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1.0

INTRODUCTION

Ferenczi (19539) was first to suggest the existence of a fault in che‘

region of the Neuse River. He referred to it as the "Cape

Lookout-Neuse River Fault Zone". His evidence was based on the

following arguments:

1) The Céstle Hayne Formation (of Eocene age) was not deposited north
of the Neuse River. Howaber;'Since thgn Castle Hayne outcrops have

been mapped north of the Neuse River (Brown and others, 1972; Baum,

1981 and Otte, 1981).

2) The occurrence of silicified»éonés along the strike of the "fault
zone". More recently, however, Otte (1981) Pas shown that the
silicified zones are not restricted to the alignment of the
postulated fault. Silicification resulted from the diagenetic

alteration of siliceous sponges (Otte, 1981).

3) The abrupt change in depth to basement as recorded from two wells
24 kms apart (at Havelock and Moorehead City). More detailed work
on depth to baseqent maps in this region shows that the change in
depth is not oriented perpehdicular to the trend of the postulated

fault and bears no relation to it (Brown and others, 1972).

Independently, and without reference to Ferenczi (1959), Gibson (1967
and 1950) Fuggested the existence of a "northwest-southeast positive
element” parallel to the Neuse River. Evidence for this positive
glement was based on isopachous mapping and structural contouring of

the Yorktown Formation (of Miocene age). More recent work by Baum



(19&1) indicates that if.a "Neuse Fault" exists, it had no discernible
effect on the deposition of the Trent Formation (of Oligocene age).
The Trent Formation is equivalent to the River Bend Fo;mation of Ward
and others (1978) and both are older than the Yorktown Formation

¢

(Miocene).

Baum and others (1978) citing'the work of Ferenczi (1959) and Gibson
(1967 and 1970) espoused the existence of a "Neuse Fault" (equivalent
to the Cape Lookout-Neuse River fault zone). In later ‘publications
Harris and others (1979a and b) proposed a chénge in the location and
orientation of the Cape Lookout-Neuse River fault zone (the Neuse
fault). 1In so doing, they invalidated the third argument of Ferenczi
(1959) for the existence of a fault. The new position resulted in
having the two deep wells to basement on the same (north side) of the

fault (Figure 15.

To date, th; literature does not advance any evidence of observed
faulting, displacement, recognizable surface expression or associated
seismicity that is dire;tly or indirectly attributable to movement on a
"Neuse fault". The postulated evidence for faulting so far was either
disproved or is presently disputed by experts in Coastal Plain geology
of North Carolina (Brown and others, 1972; Otte, 1981; Jones, 1982;
Berggen and Aubry, preprint on file; Hazel and others, preprint on
file). Therefore, in Ebasco's opinion, the indirect argumen:s'that
have been presented so far do not in any manner support the existencé

of a "Neuse Fault” in the Coastal Plain of North Carolina.
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The evidence for and against the existence of a "Neuse Fault" is

summarized below and discussed in greater detail in the remainder of

this report.

POSTULATED EVIDENCE FOR THE EXISTENCE OF A NEUSE FAULT

1.

Abrupt change in depth to basement between Havelock and Morehead

City, N. C. (Ferenczi, 1959).

The restricted spatial distribution of the Castle Hayne Formation

(Eocene) to the south side of the Neuse River (Ferenczi, 1959).

The occurrence of silicified zones along the alignment of the Neuse

Fault (Ferenczi, 1959).

The spatial distribution, petrology, and correlation of units of

Eocene age (Baum and others, 1978 and Harris and others, 1979b).

The thickening of Cretaceous units north of the Neuse Fault (Harris

and others, 1979b).

The present tilted attitudes of the Dupin Plain of early Pliocene
age (9 m in 60 km), the Wacamaw-Canepatch Plain of Plio-Pleistocene
age (2 m in 60 km), and the Socastee glain, approximately 32,000
years old (4.6 m in 12 km) bétween the New River and Wilmingtonm,

N.C. (Zullo and Harris, 1979).




EVIDENCE AGAINST THE EXISTENCE OF A NEUSE FAULT

1.

The change in depth to basement between Havelock and Morehead City, . ‘
in light of additional well data, is neither coincident nor 1

associated with the Neuse Fault (Brown and others 1972).

The Castle Hayne limestomne has been shown to occur north of the

limits known to Ferenczi kBrown and others, 1972 and Otte, 1981).

Silicified 2ones are not restricted to the alignment of the
postulated zone and are the result of diagenetic alteration of

silicious sponges (Otte, 1981). . '

Many stratigraphic experts dispute the stratigraphic subdivisions
of the Castle Hayne and the Upper Eocene age assigned to its upper
units by Baum, Harris, and Zullo (1978, 1979b) and Harris and
Zullo, (1980). Brown and others (1972), Ward and others (1978),
Jones (1982), Berggen and Aubry (preprint on file), Hazel and
others (preprint on file) consider the entire formation to be
Middle Eocene. Facies changes and age relationships are not well
enough agreed upon to define the specific depositional basins which
Baum, Harris and Zullo infer were created by movement along the
Neuse Fault. Even if Baum, Harris and Zullo's stratigraphic and
age interpretations are accepted the spatial disposition of their
units do not require movement along the postulated Neuse Fault to

explain the prevalent depositional environment.




5. Structural contours on top of basement and on top of Cretaceous
units (Brown and others, 1972) do not show any evidence of movement

along the postulated Neuse Fault.

6. The original slopes of the Plio-Pleistocene Coastal Plain terraces
are not shown to have been initially horizontal. Given the
extremgly low tilts that are invoked the original attitudes of the
plains must be demonstrated first in order to validate the

conclusions that are reached.

7. The region of the postulated Neuse Fault is aseismic. (Figure

205-2-1 -2, SHNPP FSA-R).

DISCUSSION OF THE USE OF THE TERM NEUSE FAULT
The first person to propose a northwest trending fault parallel to the
Neuse River in the Coastal Plain was Ferenczi (1959). Ferenczi called

the feature the Cape Lookout-Neuse Fault and gave three liﬁés of

evidence to support his conclusions:

1. A difference in depth to basement across the fault based on 2 wells
24 km apart, one at Havelock and the other near Morehead City.
Brown and others (1972) using additional well data generated a top
of basement contour map which show the maximum slope change
perpendicular to a north-~south axis and not perpendicular to the
proposed trend of the Neuse Fault. He interpreted the change in
basement surface elevation to a steepening of slope away from the

Cape Fear Arch.



2. Ferenczi also thought that the Castle Hayne Formation was not
deposited north of the Neuse River and that the Neuse Fault
provided a s;ructural boundary limiting the basin of deposition,
Brown and others (1972) and Otte (1981) both refer to outliers of

the Castle Hayne beyond this boundary.

3. Finally, Ferenczi interpreted the occurrence of silicified Eocene
outcrops aligned along his fault zone as evidence of faulting.
Otte (1981) showed that the Wayne County outcrops are silicified
because of the presence of silicious sponges which provided a ready
source of silica. He also observed that the silicified sediments
are more widespread than Ferenczi realized and are not restricted

to his fault alginment.

The next published reference to the "Neuse Fault” occurs in Baum and
others (1978). This is primarily a biostratigraphic paper. However,
the authors by referring to the work of Gibson (1967), who identified a
positive element trending parallel to the Neuse River, and the work of
Ferenczi (1959), consider this sufficient evidence to use the term
Neuse Fault without providing any additional supporting evidence. Baum
and others (1978) use the postulated Neuse Fault as part of a model to
explain the distribution of ﬁhe Eocene to Miocene strata and facies

changes in the Coastal Plain of North Carolina.



It is important to distinguish here the difference between postulating
a fault to create a-model which will explain the deposition of the
strata and proving the existence of a fault based upon stratigraphic
evidence. At no'point have any strata been shown to be offset by the
Neuse Fault. The problems with the Ferenczi's work are discuésed above
and Gibson (1967, 1970) does not invoke faulting as an explanation for
his "positive element”. Thus.the use of the term fault by Baum, Harris
and Zullo (1978), Harris and others (197%9%a and b) and Harris (1982)
should not be regarded as proof of its existence but merely as one
convenient explanation of thé distribution of Tertiary sediments in the
Coastal Plain of North Carolina. At this point it should also be noted
that thére are alternate models which explain the distribution of
Eocene and Miocene formations in the Coastal Plain of North Carolina,
without recourse to faulting along the Neuse Fault. Brown and others
(1972) propose that the stratigraphic framework and spacial
distribution of the Atlantic Coastal Plain is controlled by northeast
and north/south trending hinge zones. Gibson (1967, 1970) postulates a
positive element north of the Neuse Fault, during the deposition of
Miocene strata, however he does not attribute this positive element to
a northwest trending fault. Otte (1979, 1981) attributes the facies

distribution and thickness of the exposed Eocene Castle Hayne Formation

to structural control by the Cape Fear Arch and pre~existing topography.

The U.S. Army Corps of Engineers (USCOE) in its Phase I Report on
Earthquake Design Analysis of Philpott Dam (1982) refers to papers on
the subject published in the Field Trip Guidebook of the Carolina

Geological Society and Atlantic Coastal Plain Geological Association
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(Baum, Harris, and Zullo, 1979, editors). The USCOE reports and
adopts, without discussion, the position espoused by Ferenczi (1959),
Baum and others (19785, Harris and others (1979) and Baum and others

(1979).

Within the guidebook are two papers which discuss postulated tectonic
movements along the Neuse Fault. These papers are: 1) Harris and
others (1979b), Tectonic effects on Cretaceous, Paleogene, and early
Neogene sedimentation, North C;rolina, and 2) Zullo and Harris (1979),
Plio—-Pleistocene Crustal‘Warping in the Outer Coastal Plain of North
Carolina. These are the papers which label all the lines on the.map
(Figure 1) as "faults". The 'second paper by Zullo and Harris (1979)

proposes that the Neuse Fault moved in the Quaternary. As will be

.discussed below, the conclusions of these papers are in conflict with

those of other workers and their evidence for movement along the
proﬁosed Neuse Fault is not sufficiegt to substantiate faulting.
Discussion of paper by Harris, Zullo and Baum (1979b).

This paper (Haréis and others, 1979b) is controversial with respect to
the Eocene, Oligocene and Miocene stratigraphy. Ward and others (1978)
and Brown and others (1972) are a few of the workers who had previguély
published their versions of the stratigraphic correlation between the
same rocg units. Since the publication of the guidebook, the
controversy has continued with publications by Baum (1981), Harris and
Zullo (1980, 1982) and Harris (1982) on one side and Jones (1982),
Berggen and Aubry (preprint, on file) and Hazel an4 others (preprint,

on file).



Harris and others (1979b) major evidence for movement of a "Neuse
Fault” in the Paleogene is the distribution of the New Bern Formation
(as defined by B;um and others, 1978), which is restricted to the area
north of the Neuse Fault. Harris and others (1979b) consider the New
Bern Formation to be latest Eocene (Jacksonian in age) and younger than
the Castle Hayne Limestone as'they define it. Harris and others
(1979b) also state that these strata represent "a major lithologic
change from a carbonate dominated regime to a clastic dominated
regime"”, a change they interpret as caused by faulting of the Late
Eocene Castle Hayne during the latest Eocene and the deposition of the
latest Eocene New Bern Formation in the resulting structural low north
of the "Neuse Fault". Ward and others (1978) do not recognize the New
Bern Formation as being a separate formation from the Castle Hayne and
call it the Spring Garden Member (Middle Eocene) of the (Middle Eocene)
Castle Hayne Formation. Although Harris and others (1979b) use the
Neuse Fault as an explanation for the restricted distribution bf the
rock they call the New Bern (upper Eocene), the distribution of the New
Bern Formation itself is not primary evidence of faulting and such a
conclusion is especially tenuous if the age relationships (middle or
late Eocene) are in question. Cook and Macneil (1952), Brown and
others (1972), Ward and others (1978), Jones (1982), Berggen and Aubry
(preprint on file) and Hazel and others (preprint on file) consider the
Castle Hayne, which includes the "New Bern" of Baum and others (1978),
to be middle Eocene in age. If this interpretation is accepted the
shallow water facies of the Castle Hayne, north of the postulated

fault, is only a facies of the Castle Hayne limestone south of thef






postulated fault. As a result, no intervening fault needs to be evoked

to explain what is a normal stratigraphic transition.

Harris and others (1979b) also state that the restriction of the middle
Miocene Pungo River Formation to the area north of the fault indicates
that the."Neuse Fault" was active in the middle Miocene. The
distribution'of the Pungo River Formation is limited not only to the
north of the prOposed>Neuse‘Fault, but the western boundary of the
formation strikes north-south and is entirely east of the proposed
Neuse Fault (Gibson, 1967) (Miller, 1982). Although Gibson (1967)
proposes a positive feature north of the "Neuse Fault" as being
responsible for the restricted deposition of the Pungo River Formation,
he does not call it a fault. Miller (1982) attributes the restricted
deposition of the Pungo River Formation to the north-south hinge line
of Brown and others (1972) which is parallel to the strike of the
formation and coincident with its western boundary. In light of the
detailed work done by Miller (1982) the conclusions of Harrié and
others (19%9b) and Harris (1982) cannot be considered evidence of
movement along the "Neuse Fault” in the middle Miocene. The Oligocene
Trent, Silverdale and Belgrade Formations (River Bend and Belgrade
Formations of Ward and others 1978) are older than the Pungo River
Formation and closer to the "Neuse Fault” than the Pungo Rivgr
Formation. The Qligocene Formations do not appear to be related to

tectonic activity according to Harris and others (1979b).

Elsewhere in their paper Harris and others (1979b) discuss Cretaceous

wovement of the "Neuse Fault". Their conclusions are based upon a
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structural contour map of the top of Cretaceous unit F and on an

isopach map of the same unit F which immediately overlies the basement
in North Carolina. Both maps were generated by Brown and others,
(1972). Harris and others (1979b) propose that since unit F thickens
considerably north of the Neuse Fault and‘south of the Cape Fear Arch,
which they also call a fault, the area between the two features was
positive between these two préposed faults during deposition of unit F,
resulting in thicker deposits in the basins to the north and south.
They believe that the movement was syn-depositional because the
structural contour map of the top of unit F does not exhibit any
structural relief in the vicinity of the Neuse Fault. The absence of
structural relief on the top of unit F is not only good evidence that
there was no movement immediately after deposition of unit F in the

region of the proposed Neuse Fault but that there was no movement ever

along the proposed Neuse Fault after the deposition of unit F.

Brown and others (1972) also prepared a scruétural contour map of the
top of basement rocks which immediately underlie unit F. Although this
map i; not mentioned by Harris and others (1979b), it does not show any
structural relief along the alignment of the Neuse Fault either,
implying that there has been no movement along the Neuse Fault since

the Cretaceous.

In comparing the figures from both papers, Harris and others (1979b)
have apparently mislabeled a contour line on the isopach map of unit
F. A contour line north of the "Neuse Fault", which should be labeled

500 m, is labeled 1000 m on the figure of Harris and others (1979b).

- 11 -




2.2

Although Cretaceous unit F does thicken north of the prOpoéed Neuse
Fault, the Neuse Fault does not coincide with the greatest change in

thickness of the unit.-

Most workers consider the Cape Fear Arch to have exerted a major
structural control over Cretaceous and younger deposition in the
Carolina Coastal Plain. The Eheoty that a proposed Neuse Fault was
also active in the Cretaceous and Tertiary appears to be both

unsubstantiated and unnecessary.

Discussion of paper by Zullo and Harris (1979)

Zullo and Harris (1979) submit that the proposed Neuse Fault was active
throughout the Tertiary and Pleistocene. The arguments of the authors
are based upon the identification of Plio-Pleistocene marine scarps and
terraces in the area between the New River and Wilmington, N.C. (;ee
Figure 1) and the measurement of the elevation of the marine terraces
at points that are distant from each others. They conclude that
because the terraces are not at present, uniformly horizontal plains,
but rather, are slightly tilted along a northeast-southwest axis,
perpendicular to the proposed Neuse Fault, they were tilted by tectonic
activity, specifically by ﬁovement along the proposed Neuse Fault in

the last 32,000 years.
In order to discuss the ramifications of Zullo and Harris' paper a

brief digression on Coastal Plain scarps and terraces is presented

below:

- 12 - :



Numerous workers (for example: Flint, 1940 and 1941; Cooke, 1941;
Daniels and others, 1966 and Oakes and Dubar, 1974) have described-
erosional marine scarps and associated shoreline features which
record former higher sea level stands on the North Carolina Coastal

Plain. A series of at least three marine scarps are found between

_ the modern coast and the edge of the Coastal Plain, up to

elevations of about 90 m. They can be most easily identified on
topographic maps and areal photographs. The terraces or plains
(with slopes that are less than one meter per kilometer) are
interconnected by scarp faces (with slopes on the order of 15 m per
kilometer). These scarps are‘difficult to recognize in the field,
but are fairly obvious when compared to the average slope of the
North Carolina Coastal Plain (with slopes that are less than one
meter per kilometer) (Daniels and others, 1966). Evidence for a
marine erosiomal origin of the scarps by wave action, during
relatively stable sea level stands, includes their arcuate nature, -
the persistence of the scarps over tens and even hundreds of kms,
the consistency of the scarp toe elevations over these distances,
and the deposition of marine units seaward of these scarps.
Although the toe elevations of the scarps are generally remarkably
uniform, the height of the scarps may not be (Wheeler and others,

1979).

The terraces or plains between the scarps are commonly formed by
either erosional or depositional processes and thus may be
underlain by deposits laid down during the occupation or retreat of

the sea level stand which cut the scarp. Also, they may be

- 13 =



un&erlain by older sediments which were modified by the

transgressing or regressing sea. 1In either case, .both shoreline
features such as dunes, bars and channels and subaerial/fluvial
processes such as stream erosion may modify the surfaces. Some of
these features are beautifully shown on the aerial photographs in

Mixon and Pilkey (1976) and on Landsat imagery.

The underlying assumption of Zullo and Harris' paper is that the
"Duplin” plain, the "Waccamaw-Canepatch" plain and the "Socastee” plain
were formed as horizontal surfaces. They conclude that the presently
observable slopes and slope directions on the plains indicate that
episodic and differential uplift have occurred in the region. However,
the assumption of original horizontaiity of the plains is not
sﬁbstantiated. Topography along the present day Atlantic margin slopes
offshore and is modified by bars and channels, only the actual contact
of the shoreline and the sea may represent ; near horizontal surface
(toe of the scarp). Furthermore, Zullo and Harris (1979) do hot define
how they measured the average slope of their plains. A cursory
examination of 7 1/2 minute topographic maps of the area confirms the
existence of fairly uniform and slightly sloping plains, but does not
indicate that the north-south elevation changes are of sufficient
magnitude to represent the top of initially level horizontal planes
which have been tilted by tectonic activity (see Sections 1.l and
1.2). The tilt of the plains can also be explained by primary

) depositional slopes of an offshore marine érea, and/or subaerial or )

subaqueous post depositional modifications, since the area is incised

by tributaries of the New and Cape Fear Rivers.
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In addition to the -issues diséussed above, other assumptions and
conclusions of the authors remain unsubstanﬁiated. For example: The
authors attribute the tilt of the plains to movement of a block bounded
by the Cape Fear Arch (or proposed Fault) on the south and by the
proposed Neuse Fault on the north. Yet the data presented in their
paper is restricted to the area between central New Hanover County and
the south side of the New River. The New River is south of the trace
of the proposed Neuse Fault. No explanation is given as to why the
proposed Neuse Fault was chosen as the northern boundary of the block
as no data on either the area between the New River and the "Neuse
Fault” or the area north of the "Neuse Fault" is provided to show that
there is a structural boundary there. Even if the concept of tilting

is adopted, it represents a regional tilt; it does not comstitute proof

of sharp displacement across a fault boundary.

Zullo and Harris (1979) state that the Waccamaw Sea transgressed only
as faf inland as the Hanover Scarp (top of scarp elevation less than 1O
m, or 35 ft) in the study area while the same sea occupied the Surry
Scarp (toe elevation 30 m, or 94 ft) north of the New River and south
of the Cape Fear River (Harris and others p. 38). This they say is
evidence that the study area was structurally higher relative to the
adjacent areashin the early Pleistocene than at present. However,
their Figure 4 p. 36 shows Waccamaw-Canepatch equivalents as having
been deposited inland from the Hanover Scarp, illustrating that the
Hanover Scarp was not the landward limit of the Waccamaw Sea, and that

there is no evidence to indicate that the study area was uplifted
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© 2.3

relative to adjacent areas at this time. Furthermore, the Surry Scarp
appears to cross the proposed trace of the "Neuse Fault" without

disturbance (Daniels and others, 1966).

In a recently published paper (Harris, 1982), Harris again refers to
the "Neuse Fault" and reiterates his previous conclusions presented in
Harris and others (1979a and i979b) and Ha;ris and Zullo (1979),
stating that the Neuse Fault was active in the latest Cretaceous and
intermittently thrbughout the Tertiary as well as in the Quaternéry.
However, Harris (1982) does not present any new data as evidence for

the "Neuse Fault" or movement along it.

Conclusion

In conclusion, no evidence has been presented that proves either the
existence of the proposed Neuse Fault or that it‘has moved in the last
32,000 years. In addition, the seismicity of the area around the
proposed Neuse Fault is discussed in Section 2.5.2 of the SHNPP FSAR.
As shown on Figure 2;5.2—1 of the FSAR there 1is no seismicity

associated with the alignment of the proposed Neuse Fault, and no

seismic evidence suggest that the proposed Neuse Fault exists.
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@ IFTROLLCTION .
The ll-nmeter thick lectostratotype of the Castle Hayne Licectone

Formz'tion selected by Zzun et 21. (1978) in Nev Hancver Cownty,

North Carolina (Fiz. 1; elso see Ward et al.

e,

1973), has: becoze the

3
subject of considerable interest in recent tines beczuse of a
reported Eb-Sr glauvcenite i1sochron date of 34.8 M=+1 Ma (Harris,

19

~t
W

cric end Zullo, 1980; Fullzgar ot 2l

stratigraphic level (Fig. 2), interprete

[\

naanoplarkton zones P19 and NP20 (= late Zccene, Prisbornian Stage)

=

(Turco et 21., 1979; Worsley and Turco, 1979). Different age

. -~

interpratations tased upoa other biostratigraphic evidence vere

reviewad by Harris and Zullo (1580) but the authors opted for a late
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Eocene age based on the calcareous nannoplankton evidence..  In a
critique of the above studies Jones (1982) has presented evidence
. - :

from planktonic foraminifera suggesting that the Castle Hayme

Formation is of Zone P11-12 age (middle Eocene, Lutetian Staéé),

vhile, in a reply, Harris and Zullo (1982) defend &nd retain their

.

late Eocene age interpreéacion.
Accurate radiometric dates are iﬁportant.both‘as:calibration
‘points and consistency checks in the formulation of geological

time~scales. Of paramount importance is precise biostratigraphic
control on radiodetr{cally dated levels so that they may serve as

~
« -

internal consistency ‘checks upon each other as additional data are

@piled over the years. In recent years there have developed two
"schoolg" of thought regarding the age of the Eoceﬁeloligdcene

" boundary, a so-called orthodox school (Berggren, 1972; Hardenbol and
Bergg;en, 1978) who believe ihat the boundary has an age of sbout 37
Ma; a vocal minority (Odin, 1978; Odin et al., 1978; Glass and
Zwart, 1977; Harris.and Zullé, 1980, 1982) believe the boundary is
considerably younger, ca. 33-34 Ma. A third gro;; has taken an
interwadiate positién‘wich age estimates in the 3§;35 Ma range.

Because of the.concroversx surr;unding Paleogene chronology in

general, and the Eocene/Oligocene boundary in particu&ar, we have

decided to make a comment on this particular study and, what we

view, 3s some sznowmalous results. 1In order to treat the problem in




its proper perspective it is necessary to bring in dsta from a

-
- L}

variety of fields and to range over a spectrum of Paleogene

stratigraphy. However, we shall .try, to the extent possible, to

confine che discussion, as wuch as possible, to miédie Eocene and
upper Eocene stratigraphy. A comprehénsive'review of Pzleogene bio- .
"and chronostratigraéhy, and :3g$eto- and radiochrenology, and a
thoroughly revised Pai;ogene time scéle is being prepared by W. A.
Berggrén, Dennis Ként and John T. Flynn. In chis paper we shall
demonstrate that the Castle Kayne Formation:

1) is of late Xidédle Eocene (late Lutetian to éarly Bartonian) age,

is no older than planktonic forzminiferal zone P12, nor younger

than P14, znd is =ost likely correlative with upper Zone P12 to

Zene P13, ¢

3) belongs to calczreous nannoplankton Zones NP16 (upper part) to
KP17 (lower part),

4) as a raxioum spans the interval represented by magnetic
polari;ies 20 to 18 (= 46-42 ¥z, LaBrecgue et 2l., i977; = 45-41
M2, Ness ‘er al., 1980), 2s a minimum spans the interval:
tracketing the base.of anoﬁaly 18 (= 43-42.5; LzBrecque gt 21.,
1977; = 42-41.5 Ma, Ness et al., 1980). | |

Ffurther we shall show that available data unow support an age of”

36.5~37 43 for the Eocene/Oligocene boundary.




CuUssion
Ve shzll address ourselves to various points raised in the

ers by Harris and Zullo (1980, 1962) and the critique by Jones

$32) and present our ovn interpretations and evalustions of

'

sblished data as well as our own imvestigations on material

-

upplied to us of the Castle Kayne Formationm.

ks

3iostratigraphy

Calcareous Nannoplznkton

The Castle Hayne Forwmation has been assigned to calcareous

n.@lank:on zones NP19 and 20 by Turco et 21. (1979) and Worsley
&nd Iurco.(1979) bzsed primarily on the basis of the presence of

s (vel Neococcelithites) dubius, Chizswolithus grandis znd

Zvgoiithe
nolirthus pseudoradians, zzong other tzxa. They mention the

*

Sche
possibility that "the Czstle Hayne extends down into the Middle

tocene® 1if on2 includes an outlier of Eocene chalk on State Route

x
o .
i

.

«

701, vhich belenys to Zone, KP18 (considered of late: Eocene age) on

the basis of the presence of S. pseudoradians, with a form
ithus recurvus" (Worsley

.

"intermediate between Z. Cdudbius znd Isthmol

and Turco, 1979: 72).
Jones (1982: 180) observed that all thé'calcareous-nannoplankcon

tzxa centioned by worsle§ and Turco (1979: 71) froa the

D\ectos tratotype Castle Hayne Forsation "have world wide
‘¢ovn into the middle Eocene™. In

stratigraphic ranges that extend do
s he is correct. Earris and Zullo (1982: 182) reply that there

1o

th

”
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sre three tzxa listed by Worsley aad Turco (1979) which .

N

"unequivocally have ranges beginning above the middle Eocene

® .
[Chiasmolithus oamaruensis, Sphenolithus pseudoradians, and

Helicosphaera reticulata (T.R. Worsley, personal commun.)"}. It

should be borne in =ind here that these species nznes are derived
frem a list of taxa iientified in Korth Carolina Coastal Plain wells
(Worsley and Turco, 1979: 70), tvo of vhich penetracéd strats
assigned to the Castle Hayne Formation. Let us look closer at these

three taxa:

a. Chiasmolithus camaruvensis is listed only as a "?" in a single

sazple (230' below the surface) in the Evans f1 well."

b. Sphenolithus pseudoradizns is recorded in the Castle Hayne

izestone in both wells (Evens #1 and 1-0 core) and in the upper

Pod

part c¢f the outcrop lecéostratozype. This tzxon has been
recorded in several tropical sites in Zone WP16 (Muller, 1976:
612), 2nd Marcini (1976: 383) has indicated that this taxon has

its initial zppearance in the Equatorial Pacific much ‘earlier

than in high latitudes. This species has been observed in Zone

N°16 in several sites frem the Atlantic, Pacific and Indian

oceans (Lubry, werk in progress).

¢. Helicosohaera reticulata is not listed in either of the two

vells that penetrzted the Castle KHayne Formstion from which®
Worsley and Turco (1979: 70) listed taxa, but it appears on a

chart of composite ranges of Pzleogene calcareous nannoplznkton

tsxa to be restrictad to Zones NP 15 end 20 (Worsley and Turco,



@
1979: 69). We have ro vay of evaluating the stratigraphic

discridution of this taxa relative to the Castle Hayne For=ation.

Yore pertiment to the problem of the ages of the Castle Hayne

Forrztion is the general nature of the calcareous nznnoflora listed

from this formation. Neococcolithites dubius znd Chiasmolithus

-

grandis became extinct in the latest middle Eocene, within or at the

- - -

top of, Zone NP17. The latter taxon has its LAD close to the top of

Zone NPl7, approximately coincident with the FAD of Chiaszolithus

ozmaruvensis and, indeed, the 14D of C. grandis is often used to

denote the KP17/18 boundary in instznces vhere C. oamarvensis is

.

or zbsent. Micrantholithus procerus has been suggested to be a

ful cerker form for distinguishing middle and upper Eocene strata
(Bukry znd Bramlette, 18569), znd Bybell and Gartner (1972) recorded

it from the upper micddle Eocene of the Gulf Cozst, France, YMexico,

: Brazil, the Indian Ocean, and JOIDES Hole 3 from the Blzke Plateau.

y In figure 3 we hazve listed the known global ranges of the

¥ 2

2
.

rarious calcareous nznnoplankton taxa mentioned by Worsley znd Turco
(1979) irom the Castle.Hayne Forcation and by Jenes (1982) from a

. supposed (outcrop) equivalent of the Castle Hayne Formatiom. in
-

zddition ve have examined several sabples (R22043-E collected by the

U.S. CGeological Survey znd CHM-2, from approximately the same

stratigraghic level as RiZOL-E, collected by Gary Jenes, Union 0il

Co. of Czlifornia) froz the Comfort Member of the Castle Hayne

mf‘or::scion (2s described by Ward et zl., 1978) at the lectostratotype

locality of Esum et al. (1978) in the Martin Marietta Company

ne
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vy, New Hanover County, North Carolina (see Fig. 2). In

Wazed :
tion, Edwards et al. (in press). list the nannoflora and

2
-

(e

noflagellaces from.the Comfort Mesber at this locality. The Rb-Sr

»

zuconite isochron date of 34.8+1 Ya was obtained from a

cracigraphic level between samples R2204C and'D (Harris, 1979;
vllagar znd others, 1580; Harris and Zullo, 1980). Samples R2204B
. Wew Hanover Member 55 Ward et 2l1., 1978), and C frc; the lower

cczfort Hember are virtually barren; however, szmples R2204D and E,

»

snd CHMM-2 contzin a numerically scarce but rather diversified,

=oderately well preserved calcareous nannoflora.

venty~six taxa have been identified in samples R2204D and E and

CxY irocm the Castle Hayne Forzmation (see Table 1). Nine of these

have their FAD in the early middle Eocene (P14, 'NP15) or ‘earlier

and range into the late Zocene or youngaer (Discoaster barbadiensis,

D. saipanensis, Zyghablithus bijugacus, Ericsonia formosa,

Cyclococcolithus luminus, Chizsmolithus titus, Coccolithus

1

pelagicus, Micrantholithus vesper and Lanternithus minutus). A

furcher nine have their FAD in the late middle Eocene (Zone NP16)

and extend into the late Eocene or younger: Reticulofenestra

=

. »

bisecta, Helicosphaera compactra, Cyclococcolithus floridanus,

Rericulofenestra hesslandii, Cyclococcolithina protoannula,

- -

Coccolithus eopelagicus, Reticulofenestra reticulata, R. samodurovi,

Sphenolithus spiniger. ix taxa are restricted to the middle Eocene

Dmtecian-iiarconian‘): Hicrantholithus crenulatus, Cruciplacolithus

delus, Wiseorhabdus inversus, Cyclococcolithus pseuvdogszmation,

-

eam e

LN
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tosohaera sicmnidalis and Rhabdosphaera spinula.

iculofencstra reticulata first appears in Zone NP16 and

iciplacolithus delus became-extinct within Zone KP17. Although

>rly known the last occurrence of Cyclococcolithus bseudogarmation

.

within the upper part of Zcne N216 or lecwer part of Zone NP17.

snsequently, it appears that the Cas:le Hayne Forzation can be

ssigned either to the upper part of Zcne NPl6 or to the lower part
f Zone NP17. On the bssis of the absence of the species which
characterize epicontinental sedizents belonging to Zone KP17 ) i

-

(Clzghrolithus spinonus, Corannulus germanizus, Scheaolithus celsus

szoWthers, Aubry, work in progress), ve prefer an assignment of

the Castle Hayne Formztion to Zone }NP16. The lack of the zonal . .

markers has no significance since Chissmolithus solitus, as well as

LY

Chiaszolithus grandis zre sbsent or very rare in shzllow-water

sedizents. On the other hand, if the Castle Hayne Formation had

been of late Eocene age (NP19-20), one could have expected the

occurence of Ismolithus recurvus, a form known to occur commonly in -

-

shzllow epicentinental enviroamznts. . ) .
1t is clear that the styatigrapaic overlap of taxa shown in . )

Fig. 3 occurs in the interval of the upper part of Zone NP16 and the

lower part of Zone NP17. The calcareous nznnoplznkton evidence

sugzcsts that the Castle Hayne belongs to the interval of Zone WP16

»ich is of late Luterian to Zartonian Age (late Middle Eocene; )

Cavelier and Pomzrol, 1976; Hardenboi snd Eerggren; 1978). ‘ .

-
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Planktonic Foraminifera

Jones (1982) has drawn attention to the fact that Earris and

Zullo (1980) indicate that planktonic forzminiferal evidence
suggests that the Castle Hayne Forcation is of middle Eocene

(Claibornian) age but do not cite the evidence. He then cites data

from his own detziled Ph.D. studies (Jones, 1981) vhich clearly

indicazte a middle Zocene age for the Castle Hayne Forzation. 1Im

their reply Harris and Zullo (1982: 182) disziss Jones' (1982)

evidence with the statement that "a list of species vhich are not

.

figured does not..." as Jones (1582: 181) states...'prove the middle-

Zocene age of the Castle Hzyne Forcation..." (The same can be said

for the calczreous nannoplankton lists provided by Wersley and

Turco, 1979 uvpon vhich Harris and Zullo relied so heavily for their

.
= .

selecntological calibration*buc the authors conveniently cverlook .

this point.) Harris.znd Zullo (1682: 182) diszmiss Jones' evidence
on the basis that evidence presented based on data from a Ph.D. .
dissertation in progress "is a preconceived conclusion made prior to

co=pleticon of z2nd in critical revievw of the vwork". However, they

could have availed themselves, in preparing their repiy (Harris and

Zullo, 1982) to Jomes' (1982) éritique, of Jones' (1981) Ph.D.
thesis and the evidence contzined therein. This ve have done, in
zddition to examining material from samples from the Castle Hayne

Fermaticen. .
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Jones (1981, 1982) h;s documented a taxonomically varied, if
nuperically poof in some cases, planktonic foraminiferal fauna
(vhich he assigns to ;ppcr Zones P11l and P12) in the lectostrato-
type(;) and other outc;ops of ch; Castle Bayoe Formation and core
samples from nine counties in Noréh CarSlinaf The taxonomic

cozposition (low-conical morozovellids, non-carinate acarininids and

Truncorotaloides i.al.) is typical of the middle Eocene. We have

exazined the same samples mentioned above (under the Calcareous
Nannoplankton). Foraminifera are present in all samples and we have
verifiéd esse;cially the same plgnktonic foraminiferal fauna as thaé
cited by Jones (1981, 1982) although not all the taxa he oentions

have been observed owing to small sample sizes. Nevertheless the

presence of Acarinina bullbrooki, Truncorotaloides collactea, T.

rohri, Planorctalites renzi, Morozovella spinulosa-coronata group

represent a typical piddle Eocene fauna similar to that reported by

Jones (1981, 1982).

In Fig. 4 we have plotted the stratigraphic ranges (Serggren, -

v

1977; Blow, 1979) of some of the straciéraphically diagnostic taxa

docurented by‘Johes (1981, 1982) frcm the Castle Hayne Formation.

"
-

The presence of Acarinina, Truncorotaloides and Horozovella

precludes an age assignment of the Castle Hayme ?or:acion'younger
thzn Zone P14 or basal P15 (Blow, 1979; figs. 50, 53, 58-61; p.
290-292). The overlap of diagnostic taxa occurs within the interval

. of Zones P12 and P13. Hcwever, there sare several indications that
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4
-

this can be narrowed down to the interval of Zone P13, nazely the

.
- . e

. .
presence of Plancreccalites renzi, Morozovella lehneri, M. coronata,

. > 0

Globigerapsis kuzleri, Acerinina bullbrooki -~ all of which have

» .

their LAD's in Zone P13 (Blow, 1979) and of Yantkenina longispina

ES

vhich has its FAD in this Zome (Blew, 1979).

e

Harris znd Zullo"(1982: 182) note that Huddlestun (in a personal

cocmunication, 1981) attributes the Castle Hayne Formation to Zone

- Y

P13 bzsed on an examinztion of numerous forasminiferal samples from

"
= *

this unit. At the same time they observe that Huddlestun has some

T
. .

nisgivings zbout some of the spacies or their ranges (Jones, 1982)

@ques:ions the zbsence in Jones' (1982) list of such taxa as

Globorotzlia bullbrooki,.Zolli, G. crsssata, G. crassufa, G. densa,

’

G. rotundinmerginata and G. spinulecinflzta, vhich "are comnen to

sbundant in middle Eocene

céposits. They then conclude that this
"indicates a problem in the planktic foraminiferal data". Does it
really? We hardly think so, if one is familiar wich the taxonomy of

planktonic forzminife

a. Aczrinina bulibrogki is a senior synonym of Acarinina densa (the

holotype of the litter taxon having been lost (Serggren, 1977:

- -

260, 261; 3low, 1979: 915-917). Jones (1581) describes it from

ch? Castle Hayne Formation and provides sn excellent

-

illuscracion (pl. 7, figs. 15-17) from core CR-C2-79, 57 ft. 8

W in., Craven County.
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Globorotalia crassata is best considered nomen non conservandum
L]

L

(Blow, 1979: }013) because of the loss of the lectotype selected

by Bzndy (1964) for Cushman's (1925) taxon. The rezzining

syntypic series of specimens d; not appear to bﬁfsynonyaou;'wich -
Bandy's (1964) lectotype. On the other hénd, Qbservations in

1967 by Serggren and Bicw (see B&:fg%en, 1977: 247) have shownl

that crassata Cushman, 1925 = spinulosa Cushmen’, 1927. This is

confirmed by subsequent studies in 1970 on the type material of
these taxa (BIGw; 1977: 1012~1013) except that the holotype of

crzssata had been lost in the interim, Blow (1979: 1012-1013)

@Jggests stbstitucion of the name spinulesa for those forms
previously attributed to crassata as well zs forms subsequently

identified as spinulosa in the literature. A new subspecies

spinulcsa corcnata (BTow, 1979: 1016-1017) was described for

forms with a "core widely open (not closed) uzmbilicus which is

surrounded by a coronet of muricze borne oa the ventral

extrezities of the usbilical shoulders of the chambers of the

lzst cenvolucion.of the test”. 1ts range is froxz Zone P10-P13

(Blew, 1979: 1017). Again, Merozovella séinulosa is listed and

- Y

illustrzted by Jpﬁes (1981: pl. 8, figs. 10-12) from the Castle

Hayne 'Formation, well CR-A40-62, and from MNeuse River, Stop 1,

Craven County. Its morphology is typical of M. coronsta (and it

is listed as such in Fig. 3).
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:. Acarinina rotundimarginata Subbocina, 1953 is conspecific with .

- -

Globorotzlia soinuloinflzta Bolli, 1957 (non EBandy, 1949) and -

.

.

both are synonyoous with Globorotalia (vel Trunccrotaloides)

collactea Finlay, 1939 (Jenkins, 1971: 134;“5erggren, 197%:

261~-262; 3low, 1979: 919). Acarinina (fel ;runcorotaloides)

rotundimarginata = T. collactea is present in Czstle Hayne

szmples we have examined from the Martin Marietta Quarry and

appears to have been identified 2s Acarinina pentacamerata

(Subbotina) by Jones (1981: pl. 7, figs. 12-14) from the Ideal

Cement Company Quarry, New Hanover County, North Carolina and

vell BSA-T-38, 3zzufort County, North Carolina.
ﬁcloborotalia crassula Cushzzn and Stewart is'a

nié-Pliocene-Pleistocene taxon and its presence in the Castle

Hayne Formation would beé cause for coasiderzble alarm.

s

In summary, the biostratigraphic evidence of calcareous
nannoplankton (XP16-17) and planktonic foraminifera (P12-P13) are in

close agreesment in zssigning the Castle Hayne to the late middle

. 2

Zocene (late Lutetizn to early Zartonian Age).

—r——————roawo ¥\ S

e

.
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Dinoflagellates

Dinoflagellate biostratigraphy of the Comfort Member of the

Castle Eayne Formation lectostratotype is treated in greater detail
. (S : .
by Lucy Edwards in Bysell et al. (this volume). Siffice to observe

here that the microflora indicate corrélation with the upper part of
. 2 .

. . / .
theColeothrypta kisselovia-Zone (Costa and Downie, 1976) which, in
7 - .’

{ oo T -
turn, suggests ®n.sge assignment no older than the Arecsphseridium

arcuatug:(s-é) Assemblage Zone nor younger than the Cyclonephelium
intricatum (B3-5) Assembiage Zone (Eaton, 1976; Bujek et al., 1980)
of the upper Bracklesham Beds of the Isle of Wight. These latter

two zones are‘only slightly lover (older) than the Lasal Bartonian

Keteraulacacysta porosa (Bar-1) Assemblage Zone. (Bujak et al., 1980)

vhich is equivzleat to the lower part of the Rhombodinium draco Zone

.(Cosca and Downie,.1976). .The Brackleshanm Bed; correspond pre-
dominantly to the Lutetian Stzge of the Paris Zasin: the uppermost
part corresponds to the basal part of the Auversian (Chateauneuf -and
Gruas-Cavagnetto, 1978: 72,76; Chateauneuf, 1980: fig. 45). The
upper p;rt.of ghe sctftotype Ldte;ian belong; to Zone N?IS‘(Aubéy,:
in prep.), and it and the lower ;arc ofrche Auversian beds are
placed in the wetzelieila aff. articulata Zon? by Chateguneuf and
‘Gruas-Cavagnetto (1978, 1980). The overlying.Auversi§A b;ds (upper
NP16, Auvdbry, En prep.; and equivalent to the lower Bart;nian) ére

Thus the dino-

placed in the Rhobodinium draco Zone (loc. cit.).
flagellate stratigraphy suggests a latest Lutetian or earliest

Sartonisn age assignment for the Comfort Member of the Castle Hayne

Forzation. .

1
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Magnetebiochronology

- . -

Recent correlation’s, between calcareous plankton biostratigraphy .

a

2nd magnetostratigraphy in the Contessa section(s), Gubbio, Italy
(Lowrie, Alvaréz et 2l., 1982) provide additional constraints on the
chronology of the Castle ¥avne Formztion:

1. The L&D of.Cbias:oﬁithus grandis is associzted with upper

gnetic anomzly 18 (Lowrie, Alvarez et al., 1982).

i

2. The FAD of Morozovella lenneri (Zome = P11/12 boundary) is
{
associated with :1d—cnoma1y 20,

the LAD of Truncorbtaioides

FAD of Globxser:ps1s seriinvoluta (= Zone P14/15

.

rohri and the

boundary) is associated with the top of anocaly 18, and the

extrenely brief Zo?eAPl3 is shown to bracket the base of anczaly

[
H - -

18 (Lowrie, Alvarez et al., 1%82).

. . . . .
The bicstratigrzphiic data ‘revieved above suggest# that the
. l
Castle Hzyne Formation at an outside maximuz could span, or be

located within the interval between, znomalies 20 and 18. At a

|

. 1

winizum, it is correlztive with aa interval bracketing the bzse of 1
zncmzly 18, We suggest that the most prcbzble correlation is within |
zan Intervzl bracketed by the top of anomzly 19 to the top of znomaly

20. The chronology derived froa a purely magnetic sé?étigré?hx .

aphically

(LzErecque et 21., 1977) or an integrated biostratigr

2gnetostratigraphy (Ness et al., 1980) are quite
g grapay et )

sxfxlar, the former hiving been based on lateral or “downward (older)

linear extrapolaticn based on the assumption of constant rstes of
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sea-floor spreading from radiometric calibration points between O

»

time and the late Keogene, the latter scale having been prepared by

interpolation between the szme’ late Neogene calibration points and 2

B
.

paleontologically controlled biochronologic age estizate pear

znomaly 24 and the Paleocene/Eocenewbouné;ry. The values of these

two sczles (in Ma) are shown below in Teble 2.




17.

La3recgue et 3l.

Anonaly Number (1977) (1980)
inozaly 18 424k 41.40
42 .88 41.82

tnoz=zly 20 44.85 43.69
45.18

46 .40

Tzble 2. Esticated magnetic chronology of snom2lies 18 and 20 (top

and bottom values shown in proper vertical order) in Ma.
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Table 2 shows that the Castle Hayne Formation has an age range
of = 45 - 41 Ma'(zaéimum), but if, as the biostratigraphic evidence
presented here suggests, it is essentiaslly correlative with an.
interval_br;cket;d by znomalies 19 and 20, its sge should be more
procperly in the 43 - 45 H; range. This valuve should be cozpared
with the Rb-Sr isochron date of 34.3+1 Ma obtzined on the Castle

¥Yayne Formation (Fullager, 1979; Harris and Zullo, 1980).

AGE OF THE EOCEIRZ/OLIGOCZINE BOUNDARY

Harris and Zullo (1980: 591) indicate that the "volcanic ages of

Evernden and others (1964), the glauconite ages of Ghesh (1972) and

of 03in znd others (1978), and the cikrotektite ages of Glass and
ccthers (1973) znd Glass ;nd Zwart (1977) indicate a rmch younger age
[thaen the 37-37.5 Ma ;uggested by Funnell, 1964; 3erggren, 1972; znd
Bzrdenbol a;d Berggren, 1978) for thé bound;ry, bétwean 33-35 ¥a.

St

They cite in support of their ;iewpojnt the fact that "0din eg 21.
(19738) ée:ermi;ed giauconité ages of marine sequ;ncgs in'England
(Lype Barton Beds) [agpafently vnavare that the Bartonian is of late
mi;dle Eocene age, biostratigraphically appreximately equivzalent to

Zones P13-P14 and NP16-KP17: Hardanbol and Serggren, 1978] zhd in

Gerrany and suggested that the age of the boundary vas sbout 33 m.y."

L
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It is izpossible to enter into a detailed analysis of the

problems associated with the various age estizates made on the

Eocene/Oligocene boundary. This is currently being done by

Berggren, Kent and Flynn and will be presented elsevhere. Suffice

at this point to make several observatioos.

1. The (revised) glauconite detercinations =ade by Cdin et al.

(1978: 487) on the type Bartonm Beds (ca. 29-40 Ma) are viewved as
anomalous in the light of other evidence discussed below.
A K-Ar (glauconite) date of 37.5+0.5 Ma has been obtained V_ i .

(Grazann et al., 1975) on the’Siberberg Beds at Helmstedt, NW,

B

Gerzany with a calcareous ;annoflora assig;ed to-Zone NP2l
(Martini, 1971; Baq, 1972) which bréckets the Eocene/Oligocene
bowndary.

A nuober of K-Ar kglauconite) aates hav? been obtai?ed froa the

underlying Gehlbéré Beds at Helostedt ranging in age from 37.4 -

39.6+0.7 Ha. The biostratigrzphic position of these beds is

difficult to determine, but they are certainly late Eocene in

age and pest Zéneg KP15-16.

At (glavconite) dates of 36.Qid.7 Ma and‘of 39.440.9 Mz apd ’

39.6+0.6 Ma, have been

obfained ﬁdramann et al., 1975) on the

upper, and lower, part, respectively of the Ostrea queteleti

Beds at Lehrte, east of Hannover, with a similar NP2l flora

Martini, 1971; Baq, 1972).
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37.6 ¥a on the Pachuta Hember:(Jackson Forzation), 37.9 Ma on
the Shubuta Hemb;; (Jackson Formation), 3é:2 4a on the Hoodys
Branch Formation, ;nd.39 éa and 39:4'H; on thenYazoo Formati9n -
all of vhich are of la;e Eocene (Priabonien) age. The Pachuta
and Shubuta Mezbers &f the Jackson Formation contain a latest
Eocene P16-P17 f;una and 2 NP19/20 and KP21 florh, reSpective1§
(Bybéll,‘l98i)._ The dates of Chosh‘(1972) support those

obtained in NW Gerzany end the age esticate of 37 Ma =ade for

the Eocene/Oligocene boundary by Hardenbol and Berggren (1978).

_In fact it was primarily on the basis of Ghosh's (1972)

determinations that Hardenbol and Berggren (1978: 228, fig. 6)

chese the value of 37.0 in estimating the age of this ‘boundary.

The stateoent by Harrig and Zullo (1580: 591) that the ages of

Ghosh (1972) support a younger age estimate is surprising in

this context.

The volcanic ages of Evernden et al. (1964) do not, as Earris

-

and Zullo contend (1980: 591), support a significancly younger

(ca. 33-35 Ma) age for the Eocene/Oligoééne %oundary. Coazbined

~
L]

studies on wmagnetostratigraphy and mammalian biostratigraphy on

continental sections of Chadronian land-cammal "age" in two key

sections at Flagstaff Rim, Natroma County and Toadstool Park,

- Sioux County, lNebraska and the integration of four high

temperature K-Ar dates (Evernden et 21., 1954) on ash-beds in

the Flagstaff Rim section have recently provided important and
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much needed calibration points for, and constraints upon,
wid-Tertiary magnetogeochronological scales (Prothero and
Decham, 1981; Prothero et al., in press a,b).

The radio— and magnetochronologic relationships are as follows

(Prothero et 2l., in press a,b). The top of anomaly 12 is dated at

32.4 Ma, the‘tOp of anomaly 13 at 34.6 Ma, a level in the reversed

polarity interval between znomalies 12 and 13 at 33.% Ma, andizhe
base of ano;al; 13-at 36.1 Ha.' Recalibration of the radiometric
dates (37.4. and 37.7 H;)hcn the Bracks Rhyolige'Uhich lies strati-
graphically below the Ash épring and Airstrip local éaunas (=
Cha?ronian 1lznd mammal'"age;)-of the-Cépote Hounééi;-Fo;;ation,

Vieja Group, Southwest Texas and reinterpretation of the mzgnetic

<

polarity stratigraphy of Testarmata and Gose (1979) which ‘suggests
that the Bracks Rhyolite m2y be associated with the anomaly 15-16

interval provides limiting dates on a late Eocene level. Thus the

anomaly 12 (top) to 15-16 interval is bracketed by high temperature

X-ar dates of ca. 32.4 - 37.7 Ma.

] . >

Yhere, in this segquence, does the Eocene/Oligocene boundary

lie? Integrated calcareous planktonic biostratigraphic studies in
: ' - ‘e - T . . -..- . i

the Mediterrznean (Lowrie, Alvarez et al., 1982) and on hydraulic

pistén cores takeﬁ by the Glomar Challenger for the beep Sea

~

Drilling Project in the South Atlantic (Poore, personal

communication, 1982) have shown that the Eoceﬂe/oligoéene boundary,

determined by the LAD's of Turborotalja cocoaensis-cerroazulensis
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group, Hantkenina, and the rosette shaped discoasters D.

barbadiensis and D. saipanensis, occurs approxizately midway within

the interval of reversed polarity betveen anomalies 13 and 15. 1In
teres of the radiometrically calibrated magnetostratigraphy cited
above the Eocene/Oligocene boundary would be constrained by the

limiting valves of ca. 36.1 (near the base of anemaly 13) and 37.4

and 37.1 Ma (within the anomaly 15-16 interval). A nuzerical value-

_of sbout 37 Ma 1is suggested.by the radiometric data, which the K-Ar
(glauconite) dates cited above appear to support. AlternatiVely a
magnetochronoloéic age estimate ‘can be made based upon‘which
time-scale 1is u;ed. Tha; of LaBrecque et al. (19?7) yields an age
esti;ate closer to 36.5 Ma, that of Kess et al. (1980) an esticate
of about 35.7 Ha, clearly too young.
| We diszgree with the conclusion expressed by Fullager and others
(1980, p. 430) that the Claibo:ne}Jackson boundary is between 35-37

Ma and that the Eocene/Oligocene boundary is less than 34 Ha based,

on their K-Ar (glauconite) date of 34./8+1 Ma on the Castle Hayne

- .

Limestone, 36.7+0.6 Ma on the Santeé Limestone of South Carolina (=

Cubitcstrea lisbonensis and C. sellseformis assemblage zones = Zone

KP16-17 = Zone P12-13) aqd.34.1:}.5 Ma also on the San:eé Limestone
of South Carolina. The Santeé iimestone is essentially.correlative
vith the Cascle'éayne Formation, and is of late Middle Eocene
(Lutetian-Bartonian) age. The dates cited by Fullagar and others
(1980) and Karris and Zullo (1980) are from.upper z=iddle Eocene

strata and do not provide age estimates of late Eocene chronology.
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Figure 3. Correlation chart showing the position of Atlantic and Gulf Coastal Province

lithcstratigraphic units in a biostratigraphic, chronosiratigraphic, chronometric, and
magnetostratigraphic model (after Hazel and others, in press). The maximum limit,
based on the fauna and ﬂora, of the Comfort Membe. at the Castle Hayne

- € ——

Formation is indicated by the shaded band. Txme is expressed in megaannums (Ma)

By

before present. The "unit" column contains the composi te unit scale values derived

from Graphic Correlation modelling of numerous measured sections (see Shaw, 196%;
Miller, 1977; Murphy and Edwards, 1977). The calcareous nannofossil zones are

based on those of Martmz (1971) or Bukry (1978); the asterisk in the lower block of

the nanno{ossnl column stands for the Zygodiscus sigmoides Zone. The dinoi flagellate

zonation JS irom Costa and Dowme (1978). The foraminifer zonation is af ter

Stinforth and others (1975) except for the middle Eocene which follows Toumarkine

PR . «

d Bolli (1‘37-?) and for the definition of the P!anorota!z tes pseudomenardu Zone,

which foliows Blow (1979). The "cycle" column indicates our estimate of the
position of the coastal enlap cycles of Vzail and Mitchum (1979). The caiibration of
the magnetic ano/maly sequence to the zonations is based on Graphic Correlation

modelling of fcssiliferous measured sections with magnetics presented in Lowrie and

Y

others (1982) and [Poore and o..hers (in press) In the "series" column, the aumbers 1

through 4 md;cate the possxble posxnons of _the Paleocene Eocene boundary (see

[P
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'» M “ - . . - - o b

‘;" -
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Table 1. Planktic foraminifers from the Comfort Member of the Castle Hayne
@Forma:ion at the Martin-Marietia quarry. .
Table 2. Calcareous nannofossils from the Comfort Member of the Castle Hayne
Formation at the Martin-Marietta quarry. .
Table 3. Dinocysts from the Comfort MembYer of the Castle Hayne Formation at the
Martin-Marietta quarry. '
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Acarinina cf. A. bullbrooki (Bolli, 1957)

A. aff A, pentacamerata (Subbotma, 1947) °

. J(‘% /dl q[,ZAM.CL
Tarbioroleliic _ fon Hecr
.v" .’:;:' '%/Le“.\d‘/‘

C. martini (Pupers, 1933) :

N
.

#A.sp. A

Catapsydrax perus (Todd, 1957)

Chiloguembelina cubensis (Palmer, 1934)

Globigerinatheka kugleri (Bolli, Loeblich, & Tappan, 1957)

G. mexicana mexicana (Cushman, 1925)

h/’
_ Globorotalia ©f.(T) frontosa (Subbotina, 1953)
(g A

Morozovella spinulosa coronata (Blow, 1979)

Planorotalites renzi (Bolli, 1957) - i

Pscudohastigerina micra (Cole, 1927) "

P. sharkriverensis Berggren and Olsson, 1967

'y P. cf. sharkriverensis Berggren. and Olson, 1967

P. wilcoxensis (Cushman & Ponton, 1932) s.l. .
) b

. Subbotina cocaena (Gugmbel, 1868)

S. lnnagerta (leay, 1939)

Testacarinata inconspicua (I lowc, 1939)

Truncorotalmdcs rohri Bronnimann & Bermudez, 1963

T. topilensis (Cushman, 1925)

Ry

CHMM-3

Txmx X

X

X X X X

CHMM-glauc,

CHMM-4

%X X X

CHMMT

X X X X

CHMM-2 -,

X X X X
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TABLE 2

@ Species Name

Blackites sp. ) L. o

Braarudosphaera bigelowi (Gran & Braarud, 1935)

Deflandre, 1947

Campylosphzera dela (Bramlettie & Sullivan, 1961)

Hay & Mohler 1267

Chiasmolithus grandis (Bram!ette & Riedel, 1954)
‘ Hay, tMohler & Wade, 1966 :
C solitus (Bramlet;e & Sullivan, 1961)

Hay, Mohler, Wade, 1966 A

GC. titus Gartner, 1970 ) '
Coccolithus eopelagicus (Bramlette & Riedel, 1954)

Bramlette '& Sullivan, 1961

C. pelagicus (Wallich, 1877) Schxller, 1930

Cyclococcolithus formosus Kamptner, 1963

C. protcannulus (Gartner, 1971) Haq & Lohmann, 1975

Dictyococcites bisectus (I3ay, Mohler, & Wa;:!e, 1966)

Bukry & Percival, 1971

D. scrippsae Bukry & Percwal 1971

Discoaster barbadlensxs Tan Sin hof< 1927

D. saipanensis Bramlette & Riedel, 1954

Helicesphaera compacta Bramlette & Wilcoxon, 1967

" H. lophota (Bramlette & Wilcoxon, 1967)
6 Locker, 1973 .

L7

R2866

X X X X

X

R2204D R2204E

X X X X

X X X X

-

XX X X,
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-H. reticulata Bramlette & Wilcoxon, 1967

Markalius inversus (b;:ﬂandre, 195%) Bramletie &
g Martini 1964 -

Micrantholithus sp. aff. M. crenulatus Bramlettte &

Sullivan, 1961

-

M. procerus Bukry & Bramlette, 1969

Neochiastozygus sp.

Pedinocyclus larvalis (Bukry & Bramiette, 1969)

Bukecy & Bramlette 1971

Reticulofenestra floridana (Roth & Hay, 1967) = .
Bybell, 1982 '
R. hillae Bukry & Percival, 1971

-1

R. reticulata (Gartner & Smith, 1967) '

@ Roth & Thierstein, 1972
R. umbilica (Levin, 1965) Martini & Ritzkowski, 1968 ____

——

Sphenolithus moriformis (Broennimann & Stradner, 1960)

Bramlette & Wilcoxon,\ 1‘9'67

S. pseudoradians Bramlette & Wilcoxon, 1367 '

Transversopontis sulcheroides (Sullivan, 1964) ..

Perch-Nielsen, 1971 .

Zygrhablithus bijugatus (Deﬂal’ldre', 1954) °

e Bramlette & Sullivan, 1961

18 .

x
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TABLE 3

@ Species

Areoligera coronata (Wetzel, 1933) Lejeune-Carpentier, 1938

Areosphaeridiﬁm dictyostylum (Menedez, 1965) Sarjeant, 1981

Cordosphaeridium gracile (Eisenack, 9154)

Davey & Williams, 1966b

Diphyes colligerum (Deflandre & Cookson, 1955) Cookson, 1965 '

Dinopter)’giu‘m cladoides sensu Morgenroth, 1966

- Homotryblium tenuispinosum Davey & Williams, 1966b

Hystrichokolpoma rfgaudiae( Deflandre & Cookson, 1955

-

Impagidinium n. sp.

@Lingu!cdinium machaeroohorum (Deflandre & Cookson, 1955)

Wall, 1967

Meiourogononvaulax sp. I of Manum 1976

Melitasphaeridium "pseudorecurvatum (Morgencroth, 1966)

Bujak, 1980) « - s emee e

Millioudodinium cf. M. giuseppei (Morgenroth, 1966)

Stover & Evitt, 1978 ~ - ', U S

¥

Pentadinium géniferum Edwards,‘_l982 , '

Pentadinium laticinctum Gerlach, 1961, suf:species granuiztum
Gocht, 1969 '

Pentadinium polypodum Edwards, 1932

Rhombodinium glabrum (Cookson,, 1956) Vozzhennikova, 1967

- @Samlandia chlamydophora Eiscna.ck, 1954

Samlandia reticulifera Ccokson & E.Esenaclg, 1965

19
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. Spiniferites pseudofurcatus (Klumpp, 1953) Sarjeant, 1970

Spiniferites ramosus (Ehrenberg, 1838) Loeblich & Loeblich, 1966,

Q subspecies gracilis Davey & William

Systematophora placacantha (Deflandre & Cookson, 1955)

Davey, Downie, Sarjeant, & Williams, 1969

Thalassiphora pelagica (Eisenack, 1954) Eisenack & Gocht, 1960
Wetzeliella? sp. ' T

Glaphrocysta intricata (Eaton, 1971) Stover & Evitt, 1978

Glaphrocysta undulata (Eaton, 1976) Stover & Evitt, 1978

Hystrichokolpoma salacium Eaton, 1976

ﬂystrichostroéylon .membraniphorum Agelopoulos, 1954

Polysphaeridium zoharyx (R0551gnol 1962) Bu;ak Downie,

_ Eaton, & ‘n/xlhcms, 1980
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. Koss
. EALL a4
s S 2 IS snlliodd Vi aCAlICDL suinpIcs UOCE NOL prove wide distribution 1n the

. source arca. as the montmorillonite occurrence in the Ni Basin indicate,, M " Istvin Ferenczi ~\
+¢Neithor is an evaluation of provenance on safe grounds from a conslderatiy, stvam *ore (’)0 "

¢+ Fof the relative intensity of basal reflections in the sediments: Though 1511 22nd Street, N. W., Washington 7, D.C. \\ /
montmorillonite has only 17% frequency in the Garnetts Creek source arey
it bas a higher average intensity than kaolinite, which, by volume, is .
far more prevalent than montmorillonite. Relative intensity of the miner,),

onc to another scci:ms to carry ova; l;rom the source area to strecams ex. ABSTRACT

. - cept for montmorillonite and mixed-layer structures. P P H -
d Near absence of mixed-layer slruZlures in the stream sediments of The North Carolinq Coastal !_’la‘m is not .; sl;nrlu}' Zo:?(:cl?frﬂ:::;:“‘:

both basins is perplexing for such small drainage nets. Most authorities ture. The Great Carolina Ridge is an area o u;; [ :\an N "l'i : by

do not helieve a fresh water stream capable of significant alteration of Axis Is onc subsidence; both are transy crsc to the ‘ p.p-&..{!c‘- “ ;‘au“ .

clay mineral structures. Certainly for such small streams alteration Midway between those two features is the Cape L"‘Z‘:%‘."‘ :““; s Niterature :

would not be expected. The data reported here do not permit a conclu- Zone, also transverse 10 the Appalachians.  Severa d"fm ,? one with a

sive statement in explanation of this relationship. Chemical data on the suggest a fourth structural fca_turc. a lo dauf g;:xl\.u;y;: ! ‘au m: ‘nt' ot

» . -1 waters could prove bencficial in the solution of this problem, but it is trend parallel to the Appalachians. As a possible fifth feature, a

X

il woeazat

.

felt that physical phenomena are perhaps the operating mechanisms.

Two processes could explain the situation in these basins. Differs

ential transportation and deposition is

one alternative and indeed may be

operative with certain minerals such as montmorillonite. However, on

the basis of unpublished data (Brown,
the entire York River tributary basin,
mixing" of mixed-layer structures ma

1958) collected during a study of |
it is fclt that the apparent "un-
Y be a real physical unmixing.

of subterrancan disturbances', suggested by Shaler, 1871, but not proved
to date, is mentioncd. In conclusion it is suggested that the capes aluf)g
the present shoreline have been controlled by theae structural features.
The bascment rock bencath the sedimertary cover hay the charac-
ter of pencplained block mountain rather than that of a follded mountain

chain. :

A % e

An cxplanation of the reduced intensities given by sediment clays
relative to source samples is not readily explained. Possible explana-
tions may be an increase in percentages of amorphous materials or finer
sized sediment particles, the latter being compatible with the physical
unmixing hypothesis.

INTRODUCTION

e e

ini bout the struc-
This paper attempts to collect and evaluate opinions a
tura) conditions of the Atlantic Coastal Plain, especially in North Caro-

i g s ing ies in the Uni- .
' lina. Consideration of this problem developed during studies i )
versity of Virginia, Charlottesville, Va.{. l?:“}-l:f:i. in cox;‘r_xccg{c;gc:mllxj 5 .
ation of annotated bibliographies for the Hydrographic Office, U.S. R
— ; REFERENCES f fi:?;a.ror: harbor approaches along the Atlantic Coast. My curiosity was .

longation of v,
wakened by the peculiar surface features of the subsca pro ;

Cap: }lalleyra-. Cape Lookout, and Cape Fear, by coastal arcs conn;cting

them, by the fairly equal distances between them, and by what relation.

Brown, Charles Q., 1958, Clay mineralogy of sediments and source
Iaterials in the York River tributary basin: Ph.D. dissertation,
Virginia Polytechnic Institute.

<

73 . { the Coastal Piain. During my s
! Brown, Charles Q. and Ingram, Roy L., 1954, The clay minerals of the ship they have to structural features o - > .
!_’: . Necuse River ledimen!st: Jour, ySed. Pet., v. 24, p.y 196-199. following three years with the North Carolu;a §‘1‘flﬁ°'&§§laﬁ:ﬂ?:}r
i ! Brunton, George, 1955, Vapor pressure glycolation of oriented clay N.C., I became more familiar with the geology ¢ .
§;‘ i minerals: Am. Min., V. 40, p. 124-126. North Carolina. . .
o Rich, C.S. and Obenshain, S.S., 1955, Chemical and clay mineral pro-
%-‘g' > . e p(:rltiesi of a red-yellow podzolic so0il derived from muscovite schist: . P
L - Soil Sei. Soc. Am. Proc., p. 334-339. N
‘g' T Sese, G.}}V. ct al., 1928, Geologic map of Virginia, Va. Geol. Survey. ACKNOWLEDGMENT .
i  Wentworth, Chester K., 1930, Sand and grave) resources of the Coastal Geol. Survey N
' i fa: . luable assistance of A.C. Mason. U.S. Geol. . .
§ Plain of Virginia: Va. Geol. Survey Bull. 3z, p. 146. w“;ﬂ:;zzi.u;. é , in the preparation and review of the paper for the
. : - = R N %k - -

publishing is gratefully acknowledged,
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Figure 1

. THE GREAT CAROLINA RIDGE (CAPE FEAR ARCH)

Dall in 1892 described a structural feature und
; ) 1892 erth "
S;;:an.:“kxdge as "an clevated ridge of perhaps very atexc'i‘:::eori(;‘i:“
™ .
wh coa“"c?;.zo;narzx;.ay be secn in tl:e contours of the sea bottom far off
In 1926 Stephenson dealt with it a v,
. n { gain as "'a broad upwarp, h
llsdaxu' near the bLoundary between North Caroling and S%uxl:%arzrl‘:as"
a;)h s0 indicated it un an accompanying sketch map (p. 468, and pl. 1) '
al: though well records described by him in 1912 (p. 163-167, and Y l(;9-
7l)lsnu;‘;g§-sllzd an’axls farther northeast, . ' b
. {ansfield showcd the existence of this elevated ri
?."2"8 :urf.aces of the Luscment rocks as determined in tl:c ;hdvg:l:!kcom-
u.'". . YWanuugion, N.C., Fort Caswell, N.C., and Summerville, S.‘C.
',“ :l ) He concluded that this seems to verify the opinion of Stephcnlon'
<1t the: conrse of the Cape Fear River across the Coastal Plain approxi-

'l. g

2

SCAUNCNId>, NG LBE Upililuu pUdLteval idb WUV Lecsntasistitld WivaWut  somes Lt
subsidence until the present® (p. 11). This location of tne uxis of the
Great Carolina Ridge was accepted by Stephenson in a sketch map in

his 1928 paper in which he described it as a “broad upwarp in the Cape
Fear region in Eocenc time' which raiscd Upper Crctaccous beds to
the surface near the coast™ (p. 892 and p. 889, fig. 1).

MacCarthy and his coauthors in a short abstract in 1933 described
evidence that this area, especially referring to the southwest flank of
the Great Carolina Ridge, reflects differences in the dip of the basemnent
rock surface, a relutively stecper dip toward the coast line than inland.
They interpreted this as two erosional surfaces with their intersection
about 17 miles west of Conway, S.C. (p. 21).

Prouty used the name "Cape Fear Arch" instead of the forner name
Great Carolina Ridge, marking it as 'an anticlinal fold (arch) tlrough
wilmington running parallel with the Cape Fear River basin toward the
north-west. ' He indicated it also on his sketch map adapted from
Stephenson, as well as on his dlagram (Prouty, 1936, p. 485, y. 186,
fig. 1., and p. 487, fig. 2).

In 1936 Cooke dealt with the area between the Santee River in South .
Carolina and the Cape Fear River in North Carolina,where "the present
land for a considerable distance inland from the present coast both north
and south of that arca was submerged. This old land arca, the Great
Carolina Ridge of Dall, may have projected for many miles into the
Atlantic as a peninsula, separating an enlarged Chesapcake embayment
from an enlarged Gulf of Mexico, Florida being at the time submerged"
{p- 99). Jackson (Eocene) time began "with a crustal movement that
raised the region between the Cape Fear River In Nortk Carolina and
the Santee River in South Carolina, thus producing the Great Carolina |,
Ridge and depressed the regions on both sides of it (p. 150). Describing
the structural conditions of the South Carolina Coastal Plain, he stated that
vonly deposits of the Upper Cretaceous and Eocene formations are in
South Carolina conspicuously deformed on the west limb of the Great
Carolina Ridge, whose crest or axis lics not far from the North Carolina-
South Carolina state line and nearly parallel to it and whose northeast
limb is in North Carolina™ (Cooke, 1938, p. 158). "Upon the beveled
surface lie thin patches of nearly horizontal marine Miocenc formations
{remnants separated by erosion)” {p. 159).

As a result of further magnetometer investigations, MacCuarthy
mentioned that “Yevidence supporting Stevenson's suggestion of a north-
west-southeast uplift near Wilmington has becn obtained" whervas roughly
parallel to the coast a "magnetically disturbed zone . . . consisting of
a serics of aubparallel higts and lows, has been found”, which has been
traced from Myrtle Beach, S.C., to the vicinity of Wilmington, N.C.,
"with further evidence suggesting that it may continuc through Burgaw
toward extreme northeastern North Carolina®, representing a folded
and perhaps fractured zone™ {MacCarthy, 1936, p. 405). In 1937 MacCarthy
and Straley gave a more detailed picturc of these magnetic disturbances
referring to the "Wilmington anticline. They stated that “magnetic
evidence for or against the existence of this uplift might be expected but
because of the nature of the country, observations have not been made®
(p. 363). A short abstract by MacCarthy and Straley in 1938 gave as
Urcsults to date: (1) a magnetically disturbed area in the neighborhood
of the Wilmington, N.C.. arch, . . . (3) a scrics of low magnetic highs
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vatending in an interrupted irregular line from the latitude of that of ;i

Peaufort™ (p. 1953). Johnson's remarks on magnetic disturbances in
northcastern North Carolina are published only in a short abstract
(p. 1951).

Richards in 1945 dealing with well records of North Carolina Coaatal

Plain wrote about a “conspicuous high. . . noted in the vicinity of Cape
Fear, North Carolina", which "has been recognized for a long time and
is known a3 the Great Carolina Ridge', indicated on three cross scctions
{p. 953 and p. 941-943, figs. 20-21). In 1947 Richards wrote: “In any
casc the basement and all formations rise sharply near Cape Fear. This
s one of the most conspicuoua structural features of the East Coast
and is called the Great Carolina Ridge or the Cape Fear Arch. At Wil-
mington, the basement rises to a depth of only I, 109 feet and then dips
apgain toward South Carolina™ (p. 47)., The Ridge is shown on a generalized
cross section from Fort Monroe, Va., to Hilliard, Fla., (p. 46). A
third paper in 1948 again reflects the elevated position of the Great
Carolina Ridge in a cross section from Fort Monroe, Va., to Paris
Island, S.C., (Richards, 1948, p. 55, fig. 2).
. Straley and Richards in 1950 gave the same cross section, and with
reference to the Ridge stated that the 'basement rises at Wilmington to
within 425 meters' {(correctly 338 meters = 1, 109 feet) “of the surface,
and extends north-westward toward the Piedmont at an equal or greater
elevation (p. 88, fig. 2).

Berry in 1951 described the ""Carolina Ridge", as "one of the most
prominent features of the basement' oriented "roughly parallel with the
valley of Cape Fear River"(1951, p. 414). He also noted seaward change
on the basement slope (1948, p. 87, fig. 1, and 1951, p. 412-413, fig. 116}

Likewise Eardley described the "Cape Fear Arch' as "the most con-
spicuous feature of the Coastal Plain" (p. 131), indicating it on the index
map (p. 70, {ig. 22) as a broad bulge of the Cretaceous formations, How-
ever, he remarked that "this structure is not truly an arch' as such a
structural fcature was defined by him in chapter 2 of his book. He con-
cluded that “the unconformities around the Cape Fear Arch indicate the
principal times of uplift and erosion to have been at the close of the
Cretaceous and again at the close of the Early Miocene™.

LeGrand in 1955 referring to the Carolina Ridge stated that "the
assumed single homoclinal structure of the Atlantic Coastal Plain be-
comes complex* in its vicinity. Besides changes in the extension of
various Crectaceous formations covering the arca, he mentioned a fault
linc with northeastward trend between Cape Fear River and Black River
a few miles from their confluence, and a broad dome-like area, based
on presence of brackish ground-water, west of Wilmington, N.C. Al-
though it had "received scant geological attention in the past, the Great
Carolina Ridge contains complex structures® (p. 2036-2037).

After this review of opinions, it may be stated that below the areca
of the Great Carolina Ridge there is a large block of pre-Cretaceous
basement rocks, which moved up or down either as a unit, or as smaller
blocks independent of adjoining srcas of the Atlantic Coastal Plain.

This large block of the basement rock extends on its northeast side to
Hevelock, N.C., and on its aouthwest side to the neighborhood of
Sumirerville, S. C. At both places the surface of the basement rocks

aus foand it relatively great depths, 2,318 feet at Havelock, and 2, 450
fuct ot Summerville. The crest line {s in the vicinity of Wilmington, N.C.»
where this surfuce is at its least depth, 1,109 feet, and extends northwest-
vaard, approximately parallel to the course of the Cape ‘Fear River, toward
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Fayetteville, where the blodk joins the Picdmont,  Witha thas jarge
block arc smaller units scparated by faults that run ut right angle to

the northwest-southcast dircction of the Great Carolina Rudge, 1. c.,
parallel to the main trend of Appalachian structurc. Structursl clements
of this type were proved by the magnetic investigations of MacCarthy
and his associates, and more recently by the obscrvations of LeGrand
concerning brackish water areas in the sedimentary cover of the Great
Carolina Ridge (LeGrand, 1955, p. 2036).

The scparate movement of blocks in the Great Carolina Ridge is
yery anclent', as was thought by its first describer, (Dall, 1892, p. 182),
but it was proven by LeGrand that movements occurred also within Cre-
taceous time. The absence of the Tuscaloosa Formation in four decp
wells between Conway, S.C., and Jacksonville, N.C., implies a land
barricr within the area of the Great Carolina Ridge during Tuscaloosa
time. Likewlsc the apparent absence of the basal strata of the Black
CreckFormation in the Wilmington, N. C., well indicated this bacrier
was abuve the sea until the latter part of Black Creek time (LeGrand,
1955, p. 2036).

.The arca was submerged in late Black Creek and Peedee time, but
this submergence was followed by an uplift in Paledcéne time, since such
scdiments have not been reported in the arca. Submergence dur ng Eocene ¢
time only lowered the northeastern flark of the Great Carolina Ridge
below the sca, as indicated by surface patches and well data of Upper
Eocene limcstone. The patches of Middle Eocene (?) scdiments near
Fayetteville and Raleigh, N.C., also are confined to this flank of the
Ridge. On the southwest flank the Black Mingo Formation and overlying
younger members of the Eocene scrigs appear oaly at much greater
distances from the crestline of the Ridge.

The submergence during Eocene time was followed by an uplift of
greater extent. Along the length of the Great Carolina Ridge the presence
of Oligocene sediments has been suggested only by McLean with a quest-
jonable reference by Richards (1948, p. 62), from the shallow well at
Camp Lejeune, Onslow Co., N.C. On the southwest flank of the Great
Carolina Ridge no sediments have been definitely determined as of Oligo-
cene age. The nearest arca in South Carolina where such sediments (Flint
River Formation) occur lies far distant {from the Great Carolina Ridge.
near the Savannah River. Also in case if the Cooper Marl of South
Carolina rcpeatedly “shifted back and forth between tne Eocene and the
Oligocene' by subsequent authors, should be definitely verified as of
Oligocene age, as Cooke and MacNeil wrote, the arca covered by it
les on the southwesternmost flank of the Great Carohna Ridge (1952, p. 27).

The total absence of Lower and Middle Miocens sediments in the
area of the Great Carolina Ridge, as shown by Brown's recent study of
well logs {rom the Coastal Plain of North Carolina (1958, figs. 7-9).
is good proof that the cntire length of the Great Carolina Ridge during the
Early Miocene and Middle Miocene was still above sea level. A new
submergence in the l.ate Miocene resulted in the southeastern part of
the north flank of the Ridge being covered by the transgressicn of the
Yorktown sea, while the northwestern portion of this (lark remained
uncovered. Only during the youngest phase ¢f Upper Mivcene trans-
gression, the time of the deposition of the Duplin Formatior, was tie
whole area perhaps below sea level, except for an arca on the south
bank of the Neusc River near Mt. Olive, N.C., which remained a3 3
Peninsula. . . .

Evidence is lacking concerning movements in pext=Mivcenc time.
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THE HATTERAS AXIS

]

The {irst author who suggested that *the projection of Cape Hatteras
is due to subterranean disturbances' was Shaler in 1871 {p. 112}, when
be considercd the causes "which have led to the production of Cape Hat-
teras'’. Although he did not specify the direction of these disturbances,
the fact that he linked them with a ridge between Richmond, Va., and
Weldon, N.C., clearly reveals a northeast-southwest direction parallel
with the Appalachian trend.

In 1891, McGee twice referred to the "Hatteras Axis' - in neither
case specifying any dircction - “as an axis of interruption or change in
epeirogenetic movement during every geologic period since the Cretaceous"
fp. 403;. and as “an axis of minimum subsidence and minimum uplife"

p. 503). “

In 1894, Hayes and Campbell mentioned the Hatteras Axis, and gave
its direction as northwest-southeast, a transverse line to the Appalachian
trend. This may be deduced from their statement that if the direction of
the Hatteras Axis is continued "across the Ohio River its direction will
be found to coincide with that of the main or northwestward branch of the
Cincinnati Arch" (p. 81), whercas the ""Charleston-Memphis axis',
passing Atlanta, Ga., forms "a tangent to the great northwestward bend
of the Tennessee River" (p. 82). Since then the Hatteras Axis has always
been considered as a structural feature transverse to the Appalachian trend.

In 1899, Glenn discussed the Hatteras axis pointing to its role in
sedimentation during the Triassic period and also in the Middle Miocene,

.
o

enynT W G
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“ 4 and referred to it being not "a narrow belt with a close approach to the
;‘w ’_% idea of a line but rather a broad belt or region' (p. 379).
) ;‘;’;} e In 1926, Stephenson, refcrring to major features in geology of the

Atlantic and Gulf Coastal Plain, indicated it on his sketch map as an axis,

'HJ : A in which two downwarped basement surfaces, - one dipping to the south-
3‘:* R west, the other to the northeast, - cross each other (pl. 1). In the text,
I ¥ o however, he only states: "North of Cape Hatteras the downwarping in
‘- .5: X late Tertiary and in Quaternary times affected the Coastal Plain more
< T completely than it did south of this point™ (p. 472). In a second paper
- &‘-' he shows another line more northward, crossing the shore line some-~
ol N where near the Virginia-North Carolina boundary (Stephenson, 1928,

H
N

oy
i

T3 ., p. 889, fig. 1). In hia text be referred to “a downwarp affecting the
23 North Atlantic Coastal Plain from Maryland to northern North Carolina"
H which "resulted in the transgression of the Upper Mliocene sea inland
i :o the i;mer cdge of the Coastal Plain in North Carolina and Virginia"
p. 891). )
H Prouty, In general adopting the data from Stepchenson's 1928 sketch
A map, does not refer to the "Hatteras axis®, but replaces it with a "syn-
- clinal fold (trough)* in the area of Norfolk, Virginia(p. 485-486, fig. 1).
: l Later Gardner mentioned it as a zone of transition, where northern
!
3
i
1

%
K

fzunal clements of the Upper Miocene Yorktown formation were replaced
Ly scuthern types (p. 70, p. 131, ete.).

Richards in 1945 published two cross sections showing eubsurface
cenditions; both show a low in the basement surface at the well at Havelock,
M.C.. (p. 941-942, figs. 20-21), In 1947 he stated that "the basement
drops decidedly between Fort Monroe (2, 246 feet) and Hatteras (9, 878

CE L. : "

—_—

Monroe (2, 246 feet), with Havelock, N.C. (2, 318 fcet) or Morchead

City, N.C. (4,036 feet), the slopc should not be as great™ {p. 47). His
generalized cross section in this casc indicated the “Hatteras Low™ in

the line of the Morchead City well (p. 46). Similarly ina 1948 paper he
indicated a Jow in the basement surface in the line of the Morchead City
well (Richards, 1948, p. 55, fig. 2). On the other hand, he stated in

the same paper that "a study of samples from the deep well at Cape *
Hatteras shows a thickening of most formations. Also several formations
have been recognized in the' well that do not crop out in North Carolina"
{p. 73).

A cross section in a 1950 paper by Straley and Richards is s milar
(p. 88, fig. 2). However, they emphasized the "notable feature . . .
the basin between the Dismal Swamp and the Carolina Ridge at Cape
Fcar'" (p. 88).

The last cross section found was published by Spangler in 1950; he
again indicated the lowest point on the basement surface as at thy Hat-
teras well (25, p. 120-121, fig. 7).

After this review of opinfons, it may be stated that the Hatteras
Axis represents a line where all formations are at their greatest depth.
The line trends northwestward {rom the Hatteras well.

The southwest limit of the Hatteras Axis arca.and the northeast
limit of the Great Carolina Ridge block is marked by the Cape Lookout~
Neuse Fault Zone (a third transverse structural feature to be discussed
later in this article). From this fault zone northeastward well records
show the thickening of formations toward the Hatteras Axis. Likewise,«
on the northeast side of the Hatteras Axis formations thicken southwest «
ward toward the Axis, as already referred by several authors, e.g.,
by Berry (1951, p. 414).

The Lower Cretaccous seriea, for example, shows this thickening.
Although such sediments were distinguished in the Merrimon and More-
head City, N.C., wella, they are not known in surface outcrops nor in
well records in the entire area of the Great Carolina Ridge. Upper Cre-
taceous formations thicken from both directions toward the Hatteras Axis.

Paleocene sediments are limited mostly to the northeast flank of the
Great Carolina Ridge, and are not known to occur south and west of Pitt
County, as stated by Brown In his Correlation Chart (1958, table 1).

The gradually progressing Late Eocene transgression deposited sedi-
ments in the area of the Hatteras Axis; such sediments are missing in
surface outcrops, and from the subsurface ir an area north of the Neuse
River. If the thin unit questionably indicated in Brown's cyoss section
as "unnamed Oligocene' (1950, fig. 4), is proved to be Oligocene, then
this unit fs likewise restricted to the Hatteras Axis area. It is known
only in the records of the Hatteras well and in the Pamlico Sound well,
as described by Richards (1948, p. 61), and not in surface outcrops. .

While the Great Carolina Ridge remained during the Early and Middle
Mlocene above sca level, probably continuous sedimentation occurred
In the area of the Hatteras Axis. In his Correlation Chart Brown does
not show proved sediments of Lower Mlocene age, but indicates a thick-
ness of nearly 400 fect in the Hatteras well as 'unnamed Lower Miocene
{?) unit” {(Brown, 1958, table ! and fig. 4). Brown indicates Middle
Miocene sediments also by a question tnark, and in his Correlation
Chart (table 1) states that these phosphate sand sediments are "aot known
to occur in outcropping sections*, but that thelr "subsurface distribution"
is "localized In Beaufort, Washington, Gates and Hyde Counties™, i.e.,
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: 4 the arca of the Hatteras Axis. f stonec, but became inundated by the Yorktown sca in the Upper Miocene.
S *.  The Late Miocenc transgression of the Yorktown sea covered the .
Lt e cntire area of the Hatteras Axis and deposits accumulated to considerable t
* Ly . thicknesscs, such as 325 fect at Edenton, N.C., and more than 500 fcct
in the Hatteras well, as shown in Brown's cross section (fig. 4). More- STRUCTURAL FEATURES PARALLEL TO APPALACHIANS
. over, faunal evidences prove, according to Gardner (1944, p. 70, pl 134, ; i d in the 1 i
g ( X ctc. ), that the sediments of the Yorktown formation north of the Neuse r In addition to the three structural fcaturcs d scusse hin}: le' oregoing
P ,o') River were deposited in an embayment that was removed from the influenc, ragraphs, two structural features may be mem_xon;d whic r.\'n ‘[:ara.-
ol SR of warmer oceanic waters. This embayment was protected by the peain- } 1lel to the Appalachlan trend. The first of these is elllme ofrh?u llcrm-
R, ;iﬁ}:g,‘:.‘ R0 sula which remained during the Late Miocene tiine above sea level in the nean disturbances", as suggested by Shaler (1872, p-u I’Z). X is fea-
?¥-§;}«. . area of Mount Olive, N.C., on the south side of the Neuse River valley, tures, however, so far is only suggested by the parallelism of tic pre-
{ ’S’i; sent coast line southwest of Cape Hatteras to the main trend of the
b e X {  Appalachians. .
3‘:‘:'3332, d . ppa'rhe second feature, indicated on the sketch map as “"Unnamed Fault

THE CAPE LOOKOUT - NEUSE FAULT ZONE Zone' is more evident. Its southwest-rortheast trend is indicated at the .
area about 17 miles west of Conway, S.C., wherc the seaward slope of

the basement surface becomes steeper {MacCarthy, 1936, p. 399, fig. 1.

the northwestern limit of the magnetically disturbed-zone west of Wil- -

mington, N.C.. (MacCarthy, 1936, p. 399, fig. 1), the location of the

fault near the confluence of the Cape Fear and the Black River (LcGr_and.

1955, p. 2036), and the line along the eastern boundary of Martin, Pitt,

and Lenoir counties (mentioned on page 12 as a line where the Upper

Miocene Yorktown sediments overlie the Cretacoous formations without -2
{ntervening Eocene sediments). This data indicate a zone ol mavements,

which in ite continuation, is perhaps reflected In the magnetic anomalies

Beslides the two main structural features which have Just been dis-
cussed, two others are indicated. The Cape Lookout-Neuse Fault Zone -
a third northwest-southeast directed feature transverse to the Appalachian -
trend - is midway between the Great Carolina Ridge and the Hatteras Axis. r
Its existence is indicated by the difference in the depth of the bascment
rock surface, 2, 318 fect on the southwest side of the fault zone in the
Havelock well and 4, 000 feet on the northeast side in the Merrimon tcst
wells, as well as in the Morehead City well. Nearer the Picdmont, in
the area of Goldsbhoro, N.C., the presence of such a fault zone is sug~
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gested in that the Upper Eocene Castle Hayne Limestone, which én the
right bank of the Neuse River overlies the eroded surface of the Black
Creek and Tuscaloosa Formations, is missing both in surface outcrops
and in well records (rom the left bank area north of the Neusc River.
Morecover, the well data and cross sections of Brown (1958, figs. 2-9)
indicate that north of the Neuse River there is an area, bounded approxi-
mately oa the south by the Neuse and on the east by a line drawn along
the castern boundaries of Martin, Pitt, and Lenoir counties, where the
Miocene Yorktown sediments directly overlie the Cretaceous formations,
without intervening Middle or Upper Eocene sediments. This elcvated
block must have been above sea level until the end of Middle Miocene
time, but sank with the oncoming transgression of the Late Miocene
Yorktown sea independently of the adjoining areasouthof Neuse River,
which remained above sea level during Late Miocene Yorktowa time.

" The “Cape Lookout-Neuse Fault Zone" is suggested also by a line
along which older sediments became silicified during emergence of this
usrea between Late Eocene and Late Miocene times. The occurrences
of silicified older sediments in the Piedmont area, such Eoccne deposits
in the railway cut at Garner, N.C., and at the boundary of Wake and
Johnston Counties on old Highway 70 between Clayton and Auburn, N.C.,
(Richards, 1951, p. 14), the Eocene outcrop with silicified Bryozoan
stocks southwest of Dudley, Wayne Co., ! finally the silicified sandstone

southeast of Kinston, N.C., {Stuckey, 1928, p. 22-23), lie in an approxi-
mate northwest-southeast line, coinciding with the Cape Lookout-Neuse .

Fault Zone. This fault zone limits the block of older sediments on the
southwest side, which was not covercd by the Eocene Castle Hayne Lime-

Tr———————
Inforination from Richard D. Pusey, U.S. Geol. Survey, Ground Water

.. bruick, Raleigh, N.C., and also personal cbservation.

[\

observed by Johnson in northeastera North Carolina (1938, p. 1951).
This is also the zone where the slope of the busement surface stecpens
in the North Carolina Coastal Plain area, as illustrated by the cross
scctions of Berry (1953, p. 413, fig. 116).

MORPHOLOGICAL REFLECTIONS OF STRUCTURE

The morphology of the North Carolina Coasl_al Plain appeari to be )
connected with the structural fcatures. The drainage arcas of tae Neuse
River and the Cape Fear River within the Coastal Plain have a peculiar
asymmetry. The left bank tributaries of the Neuse River and tke Cape
Fear River are longer, and the slopes on the north banks are sl_?cpcr.
jn part, almost escarpment-like. The course of the Roaqqke Rl.ler
follows, at least in part, the direction of the Hatteras Axis. Tre sharp
northeast turn of the Neuse River near Kinston, N.C., relates .o the
unnamed fault zone.

" 1t would seem to be not an accidental coincldcn::e that the pccu\l{ur
configuration of the capes along the present shore line of bo‘th Carolinas
has developed relating 1o these structural fuatures: Cape Hutteras to
the Hatteras Axis, Cape Lookout to the Cape Lookout-iNeuse Fault Zoac,
Cape Fear 1o the Great Carolina Ridge, aud perhaps, Cape Romainim
South Carolina at the southwest boundary of the Great Carolina Lidge.
Such a relation between Cape Canaveral, Fla. ._aml structural lines was .
recently determined by White (1958, p. 1718-1519). How these s:r\:clura
features, although differing in character, have led to l.'ur\_nau?n of the )
individual capes needs more detailed studies. The coincidence. m:r_ly .
casc, is noteworthy. It should be even more interesting if the northeas
southwest “'subterrancan disturbances' suggested by Shaler (but not
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proved to date), as a cuusc leading to the “projection of Hatteras', could

+ be proven as a further structural feature of the Coastal Plain of the Caro.
linas. In this casc the crossing of the transverse structures with this
northeast-southwest structure would provide another basis to the idea
that the capes have not been formed accidentally at their locations, but
through the Influence of structural control.
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The North Carolina Coastal Plain is not a simple homoclinal struc-

. turc but is more complex. The transverse structural features, the Great
Carolina Ridge and the Ha'teras Axis, influenced the transgression and
regression of the seas in different geological times. The middle feature,
the Cape Lookout-Ncuse Fault Zone had a similar role, but the movements
along this zone affccted smaller arcas of deposition. Besides the para=-
lelism of the assumed northeast-southwest line of Shaler to the main
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trend of Appalachian structure, an unnamed zone of structural distur-

i,

. £%§g£§:§ bances is suggested. Movement along these fcaturcs also influenced the
y BN i morphology of the North Carolina Coastal Plain, and such an influence
P L ol may be suggested for the whole extent of the Atlantic Coastal Plain. The
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basement rock beneath the sedimentary cover has the character of a
peneplained block mountain rather than that of a folded mountain chain.
Former folds, if they were once prescnt, have been obliterated by fault
systems developed since the Appalachian Revolution. Structural condi-
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"{‘;5’ 32 tions of the Atlantic Coastal Plain, and gravity and other anomalies
e S; §f: B indicated more recently by Skeels (1950, plates 1-1V, figs. 1-2), can
r s perhaps be more easily interprcted by referring them to blocks in the

basement rock mass differing in position.
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25, and Windy Creek plutons; the Hunter Creek and
e Mourntain plutons; and the Selawik Hills pluton.

120. Cozzuter Mazoime of Surficial Geolecy near Halloran

Sorincs (Calffornia) usins 32 Channel Muleispecsral Data.

JEFFREY L. ZHRINZELLER (Indiana State University). RUBERT

C. HOWZ (Inciana State Universfty), STEVEN A. STANLEY
Indiyna State University).

A recent trend in geological remote sensing has been to map
surficial zaterials using multispectral data collected by
satellite and alrcrafe scanners. Research by the authors

, 3t the Indiana State University Remote Sensing Laboratory

(ISURSL) fnvelved the production of a surficfal peciogy cap
of the Halloran Springs area {rom analysis of 12 channels
of alrcraft =ultispectral dats collecced by the Environzen-
tal Rescarch Institute of Michigan (ERIM) with the Michigan
M-7 optical zechanical scanner syste=. 7To produce the sur-
ficial geology map, a correczion was =ade for albedo. Then
a ratioing lechnique, in which the revised spectral values
in a therz=al band (channel 11) were divided by the values
in a visidle band (channel 6), was used to sroduce an alpha-
nuneric printout displasving relative differences in chermal
inertia. This z3p was sinilar to a large scale surficial
geology =ap prepared by conventional field =apping =methods.
Two rock types, quartz zonzonite and basalt, which were not
separable in this area using conventional rezote sensing
sethods, .were separated on the therz=al inertta =2p. These
techniques, although still in the developmental stage, are
encouraging.

121. Zeccrdinz Ti=s Frazes and the Sun-Tarth Linkace.

MALCOLM FCZR0d, (U.S. Gov. Ret,)

Solar enerzy input (S2I) varies cdaily. Data for daylight
and the night following (before the next SZI) =ake a ratu-
ral 24 hour unit. Tixme frames for local tize and U.T. are
not congrusnt with these lizmits; both mix observations
frea two SEI's, distorting averages, etz. The corpus of
reccrded data Is ccntsined in these tiza framss, Sslece
tion and regrcuping produce congruent data. These, with
an i=groved curve cemparison techniqus, yield izpertant
pindings; prizarily, oroof of a fine-structured sun-earth
nkage, Suispot (SS) variations produce a basic terres-
13) chart pettern of zaixizum dajly te=psratures (T zax)
=at is inversely corrolated with the SS curve. Tezpera-
ture curves above Lhe tropopause are ccrrelated inverssly
with the T rax curve, and directly with the SS curve.
(Polsr aress czitted for lack of data,) Local station
curves are varianis of the basic curve, modulated primar-

ily by 2atituds and longitude. Typical local T zax
curves move 83 a8 unit, the coenfiguration intact but fer

systezatic modulatisns, from W to E about 15° 2aily.
Exazples of T =2x sorrelations: (direct) sunshine, cal.
ez<; ulirz-viclet radiation; waler tecpersture in evap-
oration pan; (inverse) aimospheric ozone, esp. with data
from potassius papars; sir pressure; (co=plex) gsczag-
netisu. Finally, thero i3 a solar-based 27 day recur-
rence tendency in the conformztion of the T rax curvae,

122.
Bacteria in its Develonment.

School of Mines).

Shales in the areas around the cities of
Pittsburgh, Pennsylvania, Cleveland, Ohio, and
Ottawa, Ontario have expanded up to several inches
subsequent to buildings being built upon bedrock.
This expansion is caused by the growth of gypsum
and, freguently, jarosite between, lavers of
pyritiferous calcitic shale. Damage to the over-
lying structures has been extensive, sometimes
forcing their abandonment.

Similar shale in the White Pine Mine in
Michigan has shown no evidence of such expansion
in the mine openings. The major difference be-
tween hecaving and non-heaving shale appears to be
the presence or ebsence of Thiobacillus ferrooxi-
dans whose metabolism generates sulfuric acid
which reacts with the calcite present in the rock

form gypsum.

Where conditions favorable for population

Beavinc Shale- Evidence for the Role of :
EMMY BOOY (Colorado

explosions of the bacteria occur (pH 2, 35° ),
severe expansion of the shales have occurred.

In conditions, as at white Pine, which the bac-
teria f£ind hostile, mineralozically similar
shales shew no evidence for expansion due to the

“ growth of secondary minerals.

—>

Zarth’e o tvdied o 2lsgcern the for-
ces whichk rface. Sixtly percent of
Earth's eurr siate ¢l two vastl, weathar-
planed "isrrs Trhe Usper Terrace. comprising
IC3 of the tctal area, ranzes abcut present sea ,
level., The Lewer Terrace {scmesizes "rige") lies
c. 3CCC maters Yelow present assa level on the

occean Tloors. River-cut canyone and valleys run
2own to 4eltas 2nd aldluvig) fang en che Lower
Terrace.¥ The Syntlesls relates these featurea
ard propeses that 21l Arcuate Zlevations (la-
land 2arcs, mountain ransec) on ihe Usper Terrace

were forzmsd Ty lce-sheet tecicnlics; and that lce-
gshesy denyiraticn of cantirnenial seas praciplilates
s2lle, 28%2ls, calcites, silicates, and somelizes
Feirillies iife forms irn ire prozess. Felrcleus,
ccal 3nd "rhoschate rock” are interred sizultan-
ecusly. Selcw the iLswer Terrsce oceans are then
dehydrated by evaperation, resultine In precip-
itallion of the same =insrals zn ocean flocrs, but
without orzanics. The formation locatlons of
minerelq and ercanic depeosits may Ye deduced from
these factere.

* WALWCRTH,
frey Walwerth:

124,

Structural Control of Mesozoic-Cenozoic Depesition, North
and South Carolina Cosstal Plain. HKARRIS, W. BURLEIGH, — ~
ZULLO, VICTOR A. (Univ. North Carolina at Wil=ington, North
Carolina 28403) and BAUM, GERALD R. (College of Charleston,
Charleston, South Carolina 25401).

Abrupt clanges In distribtution, facies, thickness and atti-
tude of Cretaceous and Cenczoic sedizents in the Carolina
Coastsl Plain reflect episodic and differential movesents
along three fault zones. "Santee fault", Cape Fear arch
(fault) and Neuse fault are subpsrallel, trend NW-SE, and
extend from the inmner Coastal Plain to the coast between
Georgia and Hatteras embayzents. Pre-late Cretaceous movee
oent along Cape Fear and Neuse faults is “{ndicated by off-
set and changes in thickness of lover Cretaceous beds that
are not reflected in overlying units. Paleogene activity
along Neuse fault is indicated by a shift in structural and
depositional strike in post-Paleocene units and abrupt
thickening of upper Eocene through lower Miocene units
north of the fault. Sporadic Paleogene uplift of the south
side of Cape Fear fault is suggested by the angular uncon-
fornity between Cretaceous and overlying units and by intra-
forzational disconformities and Dorag dolozitization in the
widdle Eocene Castle Hayne Limestone. Post-medial Eocene
activity along "Santee fault" is shown by rapid thickening
of upper Eocene beds southuest of the fault and their onlap
of older units to the northwest. Plio-Pleistocene activity
along Cape Fear and Neuse faults is indicated by tilting of
coastal terraces, distribution of =arine sediments and
derangement of drainage pattems.

125, Hvdrocecolesv and Dcvelopzant of ~Sarins Cave, Colorado.
R. MARK MASLYN (Consulting Geclogist), JANES A. PISAROYICZ
(University of Genvar).

Spring Cave is developed vholly uithin the esrly Micsissipplan

Leadville Limcstone.

In this area the Luacdville is approxi-

rately 62 a thick and consists of tuoc maln divisions, an upper

rassive cliff foraing lime packsicne and a lover section of
thinner limesicna and deolezite beds. The cave entrance is

located at the hcad of a szall drainage tributary to the Scuth

Fork aof the Uhite River at an elovation of 2380 m. This
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. INTRODUCTION

The Atlantic Coastal Plain Province is an oceanward thickening wedge of SE dipping Mesozoic~-Cenozoic

Sediments and sedimentary rocks that unconformably overlie an oceanward dipping pre-Cretaceous basement.

Three major structural features modify the general oceanward slope of the basement: Cape Fear fault in

North Carolina, Ft. Monroe uplift (Norfolk arch) in Virginia, and Normandy arch in New Jersey. X
Traditionally, the Atlantic Coastal Plain has been considered the stable western li;b of an offsﬁore

geosyncline that has experienced little or no fault activity, only gravity induced subsidence and con-

comittant uplift (Muiray, 1961). Consequently, most geologic interpretations of Coastal Plain geology

g2

. X

have been governed by this tradition, with most workers not considering that tectonic activity may have ?
affected Mesozoic-Cenozoic sediment deposition. Therefore, in many cases, the lack of recognition and i
consideration of the effects of tectonic activity have lead to a general misunderstanding and misinter- ﬁ

pretation of Coastal Plain geology.

Hobbs (1904) recognized major lineaments along the Atlantic border region and suggestéd that the
iineaments were the result of a crustal fracture field. Brown gg‘gl.-(l972) in a study based on subsur-
face data established a regional tectonic framework for the Atlantic Coastal Piain and found that many

f their structural axes‘coincided with those of Hobbs. Recently other workers have suggested Cretaceous

~

) Jor Tertiary deformation in the Coastal Plain of Maryland (Jacobeen, 1972), Virginia (Mixon and Newell,

1977; Dischinger, 1979), North Carolina (Brown et al., 1977; Baum et al., 1978); South Carolina (Inden
and Zupan, 1975; Zupan and Abbott, 1975; Higgins et al., 1978; Rankin et al., 1978; Zoback et al., 1978;
Baum and Powell, 1979), and Georgia (Prowell et al., 1975; Cramer and Arden, 1978; Cramer, 1979).

The main purpose of this study is to refine and detail the basement-rooted tectonic framework intro-
duced by Brown et al. (1972) for the Atlantic Coastal Plain and to show its sequential effect on Creta-
ceous, Paleogene, and early Neogene sedimentation in North Carolina. Tectonic activity als; has affecged
Plio-Pleistocene sedimentation, drainage and gqomorphology, and 1is discussed by Zullo and Harris in the
following paper.

GEOLOGIC SETTING

The emerged North Carolina Coastal Plain is underlain by Lower Cretaceous to Quéternary §ediments
and sedimentary rocks that extend from a feather-edge along the Fall Line to a maximum thickness greater
than 3 km at Cape Hatteras. The area represents a typical belted Coastal Plain with younger beds pro-
gressively cropping out closer to the coast. Structurally, four major features rooted in the pre-Coastal
main basement have periodically affected ‘Mesozoic-Cenozoic sedimentation: Cape Fear fault, Neuse fault,

rolina fault, and Graingers wrench zone (Fig. l). Interpretations of the times of tectonic activity

are discussed later in this paper.
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«Figure 1.

Major structuralmfeatures of the North Carolina Coastal Plain.

Cape Fear Fault

Dall and Harris (1892) originally recognized a major positive feature (Cape Fear arch) along the Cape

Fear River; however, Stephenson (1923) is usually given credit for first delineating the structure. Since

then many workers have documented the presence of a structure along the Cape Fear River that has undergone

periodic movement (MacCarthy, 1936; Mansfield, 1937; Richards, 1945; Straley and Richards, 1950; Baum et

al., 1977; Harris et al., 1977). Harris et al. (1979) suggested that the Cape Fear arch represents a

bagsement fault that has experienced episodic and. differential movement from Lower Cretaceous through the

Quaternary.

Cape Fear fault trends NW-SE and can be traced from about Fayetteville, Cumberland County, to Carolina

Beach, New Hanover County.

The approximate location of the fault is NE of the line separating the Peedee

drainage basin from'the,Cape Fear drainage basin. The direction of relative movements along Cape Fear

fault has periodically reversed.

Neuse Fault

Ferenczi (1959) postulated that a fault occurred along the Neuse River and called the feature the Cape

Lookout=-Neuse River fault zone.

Baum et al. (1978) also recognized the feature and shortened the name to

Neuse fault. Subsequently, Harris et al. (1979) change& the trend of Neuse fault. Neuse fault trends

‘?J—SE parallel to Cape Fear fault and can be traced from about Smithfield, Johnston County, to Bogue Inlet

20
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at the mouth of the White Oak River, Onslow-Carteret County line. The fault is probably part .of a series
of basement faults that occur between the Neuse and New Rivers that have a sense of relative movement
with the north side down: Movement along Neuse fault has occurred periodically from Lower Cretaceous
ough the Quatermary.
. Carolina Fault

LeGrand (1955) and Ferenczi (1959) postulated a fault zone trending NE-SW, parallel to the coast,
that could be.traced through the vicinity of Kinston, Lenoir CounCy; The unnamed fault was suggesceq by
the occurrence of saltwater incursion near the confluence of the Cape Fear and Black Rivers. Baum et al.
(1978) named the feature Carolina fault and showed that the fault can be traced from the confluence of

the Cape Fear and Black Rivers, Pender County, to Kinston, Lenoir County. Recent work suggests that the

trace of the fault passes through Cove City, Craven County.

Graingers Wrench Zone
Graingers wrench zone was proposeé.by Brown et al. (1977) to explain surface topography and anomalous
exposures of the Pa%eocene Beaufort Formation in the Kington area, Lenoir County. The wrench zone trends
NE-SW (parallel to the Cgrolina fault) and can be traced through the town of Graingers, Lenoir County. ‘

Because the projected trace of Graingers wrench zone corresponds to gravity anomalies identified by

Johnson (1975), and to geomorphic and stratigraphic features in southeast Virginia, Graingers wrench zone

q: extend for 250 km. Brown et al. (1977) interpret that the most recent movement along the fault zone

resulted from wrenching along a pre~Coastal Plain basement fault.

Graingers wrench zone consists of a series of en echelon faults that extend north from Neuse fault.
Although the sense'of relative movement on each individual fault varies within the zone, there is an
overall sense of downwaxd movement progressively toward the east. Won et al. (1979) suggest that the
Graingers wrench zone coinqides with a Triassic Basin border fault and have identified the width and
length of the basin from gravity data. The 20 km wide basin occupiles the areas bounded by the Graingers
wrench zone and Carolina fault. The Graingers fault was active as early as the Triassic (pre-Coastal-
Plain sedimentation), but wrench movement probably occurred during the Paleocene and maybe as recently
as the Quaterrary.

DISCUSSION
Cretaceous
Clastic sediments of the Fredericksburg and Washita Stages (Cretaceous Unit. F of Brown et al., 1972)

represent the earliest widespread deposition of Mesozoic sediments in North Carolina. Unit F only crops

out south of the Neuse fault, along the Fall Line, but is widespread throughout the Coastal Plain (Fig.

0). The distribution, thickness, and attitude of Cretaceous Unit F suggests that syn-depositional tec-

tonic activity affected Fredericksburg and Washita deposition.
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Isopachous mapping of Cretaceous Unit F (Fié. 2) reveals that the unit attains a thickness of aboug

100' (30 m) between the traces of Cape Fear and Neuse faults. South and north of the faults, respec-
tively, Cretaceous Unit F obtains a thickness of about 500' (150 m). Because:isopachous.relationships

are related to basin configurations, as ,well as tectonism, kthree‘possible -Interpretations can explain )

the isopach map of Cretaceous.Unit F:
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1) pre-depositional subsidence north of Neusé fault and south of Cape Feat: fault,
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2) syn-depbsit:ional subsidence north of Neuse fault and §o-:ch/of Cape Fear fault:; with sediment,
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deposition equaling subsidence, . : s R SRy R S
3) post-depositional uplift of the area between Neuse and Cape Fear faults. ot

Comparison of structure contours on c'op of Cretaceous Unit F (see Brown et al., 1972, Plate 9) with the

isopach map of the unit favors interpretation 2. . . . : !

.

¢ "

If pre-depositional uplift elevated the block between Cape Fear and Neuse faults, consequently con-
trolling sedimentat:iﬂon, structure contours on top of Cretaceous Unit F should indicate a structural nose
or positive area between the faults that mimics the thinning of the unit dllustrated by the isopachous

map. Because no high or structural posit;l.ve is present, pre-depositional 'uplift probably was not im- -

portant. - ' - oo T o . .
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By the same line of reasoning, if post—depositional u?lift elevated the block between Cape Fear and

Neuse faults, structure contours on top gf Cretaceous Unit F should also indicate a positive area between

the faults. In addition, Lf the qssumptioh is made that post—depositional‘udlift occurred prior to depo-
@sicion of overlying Cretaceous Unit: E, then an isopach of Unit E should mimic the isopach of Unit F by

indicating thick areas north ard south of Neuse and Cape Fear faults, respectively. Also, lithofacies

distributions of Cretaceous Unit E would indicate that the uplifted area had served as a source area

during deposition. Because the isopachs of Cretaceous Unit E and Unit F are dissimilar 1n‘paCCern.and

because available evidence suggests that Unit E did not serve as a source area, post-depositional uplift
) of the area between Cape Fear and Neuse faulc; probably is not responsible for the distribution and thick-
ness of Cretaceous Unit F.

We 'suggest then that isopachous mapping and structure contours on top of Cretaceous Unit F support
syn~depositional subsidence south and.north of basement-rooted Cape Fear and Neuse faults, respectively,
with sediment deposition balancing subsidence. Regardless‘of whether syn-depositional subsidence occurred
in&ependent of pre- or post-depositional uplift, isopachous mapping of Cretaceous Unit F documents that
faulting was active in controlling deposition of the unit. Differences in the amount of dip on Cretaceous
Unit F north and south of Neuse faulﬁ and the‘position and outcrop pattern of the unit along the Fall Line
suggests some post-depositional shifting or readjustment of the block north of Neuse fault. Available
@data suggests that Carolina and Graingers faults were not active during the Lower Cretaceous. '

There is no evidence of movement along Cape Fear and Neuse faults and Graingers and Carolina faulcs
during the Upger Cretaceous.
P ’ Paleogene
Paleocene. The faleocene Beaufort Formation crops out in Lenoir and Craven Counties and contains
Danian (Brown et al., 1977) and Thanetian equivalents (Harris and Baum, 1977). Danian beds are referred
to as the Jericho Run Member and are locally present as a silicified mudstone assigned to the Pl planktic
foraminifera zoue (Brown et al., 1977). Thanetian beds are unnamed and disconformably overlie the Jericho
) Run Member of the Cretaceous Peedee Formation. These beds consist of consolidated sandy, glauconicicA
foraminife;al biomicrosparite and unconsolidated sandy, foraminiferal biomicrite. They correlate with
the P4 planktic foraminiferal zone of Berggren (1971)., Authigenic glauconites from the Thanetian beds
have been dated by Harris and Baum‘(1977) at 55.7 and 57.8 m.y. 7
Outcrops of the Beaufort Formation occur near the intersection of Neuse fault and Graing;rs wrench
zone and are related to a structural mosaic of horst, graben, and half grabens with the faults trending
NE-SW- (Brown et al., 1977) (Fig: 3). These en echelon faults overlie a buried Triassic Basin (Won et al.,

0979). Variations in thickness and sudden lateral terminations of the Jericho Run Member and Thanetian

23
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sediments (Fig. 3), suggest that these faults experienced episodic movement during the Paleocene(?) and
the posc—Paleo;ene. ﬁxcepc for a %inor reentrant of Paleocene beds along the Pender-Onslow County line
@(see Brown et al., 1972, Plate 15), the Beaufort Formation is restricted to'the area north of Neuse fault.
The lack of a regionaily recognizable wmarker horizon overlying the Beaufort Formation circumvents estab-
lishing the time of posc—Paleoc;ne movement. However, offset of Fhe Eocene Castle Hayne Limestone sug-
gests post-Eocene deformation. Brown et al. (1978) iecognize the following features that are associated
with a NE-SW trending scarp that borders Jericho Run:y 1) an uplifted stratigraphic marker horizon,
2) triangular faceting of the scarp, 3) extensive parallel ravinement normal to the scarp, and 4) the
presence of breccias along the toe of the scarp. The excellent preservation of these features in a humid
environment suggests some Quaternary wmovement along the éraingers wrench zone. ‘
Eocene. One of the most extengsive transgressions of the Cenozoic in North Carolina occurred during
the middle to upper Eocene. Eocene seas transgressed most of the Coastal Plain reaching the Fall Line,.

~

depositing tropical marine carbonates®atypical of other Cenozoic sedimentary units in North Carolina.

H

The middle to upper Eocene Castle Hayne Limestone consists of three prominent facles: lower phos=-
phate~pebble conglomerate, middle bryozoan biosparrudite, and upper bryozoqn-sponge biomicrudite. Bryo-
zoan biosparrudi;e and bfyozoan biomicrudite are the two dominant facies of the Castle Hayne Limestone.
Numerous.diaSCems and Dorag dolomitization in the bryozoan biomicrudite in the lower Cape Féar area

(Brunswick and New Hanover Counties), suggests movement of Caée Fear fault during middle and upper Eocene.j
The upper Eocene New Bern Formation consists of sandy, pelecypod-mold biomicrosparrudite and repre- _s
sents the youngest outcropping Eocene strata in North Carolina (see Baum et al., this volume). ''Outcrops
of the New Bern Formation are confined to an area lying between the Neuse and Trent Rivers..." (Baum
et al., 1978). The New Bern Formation is restricted to the area north of the Neuse fault and east of
,Carolina fault (Fig: 4). Because of this restriction, and because the New Bern Formation represents a
major lithologic change from a carbonate dominated regime (Castle Hayne Limestone) to a clastic dominated
regime (New Bern Formation), the area north of Neuse‘faulc was downdropped during latest Eocene. Move~

‘ment on Neuse fault appears to coincide with movemant along "Santee" fault, in the Charleston area of

South Carolina (Harris et al., 1979; Baum and Powell, 1979; Baum et al., this volume).

Oligocene. The Oligocene Trent Formation is restricted to the area north of New River, Onslow
County, east of Carolina fault. However, the distribution, thickness, and lithofaciés of the Trent For-
matioﬁ do not suggeét Oligocene movement of Neuse and Carolina faulc$.

Neogene

Miocene. The lower Miocene Belgrade and éllverdale Formations (and the Crassostrea ieds) are re=
.Stricted to the area east of the Trent Formation and do not appear to be related to tectonic activity.
Depositional strike of these units is N~S; consequently, because of the orientation of the North Caroling
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coast, che; do not crop‘out south of New River. Fossils assignable to the lower Miocene have been found

Onslow and Topsail beaches, suggesting that these units are exposed on the continental shelf south of

River.

The middle Miocene Pungo River Formation is restricted to the area north of Neuse fault and east(?)

of Graingers and Carolina faults (fig. 5). Miller (1971) suggested that deposition of this unit was

controlled by NE-SW trending faults. Deep-water deposits (100~200 m) of phosphate, diatomite, and car-

bonate suggest that the rate of subsidence exceeded the slow supply of terrigenous sediments (Gibson,

1967).

3.

26

SUMMARY
Mesozoic and Cenozoic deposi;ion in the North Ca?olina Coastal Plain was affected by.fbur basement-
rooted structural elements: Cape Fear fault, Neuse fault, Carolina fault, and Graingers wrench zone.
ﬁuring the lower Cretaceous (Fredericksburg and Wéshita gtages), syn-depositional tectonism along
Cape Fear and Neuse faults resulted in elevation of the area between the faults. Consequently, iso-
pachous mapping of Fredericksburg and Washita sediments reflect thick areas south and.north of Cape
Fear and Neuse faults, respectively, with an intervening thin area. Structure contours on top of
Fredericksburg and Washita sediments do not reflect this uplift, therefore, sediment supply and
deposition kept pace1with the rate of uplife.
The Paleocene Beaufort Formation is restricted to the area noxrth of Neuse fault, and appears to be
related to reactivated Triassic faults. Graingers wrench zone and Carolina fault bound and limit
Paleocene deposits and reflect movement during the faleocene. The distribuction, chickneésdand
lithofacies of Danian and Thanetian beds support Paleocene movement. The excellent surface preser-
vation of a surface scarp coincident with Graingers wrench zone suggests Quaternmary movement.
Middle to;upper Eocene sediments (Castle Hayne Limestone) support Eocene tectonism in the Coastal
Plain.. Numerous diastems and Dorag dolomitization in the upper biomicrudite in the lower Cape Fear
reglon suggests late Eocene movement along Cape Fear fault., The restricted occurrence of the upper
Eocene New Bern Formation to the east of Carolina fault and north of Neuse fault suggests latest
Eocene activity along Carelina and Neuse faults.
The distribution, thickness, and lithofacies of Oligocene sediments (Trent Formation) suggests no
tectonic activity during that epoch.
The distribution of Belgrade and Silverdale Formations and the Crassostrea beds do not suggest tec~
tonism during the lower Miocene. The restriction of the middle Miocene Pungo River Formation to the

araa north of Neuse fault suggests that Neuse fault was active with the north side down.
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Fﬁr glauconite isochron of the
ne Castle Hayne Limestone, North Carolina

K]

W. BURLEIGH HARRIS
VICTOR A. ZULLO

ABSTRACT
The 1l-methick lectosteatorype of the

County, Nocth Caralina, consists of lower
shosphate puhble biomicrudite; middle
nryozoan biosparredite; and upper bry-
nzoan-sponge  biomicrudite. The relacive
age of the Castle Hayne Timestone is
equivocal. The plankeic foraminiferal fauna
and part of the molluscan fauna suggest
chae the entice formation should be corre-
lated wich the Gulf Coast Claibornian Stage

{midddaocene), whereas calcarcous nun-
noff ryozoans, harnacles, and some
mol ndicate chat the upper beyozoaa-

sponge biomicrudite is a Gulf Coast Jack-
soniaa Stage (upper Eacenc) equivalent. Be-
cause of problems correlating the Castle
Hayne Limestone to equivalent Gulf Coast
stages, the lectostratorype was dated by
spplication of the Rb-Sr glaucanite iso-
chron,

Five hand-picked glauconite concentrates
analyzed for Rb, Sr, and Sreisotopic com-
pasition yiclded an ixochron age of 34.8 +
I my.ARbE7 = [.42 X 1r"yr~') with an
witial (S¢S, ratio of L7083 £ 0.0004,
The deterntined inicial {SENSE4), ratio is in
zood agreemnent with previous estimates of
the Sr-isotopic compasition of sea water
during the Eocene. Although the age is
younger than the value of 37 muy. earlicr
propaised for the EocenclOligocene bound-
ary, it agrees swith fission-track and K-Ar
1gzs of rekeites and microtekteites, and K-Ar
rges of bentoaices and glauconites in upper
Zocene marine and nonmarine unics
hroughout the world,
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Castle Hayne Limestone in New Hanover
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Figure I,

Location of Martin-Maricea quarrey, New Hanover County, North Carolina.

Sample of Castle Hayne Limestone was collected at this quarry.

Harris and Boccino (1974), Harris (1976),
and Haeris and Baoum (1977), and in
Eurapd by Priem and others {1973), Odin
(1978), and Qdin aad othees (1978) has
demanseeated chag'glauconite ages can have
direce applicacion to conversion of the stan.
dard geologic column to a radiometrie tine
seale. In addidon, the accuracy of glaueo-
nite ages has also dewnonserated thae they
can aid,in the resolucion of prablens in cor-
relacion where faunal daca differ.

Ax a result of chese recent successful ap-
plications of Rb-Sr and K-Ar dating
methods o glauconice, the Eocene Casde
Hayne Limestone of the Noeech Carolina
Coastal Plain was selected for radiomerric

Bassler, 1920; lzcllum. 1925, 1926;
Chectham, 1961; Copeland, 196+). Brown
(1958) and Baum and others (1978} cocre-
lated the uait with both the Jackson and
Claiborne Scages; however, Brown and
others {1972) and Ward and others (1978)
correlated the unit with the Clajburnce
Stage. Therefore, because of problems in
coreelating the Casde Hayne Limestone
with equivalent stages in the Guif Coaszal
Plain or in Europe, the lectosteatorype was
examined foc diagnostic fauna and was
radiomecrically dated by applicacion of the
Rb-Sr isachron method to glaucoaites.

GEOLOGIC SETTING

and Luwmal scudy. The Casele Havae Lime- .

stone has been correlated with che Jackso-
aian Seage (Clark, 19095 1912; Canu and

lealogical Siniety uf Amncrwa Rullenn, Pare 8, v, 91, p. SK7=$92; 4 Bin, § 1able, Outober l‘iﬁl;. Dax. 0o, 0VNS,
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The Castle Hayne Limesione occucs
theoughout eastern North Carolinag how-
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ever, the unit crops our only berween the
Neuse and Cape Fear Rivers. Miller (1912)
nazgedthe unat for exposures in the viciniey
a » Hayne, New Hanover County,
N arolina. Because Miller did not des-
ignate a rype section of the Caside Hayne
Limesione, Baum and others (1978) desig-
nated the Martin-Marietta quarry, 4.5 km
northeast of Castle Hayne, the lecta-
stratorype (Fig. 1).

The Castle Hayne Limestone consists of
three units: a lower phosphate pebble
biomicruditc, a middle bryozoan biospar-
rudite, and an upper bryozoan-sponge
biomicrudite (Baum and others, 1978). As
defined by Baum and others (1978), the
Castle Hayne Limestone does not include
" the overlying Spring Garden Member of
Ward and others (1978).The phosphate
pebble biomicrudite (New Hanover
Member of Ward and others, 1978) forms a
discontinnous conglomerate at the base of
the Castle Hayne Limestone that does not
exceed 1.5 m in thickness. It is present
along the outcrop belt and is thickest where
it overlies the Rocky Point Member of the
Pcedee Formation of Late Cretaceous age.

The biyozosn biosparrudite unit discon-
formsbly overlies the basal pebble biomi-

c of the Castle Hayne Limesione, It

¢ s isolaied patches in the vicinity of
theCape Fear {ault and thickens to the
noriheast 10 a maximum of 12,2 m, where
it interfingers with the overlying bryozoan-
sponge biomicrudite. Bryozoan-sponge

bicinicrudite occurs throughout the area’

between the Cape Fear and Neuse Rivers
and is the dominant unit exposed in out-
crop. In the arca of the Cape Fear faul, it
contains numerous diastems and is locally
dolomitived (Baum and others, 1978). The
bryozoan biosparrudite and  bryozoan:
sponge hiomicrudite lithofacies are the
Comfort Member of the Castle Hayne
Limestone of Ward and others (1978).

At the lectostratotype, the Castle Hayne
Limestone is 11 m rhick; it disconformably
overlies the Cretaceous Rocky Point
Member of the Peedec Formation, and dis-
conformably underlies post-Eocene sand
and gravel or Pliocene(?) sediments (Fig. 2).
The lower contact of the Castle Hayne is
the Cretaccous-Terriary boundary and is a
regional disconflormity characterized by so-
lution pits, phosphate, and glauconite. All
three units of the Castle Hayne occur at the
Y atotypes however, the bryozoan-
Gbiomicmdhe forms the dominant
P the section, It consists of loose, un-
consolidated carbonate sediment which
contains a l-m-thick dolomitized zone
shout 1.5 m shove the disconformity that
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Figure 2.

Columnar scction of the lectostratotype of the Castle Hayne Limesione.

Sample dated in chis study was collecied from the lower part of the bryozoan-sponge

biomicrudite. Bed D is the New Hanover Member.

separates the bryzoan biosparrudite
lithofacies from the overlying bryozoan-
sponge biomicrudite lithofacies. The glau-
conite sample that was used for radiometric
*dating in this study was collected from a
2S-¢m-thick glavconite-rich zone im-
mediately below the dolomitized zone in the
bryzoan-sponge biomicrudite facics (Fig. 2).

<

-

PALEONTOLOGIC ANALYSES
AND RESULTS

The fauna of the Castle Hayne Limesione
was comsidered equivalent 10 Jacksonian
Stage (Iate Eocence) faunas of the Gulf Coast
until the publication of Cooke and Mac-
Neil's (1952) revision of Sourth Carolina
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CASTLE HAYNE LIMESTONE, NORTH CAROLINA

Tertiary stratigraphy. In that paper, Cooke
and MacNecil concluded that the lower. part
of the Castle Hayne Limestone (the basal
pebble biomicrudite and che
biosparrudite facies) in the type
area was equivalent o the Santee Limestone
of South Carolina and the middle Claibor-
nian Siage (middle Eocene) of the Gulf
Coast. The upper part of the formation (the
bryozoan-sponge biomicrudite) was corre-
- lated with newly discovered strata overlying
the Santee Limestone in South Carolina.
Fossils from these beds were correlated with
the fauna of the Gosport Sand that is con-
sidered uppenimost Clathornian in Alabama.

Cooke and’ MacNeil (1952) cited the fol-”

lowing fossils in the Castle Hayne 2s indic-
ative of Claibornian age: late Claibornian:
Crassatella alta; widdle Claibornian:
Eurhodia raveneli (= E. rugosa), Hem-
ipatagus subrostratus, and Ostrea
sellzefornus,

Species previously considered as Jackso-
nian indicators were discounted because
they were thought 10 have been misiden-
tified, or were found only at localities far
removed from the type area of the Castle
Hayne Limestone, or were known to occur
as well in Gulf Coast Claibornian units.

sresumed Castle Hayne Limesione
‘ocalities berween the Cape Fear and Neuse
Rivers. The single Clatbornian fauna listed
's from the vicinity of Fort Barnwell, Cra-
«en Counrty. Microfaunal assemblages de-
«cribed from localities in the type arca were
onsidered of Jacksonian age. LeGrand and
Jrown concluded that the Castle Hayne
-iimcstone was 3 thme-transgressive unit in
vhich deposition began in Claibornian rime
nd lasted through Jacksonian time. Brown
1958), on the basis of ostracod as-
emblages from wells in the North Carolina
:vastal Plain, recognized Claibornian and
uestionable Jacksonian strata in presumed
ubsurface equivalents of the Castle Hayne
limestone. In the southeastern counties of
‘orth Cacolina, in the vicinity of the 1ype
tca, only Jacksonian(?) strata were en-
s>untered. In the central counties, berween
ie New and Newse Riversand in the region
‘here the New Bern Formation of Baum
1d others (1978} overlies the Castle Hayne
imestone, both Jacksonian(?) and Clai-

rnisgamicrofossil assemblages were ree-
1ni he northeast, only Clithornian
(3ta ncountered.

Brown and others (1972), again primar-
1 oa the basis of ostracod ronation, bt
so wtilizing foraminiferal evidence, did

Le and Brown (1955) recognized
bot ornian and Jacksonian fora-
mini and ostracod assemblages from,

w »

not recognize any unit of Jacksonian age in
the subsirface in North Carolina, All sub-
surface sediments associared with the Casile
Hayne Limwestone or the overlying' New
Been Formation were considered Claibor-
nian cquivalents. These subsurface dara
were aot related to previously described
outcrops of the Castle Hayne Limestone,
nor were previous determinations of sub-
surface Jacksonian microfossil assemblages
{for example, Brown, 1958; Copcland,
1964) discussed.

Baum and others (1978) and "Zullo and
Baum (1979) also considered that most of
the Castle Haoyne Limesione was Chaibor-
nian but suggested thar the uppermost unit,
the bryozoan-sponge biomicrudite, might
extend into the Jacksonian Stage. The over-
lying New Bern Formation was considered
Jacksonian. Ward and others (1978) re-
garded the Castle Hayne Limestone and the
overlying New Bern Formation as Claibor-
nian cquivalents. They cited the presence of
Cubitostrea sellacformis in the basal phos-
phate pebble biomicrudite (their New
Hanover Member), of Crassatella alta, Pec-
ten clarkeanus, and P. membranosus in the
overlying biosparrudite and biomicrudite
lithofacies (their Comfort Member), and of
Crussatella olta, Macrocallista newsensis
(Harris), and Bathytormus protextus (Con-
rad) in the New Bern Formation as evidence
of Claibornian age.

Cheetham (1961) argued for a Jackso-
nian age for the Castle Hayne fauna. From
a hiostratigraphic analysis of 155 cheilos-
tome bryozoan species desceribed by Canu
and Bassler (1920) from the type area of the
Castle Hayne Limestone, Cheetham con-
cluded that a late Jacksonian age was indi-
cated. He also suggested thar such previ-
ously dctermined Claibornian indicators,
such as Crossatella alta and Cubitostrea
sellzeformis were misidentificd, as these
identifications were hased on molds, casts,
or juvenile forms. Zullo (1979), in an
analysis of the barnacle fauna from the
bryozoan biomicrudite facies,. concluded
that the majority of species, including Ar-

coscalpellum jacksonense, Euscalpellum n.
sp., and Solidobalanus n. sp. A, were in-
dicative of Jacksonian age. The remaining
species were undiagnostic. Studies on cal-
carcous mannofossils from the bryozdan-
spange  biomicrudite unit of the lectos-
tratotype by Turco and others (1979) and
by Worsley and Turco (1979) indicated
that this unit is assignable 1o zones NP-19
and NP-2(),, or Jacksonian, Worsley and
Turco abo noted the presence of zone NP-
18 nannofossils from an solated ouciop
near Newton Grave, Sampson County; the
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NP-18 zone is considered basal Jacksonian
(Bybell, 1975). R

As noted by both Cheetham (1961) and
Brown (1963), and as evidenced by the
paleontological discussion, the relative age
of the Castle Hayne Limestone is as much
disputed now as it has always been. The
lack of conformity of opinion is a result of 2
complex of factors. The Castle Hayne fauna

is highly cndemic, although it has been .

suggestd that some so-called endemics may
be conspecific with Gulf Coast species (for
example, Ward and others, 1978). The
value of some species that do appear to af-
ford an opportunity for interregional corre-
lation is lessened because of -doubts con-
cerning their identification and strati-
graphic range both in the Atlantic and Gulf

.Coastal Plains, and because of the lack of

updated systematic treatments of the genera
or species groups to which they are as-
signed. Another major factor contributing
10 the dispute is the ovenvhelming tenderfcy
to include the Sanice Limestone (in the
broadest sense) of South Carolina in 2ny
discussion of the age of the Castle Hayne
Limestone.

Although depositional environments rep- |

resented by Paleogenc scdiments in South
Carolina are similar to those in North
Carolina, it is pot correct to presume that
similar sediment types in the two regions
are contemporancous. It has leng been rec-
ognized that Cretaceous and Teriary dep-
osition in the Carolinas has been influenced
by episodic'movement 2long the Caje Fear
fault (for example, Stephenson, 1912;
Richards, 1950; Baum and others, 1978).
More recently, it has been demonstrated
that additional structural clements (*Santee
fault,™ Neuse fault, Graingers wrench zone,
Carolina fault) have affected Cretaccous
and Cenozoic intrabasinal sedimentation in
the Carolinas (Brown and others, 1972;
Baum and others, 1978; Harris and others,
1979; Zullo and Harris, 1979). The net re-
sult of these discoveries is to emphasize the
fact that the stratigraphic column cannot
be interpreted merely in terms of custartic
transgressive-regressive cycles on a passive
foreland. Rathe, it is elear that the effects
of eustatic sca-level change were specifically
maodified by rectonism.

Lithologic similaritics between the Castle
Hayne and Saniee Limestones reflect re-
gional palecogeography. The absence of
clastics and the prevalence of calcarcous
bank deposits suggest a broad, low-lying
forcland over which the sca transgressed

rapidly, and an adjacent hinterland of low |

relief .whose sluggish streams transported
little sediment to the sea. Individual deposi-
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TABLE 1. Rh.S¢ ANALYTICAL DATA FOR THE EOCENE CASTLE HAYNE
LIMESTONE, LECTOSTRATOTYPE, NEW HANOVER COUNTY, NORTH CAROLINA

Ss Rb {ppm) Se {(ppm) Rb* 5 (Sr"'lSr"),\'
NN T 202,08 13.39 43.77 - 0.7301
NM M 195.91. 26.85 21,14 0.7182
LMAMII00KF 199,80 29.66 19.52 0.7188
MMI0HT 189.78 S0.25 10.94 0.7138
MMIZ0HF 196,96 1v.38 | ' 29.31 0.7223

ole 70a, K-feldspar, the one-standards
deviation experimental errors are & (.0008
for the SP*ISE™* and 1.0% for the RE* /S
:3tios.

The S¢¥iSe™* values in Table | have been
wrmalized to S©%SP™ = 00,1194, The value
:bained from the Massachuscus Institute
» Technology standard Eimer and Amend
:arborate sample during the period of
inalyses way (SP¥ISP®h = 0.7090. The
sochron age was calculated using the re-
ently proposzd decay constant of ARDY =
1,42 % 107"y r™" (Steiger and Jager, 1978).
The Rb-Sc mass specirometry was per-
‘vrmied with a single-focusing, 12-in.,
siple-filament mass specirometer. Dam
vere collected and anal) zed with a Nuclide
JdAICS--awroination and data-reduction
‘onipuler system.

Th lts on the five glauumm. samples
-.avcm(alcuhtcd as an isochron age
1sing) ast-squares regression method of
‘ork (1966). The isochron plot for the five
stauconite samples indicates an age of 34.8
£ 1 m.y. for the Eocene Castle Hayne
Jdmestone with an initial (SP°ISE*), =
).7083 + 0.0004 (Fig. 4).
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DISCUSSION AND CONCLUSIONS

Funnell (1964), Berggren (1972), and
Hardenbol and Berggren (1978) placed the
Eocene-Oligocene boundary berween 37.5
and 37 avy. on the basis of a compilation of
various’ age types. However, the volcanic
ages of Evernden and others (1964), the

-
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in North Amcrica and East Africa place the
Eocene-Oligacene boundary beeween 33.9
and 37.5 m.y. (Evernden and others, 1964).
In addition, Tarling and Mitchell (1976)
used isotopic age deierminations of sedi-
ments overlying oceanic magnetic
anomalies 10 suggest that the “probable
stratigraphic age ..." for the Eocene-
Oligocenc boundary is close 10 35 m.y.
Several conclusions may be drawn from
this study. An. abundance of published
radiometric ages of glauconite, tcktites and

, microtektites, and volcanics indicates that

the Eocene-Oligocene boundary is closer to
33 than 10 37 m.y.; this age is supported by
the 34.8 m.y. isochron age of the Castle
Hayne Limestone. Secondly, the glauconite
isochron method can provide accurate ages

ghwconite ages of Ghosh (1972) and of for conversion of the standard geologic col-
Odin and others (1978), and the microtck- umn to a radiometric column. Although
tite ages of Glass and others (1973) and  many Rb-Sr glauconite ages may be young
Glass and Zwart (1977) indicate a much because of the preferential loss of radi-
younger age for the boundary, between 33 ogenic Sr relative to Rb* (Thompson and

CASTLE HAYNE LIMESTONE

MW 1=100HF

and 35 m.y. Odin and others (1978) de-
termined’ glauconite ages of marine se-
quences in England (type Barton beds) and
in Germany and suggested that the age of
the Eocene-Oligocene boundary was about
33 my. In marine sequences in North
Amcrica, Glass and others (1973) and Glass
and Zwart (1977) considered the Focene-
Oligocene boundary less than 34.2 w0 34.6
m.y. on the basis of microtckiite ages; this
conclusion is supported by the glauconite
and bentonite ages of Ghosh (1972) from
marine ‘exposures in Mlsslsslppl and
Ahh'nnP Data from nonmarine sediments

MME=OORT */

MMI=IONF

I1H|-‘°°Nll

T=34.8 £ 1 m.y.
(Sr87/$r86)°- .7083%,0004

"0 3 20

Figure 4.

s do0 38 a0 L3

AL 82//Sr 2a¢ -~

Plot of (Se"%15e), versus RBMISH

* for glavconites from the Casile Hayne

imestone, New: Hanover County, North Caroling,
. ' L

Hower, 1973), the agreement of the Rb-Sr
isochron age of the Castle Hayne Limestone
with published ages from Europe, Africa,
and North America indicates that this is not
a problem in this study. -
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Rb-Sr glauconite isochron of the Eocene Castle Hayne
estone, North Carolina: Discussion and reply

Discussion

GARRY D. JONES* Geology Department, University of Delaware, Newark, Deloware 19711 -

Harris and Zullo's (1980) recent paper is an important step in
the collection of evidence needed for correct positioning of the
Castle Hayne Limestone within the Cenozoic time scale. The
authors mention in the abstract that the “planktic foraminiferal
fauna . .. suggesi(s) that the entire formation should be correlated
«with the Gulf Cezst Claibornian Stzge (middle Eocene).” Nowhere
in the text do Harris 2nd Zullo cite cither the planktic foraminiferal
evidence or a reference to such evidence, This discussion is 2n effort

s nd Ciscuss the planktic foraminiferal evidence based on data

Ph.D. disseriation (Jones, 1981) on the lower Claibornian

rocks of the North Carolina Coastal Plain. In sddition, the

czlcarecus nannoplankion 2ges cited by Woisley and Turco (1979)

for the Castle Hayne Limestone as defined by Baum and others
(1978) are discussed. ‘

Samples of the bryozozn bicsparrudite and bryozoan-sponge

biomicrudite facies of the Castle Hayne Limestone (=Comfornt

fember of Ward and others, 1978) were coliccied from the lecto-
stratotype of Baum and others (1978) at the Manin Marietta
Quarry, Castle Hayne, North Carolina (Figs. 1, 2). In addition,
samples of the same two facies were collected from the lectostrato-
type of the Castle Hayne Limestone of Ward and others (1978) at

the Tdeal Cement Company Quarry (Figs. 1, 2). All sampies fiom |

both lectostratotypes yielded diverse populations of planktic fora-
minifera, Collectively, the species identified include: Truncorota-
loides 1ogilensis (Cushman, 1925); 7. rohri Bronnimann and
Bermudez, I953;‘Globigerina1h¢-ka mexicona mexicana (Cush-
man, 1925); G. mexicana kugleri (Bolli, Loeblich, and Tappan,
1857); G. mexicana barri (Bronnimann, 1952); Aforozovella spinu-
losa (Cushman, 1927); M. lehneri (Cushman and Jarvis, 1929);
Tutborotelia cerroazulensis froniosa (Subbotina, 1953); 7. cer-
roazulensis pomeroli (Toumarkine and Bolli, 1970); Subbotina
linaperta (Finlay, 1939); S. eocaena (Gumbel, 1868) s.l.; Pseudo-
hasiigerina micra (Cole, 1927); P. sharkriverensis Berggren and
Olsson, 1967; Accrinina pentacomerata (Subbotina, 1947); and

RC1crent address: Union Oif Company of California, P.O. Box 76, Brea,
i2 92621,
"B articlc discussed appearcd in the Bulletin, Port I, v, 91, p. 587-592.

Planorotalites renzi (Bolli, 1957). The overlapping ranges of these -
species provide the evidence for placing the entire Castle Hayne
section above the phosphate pebble biomicrudite (=New Hanover
Mecmber of Ward and others, 1978) at both lectostratotype locali-
ties within the upper Globigerinatheka subconglobata Zone, P 11,
and the Aforozovella lehneri Zone, P 12 (Stainforth and others,
1975; Hardenbol and Berggren, 1978). In addition, 2 split of the
sample used in Harris and Zullo’s Rb-Sr 2nalysis was kindly pro-
vided by the authors (Fig. I). It yicided the s2ame upper P 11 2and P
12 zone determination, Furthermore, outcrop and core samples of
the bryozoan-sponge biomicrudite and bryozoan biosparrudite-
facies collected from nine couniics in North Carolina have all
yiclded middle Eocene ages that include the upper P 11 and P 12
zones (Fig. 2). A few samples with low numbers of planktic forami-
nifcral specics yicided age determinations consisting of all or most
of the zones in the middle Eocene (P 10 through P 14). Most szm-
ples, however, have diverse planktic assermblages and yiclded upper
P 11 2nd P 12 zonzl determinations, thus correlative with the lower
part of the Clzaibornian Stage of the Gulf Coast which is equivalent
to zones P 11, 12, 13, 14 (Huddieston and others, 1974). .
As discussed by Harris and Zullo, Worsicy 2nd Turco (1979)
znalyzed lower Tertiary calcareous nannofcssils from various loca-
tions in the North Carolina Cozsial Plain. Rare Zygolithus dubius
and Chiasmolithus grandis fiom the lower half of the lectostrato-
type of the Castle Hayne Limestone of Baum and others (1978)
suggested corrclation with zone NP 20. A nz2nnoflora similar to that
from the lectostratotype was identified from Natural Well, Duplin
County, and suggested correlation with the upper NP 19 and lower
NP 20 zones. In the Evans no, I well, Onglow County, Worsley and
Turco (1979) seporied the consecutive, local extinctions of C. gran-
dis, Discoaster saipanensis, Cyclococcolithina formosa, and Reticu-
lofenestra’umbilica as suggestive of a continuous sequence of zoncs
NP 19-23, although the presence of Sphenolithus pseudoradians
suggested the base of the section may be as young 2s 2one NP 20.
An outlier of Castle Hayne Limestone in Sampson County Yyiclded
S. pseudoradians and a form intermediate between Z, Jubius and
Isthmolithus recurvus, which suggested coriclation with zone NP
18. The local extinctions of these marker species could be duc to

Geological Society of America Bulletn, v. 93, p. 179-183, 2 ﬁss., February 1982,
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Figure 1. Simpli{ied composite sections of the lectostratotypes of the Castle Hayne Limestone 2s proposed by Bzum and others (1978)
and Ward and others (1978). Arrows indicate sample focations of this study.

changing environments or dissolution rather than a result of evolu-
tionary events. Furthermore, all of the calcareous nannofossil spe-
cies listed above have world-wide stratigraphic ranges that extend
down into the middle Eocenc (Martini, 1971; Haq, 1978; T. R.
Worsley, 1981, personal commun,). Although some of the calcare-
ous nannofossil evidence suggests, to Worsely and Turco, an upper

ta do not include specics whose world-wide straligrapﬁic ranges

Gccnc age for some localities of the Castle Hayne Limestone, their

egin above the middle Eocene,
A sample of bryozoan-sponge biomicrudite racncs (PC-3, F|g
2) collected by me but not studied by Worsley and Tuico (1979)
yiclded a diverse nannoflora, including S. radians. Rhabdosphacra

gladius, and S. furcatolithoides, suggestive of zone NP 15, middle
Eocene (T. R. Wossley, 1981, pcrsonal commun.). This facics may
not be contiguous with the lectostratotypes in New Hanover
County.

As stated above, an upper P II and P 12 zonal determination
has been obtained for widely spaced samples of the Castie Hayne
Limestonc ftom both outerop and subsurface sections, throughout
the North Carolina Coastal Plain, The zonal determination is based
partly on species whose world-wide stratigraphic ranges are re-
stricted to the middie Eocene. Planktic foraminifera with strati-
grzphic ranges beginning above the middie Eocene have not been
identified from the Custiec Hayne Limestone (Jones, 1981). Thus,

L]



pc-3 ¥
\ &

1AP KAGDIFICD FROM: Y PENDER

SAUNDERS {1958) \,

BROWH, MILLER A4D SWAIN (1872) ) '

@ ‘\'7-\‘\
\ ;
. 'd
]

CXPLANATION

——— COURTY UNE .
—--— STATE LINE
() CASTLE BAYNE LILASSTONE QUICROP

e SAMPLE tOCATION

CHNMN CASTLE HAYRE MAARTIN MARIETTA
QUARRY
ICC IDEAL CENMENT CONPANY QUARRY

320
PC-3 PEXDER COUNTY OUTGAOP
8 KM 50
v . 770
1

Figure 2. Areal distribution of outcrops and near-surface outcrops of the Castle Hayne Limestone and s2mple locations of this study.

the planktic foraminifera prove the middle Eocenc age of the Castle
Hayne Limestone, and the calcarcous nannofessil data can be
interpreted as being consistent with such an age.

Harris and Zulio's (1980) Rb-Sr age for the Castle Hayne
Limestone, therefore, appears to be too young 2nd does not support
their conclusion that the glauconite isochron method can provide
accurate ages for conversion of the standard geologic column.
Rather, their data support Thompson and Hower (1973) who pre-
sented evidence indicating that Rb-Sr glauconite ages may be young
tecayse of preferential loss of radiogenic Sr relative to RbY,
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We thank Garry D. Jones for his 1ecent discussion of our paper
(Harris 2nd Zullo, 1980), and we ure pleased that it further empha-
sizes one of our major siatements—{rom biostratigraphic data, the
relative age of the Castle Hayne Limestone is equivocal, The mzjor
purpose of our paper was to provide an aliernative meihod for
relative correlation of the Castle Hayne Limestone 1o the standard
Gulf Coast Eocene sections, and to determine the feasibility of 1the
Rb-Sr glauconite isochron in solving coriclation problems where
faunal data are in conflict. We have achieved this purpose as fur(hcr
indicated by the Discussion of Jones. ’

Jones suggested that we should have fully discussed and dcvcl-

oped the planktic foraminiferal evidence which indicates that the,

Castle Hayne Limestone correlates with the Gulf Coast Claibornian
stzge. As this information has not been published and was only
made aware to the authors through personal communications with
Jones, Paul Huddleston, and other workers, it was not our purposc
to discuss unpublished biostratigraphic data. Rather, interested
readers were made aware of the published foraminiferal evidence
through teference to LeGrand and Brown (1955) and Brown and
others (1972).  ~
Jones provided a collective list of the planktic foraminifera
that he has identified from the Castic Hayne Limestone; however, a
list of species which are not figured does not “prove the middle
Eocence age of the Castle Hayne Limestone.” In addition, a discus-
of “the planktic foraminiferal evidehce based on data from 2
w. dissertation in progiess . . . on the lower Clsibosnisn rocks
¢ North Curolina Coastal Plain™ is a preconceived conclusion
made prior to completion of and critical review of the work, Paul
Huddlestun (1981, personal cominun.) has examined numerous
planktic foraminiferal scdimenis fiom the Castle Hayne Limestone

-

Department of Earth Sciences, University of North Carolina at Wilmingion,

and has placed the unit approximaiely in Blow's P13 zenc (upper
laibornian). He has further suggested that some of the specics or
their ranges preseated by Jones (sce his Discussion zbove) 2s indica-

tive of zones P11-P12, 25¢ problematical. For example, Huddlestun -

suggested that Turbororalia cerroazulensis frontosa (Subbotina,
1953) and Globigerinatheka mexicana mexicane (Cushman, 1925)
do not occur together in the standard Gulf Coast Clzibornian strat-
otypes. Rather, T, cerroazulensis froniosa occurs in the Tallahatta
Formation (P10-P112), and G. mexicona mexicana occurs in the

Lisbon Formation (P13= Cubiiostrea sellacformis zonc). As Hud-

dlestun has never recognized 7. :erroa-ufenmfranlasa or Acarm-
ina pemacameram (Subbonna 1947) in the Casue Hayne Lime-
stone, Hie also questions their occurrence there. He further suggests
that the absence in Jones' (1981) species list of Globororalio bull-
brooki Bolli, G. crassata, G. crassula, G. densa., G. rotundimargi-
nataand G. spinuloinflata (Stainforth and others, 1975) which are
common to abundant in middle Eocene deposits, indicates a prob-
lem in the planktic foraminiferal data. This further emphasizes the
conflicting biostratigraphy of the Cagtle Hayne Limestone de-
scribed in our paper.

The argument that Worsley's and Turco's (1979) nannofossil
study of the Castle Hayne Limestone does “not include species
whose world-wide stratigraphic rdnges begin above the middle
Eocene™is incorrect. Worsley and Turco (1979) reported 19 selected
lower Tertiary nannolossils ftom the Castle Hayne Limestone.
Thice of their lisied species are world-wide stratigraphic indicators
which unequivocally have ranges beginning above the middie
Eocene | Chiasmolithus oamaruensis, Sphenolithus pseudoradians,
and Hcelicopontosphaera reticulosa, (T. R. Worsley, 1981, personal
commun.)]. Of the seven species discussed by Jones, all but one




DISCUSSION AND

(Sphenalithus pseudoradions) do huve ranges beginning below the
upper Bocensy evever, when oniy selecied species aré disvussed
and not cntire ascemblages, any conclusion shout age can be diawn,
leaddilion, Junes suggests that because many Eovene nsanofossil
arc oaly locally recognizabdle, selective dissolution or local
onmcental canditions have negated the usefulness of nannofos-
sil biostratigruphy in the North Carolina Couastal Plain, It appcars
that Jones belicves that planktic foraminifera are the only reliable
biostratigraphic 100l, wheicas it is possible 10 advunce the same
arguments 1o explain the discrepancies in the planktic foraminiferal
evidence, Accordiag to T. R, Worlsey (1981, personal commun.),
the nannofossil 2ssemblages arc pieserved consistently in their
proper evolutionary scquence, therefore, Jones® argument that the
paucity of these marker species is related to local extinctions of
selective dissolution is not supported by the data, Calcarcous nan-
nofossil datx suppert an vpper Eocene zge for the Castle Hayne
Limestone at the lectostratotype and are not consistent with a mid-
dle Eocence age.

Suggesting that lhc Rb-Sr isochron age of the Castle Hzync
Limestione is too young because of preferential Joss of radiogenic
S:87 suggests unfamiliarity with the literature, particularly in light
of the numerous age determinations on units from other parts of the
weiid which suppoit the age (see discussion in Harris and Zullo,
1989, p. 591). In addition, recent Rb-Sr glauconite isochron ages of
Eocene strata (rom South Carolina support the age of the Castle
Hayac Limestone. Fullzgar 2nd others (1980) reported 2ges from
the tpper Szntee Limestone of Bauin and others (1950) (= Cubitos-
trec sellocferniis zone) of 36.7 2 0.6 m.y. znd the Cross Formation
of 34.12 1.5 m.y. The 1estricied Santee Limestone of Baum and
(1980) is cansidered to represent calcaccous nannofossil
P16 and NP7 (Hzzel 2and others, 1977), and the Cross
h ion of Bzum znd oihers (1580) nannofossil zones NP18,
NP19, and NP20 (L. M. Bybzll, 1978, personal commun.). There-
{ore, recent Eocene age determinations from other parts of the
socutheastern Atlantic Coastal Plain support the age of the Castle
Hzyne Limestons reported by Harris and Zulio (1980) and provide
further evidence that the Rb-Sr glauconite isochron method can
provide zccurate ages for conversion of the standard geologic

\\’

ot

Numerous lithofacics that transgress time have been included
in the Castle Hzyne Limestone, cach with theic own distinctive
faunzl and floral 2ssemblages. Until derailed lithostratigraphic rela-
sjonskips of ull facies zssigned to the Castle Hayne Limestans as
vell es the Encens have heen determined, probiems wili exist in the
biostratigraphic daza, If the complexity of Casue Hayne facies is

N
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not recognized, then any conclusions about correlation of sedi.

‘meats considersd to e crguivalvat fo 3t ot jocaiities other than the

lectostratotype, are premuture, For example, Jones (1981) appar-
ently docs not recogrize that the lcctostratotype of the Castle
Hayne Limestone proposed by Baum and others (1978) contains
differcent lithofucies than the Jectostratotype proposcd by Ward and
others {1978). Also, with no detiiled information on the exact local-
ity or harizon in which Jones coliccted ssmples for study, collective
lists of fauna ftom dlf erent Joczlities are uscless.
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ABSTRACT .
The biostratigraphic and chronostratigraphic position of the Comfort Member of
Qhe Castle Hayne Formation has been the subject of much debate. At the Martin-

"

Marietta quarry at Castle Hayne, New Hanover County, North Carolina, the planktic

/ foraminifers indicate an age no older than the Globorotalia possagnoensis Zone of

Toumarkine and Bolli (1970) (which apbroximates the upper part of the Globo‘gerinatf&a

subconglobeta and Globorotalia lehneri Zones as used by Stainforth and others (1975)) and

no younger than the Globorotalia pomeroli Zone (which approximates the Ocbulinoides

beckmanni Zone). The calcareous nannofossils indicate an age no older than the

Coccolithus staurion Subzone of the Nannotetrina quadrata Zone of Bukry (1978) and no

younger than Bukry's Discoaster bifax Subzone of the Reticulofenestra umbilica Zone.

The dinocyst data indicate placement in the upper part of the szselovna coleothrypta )

Zone of Costa and Downie (1976) All of these zona] units are conszdered to be within

the middle Eocene and, based on the time scale used in the present model, indicate
@placement in the time intecval between 42.1 and 45.3 megaannums (Ma.). The samples in
this study bracket the bed from which Hacris and Zullo (1980) obtained a Rb/Sr isochron

age of 34.8 + 1.0 Ma. This date is clearly in error and cannot be used to date the

Comifort Member.




INTRODUCTION
Miller (1912) named the Castle Hayne Formatlen for the limestone exposures near
@astlc Hayne in New Hanover Cofxnty, Nortl‘l Carolina, but did not designaie a type
locality. Recently, in nearly simultaneous publications, Ward and others (1978) and Baum
and others (1978) sought to correct this deficiency. Ward and others (1978) designated
the exposure at the Ideal Cement Co. quarry at Castle Hayne as the lectostratotype and
divided the formation into three members: the Ne\;f H‘anover Member, a phosphatic
llthocalclrudite; the Comfort Member, a bryozoan-echinoid calcirudite; and the Spring
Garden Member, a molluscan mold biocalcirudite. Baum and others (1978) chose 'the
exposure at the Martm Marietta quarry near Castle Hayne (hereafter referred to as the
Martln-Marietta quarry) as the lectostratotype and divided it into three informal units, a .
biomlcrudite (the ;\lew Hanover Member of Ward and others, 1978), a bryozoan
bicsparrudite, and 2 'bryozoan:-sponge biomicrudite. 'The latter two lithologies constltute_
the Comfort Member of Ward and others (1978). Baum -and others (1978) considered the
oring Garden Member of Ward and others (1978) to be a separate formation; the New
Bem Formation. Figures | and 2 give the location and section at the Martin-Marietta
quarcy; the nomenclature follows Ward and.ot.hers (1973).
. The biostratioraphic and chronostratigraphic position of what is now referred to as
the Comiort Member of the Castle Hayne Formation has been the subject of much
debate. Tradl uonally, lt has been‘ r:onSLdered correlatzve thh Gulf Coast units assxgned
~ to the provmcxal Jacksonian Stage, whlch .ls generally equa ted with the fate Eocene
‘/ (Clark, 1909; 1912; Canu and 5assler, 1920 Kellum, 1925 1926 Cheetham, 1961
Copeland, 1964). However, Cooke and MacNeil (1952) and later, Brown and others (1972) 2
concluded that beds now 1ncluded in the Comfort Member of the Castle Hayne are
en urely of Claxborman age, whlch is generally equated with the middle Eocene.

Recently, Baum and others (1978) and Zullo and Baum (1979) suggested that the

olppermost bryozoan-sponge biomicrudite of the Comfort Member may extend into the



oni Stage. Ward and others (1978) considered the entire Castle Hayne Formation,
din&

ir uppermost Spring Garden Member, to be Claibornian. Turco and others

) and Worsley and Turco (1979) presented evidence from calcareous nannofossils to

ort an age determination of late Eocene.

r:\ new dimension was added to the controversy by Harris and Zullo (1980). They
:ined glauconite samples from the Comfort Member of the Castle Hayne at the
-tin-Marietta quarry, New Hanover County, N C. and dated these using the Rb-Sr
chron technique. An‘isochron of 36.8 +1.0 Ma (megaannums) was obtained. In view of
: conflicting paleontological res;:lts, they used this isochron to suggest e late Eocene

2 for the Comfort Member and also advance the hypothesis that fhe Eocene-Oligocene

undary is close to 33 Ma. ‘

In 2 discussion of the Harris and Zullo (1980) paper, Jones (1982) stated that the

.oy Member contzins a planktic foraminiferal assemblage inconsistent with a late

.ocene age. Because Harris and Zullo (1980) themselves stated that many Rb-Sr
Jjauconite ages may be too young because of the preferential loss of radiogenic Sr
elative to 87Rb, Jones concluded this was the more likely altemative. He also stated

hat the nannofossil data of Worsley and Turco (1979) (could be consistent) with a middle

-~

: TIPI see?
“ocene age. hiedatyy petc wlhs o

The present study is based on the exammatxon of mlcro;ossus (p!anktxc
oraminifers, calcareous nannofossxls, and dxnoﬁagenates) from the Comfort Member of E
he Castle Hayne at the Martin- Manetta quarry, both above and below the horxzon of
iarris and Zullo's (1980) glaucomte materzal (Fig. 2). The purpose of t‘ns paper is to
letermine the age and correlanon of the Comfort Member at this !ocahty The data
how that the Comiort there is of mxddle Eocene age; there*’ore the Rb-Sr 1sochron age
w.s Ma (Harris and Zullo, 1930) is about 10 Ma too young and has no direct bearing on

1ding an age estimate for the Eocene-Oligocene boundary.

- — s v 3 . o s O——
.







Plankti.c Foraminifera

Table 1 shows the distribution of planktic foraminfers in five samples from the

@Comfcrt Member at the Martin-Marietta quarry. The lowest foraminiferal sample

/

/

4

(CHMM-3 at 5.5 m) contains [% planktic species. The presence of Globigerinatheka

mexicana mexicana {(Cushman, 1925) indicates a chronostratigraphic placement no older

than the Globorotalia possagnoensis Zone of Toumarkine and Bolli (1970) and the

presence of Globorotalia frontosa (Subbotina, 1953), which defines the top of the G.

possagnoensis Zone, places the sample in that zone.

Sample CHMM-Glau. was taken from the bed that Harris and Zullo {(1980) obtained

the glauccenite for their analysis. The presence of Planorotalites renzi (Bolli, 1957),

Truncorotalites topilensis (Cushman, 1925), T. rohri Bronnimann and Bermurdez, 1953,

and Morozovella sp‘inulosa coronata (Blow, 1979) indicates a middle Eocene age.

According to Blow (1979, p. 1017) M. spinulosta coronata does not occur as high as the

youngest micddle Eocene. The a%emblaée at 11 m (CHMM-1) is virtually the same; the

Tefkcaundq
esence of Aczreaina | mconsplcua (Howe, 1939) is aunher evidence of a middle Eocene

age. The highest forammzferal sample, CHAMM-2 at 15 2 m contzins virtually the same

assemblage as CHMM-1. | -

The foraminifefal data indicate that the Comfort Member at this quarry is of

mxddle Eocene age. It is no older than the Globorotaha possagnoensns Zone of " ,

.y [

Toumarkme and Bolli (19/0) whnch approxxmates t‘\e upper Globxgermatheka ._

stbconglobatz and Globorotaha lehnen Zones as used by S»amfonh and others (1975).

The lower sample exammed represents the Globorotaha possggnoens;s Zone, the

remainder of the Comfort could represent this zone or the younger Globorotalia pomeroli

L3

Zone. The presence of Morozovella spinulosa coronata precludes an age assignment

younger than the Globorotalia pomeroli Zone, which ap;lbéoximates the Obulinoides

beckmanni Zone as used by Stainforth and others (1875) {(see Toumarkine and Bolli, 1970;

@w, 1979).

.-




Calcareous Nannofossils
0 Table 2 is & list of the calcareous nannofossils found in the Com{ort Member.

The lower sample contains Chiasmolithus solitus (Bramlettie and Sullivan, 1961)

Locker, 1963, whose last appearance defines the boundary between the Discoaster

saipanensis and Discoaster bifax Subzones of the Reficulofenestra umbilica Zone of

Bukry (1978). Also present is Campylosphaera dela (Bramlette and Sullivan, 1961) Hay .

and Mohler (1967), which last appears shortly before the last Chiasmolithus solitus.

Dictyococcites scrippsae Bukry and Percival, 1971, also occurs in this sample; this

species has its first appearance datum at or very close to the last appearance datum of

Chiasmolithus gigas (Bramlette and Sullivan, 1961) Hay, Mohler, Wode, 1966, which " -

defines the top of the Chxasmohthus gigas Subzone of Bukry (1978) Thus, the Iower '

Cornfort represents the middle part of the middle Eocene and the Coccohthus staurion .

Subzene of the Nannotetrina quadrata Zone and/or the Discoaster bifax Subzone of the .

@eticulofenestra umbilica Zone of Bukry (1978). Bukry (1978, p. 56) censiders these two

subzones as correlative with the upper part of the Na nnotetrna alata Zone (NPIS)

through Discoaster tani nodifer Zone (NP16) of Martini (1971).

Calcareous nannofossils are less diverse and more poorly preserved in the upper.

part of the Comfort. i However, the presence of Campylosphaera dela in R2204E ,

indicates an age no younger than mlddle Eocene, probably no younger than the Discoaster

¥

bifax Subzone of Bukry (1978)

The nannoflora in the Comfort at the study site prov:deéevxdence that the unit 1s E

of middie Eocene age and can be ass:gned to the chronozone of the Coccohthus staunon

-

and/or Dzscoaster bifax Subzones of the middle part of the mxddle Eocene.

_ Dinoflagellates ’
' the  pleuder
0 Table 3 lists the occurrence of dinoflagellate cysts in'\ComfortAat the study




:aﬁi The flora indicates bxostratxgraphxc placement in the upper (mldd!e Eocene)

0t f Costa and Downie's (1976) Kisselovia coleothrypta Zone. -The first appearance

! Rhombodinium draco Gocht; 1955, defines the base of Costa and Downie's overlying R.

raco Zone; this species is notably absent in the Comiort.

On the basis of the dinocyst evidence, the Comfort correlates with the upper

sracklesham in Engl-and. The presence of Areosphaeridium dictyostilum (Menendei,

1965) Sarjeant, 1981, senior synonym of A. arcuatum Eaton, 1971, indicates that the

Zomiort is no older than the upper Bracklesham B-& assemblage of Eaton (1976) and

3ujak and others (1930). The Comfort does not appear to be as young as the basal

-

Barton, in which the base of the R. draco i is found The jomt occurrence of Pentadinium

goniferum Edwards, 1982 and Fentadlmum poljpodum Edwards, 1982 suggest correlation -

in@ting to note that the coleothrypta/draco zone boundary occurs in the upper'part of
the

sport Formation of Alabama.) The vdino«flora compares favorably with the flora

-

‘cited by Chateauneuf (1980) from the upper Lutetian/!ower Auversian of the Paris Basin:

Biostratigraphic Conclusion
The combmed r'ucrofosszl data lead to the conclusxon that the Comiort Member of

the Castle Hayne Formatzon at the Martin-Macrietta quarry, at a maxxmum, is no older

than the Coccolithus staurion Subzone of the Nannotetrina quadrata Zone or the upper .

Globorotalia possagnoensm Zone. Further, the unit m not younger than the Discoaster

" -‘n.

bifax Subzone of the Retlculofenestra umblhca Zone or the Globorota!xa pomeroh Zone.

Figure 3 (modified from Hazel and others, in press) xs a chart showmg the _

correlation of Midwayan, Sabinian, and Claxborman strata from three areas in the .

astal Province. The chartis based on a bxostratxgraphxc, magnetostratlgraphxc and -
ometric model developed by us in Wthh ixrst appearance and last appearance

datums for calcareous nannofossils, planktxc forammxfers, and dmoﬁagellates are

with the upoer pact of the Lisbon Forma’tiown or the Gosport Sand of the Gul.f Coast. (Itis

-tm e .
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calibrated to each other, to Paleogene magnetic anomalies, and to time. Insufficient

data are available at the present time to present an entire column {or southeastern North
arolina; however, the maximum biostratigraphic and magnetostratigraphic position of

the Comf{ort Member iIs indicated by the shaded band.

The model indicates that the Coccolithus staurion Subzone to Discoaster bifax

Subzone intervalwcorrelates with the reversed inter;/a! between'magnetic anomalies 18
and 19 to the lower part of anomaly 20. Ness and others (1980) give an age for the base
of anomaly 183 of 41.832 Ma and an age of 45.18 for the base of anomaly 20. On the time
scale developed for the USGS model this interval is between 42.1 and 45.3 Ma.

The combined dinoflagellate (tab. 3) and molluscan assemblages (which includes

Crassatella texanus Heilprin, 1850 Pboladomya claibornensis Aldrich, 1886 and Pecten

membrancsus Morton 1834) of the Comfort at the Martm Manetta quarry strongly

suggest correlat:on of the Comfort w1th the uppermost part of the Lxsbon Formation of -.

" Alabarna. This in tumn suggests that the Comfort falls in the chronozone of the lower -

@art of the Discoaster bifax Subzone and the lower part of the Globorotalia pomeroli

Zone. This level is calibrated to time at about 4.3.0 Ma.

The 34.8 +1.0 Ma isochron age for the Comfort Member of the Castle Hayne
Formation (Harris and Zullo, 1980) is clearly in error. It has no bearing even on the age
oi the middle Eocene.-upper Eocene boundary (39 6 to I;O 4 Ma dependmg on paleontolog:c

s ,-=
«? e, W e e

definition), much less the Eocene-Ohgocene boundary. '_ e o L e,
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. Locality map of eastern North Carolina showing the location of the Martin-

etia quarry near Castle Hayne, New Hanover, County.
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- L New Huhc.-n (‘cu-c(a'.

gure 2. Section at the Martin-Marietta quarry,dLithostratigraphic nomenclature is

o

after Ward and'others (1978). Location of samples used in this study is indicated by

@ arrows. R coded samples were examined for calcareous nannofossils and

dinoflagellates. CHMM éa}mples were examined for foraminifers.
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LEZE JAMES OTTE. Pe:rolégy of the exposed Eocene Castle Hayne Limestone
of North Carolina (under the direction pf DANIEL A. TEXTORIS)

AESTRACT ..

The Eocene Czstle Hayne Limestone crops out on the southern half

PRI

of the North Carolina Ccastal Plain. The major outcrop belt, marking

the updip limit of continuous rock, is 160 km long and up to 24 km

wide, striking southwestward through southern Pitt, western and central

»

Craven, western Jones, central Onslow, central Pender, northwestern New
Hanover, and possibly southern Brunswick Counties. Outliers, erosional
remnants presexrved in preCastle Hayne stream valleys, are found in

) Dup'lin, Lenoir, Sampson, and Wayne Counties. Cutliers of molluscan-

.

-
- x .

ﬁrich, clastic~dorminated sediments in Harnett, Hoke, Johnsten, Moore,

and Wake Ceunties are tentatively dated a2s Eocene. If these sadiments
. ‘

correlate with the Castle Hayne Limestone, the marine transgression

~
-

that initiated deposition of this formation extended to the eastern
edge of the Piedmont Province of the Appalachian Highlands, a full

200 km west of the present coast.

S The Castle Hayne fauna contains a mixed Middle and Upper Eocene’

assenblage. Cérrelation with regional tectonics and depositional

history of the North Atlantic suggests a Middle Eocene age for the

Castle Hayne Limesécne. ; ~ -
Sixty-three outcrops of the Castle Héyné have been reported in

the literature during the past 145 years. These are divided intc five

major lithofacies: -(1) a shallow~water, low-energy, phoséhate—pebble
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biomicrudite; (2) a shallow-water, high-energy, bryozoan biosparrudite;

(3) an intermediate-depth, low-energy, sandy, sponge-spicule-bgarimg

@)iomicrite; (4) an intermediate-depth, low-energy, sandy, foraminiferal,

echinoderm biomicrite; and.(5) a deep water, low-energy, bryodzoan

. it%
<Y

é.?
ﬁ'k-

biomicrudite. Three minor, locally occurring lithofacies are also

i
ey
Ay

3

e,
2w
]

o
Y
i

recognized: (1) a dolomitized biomicrite; (2) a molluscan-mold,

"y,
WM
LW

Wi
X

bryozoan biomicrudite; and (3) a bryozoan, foraminiferal biomicrite. .

s i;'

.

S
'-

I

3D

Major diagenesis of the Castle Hayne Limestone occurred in four .

X

PR
wAgs

environments: ' (1) shallow marine, represented by authigenic glauconite; -

gy

«

(2) mixed shallow marine and fresh—éater vadose, represented by

oL

.,
»

"
¥
oY

precipitation and development of calcitic drusy rim cement, - o

A
i
£
¢

s
\

Y
N
‘2

phosphate

!

X

. ~

in associdtion with diastenmic surfaces; (3) fresh-water vadose,

. represented by dissolution of aragonite and leaching of Mg++ from

’
s+
.

L — -

E‘ﬁi_g"n—}ig-caici{:é bioclasts; and (4) fresh-water phreatii:,"i'épre.sénted -

»

overgrowths on echinoderm fragments and -

.

y developnent of syntéxial‘

- - x
-

-recrystallization’ of micrite. . Additional diagenetic alterations

include scattered occurrences of silica in the form of chalcedony, .

(35
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iron oxides, and iron sulfides. A local zone of dolomitized biomicrite

.

in‘ﬁew Hanover County is:éttributed to the Dorag model of diagenesis.
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Distribution of sponges, foraminifera, and bryozoans, plus the

y
§

“ . [ T TR o v «

v « .

3o
a0

... .. lack. of_benthonic algae, spggests‘water depths of more than 100 m o e

P - - e - > -

during deposition of the bryozoan biomicrudite facies and 30 to 45 m
. " for the Eandf;'sponge spiculé—bearing biomicrite facies. The sandy,".

..... foraminiferal, echinoderm biomicrite facies, with. its, high micrite . . .: ... ..
LT Vet N o an e . - oo " e “tua - . P [ " . e e : o a A = ow o o '

content and occasional zones of winnowed sediment, suggests deposition

.
>

in a water environment that experienced occasional periods of high

* . . -

»

@ergy. Reverse cross-bedding and bimodal grain alignment in the -

«
= w e



Foi Ak

DA Ry e NN X

bty R e
—a

Pl e %
B LN 28

FI

o= Tl e e
A reE

r
: 5! = ] = g iy
oo .-'.s:--’.:'_:b A ARy %T-K\‘?.};\‘{':&S;&e
e Ty v ion WA ‘-‘:-"\‘SJL'::'J’ Aol
. A ok AV Eiw i g 0
B 224 FIEEeT,

s
S L

R

5
‘ H 2

», X}
TANACR b

» s ., T
. . Ak _;_:-,4\
>3 Pt A
iid . I
B | ' & ""“ v 1'1:
. h . A 38 5.
« 3;&7;“
bryozoan biosparrudite facies indicate tidal influence, and deposition EX g
above wave base. The above Four facies were deposited in a transgres-
sive episode. . The basal phosphate pebble biomicrudite facies, separated .
) = ’ . ) ‘
from the other lithofacies by a prominent erosion surface that developed
- during a significant marine regression, was deposited during an earlier . .

. transgression. Thick sections of Castlé Hayne-like sedimenté, found

> . « a .
> .

beneath: typical Castle Hayne Limestone in numerous outliers in Duplin, .

Sambson, and'Wayne Counties, hay also belong to this earlier episode. . -
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covered with a veneer of carbonate sediments. .
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The overall distribétional pattern of sediment types and faunal
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components suggests deposition in a coastal embayment, open to the
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ocean on the southeast side, but surrounded by either land or very
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shallow water on the other three sides.
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Paleogeography, Paleocirculation,

13

X

E]

i

and Paleoclimate
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@ The North American continent has drifted westward since its separa-
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tion from Africa and Europe (Smith and Biiden, 1977; Fig. 7) and has .
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wandered both northward and ‘sguthward during that time. 'Sixty million ‘

()
H

i

' . . . o
years ago the North Carolina coast was situated at about 33°N, but

—— -

by the beginning of the late Eocene (40 million years ago) it:ihad
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shifted to about 29°N. By 20 miliion years ago, however, the North ’

Ha

)
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Carolina coast had reverted to about 32°N. The portion of the North ’

P
o *

Carolina Coastal Plain on which the Castle Ha};ne Limestone is now

dr
%6

q

iy

located J:ies between 34°N and 35°N. During time of depos.ition the

Eocene coastline was positioned at approximately 30°N, the latitude

-

* . b3
in which north Florida is presently located.

"' During the Late Cretaceous, a widespread marine regression

_&astically reduced the size of the North Atlantic epicontinéntal

’ .

« -

seas and altered thé':r.ajqr circulation pattern in the North Atlantic
. .. (Berggren, 1978). Within the Gulf of Mexico, a major wind-driven o

current with a clockwise cdirculation pattern similar to the current -

- - - - »
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* Gulf Stre;m"circq.iatioix d'e'izei'opéd. The outflowing water: from‘ this . =
. cu?:rent: contributed to thé generation of the Gulf Stream and the North | ] g
a Atlanéic; Drift (Berggren, 1973). Thi's'surf:;ée c;irc;xlation éf warmer :_.z-“:
«  waters uf.'y:t:ommlow latitudes to high latitudes has continued since that " ; ‘;%3":
t;i:me. Consequently, duringgﬁocehé time, a major northward-flowing . ' ;@;:::
“current §glee§ahére off the ﬁo“ftl; Carolina c{)’ast: bro_"ught warm water anc.l.. ) ;{tg;—:;
possv.j;.bly ‘some tropical faunail elements into the area.’ ;—;‘{‘;‘
Through the Cenozoiq Era,'from about 63 millio'n years ago up' to %E;
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. Q present,-the earth's surface has changed from largely tropical -~
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and subtropical to temperate (Berggren, 1978), though this trend has B =/
' TR
: T
not been uniform. Major climatic changes progressed at different ) e
rates in different parts of the world.” For instance, in the North ) ERE
Ry
. iniﬂ~=5?
Atlantic, a warm trend is recorded for the Paleocene and the Lower gggﬁ
. . . . . Moy
Eocene, with climatic zones expanding poleward (Berggren, 1978). S
. ) . . ) 752
. . - i!‘:f y
Two events took place during the Eocene, however, that drastically
reversed this trend for the Atlantic Ocean. During the late Early .
s . M CECE L S L e . y -—- = '

of the northérn perideter of

- . Eocene (about 50 mya), the final opening

e Atlantic Ocean occurred when Greenland and Europe separated

* . -

- .
-
x

LI -

(Berggren,, 1978). The dévelopmén& of a.deeé ocean basin
. . s .t - -

. .

"allowed:colder Arctic bottom waters ' to flow into the

2

latitudes
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* North Atlantic andlgjék
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tion pattern. Ccool surface waters,.also began to push down:from the

LT R

Arctic.

Thié influx of cooler
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of the‘$grth Atlantic,. aided in the gradual development of a bd%eél'
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faunal realm, and increased the differentiation of temperate and.
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tropical realms.
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e L;te‘Eocene (about 40 mya) Anta

.

By the middl

s

retica, which had

-
.

earlier split off from South

. 5

v

America, moved into the high southern

latitudes over the south pole and caused fundamental changes in

anic circulation and world climate (Berggren, 1978). Direct

imentological evidence exists for Antarctic glaciation_plready'

having occurred in the Middle Eécene, though it was closer to the

Eocene-0Oligocene border (about 38 mya) that the gflaciers hnrame

in the northern

y thereby generating a-deep cold-water circula-. .

v tarmmm amimm b owm

water started a slow but steady cooling - --
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global sea level du}ing the Late Eocene.

m Late in the Cretaceous, sea level reached a maximum of more than

-
[

300 m higher than present-day sea level (Vail and Hardenbol, 1979).

The Tertiarxy was marked by.a great number of fluctuatiéqs in sea

1evei, although the overall trend had been a gradual lowering of sea

level since the Cretaceous high. The ragressions appear to have been

very rapid, having occurred over a period of a million years or so,

»

and many of them seem to have peen 2 magnitude of more than 100 m
(Vail and Hardenbol, 1979): During the Eocene two major sea level

falls are recorded, one at about 49.5 million‘years ago and one at 40

-

million ye_ars' ago (Vail and Ha-rdenbél, 1979), “in rough correlation

with the-opening of the.North Atlantic and the beginning of major

JAritarctic glaciation,.r$speétive1y.\ Palecntologic evidence supports

«

G 1;&{301_: drop in sea level of up.to 300 to 400 m from 50 to 49 million

-
- a

yeafs ago (the Upper Cretaceous-Middle Eocene break on the North
- LI Y n’ 0 . -' . Y ‘-| -

~a .

. ._. Carolinaléééstél-Plain) (Vail-and Hardenbol, 1979).- Pitman (1979)-

N

«

L

" Sion is seen at this time is on the Gulf Coast of North America

- - » aue ym

‘reported'a majof Paleocene to M;ddlé Eocene iegression from 65 to 45

. . .

million years ago that moved the western -Atlantic shoreline rapidly

» s = LY + > Mch - .
. -

.ééaward. This event could explain the lack of Paleocene and Lower,

Eocéné sediments from largeé portions of the Atlantic Coastal Plain.

._ A major transgression'iﬂ the Middle Eocene, during which the

«

s

_Eocene seas reached their maximum extent (Hallam, 1963), is found

- . «
» « P L

on most continental shelves. One of the few places where a regres-

- "

¢

(Hallam, 1963). The transgression is well documented for the western

Tantic Ocean and the Atlantic Coastal Plain, and is the result of a

. »

ombination of factors. During the Middle Eocene the rate of sea level
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fall decreased well below the Cenozoic average for the western Atlantic,

.

to about 0.37 cm/lOOO:years (Rona, 1973). The post-Cretaceou§ sub-
0 sidence rate at the shelf‘edge east of Cape Hatteras, North Carolina,
has averaged about 2.5 cm/1000 years (Rona, 1973). When rate of

subsidence exceeded the rate of sea level fall, a transgression occur-

'Yl

red (Rona, 1973; Pitman, 1979). Based on microfossil assemblages of
Eocene sediments in New Jersey, Olssoﬂ (1978) also recognized a major

Eocene trasgression in which increase in water depth on the shelf was .

significant. °© - .t
Therrelative rise in sea level during the Middle Eocene, accom-- .

panied by a cessation of terrigenous sediment influx from the continent -

(Gibson, 1970), set the:stage for the development of carbonate units

[

., along the Atlantic Coastal Plain. Sheridan et al. (1978) found so
I little terrigenous sediment reaching the Atlantic shelf dJuring Eocene

time that subsidence exceeded accumulation and waters on the outer

e

* shelf déépened to bafhya; depths. Déép—sea Eocene sediments in the .,

‘western North Atlantic consist of calcareous and siliceous oozes

with almost no detrital component (Gibson, 1970). The shallow-trater

»

; Eocene strata.on the Coastal Plains of Virginia, Delaware, and New -

-
s -

Jersey primarily consist of glauconitic units’ several hundred feet

thick (Gibson, 1970). Eocene strata in North Carolina and to the south

-

consist mostly of carbonate 'sediments.

«

- . v o T . L

| Sea level fell once more at the end of the Middle Eocene, then

L

" rose again during Late Eocene (Vail and Hardenbol, 1979), though
the Late Eocene transgression was not nearly as extensive as the one
during the Middle Eocene (Hallam, 1963). An additional large-scale

Qall in sea level at the Eocene-Oligocene boundéry (Vail and Hardenbol,

. - -
. B » -
- « « as .

«

HO-ONM AAVNGIT AD0TCTY
39

5

P
Vi

Lr3 Glbent dp Siako P 2>
e

o
&4
4

R

i
JLUTAN

N
Y

3
2

R

A3,

iinl

e
R

-3 0
B4
'

205 arg kS 2 l;'-‘ s 2l el el
R S

o5t
it

i

!
¥

1114

s
X%

o WO
WAL
SRIPE LAV

ATy
AT

draers

hH

h

ey

J""‘A
Yutrde

LY

PO Y

£y

oo MRPE Lo LR V3 P,
S R

i
3




L )

’
Aty

29

Lo
S};&x‘-‘ ":;‘ s

1979) caused the erosion of a substantial proportion of the Eocene

s
'i".a‘:b
141

sediments.

e
P

SR 2385

@ Hiddle Eocene time appa:rently represents a period of major

transgression on the Atlantic Coastal Plain, accompanied py m:‘.niﬁ:al
influx of terrigenous sediments from the Appalachian ):lighlahds. The
North Atlantic Ocean was gradually cooling I_)ecausm.e of i‘nflow of sur-
fac_:a and deep, cold-water currents, yet, like today, a Gulf Stream-

type current flowed northward, possibly at or near the edge of the

continental shelf, providing an insulating effect on water temperatures.

- Age Assignment ‘ . &c.‘f

Rumerous geologists ha\{e dated the Castle Hayne Limestone as é::_}::

Middle aixd/or Upper .Eocéne.' Réceﬁtly, Brovn et al. (1972) recognized ' % "?’i‘;
e ) . . _ 14

mo Upper Eocene (Jackson) sediment in North Carolina, and, except for * § ?;’

- Yy e

a small amount of Lower Eocene beneath _the outer counties in northeast- : _;;_

ern North!,Carolina,; concluded that all tl:x‘e-:".remaining Eocene is Claibor- g %%'.,

nian (Mid.dle): Baum et al. (1978), however, named the Eocene New Bern. _% ;%}3

Formation and pla.ced it; in the Upper Eocene, with this new formation g ‘i:;-‘

) = SRR

resting disc_onforma'bly on their Middle Eocene Castle Hayne. They g%jé

cited t;he occurrence of sevéral typical Upper Eocene fossils in the ~"§:;’::§;

New Bern Formation and used this'. to defend the Jackson age. Hc;wever, . , !;f:::

ke
LA\
nYTrr

th.éy also st;ated that typical Claibornian fossils were found in the

v

RNy e
e
kY

R

\
e Ny

New Bern Formation and, likewise, that typical Jacksonian fossils were

-

-3
XY
’a

. ‘ . =
found _in their Claibornian Castle Hayne Limestone. ‘Ward et al. (1978), ¥ uES
on the other hand, call the New Bern Formation of Baum et al. the ,5;."

N ) vE
Spring Garden Member of the Castle Hayne Formation, making it the =’-

-il:
,5-

PGP RET

ermost facies of their Middle Eocene Castle Hayne Limestone.
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Upchurch (1973). Textoris presented a general survey of the Castle

Hayne Limestone, while Cunliffe and Upchurch concentrated their works
@m individual quarries, Cunli'ffe the Martin Marietta quarry ;mél Upchurch

the Ideal Cement quarry, both near the town of Castle Hayne in New

Hanover County. Through thése investigétions an unexpected variety of

P microfacies was found within the Castle Hayne Limestone. The recogni-~

tion of these and the correlation with modern carbonate environments
provided a very important beginning in decipherihg the Castle Hayne.
Baum (1977) and Baum et al. (1978) continued this study on a larger,

though more generalized : scale throughout the major outcrop belt of

the Castle Hayne Limestone. - ©.

. - , - Structure

.
. . - - .

Q .. Brown et al. (1972) recognized three levels of tectonic control

long -the Atlantic Coast of North America that help form the geologic

‘Features éeen currently on the. North Carolina Coastal Plain. Their

. research " . « . dndicates that the coastal margin is a margin where the

T .

principal mobility takes the form of block faulting or flexing,

- P El - - o »

accompanied by a rotatiqpai realignmént of the axes of positive and

.
= 4

negative structures in ‘the region" (Brown et al. 1972).

.- -

.

Phase one of Brown et al.'s deformation is aligned northeast-
1€ ot o &t at. : n 1s gnec, b .-

- . -

southwest and is composed of parallel series of positive structural °

¢ -

features‘(fguli-block anticlines) and of adjacent negative structural
-» - features (half-grabens):. 'This phase is associatéed with the major = + °
structural alignment of the Appalachian Highlands and appears to be

the controlling factor in the overall positioning of the Atlantic

. . -
. o .
. - .
. -
. - . . - . — .
. . . .
-« . - EY
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Continental Shelf. The axes of their phase two deformations are g?
aligned northwest-southeast épd are composed of parallel positive . gﬁ;
’ ' 25,
@tructural features (compressional anticlines) and of "adjacent %{v"_
'.'?’4:::
negative features (compressional synclines). In phase three positive ?ﬁg
features (compressional anticlines) and adjacent negative features T
: . : : =it
“ (grabens) diverge with the axes of the positive features aligned - ) %%%
ShaZs
. . ;.,:::
northwest~southeast and the axes of the adjacent negative features . ?fi
variously aligned either north-south or north to northwest-south to . " ,g?‘
. . T
. . : , 9
southeast. . . : ” . gi;
. R N L, “e ¥ -’ {g. 3
Along the North Carolina segment of the Atlantic Coastal Plain ?ﬁ%
.. . . e
S . DEN
four structural features have been proposad to aid in-control over : §%§
: . - s
. M L
. R . . ?k'..:.
the deposition and excsion of Cenozoic and Mesozolic strata (Fig. 8): ,i%f
(1) the Cape Fear Arch, corresponding to the phase two deformation of . 5
Brown et al. (1972), (2) the Neuse Fault, which may correspond to the  _ e
ﬁhase three deformation of Brown et al. (1972), (3) the Carolina Fault,

and (4) the Graingers Wrench Zone, which does correspond to the phase

L -

three deférmation.

These structural features, active at various times during the

Cenozoic Era and-at least the Cretaceous Period of the Mesozoic Era,

tﬁroduced different topographic highs and lows, resulting in changing

HO-ONIM AYVYIT A907079

»
- 0

. : ~. . . . .
depositional basins and cénters of erosion on the North Carolina .
. Coastal Plain. Several geologists, most noticeably Ferenczi (1959),

Baum et al. (1978), and Barris ét al. (1979) have attempted to show .

-

that these features controlled the deposition of the Castle Hayne |,

Limestone. The Cape Fear Arch definitely controls the depoéitionaI and

»

o,

.
i

.
M »

i
R

i

fed
At

- erosional history of the Castle Hayne Limestone. The Graingers Wrench

g

Y

13

Grie may not have been active until post-Eocene tiwme, and, as will be E_, .
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cutcrops of the Castle
Hayne Limestone

40 miles

40 kilometers

Major structural features on the southern portion

«

of the North-'Carolina Coastal Plain, after Harris

et al. (1979).°

Figure 8.
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discussed, no evidence is available that actually proves the existence

of the Reuse and Carolina Faults, much less their control over the

&astle Hayne Limestone. .

Cape Fear Arch. This positive, northwest-southeast trending

arch; part of the phase two deformation of Brown et al., (1972) and

f

first recognized by Dall and.Harris (1892),:h;s been shown by numerous
geologistglpq‘have periodically ‘controlled deposition and erosion of
Mesozoic and Cenozoic sediments found adjacent to and on the Arch.-

The arch represents a basement high with crystalline rock rising to
within 335 m of ground surface. 6 Within North Carolina, between
Wilwington in Vew Hagovér Coqnty and Cape Hat;eras in Dare County;'the
basement surxface dréps from 338 m to 3012 m below ground s&rface into

the Chesapeake-Delaware Embafment,a differeéce of 2763 m in 250 km.

Ia North Carolina mo;t sediﬁentary units either become thih over the .. -
en.h and grade info s‘hallower: water or ncnmarine facies or are

»

completely absent due to noadeposition"or-erosion. o
~ ! . .

Neuse Fault. This fault, originally described as the Cape Lookout-

. Neuse ,Fault Zone (Ferenczi, 1959), later shortened to the Neuse Fault
(Baun et al., 1978) corr;sponds to phase three of Brown et al. (1972).
Ferenczi (1959) recognized the fault on three lineszof eviderice.
Further study, however, indicat;d that his threé criteria were not

« 3w

proof of a fault zone. - . .~

éé;; Ferenczi (1959) sugééstéd that a diffeience in depth to basement

between a well at Havelock (707 m) and a well in Morehead City (1220 m),
. both in Carteret County and separated by about 24 km, was caused by a

basement fault. Brown ‘et al. (1972), however, with the aid of additional

0115 to the basement, interpreted change in basement surface as a

« ., —
.
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steepening of slope from the Cape Fear Arch toward the Chesapeake-

-'-"fi: 4 L;ﬂg‘.‘\!,;?‘-;,

P

T3

Delaware Embayment.

»
i)
2t e

I
1 4
i
!
H
M
®
¢
“
i
i
’
¥
H

West of the above mentioned area, Ferenczi used the presence of

@

Al

‘
)

Q; the Castle Hayne Limestone on the south bank of the Neuse River and
i ’
i

..,
bl

x

its absence in both outcrop and wells north of the Neuse River, in the

IR

i

it

A8

:vicinity of Goldsboro in Wayne County, as evidence for the existence

Al
5

i

AR

1),
Sy

: of the fault in this area. In Wayne County, however, the Castle Hayne g

s

- ~
i occurs only as erosional remmants. It is impossible to determine the

T

()

1
Pt

W,
¥

-
»

'original geographical extent of the Castle Haﬁne in this area.
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Ferenczi's third line of evidence consisted of a number of Eocene

v

:1:

&Ny

outcrops aligned along his fault zone which had undergone silicifica-
" tion. This diagenetic alteration, he argued, resulted from emergence
| ~ '

: between late Eocene and late Miocene times, due to the movement ‘along

the fault. However, several of the Wayne County outcrops are silicified T

Gbécause the presence of siliceous sponge spicules provided a raady
i

source-of silica. Silicified sediments along the fall-line segme;t of

B
41k

- - 3 " . )
i Ferenczi!s fault are nmuch more widespread than he originally thought

A
%

"+

tand are not just along the fault. | )

»
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Carolina Fault.  This fault zone strikes northeast-southwest

i

.
~

b

(Fig. 8) parallel to the present day coast and does not appear to
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. c?rrespond’to any of the deformational phases of Brown et al. (1972).
%ereﬁ?zf‘(lQSQ) originallx sgggested the presence'of this f;ult._ Baum
et al. 61978) némed_éhis feqfure the Carolina Fault and bel&eved they
could trace it from the c;nfluence‘of_the Cape Fear and.Black Rivers
in éender 6o;n£y toTKinston_in Lenoir County.' Several geologic features

(Ferenczi,‘l959) suggest the existence of this fault: (1) the north- } .

west limit of a magnetically disturbed zone west of Wilmington (MacCarthy,
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s . . : 40
1936); (Z)Ithe location of a2 zone of subsurface brackish water at the

.

confluence of the Cape Fear gnd‘Black Rivers (LeGrand, 1955); (3) a

0 line along the eastern boundary of Martin, Pitt, and Lenoir Counties,

Y

where the Upper Miocene Yorktown sediments overlie Cretaceous sediments

L . - ' ! ) (
without intervening Eocene sediments; and (4) a zone'where the slope

of the basement surface steepens under the North Carolina. Coastal Plain, -

-

as illustrated by Berry (1951). °
Agggh; as Qith the ﬁeuse.Fgult, all of these criteria provide

evidence‘f?r possibie faulting, but none proves conclusively that a ‘

fault -exists. MacCarthy (1936) reported a parallel series of magnetic

highs running from South‘Carolina across the Cape Fear Arch into Nort

. -
«

Carolina. However, all his'work is south of the Cape Fear River,

.

vhereas the Carolina Fault is extended well north of the Arch (Fig. 6).

-

. MacCarthy oaly postulated that the magnet{c*highs continue northeast-

-

mwz\ré beyond the Cape Fear Iiiver. He suggestea several possible causes

-

for the-highs, but not a fault zone.-. The salt-water incursion, documented

'\'by LeGrand (1955), is good evidence for some ‘type of subsurface

structural disturbance but this phenomenon is found only in New Hanover

.

County and small portions of Pender and Brunswick Counties.’ Interestingly

=

Ferenczi 61959) indireéﬁly suggested that the northwest boundary of the

Castle Hayne was controlled by'the Carolina Fault; yet the western

-

limit of continuous Céstleiﬁayne iu Duplin County is 16 to 32 km' east
of the proposed fault and north of this area, in Jones and Craven’

Counties, the western limit is 16 t

o 32 km west of the proposed faJlt.-

- P
- - ¢ .

These limits are based on the western boundary of the Castle Hayne
Limestone as illustrated by Brown et al. {(1972) andlbf the position of

known outcrops. The position of the.fault zone is based on Ferenczi

.
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. based on gravity anomalies in Virginia (Johmson, 1975) and on geomorphic .

(195%) &and Harris, 2ullo, and Eaum (1979)..

Graingers Wrench Zone. This fault zone (Fig. 8) is better docu-

ented than any other on the North Carolina Coastal Plain. Brown et

al. (1977) have found in Craven and Lenoir Counties ''tilted and partially

.

exposed blocks of Navarroan, Midwaysn, and Claibornian sedimentary rocks"
that comprise a "structural mosaic of horst, graben, and half-graben
that are arranged in a right-handed, en echelon pattern.'" The zone .

characterized by a set of relative left-lateral displacements. Brown .

et al. (1977) figureé that this zone coincided Qith the phase three .

deformation of Brown et al.” (1972).

. The zone is about 24 km wide, but its 1éngth is presently unknown.

The axis of the zone strikes about N25o to 30°E. Harris et al. (1979),

. -

LN
s

and structural features in southeast Virginia, extended the wrench zone -~

. . »

more than 250 Ikm through the northern part of

. -, .

Plain and,into Virginia (Fig. 8). —— )

the North Carolina Coastal
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! overgrowths are most abundant in the high-energy sediments and are
i

nearly absent in the low-energy, micrite-rich sediments.

A AT A

In the high porcsity sedirments the oﬁérgrowths have frequently
grown large enough to contact adjacent allochems, thus helping to

hold the sediment together. In micrite-poor sedimenf,'especially in

a

the bryozoan biosparrudite facies, this type of cement is the major

P

. ¢

sedinent binding agent. &

$

’ <

Dolomite . - §

5

- 1

Dolomite was found only in the Martin Marietta quarry (NH-4) ‘g

. . . . 5

. . v . %

in New Hanover County, where an extensive lense of highly dolomitized g

. K.

bicmicrite is located. The dolomitization was confined to a micrite- - 5

&

. - C . . - -t . I
' dominated layer, overlain and underlain by a less micritiec bryozcan ’ %

-
¥ i

i

0 biomicrudite. Dolomite reaches a meximum of 100% replacement in the

thicker parts of the altered Zone (Fig,_Z&A), whereas a maximum df'-

RSO AT I I 4 o &)

.~" " > . hd g .
567% occurs in thinner portioms (Fig. 24B) closer to the outer edges
of the lense. Throughout the lense maxinum alteration lies close to °

the vertical center of the lense and decreases both up-~ and down-section

oo, .

though decrease is less rapid upsection (Fig. 15).

Baum (1977):and Baum et al. (1978a; 1978b) propesed the Dorag

4

model of dolomitization (Badiozamani, 1973) as the most likely way

i s s .
-to develop this lense. They envisioned positive movement on the .

»

Cape Fear Arch to initiate a relative, local drop in sea level in the
vicinity of the quarry as—a way to develop the fresh water lemse ’
needed for the generation of a fresh water-salt water interface along

which maximum dolomitization cccurs.

- - - . .
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II occurs in association with sponges; probably because these organisms

hJ

.

. ) ’ ) 102 -

.

Mzgnesium necessary for the formation of dolomite (Mg,Ca(C03)2)

I3

could have come from within the Castle Hayne Limestone. The limestone
contains large amounts of echinoderms, the skeletons of which are
composed of high-Mg calcite, and even larger quantities of bryozoans,

. P . .
some of which are also high-Mg calcite. In a subaerial vadose environ-

Bl

ment, magnesium is "'preferentially removed .from high-magnesium calcite

by leaching" or the grains are changed to low-magnesium calcite by
solutioning and redeposition on a microscale (Friesdman, 1964). This

is one of the first products of diagenesis in the vadose environment

[N

and could have produced the magnesium needed for dolomitization of

. .

underlying sediments in ‘a mlxed fresh-sea water phreatic env1ronment.

i)
‘e W

-
. ?

Silica

«

-Diagenetic sildca, in the form of chalcedony, is found in the

Castle Hayne Limestone. The nature of its presence demonstrates that

.,

] . -
an internal source of silica was available. This source is most

erident at site W-l where an average of 10% of the sediment consists
of molds of what once were opaline sponge splcules (Fig. 24C).

The ‘fine texture and dominance of mlcrite at this site preserve the

small molds (generally less than one mlllemeter long) Wlthln the

h—l section are thin lenses of chalcedony (Flg. 24D), up to several

meters long and’'a few centimeters thick that mark local diagenetic-

concentrations of mobilized silica. : s ~
Within the main' body of the Castle Hayne, chalcedony is found as

isolated pockets of silicifled limestone. When found, lt ﬁost comﬁenlyl

initially contain opaline spicules. : T

- o—
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@ ‘ DL?OSITIO?\AL ENVIROMMENTS

Based on all the information gathered during the course of this

1nvest1gatzon, a geologically reasonable depositional model for the

-

Castle Hayne Limestone can be developed. This model makes use of

i

distinctive geographical and stratigraphical patterns in lithofacies .

distribution and in patterns of sediment component and sediment texture
variation throughout the forma;ion. The only word of caution concerning

this model is the fact that most of the 1nformat10n was gathe*ed from

»

surface outcrops. Very little subsurface control is avallable. The

small amount of subsurface data that ‘are available, including thick-

nesses and general lithologies, supports the model proposed pelo&. It
Gis balieved that, with the overall abundance of surface data used _to

define éhe model, the use of additionai subsurface data would result

~ -

in a refinement and not a major change in the model.

P
- = . R
’

Embaymeht Model

a e

The Castle'Hayne Limestone, as defined in this report (p. 22)
was deposited ih an embayment on the southeasterﬁ portion of the North
Carolina Coastal Plain (Flg. 35). T%e remaining, uneroded portion of
this eﬁbayment has a maximum northeast—southwest w1dth of 160 km and
is at least 120 km dqep from the‘present coast northwestward. Based

dn regional stratigraphy and the depositional Bistory of the western-

North Atlantic Ocean the Eocene terrigenous clastic-dominated outliers

.
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L Figure 35. Depo’sitional environments of the Eocene Castle Hayne
o Embayment on the lower southeastern North Carolina

* Outcrops of Castle Hayne
Limestone .
D Diastemic surtaces
P Phosphate
[ l Deep, quiet water
. Shallow water, high energy
/7 Relatively shallow, quiet water,
occasionally high energy
N\ Relatively shallow, quiet water
—~——— Possible preCastle Hayne
stream channels, now tilled with;
Castle.Hayne Limestone
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in Hoke, Harnett, Joh;ston, Moore, and Wake Counties should be Castle
Hayne in age. If so, the embayment extended an additional 90 km to
Qhe west. ,'
The outcrops in New Hanover, Pender, Onslow, Jones, and Craven
'Counties mark the present ;pdip limit of continuous Castle Hayne
= sediment. 'The outcrops in tﬂe western half of the emba&ment, in Duplin,
Lenoir, Sampson, aﬁd Wayne Countieé, a;emiséiated outliers of what

was probably a continuous sheet of carbonate sediment.

The upper.slopes of the northeast flank of the northwest-southeast:

) trending Cape Fear Arch serves as the southwestern limit of the embay-

ment, though it is possible that during Castle Hayne time the arch was

submerged and covered with a thin veneer of carbonate sediment (long

since eroded away). In the New Hanover and Brunswick County area -

~

{(Fig. 35), farther out on the oceanward end of the arch, the Castle

. @I’.ayne Limestone actually wraps around the crest of the arch. Sediments

.Balong th? western and northern sides of the embaymént becoire more
enricheé in terrige;oué'clasfics,_suggesting the original shoreline
in these areas was not too distant. To the southeast the embayment -
opens to the ocean and the cgdtinental shelf,'where Eocene sediments *
are dominated by 3éep water foraminiferal biomicrites and diatomites.

No barrier of any type is known to isolate the embéyment from the open

-

ocean. The abundant marine fauna found throughout the eastern half |

-

of the embayment-simplies a normal marine environment.

The limestone in the center of the embayment is relatively thick.

For a gprthegstisoutﬁwest distance of 100 to 130 km through northern °

.

Pender, Onslow, and southern Jones Counties up to 70 m of limestone can

«

ﬁ‘ be found (Fig. 28), with thickness increasing oceanward. To both the

»
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north {(Craven and northern Jones Counties) and the south (western New
nover and southern Pender Counties) the iimestone rapidly thins to

less than 15 m and extends thus for 30 to 50 km around the edge of

the a2mbayment (Fig. 28). " In the western half of the embayment, the

limestone is found only as- scattered outliers where the .rock occupies

low spots in the Pre-Castle Hayne topography.(Figs. 19, 20, and 28).
During Castle Hayne time the areazoccupied by the embayment was

topographically, the lowest part of the coastal plain. Kumerous

geolégists ép.:35) have postulated structural control of the deposition

~

of the Castle Hayne Limestoﬂe, suggesting that down-dropped blocks were
the p;imary method of producing‘an area belc&séalevel,in which the
deposition of carbonate:seéi@ent occurred. The data gaéhered for this
. report éuggests a gqomogphid control rather than a structurél control.
s discussed on pages 24 thro;gb 29, prior to the deposition of the
Castle Hayne Limestone, the Atlantic Coastal Plain experienced a'@ajor
.marine regression, with§§§leve1 perhégs-aé low as several hundred
meters below present sea level. The absencelof Paleocene and Lower

Eocene sediments beneath the Castle Hayne Embayment (most of the Castle
Hayne lies disconformably on Cretaceous sediment) confirms a major

erosional event in this arxea. Three dimensional reconstruction of the

D-5 outlier (Figs. 19 and 20) shows deposition of limestone in an

” . .
®

-
~

elongate, branching depression. Many of the other outliers are restricted

in size but are relatively deep (many are greater than 30 m). It is

-

here proposed that these outliers occupy remnants of a major Pre-Castle

“ . .

Hayne drainage system‘(Fig. 35). This drainage system produced a seriqs:

o «

I of rglatively deep stream valleys and also lowered the overall elevation

in the embayment area.’ This stream system possibly fed from the outlier
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gesting “the regre551on allowed_terrlgenous clastics to feea into the

. .
’

»- A ¥.152

area (Duplin, Sampson, and Wayne Counties) into the deeper part of the
castern half of the embayment (southern Jones, Onslow, and northern
Pender Counties) through southern Lenoir County and southwestern Jones

County. Site J~6, in southwestern Jones County contains at least 30 m

of limestone. As seen in photographs of southern Lenoir County, an area up

to 10 km wide, running eastward into Jones County, contains a high

concentration of sinkholes, signifying a weilﬂdeveloped unit of under-

lying limestone. Just east of this area (Onslow County), based on well

v

Jogs, is the deepest pbrtion of the embayment. |

Based on the distribution of premanent diastems exposed around

the present-day geographlcal edge of the formatlon (Fig. 35) espec1ally

»

in New Hanover, Duplin,.Wayne, and Sampson Counties, at least two

episodes of transgression and limestone deposition are recognizable.
é

These two episodes are separated by a prominent erosion surface, marking

a significant marine regression. 1In the eastern section of the outcrop
belt the lower depositional cycle is ‘represented by the phosphate

pebble biomicrudite facies. -In the outlier belt, at sites D-5 and

- 4

D-8 the two depositional cycles are separated by a prominent erosion

surface that displays local relief of up to 12 meters. Samples collected

‘from the 1ower cycle show an 1ncrease in quartz sands upsect:on, sug-

area of these particular sites before development of the erosion surface.

» o » - ‘ - ‘ --
Sediments accumulated during the second episode of deposition dominate

‘the formation. Within this episode the terrigenous sediment -

compOnent decreases upsectlon (Flg. 37) and laterally turned the center

of the embayment (Fig. 36) Lithofacies around the edge of the basin’
average frpm 10 to 20 percent quartzsand, while the bryozoan biomicrudite

»
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facies in the center of the embayment averages about two percent quartz

sand. In comparison with tﬁe térrigenous strata above and below the
Castle Hayne even the 20% terr;genous content of the peripheral iaciés
is wminor. The relativelf low, overa}l térrigenous content, the presence
of reworked clasts composed of rock from the underlying/Paleocene and ~
Cretaceous formations, the lack of unstable terrigenous graips (feld-
spar%, miégs, clays, and other c;mmod minerals), and the dominance of
quartz grains favor a local reworking of ;nderlying and surrounding
noncarbonate sediments rather than an inf;ux of sediment from the
crystalline Appalachians to the west as a source of the terrigenous
component ?f the Castle Hayne sediments.

The.vaéious components .of the éifferent lithofacies provide ample

-

information for decipheﬁing the depositional environments: within the

embayment. Generally, a shallow-water, high~energy bryoczoan biosparrudite

facies extends aloag most of the western edge of the embayment (Fig. 31

and'35)., The northern and northwestéin-portion of the embayment is-

filled with micrite dominated sediments deposited in a relatively shallow,
3
low-energy environment, including the sandy, sponge spicule-bearing

0y

biomiqrité facies to the northwest and the sandy, foraminiferal,

~echinoderm biomicrite to the north. The center and oceanward portion

of the embayment is dominated by the deep, relatively quiet water

" bryozoan biomicrudite facies.

The bryozoan biomicrudite facies contains an abundant normal

marine fauna and is the most fossiliferous unit in the embayment (Fig. 36).

The growth forms of the bryozoans (p. 141):and the types of siliceous

-~

"sponges (p. 139) in this facies suggests water depths in excess of

@ 100 m. The high‘ energy bryozoan biosparrudite facies also contains
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an abundant marine fauna, though it does appear as théugh a large

@ portion of the bioclastic debris may have been washed in from deeper

waters. The overall faunal content of the sandy, foraminiferal,

IR,
]

echinodern bicmicrite and the sandy, sponge spicule-bearing biomicrite

a

facies is much more restricted (Fig. 36). It is possible that the

high micrite contenf: in these two facies may have kept a large

L3l

BN ST PO
fa .

number of the filter-feeding organisms out of this part of the embayment.

YT

The distribution of high versus low energy enviromments (Fig. 36).

-
Ry

and of macrofossil diversity (Fig. 36) suggests that the center of the "

Ta’lh LY
BRI

“
(204

embayment and the southwestern edge of the embayment were more open to

R

v
Y

the ocean that the northern half of the eﬁbayment. It is possible that . .

ady
L

L

normal ‘wind driven marine currents flowed into the more open end of
Id

the embayment and washed against the eastern edge of the Cape Fear

are Taai¥a e
. [

L LaTd o sals T K TS

Arch, where the high energy bryozoan biosparrudite facies is‘fohnd. The
@ concentration of phosphate ﬁineralization in ‘this area relative to the
.. northern half of the embayment (FigZZGQ also suggests deeper water
currents flowing intéjtﬁe lower part of the embayment. The northern

" half of the embayment appears to have been more restricted, perhaps a

Btk s AN e e L) it e

_— . ,
function of the shape of the embayment and of the direction of current

novement within the embayment. .

‘ The faunal variety and faunal abundance in the Castle Hayne Lime-

stone inmply normal marine environments, but not necessarily tropical

A M ra B
(] PR - .
O PP R N T e ey vy s TPy 5o Y T S Cne gy W e N8, S e

environnents. Ample documentation now shows that carbonate sediments

P
«d ¥

accumulate in all climatic regions. Organisms that produce carbonate }

skéletohs inhabit continental shelves at every latitude (Chave, 1967).

ol

2

VSkeletal debris cam accumulate to form carbonate-dominated sediments ]

G wherever the influx of terrigenous clastics is insufficient to dilute
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the carbonate fraction. Rivers, the major suppliers of terrigenous

debris to the continental shelves, and not. climate, apparently control
the distribution of carbonate sediments (Chave, 1967).

Based on extensive sampling of shelf sediments carbonates are

found to dominate hundreds and even thousands of square kilometers of

temperate shelves (Lees and Buller, 1972). Table 6 presents data

summarized in extensive surveys of mid-latitude, temperate water

carbonat;s ;nd low latitude, tropical carbonates (Lzes and Buller,
1972; Xelson, 1978). When compared with data characterizing the Castie
Hayne Limestohe,"it is seen that the Castle Hayne shares characteristics
of both tropical and temperate carbonates (Tabie 6). This mixing
suggéstg ;hat the limesgoné was depositeé in a subtropical to warm
temperate climate. . |

The benthic“féuna of the Castle Hayne Lime;tone displays a high

degree of endemism (Canu anﬁ Bassler, 1?20} Kellum, 1926; Cheetbham,

1961; Fallow, 1962; kier; 1980; Rigby, 1980-per. com.) The fauna is

1

most similar to the fauna of the Eocene of South Carolina, but is

very different from the Eocene of the'remainder of the Atlantic Coastal

-

Plain or the Gulf Coastal Plain. This endemism suggests some form of

barrier between the North Carolina embayment and the more southern

shelf environments. Several features could have prcduced this isolation.

The Cape Fear Arch, whether ;ubaerially exposed or submerged under

x
d

shallo@ marine waters during Castle Hayne time, could have acted as
an effective migratory barrier. The strong, north-fléwing offsho¥re
Gulf St;eam, already active during the Eocéne (p. 24) could have
prevented any southward drift of benthonic species that possessed

’

planktonic or nektonic larvae. Southerly species, however, could have
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become introduced by way of the Gulf Stream into the North Carolina

B
>l
i

Kt

.

[

s

W

region. Once introduce, however, they would have had to successfully

compete with an already well established fauna. If successful they

—
o P s LN )

e

were incorporated into the Castle Hayne ecosystem. It is evident,

Py

’

though, that few species were able to do so. — .

A combination of the Cépe Fear Arch, a north-flowing offshore

current, the deep waterxr conditions of the Eocene North American Atlantic

shelf (p. 27) and the fact that the limestone was deposited in an

»

embaymeng served to isolate the Castle Hayne and produce a highly'

’ -

NV AR VT S TN T QRIS T e

enaemic.fauna. It is probably this endemism and a resultant difficulty

-~
ot

in correlating with other Eocene faunas that has caused problems with

biostratigraphically Qaéing the exact age of the Castle Hayne Limestone. °
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& CONCLUSIONS

The Eocene Castle Hayne Limestone, the nortﬁern;o;t essentially
pure carbonate formation on.the Atlantic Coastal Plain, crops out on
the southern half of the North Carolina Coastal Plain. The major
outcrop belt, marking the updip limit of continuous rock, is 160 km

long and ﬁp to 24 km wide, and strikes southwestward through southern

>

Pitt, western and central Craven, western Jones, central Onslow,

a

central Pender, northwestern New Hanover, and possibly southern Bruns- °

wick Countjes. Outliers, erosional remnants preserved within Pre-

.

. Castle Hayne stream valleys, are found-in Duplin, Lenoir, Sampson,
@ and Wayne Counties. Outliers of molluscan—rich,' clastic dominated -

sediments in Harnett, Hoke, Johnston, Moore, and Wake Counties are

»
‘e
.

~ dated as’Eocene in age. These sediments 2ppear to be Castle Hayne
equivalents, and thus extends the marine transgression that initiated

deposition of this formation to the eastern edge of the Piedmont

-

Province of the Appalachian Highlands, a'fhll 200 km west of the

. T < A, s

present coast.

Sixty-three outcrobs of the Castle Hayne have been reported in

the literature dur1ng the ‘past 145 years. These are d1v1ded 1nto five

N
v

major llthofacles that wvere deposited in a coastal embayment' (1) a

-

shallow—water, low-energy, phosphate-pebble biomicrudite; (2) a shallow- .

water, hloh-energy, bryozoan biosparrudite; (3) an intermediate-depth,

low-energy, sandy, sponge—splcule-bearlng biomicrite; (4) an
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intermediate~depth, low-energy, sandy, foraminiferal, echinoderm

PR,

vs 17
ar L7
Ve

biomicrite; and (5) a deep water, low-energy, bry“ozoan biomicrudite.

MY

o

@ Three minor lithofacies, répresenting localized changes in depositional

TR

environment, are also recognized: (1) a dolomitized biomicrite; (2) a

PO & 11 PP

molluscan-mold, bryozoan biomicrudite; and (3) a bryozoan, foraminiferal °

»

A .

v er

2 . biomicrite. . :
- Distribution of sponges, Foraminifera, and bryozoans, plus the ' :‘:
’ ) XY “ S
lack of calcareous algae, suggest water depths of more than 100 m FE
(328 ft) during deposition of the bryozoan biomicrudite facies, the . <: :
easternmost facies in the outérop.areé, and 30 to 45_ m ) ":;

for the sandy, sponge-spicule-bearing biomicrite faciles, the western-

TLeQ
L]

PPN

Ajand

most facies in the outcrop area. The sandy, foraminiferal, echinoderm

i,

sAVk

~
G PN § qews A e oy te

facies, bearing charactgristfics of both of the above-mentioned litho-

LD

types, is considered to be intermediate in depth. The bryozoan -

s

e -.'!".

@ bicsparrudite facies, bearing evidence of tidal influence, was

LY

Ny

deposited above wave base. The above four facies were deposited in

partd

’ »

a transgressive environment. The basal phosphate-pebble biomicrudite

;|

facies, separated from the other 1itholoéies by a prominent erosion® % E:

. ' . F

surface that developed during a significant marine regréssion, was . g
' .

deposited during an earlier t‘:r:an'szgressive epi_sod_e(. Thick sect:dl;.ons of g ;k

. . 2]

Castle Hayne-like sediments, found beneath typical Castle 'Hayne Lime=- E f
stone in numerous outliers in Duplin, Sampson, and Wayne Counties, é%

may also belong to this earlier transgressive episode. :
Except for tl;e‘ Echinoidea, the Foraminifera, and. the Bryozoa, w:

. ) i |
the Castle Hayné fauna is still poorly understood, both taxonomically :‘.
and paleoecologically; A large portion of the known Castle Hayne. fauna E

G is endemic, ‘thus i)osing a problem when trying to biostratigraphically f

» ’»
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correlate the formation with other Eocene strata. This endemism is

P f

limestone, some placing it in the Middle Eocene, others in the Upper

. possibly the reason why paleontologists disagree on the age of the
® '

Eocene, and szill others'in both the iddle and Upper Eocene. The

history of the North Atlantic Ocean, accompanied by the pattern of

.

sea level fluctuation and marine deposition of deep sea sediments

suggests that the Castle Hayne is Middle Eocene, a time of major

transgrassion in the north Atlantic coastal regions, and abundant

- .
. -

evidence for such a transgression is available for the Atlantic North
American continental shelf.

.

Diagenesis of the Castle Hayne environment occurred in four major
environments: (1) shallow marine, represented by glauconite formation;

(2) wmixed shallow warine and fresh water vadose, associated with hard-
grounds and including phosphate precipitation, development of Qrusy.

-y < . .

- .' £l
rim cements, and microkarstic features, (3) fresh-water vadese,

represented by disso]utionnof aragonite and leaching of Mg+4'froﬁ'

-
.

high-Mg calcite bioclasts; and (4) fresh~water phreatic, represented
by development of syntaxial overgrowths on echinoderm fragments. One

additional minor diagenetic alteration is the dolomitization of a

.
*

biomicrite lense, exposed in the Martin Marietta'quarry in New Hanover

» v

County. This diagenetic process occurred along a zone of marine and

fresh-water mixing in a near-shore subaerial environment associated

.
»

with the Czpe Fear Arcﬁf:‘ﬂ T

‘

Thg depressions in which the limestone is preserved in Duplin,

»

and Wayne Counties are interpreted as preCastle Hayne

Lenoir, Sampson,
stream: valleys. The exact dimensions of these outliers are not known.
It is possible that some of these outliers, although separated by wmany

kilometers on the surface, may be continuous in the shallow subsurface.
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INTRODUCTION
Many landforms and associated sedimentary deposits in the southeastern Atlantic Coastal Plain pre-
serve 2 record of repeated inundations and withdrawals of the sea during the Pliocene and Pleistocene.

T onal interpretations of the origins of these features presume thac the Coastal Plain was a stable

crustal region during and after their formarion. Periodic glacio-eustatic transgressions and regressions

of the sea are correlated with interglacial and glacial stages, respectively, of the Pleistocene (e.g.,,

Oaks and DuBar, 1974), or with earlier displacgments of ocean basin waters onto the land during episcdes o

¥¢ increased sea floor spreading (Le Pichon, 1968). .

Reliance on a stable crust model for the explanation of Plic-Pleistocene events is in marked contrast

to the conclusions derived from studies of older Terziary and Cretaceous Coastal Plain sediments, whose

]

distribution and character are known to have been influenced by episodic activity along major structural

-
2‘,\-_ oS . - 1
-

features (e.g., Baun Eﬁ.éi*» 1978; Brown et al., 1972, 1977; Ferenczi, 1959; Harris et al., 1979; Rich-
ards, 19250). Few studies have suggested that tectonic activity in the Cecastal Plain might have played a
role in modifying the effects of eustatic sea level change dﬁring the Pliocene and Pleistocene., Doering

(1960) concluded‘thac upw;rping of the Cape Fear arch (fault) in southeastern North Carolin;, together |

with regional ppiifc of the Appalachian Highlands and inner Piedmont, preceded Pleistocene glacio-eustatic

oscillaticns. Winker and Howard (1977), based on a re-interpretation of relict shoreline sequences in the

4 ic Ccastral Plain south of the Cape Fear River, North Carolina, arrived at similar conclusions, and .
o \”§\ c/“""' TN e
P 4ded_£gn:a§izs/evidence for Pleistoceng uplift along theq.ggf_fi?f_figif;’,/

Direct evidence of Pleistocene tectonic activity in the Coastal Plain is difficult to obtain. =
Faulting df units in subs;rface i; obscured because of the minor amounts of displaceueht iavolved, and
because of the thinness, lithologic similarity, and discontinuity of Pleistocene sedimants. Surface fault
scarps are rapidly obliterated by fluvial erosion of the unconsolidaced_s&rficial ;ediuents. Instead, .
reliance pust be placed upon recognition of the secondaéy effects of tectonic activity on regional geology
2nd geomorphology. . ) | . Co. i

CAPE-FEAR - NEW RIVER COASTAL PLAIN, NORTH CAROLINA

The geology of Plio-Pleistocene deposits in the outer Coastal Plain between the Cape Fear and New

Rivers, North Carolina (Fig. 1) has not been studied in detall. The region is a structural and géomorphic

entity bounded to the southwest by the Cape Fear fault, and to the.northeast by the Neuse fault. The Cape

Fear fault, wﬂ;EE:EEE;;}s approxinated by the course of the Cape Fear River, has been active periodically ?7
. oo h

———
-

since Aptian-Albian time and has had a profound influence on the distribution and thickness of Cretaceous

and Tertiary units on either side(of/;:;—;;;;:::Initial movement along the Neuse fault, which can be traced

the vicinity of Smithfield, North Carolina southeast to the coast between New and Neuse Rivers, alsoéfr

1l

occurred during Aptian~Albian time. Changes in structural and deéositional strike and thickness of

- . - - -

.
.
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Figure 1.
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Tvt'cluding equivalents of the Waccamaw and overlying Canepatch formations of South Carolina (Figs. 3 and 4).

Tertiary units crossipg the fault indicate'periodic povement in the Paleogene and early Neogene (see
Earris et al., this volume). ‘

(@nlikel adjacent sections, this part of the Coastal Plain is characterized by a dearth of either

ia scale relict shoreline features or Pleistocene marine deposits. Inm addicion, drainage develcpzent
and direction of flow differ =markedly from those seen in adjacent Coastal Plaln sections. Detailed geo-

'

morphic analysis, utilizing recently completed 7. 5' topographic quadrangles with 5- foo: (1.5 m) contours,

¥

3goupled with field mapping and analysis of subsurface data have been used to delimit relict shorelines
and associated marine deposits in the region. The data obtained from these varying lines of evidence
indicate that the unusual geologic and geomorphic features of the Cape Fear-New River region are the
result of episodic tectonic activity during the Pliocene and Pleistocene.
‘ SBORELI&E SCARPS AND ASSOCIATED MARIKE DEPOSITS
An erosional écarp, here designated Hanover.Scarp, with an average relief of 5 m can be traced from

central Kew Hanover County northeastward to the west side of New River, Onslow County (Fig. 2). At this
point, Hanover Scarp turns abruptly north and is traced for 20 kn along the west side of New River. A -
second scarp, located seaward of Hanover Scarp and essentially delimiting the modern mainland coastliné,
parallels Hanéve; Scarp between central New Harover County and New River. This-scarp, as predicted by '
v n and Pilkey (1976), is the southwesterly continuation of their Bogue Scarp. Bogue Scarp as maéféd
@xon and Pilkey (1976) ccntinues northeastuérd past New River and parallels the shoreline into central
Cartaret County where it connects with elexants of the north-~trending Suffolk Secarp of southeas:eranir—
ginia (Mixeon and Pilkey, 1976; Oaks and DuBar, 1974). A third scarp, here designated. Alligator Bay Scarp,

.occurs seaward of Suffolk Scarp between Spicer and Alliganér Bays west of New River.' This minor scarp ié
subrerged southwest of Spicer Bay, and has not been mapped northeast of New River, although Mixon and °

"Pilkey (1976) indicate the presence of what is presumed to be this scarp along part of the Bogue Sound

shoreline,

These three scarps form the seaward borders of tilted plains. These plains are irmediately underlain

bycf:zggg;;:bf nonmarine .deposits that overlie fossiliferous marine sediments, and are regarded as sub-

aerially modified sea floors of former marine transgressions. The surface landward of Hanover Scarp is

an extensive, Doderately dissected,‘g§§puto)noréﬂsg;c sloping plaidi\ This plain is continuous inland to

. -
the seaward edge of the innmer Coastal Plain (Orangeburg Scarp), and is characterized by the development

of Carolina Bays. In the Early Pliocene the outer and middle southeastern Atlantic Coastal Plain was
inundated by the Duplin sea to Orangeburg Scarp. The youngest fossiliferous marine depoéits underlying

. mplain between Orangeburg and Hanover Scarps are outliers of the Duplin Formation (Figs. 3 and 4).

The dissected plain between Hanover and Suffolk Scarps i's underlain by yéunger zarine deposits in-
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The age of these units is not established conclusively, but the carine transgressions responsible for
their deposition zppear to have occurred between the beginning of the Pleistocene (Calabrian) and the end
of the Sa cn Interglacial (Campbell et al., 1975; DuBar et al., 1974).

Subsﬁrface strazigraphy of the plain between Alligator Bay and Suffolk Scarps is not known. Richards

(1950) regports fossils from this area that may be related to the Socastee fauna. The Socastee formation
overlies the Canepatch Formation in South Carolina and is considered co represent a minor tr ansgression

du*;ng che =id- Wisconsin Interstadial (Figs. 3 and &) Socastee equivalents are kno#n east of Suffolk

o' -

:’Scarp farther to the north in the Neuse River region, Noygh Carolina (Mixon ané Pilkey, 1976; Oaks and -
Dubar, 1974). . L. g SE
' . e
- - DISCUSSION o

»

Assuning that the Duplin plain, the Waccazaw-Canepatch plain, and the "Socastee" plain were forzad as
nearly h;rizontal surfaces, the presently observable slones and slope directions on the plains indicate .
that episodic and differential uplift have occurred in the region (Fig. 5C). The Duplin plain is at an
elevation of 12.2 m in central New Hanove; County, but to the northeast, over a distance of 60 km, its

elevation gradually increases by nearly 9 m to 21 m on the west side of New River. The Waccamaw-Canepatch

plain rises less thégj;_~gatween central New Hanover County and New River, and the "Socastee" plain, al- ?

though only tracezble for about 12 km southwest of New River, rises from sea level to 4.6 m at New River.
@:ugh 21l three plains presently dip west or southwest from an axis aleng New River, the observed dif- l
ences in slopes of these plains are indicative of at least three periods of tectonic activity. between

the time of withdrawal of the Duplin sea and the present.

"

The divergence of slopes of the Duplin and Waccamaw-Canepatch plains towards New River indicates up~-

-

lift along the Neuse faulr after withdrawal of the Duplin sea and prior to Canepatch transgression (be=
tween three =illion and 75,000 years ago). The divergence of slopes of the Waccamaw-Canepatch and "Socas-
tee" plains toward the Czpe Fear fault indicates uplift of the fault after Canepatch sea withdrawal and °

prior to transgression of the Socastee sea (between 75,000 and 32,000 years 2go). The divergence of

»

slopes of the "Socastee" plain and the modern sea level plain towards New River indicatesCQuplift along the:
—EEEEE:EEEEE:;n the past 30,000 years that resulted in the present attitude of the plains (Figs. 55-C). —
Post-Waccazaw-Canepatch uplift along the Cape Fear fault also is recorded by reginnal anozmalies in
distribution and eiavations of these formations. The Cape Fear River,” whose course ~approxizates the trend
of the Cape Fear fault, forms the boundary between two distinct geologic regions. Northeast of the river
the Waccazaw and Canepatch formations are restricted to the narrow coastal strip seaward of ﬁanover Scarp,
and are not found above +5 m elevation: Southwest of the river the Waccamaw Formation extends about 80 km

d to the seaward edge of the middle Coastal Plain (Surry Scarp), and its base is found at elevations

up :o +28 m (DuBar et al., 1974; Howard, 1974). The Canepatch Forzation extends about 20 km inland and

amamaary s 1

its base occurs at elevations up to +13.7 n (DuBar gg_gl.: 1974).
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The widespread distributieon and higher glevacions of Pleistocene forzations souchwésc of the Cape
Fear River indicate that: (1) priorvto Waccamaw-Canepatch deposition the region southwest of the river
vas lower than the region to the northeast; and (2) after Waccamaw~Canepatch deposition the southwestern
@on' was vplifted with respect to the nertheastern region. Tixis uplift is t:'em:a:ivcly correlated with
inivial “reverse" tilting of ch? Waccamaw-Canepatch plain between Capé Fear and Ne; Rivers.
Late Pleistocene uplift along the Cape Fear fault is fhéther suggested by moéern drainage patterns
(Fig. 1). The Cspe Fear drainage basin is narrou.and exhibits a pérallel pattern with dominant southéast— ¢
:é erly flow. 1Inland the Cape Fear River flows at the base of a high, northeastward-facing bluff that forms t
an extrenmely narrow divide with the Lumber-Big Swawp drainage basin to the southwest. This bluff, actu~ 1
ally a receding fault line scarp, loses elevation seaward, and is not distinguishable in the ou;ermost
Coaszal Plain, Here the divide between the Cape Fear and Waccawaw drainage basins is brc;d and low, and
no abrupt change in elevation marks the divide. Drainage pattemms in the Lumber~Big Swazmp and Waccadaw
basins are dendritic, and flow predominantly to the southwest. The Lurber-Big Swanmp and Waccamaw drainage
systems are characterized by underfit, poorly integrated, complexly weandering streams occupying very
large floodplains, whereas the Cape Fear drainage éysteﬁ is well.integrated and composed of streams in
accord with their floodplains.
Ve propose that the Cape Fear system is youﬁger than drain;ge systems to the southwest, and dev;ioped
E result of uplift of the Coastai Plain southwest of the Cape Fear fault. Prior to uplift, runoff from
Gﬁner Cozstal Plain and Piedzont flcwed southwes:erly across what is now the Cape Fear drainage basin,
and deposited the sequence of prograded fluviodeltaic sedizents described by DuBar et al. (1974) as over—
lying marine Plio-Pleistocene depégiés southwest of the Cape Fear River. Uplifc resulteé in the beheading
of these major drainage systems, causing the formation of underfit streazs docwnstream, and in the deflec-

tion of upstream runoff to the southeast, forming the Cape Fear drainage system. .
On the basis of the data presented, we propose the following sequence of geologic events:,
(1) In the early Pliocene the Duplin sea transgressed over khe outer and miédle Coastal Plain,
cutting and occupying Orangeburg Scarp. .
(2) Uplift along the Neuse fault parallel to th; nodern course of New River occurred after with-
drawél of the Duplin sea from the C;;stal Plain (circa three million years ago), and resulted
-in warping of the Duplin plain and a gepneral westward dip to the surface between Cape Fear and
New Rivers (Fig. 5A). |
(3) In the (2early) Pleistocene, the Waccamaw sea f}ansgressed over unelevated regiods of the
Coastal Plain southwest of Cape Fear River and northeast of New River, cutting and occupying
e Surry Scarp. Th'e Waccamaw transgression was insufficient to inundate the uplifted region be-
tween Cape Fear and New Rivers, and was limited to the cutting and occupation of Hanover Scarp.

(Z} Withdrawal of the Waccamaw sea from the Coastal Plain was followed by. the less extensive Cane~
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Figure 5.
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patch transgression that re-occupied part of the unelevated outer Coastal Plain and Hanover
Scarp during the Sangamoq Interglacial. )

Withdrawal of the Canepatch sea, presumably at the end of the Sangamon (circa 75,000 years
2g80) was accorcpanied by uplift along the Cape Fear fault that resulted in elevation of tﬁs--
region southwest of the Cape ?ear River, the development of the Cape Fear drainage ‘system,
reduction in the general westward slope of the Duplin plain, and the initial "reverse" or
eastward slope of the newly formed ﬁaccamaw-Caneéatch plain (Fig. 5B).

The Socastee transgr;ssion during the Wisconsin Interstadial (circa 32,000 years ago) occupied
ccastal regions on both sides of the Cape Feaf River and cut and occupied Suffolk Scarp north-
east of the river. Further uplift along the Neuse fault occurred after withdrawal of the
Socastee sea and resulted in presently observed plain slopes and elevations in the region .

between Cape Fear and New Rivers (Fig. 5C).

IMPLICATIONS

Recognition of tectonic activity during periods of eustatic sea level change significantly alters

interpretations of Plic-Pleistocene history of the North Carolina Coastal Plain. Some determinations of

Pleistocene sea level are based on localities now known to have undergone appreciable post-depositional

uplife,

as it is

- -

Regional correlation of scarps and associated relict shoreline features requires re-examination,

based on overestimates of maximum sea level and on assumed crustal stability. Furthermore, doc=

ucentation of Plio-Pleistocene crustal instability in one ‘part of the Atlantic Coastal Plain suggests

t ossibility that other areas were similarly affected. We offer the suggestion that at least some of

A

roblens encountered in the elucidation of Plio~Pleistocene geologic histofy of the Coastal Plain may

best be solved through zbandonment of the stable.crust model. . -
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tional envirconments within the Santee
Limestone reflect the ayndepositional.
“aaic hivtory within and about the Santee
mal basing those of the Castle
imestone reflect the history of ity
basin. Thus, the initiation of deposition of
these formations are, more likely, the prod-
ucts of ntrabasinal environmental condi-
tions and _are not indicators of contem-
porencity. The time-transgressive nature of
Santee-Castle Hayne biofacies was alluded
to by Cooke and MacNeil (1952, p. 24):

It is not surprising that the faunas of the San-

. tee, Castle Hayne, and Ocala limestones are

somewhat similar, for these three formations

tepresent similar facics. The Santee and Castle

i Hayne fiunas were not recognived as of

. Claiborne age because no similar bryozoan-

"bearing limestone facies occurs in the
Claibornd west of the Carolinas.

We may not agree with their age as-

ey

HARRIS AND -ZULLO

seasments, bt we agree fully with their
philosophical approach (Fig. 3).

ANALYTICAL PROCEDURES AND
RADIOMETRIC RESULTS

A componite sample of the ghiuconitie
zome was collected from the lectostratotype
of the Costle Hayne Limestone, New
Hanover County, North Carolina. Five
glauconite concentrates were separated on
the basis of grain size and cxternal
morphology into samples designated:
MMI-TOOHT; MMI1-T100HM; MMI-
HOOHF; MMI1.20HF; and MMI-70HT.
The samples were further prepared for
analysis according 1o the procedure de-
seribed by Harris and Bonine (1974). The
concentrated samples contained less than
1% impurities of pyrite 2nd dolomite.
X-cay diffraction analysis of the glauconite
samples confirmed that the samples con-

sisted of the wellordered 10 disordered
glauconite defined by Beator and Kastner
(1965).

The five glavconite samples were
analyzed for Rb, Sr, and Sr-isotopic com-
position using standard chemical and
isotopic dilution procedures. A technique
using concentrated acids and simall ion-
.exchange columins also was employced for
separation of Rb and Sr (Russcll, 1978). In
addition, Fe was scparated from all Sr
samples using these small columns. The re-
sults arc shown in Table 1. Rb and Sr
blanks were collected in order to monitor
contamination encountered in handling and
preparing the samples for analysis. Analysis
of the blanks has shown that procedural
contamination for the Rb and Sr was negli-
gible. Therefore, no correction for the
blanks has been made on the values givenin
Table 1. On the basis of analyses of the Na-
tional Burcau of Standards Standard Sam-
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Figure 3. Suggestion correlation of Eocene strata of North and Somh Carolina. Numbers indicate equivalent rock units.
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