this
segment of the eastern United States Late Devonian. Sea-level rises are indicated to
have been more abrupt than sea-level falls, analogous with the record of the Wiirm
glacio-eustatic event. As previously noted, however, the actual causal mechanisms for
Late Devonian eustatic events are by no means clear (Dennison and Head, 1975), glacio-
eustatic events being only one of several possible explanations.
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Figure 5. Proposed Devonian chronostratigraphic correlations between the Allegheny
Front and Upstate New York. Event explanation: T = marine transgression, R = marine
regression. Facies explanation: Red = brownish-gray siltstone tongues, B. Sh. = black
shale tongues, Ss. = sheet sands.

The relative magnitudes of sea-level fluctuations are difficult to estimate from
the rock record. The Pound Sandstone-Hume Shale and Briery Gap Sandstone-Pipe
Creek Shale events appear to have been more pronounced, as is indicated by the
formation of sheet sands in the central Appalachians and extensive black shales in New
York. In addition, the base of the Foreknobs Formation, which is marked by a clastic
pulse into the basin recorded over two separate delta lobes, probably records a basin-
wide shallowing event. One anomaly in the fit of the eustatic event sequencing is the
presence of a restricted shale tongue indicated by Rickard (1975) to occur within the
Wiscoy Formation. If in fact this records a minor sea-level rise in New York,
equivalent indications have not yet been recognized in the centrai Appalachian strata.

A comparison of our revision with previously proposed chronostratigraphic
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Figure 6. Comparison of proposed correlations (this paper) with the previous

ciu'onostratigraphic correlations of Dennison (1971) and Oliver and others (1967).

correlations is provided in Figure 6. It is proposed that the Red Lick Member of the
Foreknobs Formation (Greenland Gap Group) is equivalent to the Caneadea Formation
(in New York). The Pound Sandstone, Blizzard, and Briery Gap Sandstone Members of
the Foreknobs Formation are proposed to be time equivalents to the Hume Shale,
Wiscoy Formation, and Pipe Creek Shale, respectively, in New York. The Mallow
Member is equivalent to the Nunda and the upper part of the Gardeau Formations of
New York. The Scherr Formation is equivalent to the remaining lower portion of the
West Falls Group.
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EXPRESSION OF A CROSS-STRIKE STRUCTURAL DISCONTINUITY
IN PENNSYLVANIAN ROCKS OF THE EASTERN PLATEAU PROVINCE
By
John A. LaCaze, Jr.1

and

Russell L. Wheeler
Department of Geology and Geography
West Virginia University
Morgantown, West Virginia 26506

ABSTRACT

Major, cross-strike structural discontinuities appear to be large volumes of
intensely fractured rock in overthrust belts, and may be useful guides in exploration for
fractured gas TESErVOirs. To determine whether the Petersburg lineament of the
western Valley and Ridge province of West Virginia is expressed in the Pennsylvanian
rocks of the easternmost Plateau province, LaCaze mapped about 60 square km (23
square mi) of late Paleszoic molasse atap Allegheny Front, in an arga straddling the
lineament's weslward projection. Fight outerops of Homewood sandstone strung across
the projection cantain longitudinal, Eransverse, and an east-striking set of diagonal
joints.  Jaint intensity (surface area per unit valume af roek) in Lhe projection is aboul
fwice that oulside. Structure contaurs show thal a map-scale syncline is disrupted
immediately west of the high-intensily zone. Thus the lineament i8 expressed in Lhe
Penrisylvanian rocks af the easternmost Plateau provinge as @ zone af increased
fracturing at least 1.3 km (0.81 mi) wide, with associaled broader disruption ol map-
scale structure.

INTRODUCTION
Purpose

Cross-strike structucal disconkinuities (CSD's) are “map-scale atructural linea-
ments or alignments, at high angles to regional strikes, and best recognized @s
disruptions in strike-parallel structural or geomorphic patterns" (Wheeler, Winslow, and
others, 1979). CsD's are abundant in the central and sputhern Appalachians and in
other overlthrust bells. Wheeler, Winslow, and others summarize characteristics of
many mapped C5D's, and much of the following discussion of CSD's is based on work
cited by them.

Present evidence is Lhat CSD's are several km (mi) wide and each may contain
on the arder of 1000 cubic km (240 cubie mi) of intensely fractured rock (Wheeler,
1978a, 1978k, and 1978c). The Devonian clastic sequence of the cenlral and southern
Appalachians containg gas: in fractured reservoirs, and many workers are lrying 1o
HTprove exploration and stirmulation methods applicable Lo such reservoirs (Shurnaleer
and Overbey, 19763 Wheeler and olhers, 1976; Schott and olhers, 1977; Anonymaous,
1978). ©SD's and their asspointed fracture systems may provide a method  for
extending that exploration effort into the little tested pastern Plateau provinee ol West
Virginia and adjacent slates, where Lhe Devonian claslic sequence is detached.

One such CSD 1s Lhe Petersburg lineament in the Valley ard Ridge province of
West Virginia (Figure 1: Siles, 1970 and 1979),  This paper has Lwo purposes: (1) To
determine whether the Petersburg lingament 1s pupressed in Pennsylvanian rocks af the
gasternmosl Plateau pravince, alop the Allegheny Front, and (2) to test methods for
mapping the Petersburg lingament and other CSD's westward, under the Pennsylvanian
and Perrian cover of the Plateau province.

\Present address: Rb. 5, Box 1000, Space 20%, Midland, Texas 79701
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Setting

I Grant and Hardy Countles, Wesl Virginia, the Petersburg lineament trends
aboul. N759E and is well exposed in the Silurian and Devonian rocks of the western
Valley and Ridge provinee (Sites, 1978 and 1979; other work cited by Wheeler, Winslow,
and olthers, 1979), Immediately west of Lhe Wills Mountain anticline at the western
edge of the Valley and Ridge provinee, Lhe lineament is subtly present in Devonian and
Mississippian rocks an Allegheny Front (Wilson and Wheeler, 1974). The westward
projection of the lineament into the easternmost Platoay province passes Lhrough the
Dolly Sods Wilderness Area of Tucker County, Wesl Virginia (Figure 1).  There, red,
flaggy sandstores, siltstones, and shales of Late Mississippian age are overlain by coals,
shales, siltstones, conglomerates, and thick, flaggy or cross-bedded sandstones af
Pennsylvanian age. The exposed section is 1000 to 1500 feet thick (305 to 457 m), and
sedimentary layers (as distinct from oross beds) have low dips on both limbs of the
map-scale SLony River syncline that includes the map area (LaCaze, 1978; Reger,
1921). The map area covers about 23 square mi (60 square km) astride the lineament's
projection.

JOINTS
Systematic Joints

Sets. The topographic break of Allegheny Front in easternmost Tucker County exposes
thick, cross-bedded, well-cemented, quartz sandstones and canglomerates of the
uppermost Lower Pennsylvanian Homewood sandstone (LaCaze, 1978). There, the
Homewond contains three sets of systematic joints: transverse, striking about MNABOW;
longitudinal, striking about N289F; and diagonal, striking about N759E. Eight large
Homewood outcrops of relatively constant lithology and bed characteristics are
scattered for 6.2 mi (2.5 km) across the westward projection of the Petersburg
lineament through Dolly Sods, and alang the eastern border of the map area.

These outerops and the outline of the map area are shown in Figure 3. In each outerop,
LaCaze measured spacing for those three sets; perpendicular separations of adjacent
joints in the same set. The diagonal set was not faund in the two outerops southwest
of the lineament's projection. Wheeler later found but did not measure Lhat sel in a
smaller Homewood outcrop yet further southwest.

Relative Ages. Wheeler attempled to estimate pelative ages of the three sets, using
criteria sucecessfully applied to finer-grained rocks by Kulander and others (1977 and
1978), Wheeler and Holland (1978), Dixon (1979h), and Wheeler, Holland, and others
(1979). Plumose and olher delicale structures on joint faces (transient features of
Kulander and others, 1977) can record the origin, propagation history, and end of a
joint, but the Homewood exposures are loo coarse-grained and joint surfaces too
weathered to preserve such features recognizably. A young joint will usually abut
against or hook inte an older one in a T- or J-intersection, and such tendential features
(Kulander and others, 1977) are abundaritly preserved in Lhe Homewood outcrops.
However, evaluatinn of 105 tendential relations, moslly abuttings, in and near the
outerops that yielded spacing measurements gave no canclusive results. For each of the
three possible pairings of joint sets, the tendential relationships are about equally
divided on relative ages of the two sels Involved. The most conclusive determination
of relalive ages was Lhat ransverse joints predate longitudinal joints, which was also
found by Wheeler and FHolland (1978) and Dixon (1979, 1979h) elsewhere. However,
Lhat relative age has a significance value of only 0.227 by the binomial test. That is,
there is one chance in four or five thal the dhserved relative ages belween longitudinal
and Lransverse joinls, or a relationship yel more caniclusive, could have arisen by
chanee alone., '

There are several possible reasons for the lack of clear-cut relative ages. (1) All
three sets may hove formed coevally. (2) Cach set may have been filled and cemented
shut, or ils walls may have been pressacd together with cosarse grains interlocking, in
stress-Lransmilling conlacl, before Lhe next set formed. Neither of us saw any evidence
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Figure 1. Index map of eastern Wesl Virginia. Dashed line is topographic break of
Allegheny Front, with Valley and Ridge province to east and Plateau province to west.
Circled dot Is petersburg, and heavy solid line through it is mapped extent of
Petersburg lineamenl (lineament may be severdl times the length shown: Sites, 1978
and 1979). Black polygon atop Allegheny Front at wesl end of lineament Is Dolly Sods
map area (size and shape approximate).

of remaining joint fillings, but joint walls are intensely weathered, stained with iron
oxyhydroxides and eroded. (3) In some X-intersections where two joints appear ta cross
each other, one arm of the % ig short and narrow. Also, some jnints hoaok abruptly into
other nearby and parallel joints, and in some such oceurrences, the hook is much less
weathered than the rest of the joints. Those ohservations are consistent with the
possibility that physical and chemical weathering, acting long after jointing ceased,
mighl eause a younger juint Lo propagale across an nlder one in spme Mannar, changing
a T-intersection into an X-intersection. At present, improving understanding of jeinting
and modification of joints by weathering seems maore irnportant than collecting more
data.

Joint Intensily

Caleulation. Wheeler (1979), Wheeler and [Dixon (1979), and Dixan (19794) define joint
intenaity (1) as the amaunt of joint surface area per unit volume of rock. Following
Vialon and athers (1976), they calculate Lhe intensity of a single sel as the inverse of
the set's mean spacing. Then intensity of an exposure is the sum of the intensities of
all sets in that exposure. Srearns (1968) and Rousell and Everitt {1978) independantly
developed an equivalent measure of intensity hased on joint frequency. Wheeler and
Dixon (1979) argue that intensity is less distorted hy a few extremely large ar small
spacing values if one replaces mean spacing by the trimean ST (Tukey, 1977). The
resulting estimator of is called 1. ST s caleulated as

1
ST:T (Gl + 2 SM+ G})

where Q1 and Q3 are the first and third quartiles and SM the median of spacing values.

Evaluation. Values of 1. for the Homewpod sandstone are in Figure 2. Intensities are
higher in the westward projection of the lineament (outerops 3 through 6). That occurs
for all three sets, and all outcrops are on the tapographic hreak of Allegheny Front,
so topography and mass wasting are not responsible for the increased intensity.
Photolineaments are often found or assumed to overlie unusually fractured rock.
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Figure 2. Intensities of systematic joints across Petersburg lineament atop Alliegheny
Front. Shown is westward projection of lineament, from where it is mapped in more

deformed and older rocks to the east (Figure 1). Based on data of LaCaze (1978).
Outcrops 1 through 8 are also located in Figure 3.

Figure 3. Locations of stations (dots) and centers o
area (polygon). See text for explanation of cells.
Joint intensities of Figure 2 were calculated.

f cells (circles) in Dolly Sods map
1 through 8 are outcrops for which
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Wheeler examined @ false-color composite LANDSAT print (Laken in October al
1:250,000), a positive LANDSAT print (at aboul 1:1,000,000) and color infrared images
(Laken in February, from about 65,000 lest elevation), and found no phntolim-raments
passing Lhrough the high-intensily area. Thus the Pelersburg lineament does appear in
the Pennsylvanian rocks of the easternmost Plateau province as @ zone of increased
joint intensity.

Interpretation.  The lineamenl narcows as il passes upsection, westward, or both from
the Silurian and Devonian rocks of the western Valley and Ridge provinee 10 the
Pennsylvanian rocks of the Plateau province. Duterops 3 Lthrough 6 are more intensely
jpinted than are the other four, but only with a significance value of 0.09
(randomization test: Siegel, 1956). However, if outcrap 3 is regarded as lying
northeast of the lineament, the significance value drops to 0.01. Thus the lineament
at Dolly. Sods includes only outerops 4 through 6, and may he as narrow as 1.3 km (0.B1
mi), rather than at least 2.7 km (1.7 mi) wide (Figure 2).

DISRUPTIONS OF SEDIMENTARY LAYERS

In Silurian, Devonian, and Mississippian rocks of the Valley and Ridge and eastern
Plateau provinces, the pPetersburg and other similar lineaments are expressed as
disrupted patterns on strike-line maps and on contour maps of bed dip and bed strike
(Trumbo, 19763 Sites, 1978; Wilson, 1979; ather sources cited by Wheeler, Winslow, and
others, 1979). We applied that approach to the Pennsylvanian and Lipper Mississippian
racks of Dolly Sods, to see if such methods are equally offective in molasse with low
dips.

Data

Mary OF Mosl Bxposures are of cross-bedded sandstones. Using four methods, we
measured or constructed arientations, not of cross-beds, but of the top ar bottom
contacts af cross-bedded depositional units (sedimentary layers: A. C. Donaldson, oral
communication, April 1979). (1) LaCaze measured strike and dip of layers directly,
with a Brunton compass. (2) Where several measurements on Lhe same exposure were
feasible, we use their median, (3) LaCaze also constructed three-point solutions for
mapped upper contacts of thick, resistant, continuous sandstones. (4) Wheeler added
layer orientations canstructed Trom Lraces af layers on Lhree faces of Lhe same
exposures (see "Layer prientations . . " below). The four Lypes of estimates of layer
orientation were then smoothed by first weighting each estimate accarding to a
qualitative estimate of its uncertainty, and then taking medians of the weighted
estimates falling within square cells 2000 feet (610 m) on @ side (Figure 3). The
number and uncertainty of orientation estimates in pach cell were considered in
interpreting maps of the smoothed data.

Structure Contours

Figure 4 shows structure contours on three harizons. Intersections of topographic
cantours with geologic cantacts mapped by LaCaze (1978, Plate 1) on 8 7-1/2 minute
topographic base define contours atop the Upper Mississippian Princeton gandstone and
the uppermost Lower Pennsylvanian Homewnod sandstone, where those two members
are exposed. Reger (1921) contoured the base of the uppermast Middle Pennsylvanian
Upper Freeport coal. The Lhree contoured horizons span about 550 m (1150 ft)
stratigraphically (LaCaze, 1978, Figure 11). All three horizons show the trough of the
Stony River syncline (Figure 4), and the upper Lwo show structural relief af 500 to 700
feel (152 to 213 m). Dips caleulated from Figure 4 range from aboul 10 degrees in
ihe northwest part of the map area ta a more representative three degrees along the
area's eastern edge. For comparisan, median layer dips for direct measurements,
three-point solutions, and constructions from layer traces are five, one, and eight
degrees, respﬂr:tively.
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Figure 4. Structure contours in Dolly Sods map area. Contour interval is 100 feet (30
m). Contours are labeled in hundreds of feet. Dashed lines are trough lines of Stony
River syncline, inferred from contours. Dotted lines are possible positions of parts of
the hypothesized Breathed Mountain anticline, inferred from contours (see text). a)
Eight-sided polygon in southwest encloses contours atop Princeton sandstone. Other
contours are atop Homewood sandstone. Based on mapping by LaCaze (1978, Plate 1;
see text). b) Contours atop Upper Freeport coal, traced from Reger (1921).

In the center of the map area, Figure 4 shows a saddle in the trough at Princetan
level, and anomalous bends in the trough line at thal and Upper Freeport level. Indeed,
Cardwell and others (1968) and [aCaze (1978, Plate 1) show two northeast-trending, en
echelon synclines. LaCaze interprets them as separated by a northeast-trending
anticline which he names the Breathed Mounlain anticline. The structure conlours of
Figure 4 are consistent with both existence and nonexistence of the anticline. In either
case, map-seale structure is disrupted in the center of the map area, in a crudely east-
trending zope about three km (2 mi) wide, and including outerops three through six of
the joint intensity wark (Figures 2 and 3).

Strueture contours atop deeper horizons are not detailed enough to determine the
vertical extent of Lhat disruption (Haught, 1968; Cardwell, 1971, 1973, 1976). |.aCaze
(1978) suggests that the Breathed Mountain anticline has 75 m (246 ft) of elosure and
speculates that it may be formed over a detachment no deeper than the Upper
Devonian.

Other Maps of Layer Orientations

Methods.  We drew maps of (1) strike lines, and contours on numerical values of (2)

strike, (3) absalute dip, and (4) angular deviation from a pi axis of N35E/02NE fitted
by hand to all direct measurements of layer orientation. Those maps drawn by both
of us independently are similar, and resenible computer-drawn maps of the same data.
Thus our maps are both objective and reproducible, properties that should be
demonstrated for hand-drawn cortour maps (Dahlberg, 1975, 1979).
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Table 1. Summary of Results From Maps and Longitudinal Sections of Layer
Orientations.

Data Map or Anomaly Anomaly | Statistically
Type section? | Type Width Significant?
1. Strike lines Map Disrupted zone 1.6 km | No
- Strike lines Section | None - -
2. Strike lines Map Synclinal nose 5.5 km | Yes
3. Strike lines Section | Synclinal nose 3.6 km | No
- Strike-value Map None - -
contours
4. Absolute dip Map High dips 4,2 km | No
contours
5. Absolute dip Section |High dips 3.6 km | No
contours
6. Angular Map High dispersion 2.6 km | Almost
deviations
7. Angular Section |High dispersion 3.6 km | No
deviations

Results. Results are summarized in Table 1. On the strike-line map, Wheeler chose
a disrupted zone 1.6 km (1.0 mi) wide measured in a narth-south direction, and a broad
synclinal nose 5.5 km (3.4 mi) wide. He chose no disruptions on the map of strike-value
contours. On the map of absolute dip he chose a high-dip zone 4.2 km (2.6 mi) wide,
and on the map of angular deviations, a high-dispersion zone 2.6 km (1.6 mi) wide. All
but the 1.6 km-wide disrupted zone also appear oOn longitudinal sections made by
projecting cell values (Figure 3) onto the east edge of the map area. In the longitudinal
sections, all three anomalous zones have widths of 3.6 km (2.2 mi) and overlap but do
not coincide. The resulting seven anomalous zones on maps or sections thus vary in
width and location, but all are crudely coincident with the Petersburg lineament's
westward projection and with the zone of high joint intensity.

Evaluation. However, the seven anomalous zones are subtle and subjective, so tests of
statistical significance are necessary to demonstrate their validity. To insure that the
probability of obtaining one or more spuriously significant results does not exceed the
standard value of 0.05, we select a significance level of 0.05/7 - 0.007 (by the
Bonferroni inequalitys Miller, 1966; Wheeler and Holland, 1978). The appropriate tests
are the Siegel-Tukey and Kruskal-Watlis (Conover, 1971; Siegel, 1956).

The 5.5 km-wide synclinal nose on the strike-line map is clearly not a random
pattern: the significance value is 0.0007. The 2.6 km-wide zone of high dispersions
on the map of angular deviations approaches but does not achieve significance: the
significance value is 0.0233. However, neither result adds much to the information
already obtained from the structure contour map (Figure 4). None of the five other
anomalies on the maps and longitudinal sections of layer orientations is remotely
significant: significance values exceed 0.1.

Summary. [or shallowly-dipping Pennsylvanian rocks of the eastern Plateau provinee,
maps of layer orientations do not appear to provide information not more easily
eytracted from structure contour maps. Structure contour maps either already exist
(Reger, 1921, and similar maps), or can be generated relatively fast using aerial
photographs, maps nf strip mines in lknown coals, and carefully designed field wark Lo
map tops of resistant sandstones and continuous coals, Even form lines, such as those
of Shumaker (1974), may suffice to locate map-scale structural disruption char-
acteristic of CSD's like Lhe Petersburg lineament.

LAYER ORIENTATIONS IN CROSS-BEDDED ROCKS

problem. As a by-product of this work, we found that a field technique in routine use
in structural analysis of multiply-folded metamorphic rocks provides a fast, precise way
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Figure 5. Constructing layer orientation from three traces (see text). Dots are traces
of a layer on exposure faces. Solid curves are great circles perpendicular to the traces.
Circled dot is center of gravity of the spherical triangle, constructed as the
intersection of the dash-dot curves (great circles connecting triangle vertices to
bisectors of opposite triangle sides). Dashed curve is estimated orientation of the
layer. Precision is mean of the three values of 8, which are exaggerated here for
clarity.

to estimate orientations of Irregular layers in the Pennsylvanian sandstones of the
Plateau province, lLarge cross-beds and coarse grains often make location of a stnaoth,
representative, directly measurable layer surface difficult, even in large GXPOSUTES OF
when using an aluminuim plate. Low dips make directly-measured striles uncaertain by
15 degrees or more (Woodcack, 1976). Averaging several Independen) direet
measurements may solve the problem, but is often infeasible in small or wealhered
exposures.

Method. However, our experience is thal the eye can usually delecl the lLraces of
parallel sedimentary layers an al least two and usually three faces af an exposure. The
traces need nol be of the same layer, particularly if the Uwee can be measured on
ldees at moderate to high angles to each olher. By closing one eye to eliminate
parallax, sight along each trace and measure its trend and plunge.  The eye smooths
irreqularities in traces several meters (yards) long.

Then fit a greal circle to the Lhree fraces by constructing a bela axis (Figure 5;
Ramsay, 1967, p. 12-14). That is, plol Lhe traces in lower-hemisphere spherical
projection.  Greal circles perpendicular te each trace define a spherical Lriangle.
Canstruet the triangle's center of gravity as Lhe intersection of the three greal circles
that connect each vertex with the bisector of the opposite side of the triangle. The
great circle perpendicular to the center of gravily estimales the orientation of Lhe
layer or layers, and the mean of the angles between the center af gravity and the three
side bisectors gives the precision of that estimate.

Evaluation.  Wheeler estimated layer orlentations for nine outerops of Homewood
sandstone along the east border of the map area. The nine precisions have a median
of three degrees. That is aboul the minimum achievahle using a Brunton compass and
careful hand plotting and construction. Median precision of two or more direct
measurements on each of 29 exposures is four degrees. Thus, for the rocks we studied,
the beta axis method produces more precise results than does direct measurement.
Because layers are irregular and the layer traces are visually averaged over large parts
of an exposure, the beta axis method is also probably mare accurate than direct
measurement.
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CONCLUSIONS

1. The Petersburg lineament extends west from the Valley and Ridge province,
and appears in the Pennsylvanian rocks: atop Allegheny Fronl as a zone of roughly
doubled intensity of systematic joints ab least 1.3 km (0.81 mi) wide.

2. In general, the lineament does not occur in the Pennsylvanian rocks of the
easternmoslt Plateau province as a zone ol disrupted sedimentary layers that can be
efficiently mapped, and so0 s unlikely to do so further west in still less deformed rocks.
Thus it and other CSD's probably ecan best be extended west using joint intensily,
structure contours, subsurface and geophysical dala, and aerial and satellite images.
The CSD's may have very narrow expressions in Pennsylvanian rocks, so close station
spacing and careful planning of fieldwark are advisable.

3. Even in coarse-grained, weathered, cross-bedded Pennsylvanian sandstones,
orientations of shallowly-dipping sedimentary layering can be eslimated precisely and
accurately if constructed from several traces. Even with dips of 10 degrees or less,
precise and accurale strikes can be constructed.
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THE MISSISSIPPIAN-PENNSYLVANIAN SYSTEMIC BOUNDARY

IN EASTERN KENTUCKY: DISCUSSION AND REPLY

Discussion
By

Charles L. Rice
U.S. Geological Survey
Reston, Virginia 22092

Havey (1979, p. 54), in describing Lhe Mississippian-Pennsylvanian syslemic
boundary aleng the Pottsville escarpment of eastern Kentucky, posed the following
question: "ls the boundary unconformable or is it a conformable transition from
marine  Mississipplan  to ponmarine  Pennsylvanian rocks?"  He suggested in his
introductory paragraphs that the unconformity has been taken for granted since it was
first identified by Campbell in 1898 by stating: "Without exception, United States
Geological Survey maps of eastern Kentuclky through 1977 show an unconformity"
petween the Mississippian and Pennsylvanian Systems. This last statement refers Lo
the major cooperalive project of the Kentucky Geological Survey and the U.5.
Genlogical Survey for which, between 1960 and 1978, the State of Kentuelky was
mapped at a scale of 1:24,000. More than 7% gealogie maps compiled by
approximately 50 geologists cover the outcrop pelt of the Pottsville escarpment,
where the Mississippian-Pennsylvanian unconformity is poorly to well-exposed. A
search of Lhe literature shows, however, that far from aceepting the unconformily as
a fact, particularly afler Englund and Smith (1960) had demonstrated intertonguing
between the largely Mississippian Pennington Formation and the Jargely Pennsylvanian
|ge Formation in soulheastern Kentucky, some workers speculated that the systemic
boundary was "the combination of a gradational and interfingering contact coupled
with local disconformable eontacls helow channels' (Huddle and Englund, 1966, p. 26).
Sheppard and Daobrovolny (1963) identified a sandstone in Upper Mississippian strata in
northeastern Kentucky that was lithologically similar to sandstone of the Lee
Formation and suggested that the systemic boundary there was gradatiopal and
intertonguing.  Englund and Windolph (1971) later named that sandstone the Carter
Caves Sandstone and shawed ihat it was separated from overlying Pennsylvanian rocks
by a major uneonformity.  In fact, as noted above, detailed mapping along the
escarpment. has shown Lhe systemic boundary Lo be everywhere an unconfarmily.

Figure 1 shows the unconfarmity’ along the western margin of the Appalachian
basin in eastern Kenlucky Lo be a north or northwestward truncation of progressively
older Mississippian slrala. Of parlicular significance is Lhe consequent drainage
syslem, suggested by outerop patterns, thal was formed after emergence of the region
in Late Mississippian time. Aboul 10 separate drainage aress can be identified in
Figure 15 those in the northeen part of the outerop belt drained southeast, whereas
those in the southern part drained in a more southerly direction.

The presence of # widespread unconformity in northeastern Kentucky was again
questioned by Horne and Ferm (1970, p. 217) who postulated that the tyery erratic
distribution of underlying limestone and ted and green shales and of the overlying
prthoquartzite" was related to a laterally migrating environmental interface, or
shoreface, between primarily marine rocks below and primarily continental rocks
above. Their postulation was later formalized in a model called the "Lee-Newman
barrier shoreline model" (Horne and others, 1971, p. 5). which, though attractive in
many ways, has been shown by Dever (1973), Rice and others (1979), and Ettensohn
(1980) as inapplicable Lo the racks in northeasiern entueky., Even Haney (1979, p.
59) clearly showed in his sections of Rowari and Menifee Counties @ pronounced
unconformity associaled with ancienl channeling and paleokarsl. Decause the "Lee-
Mewman model" has not been guhstantiated in norlheastern Kentucky (or elsewhere),
its use as a premise Lo gquestion the presence of an unconformity at the Mississippian-
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Figure 1. Generalized geologic map of the pre-Pennsylvanian surface in eastern
Kentucky compiled from U.S. Geological Survey 7-1/2-minute Geologic Quadrangle
maps, showing the major structural features that affected Mississippian and Penn-
Sylvanian deposition in northeastern Kentucky. Depiction of channel just north of
Irvine-Paint Creek fault system was enhanced by combining the Newman Limestone
where it is thin with the Borden Formation. Outline of Pennsylvanian channel in
Pulaski County is shown by dashed lines because the channel is confined within the
Pennington Formation.

Penrisylvanian boundary (Haney, 1979, p. 54) is inappropriate.

Uther workers questioning a widespread uneonformity include Haney apd Hester
(1976, p. 188), Ettensohn (1977, p. 35), and Short (1978, p. 25). These warkers and
Haney (1979) suggested Lhat Lhe unconformity is restricted in northeastern Kenlucky
Lo areas of Lectonism and Lhat elsewhere the systemic boundary lies in a gradational
sequence.  All described Lhe uneonformily as being localized in the vicinilies ol the
Kentucky River faull system, the Waverly arch, or Lhe Irvine-Paint Creek faull system
(Fig. 1). Haney (1979, p- 58) was more specific when he slated that "Lransitional
boundaries occur in the areas belween or away from the struetural features; this
stalementl suggests that the uncanformily is localized dlong the lraces of Lhe
structures. None allempted to explain Lhe Pennsylvapian sandstone and conglomerale-
filled channels shown in the Plummers Landing quadrangle (McDowell arid olhers, 1971)
(Fig. 1) that rest on Lower Mississippian middle Osagean strata about 40 tm west of
the Waverly arch and aboul 30 km north of the Kentucky River faull system.  Also,
for example, Haney and | coaythored the Leighton Geologic Quadrangle Map (Haney
and Rice, 1978) (Fig. 1) which is about 12 km southeast of I extension ol the lrvinoe-
Paint Creel faully in Lhat report, we showod Lhe uncanformity to have a relief of
about. 60 m.

Haney's (1979, p. 59, 60) slrongest arguiment [or a transitional systemic boundary
is made  wilh tegpect Lo areas "“remote" from  Lhe listed structural features
"particularly in Rockeastle and Pulaski Counties," o thoie counties (Fig. 1) the
pPermast Mississippian upit is Lhe Pennington Farmation, wiich consists primarily of
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THE MISSISSIPPIAN-PENNSYLVANIAN SYSTEMIC BOUNDARY

IN EASTERN KENTUCKY: DISCUSSION AND REPLY

Discussion
By

Charles L. Rice
U.S. Geological Survey
Reston, Virginia 22092

Haney (1979, p- 543, in deseribing the M_issaissippian-l-“‘ennayivaniar-. syslemic
boundary along the Poltsville escarpment of eastern Kentucky, posed the following
question: "Is the boundary unconformable or is it @ conformable transition from
marine Mississippian to panmarine  Pennsylvanian rocks?  He suggested in his
introductory paragraphs that the uneonformity has been taken for granted since it was
first identified by Campbell in 1898 by stating: "Without exception, United States
Ceolagical Survey maps of eastern Kentucky through 1977 show an unconformity”
between Lhe Mississippian and Pennsylvanian Systems. This last statement refers to
the major cooperalive project of the Kentucky Geological Supvey and the U.S.
Geological Survey for which, between 1960 and 1978, the State of Kentucky was
mapped @al 8 scale of 1:24,000, More than 7% geologic maps compiled by
approximately 50 geologists cover the outcrop belt of the Pottsville escarpment,
where the Mississipp'lan-F‘ennsyIva_rlian unconformity is poorly Lo well-exposed. A
search of the literature shows, however, that far from accepting the unconformily as
a4 fact, particularly after Englund and Smith (1960) had demonstrated intertonguing
between the largely Mississippian Pennington Farmation and the targely Pennsylvanian
Lee Formation in southeastern Kentueky, same workers speculated Lhat the systemic
boundary was 'Lhe combination of a gradational and interfingering contact coupled
with local disconformable contacts below ehannels” (Huddle and Englund, 1966, p. 26).
Sheppard and Dabrovolny (1963) identified a sandstone in Upper Mississippian strata in
portheastern  Kentucky Lhat was lithologically simnitar Lo sandstone of the Lee
[Tormation and suggested that the systermnic boundary \here was gradational and
intertanguing. Englund and Windolph (1971) later named that sandstone the (Carter
Caves Sandstone and showed that il was separated from overlying Pennsylvanian rocks
hy a major unconformity. In fact, as noted above, detailed mapping along the
pgearprment has shown the syslemic poundary to be everywhere an unconformily.

Figure 1 shows the unconformity along the western margin of the Appalachian
basin in egastern Kentucky Lo be a narth or northwestward truncation of progressively
older Mississippian strata. Of particular significance s the consequent drainage
system, suggested by outcrop patLerns, that was formed after emergence of the region
in late Mississippian time., About L0 separate drainage areas £an be identified in
Figure l; those in Lhe northern parl of the outcrop bell diained southeast, whereas
those in Lhe southern part drained in @ mMoOre southerly direction.

The presence ol 8 widespread unconformity in nartheastern Kentucky was again
questioned by Horne and Ferm (1970, p. 217) who postulated that the "very erralic
distribution of underlying limestone and red and green shales and of the overlying
orthoguartzite! was related Lo & laterally migrating enviranmental interface, 0or
shareface, belween primarily marine rocks below and primarily continental rocks
above. Their postulation was later formalized in @ muodel called the Tee-Newman
parrier shoreline model" (Horne and olhers, 1971, p. 5), which, though attractive in
many ways, has been shown by Dever (197%), Rice and others (1979), and Ettensohn
(1980) as inapplicable Lo Lhe rocks in northeastern Kentueky. Even Haney (1979, p»
59) clearly showed in his sections of Rowan and Menifee Counties & pronounced
unconformity associaled with ancient chanreling and paleokarst. Becouse the "lLee-
Newman model" tas nol heen substantiated in northeastern Kentucky (or glaewhere),
ils use as a premise Lo gueslion the presence af an unconfarmity at the Misaigsippian-
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Figure 1. Generalized geologic map of the pre-Pennsylvanian surface in eastern
Kentucky compiled from U.S. Geological Survey 7-1/2-minute Geologie Quadrangle
maps, showing the major structural features thai affected Mississippion and Penn-
sylvanian deposition in northeastern Kentucky. Depiction of channel just nerth of
Irvine-Paint Creek [ault System was enhanced by combining the Newman Limestone
where it is thin with the Borden Formation. Outline of Pennsylvanian channel in
Pulaski County is shown by ddshed lines because the channel is confined within the
Pennington Formation,

Pennsylvanian boundary (Haney, 1979, p, 54) is inappropriate.

Other workers questioning & widespread unconformily inelude Haney and Hester
(1976, p. 188), Ettensohn (1977, p. 35), and Short (1978, p. 25). These warkers and
Haney (1979) suggested thal the unconformily is restricted in northeastern Kentuely
Lo areas of Lectonism and that elsewhere Lhe systemic boundary lies in a gradational
sequence. Al described the unconformity as belng localized in the vicinities of the
Kenlucky River fault system, Lhe Waverly arch, ar the Trvine-Paint Creek fault system
(Fig. 1). Haney (1979, p- 58) was more specific when he stated |hat "Lransilional
boundaries oceur in the areas between or away from the structural features; |his
statement  suggesats Lhat the unconfurmity is localized along the traces of the
struetures. None attempted to explain Lhe Pennsylvanian sandstone an conglomerale-
filled channels shown in Lhe Plummers Landing quadrangle (McDawell and athers, 1971)
(Fig. 1) that resl on Lower Mississippian middle Osagean strata about 40 km west of
the Waverly drch and aboul 30 km north of the Kentucky River fault sysbeum.  Also,
for example, Haney and 1 conuthared Lhe Leighton Geologic Quadrangle Map (Haney
and Rice, 1978) (Fig. 1) which is about 12 km southeast ol an extension of the [evine-
Painl Creek fault; in that reporl, we showed Lhe uneorformily to have a relief of
about 60 m,

Haney's (1979, p. 59, 60) strongesl argument. for o transitionsl systemic boundary
is made wilh respect Lo areas "remole" from the listed structural features
"particularly in Rockeastle and Pulaski Counlies." In thodse counties (Fig. 1) the
ippermost Mississipplan unit is the Penninglon Formation, wh,ch consisle prifmarily of
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ped and green shale containing thin beds of fossiliferous limestone and dolomite. As
representative of Rockeastle County, he showed @ seclion measured al or near Mount
Vernon, where Lhe Pennington Formation is about 6 m thick. The Mount Vernon
Geologic Quadrangle Map (Sehlanger and Weir, 1971) (Fig. 1) showed Lhat the Lhickness
of the Pennington Formation ranges from 0 to about 25 m. About 3.5 km west of
Mount Verpion, Schlanger and Weir mapped the western edge of the L ivingstan
paleovalley, which is 3 Lo 5 km wide and al least 60 m deep.  The paleovalley is @
southward-draining channel filled with as much as 3% m of [Pennsylvanian conglomerale
ard sandslone (Wixted, 1977). The channel truncates the entire Pennington Formation
and the upper hall of Lhe Mewman Limestone.

Haney (1979, p. 59) illustrated as Lypical for Pulaski County a stratigraphic
sechion exposed in Sloans Valley, where the Pennington Formation is aboul 100m thick.
Gloans Valley is in the purnside Quadrargle (Fig. 1). Taylor and others (197%) showed
that the thickness of the pennington ranged from 20 to B0 m in this guadrangle. This
vange in thickness and the thickness shown in Honey's section suggeat thal [Haney's
soetion wus measured at or near {he base of an ohscure Pennsylvanian paleochannel.
Sloans Valley is aboul 7 Ky west of another major soulh-trending channel system
pantalring Pennsylvanian sandstangs and ponglomersles (F g 1).

Similar paleavalleys i the [linois basih were incised into “an otherwise nearly
level plain (Wanless, 1975, p. 78} Thus, inmany plages thal are same distanece from
the paleovalleys in frockeastle and Pulaski Counties; the Misﬁis:5i1;1.:ial1—{1nr1n:‘.yivul1iﬂn
systemic boundary 1s commanly 8 paraconformily that may be misinterpreted as a
porfal bedding plane oF fapies-related boundary. For pxample, in Lhose lncalities
where dominantly maring Mississippian red and green shales ore |.mr:—mmﬁ-fnrmmhly
gverlain by a Pannsy lvanian coal bed and a bipturbiated carbopacebls roof shale, this
pelationship could be interpreted errongously as o conformable regressive sequUENce. X
similar erroneous conclusion is also possible in other localilies, where the apparen!
gradational nature of Lhe {emic boundary is aven more strongly sugqeshed by red
ar green shale af the Mississippian Pennington Formation which contains Lhin beds of
eool. Thus, only @ knowledge nf the size and extent af the hiatus at the base of Lhe
Pennaylvanian strala will clarify the nature of the pelationship af the underlying and
pverlying rocks.  As has been indicated, the hiatus is both sizable and of regional
extent along the Potisville escarpment in eastern Kentucky.

Certainly, ot all the problems poneerning  the Mississig11,:ian-F—’P:nnsyivanian
systemic poundary have beer) solved, Becouse Lhe Pennirgton Formalion i generally
poorly exposed, litlle is known aboul its straligraphy. We fave little fossil data from
rocks near Lhe boundary. Though the unconformily seems to have a maximum reliel
of about 60 m along the Pottsville sescarpment, the total thickness of missing
Mississippian strata may be much more. Reglonal analyses suggest that the size of
the unconformity diminishes o the south and southeast in Kenlucky; however, &
comprehensive picture that includes all of the Appalachian and linnis basins and that
shows the precise nature of the [1r_e-|3'er'u1syIv;]niun gurface in eastern Upited States is
yet to be compiled.

w

Reply
By

Donald C. Haney
Kentucky Geological Survey
|_exington, Kentucky 40506

The basic point addressed by Haney (1979) is Lhat, contragy (o Lhe commonly
held view which has heen expressed Once again by Rice (1980), the Mississippian-
Pennsylvanian syslernic houndary and Lhe Tvﬂ-ssi.ssirjpiﬂn-Pennsylvaniar'n yneanformity in
the outecrop belt along  Lhe Pottsville Escarpment of eastern Wentucky are nob
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Figure 1. Sketeh map of costern Kentucky showing major structural features and
locations of geologic quadrangles pertinent to the interpretation of the nature of the
Pennsylvanian-Mississipptan boundary.

synonymous (Fig. 1). 1In areas along or near tectonic elements which were active
during the Carbonifernus, the boundary between rocks of the Mississippian and
Penrigylvanian Systems is coineident with an unconformity. Away from these tectonic
elements, and generally in the southern part of the outcrop belt, field evidence
indicates that not only does the magnitude of the unconformily decrease (Rice, 1980),
but also that deposition was confinuous across Lhe systemic houndary in certain parts
of the area. Robbs and Lumsden (1979) do not recoghize i unconformity at the
systemic boundary in the Cumberlar FPlaledu of Tennessee, and Thamas (pers. comim.,
1979) does not recognize an unconformity in northern Alaba. Therefore, the areas
of unconformity betweer the Mississippian apd Pennsylvanian rocks in the southiern
outerop belt noted by Rice (1981) are related Lo inlra-Penm. Ivanian erosion (Fig. 2).

Fice slates that Englund and Smith (1960), Huddle and Englund (1966), and
Sheppard and Dobrovalny (1963) alluded to the passibility ol & syslemic boundary
which was gradational and intertonguing and thal | had ignored those authors when |
questinned the inlerprelalion of USGS workers, However, my statement was Lhat the
LISES maps of Kentucky through 1977 shaw an uneanformity at Lhe Mississippian-
Pernsylvanian boundary, and no reference is made Lo specific aulhors. My statement
clearly was in relerence o the fifty-one 7-1/2-minute geologic quadrangle maps along
Lhe Potlsville Escarpment, and Rice agrees Lhal. they all show Lhe "unconformity."
Also, I definitely questioned the relationship of an unconformily o Lhe systemic
boundary and not an unconformity which may have resulled From intra-Pennsylvanian
erosion which, in places, cut channels intg Mississippian-age rocks (Fig. 2). Such may
well be the situation of the channels described by Rice.

Rice states that McDowell and others (1971) show Pennsylvanian sandstone- and
conglomerate-filled channets in the Plummers Landing quadrangle (Fig. 1) in Fleming
County that "™ . . . rest on Lower Mississippian middle Osagian strata about 40 km
north of the Kentucky River fault system." That is correct; however, the Plummers
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Figure 2.  Diagram {llustrating the effects of intra-Pennsylvanian erosion which
extended into Mississippian rocks.

|_anding guadrangle is on the upthrown block of the often reactivated Kentucky River
fault system which has been subject to periodic erosion throughout Paleozoic time.
Also, a large area of northeastern Kentucky and southeastern Ohio was most definitely
high during l.ate Mississippian and Early Pennsylvanian times; thus channeling would
be expected. The unconformity of the Leighton geologic quadrangle map (Haney and
Rice, 1978) in Jackson County (Fig. 1), referred to by Rice as being located 12 km
southeast of the Irvine-Paint Creek fault system, is in an area where the fault
location is poorly defined and where subsurface faults associated with the [rvine-Paint
Creek fault may exist. The presence of several small oil fields in the area supports
such an interpretation.

[Rice also questions Lhe interpretation ol & LeansiLinnal systemie boundary in the
Mount. Vernoh guadrangle i Fockcastle County (Fig. 1) where lie states Lhal the
Pepnington is nel present. fhe Pennington here s absent an Lhe vieinily ol @

sirdetural feature which Lrends soulbeastward  and 15 well demanstrated by the
sLructure contours ol Lhe Mount Yernon geologic quadrangle map (Sehlanger and Weir,
1971). However, d well-developed Penninglon sequence is recognized south of thi
steuctural feature. Dever (1973), Haney (1975), and Rice (1972) recognize abrupl
Lhinning and varied distribution of Mississippian carbonale unils in the Leighton, Maunt
Vernon, and Alcorn quadrangles, all of which are near structural features--common
features in areas along or near tecltonic elements which were active during
Carboniferous Lime.

| would again like to stress thal my paper was primarily concerned with the
syslemic boundary. | do not dispute the presence of a major erosional unconformity
over much of Lhe sludy area; however, Lhe unconformity is not necessarily at the
systemic boundary. It, in parl, developed during Early Pennsylvanian time, thus not
affecting the boundary in certain areas "remote! from structural features.

In conclusion, it appears that east-northeast trending structures in central and
eastern Kentucky have significantly affected deposition at various times during the
Carboniferous and thal the area along and north of the Irvine-Paint Creek and
Kentucky River faull systems was most affected (Fig. 1). As acknowledged by Rice,
the magnitude of erosion diminishes to the south and southeast in Kentucky.

My earlier conhclusions (Haney, 1979) remain valid:

The nature of the Mississippian-Pennsylvanian systemic boundary depends
upon where the observer views the rocks. In eastern Kentucky, an unconformity
clearly exists where deposition has been interrupted by tectonismj where the
deposition was nol affected by Lectonic aclivily, a conformable sequence exisls.
Thus, in eastern Kentucky the Misaissipp.ian-PBnnsylvanisn systemic boundary is
both conformable and unconformable.
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FRRATUM FOR VOLUME 21, NO. 1

Structure and Tectonics of the Appalachian Miogeosyncline near the Junction of
Tennessee, Kentucky, and Virginia.

Page 88.

5. Gealogic evidence doss nol require the hasement Lo presently he deeper on
the east side of Lhe miogeosyneling, and this suggests a wesbward il of basement
during major deformation which would have added grayity Lo the deforming forees ol
the orogeny.

ERRATUM FOR VOLUME 21, NO. 2.

Statistical Study of Zircon Populations from Igneous and Metamorphic Rocks as a
Method of Determining Mixed Populations.

Page 113.
2= X0 @1 - 32) + (1 - Pa)

N -2 2 _
Tay o - X * 9% o - %)
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