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IN SITU STRESS FIELD IN THE SOUTHEASTERN

UNITED STATES AND ITS IMPLICATION*

By

D. E. Stephenson1
and
H. R. Pratt?2
E. I. du Pont de Nemours & Co.
Aiken, South Carolina 29808

ABSTRACT

Published and unpubiished in situ stress measurements and studies of earthquake
focal mechanisms in the southeastern United States provide useful information on the
elative magnitude and orientation of existing stress fields in the region. These data
rovide general agreement with the complex geology and the present-day tectonic
ocesses observed in many areas of the southeastern United States.

Stress measurements reveal the existence of high horizontal stresses in the
ppalachian complex. The magnitude of the maximum horizontal stress ranged from
to 41.8 MPa. Different in situ stress states in the Appalachian complex, the
al Plain, and the stable interior region indicate the possibility for different
ng mechanisms. Data derived from Lhe various techniques for determining in situ
35 are consistent within the data scatter in each province.

INTRODUCTION

Knowledge of the natural stress field in rock is important for many problems in
K mechanics, earthquake geophysics, and geologic processes. Such knowledge is
ortant for (1) construction of both surface and underground facilities, (2) evaluation
potential geological hazards and (3) implications of contemporary Lectonics.
_able information from in situ measurements regarding the regional stress in the
fieastern United States was reviewed. Information developed during the past two
465 on Lhe state of stress in the earth's crust (Brown and Hoek, 19785 Bulin, 1971;
1500, 1978; Hasl, 1969; McGarr and Gay, 1978; Raleigh and others, 1976) indicates
| horizontal compressive stresses at the surface of the earth's crust in many areas.
Zontal stresses much larger than those expected from gravitational loading alone
been_ Measured in the United States, Europe, Africa, Iceland, and Australia.
'_“sm{ Mmeasurements of stress in the southeastern United States by either
"racturing or strain-relief techniques not only indicate the direction of the stress
i L also provide an estimate of the magnitude of the stress. Investigation of
4r3':iesolu.tlons Tor earthquakes that have occurred in the southeast can be used
T k. (()jrlentatlon of the stress field. )
deratl)jl b Shows that the observed stress field in the southeastern United States
» E yb different from thgt expgcted as a resul.t Aof gravitational loading.
'anotho 'Served stress field is relatively continuous, it is heterogeneous from one
er; locally anomalous stress conditions occur throughout the southeastern

SR
‘ '; ®S.In general, the stress field of a particular region appears to be related
#0100y and tectonic history.

® _‘.' Contract No. DE-AC09-765R00001 with the U. S. Department of Energy.
1 la COnSulting Engineers, Inc., Albuquerque, New Mexico, 87106, formerly
* GU Pont de Nemours & Co., Savannah River Laboratory, Aiken, South

'8k, Inc., salt Lake City, Utah, now with SAI, LaJolla, California.

115



REVEW OF N SITU STRIESS MEASUREMIENTS

In recent  years, o number ol stress measurements have been made
southeastern United States from the surface to depths of almost one kilomete
measurements have revealed significant nonlithostalic stresses.  In some
near-surface deviatoric® stress components of aboul ten MPa have been measure
the stress gradients indicate even higher stresses al depth (MeGarr and Gay,

Two methods have been used Lo measure stress in siti: - the overcoring
reliel Lechnique by using deformalion gauges like the USBM borehold deformatior
and the direct measurement ol stresses by hydraulic fracturing.  The strair
method is limited Lo depths of up Lo one hundred meters from the surface bul
good fTor use in underground facilities.  The hydraulic fracturing technique,
from oilficld practices, has been used Lo depths of up to five kilometers.

The location and results of these tests and other relevant informat;
presented in Tigure | and Table 1, respectively. These dala represent mea
in crystalline rock, argillaceous rock, and semiconsolidated sediments at dept
from 0.5 to 840 meters below the surface. The magnitude of the maximum
stress ranges from 5.9 Lo 41.8 MPa. The orientation of the maximum horizont
varies within the Appalachian area and is dependent on location within a |
province (Higure 1). A shift of grealer than 909 occurs in Douglas County, |
near the Brevard faull sone. This deviation may be due Lo the nearness to t
zone, as crraltic measurements at depths of up Lo aboul 60 meters have bee
in several other arcas when made near fault zones. Therefore, this may acco
shifl. in direction.

A4 lydrofracture g
e In situ strain relief

—= Maxinum horizontal stre
Length of arrow indica

g relative magnitude of H

L max.

Figure 1. Direction of maximum horizontal principal in situ

Southeastern U. S.  Length of arrow indicales magnitude of stress.

12, only the minimum stress (dashed line) was measured; therefor

maximum stress is known but nol lhe magnitude.

XDeviatorie stress component (actual stress component)--(lithostatic €
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In Situ Stresses Determine in the Southeastern United States.

Depth of
Stress, MPa Measurement ,
Mot hod Rock Tvpe 9N max % min Tyert meters Reference
B St. Perers, PA strain=reliet norite 5.6 2.3 NA** 1.5 Hooker and Johnson, 1967 and 1969
Morgantown, PA strain=relict  diabase 414 13.2 26,8 713 Agarwal and others, 1969
4 Morgantown, WV hvdrofracture  shale 10.4 5.9 (2.9) 30.5 Dahl and Parsons, 1972
Southwestern, W hvdrofracture  shalw 40,8 18.4 (21.0) 840 Haimson, 1977
Rapidan, VA strain-relief  diabase 122 1.4 NA 55 Hooker and Johnson, 1967 and 1969
Mineral, VA straincrelief  uneiss and 3.8 1.7 0.1 4.0 Lindner and Halpern, 1978
schist
M. Airy, NC stratn=relief  wranite 1.3 6.0 NA 0.7 Hooker and Johnson, 1967 and 1969
Raccoon Mt., TN 15.5 NA 7.4 274 Ingle and others, 1971
Bad Creek, SC hvdrofracture  gneiss 22.8 15.4 6.2 229 Hast, 1969
Bad Creek, SC strain-relief gNeiss 29.% 18.4 10.2 ~200 Schaeffer and others, 1979
Parr, SC strain-relief  granodiorite 3.7 1o NA 5.6 Lindner and Halpern, 1978
Charleston, SC hvdrofracture  silty-clay NA 4.2 s} Jhd Zoback and others, 1978
Stone Mt., GA strain-relief  yranite 10.3 6.9 NA 1.3 Hooker and Johnson, 1967 and 1969
Lithonia, GA strain-relief  gneiss 15.2 1.7 (0.2) R.7 Hooker and Johnson, 1967 and 1969
Douglasville, GA  strain-relief  uneiss 1.5 19 NA 0.5 Hooker and Johnson, 1969-1969
bers are keyed to Figure 1.
= not analyzed.
) indicates an uncertain value.
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€ 2. Variation in in situ stress with depth within the U. S. (after Haimson, 1978).

2everal investigators have developed empirical relationships for in situstresses on
‘l’;?zl: continental basis (Brown and Hoek, 1978; Haimson, 1978; Hast, 1973;
2) i Linder and Halpern, 1977). Haimson developed the following relationships
. from hydrofracture data for the United States:

g, =g 4
Lt max 2.0 + 0.16 d
g, = 0.025 d
where UH - maximum horizontal stress, MPa
max

ov = vertical stress, MPa
and d - depth, melers

117




Using worldwide data from hydrofracturing and overcoring, MeCarr and Gay
found Lhul.gv 0.0265 d. Using worldwide dala from overcoring experience i
Brown and Hoek (1978) found Lthal the average horizonlal stresses were bound

2.7 v 0.008 d< o <40.% + 0.014 o
o = " Hoavg —
v 0.027 d
a () .
H max H min
where q_l e RS

Lindner and Halpern (1978) found thal hydrofracture and strain-relief measures
the United States are best represented by: :
o - 4.2 + 0.0058d
H avg
o = 0.025d
v

Figure 3 shows nine focal mechanism solutions* for small, shallow earthg
the southeastern United States as developed by several seismologists. (Onl
these solutions are well constrained.) (Bollinger and others, 1976; Tarr,
analysis of these and other focal mechanism solutions for Lhe southeast
reported by Guinn (1977) and is summarized in Figure 1.

DISCUSSION
Application of knowledge of the stress field to tectonic processes is re

understand regional deformation, regional seismicity, and plate movements.
This review evaluates regional stress in the southeastern United Stales.

— Compression

~\//\.- @\ Dilation

860 82°

Figure 3. oucal mechanism solutions for the southeastern U. S.

*In this figure, the circles represent the horizontal plane (top sur
hemisphere). The shaded area within each circle represents the zone 0
The unshaded oreca represents Lhe zone of dilation.
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Importance of Horizontal Stress

The increased number of in situ stress measurements throughout the world in the
Lwo decades has shown that high horizontal stresses occur frequently at shallow
(to several kilometers). Figure 2 (after Haimson, 1978) shows the variation of
with depth, within the continental United States; it is not until a depth of about
m is reached that the vertical stress is the principal stress. The data, especially
e below 0.5 kilometer, are from measurements in sedimentary basins within the
le interior of the United States. Similar plots have been compiled by McQarr and
((1978) for South Africa and Canada. Plots of shear stress, 1- 3)/2, as a funclion
depth indicate that higher shear stresses, as much as 20 MPa, are found at depths
3 Lhan Lwo kilometers. In general, higher shear stresses are found in crystalline

Measurements at depths of more than ten meters in the rocks of the southeast
_lted in Figure 4 as the ratio of average horizontal stress to vertical stress. The
Are the general limits of worldwide data (Brown and Hoek, 1978). The ratio %y
for measurements within ten meters of the surface are too high and variable
' plotted within the scale used for Figure 4. This ratio is greater than one for
surements in the southeast except for those near Charleston, South Carolina.
i l‘leston, only the minimum horizontal stress was determined; however, it is
J that the maximum horizontal stress was_large enough to make the ratio
than abouyt 0.8. The high values of ~ | avg/ v in the southeast would indicate
Or depths less than one kilometer, and eSpecially for depths less than 0.5
€y the existence of high horizontal stresses must be considered in the design
“fground facilities by proper orientation with respect to the stress field.

Tectonic Framework for the Soulheast

'derson (1951) develo

§ ped a classical relationship of faulting to principal stress;

DCcurs-l alzdvertical, r)orma(. faulting occurs; when 0 5 is ver‘tjcgl, strike slip

. ame:/mrk when 03 jg vertlcal,‘thruslt faulting occurs. A preliminary regional

it st peon was developed by using this relationship to analyze the data from

e Measurements and to compare the results with the fault plane
earthquakes.

" bt <! _ ) . o
SUred in sity stress discussed in this paper is in the Appalachian complex

3
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excepl twor one in the Coastal Plain and one i the stable interior region. |2
stresses moeasured in rocks ol the Appalachian complex, with Lhe exceplion of
Morgantown, Dennsylvania (which indicate the effect ol the extensive mining
on the stress distribution), show the minimm principal stress component @ )
a verlical or subvertical orientation  whichy according Lo Anderson's relali
indicales thrast faulting. This requires more data al depth Lo verily; how
appears Lo be the case. This interprelalion is consistent with most of the fauj
solulions oblained in the Appalachian complex.  The principal stress direction
follows the stractural trend ol the region, parallel Lo the major  thrusts
Applachian complex. :

In the Coastal Plain of the southeast, in silu stress measurements show the
principal stress component (@1) Lo be in the vertical direction, which indicat
faulting. | ault plane solutions for the Coastal Plain indicate both normal aj
faulting.  The solutions are nol well constrained, and the exact mechanism
to deltermine.  Recent studies indicale normal Taulting in Coastal Plain sedin
Charleston, South Carolina (Zoback and olhers, 1978); however, thrust faulti
present in the crystalline basement. A betler knowledge of Lhe focal dep
carthquakes and more definitive Tault plane solutions are required.

The consistency ol the above resulls for Lhe Appalachian complex and th
Plain compares well with the consistency of data for the intermountain sei
(Smith and Sbar, 1974) and, on a small scale, Lhe consistency of data for tl
Anticline arca, Colorado (Raleigh and others, 1976). Al the Rangely
extensive in ositu stress studies conducted by o variely ol overcoring |
hydrolracturing, x-ray analysis, and faull plane solutions yielded consiste
orientations.  The measured stress magnitude from hydraulic fracturing and
solutions indicates right lateral strike slip faulting. | or the intermountain
good  correlation was obtained belween the regional tectonic framewo
stresses and movements deltermined by fault plane solutions.  [or the ea:
Stales, measured in situ stresses, geological evidence, and fault plane
indicaled high horizontal stresses (Shar and Sykes, 1973).

CONCT USTONS

High horizontal stresses exist in Lhe Appalachian complex withO by ing
up lto 5.7,

Based on the limited data base available, the three major phys
tectonic provinees--Coastal Plain, Appalachian complex, and the stable i
different in situ stress stales, which may indicate different faulting mi

Fhe varicus Lechniques used Lo determine i situ - stress--hydro
overcoring yield relatively consistent values for both stress magnitude and
I aull plane solutions give orientations generally consistent with the other
measurement s,
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STRATIGRAPHIC DISCUSSION IN SUPPORT OF A MAJOR UNCONFORMITY
SEPARATING THE COLUMBIA GROUP FROM THE UNDERLYING

UPPER MIOCENE AQUIFER COMPLEX IN EASTERN MARYLAND

By

Harry J.. Hansen
Maryland Geological Survey
Merryman Hall
Baltimore, Maryland 21218

ABSTRACT

Well log correlations across the lower Eastern Shore of Maryland strongly suggest
that beds of the Upper Miocene Aquifer Complex ("Yorktown-Cohansey(?)" Formation)
are truncated by an angular unconformity occurring at the base of the Columbia Group
("Pensauken Formation"). More detailed local studies have demonstrated that the base
of the Columbia Group is defined by a network of complexly incised fluvial channels
which locally cut out beds of the underlying Aquifer Complex.

At the Coast the Manokin Aquifer, basal member of the Complex, is separated
from the Columbia Group by about 200 feet of post-Manokin sediments. Westward the
upper beds of the Complex are truncated beneath a low-angle unconformity so that in
western Wicomico County, a distance of about 30 miles, the Manokin Aquifer subcrops
immediately beneath the Columbia Group. Juxtaposition of the fluvial, channel-fill
sands of the Columbia Group with marginal marine sediments of the Upper Miocene
Agquifer Complex has suggested to some workers (Owens and Denny, 1979a) that the
units are lithofacies of the same depositional sequence. However, the cross-cutting of
marker beds in the Aquifer Complex by the channel-fill sequence argues persuasively
that the units cannot be coeval. For example, wells drilled across a paleochannel trend
in north-central Wicomico County have shown channel-fill deposits cross-cutting, from
youngest to oldest, a 60-foot thick aquitard assigned to the Aquifer Complex, the
Manokin Aquifer and, in places along the thalweg, upper-most beds of the St. Marys(?)
Formation.

{\lthough clearly younger than the upper Miocene Aquifer Complex, the age of the
overlying channel-fill sequence remains uncertain. Recently obtained paleobotanical

evidence suggests that it may be Late Tertiary, rather than pre-Wisconsin Quaternary
formerly assumed.

INTRODUCTION

t'l;he lower Eastern Shore of Maryland, part of the Delmarva Peninsula, is a low
:8 area man‘tled by a relatively thin, but stratigraphically complex, sheet of fluvial
: dfginal marine sediments. These sediments are usually assigned to the Columbia
lic 2né’(ia”§e“y 1966; Jordan, 1974) and thought to be Pleistocene to perhaps
e ;) In age (Rasmussen and Slaughter, 1955) (table 1). Until recently the
b rse‘tf'UW.sedm)ents occurring at the base of the Columbia Group in parts of
er, SOl.’lth Icomico, .an(.j Worcester Counties were believed to overlie and truncate
B e |:easterly dipping Miocene units. Rasmussen and Slaughter (1955) assigned
s(?) Fm? th'vf upper part of the Chesapeake Group and subdivided them into the St.
ner is o frinatlon.and the Yorktoyvn and Cohansey(?) Formations (undivided)*. The
ktown ange-gl‘amed shelf deposnt‘, which on geophysical logs grades upward into the
: ting of g Cohansey‘(?) Formation, a dominantly sandy, near shore complex
, 1974) egral aquifers (e.g., the Manokin, Ocean City and Pocomoke Aquifers
SUggesting wens and_Denny (1979) have challenged this interpretation, however,

9 that the fluvial beds of the Columbia Group (their Pensauken Formation)
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Table 1. Comparison of nomenclalure used in this report with that of Owens q
(1979a, [ig. 7).

Owens and Denny This Report
Pleistocene Units e E Shoreline Complex
‘. . ’ s P OE ‘2’ NSNS L LA INGN N PN SIS e
E J {Walsion Sih} 2 E; “Red Graveliy ’; - Beaverdam
] FNEANSS FNPNIN " N
S E & Sand" Facies - _ Sand
a Beoverdam Sand S o S X
ot venramesssssnsnmrd O B | i
- ( . i
¢ * “Yorktown and Pocomoke ° ocomoke Aquifet
3 P-mauhn O Aquifer H Upper Miocene
] - Coh y (2" H Ocean City Aquifer
b3 = 3 Aquifer Complex [
g - . Formations | Manokin s . 3
:"&1 ‘ i Aquifer :é Manokin Aguifer
| Upper Miocene to Late Middle Miocene Units | St Marys (?) Formation
i
i |
'

may in facl be updip equivalenls ol Lhe "Yorktown and Cohansey(?)" Form
Lrue, the Columbia Group, at least in part, and the Yorktown and C
Formatlion are facies of a single depositional sequence rather than two s
separated by an angular unconformily. :

Resolution of Lhese conflicling points-of-view rests on Lhe continui
equivalency of the units involved. Arguments based on biostratigraphic rela
are strenglhened il the organisms being considered have well defined ranges
Lo zonation al Lthe slage or substage level. Lithostratigraphic argu
strengthened il one or more areally extensive marker beds can be estab
lithologic and/or geophysical log criteria.  Only then can a correlation f
erected having sulficient control Lo allow the recognition of facies
unconformilies.

STRATIGRAPHY
St. Marys(?) I ormalion

LLithostratigraphic Data:  Rasmussen and Slaughter (1957) recognized that
I ormation in the vicinity of its type locality (lower Choplank River, SE Ta
was overlain in the subsurface by an areally extensive, fine-graine
Correlating with the classic Calverl Cliffs section along the weslel
Chesapeake Bay, Rasmussen and Slaughter named this unit the St. Marys(
AL both localities the beds immediately overlying the Choplank [ ol
lithologically similar.  The dominant lllhologu“ are clay, clayey silt, and
finc sand, usually bluish-gray to dark gray in color, and often fossiliferous.
Shore  nomenclature is  queried because withoul a profile of bore
Chesapeake Bay, lithostratigraphic correlation remains somewhal Spe
rannol be rigorously demonstrated. In spile of this problem, the St. Mar
occurring cast of Chesapeake Bay is a widespread subsurface unit. It
marker bed and is a very useflul stratigraphic datum, providing contr
oltherwise characterized by lithologic complexity.

Two cross-seclions (ligs. 1, 2) are presented showing the dlstrlbu,
Marys(?) | orm: nlum. To provide a consistent basis for correlation only
are displayed on the cross-sections. Gamma-ray logs respond primarily |
lithologic framework and unlike electric logs are not susceptible to tra
by changes in pore waler salinity. [or this reason, in areas such as the

XThe name of this unil appears in scveral slightly different forms in
literature.
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Figure 1. Dip cross-section A-A!, showing relationship between Upper Miocene Aquifer Complex and the Columbia Group, lower Eastern Shore, Maryland. — Hansen.
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Figure 2 Strike cross-section B-B, showing relationship between Upper Miocene Aquifer Complex and the Columbia Group, lower Eastern Shore, Maryland. — Hansen.
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¢ fresh and brackish waters are complexly interfaced, gamma-ray logs have proved
e rior correlation tool.  Wherever possible, logs from wells with telescoped casings
asup(;ing/open hole breaks were omitted from the cross-sections to avoid introducing
> correlation "kicks."  As a result, the displayed logs accurately record bulk
(alselo'ic changes and can be used to work out the subsurface geometry of major
l!thO t?uligraphic units, such as the St. Marys(?) Formation. The cross-sections have
Illhﬁsconslructed using borings that fully penetrate the St. Marys(?) Formation (except
Iv)leie.Ae 19) in order to show the thickness of the unit as well as the gamma log
signatures characteristic of both its upper and lower contacts. Additional borings
drilled into the top of the Formation supplemented these data.

The St. Marys(?) Formation dips southeasterly, exhibiting between Salisbury and
the coast a slope of about 10.5 feet per mile (fig. 1). The unit is thickest at the coast
and may exceed 200 feet in some places (e.g. Wor-Cg 68). Up dip, the St. Marys(?)
formation thins so that in the Hebron-Salisbury area it is about 125 feet thick. Section
g-B' (fig. 2) traverses south of A-A', but is oblique to present structural strike and
shows an apparent dip only. The "up-dip" wells shown in B-B' display a thicker St.
Marys(?) section than comparable on-strike wells shown in A-A'; for example the
formation is 145 feet thick near Whitesburg (fig. 2) compared to 125 feet near
Parsonsburg. This increase in section (fig. 3) occurs consistently from north to south,
strongly suggesting a more easterly trending basin margin than implied by the
structural contour map (fig. 4). Biostratigraphic data (discussed in the next section)
indicates a depositional bathymetry of at least mid-shelf during St. Marys (?)
sedimentation. Il seems likely that mid-shelf or deeper conditions prevailed longer in
Somerset and southern Worcester Counties than in the areas to the north, a conclusion
reenforced by the relatively thin Manokin/Ocean City Aquifer system south of Snow
Hill (fia. 2).

‘ ‘l." ."'{, : | EXPLANATION
9 § caroLine _—

\“} [N \ k Approximate outcrop of St Marys Formation
ALBOT) S

p 7 \ ) Approximate subcrop of top of Si. Marys(?) Formation
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k i —~~ Contour showing approximate thickness of St Morys (2}

Formation. in feet

Cross section data point, showing well number
and thickness, in feet

Supplementary dota point, showing thickness, in feel
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3. Thickness map of the St. Marys(?) Formation, lower Eastern Shore, Maryland.

tThe base of the st, Marys Formation is sharply defined on gamma-ray logs as an
e::ayhsar)d_ trace shift. The St. Marys(?)-Choptank(?) contact is laterally

3 rin er’V'dlng an excellent stratigraphic marker for correlation land strugture
Mma rg _(“9- 4).  Along the southern profile (fig. 2) a pronounced "spike" of higher
adiation can pe observed occurring at the contact in borings Wor-Dd 60 (Snow
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Figure 4. Structure contour map showing depth to base of SL. Maryé(?f
lower Eastern Shore, Maryland.

Hill), Som-B3g 35 (Whitesburg), and Som-De 28 (Rehobeth). This cha
suggeslive ol a thin phosphalic zone, perhaps indicative of an interval of
prior Lo St. Marys(?) sedimentaion.  In Lthe outerop areas studied by Gerna
Choplank-St. Marys conlacl is also disconformable.

The upper contacl ol the St. Marys(?) Formation is not as sharpl
some places the gamma-ray logs show a progressive shifl, suggesting
Marys(?) [Formation grades upward inlo Lhe Manokin aquifer as pa
depositional cycle (e.g., Wor-13g 10, fig. 1). Shelfward, the St. Marys(?)
scclion at the top; a facies relationship wilh lower Manokin sands is implif
Cg 68, Tig. 2). [lsewhere the conlact may be marked by an abruj
suggestive ol a local unconformity (e.g., Wor-Ae 19, fig. 1). In areas
Island Park, where the Manokin aquiler is poorly developed, the contact
Lwo unils is difficull to pick on gamma logs. '

To summarize, Lhe St. Marys(?) [Termation beneath Lhe lower Ea
Maryland is considered an important marker bed because: (1) its ba
disconformity of regional extent, easily recognized on gamma ray logs
sand-clay shift thal is somelimes associated with a high radiation "spi
was deposited in a shell environment Lhat produced a relatively homaog
(and characterislic gamma  ray signature) devoid of abrupt facie
unconformities; and (5) al its top the St. Marys(?) Formation grades inl
Manokin Aquifer as a coasening-upward cycle that is generally recogr
logs.

Biostratigraphic Data:  Traditionally the St. Marys Formalion at its |
believed Lo include beds ranging in age from late middle to early late
Gibson, 1971). Blackwelder and Ward (1976) have recently reevalua
assemblages resulling in the Lype St. Marys I ormation of Maryland
split_into 5 units; the lower two, | ittle Cove Point and "St. Marys",
ate Middle Miocene and the upper, [astover Formation, in the La

and Blackwelder, 1980).
AL least as carly as 1918, Clark, Mathews, and Berry (p. 219) St
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Shore subsurface correlated a fossiliferous deposit of clay, sand, and sandy clay with
the St Marys(?) Formation based on the occurrence of Turritella variabilis and
wplectrion peralta (p. 317). The first detailed paleontologic studies were reported by
Gardner (in Anderson and others, 1948) who investigated cuttings from a well (Ohio L.
. Hammond No. 1) near Parsonsburg. Between 330 and 510 feet Gardner logged an
assemblage of molluses that she could relate to the St. Marys Formation "without
reservation" (p. 114): Acteon pusillus Forbes, Bulliopsis quadrata (Conrad), Terebra
curvilirata Conrad, Terebra simplex Conrad, and Uzita peralta (Conrad). The Ohio L.
6. Hammond No. 1 well is located about 3.5 miles from Wi-Cg 53 (fig. 1), but on-strike
and at approximately the same elevation. In Wi-Cg 53 the St. Marys(?) Formation
occurs between 345 and 460 feet and is broadly correlative to the St. Marys Formation
of Gardner. Later Gardner (in Rasmussen and Slaughter, 1955, p. 60) studied an
assemblage of molluscs from a well near Hebron located close to Wi-Cd 65 (fig. 1). In
this well a St. Marys assemblage was encountered at 185 feet in sandy beds that are
about 20 feet higher than the top of the St. Marys(?) marker bed correlated in figure
]. As previously discussed, the contact between the St. Marys(?) Formation and the
Manokin aquifer is usually gradational, suggestive of an uninterrupted depositional
sequence. 1L is plausible, therefore, that fossil assemblages associated with the St.
Marys Formation at its type locality could extend up into the Manokin aquifer which
is absent from the Calvert Cliffs section. Blackwelder and Ward (p. A9, in Owens and
Denny, 1979a) have also commented on the likelihood of a St. Marys molluscan
assemblage extending up into the Manokin sands.

Supporting Blackwelder and Ward's (1976) placement of the upper part of the St.
Marys [Formation in the Late Miocene is an investigation by Olsson (1976) of the
plarktic foraminiferal assemblages from several wells located near Wor-Ah 6 (fig. 1)
and Wor-Cg 68 (fig. 2). A core taken from about the middle of the St. Marys(?)
Formation (see Wor-Ah 6 at 590 feet) yielded an assemblage associated with the

borotalia plesiotumida (N17) Zone of Late Miocene age (Berggren, 1972, p. 206).
The assemblage suggested to Olsson that the sample was "deposited under shallow mid-
If depths (65-265 fect)...indicated by the appearance of planktic foraminiferal
cies in association with characteristic mid-shelf benthic foraminifera. The planktic
emblage is subtropical to tropical in its specific composition...". A listing of the
thic and planktic foraminifers from the 590 foot interval follows:

Bolivina directa (2) Globigerinoides altiapertura (1)

Bolivina cf. paula (1) Globigerinoides obliqua (1)

Bolivina subaenariensis (1) Globigerinoides triloba (1)

Buccella andersoni (3) Globoquadrina altispira (1)

Buliminella curta (2) Globoquadrina dehiscens (1)

Cassidulina carinata (3) Globorotalia continuosa (2)

Chilostomella sp. (1) Globorotalia menardii (1)

Fissurina lucida (2) Globorotalia plesiotumida (1)

- Florilus pizarrensis Globorotalia pseudopachyderma (2)

Fursenkoing fusiformis (3) Hanzawaia concentrica (3)
lobigerina angustiumbilicata (1) Legena dorseyae (2)

Globigerina apertura (1) Lenticulina americana (1)
lobigerina cf. conglomerata (1) Orbulina suturalis (1)
obfgerina foliata (2) Quinqueloculina seminula (1)
°b'_99rina decoraperta (1) Sphaeroidinellopsis subdehiscens (1)
obigerinita glutinata (1) Spiroplectammina sp. (1)
lobigerinoides sp. (1) Textularia agglutinans (2)

Textularia deltoidea (1)
Number of specimens: 1 = 1-10 2 = 11-100 3 = 101-1000

B'.‘USh (1976) also studied core material from near the middle of the St. Marys(?)
ation (fig. 1) ang reported an Upper Tertiary pollen assemblage dominated by
rGCeae. The following microfloral list suggests a terrestrial source under warm
ate to perhaps subtropical conditions:
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TYPE PERCENT
FFerns and f[ern allies PR

Selaginella (spike moss) 2.8
Olhers 2.8
Gynosperms
Pinus (pine) 5.6
Podocarpus 5.6
Angiosperms (trees)
Alnus (alder) 2.8
Juglandaceae
Carya (hickory) 41.5
Pterocarya 13.8
Quercus (oak) 11.1
Salix (willow) 5.6
Angiosperms (herbaceous)
Ambrosia (ragweed) 5.6
"Cretaceous" types
Monosulcates 2.8

Olsson (1976) noted a shallowing, and perhaps cooling, trend in a Lat
benthic assemblage obtained from a core 30 feet higher in the St. Marys(?) secl
560 feel in Wor-Ah 6) (fig. 1). High numbers of the shallow water species E
c¢lavatum and Buliminella elegantissima, occurring in the absence of planktic
fers, suggested to Olsson deposition in shelf depths of less than 100 feet.
clavatum's living range is north of Cape Hatteras and contrasts with the
planktic assemblage noted in the 590 fool core. A cooling trend is also s
a reduction in Juglandaceae (20.4%) dominance coupled with increased o
spruce (6.8%) and pine (20.3%) in the shallower core (Brush, 1976).

A list of Lhe benthic foraminifers from the 560 foot core follows:

Ammonia beccarii (1) Elphidium subarcticum

Bucella andersoni (1) Florilus pizarrensis (1)

Buliminella curta (1) Hanzawaia concentrica (
Buliminella elegantissima (3) Nonionella auris (2)
Cassidulina carinata (1) Textularia agglutinans (i

Elphidium clavatum (2) Textularia deltoidea
Number of specimens: 1| - 1-10 2 - 11-100 3 = 101-1C

In summary, limited biostratigraphic data suggest that (1) the
Marys(?) Tormation is largely | ate Miocene in age, perhaps coeval to
IFarmation (Claremont Manor Member) of Ward and Blackwelder (1980),
was deposited on a shoaling marine shelf (265 feet to < 100 feet) po:
climatic shifl. from a sub-lLropical Lo a temperate environment. b

"Yorktown and Cohansey(?)" Formations
(Upper Miocene Aquifer Complex)

Al least as early as 1918 Lhe dominantly sandy complex of
sediments  that overlie the St. Marys(?) Formation in the lower
subsurface was considered of formational rank. Applying nomenclat
from New Jersey, Clark, Mathews, and Berry (1918, p. 324) tentativel
beds to the Cohansey I ormation. Rasmussen and Slaughter (1955, p.
the lLale Miocene complex in Maryland was stratigraphically eqg
outcropping  Yorktown ['ormation in Virginia, but also accepted
speculation thal Lhe Cohanscy was a nonmarine facies equivalent of
hence the cumbersome Yorktown and Cohansey Formations(?) undif

L ater paleontologic  work seriously questioned the age €q
Yorktown [ ormalion and Lhe Cohansey Formation (Owens and Denl
rendering Rasmussen and Slaughter's nomenclature not only cumbe
misteading. I'or these reasons the "Yorktown and Cohanse)’(_/
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differentiated shall yield in this paper to the equally cumbersome, but strati-
o hically neutral designation of Upper Miocene (Manokin-Ocean City-Pocomoke)
grﬂpifer Complex (Weigle, 1974). Clearly, a new formation name needs to be erected,
:Iis not done here pendina the availabilitv of a more comoletely cared section.

T EXPLANATION
CAROLINE 1 Approximate terminus of Pensouken/ red grovelly
~-"'L : sand focies
-~ l

_ Approximote subciop of top of Manokin Aguifer
(poleochannel detail not shown!

Contour showing cumulotive sand thickness of
Manokin Aquifer, in feet

Cross-section data point showing well number
and cumulotive sand thickness, in feet

Supplementary dato point showing cumulative sand

thickness. in feer

: o
../->7"—’« =
VIRG’N,A}%
V\a M FSs

e 5. Sand thickness map of the Manokin Aquifer, lower Eastern Shore, Maryland.

0stratigraphic Data: The grayish Manokin sand is the basal unit of the Aquifer
plex. It s widely used as a source of ground water and has been tapped by

s of wells. A recent model simulation of the aquifer suggests strongly that, at
in a hydrologic sense, it functions as a continuous, albeit heterogeneous, sand
et (Weigle and Achmad, in prep.). Typical of shallow shelf to marginal marine
0sition, cuttings from the Manokin exhibit a wide range of sand to fine gravel sizes
include silty Lo clayey interbeds; lignitic or peaty material is commonly observed,
Y Cuttings less frequently. The Manokin is thickest in northwestern Worcester
Ity where it exceeds 150 feet (Wor-Ah 6, fig. 1). The aquifer ranges generally
®en 100 and 150 feet in thickness (fig. 5), but thins west-southwestward and is
CUlt to separate on gamma-ray logs from the coarsening upward sequence that
acterizes the upper part of the St. Marys(?) Formation (e.g. Som-De 3, fig. 2). In
@ areas south of the QOcean City inlet the onset of Manokin deposition occurs

N the Upper Miocene section (e.g. Wor-Cg 68, fig. 2), suggesting a more
Ward location,

e latter marks more clearly the beginning of a major regressive cycle,
® Correlative with the global fall in late Miocene sea level noted by Vail,
b and Thompson (1977, fig. 2). As a result of this shoaling condition, inner
ke marqmal marine lithofacies begin to dominate the Upper Miocene section.
"X depositigng| patterns caused by relatively minor transgressive and regressive
_ e shoreline are apparent. Because of rapid facies changes and local
'Well?es the post-Manokin sediments are particularly difficult to correlate from
s o 9SMussen and Slaughter (1953) and Weigle (1974) recognized two sandy
eaa:"’fe the Manokin that, at least locally, were sufficiently thick and
oke A 'unction as significant aquifers. These sandy members were named the
Quifer (younger) and Ocean City Aquifer (older) respectively after the two
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communilics where Their oceurrences are least questionable. Clsewhere the g
break-up into a lensing stack of interbedded silts/elays and sands of variable
making correlation tenuous al best.

For example, al North Ocean Cily (Wor-Ah6, fig. 1) the Ocean City A
aboul 50 feet thick and is clearly separated from Lhe underlying Manokin Aq
a silt/elay conlining bed.  The separalion is less clear, however, both west
of Ocean Cily. In both the Isle of Wight well (Wor-Bg 48) and Lthe Ocean Cit
well (Wor-Cq 68) the "conflining bed" separalting Lthe Lwo aquifers is much m
The gamma-ray logs indentifly only about L0 feet of clay/silt separation. Updi
thins (fig. 1); for example, between Careylown (Wor-Ae 19) and Willards (Wi-
Ocean Cily Aquifer loses ils gamma-ray signature by feathering out into a sel
interbedded  silt/clays and  sands. Similarly, traversing cross-section B-B
southwesl of Ocean Cily the aquifer firsL begins Lo break up into a series of sa
clayey beds (Wor-Ce 28 al Libertytown) and then al Snow Hill (Wor-Dd 60) beg
dominantly fine-grained facies. f

The distribution of the Pocomoke Aquifer is even more enigmatic and
cannol be rationalized with the existing data. Som-De 28 (fig. 2) is near Rg
and Slaughler's Lypesection and there is little doubt Lhat the dominantly sand
between approximately 70 and 150 feel is their Pocomoke Aquifer. At this
clayey confining bed separating the Manokin from Lhe Pocomoke is only abo
thick. Along strike the Pocomoke thins and is replaced by a thickening clayi
for example, at Whilesburg (Som-Bg %) and Snow Hill (Wor-Dd 60) the con
approaches 100 feel in Lhickness.  Northeastward sands assigned to the O
aquifer break into the section and resull in a complex local stratigraphy t
Lhe Pocomoke as a discrete unil. [ or example, at Libertytown (Wor-Ce 31)
City Airporl (Wor-Cq 68) tLhe uppermost sand in the Upper Miocene Aquifer
could be assigned Lo the PPocomoke, bul thal probably implies an areal contii
does not exist. | urther complicaling the distribution of the Pocomoke
association wilh the basal sands of Lhe Columbia Group.  As shall b
subsequently, the Columbia Group overlies with channeled discordance trur
ol the Pocomoke-Ocean Cily-Manokin Aquifer Complex. [ast and south
Lhe Columbia Group increasingly exhibits Lransilional marine lithologies broz
lo the upper sandy beds ol the Aquifer Complex. Sand-on-sand
particularly difficull to establish using rouline subsurface data such as
descriplions and geophysical logs.  As a resull, there has been a Lendency |
the occurrence of the Pocomoke based on extrapolated dip and strike
(Otton and others, 1969, map 1X; Cushing, Kanlrowitz, and Taylor, 19758
hybrid unit has resulled. AL beslt the "Pocomoke Aquifer" is the first sig
Lo occur below the unconformily, although the lensing nature of the j
Aquifer Complex strongly implies thal more Lhan one sand bed is invol
1972, p. 92). In other instances Lhe "Pocomoke Aquifer" has been confust

basal sands of 1he Columbia Giroup, particularly in channel-fill areas
Wight (Wor-Bg 48, fig. 1) where the latler occur ab greater Lhan norm
I summary, the following characleristics of Lhe Upper Miocene A
should bhe noted: (1) 1he Manokin Aquifer, occurring at Lhe base of the
like the underlying Si. Marys(?) I ormalion, an areally mappable unit. Its u
is the only horizon wilhin the Aquifer Complex sufficiently correlative for :
control, (2) the Ocean City and Pocomoke Aquifers are part of a
complex, interbedded sequence of dominantly sandy and dominantly ¢
that overlie the Manokin Aquifer.  The Ocean City and Pocomoke Aqui
lithofacies within this complex and are exlrapolated with risk. The po:
of the Upper Miocene Aquiler Complex is best viewed as a single lithos
defined by its complex internal stratigraphy. Viewed in this way th
recognizable in the subsurface because it occurs between two dominantd
the underlying Manokin Aquifer and the overlying channeled sand sheet of
Group. 3 X

Biostratigraphic Data: The biostratigraphy of the Upper Miocene

remains Lo be studied systematically. At present only random core sa
intervals from a few wells have been investigated in the lower Fastern ¢
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example, Olsson (1976) found the following Upper Miocene to Pliocene foraminiferal
‘wmblage in a sample froin near the Manokin Aquifer-Ocean City Aquifer contact
~ (Wor-Cg 68, fig. 2):

Bolivina directa (1) Florilus pizarrensis (2)

Buccella sp. (2) Globigerina sp. (10)

Buliminella curta (1) Planorbulina mediterranensis (1)
Buliminella elegantissima (3) Quinqueloculina seminula (1)
Dyocibicides biseralis (3) Rosalina floridensis (1)
Elphidium clavatum (2) Textularia floridana (2)

Number of specimens: 1 = 1-10 2 = 11-100 3 = 101-1000

The sample is dominated by shallow water benthic types suggestive of an inner shelf
(< 100 feet) depositional setting. A sample from near the top of the Ocean City
Aquifer (Wor-Ah 6, fig. 1) exhibited a very low diversity of species and was probably
posited in coastal waters at a depth of less than 35 feet. Elphidium clavatum and
Buliminella elegantissima dominate the assemblage which also includes lesser numbers
of Buccella frigida and Hanzawaia concentrica. These species range from Miocene to
Recent and are not useful for dating.
Owens and Denny (1979a, p. A9) collected fossils from an auger hole drilled
ough the Manokin Aquifer at its type locality (Manokin River, west-central Somerset
Jounty). The assemblage was studied by B. W. Blackwelder, C. W. Ward, and J. E.
lazel. Noting the occurrence of the mollusks Mesodesma mariana, Bulliopsis integra,
nd Bulliopsis quadrata and the brachiopod Discinisca sp., Blackwelder and Ward placed
e Manokin beds near the middle Miocene-late Miocene boundary. Abundant
ccurrences of the mollusks Gemma, Bulliopsis, and Nassarium along with the brackish-
ater ostracode Cyprideis indicated "deposition of shallow water, probably with nearby
dal flats..." (Owens and Denny, 1979a, p. A9).
The same group of USGS workers reported on a Pocomoke assemblage from an
ger hole located very close to Wor-Dd 60 near Snow Hill (fig. 2). These beds, broadly
rrelative to the 115 to 155 ft. interval in Wor-Dd 60, were dated late Miocene on
 basis of the molluscs Pecten eboreus, Astarte rappahannockensis, and Isognomen
s @ date corroborated by a glauconite (K/Ar) age of 6.4 million + 5,000 years (Owens
d Denny, 1979a, p. AlD). The "Pocomoke fauna" from this boFing is indicative of
elf deposition in significantly deeper water than the Manokin assemblage noted above
vens and Denny, 1979a, p- Al0). However, to the extent that both units exhibit
0facies changes this generalization should be extrapolated with care. The post-
go in sediments in particular exhibit a complex stratigraphy suggestive of a locally
'ting shoreline.
Brush (1976) studied the pollen assemblages from several cores taken from the
er Miocene Aquifer Complex (table 2). The samples typically contain exotic
‘andacea types, such as Englehartia, Platycarya, or Pterocarya, which Sirkin (in
and Denny, 1979a, p. A9) associates with a Tertiary age flora. Also present in
Percentages are palynomorphs that are normally associated with the Cretaceous
MOnpsulcate and tricolporate grains). An extension of these forms into the
M€ is implied, but reworking cannot be ruled out. The dominant microflora
Ya-Quercus) g characteristic of a warm-temperate climate, although cooler
} inferred by the Picea-Pinus dominance exhibited by core Wor-Ah 37

" SUmmary, scant biostratigraphic data suggest the following: (1) The Manokin-
N City-Pocomoke Aquifer Complex is late Miocene in age. The Complex is older
o "® Yorktown Formation of Virginia (lower to middle Pliocene) and you..ger than
+ Mary's Formation at its type location. It may be equivalent in part to the
3Y member of the Eastover Formation (Ward and Blackwelder, 1980). As
tio P_Pewously? the contact between the Aquifer Complex and the St. Marys(?)
. is gradational and probably time transgressive; and (2) the Aquifer Complex
in o) deposited in inner shelf and marginal marine environments. Onset of
la:zﬂslt'mn marked a major phase of shoreline progradation, perhaps coincident
locene fall in global sea level. This major regressive cycle was
She{fat least_ one transgressive phase, however, as evidenced by the return of
fauna in the Pocomoke (Owens and Denny, 1979a, p. Al0).
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Table 2. Distribution of pollen and spore taxa in well samples from the Pocop
Ocean City-Manokin Aquifer Complex (from Brush, 1976). : -
) Well No. Wor-Ae 23 Wor-Ah 37 Wor-Bg 48
Depth 251'-252" 196-198" 185'-188" 9
Stratigraphic Near top of Near top of Near top of Near top of

Interval Manokin QOcean City Ocean City Pocomoke

%

‘
Ferns and fern allies: percent %
uryopteris (wood fern)
Lycopodium (club moss) 2.3

Monolete spores

Polypodiun . .

Others (undivided) b.s A8
Gymnosperms :

Picea (spruce)

Pinus (pine) 6.8

Podocarpus 1.
Tsuga (hemlock) L.s
Angiosverms (tree):
Acer (maple) 6.8 3
Alnus (alder) i
Betula (birch) L5 6.
2
1

oW -
o

SRS
3
=

w
A~
ovw
%]

n

o

Cestanea (chestnut)
Cornus (dogwood)
Corylus (hazelnut)
Fagus (beech)
Fraxinus (ash)

L
Juglandaceae:
Carye Thickory) . 2.k 15% 132
Engelhardtia type
Juglans (walnut) type

Platycarya
Pterocarya

Liquidambar (sweet gum)

Quercus (oak) 15.9 k.9 10.4 16.
Salix (willow) 11.k 2.k :
Tilia (vbasswood)

Ulmus (elm) 1.0

Anginsperms (herbaceous):

Artemisia (sage) 2.8
Ambrosia (ragweed) 2.1
Caryophyllaceae (pink family) 2.4

Ericaceae (blueberry)

Gramineae (grass) 1.0 2.8
Liliaceae (lily) type 1h,
Nymphea (water 1lily) 2.3 T 3 1.0 1.
Typha (cattail) 1.

"fretaceous' tvoes:

Monosulcate type 2.4

Praevpaesopollis
Pseudoplicepollis 2.l
Tricolpate grains 2.3(16n) 1.0 (o)
Tricolporate grains 2.3(12n) 2.h{12n)

Unidentified 2.3 7.3 5.6
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COLUMBIA GROUP

McGee (1886) first applied the name Columbia Formation to the surfic
of the middle Atlantic region. The deposits were subsequently subdivided
morphostratigraphic units and the term elevated to Group status in M
Shattuck, 1906). By 1918 (Clark, Matthews, and Berry) the name was ap[.}li
to the outcropping "terrace-formations", but also to the shallow, domi
subsurface unit that mantles much of the Eastern Shore of Maryland. Exce
of the evolution of the Columbia Group nomenclature and associated s
problems are provided by Oaks and Coch (1973) and Jordan (1974). .

Prior to the work of J. P. Owens, C. S. Denny, and colleagues (Sirki
1976; Owens and Denny, 1978, 1979a, 1979b) a concensus was emerging €0
stratigraphic position and depositional history of the Columbia Group on the
Peninsula. Briefly stated: The Columbia Group was thought to be
unconformities. It bevelled with angular discordance the truncated edges O
lapping Cretaceous and Tertiary sediments (including the Upper M
Complex) and, in turn, was entrenched with cross-cutting Holoce
Wisconsin(?) channels that closely mimic the modern drainage. Inter.nally
deposits were broadly subdivided into two genetically distinct units.
formed a pervasive, pebbly sand sheet, largely fluvial in origin (Jordan, :
1966). In the lower Eastern Shore of Maryland the sand sheet was O¢
shoreline complex consisting of beach, lagoonal, and dune deposits. L
complex was subdivided into a number of formal and informal units (e.g- F
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:

~ Figure 6. Cross-section showing cross-cutting relationship between channel-fill
sediments of the Columbia Group and the Upper Miocene Aquifer Complex near
Salisbury, Maryland.
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Slaughter, 1955; Jordan, 1974).

In areas north of the shoreline complex, which includes two-thirds of Delaware,
Jordan (1976, p. 2) has suggested that the Columbia be reduced to formational rank
because only an undivided fluvial sequence occurs. In adjacent Maryland the same unit
Is commonly referred to as the "red gravelly sand" facies of the Columbia Group.
Owens and Denny (1979a) believe that these deposits correlate with the nonmarine

Pensauken Formation of New Jersey and have extended that name into Delaware and
Maryalnd.

thhostratigraphic Data: Over much of the Delmarva Peninsula the basal sand sheet
of the Columbia Group consists of interbedded orange to reddish brown sands, pebbly
Sands and gravels. Clayey beds are encountered very infrequently, but have been
dpped locally (e.g. Weigle, 1972, pl. 13). The unit is generally cross-stratified and
fairly well-sorted. The sedimentary structures, textural characteristics, and coloration
below the water table) are strongly indicative of fluvial deposition, a view subscribed
o by all recent workers (e.g. Rasmussen and Slaughter, 1955; Jordan, 1964; Hansen,
27665 Owens and Denny, 1979a). Deposition was apparently initiated within discrete
annels which later infilled to form a coalescing sand sheet. The unit is thickest along
“S€ paleochannel trends and in one area near Salisbury (fig. 6) has been found to be
bout ]:75 feet thick (Hansen, 1966). The contact between the channel-fill and the
3 vr.lymg upper Miocene Aquifer Complex occurs only in the subsurface and must be
dMined using borehole data. In some borings the contact appears sharp and erosive.
'S the upper-most beds of the Aquifer Complex exhibit regolith-like profiles in
0cherous mottling of the dark clays and ferruginous staining of the gray:sands
g In addition the contact is occasionally defined by the presence of a thin iron
wial ff\arqpan.-- From these data it seems clear that the contact at the base of the
er.aC‘eS of the.Columbia Group marks at least a local hiatus during which both
Ing and erosional processes occurred.
o e‘:izndlz.ed "red gravelly sand" facies of the sand sheet becomes very patchy and
ore of Me"t In southeastern Delaware and neighboring parts of the lower Eastern
- aryland. In Maryland the "red gravelly sand" facies occurs in a broadly

obate pattern that includes central Wicomico County, northwest Worcester

153



County and northeast Somersel County (fig. ). Jordan (1964, 1974) and Hansen
considered terminalion of Lhe "red gravelly sand" as evidence for a major facies
in the Columbia sand sheel. The distal facies of Lhe sand sheel, generally ea
Beaverdam Sand after Rasmussen and Slaughter (1955, p. 113), is unoxidized (g
gray, whilte) and lacks the distinct coloration of the "red gravelly sand" fac
textural and bedding characleristics of the two facies are similar, although as
generalizalion the Beaverdam is slightly better sorted and finer grained than tt
gravelly" (Hansen, 1966, p. 1%). Also, clayey interbeds are more frequently encoy
in the Beaverdam, particularly eastward toward the coast (Weigle, 1974, p. 7)
the "red gravelly sand" the base of the Beaverdam is channeled, deeply in some
(e.g. Wor-Bg 48, fig. 1), and probably of fluvial origin. Jordan (1974) has sugge:
the Beaverdam channel-fill is of fluvial origin and represents an unweathe
extension of the "red gravelly." Hansen (1966) attributed coloration of the t
Lo depositional factors and suggested that the Beaverdam sands were of n
marine or estuarine origin deposiled during a marine transgression. Fossil ey
supporting Lhis speculation is generally lacking, however, except for the wids
occurrence of ichnolossils (Callianassa borings) in the outcropping upper «f,
formation (Owens and Denny, 1979a, p. Al4).

Owens and Denny (1978; 1979a; 1979b) rejecl any temporal relationship b
the Beaverdam and the fluvial facies of the Columbia Group. Instead they eg
the latter with the Pensauken of New Jersey and propose Lhat it is a facies eq
ol the "Yorktown and Cohansey(?)" ['ormations (Lable 1). The Beaverdam is /
a younger unil. channeled into both the Pensauken and the "Yorktown-Cohanse

To a large extent Owens and Denny have relied on biostratigraphic
supporl Lheir contention that Lhe Pensauken Formation (i.e., "red gravelly sand
of the Columbia Group) is a temporal equivalent of the "Yorktown-Cohansey(’
aspecls ol Lhe preblem will be discussed in the nexl section, bul it may be not
Lthat the only fossils found in the Pensauken are relatively long ranging palync

Owens and Denny's (197%9a, p. Al2) contention that the Pensauken i
with the "Yorktown-Cohansey(?)" to form a large fluvio-deltaic complex
chiefly on a hypolhelical deposilional model, offered because #

"it provides an explanation for the intro-
duction of coarse clasls, including gravel, into
a marine environmenl (represented by the "Yorktown
and Cohansey(?)" beds) interpreted Lo be well out
on the Continental Shelf. It also could explain
the ample supply of immature sediments (moderately
feldspathic beds containing a very immature heavy-
mineral suite) and the widespread occurrence of
woody fragmenls in these marine beds."

Owens  and  Denny  provide litlle stratigraphic evidence in suppor
conclusion, chiefly because Lheir subsurface control was overwhelming
shallow borings thal botLtomed-oul within or just below the base of the Pens
1977).  As a result, the internal stratigraphy of the "Yorktown-Cohansey
Upper Miocene Aquifer Complex) was nol. worked out in sufficient detailr !
structural relationship belween the base of the Pensauken and the be
underlying unit.  Owens and Denny (1979a, fig. 6; 1979b) obscured this vital
by treating the "Yorktown-Cohansey(?)" [Formation as an undifferent
schemaltic, straligraphic unil. .

Bioslratigraphic Dala:  After many years of investigation the sand
Columbia Croup has (ailed Lo yield a time-specific fossil assemblage.
lossils of any kind are extremely rare, being restricted to a reported
fresh-water diatoms ("lint, 1940, p. 778) in the Columbia deposits of'
ichnofossils in Lthe Beaverdam (Owens and Denny, 1978). Occasionally,v
lenses within the sand sheet have yielded microfloral assemblages.
systematic pollen stratigraphy could not be worked out because of
methods  employed, the presence of boreal (pine-spruce) species We
suggestive ol a Pleislocene climate (e.g., G. Brush in Weigle, 1974, p- "
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data appeared to reenforce the long standing assumption thal the Columbia deposits
were Of Pleistocene age. Most workers familar with the sediments agreed, however,
with Jordan's caveat that the Pleistocene age was not proven. Noting the paucity of
fossil data, he warned that, although a Pleistocene age could be reasonably concluded,
it was based "largely upon the less reliable criteria inferred from the requirements of
geologic processes and from the more firmly founded history of the surrounding region"
(Jordan1 1974, P. 35). ) ) )

citing Leopold (1969, p. 411) as an authority, Sirkin and Owens (1976) and Owens
and Denny (1979a) challenged the age implications of cool temperature taxa, preferring
to give greater importance to the minor occurrence of "Tertiary exotics", chiefly
Juglandaceae.  For example, Owens and Denny (1979b) note that Pterocarya and
p{glehartia are present in small amounts in Pensauken clay lenses. Also a peaty bed
from the upper part of the Beaverdam has yielded a flora which included Engelhartia,
Cyrilla, Platanus, Ephedia, and Eucommites. Even though these species are not extinct,
their presence in eastern North America is believed to have ended prior to the onset
of Pleistocene glaciation. However, in the absence of other independently dated
fossils, the temporal significance of the "exotics" is somewhat speculative, although in
accordance with current paleobotanical concepts. It should be noted that in northern
furope, for example, Tertiary relicts are believed to have persisted into at least the
earlier Quaternary interglacials (Leopold, p. 420).

In summary it can be fairly concluded that presently available biostratigraphic
data do not provide compelling evidence that the "Yorktown-Cohansey(?)" Formation
(Upper Miocene Aquifer Complex) and the Pensauken (fluvial facies of the Columbia
Group) are coeval. The former has been independently dated with molluscan and
foraminiferal assemblages and a late Miocene age seems well demonstrated. On the
other hand, the microfloras yielded by the Pensauken and Beaverdam cannot be
precisely dated. Only a broadly bracketed age assignment of later Tertiary to perhaps
early Quaternary seems defensible for these deposits, pending development of a more
precise pollen stratigraphy.

- STRUCTURAL CONSIDERATIONS

In the absence of time-specific biostratigraphic data the relationship (i.e., facies
ci!ange or unconformity) between the Columbia sand sheet ("Pensauken") and the Upper
Miocene Aquifer Complex must be reconciled using physical stratigraphy. A key factor

determining whether or not these units are part of the same depositional sequence
15 the structural relationship between the channeled base of the sand sheet and any
Mappable units occurring within the Aquifer Complex. Of particular importance is the

nokin aquifer which is a relatively thick, widely distributed, sandy unit. If the
dravelly sands of the Pensauken are a fluvial facies of "all or part of the 'Yorktown
and Cohansey (?)' Formations" (Owens and Denny, 1979a, p. Al2), then the shallow shelf

marginal marine sands of the Manokin would seem to be a reasonable downdip
£quivalent,

Although plausible as a depositional model, serious problems are encountered
N the subsurface relationships between the two units are worked out in greater
“€lail.  Cross-section A-A' (fig. 1), which subparallels the dip of the Coastal Plain
y “3_1 Provides a useful basis for discussion (B-B' is a strike section): Because the most
. oistent, correlative horizon in the Upper Miocene sequence occurs at the base of the
P, fMar)’S(?) Formation, wells penetrating this datum were chosen wherever possible.

erence was also given to wells having gamma-ray logs. By so doing a standardized

» °d of correlation based on a widely recognized lithostratigraphic datum could be
rl:][the well network. Other stratigraphic datums are not as well defined, although
3 y récognizable. For example, the Manokin-St. Marys(?) contact is gradational
i?1 t:;anASltion zone that can be as thick as 50 feet (Wor-Ah 6). A consistent
X iti?m OPIZOI’]‘Caﬂ be achieved, however, by picking the "contact" at the base of the
tablih Z0ne in each well correlated. The top of the Manokin is more difficult to
e 19 Particularly in areas where the overlying Ocean City aquifer is present (Wor_—
tU’atedog.Bg 48).  Generally speaking the Manokin is a dominantly sandy unit
Y an occasional clay/silt bed. On the other hand, the part of the Aquifer
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Complex overlying the Manokin is an irreqular sequence of lensing sandy and e
beds. Internal correlations wilhin Lhe upper part ol the Aquifer Complex may ny
possible, excepl  locally. This very inhomogeneily, however, provides a
corrclaling the unit in tolto and allows il 1o be differentialed from Lh
lithologically consistent formations bounding it.  The superjacent beds are, domj
sands, o concensus opinion shared by all recent workers (Hansen, 19665 Jordan
19745 Owens  and  Denny, 1978, 19794, 1979b)  wilhout regard Lo the
reconstructions Lhey have employed.  Again mosl. workers recognize Lhat Lh
sheel exhibils two distinclive lithotopes: (1) a pervasively iron-stained, pebhly
(Pensauken | ormation or "red gravelly sand facies" of the Columbia Group) and
whilish o Lanish gray sand with minor interbedded lenses of clay/silt (Be
I'ormaton or Beaverdam facies of the Columbia Group).  Both lithotopes
channels trenched into the Upper Miocene Aquifer Complex. The base of
sheel is more easily mapped where Lhe "red gravelly facies" occurs because of
color-break with the Aquifer Complex; some care in picking the contact
exercised because iron slained beds may occur below it in a relatively thin |
The base of the Beaverdam is more difficull Lo define, particularly where it o
a sand-on-sand contact (Sundstrom and Pickelt, 1969, p. 30). In cross-secton |
conlacl was usually picked al the first occurrence of either a shelly sand or
10 f1.) clay bed. An unfossiliferous sand of Lhe Aquifer Complex occurring abo
marker beds could, therefore, have been placed within the Beaverdm and misco
Along the line of seclion displayed in figure 1 individual sands at the top of th
Complex probably do nol exceed 15 feet in thickness An upward shifl of t
by this magnilude would nol significantly change Lhe struclural relationships s
cross-seclion A-A'.
In general the shallow Coastal Plain beds exhibit a homoclinal trend
slope rale increasing with depth.  Belween Salisbury and the Coasl the Lop ol
Marys(?) ["ormation has an average dip of bout 10.5 feel per mile. The Lo
Manokin Aquifer slopes al aboul 8 feet per mile, reflecting downdip Lhickening
unit. The base of the Columbia Group is defined by a network of channels, ¢
incised into a more gently dipping interfluvial surface. The interfluvial sur
aboul 2 1o 6 feel per mile between Salisbury and the Coast. The paleos!
individual thalwegs slope more steeply, bul only short reaches have been
detail (c.g. Weigle, 1972, p. 82). }
Near the Coasl approximalely 200 feet of Upper Miocene section sepal
interfluvial surface al the base of the Columbia Group (Beaverdam "ormation
Lop ol the Manokin Aquifer.  In well Wor-Ae 19 located in northwestern:
Counly near Careylown cross-roads Lhe post-Manokin sedimenls of Lhe Upp
Aquifer Complex have thinned Lo about 139 feel. [ urther west al Pars
post-Manokin beds are 70 Teel thick.  In well Wi-Cg 53 Lhis interval
characleristic "saw-loolh", gamma-ray signalure representalive of interbedd
and sand. The signalure can be traced Lhrough Salisbury (Wi-Cf 18%) to
Cd 6%) where only 12 feel ol section remain belween Lhe Columbia Gro
Manokin Aquifer. Although correlation wilhin Lhe post-Manokin sedimenls
Lhe angular discordance belween the Manokin marker beds and the base ¢
sheel s slrongly suggestive of crosional Lruncation. v
[ vidence of Lruncation is provided by several detailed studies of a
channel-fill sequence near Salisbury  (Hansen, 1966; Mack and Thomas, L
1972).  Iigure 6 is a cross-seclion Lhal Lraverses Lhe Salisbury paleo :
section is anchored by two wells (Wi-I3e 28 and Wi-Cf 185) located in inter: !
bordering the paleochannel.  Wi-Ce 203 is located very near the thalweg. In—
the "red gravelly sand™ of the Columbia Group is unusually thick with th
channel-Till occurring al. about 155 feel below sea level. Unlike adjace
arcas Lhe channel-fill penetraled by Wi-Ce 205 has trenched through U
Manokin aquifer and rests wilhin aboul 2% feet of the top of the
I ormation. In another paleochannel well (Wi-Be 41), located about 2 mil€
of Hebron, channel-Till sediments rest directly on eroded St. MaryS(?) Fo
lcel below sea level (Weigle, 1972, fig. 11). Data from Lhese wells pro
evidence Lhat a cross-cutling relationship exists between the channqled
Columbia Group (or Pensauken/Beaverdam) and the Upper Miocene Aquifer
"Yorktown and Cohansey™(?) I ormalion).
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CONCLUSIONS

Gamma-ray log correlations suggest that beneath the lower Eastern Shore of
Maryland a channeled angular unconformity separates the sand sheet of the Columbia
Group (Pensauken/Beaverdam of Owens and Denny (1979a) from underlying sediments
assigned to the Upper Miocene Aquifer Complex ("Yorktown and Cohansey(?)"
Fo‘-mations). Post-Manokin beds of the Aquifer Complex, which may be as thick as 200
feet at the Coast, thin up-dip so that between Salisbury and Hebron (fig. 1) they are
pevelled to a feather-edge. The relative parallelism of correlative marker horizons at
the top and bottom of the Manokin strongly suggests that erosional truncation was the
dominant mechanism, although some toplap (progradational) tapering cannot be entirely

out.

- The suggestion of Owens and Denny (1979a) that the Pensauken channel-fill is the
fluvial facies of the "Yorktown and Cohansey(?)" Formations is rejected because it
violates the law of stratigraphic superposition. The thickest marginal marine sand of
the late Miocene Aquifer Complex is the Manokin. [f the Pensauken and the Aquifer
Complex are part of the same depositional sequence, then the Manokin should, at least
in part, be an age equivalent of the former. This cannot be demonstrated. As shown
figure 1, the Pensauken overlies the Manokin disconformably. In updip areas the
auken rests directly on the subcropping Manokin. Downdip, however, a thickening
e of younger beds separate the two units. In these areas the Pensauken and the
okin are only juxtaposed in deeply incised paleochannels where overlying beds of
he Aquifer Complex have been cutout. For example, in a paleochannel near Salisbury
Pensauken channel-fill has cross-cut at least 60 feet of post-Manokin beds (fig. 6).
Finally, the stratigraphic arguments against making the sand sheet of the
olumbia Group and the Upper Miocene Aquifer Complex facies of a single depositional
ence are independent of the absolute ages of the units. It remains possible that

ith units, although not coeval, may be of late Tertiary age, as claimed by Owens and
nny (1979a).
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ABSTRACT

In most regions of the Carolina slate belt, contrasting lithologic sequences of
epiclastic and metavolcanic rocks are present. In South Carolina, divergent
interpretations of the relative ages of these sequences have been proposed by various
workers. This controversy is probably the result of the following aspects: complex
lateral facies variations, complex polyphase deformation, and ambiguous stratigraphic
top criteria in epiclastic rocks apparently deposited in part in a tidal shelf environment.
Near Lake Murray, South Carolina, we have identified a major F] synclinorium here
referred to as the Delmar synclinorium, which contains epiclastic rocks of the Richtex
Formation in its core and which has metavolcanic rocks of the Persimmon F ork
Formation in its steep north limb. These relationships suggest that in this region the

- Richtex Formation overlies and is younger than the Persimmon Fork Formation.

INTRODUCTION

Two distinctive lithologic sequences are of widespread occurrence in the Carolina
slate 'belt (Fig. 1). One of these, variously called the Uwharrie Formation in North
lina (Conley and Bain, 1965; Seiders, 1978), the Persimmon Fork Formation in
South Carolina (Secor and Wagener, 1968), and the Lincolnton metadacite and felsic
Pyroclastic sequence in Georgia (Carpenter, 1976; Whitney and others, 1978), is
posed predominantly of intermediate to felsic metavolcanic rocks that have Rb/Sr
ole-rock ages and U/Pb zircon ages in the range 520-580 m.y. (Hills and Butler, 1969;
49ar, 1971, p. 2847; Butler and Fullagar, 1975; Seiders and Wright, 1977; Wright and
1S, 1977; Carpenter and others, 1978). The other sequence, variously called the
e arle Group (Conley and Bain, 1965; Stromquist and Sundelius, 1969), the Richtex
6)3::0“ (SEqu and Wagener, 1968), and the upper sedimentary sequence (Carpenter,
A'le Pl‘edommantly epiclastic, although metavolcanic rocks occur locally. A Rb/Sr
o rock age of 550 + 7 m.y. has been obtained for the Badin Greenstone, which is
?‘;‘;CB’ With the rocks of the Albemarle Group (Stromquist and Sundelius, 1969;
"52’5 + 1)5, and the .overlying Morrow Mountain Rhyolite has a Rb/Sr whole rock age
91), & J m.y. (Hills and Butler, 1969; Stromquist and Sundelius, 1969; Fullagar,
o eé Jean §l973) has reported the occurrence of a Middle (?) Cambrian trilobite
meslclastnc. sequence in North Carolina. The regional stratigraphic significance
blogic maVO’lCamc and epiclastic sequences is uncertain because very little detailed
pears 1o APPINg has been accomplished in the Carolina slate belt, and because there
two ge € considerable overlap in the radiometric ages that have been reported for
A vg:"enc_es. In most places the epiclastic sequence is interpreted to be younger
€anic sequence, although Daniels (1974) and Pirkle (1977, 1978) have arqued
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GEORGIA
¢ - kilometers ——a
Figure 1. A regional geologic map of the southern Appalachian orogen
location of the study area (modified from Williams, 1978).

Figure 2. Map showing the distribution of metavolcanic (mv) and metasedin
terranes in west-central South Carolina (modified from Overstreet and Bell,
and Wagener, 1968; Daniels, 1974; Pirkle, 1977, 1978; and Whitney and o

that epiclastic sequences are older than volcanic sequences in west-ct
Carolina.

The distribution of epiclastic and metavolcanic rocks in the central
part ol the Carolina slate belt in South Carolina is illustrated in Fig
epiclastic rocks occur in Lwo extensive terranes (I and I11) that are flanked |
of metavolcanic rock (11 and 1V). Secor and Wagener (1968) interpreted portl
epiclastic terranes (I and 111) to overlie the melavolcanic rocks of terrane
this interpretation was inferred from structural relationships and was
recognition of the complex fold chronology (Secor and Snoke, 1978) ch
the slate belt in central South Carolina. In the central Savannah River
(1974) interpreted the epiclastic rocks of terranes | and 111 to be of diff
Lo respectively underlie and overlie the metavolcanic rocks of Lerra
conclusions were mainly based on slratigraphic Lops indications from
Lerranes |and 111, Pirkle (1977, 1978) interpreted the epiclastic rocks of
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‘li.nal sequence benealh the metavolcanic rocks of terrane 1V, based on
ittitudes ang graded beds. Carpenter (1976) interpreted the metavolcanic
ane IV to underlie the epiclastic rocks in terrane IIl. In our opinion, the
Nlerpretations of the relative stratigraphic chronology in the South
M€ belt are the result of complex sedimentary facies changes and a complex
1 chronology coupled with ambiguous sedimentary tops indications in the
“quences,
L article, e present the results of a detailed mapping program in the Lake
Carolina  area (Mig. 2 and 3) where stratigraphic and structural
betweer, the epiclastic sequence (Richtex Formation, terrane I) and the
“Nce (Persimmon Fork Formation, terrane II) have been studied. Using
OPIc fabrics associated with large F | structures, it has been possible to
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infer the stratigraphic sequence from the geometry of F) folds.

STRATIGRAPHIC OVERVIEW

The Persimmon Fork Formation of terrane Il forms a northeast-trending
along the western and northern shores of Lake Murray. It is charactepjze
intermediate to felsic lapilli tuff, crystal-lapilli tuff, vitric tuff, volcanic br
nonfragmental flows, and small amounts of intrusive hypabyssal rock. Sporac
interlayered with these volcanic lithologies are lenses and layers of volcanic w
ripple-laminated quartz siltstone. The Persimmon Fork Formation is over 2000 y
thick, and grades into the epiclastic rocks of the Richtex Formaton in terrane |
a interval of a hundred meters or more. y

The Richtex Formation of terrane I is predominately a complex seq
quartz-rich and pelitic metasedimentary rocks, but it also locally contains
intermediate to felsic metavolcanic flows and lapilli tuff. For mapping purp
Richtex Formation has been subdivided into four informal members: 1) |
mudstone, wacke and metavolcanic rock, 2) ripple laminated quartz siltstone, .
sandstone, and 4) evenly laminated to massive mudstone. The ripple lamina
siltstone characteristically contains bifurcated wavy flaser bedding (Reif
Wunderlich, 1968) in which lenticular sets of crossbedded quartz-rich strata, 0.3-
thick and 5-30 cm long, are separated by thin seams of pelitic material
sedimentary structures, on a larger scale, are found in the quartz sandston
lenticular sets of crossbedded quartz-rich strata, 10-200 cm thick, are draped
seams of pelitic material. The sedimentary structures in the ripple laminate
siltstone and quartz sandstone suggest Lhat these units accumulated in a

tidal currents (Reineck and Singh, 1975), although it is not known whether t
are intertidal or subtidal. These tidal shelf deposits grade laterally into
evenly laminated to massive mudstone unit and into the laminated mudstone
metavolcanic unit, which are interpreted to have accumulated in adjacent depa
environments. The gradational nature of the contact between the metavolean
of the Persimmon Fork Formation (terrane 1) and the epiclastic rocks of ti
Formation (terrane 1), as well as the local occurrence of rocks interpreted to
shelf deposits in Lhe Persimmon Fork Formation and the local oc
metavolcanic rocks in the Richtex Formation suggest that the rocks in te
Il are a coherent stratigraphic sequence that accumulated in a group of clo
environments. The observation that the various facies present in the R
Persimmon Fork Formations grade laterally into each other is also compatible
supports the interpretation that terranes I and Il are a coherent stratigraphic

STRUCTURAL ANALYSIS

Geologic studies along the Fall Line in South Carolina (Carr, 1978;
Secor and Snoke, 1978) have indicated that the rocks have a complex d
history and contain multiple fabrics. Two generations of macroscopic fold
have been identified in the Carolina slate belt. F) folds are typically tight t
passive folds which developed synchronously with regional greenschist f
morphism and which have a well developed slaty cleavage oriented a|
parallel to their axial surfaces. The time of D) is poorly constrained
geochronological data but is probably pre-Carboniferous. The S slaty Ccle
been folded by ') flexural folds which are typically coaxial with F} and
axial surfaces commonly inclined at a high angle to S;. Regional geoc
studies (Fullagar and Butler, 1979; Snoke and others, 1980) indicate that
Carboniferous to Permian (i.e. 300-260 m.y.). In the present study area
evidence for major F folding is absent, and the orientation of S) is relativ
The apparent minor dispersion of poles to S1 along a partial girdle perpendit
strike (Fig. 4) may be due to low-amplitude F2 folding of S;. The main €€
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Figure 1. Lower hemisphere, equal-area projection of poles to 126 Sj foliation planes
from the Carolina slale bell in the area of the geologic map illustrated in Figure 3.
Conlours: 22-18-11-7-4-1%.

()—'_J Kilometers

Figure 5. Nlustration of the locations of domains used in the structural analysis of the

Study areaq.

this sludy, concerning the relative ages of stratigraphic units, is based on the inferred
‘JBOmetry of major I'| folds, and is not affected by the uncertainty concerning the
Presence or absence of low amplitude Fy folds.

The oulerop patlern of the informal lithologic members of the Richtex FFormation
(lef”""’ I, Fig. 3) coupled wilh the relatively uniform orientalion of 51 indicates that
Major | 1 Told structures control the outcrop pallern of Carolina slale belt rocks in the
ake Murmy area. A fold hinge, converging Lo the northeast in plan view, occurs in
a;. l:.Oglon of [)nlm.:lr, northeast of the Clouds Creek pluton in the northern part of the

Bshurg 7 1/2 min, quadrangle and the southeaslern part of the Delmar 7 1/2 min.

1adr; y s : . .
zll(‘:‘""llf- The massive to laminated mudstone member of the Richtex | ormation
DS in Lhe core of Lhis struclure.  To the northeast, the quartz sandslone and

mﬂl‘l/ Sill o 3 .
ouley sillslone members, Laken together, wrap around the axis of Lhis fold.  The
op p: o5 ; ; ; i

(u' Patlern in (hig region is complex because of the apparent lenticular nature of
: “l:(tlﬂl sandstone member. ‘A fold hinge, coverging to the soulhwest in plan view,

§ sl e H icini

ngj sled by oulcrop bands of the quartz sandstone member in the vicinity of
BSlone Creel o - i
3 e Creek, southeast of Delmar. [or Lhe purposes of the structural analysis
: S the three limbs of Lhese two adjacent folds are taken as domains I-11]
g p. ; ’

“raled ) igure 5.

A
& ol ; . . ; i - ;
.""r"’ udy of (. oricntations of bedding (Sp), slaty cleavage (S)), bedding-cleavage

SCClione N ) e o Bl 5
ns (1 Ny 1)y and mesoscopic parasitic | folds yield additional information on

1453




Figure 6a. A best fit great circle to a lower hemisphere, equal-area projection o
to 198 Sy bedding planes from domains I, II, and III of the study area. The
of the pole lo this great circle indicates that F1 fold axes plunge gently
Contours: 20-11-6-4-1%. E
Figure 6b. Lower hemisphere, equal-area projection of poles to 116 Sp beddi
from the north limb of the Delmar synclinorium (domain I) in the Lake Murr
Delmar and Batesburg quadrangles. Contours: 29-17-10-5-3%. §
Figure 6c. Lower hemisphere, equal-area projection of poles to 61 S bedding
from the shared limb of the Delmar and Whetstone Creek Structures (domain
Lake Murray West, Delmar and Batesburg quadrangles. Contours: 10-5-
Figure 6d. Lower hemisphere, equal-area projection of poles to 21 Sp bedd
from the south limb of the Whetstone Creek anticlinorium (domain III) in
Murray West, Lake Murray East, Delmar, Gilbert and Batesburg quadrangles.
34-11-5%.

the character ol these lwo tolds. Poles to 198 S measurements trom da
and 111 in the Delmar and Whetstone Creek areas are plotted in Figure 6a.

have a greal circle distribution and fall close Lo a girdle having a POI,
169S519W. The S() data, therefore, indicales Lhat the fold structures in t
plunge gently Lo the southwesl.  This plunge direction coupled with the d
convergence ol Lhe Lwo Told noses suggesl thal Lhe structure in the vicinity ¢
(converging Lo the northeast in plan view) is a synclinorium, and that the W
Creek structure (converging to the southwest in plan view) is an anticlinor
average orienlation of Sg in Lthe north limb of the Delmar synclinorium(
NS00 vertical (Fig. 6b), the average orientation of Sg in the shared limb
Delmar synclinorium and Lhe Whetstone Creek anticlinorium (domain I1) is
(Fig. 6¢), and the average orientation of Sg in the south limb of the Whe' .
anticlinorium (domain M) is N63°C609NW (Fig. 6d). The average orientati

this region (N66OTB88ONW, Tig. 4) is almosl parallel to the steep northwest L
Delmar synelinorium, and clearly differs from the orientation of the sy g
of this sLructure (N439C6359NW) which bisects the angle between Lhe limbs O
(Fig. 7a).
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7a. Lower hemisphere, equal-area projection of structural elements of the
Delmar synclinorium.  A- fold axis derived from Sy data: B- pole to average
orientation of Sj; C- pole to the plane of symmetry of the Delmar synclinorium; D-
pole to average orientation of Sp in the north limb of the Delmar synclinorium (domain
- I E- pole to the average orientation of Sy from the shared limb of the Delmar and
‘Whetstone  Creek structures (domain II).
7b. Lower hemisphere, equal-area projection of 60 Loy lineations in the
Delmar synclinorium area from domains I, II, and III in the Lake Murray West, Lake
Murray East, Gilbert, Delmar and Batesburg quadrangles indicating that Fj fold axes
plunge gently southwest. Contours: 12-5-2%.

. genetically related Lo the same deformational processes that formed the S slaty
cleavage, the Lgy] intersection lineations should, on the average, be approximately
parallel to the axes of the folds. Data on 60 Lox1 lineations from domains I, 11, and
lll are plotted in Figure 7b. The close groupings of the data points about an average
orientation of 2295620W which is similar to the fold axis orientation determined from
5p data (169551°W) suggests that the folds and slaty cleavage formed together, and the
southwestward plunge of Lgy] data reinforces the conclusion that the Delmar and
Whetstone Creek structures are respectively a synclinorium and an anticlinorium.

A few observations of parasitic mesoscopic F) folds also indicate a regional
plunge to the southwest, and support the above structural interpretations.

DISCUSSION AND CONCLUSIONS

.
-

’ A 4 km thick coherent section of strata from the Persimmon Fork Formation
hﬂ'&ne II) and Richtex Formation (terrane 1) crops out in the core and in the north
: of the Delmar synclinorium. Analysis of the data on the orientation of bedding,
“aly cleavage, bedding-cleavage intersections and parasitic fold axes lead to the
Onclusion that the Delmar synclinorium is a major D) fold. The position of the
'ehtex Formation in the core of the synclinorium clearly indicates that the Richtex
rlay the Persimmon Fork at the time of D) folding, and more indirectly suggests
the Richtex is younger than the Persimmon Fork. This conclusion could be invalid
‘ df-‘formation episode herein identified as D] was in fact not the earliest
~ofmation, |n particular, if the stratigraphy had been inverted by an earlier episode
‘m“Ql recumbent folding, or overthrust faulting, the Richtex could be older than
~~ "€rsimmon Fork. An early episode of recumbent folding is evident in parts of the
: ledmont belt, and in the Blue Ridge province (Hatcher, 1977); however, no
b:lthP an episode of early recumbent folding has been identified in the Carolina

e In the absence of such evidence, we interpret the Richtex Formation
tery, etalz' to be younger than the Persimmon Fork Formation (terrane II). This
Qener (IIOI'I IS In agreement with the stratigraphic models proposed by Secor and
y 968) and Carpenter (1976), but conflicts to varying degrees with models
by Danie| (1974), Howell and Pirkle (1976), and Pirkle (1977, 1978).
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ABSTRACT

Depressions that dot the surfaces of upland river floodplains, such as ponds, back-

~ bar sloughs, and temporary stream channels, represent one variety of depositional
subenvironment in which the meager fossil record of the lotic biome is preserved. In
New Hope Creek valley, mollusks from both riffle and pool communities were swept
mainly alive into an ephemeral stream channel during spring floods, and subsequently
~ produced a large number of burrows and overlapping furrow systems (comparable to the

0genera Cylindricum, Scolicia, and Taphrhelminthopsis) within a restricted area.
the i

ion, the trace-making activity of the marooned organisms increased, and after
Complete subaerial exposure there remained a shelly deposit composed predominantly of

e fingernail clam, Sphaerium simile. Fossil deposits formed in this manner could be
Tecognized by the stratigrapher by the following combination of characteristics: 1)
Siscontinuous, shoestring geometry of channel sands, 2) stratigraphic position within a
Hoodplain lithosome, 3) patchy distribution of traces (if preserved) indicative of
=Mporary pools, and 4) occurrence of freshwater clams and snails that originally lived
8 variety of stream communities and substrate-niche configurations.

INTRODUCTION

Orgar?isms that can survive hydraulic transport in flooded streams are dislodged
s 8 variety of upstream communities and sometimes deposited in small depressions
dot the surfaces of upland stream valleys. The relatively heavy, skeletonized
' l'tl;l: Organisms, such as bivalves and gastropods, are also susceptible to dislodgement

Ocation by seasonal floods, or what the ecologists term "catastrophic drift" (see
ot 20N and Lehmkuhl, 1968). The types of embayments in which large numbers of

: atEl' Mollusks are concentrated during flood stages in stream valleys are: 1)

N OF other depressions on bars (e.g., Pryor, 1967; Turner, 1978), 2) depressions
cke] 1‘;‘77the adjacent floodplain (e.g., Starrett, 1971, p. 270-271; Devore, 1975;
,

> and 3) temporary stream channels marginal to trunk stream channels (this
\ prode living organisms marooned in these depressions by the waning of flood

» uce a large number of traces within a small area of substrate and, after
Yed waters évaporate or seep into the surrounding floodplain, leave a localized
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shelly deposilt composed of the mixed remains of bivalves and gastropods displaced f;
a variety of upstream ecosystems. !

Although we recognize that fossil deposits formed in upland lotic depositig
environments are rare, the recenl literature of freshwater invertebrate paleontg,
and palichnology discloses that occurrences, albeit spotty, are not as infrequent
generally believed. Where present, these occurrences add greatly to the accurapy
paleoenvironmental reconstructions of fluvial deposits (e.g., Selley, 1970; Stanlej
Fagerstrom, 1974; Devore, 1975; Eshelman, 1975; Miller, 1975, 1978; Hanley, 1
Bickel, 1977; Kerney, 1977; Olsen, 1977; Turner, 1978). In order to add accurap
environmental reconstructions, we believe it is important that the compositi
structure of lotic fossil assemblages be understood in terms of the ecological pro
of the organisms involved and the hydraulic conditions responsible for concentratj
burial. Our purpose is to describe a shelly, lotic fossil deposit "in the making" \
an ephemeral stream channel adjacent to New Hope Creek, a meandering Pied
stream in Orange County, North Carolina (Figure 1), to demonstrate the ty‘
mechanisms and the kinds of materials that interact to form fossil deposits occasig
included as part of the stratigraphic record of upland streams. |

The sedimentology of ephemeral streams has been intensively investigate
Williams (1970) in Australia, and by Picard and High (1973) in the United ¢
Several ecological studies have centered on the biota of temporary streams (Stel
Branson, 1938; Clifford, 1966; Harrison, 1966; Harrel and Dorris, 1968; Hynes, 18
403-406). This report focuses on: 1) paleoecological aspects of the mollusk
became trapped in the New Hope Creek valley ephemeral stream channel during pe
of flooding, 2) the traces produced by some of these mollusks during the waning s
of the floods, and 3) the stratigraphic ulility of the resuitant assemblage of shell
traces in the reconstruction of ancient fluvial subenvironments.

METHODS

Between periods of high water during the spring of 1978, the ephemeral s
channel was mapped, the locations and types of bed forms and substrat
recorded, and a general survey collection of mollusks from throughout the chan
made. The channel was revisited and photographed during several episodes of
and subaerial exposure. After one period of intense flooding in March, 1978, se
m# quadrats were mapped to record the spatial distributions, densities, and ori
of mollusks at locations within the channel that appeared to be undisturbed
and scavenging animals. Four of the quadrats were excavated to a depth of
all mollusk specimens larger than 1 mm in smallest diameter were separatei
wet-screening. Specimens were then identified using published keys and dest
as were the specimens coliected in the general survey (Table 1). During seve
to the ephemeral stream before embayed water had evaporated or seeped 0
channel, photographs were made of mollusks generating traces and the types
made by each species were recorded. A reconnaissance of the surrounding Vv
made to see if shells were accumulating in other areas, and several back-bar
were located that contained empty shells. y

In January, 1980, we revisited the channel and dug two 0.36 m?2 pits to
of 10 em on the point bar and on the channel bar at the northern end of t
(Figure 1). In each pit we removed 2 cm of sediment from the bottom, ana
our excavations of the surface quadrats in 1978. The same methods qf
separation and identification were used for the subfossil mollusks containé
samples, and preservation potential of shells and traces was assessed by no
of the features recorded in the surface quadrats actually survived shallow en

PALEOECOLOGICAL ASPECTS OF THE EPHEMERAL STREAM CHANR
Channel Floor Depositional Environment

The ephemeral stream channel is a former section of a footpath that
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L. Figure |. Ephemeral stream channel during a spring flood in New Hope Creek valley
(looking north and upstream). _

'8ure 2. Channel during subaerial exposure between floods (looking north and
Upstream), s
Figure 3, Furrows and burrows produced by Sphaerium simile. Area above pencil is
lower flank of channel bar with abundant randomly-oriented and U-shaped furrows;
OW pencil is sand-veneered channel surface with clusters of small, vertical burrows.
neil is 18 cm long and 0.7 cm in diameter.) .

1gure 4, Close-up of U-shaped furrow made by S. simile. (Arrow points to clam
digging burrow to escape desiccation.)
18Ure 5. Fyrroy produced by Elliptio complanata just prior to subaerial exposure.
Ote pebble entrainment. (Arrow points to clam and scale is same as in Figure 3.)
8ure 6, Campeloma decisum nestled beneath pebbles to escape desiccation in sand-
€d channe|, (Arrow points to snail and scale is same as in Figure 3.)




10 METERS

Figure 1. A. General location of New Hope Creek. B. Location of study area within
Duke Forest, eastern Orange County, North Carolina. C. Sketch map of New Hope
Creek ephemeral stream showing the surrounding floodplain (Fp), chutes (Ct) that
fonnect the ephemeral stream channel to the creek in times of flooding, scour holes
(Sh), gravel-filled channel (Gf), sand-veneered channels (Sv), channel bars (Cb), point
bar (Pb), and the locations of surface quadrats (letters enclosed in small squares).

the northeastern side of New Hope Creek through Duke Forest in eastern Orange
County. This section of the footpath has been repeatedly scoured by spring floods in

W Hope Creek valley and is now a narrow channel, about 60 m long, 1 to 2 m deep,
and between | Lo 4 m wide (Figure 1; Plate 1, Figures 1 and 2)." It is joined to the
freek during high water stages by two shallow chutes, and is isolated and dry during
the remainder of the year.

The channel is floored by light yellowish-brown, gravelly coarse sand with varying
dmounts of plant detritus in the upper reaches, and by brown, sandy gravel with
d’mdfml cobbles in the lower reaches (gravel-filled channel). Scour holes located
mﬁlte. Lhe chut.es expose the subjacent reddish-brown, firm, muddy sand to sandy mud
l‘elat'plam d?posnts. The upper reaches of the channel are divided into areas of
al.easlvely thick sand accumulations (point bar and channel bars; 5 to 30 cm thick)v and
thi Whgere the floodplain is thinly veneered with sand (sand-veneered channels; < 5 cm

k) (Figure 1).

Molluscan Fauna

inc| '::I:PSk Shell.s recovered from the surface quadrats and from the gengral surv'ey

el lbve Species of clams belonging to two freshwater families, at?d nine species

Overed EIonglng to six freshwater families (Table 1). No terrestrial snails were

rat l. .Den.smes (specimens/area) ranged from sparse on the point bar to
€1y high in the sand-veneered channels (compare Figures 2 and 3).
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Figure 3. Mollusks concentrated within sand-veneered channel (quadrat F in

Each side of quadrat is 0.6 m long; cross-ruled area indicates outcrop of firm
mud.

Table 2. Mollusks from subsurface samples.

TAXA CONDITION RELATIVE
ABUNDANC
(N= 139)

BIVALVIA
Sphaerium simile 3.2, 1 7.8%
Pisidium casertanum 3 3.
P. variabile 2 0.7
Elliptio complanata 3,2, 1 ) )
GASTROPODA
Ferrissia riwularis 3 2.9
Helisoma anceps 3, 4 12.6
Physa heterostropha 3 2.2
Goniobasis symmetrica 3y 1 46.7
Campeloma decisum 3,1 18.8
100.0%

¥3- articulated or entire shells, 2= disarticulated valves,
1= indentifiable fragments.

The minor components of the surface collections and the distributions of all t
on the floor of the channel are listed in Table 1. e
Two subsurface collections were made 10 cm below the locations of ¢
and E (beneath the channel bar at the northern end of the channel and
point bar). The sample from benealh Lhe point bar contained the same Spa
noted in quadrats on the surface of the bar. However, the sample from |
channel bar apparently represents a buried sand-veneered channel with
symmetrica, C. decisum, and H. anceps. These snails were found nesl
around decaying plant detritus. Table 2 contains a summary of the ab
conditions of the subfossil mollusks recovered from the two samples.
The mollusks were swept mainly alive into the ephemeral stream by b
that temporarily disrupted the spatial distribution of organisms in up:
communities. Lighter, unskeletonized taxa presumably were carried arot
the channel to points downstream because few soft-bodied taxa* were ob

*In addition to mollusk shells, a single fish vertebra was collected fi
floor and a number of arthropod subfossils were recovered from subs
including several caddis-worm cases, a coleopteran carapace (?Elmiﬂ._
indeterminate insect fragments, and one myriapod. "
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Table 3. Original mollusk-substrate associations and community types from which the
emeral stream mollusks were displaced. (Note that substrate preferences are not
strict and that freshwater mollusks are usually not restricted to one substrate type, as
inted out recently by Tevesz and McCall (1979); category assignments merely reflect
original substrate predilections of taxa that typically range over a variety of bottom
s. Likewise, taxa are not restricted to the community category to which they are
assigned  in the table, but attain their maximum abundances in these communities.
These categories nonetheless emphasize the ecologically heterogeneous nature of lotic
freshwater shell accumulations.)
.

axa Original Mol lusk—-.‘hfbstratc Original Stream
Association Community 2

-

";_APLZ(I!{'\_@E simile sB pool
w transversum sB? pool
pisidium cascrtanum 582 pool
@ ) sB? pool
Elliptio complanata ce riffle

GASTROPODA
Perrissia rivularis €e riffle
8, ELVULEE S
Ferrissia sp. ce? riffle?
R llelisoma anceps SB pool
‘Planorbula sp. LL ’ pool
Gyraulus sp. AP pool

sB? pool

AP? pool

ce: riffle
SB, LL pool

llusk-substrate categories bascd on those of Harman (1972), with modifications, and on our
bservations at New llope Creck.  SB= sand bottom in low cnergy arcas; CC= clean cobbles in
rent-swept arcas; LL= lcaf litter and decaying stems; AP= aquatic plants.

ision of the lotic biome into two basic ccological units, pool and riffle communitics, based
N McNaughton and Wolf (1979, p. 471-473). The pool community includes the biota of low-cncrgy
fle margins; the biota of high-cnergy, upstream tributaries is lumxed with riffle community.

hemeral stream. The molluscan fauna, then, is an ecological mixture of taxonomic
Mponents from as many as four different mollusk-substrate associations and from at
st Lwo different kinds of upstream communities in New Hope Creek (Table 3). The
a is ecologically mixed in the sense of being composed of mollusks from a variety
pstream communities, but is biostratonomically in-place because the clams and
'8 were found buried in "life positions" within burrows and nestled beneath stems
Hanley, 1976, Table 1).

Traces and Trace Makers

Part of the recent interest in the paleoecological aspects of modern streams has
€red on trace making organisms and the paleoenvironmental significance of their
WS Lraces (e.qg., Pryor, 1967; Smith and Hein, 1971; Baldwin, 1974; Chamberlain,
Turner, 1978). In the New Hope Creek ephemeral stream channel only Sphaerium
 and Elliptio complanata were observed directly making traces (Plate 1, Figures
d 5). Both clams produced randomly oriented, intersecting furrow systems that
“t €ach other with increasing frequency as the water level in the stream channel
oy 2Nd the available space for movement underwater decreased. Pryor (1967)

that the locomotion activity of mollusks trapped in back-bar sloughs during
€T stages in the Whitewater River, western Ohio, and the Wabash River,
'"c".eaﬁed measurably as the size of the pools within the sloughs decreased. We
8 similar increase in trace-making activity among individuals of S. simile and
o“:jl;ta as the embayed water wi.thi.n the New Hope Creek ephemeral stream
incre appear. In the case of S. simile, the increase in activity took the form
y ase in the production of furrow marks in the substrate as individuals moved
tCPests and flanks of bars into the sand-veneered channel areas where
0 escape desiccation ensued (Figure 4). When individuals of E. complanata
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Table 1. Inventory of mollusks collected from surface of ephemeral stream ch
New Hope Creek valley, Orange County, North Carolina. (Published descripti
keys used to identify specimens included: Tryon, 1873; Clench, 1959; Basch
Johnson, 1970; Burch, 1975a and 1975b; Emmerson and Jacobson, 1976; and
1978).

RELAT LV DISTRIBUTION WITHIN CHANNEL*
A ?:HN:QZ;w‘ Point Channcl Sand- Gravel-
N Bar Bar vencered  filled

Channcl Channel

BIVALVIA
Sphacriidac
Sphacrium simile (sSay, 1810) 73.6% 3,2
Musculium transversum (Say, 1829) 0.9 By 2
Pisidium cascrtanum (Poli, 1791) 1.2 3
0

e an s g

P. variabile Prime, 1852 0.9

Unionidac
tlliptio complanata (Light.foot,1786) 2.3 3251 3,2 3.2.1 2.0

GASTROPODA

(say, 1817) 1.2 3 3
[§

oo
oo

Planorbidac

lielisoma anceps (Menke, 1830) 7.0 3 3.
Planorbula sp. 0.3 0 3
Gyraulus sp. 0.6 1 1

cow
coco

Physidac
Physa hntozgfrrouha(Say, 1817) 0.6 13 0 3 0
Lymnacidac
Lymnaca columclla say, 1817 0.3 3 0 0 0
Pleuroceridac
Goniobasis sxmmutricu (Haldeman, 1841) 7.0 3:1 3L
Viviparidac
Campe loma decisum (Say, 1816) 3.2 3 3,
100.0"
¥ 3= articulatcd or ontirc shells, 2= disarticulated valves, 1= ldentifiable fragments,
0= not obscrved.

3 351

[N\ )

& Sphaerium valve
® Sphaerium in burrow

& Sphaerium agape
@ Elliptio valve

8 Lymnaea on side

» Goniobasis on side

Figure 2. Mollusks distributed on point bar (quadrat E in Figure 1). }
quadrat is 0.6 m long.

Sphaerium simile was by far the most abundant component oF
collections, and occurred in the highest concentrations in sand-ve
surrounding the point bar and channel bars (average density = 206/n
anceps was second in abundance and was found on and near the sand b :
of Goniobasis symmetrica were the third most abundant component, an
mainly on the bars and in sand-veneered channel areas. Campeloma de
in abundance and was found throughout the stream channel except
Elliptio complanata ranked fifth numerically and was found in all parts ©

154



)
\\

5

\
\

\

\
W\ \
W\
\
\\
\

e —
=
— e ——————— 7//

Figure 4. Schematic block diagram of ephemeral stream channel showing surrounding
and subjacent floodplain deposits (A), channel bar with few scattered burrows made by
Sphaerium simile (B), and sand-veneered channel areas with abundant furrows and
‘burrows made by S. simile (C). (Not drawn to scale.)

failed to reach the protection of the standing water in scour holes before subaerial
posure, they dug subvertical burrows inclined towards the remaining pools of water.
Although no traces produced by gastropods were found within the channel, we observed
- Goniobasis symmetrica making narrow, non-overlapping grazing trails on rocks in New
Hope Creek and collapsed, horizontal burrows on point bars in upstream tributaries.
Campeloma decisum came close to making burrows when individuals attempted to
ape desiccation by nestling beneath pebbles or wood in the sand-vencered channels
(Plate 1, Figure 6); in their natural habitat within creek pools these organisms may
produce burrows. As evaporation and seepage continued to lower the water level below
the floor of the ephemeral stream channel, S. simile and E. complanata situated at the
bottoms of burrows eventually became desiccated and expired.
The traces produced by S. simile include three types. Aboul half of the traces
e randomly oriented, intersecting furrows, approximately 1 cm wide and 0.5 to 1 em
€. The furrows have marginal ridges, are several cenlimeters long, and are
teasionally terminated by subcylindrical, vertical burrows about 1 cm wide and 1 Lo
em deep. This variety of trace is very similar to the ichnogenus Scolicia (Hantzschel,
975, figure 66, 4a; Turner, 1978, text-figures 2 and 3). Another type of furrow is U-
aped in plan view with the same average dimensions as the randomly oriented
irows.  Each U-shaped furrow is terminated at one end by a vertical burrow (Plate
Flgure 4). These are made by S. simile duing the lasl hours of submergence of sand-
tered channel areas when the ranges of moving individuals become severely
tricted within remaining pools. A superficial resemblance between these Lraces and
ichnogenus Taphrhelminthopsisis notable (Hantzschel, 1975, figure 70, 6a). Finally,
®re Lhe burrows of S. simile are very closely spaced (Plate 1, Figure 3, botLom half),
iCe resembling Cylindricum may result (Hantzschel, 1975, figure 35, 4a and 4b).
The traces produced by E. complanata are very similar to those described by
OF (1967) for unionids from the Wabash River, Indiana, and Whitewater River,
M€ Ohio.  Furrows made by E. complanata are deeper, wider versions of the
-tures generaled by S. simile. They measure about 4 cm wide, 3 to 4 cm deep,
Several tens of centimeters in length.  Pebble entrainment is a common feature
: afe'i with these furrows (Plate 1, Figure 5). A few furrows are terminated with
€rlical, subeylindrical burrows, 3 to 5 cm wide, that are inclined towards nearby
€S and penetrate as far as the contact between unconsolidated ephemeral
sand and the subjacent, slightly indurated, floodplain deposits. The furrows
d by smaller individuals of E. complanata are comparable to Scolicia. Some of
OWs made in gravelly areas lack marginal ridges.

Preservation Potential

° Subsurface samples contained well preserved shells in "life positions" that
t)iror‘:l?r:e entombed several years before we visited New Hope Creek. The
We e]_ethods We used obliterated any traces that might have been preserved.

leve that the shells and traces in this ephemeral stream are susceptible to
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three main sources of taphonomic damage, considering the general environment
valley: 1) erosion by flood waters flushing out the channel and scouring down'
underlying floodplain deposits; 2) dissolution of shells by acidic groundwater :
compaction, disruption, and partial to complete physical obliteration of tre
unconsolidated sediment. Probably some sort of early cementation is necessary 1
preservation of traces. The shells, however, if sealed in a lenticular sand bo
of channel deposits and surrounded by a more or less impermeable enve
floodplain sediment, could remain essentially undisturbed within the sedi
package of the valley for millions of years. Even if affected by post-dep
reworking and dissolution, comparatively thick-shelled clams and snails
periostracum layers (e.g., Elliptio complanata, Campeloma decisum, and C
symmetrica) could possibly persist as identifiable fragments indicative of a
logically heterogeneous assemblage (see Lazar, 1960).

CONCLUSIONS

1. Depressions on the surfaces of floodplains adjacent to trunk stres
among the few fluvial subenvironments in which the spotty fossil record
streams is likely to be preserved. These features not only act as traps thi
sand and gravel from the environment of sediment transport in stream vall
seasonal floods, but also concentrate benthic organisms displaced by the
localized, potentially preservable assemi iages.

2. Freshwater mollusks that were carried into one of these depressions
Hope Creek valley during spring floods were derived from a variety of t
mollusk-substrate associations and community types, and represent an ec
mixed but biostratonomically in-place assemblage. Upstream riffle co
contributed about 29 percent of all taxa collected, whereas upstream pool com
contributed about 71 percent. In terms of individuals, upstream riffle com
contributed about 33 percent of the fauna and upstream pool communities
roughly 67 percent. Pools may contribute more taxa and individuals due to
rheotactic, thigmotactic, and/or morphologic adaptions to flowing water
dwellers, or because pools contain a more densely populated and comparative
rich molluscan community (see Hynes, 1972, p. 121-182; Patrick, 1970; McN
Wolf, 1979, p. 474).

3. Distributional patterns of the shells and traces made by Sphaerium
be useful paleoecological guides to the identification of subenvironments |
Hope Creek ephemeral stream channel. When the sizes of the pools within t
shrank between flood stages in the creek valley, large numbers of S. sim
been flushed into the channel moved down the sides of bars and became €0
in the sand-veneered channels surrounding the bars. As the pools disappea
perforated the channel floor with small vertical burrows (Figure 4).
Cylindricum-like burrows associated with Taphrhelminthopsis-like furrow s
record of the final hours of submergence of the channel floor. If preser
on bedding planes within a discontinuous, shoestring sand body (= chan
surrounded by mudstone (= floodplain deposits), the shells of S. simile in "l
and the patchy distributions of distinctive traces should suggest
temporary, freshwater pools within an intermittent or ephemeral stream

4. The preservation potential of freshwater organisms should
estimated. Skeletons and trace fossils produced by these organisms should
searched for in the study of freshwater sedimentary rocks to add
dimension and overall measure of refinement to interpretations of &
environments (for example, see Olsen and others, 1978).
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A GEOCHEMICAL EXPLORATION PROGRAM
FOR URANIUM AND GOLD IN SELECTED TRIASSIC

BASINS IN NORTH CAROLINA

By

John Callahan
Geology Department
Appalachian State University
Boone, North Carolina 28608

ABSTRACT

A stream sediment (minus 80-mesh and minus 60-mesh panned concentrates) and
lithogeochemical survey for gold did not locate any Triassic-age placer deposils in the
northern portion of the Wadesboro and southern portion of the Sanford basins in North
Carolina. A stream sediment geochemical program for uranium funded by the North
Carolina Energy Institute did identify one anomalous site (8.5 ppm U; 5 ppm Th) near
xway, North Carolina and eighteen possibly anomalous sites (1-1.6 ppm U). Five of
he eighteen samples with uranium levels in the 1-1.6 ppm range have high thorium
levels (112-853% ppm) and may indicate a monazile source for the uranium.

Gold values as high as 0.83 ppm in the stream sediments and 9.5 ppm in the
ed concentrates were obtained during the survey. Small ( <.5mm) flattened grains
f gold (1-4 grains) were observed along with coarse kyanite and/or monazite in some
f the panned concentrates. A distincLive pattern of high gold values in the sediments
as observed in the vicinity of Mangum, N. C. where Minard (1976) reported values as
gh as 2.1 ppm from a Triassic lithology. Follow-up gold analyses on over 400 rock
mples  from twenty-eight exposures near Mangum failed to obtain any high values
99 ppb). The presence of coarse kyanite, monazite and gold in panned concentrates
ay be from a source younger than the Triassic lithologies that the streams currently
din or from adjacent Paleozoic rocks.

INTRODUCTION

A lithogeochemistry, stream sediment and panned concentrate survey for gold was
! ed out in the northern portion of the Wadesboro and southern portion of the
.l‘d Triassic basins of North Carolina. The objective was to attempt Lo locate
Il placer gold deposils in Triassic age rocks in the area. The area was chosen
Use of its close proximily to present gold deposits in Carolina Slate Belt rocks and
-duse simijlar gold deposits may have been exposed during the infilling of the Triassic

_ An occurrence of gold in Triassic age sedimentary rocks in North Carolina was
nally reported by Marcou (1862) and confirmed by Becker (1895).  According to
enter (1972) over 250 present gold occurrences have been noted (Figure 1) within
XIMum distance of 65 km and a minimum distance of .1 km of the Durham,
Ord and Wadesboro (Deep River Basin) basins in North Carolina. If similar Paleozoic
'y ks f?Earing lode gold occurrences close to the Triassic basin had been exposed
the”ng during the Triassic, then gold may have been transported into the basins
3 Y were filled and placer deposits may have formed. The Paleozoic rocks
dining the gold deposits must have been exposed during the Triassic because
| :ph'c detritus including kyanite has been found by Thayer (1970) in a basin to

Den

""'SOQ and Wheeler (1975) and Lee (1978) have indicated that depositional

ameﬂts In Triassic basins in North Carolina are favorable for uranium deposition.

il sediment geochemieal survey for uranium was carried out to determine if
8Ny near surface indication of uranium mineralization.
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Figure 1. Gold occurrences near the Deep River Triassic Basin, N. C. (after Ce
1972.

GENERAL GEOLOGY

The Sanford and Wadesboro Triassic basins are subdivisions of a larg
long Triassic basin in North Carolina known as the Deep River basin. T
geology of the northern portion of the Wadesboro basin has been described
(1965) Randazzo, Swe and Wheeler (1970) and Randazzo and Copeland (1
(1962) and Reinemund (1955) have described the geology of the southern Sal
The geology of this basin is also included in a recent report by Wilson et.

According to Wilson el. al. (1978), the Deep River Triassic basin is
Sedimentary rocks in the basin were derived from Paleozoic sources to 3
west and were deposited as alluvial fans that grew outward into the basin. V
lithologies have been studied in detail, they are subdivided into three units. 1
unit, the Pekin Formation, consists of a basal conglomerate in places and ¢
units with minor siltstone and claystone at the top. The middle unit, the
Formation, is composed of siltstones and shales that are in part carbon
overlying Sanford Formation is composed of shales and sandstones. All un
cut by diabase dikes of late Triassic and possible Jurassic age. Unco
poorly consolidated Cretaceous and younger sands, gravels and clay OVe
rocks in several portions of the basin (Figures 2, 3-9). S

No base metal deposits or uranium mineralization have been noted in T
rocks in North Carolina. Gold in Triassic sedimentary rocks was repor!
(1862) and Becker (1895) at the Womble mine, 3 miles northwest of
Chatham County, however, no significant production was reported from
In addition, Minard (1976) has reported that 5 of 17 rock samples in th
Mangum, North Carolina, conlained at least 100 ppb Au and one of U
2100 ppb.  Zircon and monazilte rich sands are found at several loca
Little River in a Triassic outlier, in Moore County southeast of the
(Conley, 1971).
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FIELD AND ANALYTICAL METHODS

Stream sediment samples (263) were collected from active portions of small
am channels in the southern Sanford and northern Wadesboro basins during the
imer of 1976. Whenever feasible, a panned concentrate (177 samples) was also
fcted.  Two or three rock samples (220 total samples) were taken from each
10p exosed in the area. In a second phase of the program 20 to 30 additional rock
ples were taken from 28 exposures within a several kilometer radius of the outcrop
" Mangum, North Carolina in the northern portion of the Wadesboro basin where
ard (1976) reported a gold value of 2100 ppb. Prior to analysis, the panned
“Bntrates were examined for visible gold with a binocular microscope to determine
PProximate size and degree of rounding of the gold and to note other associated
Y Minerals, .
~All stream sediments, panned concentrates and rock samples were sent to Bondar-
- and COmpany in Ottawa for analysis. Stream sediments were sieved to minus
€sh (<.250 mm) for gold analysis and to minus 80-mesh (<.177 mm) for uranium
5 The analyst ground the entire panned concentrate until it passed through a
screen (<.149 mm). For gold analysis, a 10 gram panned concentrate and
®t was used whenever possible. Rock samples were reduced to minus 100-mesh
Jlended thoroughly; two 10 gram fractions were then obtained by splitting the
i uplicate gold analyses were run on each rock sample.

_ 'Urnace extraction utilizing a fire assay procedure that produces a dore bead
: IEG Out on each sample analyzed for gold. The bead was digested in aqua regia
4 yZEd for gold by atornic absorption. The analyst reports a percision of + 50%
PPb gold level and at a level of 20-50 ppb gold of + 20% with this technique.

= .
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235 samples had sufficient minus 80-mesh stream sediment for uranium analysis
d .5 g was digested in HNO3 and analyzed for uranium by Bondar and Clegg utilizing
, fluorimetric technique. Uranium precision as eported by the analysts is + 100% at
1 ppm and + 20% at 1 ppm. Upon receipt of the initial uranium results it was decided
10 analyze all samples with analytical values in excess of .9 ppm uranium for thorium.

o thorium analyses were carried out by Bondar and Clegg by X-ray fluorescence.

RESULTS
Gold

adesboro Basin:  The majority of the rock samples, stream sediments and panned

entrates did not contain significant gold concentrations (>100 ppb) (Figure 2).
even rock samples contained detectable gold (>5 ppb). Four samples that contained
Jeast 45 ppb gold were re-analyzed with negative results (<5 ppb). Only one stream
diment sample of Lhe 158 analyzed contained significant gold (120 ppb). Nineteen
nned concentrates had at least 100 ppb and fourteen of these contained greater than
00 ppb. All samples that contained visible gold in the panned concentrates had
ytical values in excess of Lhe lower detection level >5 ppb.  There were eleven
mples where no gold was seen in the pan but that had values in excess of 1000 ppb.
of the panned concentrates with high gold values in excess of 1000 ppb and the
e stream sediment with a high of 120 ppb are located within a few kilometers of Lhe
ic sedimentary outcrop cut by a diabase dike near Mangum, North Carolina where
wd (1976) reported a gold value of 2100 ppb. A detailed rock sampling program
s carried out on all the exposures in the vicinity of Mangum. Four hundred and
teen rock samples and eleven unlithified Cretaceous (?) sediment samples were
ected from 35 outcrops including the one with the high reported gold values. None

S
25 5
Fre MOUNT,
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y RIVER \ AN 5 T tecene
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4. Uranium'and thorium in stream sediments, Northern Wadesboro Basin, N. C.
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of the 416 rock samples analysed contained significant gold.  The highest gold
obtained for any Triassic lithology was 0 ppb and the highest from Minard's (
locality near Mangum was 30 ppb.  None of Lhe panned concentrales from
unlithified Crelaceous (?) sediment samples Laken within an cight km radius of Man
had high gold concentrations (<15 ppb). However, 9 of the 11 had some coarse kya
present in the panned concentrates.  There are several arcas in the Wadesborg
witk high gold values in the panned concentrales bul rocks from Lhese areas w

sampled because of the negative results encountered in the Mangum area. k

Sanford Basin: Most samples from Lhis basin did not contain detectable gold.
stream sediments with higher gold values (>100 ppb) and panned concentrates :
higher gold values ( >100 ppb) are located either along Lhe western edye of the
along Richland Creek or from tributaries of Richland Creek that drains the Carg
Slate Belt volcanics to the west (Figure 3). One exception is the high gold val
panned concentrates) obtained in The Little River area to the southeast (Fi
Panned concentrates from this area also contain monazite. Two panned concent
that had 1 grain of visible gold from two different locations did not have higt
values and indicates that the gold was lost prior to analysis in the preparation s|
Fifty four of the rock samples from this area contained detectable gold (>5 ppb)
the majority of these are located along the western edge of the basin. The twelve
samples with Lhe highest gold values (25-145 ppb) were reanalyzed and all hac
values less than those originally reported (<15 ppb). None of these sample loc:
with initial high gold values has had follow up work done on them.

Binocular Examination of Panned Concentrates: All of the visible flakes of gold
panned concentrates were small (<.5 mm) and flattened with rounded edges.
of visible grains in each pan are recorded on Figures 2 and 4. The most com|
accessory minerals noted in the concentrates were a black opaque mineral, kyanil

was extremely coarse gained >5 mm in width.

Table 1. Chemical and scintillometer values for the resampled anomalous 'sa N[
8 in the Harrisville, North Carolina Quadrangle.

Sample

Number  U/ppm Th/ppm  Mn/ppm Fe/% L.0.1.%
8A il ND 210 L.25 4.9
8B 20 8 995 3.00 7.2
8C 4 5 1020 1.90 6.3

Note: B8A is downstream from 8B and 8C and may be contaminated by ro

Uranium

Wadesboro Basin: Of 147 stream sediments analyzed only 4 samples contai
than 1 ppm uranium (Figure 4). One of these, sample 8 near Exway, had
uranium value, 8.5 ppm, recorded in the initial survey and 5 ppm Lhorium.
from which this sample was taken was resampled at 100 fect intervals and al
uranium, thorium, manganese, iron and loss on ignition (Table 1). S€
readings at this locality were also taken and slightly higher scintillomete
coincide with the higher geochemical values. The majority of Lhe other sa
basin with values in excess of 1 ppm uranium are confined to the southern
the basin and have little or no detectable thorium associated with them.
with the second highesl uranium value (1.6 ppm) in the basin is localed on
corner had has a high associated thorium value (275 ppm) that may indicate
source for both the higher uranium and thorium values. No follow up WO
done on the cluster in the southwest or the other sample sites with urani

ppm.

Sanford Basin: The majority of the stream sediment samples analyzed (B'bl
values below 1 ppm (Figure 5). Of the eight samples that had possibiy-
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values (>1 ppm), six are localed near Lhe edge of the basin in close associatjo
Cretaceous sedimenls and/or rocks of the Pekin I ormation. High throium valyg
of the 6 samples indicale a possible monazite source for bolh the higher thorjyr
uranium values. ¥

DISCUSSION AND CONCLUSIONS
Gold

No Triassic gold placers were located. There is visible gold in the panned s
concentrates and most of these samples with visible gold have values in excess of
ppb. However, several concentrates with no visible gold also had high values.
instances where gold was observed in the pan the analysis did not confirm it indj
great care should be taken with preparation of the samples for analyses. Thr
minus 60-mesh sediment samples had high gold values (120-830 ppb) but no gg
detected in the corresponding heavy mineral concentrate taken at the same lg

Thirty two of the heavy mineral concentrates with high gold values (85-
had corresponding minus 60-mesh sediment values at or below the detection I
ppb. Although not conclusive, this indicates that in a stream sediment survey f
more gold is recovered in panned concentrates than stream sediment. Visible gold
are small (<.5 mm), flat with rounded edges, and often have coarse kyanite ¢
associated with it in the panned concentrates. Over 600 Triassic rocks were a
for gold and no gold value in excess of 120 ppb was obtained. Therefore, gold in
sediment samples in the Triassic basins noted in this study has probably n
derived from Triassic sedimentary rocks. The source of the higher gold values ¢
in samples from Richland Creek that parallels the western edge of the southel
of the Sanford basin could be explained if gold was being carried from the
undiscovered occurrences in Slate Belt rocks immediately to the west.
possible that both the gold and/or kyanite may have been transported into
from the Inner Piedmont or Slate Belt during the Cretaceous and young
Weathering of Cretaceous, and younger sediments and rocks may free the gol
and monazite which are found in present drainage sediments. These possi
suggested based on the occurrence of transported kyanite in present strea
of the High Rock Quadrangle just to the west of the Triassic basins
completed by White and Stromquist (1961) that must have come from the Piedr
on occurrences of gold in basal coastal plain sediments (Tuscaloosa Form
reported by Minard (1971) in South Carolina. !

Uranium

No clear uranium patterns are apparent from the survey and
occurrences were located. However, thirteen samples containing at I
uranium and low thorium values are possibly anomalous (Figure 4, 5). Tk
with high thorium values and uranium values in the 1-1.6 ppm range pr
monazite source for the slightly higher uranium values. A value of 1 ppm
anomalous may appear low but according to Overstreet (1970) a W
environment such as found in the southeast would promote considerable 1
the majority of the uranium would have already been removed from
environment and a lower threshold value (1 ppm) as chosen, would be exf
uranium concentration levels in stream sediments in this area are
exploration technique such as a hydrogeochemical survey for uranium
might yield more significant results.

The high uranium value at locality 8 in the northern W.adesboro
reconfirmed. However, this uranium anomaly may be a spurious one bt
appear to have been caused by the scavenging effects of maganese and
and organic material.
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A CASE FOR SUBSTRATE INIFLUENCE ON INFRABASAL-CONE MORPHO! oGy

0 PALEOZOIC STEMLESS CRINOID GENERA 'ROM CASTERN KENTUCKY
or TW

By

Frank R. Cttensohn
‘Department of Geology
University of Kentucky

Lexington, KY 40506

ABSTRACT

The Late Paleozoic crinoids Agassizocrinus and Paragassizocrinus were stemless
grinoids that lived wilh proximal portions of their dorsal cups inserted inlto the
ybstrate.  This semi-infaunal life mode has been demonstraled by means of specimens
reserved in life posilion. In these genera, the most proximal (lowermost) plates in the
wp, Lhe infrabasals, are fused and secondarily calcified forming a conical plug of
tereom, known as the infrabasal cone, which was used to insert the cup into the.
ubstrate and anchor it in place. The shape of the infrabasal cone, however, appears
o reflect the nature of the substrate. Agassizocrinus, which occurs in North American
hesterian (lale VisGan-Namurian A) rocks, is Lypically found in skeletal or oolitic
areniles. Il characteristically exhibils a more rounded or turbinate infrabasal cone
nd cup, an apparent adaptation for firmer, often mobile, sandy substrates. Para-
$sizocrinus, on the other hand, is typically found in muddy carbonates and shales from
Pennsylvanian of North America, and its more steep-sided, conical cup appears to
“an adaptation for life on more unstable, muddy substrates. The conical shape
parently allowed easier insertion and retention in such substrates. Similar
tionships have been noted in the conical coralla of solitary Scleractinian corals.
A trend toward development of increasingly, conical infrabasal cones and cups in
$Sizocrinus from o Chesterian carbonate sequence in ecastern Kentucky appears to
elate wilh increasing mud content, and presumably less stable substrates, in the
lience.  The nature of burrow walls and  Lhe allendant fauna also indicate
asingly unstable substrates upward in seclion. In this sequence, each successive,
ending calcarenite unit contains more mud than underlying calcarenites. Although
1 ferent species of  Agassizocrinus predominates in each calcarenite unit, each
SSIve species has a more conical infrabasal cone and cup, apparently in response
\Creasingly  unstable muddy substrates.  The culmination of the trend toward
asingly conical cups is represented by Paragassizocrinus from Pennsylvanian
enls in Lhe same area.

INTRODUCTION

Huring  the Paleozoic, a small number of largely unrelated crinoid genera
“enLly evolved a stemless life mode. The stemless life mode in Paleozoic
E dﬁvelolled to its grealest extent during the Carboniferous and Permian when
Ifllne crinoid genera developed Lhis life mode. The best known and most
Ul of these genera in Llerms of speciation, distribution, and numbers of
im‘z‘"‘f /\gassizocrinus, a Chesterian (upper Vis€an-Namurian A) guide fossil, and
rinus, g Pennsylvanian guide fossil (Figure 1), both of which are found in
eEntucky. Agassizocrinus occurs in Chesterian portions of the Newman
» K’ a Nearshore, shallow-water carbonate sequence, in east-central and extreme
1 ::é“Cky (E;tcnsohrl, 1975), whereas Paragassizocrinus occurs locally in the
‘9 y M_agoffm beds of the Pennsylvanian Breathitt Formation (Strimple and
4 i Ettensohn, 1980) (Figure 2). The Kendrick and Magoffin beds are
3 Ke:‘t‘:“:l:\e horizons in .the dominantly clastic Breathitt della-plain sequence of
d KY; they are Morrowan and Atokan in age respectively.

Is
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Figure 1. Typical Paragassizocrinus and Agassizocrinus species showing the
Lhe dorsal cups and infrabasal cones; the morphology of each infrabasal cone
in detail.  Drawings based on P. tarri (high-cone ecophenotype; SUI 42421)
lobatus (Ul X-5171); magnification, X2.3. i
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Figure 2. Upper Mississippian (Cheslerian) - Lower Pennsylvanian
castern Kenlucky showing the accompanying change in shape of infraba
Carboniferous stemless crinoids Agassizocrinus and Paragassizocrinus Wi
change in substrale type.
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These Lwo genera, like most Paleozoic stemless crinoids, were relatively large,
mick-plal.cd forms. This heavy constructlion is thought to lmve been an adaptation for
(e in relatively high-energy environments (Cttensohn, 1975, 1980). The basal plates
hf some species attained Lhicknesses of 0.7 cm, whereas the infrabasal plates of some
4 cies fused into nearly solid, conical plugs of stereom (Figure 1) up to 2 cm high and
9 om in diameter at the widesl point. The heavy, thickly plated cups of these sle!nless
crinoids almost cerlainly necessitated a life on the bottom. These formsAwere snmp!y
w0 heavy Lo float or swim in the fashion ol some Mesozoic and Cenozoic comatulid
crinoids.  In fact, in situ specimens of Agassizocrinus from the Reelsville-Beech Creek
gnd Haney members of the Newman Limestone in northeastern Keéntucky clearly
dicate thal Agassizocrinus lived with parts of their dorsal cups inserted into the
abstrate (Ctlensohn, 1975). The similar appearance of many other stemless crinoids,
|ike Paragassizocrinus, probably reflects convergent evolution for a similar life mode.
jecause Lhese crinoids abandoned their stems in early adolescence and assumed a new
jfe mode sitting on or partially buried within the substrate (Figure 3), substrate-
srganism relationships assume special importance in the study of these crinoids.

The part of these crinoids that was inserted into the substrate, and hence most
Jikely to be influenced by it, is the infrabasal cone (Figures 1 and 3%). In Agassizocrinus
and Paragassizocrinus, the five infrabasal plates in Lhe proximal (lower) part of the cup
are fused and heavily calcified to form a nearly solid, conical plug of stereom with a
oo ical central cavity to receive parts of the viscera (Figure 1). The heavily calcified
wfrabasal cones in these genera were used to insert the cup into the substrate and then
ed as ballast to anchor them in place. Moreover, this heavily calcified cone served

o lower the crinoid center of gravity toward the substrate, thereby enchancing the
ability of the crinoid.

DISCUSSION

The shape of the infrabasal cones, and to a lesser exlent, that of the entire
oid cup appear to reflect the nature of the substrate. Agassizocrinus typically
in the skeletal or oolitic sands (grainstones) which are common in many
rian rocks of North America; both the cups and infrabasal cones in most
$sizocrinus species are generally more rounded or turbinate in shape (Figures 1 and
dragassizocrinus, on the other hand, occurs most commonly in muddy, argillaceous
stones or  shales which characterize much of the Pennsylvanian shallow, open-

deposition in  North America; the cups and infrabasal cones in most
izocrinus species are more steep-sided and conical (Figures 1 and 2). The low,
“€d, turbinate infrabasal cones appear to be an adaptation to firmer, sometimes
€ sandy substrates, whereas the steep-sided, conical cones appear to be an
ation for life on soft, less stable, muddy substrates. Similar adaptations in
ay Scleractinian corals were noted by Vaughan and Wells (1943). They noted that
corals living on soft, unconsolidated substrates typically exhibit more steeply
4 coralla than those living on firmer, sandy substrates; those corals living on
» Sandy substrates typically exhibited more shallow, disoidal coralla.

The Conical Cone

_Muddy, unconsolidated sediments, a conical cup and infrabasal cone allowed
Nsertion gpq retention Lherein. The steep-sided, conical shape allowed
°" of the soft sediment-water interface into maore solid, and slightly more
ld Underlying sediments (Figure 4). Penetration of the firmer underlying muds
3 y Ncreased the buoyancy of the crinoid on the muddy substrate. Further-
. ¢ Crinoid grew and weight was added, the cup would have slowly sunk
] INto yet firmer underlying sediments.  As the cone increased in size,
”the bearing area of the cup, or that part of the cup in contact with the
=’ ::30 creased, further enhancing buoyancy. In some species, the bearing
o eI Increased by an outflaring of the distal margins of the infrabasal cone

through an outflaring of the overlying basal plates (Cttensohn, 1980). The
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Figure 3. Inferred life mode of Agassizocrinus and Paragassizocrinus based:

specimens of Agassizocrinus from Lhe upper Newman Limestone in eastern
(from Ettensohn, 1975).
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firm compacted
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Figure 4. Inferred relationships between the two major types of infrab
substrate types. The schematic diagram to the right of the low, ro
cone shows possible directions of movement for Lhis cone Lype.

adaplive strateqy of increasing buoyancy in soft sediments through i
length of submerged portions of 1he animal, has been called the "icebel
by Thayer (197%). Such an  adaplation is clearly  present  in - some
Agassizocrinus and Paragassizocrinus (f iqure 2). The major disadvantage |
type would seem to be the fact that it allowed for little in-place moven
in response Lo changing current direclions.

The Bowl-Shaped Cone

The rounded, bowl-shaped infrabasal cone, which is more commo
zocrinus (Figures | and 2), appears Lo represent an adaptation for life on
substrates, where relatively high-energy conditions lrequently kept the
The rocks in which this type of infrabasal cone occurs typically Bf(hi\
high-energy conditions, such as the presence of ooids, crossbedding,
heavily constructed attendant fauna. Such a shape also would have pro
[irm, current-swepl, mud substrales.  The advantage of the low, roufl
cone in the above cenvironmental conditions is Lhat il allows f|ex!bli
movement in-arcas of dominant horizontal water movement where cring
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e 1. Criteria examined in each of the five units for inferences regarding substrate

ility-
‘d)ll Y AVERAGE ~ AVERAGE PERCENT PRESENCE OF

DOMINANT PERCENT ~ MUD (CARBONATE & SIGNIFICANT BURROWS ; NATURE
UNIT LITHOLOGY INSOLUBLE ARGILLACEOUS, IN ATTENDANT OF BURROW WALLS
RESIDUE POINT COUNTS) FAUNA IN THIN SECTION
// =
(endrick Bed, Argillaceous 93 100 Largely productid Absent or rare;
thitt Fm. carbonate mud- & inarticulate burrow walls very
brea stone & durk brachiopods & semi- indistinct.
shale infaunal pelecypods;
nekto-benthic forms.
/_‘7 : .
Linestone Mbr., Argillaceous 20 55 Locally diverse; Common; burrow walls
Pennington Foi. carbonate pack- productids common. moderately distinct
stone & wacke- to very indistinct.
stone
B—— _
Glen Dean Mbr., Argillaceous 25 25 Locally diverse; Common; burrow walls
Newnian Limestone  carbonate pack- productids common, moderately distinct
r stone & wacke- infaunal pelecy- to very indistinct.
stone pods present.
Haney Mbr. , Argillaceous 3 22 Diverse; produc- Abundant; burrow
Newnan Limestone  carbonate pack- tids & infaunal walls moderately
stone pelecypods present. distinct to indis-
tinct.
ih’lsvme-fieech Oolitic-skeletal 0.5 1 Rare; thick-shelled Absent; due to very
O ek Mbr., grainstone gastropods only. mobile substrates.

Limestone

. Such crinoids were [ree to rotate in any direction or rock back-and-forth in
onse to changing current directions (Figure 4). This rocking movement also would
allowed the crinoids to accommodate slight changes in the underlying substrate as
moved into and out of crinoid habitation areas. Hence, even though these crinoids
ently lived on mobile substrates, this adaptation probably prevented imminent
al in all but strong current regimes.

The validity of these interpretations regarding the adaptive shape of infrabasal
5 is suggested by a trend toward development of an increasingly conical cup in the
fmless genus  Agassizocrinus in a Cheslerian carbonate sequence from eastern
ucky; species of Paragassizocrinus found in overlying Pennsylvanian shales and
fonates from the same general area exhibit even more conical cups and infrabasal
(Figure 2). In this sequence (Figure 2), the carbonates become increasingly
Upward in section and presumably formed less stable substrates with time (Table
Even though an upward trend toward increasingly unstable substrates is suggested
the generally iricreasing percentages of both carbonate and argillaceous muds
Oluble residues, Table 1), this criterion alone cannot be used to infer unstable
sirates, for compacted muds can also form firm, stable substrates. To further test
1 hypolhesis of decreasing substrate stability, the lithology, attendant fauna, and the
e of burrow walls were examined (Table 1). In examining attendant fauna,
icular attention was given to the presence of forms like productid brachiopods and
E DeleCypods, which were better able to live on or within muddy substrates. The
'€ of the burrow walls in these units was also examined, because Rhoads (1970)
ONstrated that the walls become increasingly indistinct as substrate sediments
® more unstable. Many of the Agassizocrinus specimens examined were still in
POsition (Ettensohn, 1975).
nst "'d“‘ate_d» Agassizocrinus typically has a more rounded, turbinate cup, an

Bt adaptation for firmer, sandy substrates, an observation which parallels the

lons of Vaughan and Wells (1943) for Scleractinian corals. However, in the
mu;:jman sequence gf eastern Kentucky, each succgssive limestone uqit becomes

B inaty Hjan underlyl_nq limestones, ar}d although a different Agassizocrlm{s species
gly ies N each unit, each successive species developed a more conical cup,
. % Tesponse to a more unstable, muddy substrate. Even though the nature

Walls is somewhat variable in most of the units containing Agassizocrinus,
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a Lrend toward increasingly indistinet burrow walls in cach suceessive unil. g .
(Table 1. Also apparenl s Lhe act Lhal productids and infaunal or semi-
pelecypods generally become more important parts ol Lhe atlendant fauna j
successive, ascending unil (Table 1), Fogether, these observations do indeed
Lhat cach successive carbonale substrale become a little more unstable.

In the Reelsville-Beech Creek, o species ol Agassizocrinus  wilh g
turbinate cup (A, laevis, |'igure 2) occurs in Lhe skeletal and oolitic grainstone
predominate throughoul the member.  The presence ol ooids, scours, and cro
in Lthe memboer suggests a - high-energy  environment.  Burrows are Lolally
probably reflecting mobile substrates in high-cnergy conditions.  The absence |
Lthe dominance ol sand-size grains and Lhe grain-supported nature of the
suggest Tirm, Lhough mobile, substrates. The overlying Haney Member is lithel
more variable than the Reclsville-Beech Creek, but all included lithologies ’v
argillaceous or carbonale muds.  In Lhe Haney, a species with a more conical ¢
lobatus, [igure 2) occurs largely in argillaceous  skelelal packstones which ¢
burrows exhibiting moderately distinel to indistinel walls in Lhin seclion. The p
of mud and at least some indistinet burrow walls strongly suggesls less cohe
less slable subsirates in Lhe FHaney. In the Glen Dean and limestone members,
with an even more conical cup (A, conicus, [Nigure 2) predominates in arq
skeletal  packstones and  wackestones  which contain burrows  exhibiting mo
distinct to very indistinetl burrow walls, apparently depending upon the amount
present. Carbonate and  argillaceous muds comprise a greater percentage
based on point counts, Table 1) of (hese rocks than they do in previously
rocks (0.9-22%) from the Reclsville-lBeech Creck and Haney members.  The gl
ol mud and the increasing indistinetness of many burrow walls suggest thal m
ol the substrales were soft and unstable during Glen Dean and Penninglon
member) carbonate deposition.

Although Paragassizocrinus is nol. closely related to Agassizocrinus, it o
Pennsylvanian rocks from the same general area and represenls the culmination
trend toward conical cups in stemless crinoids. A high-cone ecophenotype o
oceurs in the dark, argillaccous, carbonale mudstones  and  micaceous
Morrowan age in the Kendrick Bed of The Breathitl Formation (Cigures
Burrows are rare in the Kendrick shales, apparently because of anoxic cond
beneath the surface, bul where they do occur, they are very indistincl. The
burrows, the abundance of mud and Lhe restricted Tauna of semi-infaunal
and - productid  brachiopods oceurring with the crinnids suggest very sofl, |
substrales.  Anolher steep-sided, conical species of Paragassizocrinus (P. pla.
oceuars in similar sedimentological and paleontological conditions in shales

age from the Magoffin Bed of the Breathitl | ormation in eastern Kentucky
1980).

CONCIUSIONS

In the stratigraphic sequence just mentioned, an increasing content. of ¢
and argillacecous muads and o probable decrease in substrate stabilily pi
development of increasingly conical cups in Lhe stemless crinoids.  The pare
ol these trends suggests thal substrale stability was probably the CE!USQU‘{
the occurrence of (he increasingly conical cups.  Whether or not Lhe evolul
forms occurrca i castern Kentucky or occurred elsewhere and the forms C
the arca in response 1o substrale changes, is nol known. However
Agassizocrinus species found in the Newman | imestone (Figure 1), pl
species of the genus, are also knows [rom Cheslerian rocks in other parts of
States (Springer, 19205 Burdiel: Strimple, 1971), Although the Chest?]"
mental and eccological selting | ¢ Agassizocrinus in these other areas is
known as il is in caslern <entucky, o similar upward increase in the amo
grained clastics generally  characterizes 1he Chesterian sequences in Lh
welle The high-cone ceophenotype of Paragassizocrinus tarri, on the ol
known only from the Dennsylvanian of eastorn Kentucky.  Finally, the p
Lhis cvolutionary sequence ol cone types is a correlate of some other |
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wrend must be mentioned. Although other such trends are not readily apparent, the

p[,ssibility cannot be dismissed.
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