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TRANSMISSIVITY TRACTS IN THE

COASTAL PLAIN AQUIFERS OF MARYLAND

By

Harry J, Hansen
Maryland Geological Survey
Baltimore, Maryland 21218

ABSTRACT

The Coastal Plain sediments of Maryland exhibit three major
transgressive (4 )-regressive ( « ) sedimentary cycles, Inthesecycles
three major lithotopes are repeated. The first cycle consists of the
Lower Cretaceous Potomac Group (fluvial)+ Upper Cretaceous Magothy
Formation (fluvio-marine}) + Upper Cretaceous Matawan and Monmouth
Formations (marine) ¢ Paleocene Brightseat Formation (marine) ¢
and Paleo-Eocene Aquia (marine) Formation. The second cycle con-
sists of the Eocene Marlboro Clay (fluvio-marine)+ Eocene Nanjemoy
Formation (marine) + Eocene Piney Point Formation (marine) + and
Oligo-Miocene Lacuna (unconformity); the third cycle is defined by the
Oligo-Miocene Lacuna + Miocene Chesapeake Group (marine) ¢ Mio-
cene Yorktown Formation (fluvio-marine) ¢ and Columbia Group (non-
marine),

In Maryland regional transmissivity tracts (areas of high trans-
missivity) characteristic of the nonmarine lithotope (e.g. Potomac
Group, Columbia Group) are generally subparallel to the regional dip.
Formations of the marine lithotope, such as the Aquia and Piney Point,
exhibit tracts subparallel to the regional strike. The former suggests
a predominance of fluvial input during deposition, the latter of marine
redistribution.

Transmissivity tracts in Coastal Plain Maryland generally oc-
cupy the more axial portions of a major landward extension of the Balti-
more Canyon Trough (Maher, 1967), suggesting coarse detrital input
from a long existing proto-Susquehanna drainage system. The Balti-
more Canyon Trough was an active depocenter during much of Creta-
ceous and Tertiary time,

INTRODUCTION
The Coastal Plain formations of Maryland crop out in a series

of concentric bands subparallel to the Fall Zone (Cleaves and others,
1968). They dip southeasterly, generally less than 1°, and thicken
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seaward to form a sedimentary wedge that exceeds 10, 000 feet beneath
the continental shelf (Maher, 1967). The formations range in age from
Lower Cretaceous to Pleistocene and consist of unconsolidated beds of
clay, silt, sand and gravel; ferrugenous or calcareous cementation is
stratigraphically restricted. In the Coastal Plain two subsurface sys-
tems control the occurrences of ground water. The geologic system is
static and functions as a framework whereas the interstitial fluid sys-
tem is dynamic and responds rapidly to stresses resulting from ground-
water pumpage.

This paper is concerned with the geologic framework or static
portion of the subsurface. Insofar as it affects hydraulic gradients with-
in the fluid system, one aspect of the geologic framework is particular-
ly important to the ground-water hydrologist. This is transmissivity,
an hydrologic parameter that is equal to the product of field permeabil-
ity and thickness; it is essential for predicting the time-yield-drawdown
relationships associated with ground-water withdrawals, In the Mary-
land Coastal Plain high transmissivity values are associated with thick,
sand and gravel facies, Therefore, knowledge of the depositional pro-
cesses responsible for the distribution of these facies aids in the ex-
ploration for productive ground-water.sources,

GEOLOGIC FRAMEWORK
Previous Investigations

The first hydrogeologic studies of the Maryland Coastal Plain
were those initiated by Darton (1896, 1902) and Clark and others (1918),
Since 1949 a series of county reports has been published by the Mary-
land Geological Survey (1970). The earlier investigations erected a
hydrogeologic framework for the Coastal Plain. The later reports
stressed quantitative aspects of the ground-water system,

Regional stratigraphic studies of the Atlantic Coastal Plain in-
clude those by Richards (1948), LeGrand (1961), Maher (1965, 1967),
Emery (1967) and U. S. Geological Survey (1967); extensive biblio-
graphies are contained in Murray (1961) and Glaser (1968), Studies by
Back (1966) and Upson (1966) have investigated the regional ground water
flow patterns occurring in the North Atlantic Coastal Plain; these stud-
jes discuss the hydrodynamic factors controlling the distribution of
hydrochemical facies, including salt-fresh water boundaries,

The Major Sedimentary Cycles of the Maryland Coastal Plain
The Coastal Plain sedimentary of Maryland were deposited in a
wide range of sedimentary environmentsthat may be conveniently group-

ed into three major classes or lithotopes (as defined by Dunbar and
Rogers, 1957, p, 137): Nonmarine (or fluvio-deltaic), Fluvio-marine
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(or strand zone), and Marine (or shelf).

As shown by their depositional products, the stratigraphic suc-
cession of environments may occur transgressively or regressively
(Curray, 1964). The term transgression connotes a temporal migra-
tion of the strand zone in a landward direction and results in the super-
position of nonmarine, fluvio-marine, and lastly, marine sediments,
Conversely, the term regression connotes migrationin a seawarddirec-
tion and results in the overlapping of marine deposits by fluvio-marine
and nonmarine deposits.

In the Maryland Coastal Plain three major sedimentary cycles
define pre-Pleistocene stratigraphy (Glaser, 1968). Figure 1 is a sche-
matic diagram showing the tripartite cyclicity exhibited by the sedi-
ments; the relationship between depositional environment and upper
range in transmissivity is shown, Figure 1 is meant to provide an ana-
lytical framework and is not a complete empirical generalization.

The transgressive phase of the first cycle begins at the base of
the Coastal Plain and is represented by the fluvial Potomac Group of
Cretaceous age (Clark, et al, 1911; Glaser, 1967). In Maryland the
Potomac Group includes, from oldest to youngest, the Patuxent, Arun-
del and Patapsco Formations. Overlying the Potomac Group is the Upper
Cretaceous Magothy Formation, a strand-zone deposit of fluvio-marine
origin (Clark, 1916, p. 87 ; Overbeck and Slaughter, 1958, p. 55).
Marine deposits are represented by the Upper Cretaceous Matawan and
Monmouth Formations (Goldman, 1916, p, 173; Overbeck and Slaughter,
1958, p. 59) which overlap the Magothy and mark the end of the trans-
gressive phase of the first cycle,

The regressive phase begins with the Brightseat Formation, a
marine unit of Paleocene age (Bennett and Collins, 1952; Nogan, 1964).
The Overlying Aquia Formation of Paleocene-Eocene age (Hazel, 1968)
reflects regressive sedi mentation (Glaser, 1968, p., 17) with the upper
part of it deposited in very shallow water, perhaps littoral (Drobnyk,
1965). Overlying the Aquia Formation in updip areas is the commonly
lignitic, pink to gray Marlboro Clay (Darton, 1948), a fluvio-marine
unit (Nogan, 1964),

The Nanjemoy Formation of Eocene age (Shifflet, 1948) over-
lies the Marlboro Clay, This Formation was deposited during a rapid
marine transgression, Both the mineralogy (glauconite) and fossil con-
tent suggest neritic deposition (Cooke, 1952), The Piney Point Forma-
tion of upper Eocene age overlies the Nanjemoy Formation (Otton, 1955).
This coarsely arenaceous unit occupies the same sedimentological
niche as the older Aquia Formation and represents shallow neritic de-
position during the concluding (regressive) phase of the second sedi-
mentary cycle,

To date sediments of Oligocene age have not been identified in
Maryland (Cleaves, et al, 1968), In the absence of contrary evidence
it is assumed that the Oligocene record occurs in Maryland as a miss-
ing stratigraphic interval, or lacuna as defined by Wheeler (1964,
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Figure 1. Diagram showing tripartite cyclicity exhibited by three
Coastal Plain lithotopes in Maryland,

p. 602), The transgressive phase of the third sedimentary cycle be-
gins with the Middle Miocene Calvert Formation, The basal bed of this
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Formation is an arenaceous unit containing small quartz pebbles, sug-

gesting to Dryden and Overbeck (1948, p. 53) a very near shore origin,

Based on lithologic and faunal evidence, beds of the overlying Calvert,

Choptank, and St, Marys Formations were deposited ina shallow marine
setting (Cooke, 1952, p. 34; Gibson, 1962, p. 60-66); Gibson (1962)
has noted that the Miocene Formations exhibit transgressive-regressive
cyclicity, although of a smaller magnitude than the three major cycles
shown in Figure 1.

The Upper Miocene Yorktown Formation, which contains coarse
sandy facies, was deposited in a shallow marine to perhaps deltaic or
estuarine environment, (Rasmussen and Slaughter, 1955, p, 43), It
represents a major regressive phase of the third sedimentary cycle,
In Maryland regressive sedimentation continued into the Pliocene which
is represented chiefly by thin nonmarine (fluvial)deposits (Schlee, 1957)
or by a lacuna (missing interval),

The Pleistocene epoch was characterized by geologically rapid
shifts in sea level which resulted in several transgressive-regressive
oscillations, although not of the same temporal scale as the tripartite
cyclicity described above. Except for eastern portions of the Delmarva
Peninsula, most Pleistocene sediments preserved in the stratigraphic
record are fluvial (Jordan, 1964; Hansen, 1966),

Tectonic Setting

The Chesapeake-Delaware Embayment is the major structural
feature of the northern Atlantic Coastal Plain (Murray, 1961, p. 92).
It extends from Cape Fear, North Carolina to about Long Island, New
York as a broad downwarping of the basement and overlying sediments.
The Baltimore Canyon Trough is a major offshore element of the
Chesapeake-Delaware Embayment (Maher, 1967, plate 4), Contours
drawn on top of the basement rocks show that a landward extension of
this feature trends beneath the northern portion of the Delmarva Penin-
sula (Figure 2),

The transmissivity tracts discussed below are generally asso-
ciated with the axial portions of this depocenter, By determining where
in the embayment major fluvial inputs would occur, one can infer that
basinal subsidence has controlled the sedimentary patterns developed
during Mesozoic and Tertiary deposition, It is interesting to note that
the modern Susquehanna River, which has nearly twice the discharge of
any river draining the East Coast of the United States (Wilson, 1967),
occupies a near axial position in the embayment (see Maher, plate 4),
Apparently the Susquehanna River has had antecedents of similar magni-
tude,
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Figure 2, Regional structure contour map, showing occur-
rence Baltimore Canyon Trough (adapted from Maher
1967, pl. 4).

RELATIONSHIP BETWEEN DEPOSITIONAL ENVIRONMENT
AND TRANSMISSIVITY

The Coastal Plain aquifers of Maryland can be categorized into
three environmentally determined lithotopes that are stratigraphically
repeated to form three major sedimentary cycles of the transgressive-
regressive type (Figure 1), Of the three lithotope s, sandy facies asso-
ciated with nonmarine (fluvial) sediments have the highest trans-
missivity values,

Two stratigraphic units, the Potomac Group and the Plio-Pleisto-
cene Series, exemplify the nonmarine (fluvial) lithotope. The Potomac
Group is a multi-aquifer unit used chiefly in the inner Coastal Plain
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Figure 3, Map of Maryland showing Coastal Plain Counties east of Fall
Zone,

counties of Cecil, Harford, Baltimore, Anne Arundel, Prince Georges
and Charles (Figure 3)., Maximum transmissivity values are reported
in southern Baltimore County and northern Anne Arundel County; the
values range up to 80, 000 gpd/ft. and may, perhaps, reach 100, 000
gpd/ft. (Mack, 1962; Bennett and Meyer, 1952; Otton, et al, 1964); both
north and south of this area, transmissivities decrease significantly,
rarely exceeding 20, 000 gpd/ft, (Otton, 1955; Overbeck and Slaughter,
1958; Mack, 1966),

Sediments of the Pleistocene Series represent an important
source of ground water in the EasternShore Counties of Caroline; Dor-
chester, Wicomico, and Worcester, Like the Potomac Group, Pleisto-
cene sediments are chiefly fluvial and have transmissivities that exceed
100, 000 gpd/ft. (Rasmussen and Slaughter, 1955; 1957) and in some
cases 400, 000 gpd/ft., (Mack and Thomas, 1968, p., 53).

In Maryland the Upper Cretaceous Magothy Formation and the
Miocene Yorktown Formation are fluvio-marine lithotopes, In axial
areas of the embayment, where coarse detritus from a proto-Susque-
hanna source was deposited, both the Magothy (Anne Arundel County)
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and Yorktown (Worcester County) Formations exhibit transmissivities
exceeding 50, 000 gpd/ft, (Mack, 1962). However, in more distal areas
values are usually less, sometimes ranging below 10, 000 gpd/ft,

The third major lithotope consists of marine sediments. Aqui-
fers grouped into this category include the Matawan, Aquia, Nanjemoy,
and Piney Point., These may be subdivided intc deeper water shelf sedi-
ments and shallower water, near shore sediments, The former, which
include the Upper Cretaceous Matawan and Eocene Nanjemoy Forma-
tions, generally have transmissivities less than 10, 000 gpd/fit,; the
latter, which are, in part, coarsely arenaceous, may have transmissivi-
ties ranging as high as 40, 000 gpd/ft. The Aquia and Piney Point aqui-
fers are examples,

Nonmarine (Fluvial) Lithotope
A, Potomac Group., As reviewed by Beerbower (1964, p. 34),

nonmarine fluvial sediments exhibit a complex range of sedimentary
facies, These may be summarized as follows:

Predominant
Environmental Elements Lithologic Characteristics
1., Channel
a. Floor gravel to sand
b. Point Bar gravel to sand
2, Natural Levee fine sand to silt
3. Abandoned Channel silt, clay and organic material
4, Flood Plain
a. Back Swamp silt, clay and some organic
material
b. Swamp clay and large amounts of or-
ganic material
c, Lakes clay and some organic mate-
rial

In modern environments alluvial facies can be readily identified
by field mapping and closely spaced test borings. This is not possible
in the case of buried ancient sediments because their facies must be
studied using an open, loosely controlled data grid., Generally speaking,
however, major facies trends of regional significance can be described
using subsurface data.

An example is a subsurface study by Hansen (1969) of the Potomac
Group, an alluvial sequence of lensoidal sands and clays. Lithologic
properties such as sand percentage, sand thickness, and transmissivity
were shown to decrease southward from Baltimore to the Potomac
River, Additional data demonstrate a similar trend northward to the
Chesapeake and Delaware Canal in Cecil County, Maryland (e.g.,
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Sundstrom, et al., 1967). These data suggest that the updip portions of
the Potomac Group contain facies characteristic of a fluvio-deltaic
system having its axial drainage in the vicinity of Baltimore. The
gravelly sands occupying the axial portion of this system are thick,
permeable units, having vertical profiles diagnostic of sediments de-
posited by a braided bed load river (Hansen, 1969, fig, 11), These de-
posits are areally extensive and occur as irregularly bounded sheets.
Both north and south the Potomac Group changes to 2 marsh or swamp
facies. As Kolb and Van Lopik (1966, p. 58) note these facies usually
contain less than 20 percent sand, and this is generally confined to a-
bandoned drainage channels, Because low gradient suspended load
channels draining a swamp lack the energy necessaryfor lateralerosion
and migration, their stratigraphic record upon abandonment consists
of fine sandy pods or ribbons, rather thanareally extensive coarse sandy
sheets (Schumm, 1968), Thus, the deposits of suspended load streams
do not make productive aquifers,

Figures 4 and 5 show the transmissivity trends thatcharacterize
the Patuxent and Patapsco Formations of the Potomac Group. Because
of their depositional histories, both formations exhibit greater trans-
missivity values in the Baltimore-Anne Arundel County area (greater
than 25, 000 gpd/ft. ) than north and south where transmissivities de-
crease to less than 20, 000 gpd/ft, and, in some cases, consistently
less than 5, 000 gpd/ft. (Charles County, for example; Slaughter and
Otton, 1968),

The structural dip (east and southeast) of the Potomac Group in
Maryland is subparallel to the former paleoslope (i.e., direction of
depositional transport). In the broadest terms, sediments of the non-
marine (fluvial) lithotope exhibit lithologic trends normal to the strike
direction of the paleoslope. In the case of the Potomac Group, trend
arrows shown in Figures 4 and 5 suggest a southeasternly transmissivity
tract originating near Baltimore.

The downdip portions of the Potomac Group are inadequately ex-
plored. Thus, the extent to which the transmissivity tracts shown in
Figures 4 and 5 extend southeastward is unkown. Modern fluvio-deltaic
sequences are constructed as a series of imbricated lobes, reflecting
shifts in axial drainage (Scruton, 1960, p. 100-102). To soine extent
the Potomac Group may also have been deposited in this manner,
Therefore, beneath the Delmarva Peninsula transmissivity tracts not
directly related to the one described above, may characterize the Poto-
mac Group.

B, Plio-Pleistocene Sediments, Plio-Pleistocene sediments
are widely distributed over the Maryland Coastal Plain, overlying un-
conformably the truncated edges of older Tertiary and Cretaceous
formations., The nonmarine Columbia Group consists of coarse-grain-
ed sand and gravel, occasionally interbedded with finer textured mate-
rials. The sediments are largely the product of bed load deposition by
braided streams coalescing across a wide flood plain,
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Being surficial the sediments function as a water table aquifer,
In the upland areas west of Chesapeake Bay Plio-Pleistocene sediments
are thin and often drained during dry perigds, Transmissivity values
are low; in Charles County for example, values are reported to be less
than 1, 000 gpd/ft, (Slaughter and Otton, 1968, p. 39).

Plio-Pleistocene sediments are of greatest importance on the
Eastern Shore, particularly in a broad tractextending from Queen Annes
County to Worcester County, and including adjacent parts of Delaware
(Rasmussen and others, 1960), Here the saturated sediments are re-
latively thick with reported transmissivity values ranging between 30,000
gpd/ft. in Queen Annes County and 400, 000 gpd/ft. in Wicomico County
(Mack and Thomas, 1968, p. 53). Maryland communities pumping from
the Plio-Pleistocene aquifer are confined to the belt depicted in Figure 6.

137



The southeast trending transmissivity tract described by the
Columbia Group sediments points toward the existence of a major con-
sequent stream of pre-Wisconsin age. The belt of high transmissivity
values shown in Figure 6 lies along a projection extending from the
mouth of the present Susquehanna River to the Washington and Norfolk
Submarine Canyons, features that scallop the continental shelf and mark
major fluvial outfalls (Belding and Holland, 1970).

Marine Lithotope

Visher (1965, p. 56) suggests that sedimentation in the neritic
marine environment results in two first-order facies, These are:

EEsdomitant
Environmental Elements Litholog}'c Characteristic
1. Neritic (Below Wave Base) clay and silt

2. Neritic (Above Wave Base) silt and sand

The clayey nature of marine beds deposited below wave base re-
sults in their being poor aquifers or aquicludes, In Maryland portions
of the Nanjemoy, Brightseat, and Matawan Formations represent this
facies; their transmissivities are consistently less than 10, 000 gpd/ft,
(Otton, 1955; Overbeck and Slaughter, 1958).

The sandy facies of both the Aquia and Piney Point Formations
were deposited above wave base during periods of marine regression
(Figure 1), Their coarse texture suggests inner neritic to, perhaps,
littoral deposition. Both formations consist of fine to coarse grained,
glauconitic quartz sand, containing subordinate beds of greenish glau-
conitic clay and indurated, calcite cemented shell debris, Trans-
missivity tracts characteristic of the Aquia and Piney Point Formations
tend to parallel the strike direction, reflecting the action of winnowing
and redistribution by long shore currents,

A, Aquia Formation. On the Western Shore the Aquia Forma-
tion outcrops in an irregularly-shaped belt extending from Sandy Point
in Anne Arundel County to Indian Head in Charles County; It has a maxi-
mum width of about ten miles, On the Eastern Shore the Aquia is gen-
erally buried beneath a Pleistocene veneer, outcropping only in stream
valleys, The subcrop trend traverses Kent and Cecil Counties before
entering Delaware,

Sandy beds of the Aquia Formationare thickest beneath southern
Queen Annes County and northern TalbotCounty, being 165 feet at Wades
Point, In Southern Maryland the cumulative thickness of Aquia sand
beds is less, being generally less than 100 feet in Charles, Calvert,
and St. Mary's Counties, Downgradient a pronounced sandy to clayey
facies change occurs. As a consequence the Aquia section is chiefly
clayey (or silty) at Point Lookout, Cambridge, and Denton where it no
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longer functions as an aquifer,

The downgradient, sandy to clayey facies change is common in
the stratigraphic record, the former representing the depositional pro-
duct of a near shore, littoral to shallow marine environment, the latter
a deeper, marine setting, perhaps below wave base, The Aquia facies
change extends from north of Point Lookout to north of Dover, Dela-
ware, subparalleling the strike of the formation.

Aquia transmissivity values range from less than 1, 000 gpd/ft,
to nearly 40, 000 gpd/ft, The highest values occur in an elliptical-shap-
ed tract underlying most of southern Queen Annes and northern Talbot
Counties (Figure 7). Representative values include 37,500 gpd/ft. at
Queenstown (Queen Annes County) and 25, 000 gpd/ft. at Wades Point
(Talbot County). The long-axis of the Aquia transmissivity tract trends
northeasterly, subparalleling both the updip outcrop belt and the down-
dip facies change, Values decrease along strike both northeast and
southwest of the high transmissivity tract, as for example at Smyrna,
Delaware (16,500 gpd/ft, ) (Sundstrom and Pickett, 1968) and Chesa-
peake Beach in Calvert County (10, 000 gpd/ft, ) (Otton, 1955),

In Southern Maryland values range from less than 1, 000 gpd/ft.
at La Plata in Charles County to 10, 000 gpd/ft, at Che sapeake Beach in
Calvert County. In southern Calvert and St. Marys Counties Aquia
transmissivity values dimish downdip toward the faciesboundary, being,
for example, 8,000 gpd/ft, at Lusby and 7,500 gpd/ft. at Lexington
Park (Otton, 1955).

The Aquia transmissivity tract has a significantly different
orientation than the tracts characteristic of the Potomac and Plio-Pleis-
tocene aquifers. The Aquia tract is parallel to strike, the other tracts
perpendicular. The Aquia tract reflects marine processeés which act
subparallel to an ancient strand line. Conversely the fluvial tracts re-
flect processes acting subnormal to an ancient strand line,

Although oriented differently, the tracts, nevertheless, occur
along a line extending southeasterly through the central portion of the
Maryland Coastal Plain. This supports the assumption of a long-exist-
ing (Mesozoic-Tertiary) sediment source, perhaps representing a proto-
Susquehanna drainage system.,

B. Piney Point Formation., Like the Aquia Formation, the
Piney Point is a marine unit that was deposited in a sublittoral to shal-
low neritic environment, The updip portion of the formation consists
of sand and shell detritus. Downdip the Piney Point becomes finer-
grained, exhibiting the sandy (above wave base) to clayey (below wave
base) facies change characteristic of many marine formations,

The Piney Point Formation was deposited during a time of
marine regression. The formation coarsens upwards, reflecting shoal-
ing conditions and a seaward shift of the strandline., As the strandline
migrated eastward to some indeterminate position, erosion replaced
deposition in updip areas, thus introducing an unconformity into the
stratal sequence. As a result, the Piney Point Formation is truncated
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in the subsurface and, consequently, does not outcrop.

The Piney Point Formation is truncated in the subsurface along
an irregular line extending from north of Leonardtown in St. Mary's
County to northern Carolina County. The updip portion of the Piney
Point Formation was erosionallybevelled during an Oligo-Miocene with-
drawal of the sea (Figure 1), During the following marine transgres-
sion (Middle Miocene) truncated beds of the Piney Point Formation were
overlapped by basal strata of the Calvert Formation,

Sandy beds of the Piney Point Formation thicken northeasterly
in a pod-like accumulation extending roughly from Point Lookout (90
feet) in St, Mary's County to Dover (220 feet)in Kent County, Delaware.
The sandy facies of the Piney Point Formation exceeds 100 feet at Cam-
bridge in Dorchester County, Denton in Carolina County, and Milford
in Sussex County, Delaware. The Piney Point sands thin updip by ero-
sional truncation, downdip by facies change.

Reported Piney Point transmissivity values range from less
than 5, 000 gpd/ft. to values as high as 40, 000 gpd/ft. The highest
values are reported from the Eastern Shore and coincide, not surpris-
ingly, with the area of thickest sand accumulation (Figure 8), High
values are reported at Cambridge (40,000 gpd/ft,) and Dover, Dela-
ware (37,500 gpd/ft.) (Rasmussen and Slaughter, 1957; Sundstrom and
Pickett, 1968).

The long-axis of the Piney Point transmissivity tract trends
northeasterly, subparalleling the Aquia tract; however, the Piney Point
tract is offset southeasterly, traversing Dorchester and southern Caro-
line Counties, rather than southern Queen Annes and northern Talbot
Counties,

Reported transmissivity values are appreciably less in Southern
Maryland as, for example, at Leonardtown (6,500 gpd/ft.), Lexington
Park (6,500 gpd/ft. ), and Point Lookout (4,000 gpd/ft. ) (Otton, 1955).

Like the Aquia, the Piney Point transmissivity tract (Figure 8)
is subparallel to the strike of the formation., Although offset to the
southeast, the Piney Point tract also occupies the central portion of the
Maryland Coastal Plain. Both Aquia and Piney Point transmissivity
values decrease into Southern Maryland and the lower Eastern Shore,
Unlike the Aquia, however, the sandy facies of the Piney Point Forma-
tion continues to exhibit high transmissivity values northeasterly a-
cross Delaware, not diminishing until southern New Jersey (Richards
and others, 1962, p. 32).

Fluvio-Marine Lithotopes
The Fluvio-marine lithotope represents a marginal facies
separating the two types discussed above, Visher (1965, p. 45) sug-

gests that fluvio-marine sediments can be subdivided into the following
facies:
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Predominant

Environmental Element Lithologic Characteristic

1. Tidal Flat clay and silt, occasionally
sandy channels

2. Lagoon-Bay clay and silt, occasionally
sandy rims

3. Dune sand, fine to medium

4, Littoral (beach area
between extreme high
and low tide limits). sand, medium to coarse

Fluvio-marine sediments may be associated with either marine
transgression or marine regression (Curray, 1964, p. 191). Both ex-
amples occur in Maryland; the Upper Cretaceous Magothy Formation is
representative of transgression, the Miocene Yorktown Formation of
regression. Generally speaking, regressive or offlap sequences are
better preserved in the stratigraphic record than transgressive or on-
lap sequences (Visher, 1965, p. 55; Swift, 1967, p, 444). The fluvio-
marine lithotope in a regressive sequence tends to be thicker because
most of the environmental elements listed above are buried, rather
than eroded, during offlap sedimentation, On the other hand, relative-
ly thin, but areally extensive, littoral zone sediments characterize the
transgressive sequence. During onlap wave erosion often destroys the
marginal facies represented by beach, lagoonal, and tidal flat sedi-
ments; consequently these facies are usually preserved, if at all, as
sporadic lenses,

A. Magothy Formation., The transgressive Magothy Formation
overlies the fluvio-deltaic Potomac Group and underlies the neritic
marine Matawan-Monmouth sequence (Figure 1), Itis areally exten-
sive, occurring over much of the Coastal Plain as a blanket-like de~
posit. Ground water is pumped from the Magothy in parts of Charles,
Prince Georges, Calvert, and Anne Arundel Counties as well as the
Eastern Shore counties located west of Delaware,

The Magothy lithology is coarsely arenaceous, commonly ligni-
tic, and rarely shelly; although clayey interbeds are common, theyare
generally lensoidal and thin (less than 10 feet), Most of the unit is sug-
gestive of littoral deposition with the other facies of the fluvio-marine
lithotope being subordinate, The Magothy Formation rarely exceeds
75 feet, except in Anne Arundel County where it is considerably thicker,

Over much of the Coastal Plain reported transmissivity values
for the Magothy aquifer range between 5, 000 gpd/ft. and 15, 000 gpd/ft.
Generally speaking, no regional transmissivity tracts are discernible
(Figure 9). This suggests that littoral reworking along a transgressive
strand zone has obliterated, except locally, the depositional patterns
resulting from fluvial input to the basin, Tracts parallel to the deposi-
tional strike are not noticeably strong because the unit has transgressed
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most of the Coastal Plain, apparently without major stillstands,

A local, but important, exception is well documented in eastern
Anne Arundel County (Mack, 1962) (Figure 9). Here the Magothy For-
mation exceeds 150 feet in thickness and consists chiefly of coarse sand
and, occasionally, gravel, Transmissivity values generally exceed
50, 000 gpd/ft. and may reach as high as 100, 000 gpd/ft.

As shown in Figure 9, the orientation of this locally significant
transmissivity tract is perpendicular to the strike of the paleoslope, a
configuration diagnostic of nonmarine (fluvial) influence. During
Magothy deposition, this area was proximal to a major source of fluvial-
ly derived sediments. Because littoral activity was insufficient to re-
distribute the arenaceous fraction, a transmissivity tract is preserved
in the stratigraphic record.

Interestingly, the Magothy tract coincides in general with those
characteristic of the Potomac Group (Figures 4 and 5), Evidently the
fluvial system that dominated Potomac sedimentation persisted into
Magothy time, having its greatest effect nearest the Piedmont source
area.

B, Yorktown Formation. The Yorktown Formation of Upper
Miocene age is restricted in Maryland to the eastern Delmarva Penin-
sula where it subcrops beneath a mantle of Plio-Pleistocene sediments,
Although stratigraphic knowledge of this unit is incomplete, lithologic
and faunal data discussed by Rasmussen and Slaughter (1955, p. 93)
suggest a regressive, fluvio-marine lithotope, containing, perhaps,
neritic intertongues,

The Yorktown Formation averages 250 feet in thickness (Ras-
mussen and Slaughter, 1955, p, 43; Slaughter, 1962, p, 3). Although
it is a lensoidal unit, correlations are possible, at least locally, be-
cause portions of the formation tend to be either predominantly arena-
ceous (Manokin and Pocomoke aquifers) or predominantly argillaceous,
The gray, quartzose sand beds are usually fine to medium grained, but
may be coarse or gravelly in places; shell beds have been reported,
but only rarely, The argillaceous beds are dark grayto greenish black,
commonly shelly, and occasionally lignitic,

The highe st transmissivity values for the Manokin Aquifer (a
subdivision of the Yorktown Formation) are reported from the Ocean
City area of Worcester County and adjacent areas of Sussex County,
Delaware (Figure 10), Values decrease southward being generally
less than 10, 000 gpd/ft. at Princess Anne and beneath much of As-
sateague Island; however, Snow Hill (Worcester County), where a value
of 40, 000 gpd/ft. was reported, is an exception,

Spot data suggest that a transmissivity tract extends between
Salisbury in Wicomic8 County and Ocean City (Figure 10), Such an
orientation is normal to the depositional strike of the Manokin Aqui -
fer, Itis interesting to note that the overlying, fluvially-derived,
Plio-Pleistocene sediments exhibit a similar trend, suggesting that pre-
Holocene drainage may have been of the consequent-type, flowing
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southeasterly across the present Delmarva Peninsula,
C ONC LUSIONS

An inspection of subsurface data from the Maryland Coastal
Plain suggests the following:

1. The Coastal Plain sediments exhibit a tripartite transgres-
sive-regressive cyclicity that has resulted in the repetition of three
major lithotopes., These are: Nonmarine (fluvial) (Potomac Group, Plio-
Pleistocene Series), Fluvio-marine (Magothy Formation, Marlboro
Clay, Yorktown Formation), and Marine (Monmouth-Matawan Forma-
tion, Nanjemoy Formation, pre-Yorktown Chesapeake Group). The
highe st transmissivity values are associated with the nonmarine litho-
tope, the lowest with the marine.

2, Transmissivity tracts characteristic of the marine lithotope
are generally parallel to the depositional strike; conversely, in aqui-
fers of the fluvial lithotope tracts are generally parallel to the deposi-
tional slope. The former reflects the predominance of marine redistri-
bution, the latter of fluvial input.

3. Transmissivity tracts conform generally with the axial por-
tion of a major landward extension of the Baltimore Canyon trough
(Maher, 1967). This supports the assumption of a long existing (Meso-
zoic-Tertiary) sediment source related to a proto-Susquehanna drain-
age system (Figure 11).
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ABSTRACT

A structural and petrographic study of a completely serpentiniz-
ed ultramafic body in Yancey County, North Carolina indicates that an
in situ serpentinization process occurred. A "mesh" texture formed
by serpent1ne pseudomorphs of antigorite and chrysotile with minor
magnetite is observed. The enclosing country rock consists of middle-
grade metamorphics of quartz-plagioclase (Anz(Q)-biotite gneisses and
amphibolitic gneisses containing a blue-green hornblende, plagioclase
(An3g) and quartz with minor epidote, garnet and biotite.

Strikes and dips of country rock foliation surfaces and axial
plane surfaces, along with lineation plunge and bearings indicate a syn-
formal structure with a gentle southwesterly plunge, The serpentinite
lies near the synformal trough axis on the lower western flank or al-
most upon the axis,

It is felt that am in situ serpentinization process combined with
a chemical potential hypothe sis serves as a model explanation for the
Bank's Creek serpentinite,

INTRODUCTION

The origin of ultramafic bodies associated with orogenic belts,
the so-called alpine-type ultramafics, has caused much controversy in
the field of petrology, and recent investigations have broughtaboutother
additional interpretations concerning this subject. The controversy
lies basically in attempting to establish a mode of emplacement to ex-
plain the diverse types of ultramafics found in this tectonic setting.

The ultramafic belt of the Southern Appalachians is generally
characterized by the presence of dunites and peridotites. The Bank's
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Figure 1, Index map of western North Carolina.

Creek deposit of Yancey County, North Carolina (Figure 1) is one of a
very few completely serpentinized bodies in this province and this in-
vestigation attempts to establish the structural and petrologic relation-
ships between it and the surrounding country rocks. This objective in-
volved a complete  structural and petrological study of the area; to es-
tablish the relationship between the serpentinite and the structuralfabric
of the country rock, and to establish the mectamorphic grade of the en-
closing country rock,

Previous Work

Previous petrographic and mineralogic investigations of the
rocks in the Bank's Creek area were carried out in conjunction with
economic investigations on the feasibility of mining such deposits as
chromite, graphite, soapstone, talc, corundum, marble, and magnetite
(Keith, 1905),
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THEORIES ON ORIGIN

Alpine-type serpentinites apparently can originate either by in-
trusion of 'solid" serpentine, or by in situ hydration of dunites and
peridotites. The solid emplacement hypothesis suggests that the rocks
were emplaced as masses of more or lessplastic serpentine or partial-
ly serpentinized olivine, This solid (plastic) intrusion of serpentine
would be characterized by flow structures, shear zones or other evi-
dence of plastic flow, and this is commonly seenin tectonically emplac-
ed serpentinites, such as the Joaquin Ridge serpentinite in the southern
coast ranges of California (Cowan and Mansfield, 1970),

In the case of tectonic emplacement the serpentinite is found in
a totally differentenvironment from that in which it presentlyis observ-
ed, and one must attempt to ascertain the origin of the serpentinite.
Dietz (1963) accepted the idea that alpine serpentinites were tectonical-
ly emplaced in the solid state and suggested that they may have been
fragments of the sea floor derived from the oceanic layer. Then as the
sea floor thrust toward the continent, probably coincident with sea-
floor spreading, the continental-rise prism was folded into a eugeo-
synclinal prism. Subsequently, pods of serpentine derived from the
sea-floor sima underlying the eugeosyncline would be caught up in the
folding process, and later occur as linear swarms of en echelonmasses
along axes of old and new belts of folded mountains.

Hess (1960) proposed that the oceanic layer three consisted of
partially serpentinized peridotite, This statement was based on: (1)
the sampling of serpentinized peridotite on scarps of the mid-ocean
ridges and the north slope of the Puerto-Rico Trench, and (2)a similar-
ity with serpentinites found in the island arc system and within the
basement under Puerto-Rico. Cann (1968) however, has argued that
this oceanic layer supplying bits to the folded prisms is amphibolite.
To date, further analyses of the composition of the oceanic layer is re-
quired, and no definite conclusion has been reached as to the exact
material composing it except to categorize it as being ultrabasic (Vogt,
et al.,, 1969). Le Pichon (1969) feels that there are no definitive argu-
ments either for or against the serpentinite composition of layer three,

Still another possibility is that these serpentinites represent
hydrated upper mantle material. Chase and Hersey (1968) argue that
these ultramafic bodies came from below layer three and were intruded
along faults., Hess (1966), Vogt,et al., (1969) also believed that parts
of the mantle are caught up in the compression of the earth's crustal
layers and do not return to the mantle,

There is another group of alpine-type serpentinites that exhibit
a''mesh' texture, where serpentine pseudomorphically replaces olivine
and/or pyroxene retaining the original grain outline, In general these
exhibit little or no evidence of tectonic deformation except at the peri-
pheries, This has been reported from the serpentinites in Lancaster
and Chester Counties, Pennsylvania and northern Cecil County,
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Maryland (Lapham, 1967); the Roxbury serpentinites of Vermont (Jahns,
1967); and also the Burro Mountain serpentinites in California (Page,
1967). Clearly these bodies, which can still be described as alpine-
type, represent in situ hydration of pre-existing olivine and/or pyro-
xene-rich rock, §$ntinite thus formed probably would not reflect the
comiplete emplacement history of the peridofite or dunite from which
they have been derived,

In the case of in situ serpentinization one must be concerned
with the nature of the h?d;a_ﬁon reaction. Did volumetric and/or com-
positional changes accompany serpentinization? The two reactions
most generally cited are:

(1) 3 MgpSiO4 + 4H,0 + SiOp = 2Mg35i; O5 (OH),
and

(2) 5Mg2Si04 + 4H,0 = 2Mg3Si, O5(0OH)4 + 4MgO + S5i0z
Reaction (1) requires that a very large volume increase percentage take
place, but does not require extensive metasomatism only the introduc-
tion of silica and water. Reaction (2) is a constant volume reaction re-
sulting in large quantities of MgOand 5i0p being given off to the country
rock,

Thayer (1966, 1967) strongly adheres to anessentially constant-
volume metasomatic process to explain in situ serpentinization, Madi-
son and Condie (1969) take a more neEr?position, arguing that the
serpentinite of the Webster-Addie (North Carolina) complex involved
both velumetric and compositional changes, They suggest another re~
action:

(3) 5MgpSiO4 + SiO2 + 6 HpO = 3Mg35i205(0OH)4 + MgO
with a concomitant volume increase of 50 percent, if the reaction pro-
ceeds to completion,

PETROGRAPHY
Country Rock

The country rocks enclosing the Bank's Creek serpentinite are
part of a middle-grade sequence of meta-igneous and meta- sedimentary
rocks known collectively as the Ashe Formation (Rankin, 1969), Two
dominant lithologies were observed in this area, a quartz-plagioclase
(Anjp)-biotite gneiss and an amphibolite gneiss containing a blue-green
hornblende, plagiociase (An3g), and quartz with minor epidote, garnet
and biotite, The modal analyses of these two rock types vary both re-
gionally and locally and tend to grade into one another both laterally
and vertically,

In general the gneisses are more quartz rich near the serpen-
tinite deposit but this phenomenon is also observed away from the ser-
pentinite along strike, Analysis of the plagioclase by the albite twin
law indicates an over-all range of Anjg to Ang3 with the average
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centering around Anz¢. It was noted that near the serpentinite the dis-
tinct gneissose foliation formed by mineral banding gives way to a more
schistose foliation. Hornblende-rich gneisses were generally observed
farther from the serpentinite and form indistinct bands paralleling re-
gional strike, Foliationis less distinct in the amphibolitic gneisses
due to the decrease of muscovite and biotite. It was observed that an
increase in the Ca-content in the plagioclase occurs as the country rock
becomes more amphibolitic,

Serpentinite

Thin section analysis of serpentinite samples indicate a "mesh-
like' texture, i, e,, reticulate fibers of serpentine pseudomorphically
replacing some other mineral, The mineral replaced in this case ap-
pears to be olivine, based on the crystal grain outline. Fractures also
exist in and along the pseudomorphic structures, They are irregularly
curved and tend to have fine-grained magnetite along these fractures.
It is believed that this magnetite separates during the alteration of oli-
vine to serpentine and moves into the fractures (Moorehouse, 1959).
In some portions of the serpentinite smallveinlets of chrysotile asbestos
cut across the structure. Based on thin section description and x-ray
diffraction analysis the pseudomorphic serpentine is antigorite, and
the asbestos veinlets are chrysotile.

Photomicrographs of tectonically emplaced serpentinites from
Japan were observed to compare any textural likenesses or differences,
No "mesh-like" texture was observed in the tectonically emplaced ser-
pentinites but rather a layered texture reflecting flow, Flow structures
characteristic of tectonically emplaced serpentinite bodies were not ob-
served in the Bank's Creek complex, The evidence suggests very
strongly that this deposit formed by means of an in situ hydration pro-
cess, -

Based upon textural, x-ray diffraction, and float data, the four
serpentinite outcrops sampled appear to be part of the same deposit.
Lines along regional strike were traced between each serpentinite out-
crop, and the distribution indicated that a talc belt parallels and en-
circles the serpentinite, Actual areal dimensions were difficult to as-
certain by this method but they roughly suggest a pod-like structure
(Figure 2). Two of the serpentinite outcrops studied were once mine
shafts, now filled, excavated by Johns Mansville Mining Company in the
early 1940's, One deep shaft encountered talc and country rock at 65
feet, but the true depth of the Bank's Creek deposit is not known,

STRUCTURE

In order to ascertain the attitude of the Bank's Creek serpen-
tinite a structural investigation of the surrounding country rock was
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Figure 2. Generalized geologic map of serpen-
tinite complex,

conducted. Data were uniformly obtained within the area to accord a
more accurate representation of the fabric elements, Structural data
were plotted on standard 20 cm, Schmidt stereographic nets, Struc-
tural interpretations of the stereographic projzction data were based on
Turner and Weiss's structural analyses of metamorphic tectonites
(1963), Their metamorphic tectonite analyses offered a method appli-
cable to interpreting the country rock surrounding the Bank's Creek de-
posit.

Field observation showed that the schistose and gneissose coun-
try rock has been intensely deformed, Strikes and dips were measured
on foliation surfaces formed by platy mineral banding. It was observed
at several exposures, however, that this 'foliation' is not a "bedding
plane'' foliation but rather an axial plane foliation, Competent, thin
arenaceous units in some exposures show evidence of tight isoclinal
folding, Associated well-foliated micaceous units in these exposures
do not show evidence of this folding. The compositional banding between
these units is interpreted to be a '"bedding' foliation, As a result of
this folding episode, 'bedding" foliation in the less competent mica-
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V=S

Figure 3. Diagrammatic sketch show-
ing relationships between com-
positional banding (S;) and axial
plane foliation (S2).

ceous units was destroyed. The foliation that developed in the mica
units parallels the axial planes of the tight isoclinal folds in the arena-
ceous units, Therefore two planar fabric elements have been observed
in the country rock and can be distinguished as follows:

S; - compositional banding between meta-arenite and mica-

schists

S - axial plane foliation in mica schists.

See sketch in Figure 3 for details and relationships.

The isoclinally folded meta-arenaceous units are generally thin
and sparsely distributed throughout the predominant micaceous units
and therefore, most observed "foliation'' surfaces are either S) surfaces,
or Sy surfaces parallel to S;. All were plotted as S; surfaces.

Sixty-two strike and dip measurements of S} were recorded with
a strike range of N2° Wto N 65° E, and an average of N 320 E.
Seventy-five percent of these strike measurements fell within seven
degrees of the average, suggesting some regularity to the regional
strike, Stereonet plots of S)-poles define a girdle which coincides with
a great circle (Figure 4a). This pattern is frequently characteristic of
a single episode of folding, or an episode of folding not later disturbed.
The pole to the girdle is thought to define the fold axis with a bearing
and plunge of S 32° W at 10 degrees, Similar plunge and strike data
were obtained by Brobst (1962) on the country rocks in the Spruce Pine
District approximately ten miles northeast of the Bank's Creek serpen-
tinite,

Northwesterly dips range from 52 degrees to 84 degrees, and
southeasterly dips range from 26 degrees to 80 degrees, Visual in-
spection suggested that two families of dip directions existed. This
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Figure 4. Stereonet plots of Sy: A. -
normals to S) showing girdle;

B. -contour of normals to Sj.

idea was supported by contouring the S;-poles, whereby two maxima
formed approximately 120 degrees apart along the girdle pattern, Dips
average 60° SE and 63° NW for these two familiés (Figure 4b).

Sixteen planar S]-segments were constructed and their point
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Figure 5. Stereonet plot of g -dia-
gram,

intersections plotted (Figure 5), These intersection points, termed by
Turner and Weiss (1963) as B, statistically define a fold axis., It was
noted that a B -maximum coiacided almost identically with the pole axis
of the S) girdle (Figures 4a and 5).

Axes of the tight isoclinal folds are referred to as lp. Nine
measurements of L, bearing and plunges were recorded (Figure 6a),
Stereonet plots of Ly show a broad indistinct maximum of S 22° E at 48
degrees, Because of the very small number of data points and the
scatter, it is believed that this point maximum is not statistically signi-
ficant,

Superimposed on the Sy (S] and Sp) surfaces of both the arena-
ceous and micaceous units is evidence of a second folding episode. This
linear element is in the form of axes of openfolds or crenulations with
an amplitude of 1/16 inches to 4 inches and are referred to as Ls.
Thirty-seven plunge and bearing measurements were recorded for L3,
Plots of L3 are more highly concentrated forming a pointmaximum hav-
ing a bearing and plunge of N 34° E at4 degrees. Bearings of Ljchange
from N 340 E to S 329 W due to the near horizontality of the plunge,.
Plunge inthe case of L3 varies only 15 to 20 degrees along a NE-SW
directional trend (Figure 6b).

A close examination indicated that where Sj dips to the SE, axial
planes of the 13 folds dip to the NW at about 55-60 degrees. Further-
more, where S) dips to the NW, axial planes dip to the SE, again at a-
bout 55-60 degrees. The sense of shear associated with I; folds also
is related to the dip direction of Sj;. Where 5, dipped to the SE, the
sense of shear was left-lateral; where S; dipped NW, the sense of shear
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was right-lateral. These data, combined with the bimodal concentra-
tions of S)-pole points in Figure 4b and L, point maximum inFigure éb
strongly suggest a synformal structure with the major fold axis striking

approximately N 32% E, An idealized cross section is shown in Figure
7.
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Figure 7. Diagrammatic cross-sectional
sketch,

CONC LUSIONS AND SPECULATIONS

The most distinct physical characteristics exhibited by the
Bank's Creek serpentinite that could lead to agenetic interpretationare
the mesh texture and an apparent lack of skear or flow textures. The
mesh texture is formed by retaining the original crystal grain outline
by pseudomorphic replacement by serpentine, Criteria such as these,
strongly imply an in situ serpentinization of some pre-existing olivine-
rich rock, T

Previous discussion concerning reactions involved in serpentini-
zation raises questions about metasomatism, i, e., why is no MgO or
SiO2 metasomatism observed in the country rocks? Madison and Con-~
die (1969) state that SiO2 added to dunites during serpentinization may
have come from silica-rich gneisses and schists surrounding the ultra-
mafic complex; and that the MgO apparently '"dribbled out' in solution
into adjacent country rocks, Thayer (1966) believes that serpentiniza-
tion is essentiallya constant volume metasomatic process with removal
of 5i0, and MgO, and that the metasomatic diffusion is limited to a few
inches or a few feet at the most, Coleman (1971) states that metamor-
phic serpentinites appear to have formed by volume-for-volume re-
placement with a loss of MgO or an addition of Si0O;; but no definite
conclusion is drawn to explain the silica source or the secondary posi-
tion of the magnesium because it is feltthat serpentinization represents
more than one period of reconstitution.

The structural data of this study suggest at least two episodes
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of deformation, One episode resulted in the deformation of composi-
tional banding, producing isoclinal folds in appropriately competent
units and axial plane foliations in less competent units., Evidence for a
second deformational episode include the development of a more open
folding which affected all units, The scatter in the orientation of iso-
clinal fold axes (L) in Figure 6a, mentioned earlier, can be explained
by a later episode of folding. Therefore, it is concluded that the deve-
lopment of S and 1, were genetically related to an early deformational
episode, The open folding that resulted in L3 followed at a later time.
The relationships between deformational episodes and fabric elements
are given in Table 1. Evidence from the surrounding country rocks
suggests a tightly folded synformal structure with a gentle southwester-
ly plunge of approximately ten degrees. According to this structural
interpretation the Bank's Creek serpentinite lies near the trough axis
on the lower-western flank, or almost upon that axis (Figure 8).

Table 1. Fabric Elements,
Planar Linear

S1 - compositional banding bet-
ween meta-arenites and mica

schists,
i S, - axial plane foliation in mica- L, - axes of tight isoclinal
schists, folds in meta-arenit-
es; not seen in mica-
schists,
II L3 - open folds on allplan-

ar surfaces, general-
ly with horizontal axes.

I - folding episode
IT - folding episode

It has been suggested that pressure gradients established by
folding in the course of regional metamorphism could bring about chem-
ical potential gradients in folded rocks (Carpenter, 1964, 1968), Chem-
ical potential gradients in turn could lead to the migration of the more
mobile constituents of the folded rocks, especially water, away from
high pressure structural sites, or the fold flanks, to the low pressure
sites, the fold crests or fold troughs, The higher concentration of
water then brought about an in situ hydration of the minerals present,
By this mechanism an olivine-rich rock which found itself in a fold
crest or trough during regional metamorphism would quite likely
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become hydrated to serpentine. If the structural interpretation by the
present investigators is correct, one must hold open the possibility
that the mineral assemblage is genetically related and controlled by its
structural setting. An extension of the model by Carpenter and an in
situ serpentinization might then be called upon as a favorable explana-
tion for the Bank'sCreek serpentinite. This model says nothing about
the emplacement of the ultramafic body. However, previous studies
have suggested that the ultramafics were emplaced prior to the first
folding (and regional metamorphic episode)(Astwood, 1970).

In view of the structural and petrographic evidence presented,
the in situ serpentinization process combined with the chemical poten-
tial hypothesis suggested by Carpenter, is preferred by the investigators
to explain the Bank's Creek serpentinite,
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CHEMICAL WEATHERING OF THE BISCAYNE AQUIFER,

DADE COUNTY, FLORIDAl

By

Donald D, Runnells
Department of Geological Sciences
University of Colorado
Boulder, Colorado 80302

ABSTRACT

The average annual rainfall along the coastal ridge in Dade
County, Florida is 60 to 65 inches, of which about 20 inches is lost as
subsurface drainage., The content of calcium dissolved in the rainwater
is about 0, 6 parts per million, whereas the shallow groundwater con-
tains an average of 77,2 parts per million dissolved calcium. This
difference in dissolved calcium is the result of the chemical weather-
ing within the Biscayne aquifer, Based upon published radiometric
dates and newly determined porosities, a theoretical total thickness of
24 feet of limestone could have been removed by chemical weathering
since deposition and subaerial exposure of the Miami oolite about
130; 000 years ago. The general lack of a karst topography in this area
suggests that the actual lowering of the surface has probably been sub-
ordinate to the development of secondary porosity in the aquifer., Such
porosity is well displayed immediately below the water table in the
Miami oolite,

Determinations of the content of insolubles in the Miami oolite
show that a thickness of nearly three feet of residual quartz sand could
theoretically have been produced by the weathering and lowering of the
surface of the Miami oolite.

INTRODUCTION

The discussion that follows is a summary of a study that was
conducted during 1966, The results are interesting and point to several
additional topics that deserve consideration, However, it is not pos-
sible for me to do further work on this subject, It is hoped that others
will find the interest to test and pursue these preliminary results,

1/ EPR Publication 588, Shell Development Company, Houston, Texas
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WATER AND ROCKS

Rainwater in the coastal areas of the eastern United States
generally contains about 0.5 ppm total dissolved calcium (Junge and
Werby, 1958, p. 421). In contrast, analyses of nine fresh ground-
waters from carbonate strata of the eastern United States show from 15
to 124 ppm calcium, with an average value of 62 ppm (White, Hem, and
Waring, 1963, p. F22). This difference in content of dissolved calcium
indicates that the net effect of one liter of rainwater passing through a
limestone in the eastern United States is to dissolve from about 0. 0001
to 0. 001 moles of the wallrock, corresponding to about 0,01 to 0,1
grams of calcium carbonate, The discussion that follows attempts to
assess the significance of this type of chemical weathering in the Bis-
cayne aquifer and, more specifically, in the Miami oolite of south-
easlern Florida,

The Biscayne aquifer is the most important shallow non-artesian
reservoir of groundwater in southeastern Florida (Schroeder, Klein
and Hoy, 1958), The approximate areal extent of the Biscayne aquifer
is shown in Figure 1. Itis a hydrologic unit that cuts across several
different formations according to the properties of the rocks (Figure 2).
The aquifer extends to an average depth of about 100 feet below the sur-
face along the coast, and it includes all or part of a number of perme-
able sandstone and carbonate units ranging in age from upper Miocene
through Pleistocene (Parker and others, 1955), As shown in Figure 2,
the youngest carbonate formation in the Biscayme aquifer is the Miami
oolite,

The Miami oolite is a pelletoid and oolitic packstone to grain-
stone of Pleistocene age (rock names based on classification by Dun-
ham, 1962). It lies at or near the surface over most of Dade County,
and is particularly well exposed along the coastal ridge which extends
southwestward from the city of Miami. Along this ridge the Miami
oolite lies as high as 20 feet above sea level and is either exposed at
the surface or is covered only by a thin mantle of sandy soil, In the
western two-thirds of Dade County the unit is covered by the peat and
marl of the Everglades, The maximum thickness of the Miami oolite
is about 40 feet (Parker and others, 1955, p. 102). Mineralogically
it consists chiefly of calcite with a low content of magnesium,plus
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Figure 1. Approximate areal extent of Bis-
cayne aquifer in southern Florida (modi-
fied after Schroeder, Klein, and Hoy,
1958).

some quartz sand and residual aragonite. Four samples of the rock,
taken over a vertical interval of 7 feet in a trench, contain from 9.4 to
13. 0 weight percent insoluble residue, with an average value of 11,4
percent, Most of the insoluble residue is subrounded and well-sorted
fine to medium quartz sand,

The porosity of the Miami oolite is quite high. I have obtained
approximate values for eight hand-specimens of the rock taken from a-
bove the present water table, The porosity was measured by saturating
the hand-specimens with water under vacuum, measuring the weight
loss upon drying at 110°C, and assuming a grain density of 2. 71 for a
mixture of 90 percent calcite and 10 percent quartz, The values range
from 29.2 to 43, 4 percent, with an average of 35.7 percent., The actual
porosity is probably slightly greater, because some water was
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Figure 2, Generalized geologic cross-section showing the composite
nature of the Biscayne aquifer (modified after Parker, 1951),

undoubtedly lost from the pores ot the rock during the measurements,
An estimate of the in-situ porosity of the Miami oolite as a whole can
be gained from certain parameters that have been measured by geo-
logists during the course of studies of groundwater in the region., For
example, data from Parker and others (1955, p. 219, 248, 268) indi-
cate that the specific yield of the Miami oolite is about 15 to 20 percent
(the specific yield is the ratio, expressed in percent, of the volume of
water a material will yield by gravity drainage to the total volume of
the material), However, the specific yield of a soil or rock is less than
the porosity because not all of the water will drain by gravity, From
studies in the area of Los Angeles, California, it was shown by Eckis
(1934) that fine to coarse and gravelly sands, with specific yields rang-
ing from about 15 to 30 percent, had porosities from about 35 to 43 per-
cent; these values check fairly well with those mentioned above for hand
specimens of the Miami oolite.

CHEMICAL WEATHERING
From available data on the amount and composition of rainfall

and groundwater, it is possible to calculate the approximate annual rate
of chemical weathering of the Biscayne aquifer and the Miami oolite in
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easternDade County; the requisite data are not available for the swampy
Everglades to the west, The average annual rainfall along the coastal
ridge near Miami is 60 to 65 inches (Thomas, 1970, Fig. 2). Of the
total rainfall, about 40 to 45 inches is lost through evapotranspiration
(Parker and others, 1955, p. 231), Surface runoff is insignificant in
areas not traversed by drainage canals, Thus, along the coastal ridge
only about 15 to 25 inches of the total annual rainfall is discharged to
the sea as subsurface drainage, The contept of calcium in the rain in
this area is about 0. 6 ppm (Junge and Werby, 1958, p. 421), In con-
trast, the average content of calcium in waters from 51 shallow wells
in eastern Dade County, as listed by Parker and others (1955, p. 794-
795), is 77.2 ppm, with a range from 60 to 102 ppm. The difference of
76.6 ppm dissolved calcium, multiplied by an estimated average 20
inches of groundwater runoff, indicates that along the coastal ridge the
net leaching is equivalent to about 0. 0036 cubic centimeters of calcite
per year per square ceéntimeter (density of calcite = 2, 72 g/cc).

Osmond, Carpenter, and Windom (1965) have determined
Th230/U234 dates of 130, 000 years for the Miami oolite. If certain
simplifying assumptions are now made, it is possible to calculate the
total volume of calcite removed from the Biscayne aquifer since deposi-
tion of the Miami oolite, Because the Miami oolite is the topmost unit
of the Biscayne aquifer in the area of interest, it seems likely that most
of the removal of the calcite has taken place from the Miami oolite it-
self,

The first assumption necessary for the calculation of the extent
of chemical weathering is that the rocks of the upper part of the Bis-
cayne aquifer were permanently exposed to subaerial conditions shortly
after deposition of the marine Miami oolite. This assumption seems to
be supported by curves of changes of sea level in this region, with ini-
tial exposure probably occurring 5000 to 10, 000 years after deposition
(Neumann, 1968; personal communication, 1971), Because of the flexi-
bility in these dates the period of exposure is assumed to be 130, 000
years. The second necessary assumption is that the amount and rela-
tive proportions of rainfall have remained essentially constant since
leaching began., The weakness of this latter assumption is obvious.

Using the previous figures for the composition and amount of
groundwater runoff, plus the two assumptions given above, a total thick-
ness of approximately 15 feet of calcite could have been removed from
the area of the coastal ridge since subaerial exposure was initiated.
Correcting for the present average porosity of 35,7 percent which I
measured in hand-specimens, the thickness of 15 feet of calcite corres-
ponds to a thickness of approximately 24 feet of limestone. This re-
moval of material could be reflected either as a lowering of the surface
of the coastal ridge or as the production of additional porosity within
the aquifer or as a combination of these two factors. Although sink-
holes do occur, the fact that the oolite ridge as a whole generally does
not exhibit a karst-type topography argues against extensive lowering
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Figure 3. Specimen of Miami oolite from be-
low the present water table in the Miami
area, showing the tortuous nature of the
secondary porosity, The finger-sized
porosity is apparently related to the posi-
tions of paleo-burrows. (Specimen and in-
terpretation supplied by Conrad Neumann),

of the surface. Similarly, the average porosity in hand- specimens of
the Miami oolite from above the water table is slightly less than would
be expected for an unconsolidated sand, thus implying that the produc-
tion of additional porosity through leaching above the water table has
not been an important net process, In contrast, it has been pointed out
to me by Neumann (personal communication, 1971) that there is exten-
sive secondary porosity just below the water table in the Miami oolite.
In some samples the porosity is obviously greater than 50 percent, As
shown in Figure 3, these large pore spaces have the shape of sinuous
channels, with a sub-circular cross-section and a diameter about the
same as that of a man's finger., The tortuous paths of these channels
through the rock are apparently controlled by fossil burrow structures
{Neumann, personal communication, 1971). These facts seem to sug-
gest that most of the leaching of the Biscayne aquifer is taking placebe-
low the present water table, but this cannot be verified until better
values become available for the in-situ porosity of the various rock
units,

RESIDUAL SAND

Correcting for the slight difference between weight percent and
volume percent calcite and quartz, and noting that the residual sand has
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a porosity about the same as the underlying bedrock, a thickness of a-
bout 2. 8 feet of quartz sand could have theoretically been produced by
the removal of 24 feet of Miami oolite. Depending upon the degree to
which the surface has been lowered, this substantial figure indicates
that some portion of the quartz sand that now forms a thin and discon-
tinuous mantle over the bedrock in southern Florida may represent the
insoluble residue left from the weathering of the Miami oolite.

CEMENTATION

As noted previously, approximately40 to 45 inches of the annual
rainfall is lost from the coastal ridge through evapotranspiration, of
this total amount, about 20 to 25 inches is removed from beneath the
present water table (Parker and others, 1955, p. 231)., That is, 20 to
25 inches of water are lost only after the water has percolated down-
ward through the vadose zone and has become part of the groundwater
reservoir. The removal of this large quantity of water, after it has had
time to become at least partially saturated with calcium carbonate,
could be important in the production of patchy calcite cement in both
the vadose and shallow phreatic zones.

SUGGESTIONS FOR FURTHER STUDY

The conclusions reached in this reconnaissance study obviously
involve a number of assumptions that could be seriously in error.
However, the results do seem reasonable and point to at least three
specific questions which deserve additional study. First, what is the
magnitude and distribution of the present porosity of the various units
in the Biscayne aquifer, and do these factors point to the relative im-
portance of the production of additional porosity through weathering
versus the lowering of the surface? Second, do the quantity and charac-
teristics of the quartz sand now present on the surface in southern
Florida suggest a substantial contribution from the insoluble residue
in the Miami oolite? And third, are some of the patterns of patchy
cementation that we observe in carbonate rocks related to evapotrans-
piration of partially saturated water from below the water table?
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SEDIMENTATION IN ST. LOUIS BAY, MISSISSIPPI
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ABSTRACT

Sediments now accumulating in St. Louis Bay are detrital sili-
cates with trace amounts of particulate organic matter and shell frag-
ments. Twenty-seven percent of the Bay surface sediments are sands,
the remainder being sandy silt-clay mixtures. Average grainsize com-
position, by weight, for 62 Bay sediments is a trace of gravel, 34 per-
cent sand, 30 percent silt and 36 percent clay.

Sand is supplied by westward longshore drift from the man-
made north shore beach of Mississippi Sound. There may be two
sources of sand as evidenced by the common occurrence of angular and
well-rounded quartz grains in the same size class. Sand accumulates
near the Bay mouth, in places only inches thick, overlying the con-
tinental Citronelle Formation. Sand modes are coarsest at the Bay
mouth (0.28 mm, 1. 6% ) and become finer to the northwest Bay (0. 09
mm, 3.5% ), suggestive of selective size transport from the south.

Silt and clay are supplied by the Wolf and Jourdan Riversand on
the flood tide from Mississippi Sound. Salinity of the Bay water, 7 to
8 ©/o00 is sufficient to cause mud flocculation. Silt size modes are
coarsest in the northwest Bay (22.5 microns, 5. 508) and become finer
southward toward the Bay mouth (11,2 microns, 6.5¢ ). Mud is now
accumulating near the river mouths and in the northwest Bay as inter-
preted from high water content of mud (74 percent) in those places in
contrast to lower water content of surface mud at the Bay mouth (53
percent).

INTRODUCTION
Major objectives of this study were to (1) determine the grain-
size characteristics and spatial distribution of sediment in the Bay, (2)

identify important sources of sediment, and (3) identify sites of signi-
ficant sediment accumulation.
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Figure 1. Index and sample station map for St. Louis Bay, Mississippi.
Base from U, S. Department of Commerce 7.5 minute Quad-
rangle maps for Bay St. Louis 1956; Pass Cristian 1955;
Vidalia 1956; and Waveland 1956,

Environmental Setting

St. Louis Bay is shaped like an inverted "L!'" and measures a-
bout 3 miles along each leg of the "L' (Figure 1), No contoured bathy-
metric chart is available; soundings on C & GS charts 1268 and 876-SC
and fieldwork by the author suggest the average Bay depth to be about 6
feet, The eye of Hurricane CAMILLE, the most powerful hurricane
known for the United States, crossed the Mississippi coast and travers-
ed St, Louis Bay to the northwest on August 17, 1969, Winds up to 200
mph and 22-foot storm surge probably produced significant, but as yet
uncharted changes in the bathymetry (U, S. Corps of Engineers 1970),
Prior to CAMILLE, the deepest Bay water was a 10-foot channel at the
Bay-mouth center, and withthe exception of the 7-foot dredged channels
shown in Figure 1, the Bay shoaled gradually to the east, north, and
west. DBy observatmn in the field, correlation of increased turbidity
with wind-driven waves nearly every summer afternoon suggests that
the entire Bay floor is subject to disturbance by waves,

Mean annual precipitation is 58 inches for the western Bay, and
this is time-distributed with the monthly mean being 7.3 inches for
July and 2. 3 inches for October (U. S. Dept. Interior 1970a). No dis-
charge data are available for the Jourdan River, but the ave rage
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minimum flow for the Wolf River near Landon is 18 mgd (Ncwcome et
al., 1968), Seasonably variable rainfall probably has a stronginfluence
on Bay water salinity as data for June 1971 were 7.29 to 8.29 ©/oo (this
paper) whereas salinity for August 1954 was 19,16 to 21.38 ©/00 (Priddy
et al., 1955, Table 6). Some of this variation may be caused by sea-
sonal evaporation as the average water temperatures in the adjacent
Mississippi Sound are 64°F for the winter and 83°F for summer (U. S.
Dept, Interior, 1970b)., No synoptic salinity data are known tobe avail-
able for the Bay.

Winds blow from the south in summer at an average velocity of
8 mph and blow from the northeast at about 17 mph in October (U, S.
Dept, Interior, 1970b). Wave heights in adjacent Mississippi Sound ex-
ceed five feet more than 20 percent of the time in winter but only five
percent of the time in summer (U, S. Dept. Interior, 1970b), The tide
isdiurnal witha range of 1. 6 feet (Jones, 1970), Water circulation in
time and pattern for St. Louis Bay is not known, Surface currents in
adjacent Mississippi Sound flow to the west at a meanvelocity of 0.7
knots in summer and 1.1 knots in winter (U. S, Dept. Interior, 1970b).
Judging by sand pile-up at groins and bar orientation, longshore drift
is to the west near the mouth of St, Louis Bay,

Soil and vegetation maps are given by the U, S, Department of
the Interior {1970a) for the western Bay shores, The surrounding land
is conifer forest and a tidal marsh is building out into the Bay from the
north, Population density is 10,0 to 14,9 persons mi? for the north
shore, and 25. 0 to 99, 9 persons mi? for the south shore; the southern
increase is due to Bay St. Louis townsite, Shellfishharvestingisman's
chief use of the Bay (U, S. Dept. Interior, 1970a).
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SEDIMENTS
Previous Work

Local bedrock is the red and yellow gravel and sand river ter-
race deposits of the ?Pliocene - ?Pleistocene Citronelle Formation,
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These deposits crop out along the 50-foot ridges about 1, 5 miles north
of the Bay (Fisk, 1944); the Citronelle Formation dips to the south under
the Bay and spoil banks from dredged channels along the south Bay
shore commonly contain these red and yellow materials.

Except for Priddy et al., (1955), earlier studies of Recent sedi-
ments for southwest Mississippi provide no data for St. Louis Bay
(Brooks, 1962; Lynch, 1954; Shepard et al., 1960; and Upshaw, et al,,
1966).

Field Methods

Sediment was collected by Phleger corer; each core was imme-
diately extruded, cut into 3-inch segments unless grainsize changes
were present in a given interval, and stored wet, unpreserved in poly-
ethylene bags, Seventy-two stations were occupied on a one-half mile
grid; navigation was done by resection with sextant-measured angles
between prominent shore features (Figure 1). Water was collected with
a one liter Van Dorn sampler and was stored unpreserved in glass
bottles,

Laboratory Analysis

Grainsize analyses were made using screens and pipets follow-
ing the methods of Folk (1968). Particulate organic matter and fecal
pellets were destroyed with H; O, prior to size analysis. Detailed ana-
lyses for the entire length of each core are not given; data presented
here represent only the increment between the water-sediment inter-
face and three inches down. The only notable changes with depth for
these cores (maximum length two feet, average length for 55 cores was
1.5 feet)is that the surface material is oxidized (brown) except for sta-
tions 9 and 37 which were black throughout; below the surface interval
sediments are gray; compaction tends to increase with depth; and cores
in the river were mostly sand and contain mud only near the surface,

Salinity was determined by titration with AgNO3 using IAPO sea
water as a standard (U, S, Hydrographic Office, 1959), Suspended
sediment concentration was determined by Millepore filtering of a known
volume of water with before-and-after weighing of the 0.45 micron fil-
ter.

Grainsize Distribution

Particle size-distributions show that, by weight, the average
composition of 62 Bay surface sediments is a trace of gravel (> 2, 00
mm) as one sample in 62 contained gravel; 34 percent sand (2, 00 to
0. 0625 mm); 30 percent silt (0.0625 to 0,0039 mm); and 36 percent
clay (0. 0039 to 0. 00006 mm), Sediment from the Bay mouth beaches
was all sand and river channel sediment averaged 82 percent sand,
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Figure 2. Sand abundance map. Smallest numbers represent weight
percent sand inthe top three inches of sediment at the sta-
tion; intermediate-size numbers represent the sand modes
expressed in Phi; and largest numbers are contour-line la-
bels, Data for rivers not contoured.

except for the deep places that contain sandy mud, Histograms of num-
ber of samples plotted against weight percent showed near-symmetri-
cal distributions about the mean for the silt and clay size-classes, but
the sand distribution was strongly skewed with the most frequently-
occurring increment containing between 0, and 9. 9 percent sand,

Spatial distribution of sand, silt and clay in the Bay is given in
map format in Figures 2, 3, and 4, respectively. Sand is most abun-
dant along the Bay shores at its mouth, in a tongue extending two miles
to the northeast and near the mouth of the Jourdan River., Sand is least
abundant in the center of the Bay mouth and in a southwest-northeast-
trending lobe in the northwest Bay. Silt was nearly ubiquitous at about
30 percent by weight except in the northwest Bay where it exceeds 50
percent, and along the northeast-trending sand tongue and Bay shore
mouth where silt forms less than 10 percent of the Bay sediment,
Similarly, clay occurs in low abundance in the northeast-trending sand
tongue, and is most abundant in the northwest Bay, and with silt, is
very abundant in the center of the Bay mouth, Several areas of clay
abundance (> 50 percent) occur in the eastern Bay.

Sediment Sources

Bay sediments are virtually 100 percent detrital silicates; bio-
genic sediment as wood, leaf and marsh grass fragments and carbonate
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Figure 3. Silt abundance map., Smallest numbers represent weight
percent silt at that station. Data for rivers not contoured,

s

ST LOUIS BAY, MISS » "\ (7

o ]
| i

(

WT % CLAY )

y

A

Figure 4, Clay abundance map. Smallest numbers represent weight
percent clay at that station. Data for rivers not contoured,

shells were found in small-to-trace amounts, and no chemical sediment
was found.

Sand is most probably supplied to the Bay by westward longshore
drift of sand on the man-made beach of the north shore of Mississippi
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Sound. Sand drift is probably not volumetrically significant as the
beach was built in 1951 (Upshaw et al., 1966), endured many storms
without major sand loss and has not required replenishing since its em-
placement (personal communication, H. E. Walker, U. S. Corps of
Engineers, 1971). The borrow channel from which the sand was dredg-
ed can be clearly seen in U. S. Department of Agriculture photo-
mosaics (1958),

Sand in the northwest Bay is interpreted to have been entrained
from sand beaches in the moutharea and transported in suspension dur-
ing the building phase of the storm surge of Hurricane CAMILLE. Re-
gretably, the pre-CAMILLE sediment distribution is not known, Wide-
spread distribution in the Bay of ?asphalt from roadsor ? roof-material
from houses plus the known track of CAMILLE to the northwest support
this interpretation. Four out of five samples from both the Wolf and
Jourdan Rivers do not contain the asphaltic material.

Sand is the dominant sediment in the Wolf and Jourdan River
channels near, and for several miles upstream of their juncture with
the Bay, Silt and clay become increasingly more abundant in the river
channels going downstream toward the Bay, and for this reason, it is
believed that the rivers do not now supply sand to the Bay, except pos-
sibly during river flood stages.

Evidence for at least two sources of sand comes from the ob-
servation that angular and well-rounded quartz sand grains are found
together in the same size-class in the coarse fraction of most sand-
rich Bay sediments, As the rounding process is believed to be physical
abrasion, all grains of the same size should have equal roundness if
they are abraded at the same time. A mixture of angular and well-
rounded grains of the same size therefore indicates one source for the
angular grains and another source for the well-rounded grains, Pre-
sently, the location and time of mixing of the two sources is not known,

It has been suggested that a given source of sediment particles
could be identified by grainsize modes - the peak on the size-frequency
distribution or the steepest segment of the cumulative curve (Folk and
Ward, 1957). Curray (1961) used this idea to trace sediments on the
continental shelf west of the Mississippi delta. Grainsize modes for
32 sands are plotted in Figure 2; and the frequency distribution of these
modes (Figure 5) is unimodal with the most frequently-occurring sand
mode at about 0,2 mm (2. 3% ). Inspection of these data affords no evi-
dence for two sand sources. Instead, there is an apparent decrease in
sand mode size from 0.28 mm (1,68 )to 0,09 mm (3.5% ) in a south~
to-north direction (Figure 2); one exception being sediment from station
17, which contains three percent gravel (one pebble) and has a sand
mode of 0,28 mm (1.6 3 ). This suggests that if the major supply of
sand is the sand beaches of the north shore of Mississippi Sound, then
selective size-sorting occurred during transport, and that the idea of
size mode identifying source does not apply in this place.

Potential sources of fine-grained sediment are the Wolf and
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Jourdan Rivers and Mississippi Sound. Mud (silt plus clay) is trans-
ported as suspended material by the Wolf and Jourdan Rivers to St.
Louis Bay. Data for amounts of suspended sediment at various stages
of the Wolf River are presented by Newcome et al., (1968, Table 8,
Fig. 9). No published data are available for the Jourdan River, Mea-
surements of total suspended sediment concentration in the Wolf (X 6.8
mg/L mid-channel) and Jourdan (X 10.1 mg/L mid-channel) Rivers and
the Bay were made on June 2-3, 1971; particulate organic matter and
detrital silicate particles were not differentiated, To quantitatively
evaluate mud supply, such measurements should be made on a repeat-
ing basis for at least one year to document river- and tide-stage ef-
fects, but that is clearly beyond the scope of this project. Data in this
report (Millepore filtering) appear low compared to Newcome et al, ,
1968- evaporation method) perhaps due to the different methods used,
Although the data are sparse, one tentative interpretation is

that bottom sediment in the Bay is resuspended by waves. Suspended
sediment increased from station 53 (X 19.0 mg/L, Bay mouth) to sta-
tion 30 (X 24.5 mg/L), two miles downwind and in mid-Bay, Data for
stations 16 (X 14. 1 mg/L) and 18 (X 11. 1 mg/ L), although anadditional
1. 5 miles further downwind from station 53, were obtained the follow-
ing morning under near-calm wind conditions. Wind-driven waves
erode mud, particularly from northern Bay shores and previously-
accumulated mud is recycled almost daily. Three groups of four sta-
tions each were chosen to represent mud-rich areas in the Bay; Bay
mouth, stations 37, 38, 53 and 54; mid-Bay, stations 8, 30, 33 and 34;
and northwest Bay, stations 18, 19, 22, and 23, Size modes for the
silt size-class were determined by pipet analyses made at one-half Phi
intervals. Although complicated by overlapping data, results suggest a
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decrease in the average silt size mode from the northwest Bay (22.5
microns, 5.50 &) to mid-Bay (19 microns, 5.89 &) to Bay mouth (11.2
microns, 6,50 §). Silt grains appear to be larger to the north, and
sand grains appear to be larger to the south; does this indicate separate
sources for silt and sand? Unfortunately, these data are too few to
permit a meaningful interpretation.

Salinity of the Bay water 7 to 8 ©/00) and of mid-depth and bot-
tom water in the Wolf River (to about six miles upstream, Newcome et
al,, 1968, Plate 2)and Jourdan River (this report) is sufficient to cause
mud flocculation which may result in subsequent gravity-settling due to
increased ''particle! size.

Sediment Accumulation

Sand accumulation appears to be confined to the near-shore
areas of the Bay mouth, Sediment thickness is generally not known,
but at station 62 the coring tube penetrated two inches of sand and bot-
tomed in compact red and yellow sandy clay, presumably the Citronelle
Formation. This suggests that sediment thickness near the Bay mouth
is not great, perhaps due to wave and tidal scour.

Originally suspended silt and clay which accumulates by gravity-
settling usually traps a large amount of water, Compaction after settl-
ing squeezes out the water, This should permit identification of recent-
ly-accumulated sediment, as opposed to older sediment, by water con-
tent. Cores were taken for this purpose and water content determined
for Bay muds from stations 53- Bay mouth (X52.5 % HaO by wt. ), 30-
upper Bay (X 57.0 % HpO), and 18- northwest Bay (X 73.7 % HzO).
These data show increasing water content from Bay mouth to northwest
Bay, suggesting that the northwest Bay is a site of mud accumulation.
Water content for cores from the river mouths is also high (X Jourdan
River 75.5% HpO; Wolf River 64, 7% H,O), suggesting that mud is now
accumulating there, Sampling sites of Priddy et al., (1955) are not
close enough to those of this study for confident comparison of similar
data (their Table 6),

CONC LUSIONS

1, Sediment now accumulating in St, Louis Bay is mostly of
detrital silicate origin.

2, Grainsize analyses show 27 percent of the Bay sediments
are sand, and 73 percent are mud, Average grainsize composition for
62 Bay sediments is 34 percent sand, 30 percent silt and 36 percent
clay,

3, The major sand source is probably the north shore beach of
Mississippi Sound, Sand accumulates mostly near the Bay-mouth
shores, Sand size modes decrease from south-to-north, interpreted to
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be the direction of sand transport. Sand is not transported by the Wolf
and Jourdan Rivers into St. Louis Bay in non-flood conditions. Small
amounts of sand in the northwest Bay were probably transported by
Hurricane CAMILLE,

4. The Wolf and Jourdan Rivers and the flood tide from Missis-
sippi Sound transport mud in suspension into St. Louis Bay. Salinity
of the Bay water is sufficient to cause mud flocculation, Mud accumu-
lates near the river mouths and in the northwest Bay. Size modes for
silt appear to decrease from north-to-south in the Bay.
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HEAVY MINERALS OF NORTHERN SAND KEY

PINELLAS COUNTY, FLORIDA
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ABSTRACT

Beach sands of Sand Key, Florida, contain a suite of fourteen
heavy minerals, concentrations of which reach thirty percent in a half-
mile long area near the northern end of the beach, Ilmenite, staurolite,
garnet and zircon are the most common detrital heavy minerals along
most of the beach with zircon reaching nearlyten percent in the zone of
concentration. Weight percentage data indicate heavy mine ral abund-
ances in the zone of concentration are mainly a function of specific
gravity with some influence shown by grain shape., large concentra-
tions of heavy minerals are associated with small grain diameters of
quartz, It is postulated that wave erosion has selectively removed
quartz, especially the larger grain sizes, and left a residue of the more
dense heavy minerals and smaller grain sizes of quartz,

INTRODUC TION

Sand Key, a barrier island on the west-central coast of Florida,
has a substantial concentration of heavy minerals along the northern
portion of its western beach., This paper reports the results of an in-
vestigation to determine the identity and quantity of the heavy minerals
along a portion of the Sand Key beach and attempts to explain the cause
of the variation in concentration.
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METHODS

Twelve pairs of samples, each consisting of several hundred
grams of sand from the uppermost two inches of the beach, were col-
lected at one-half mile intervals (Figure 1) along Sand Key beach north-
ward from the town of Indian Rocks Beach to Little Pass at the north
end of the island. In an attempt to obtain the samples from a similar
setting, each was collected just above the demarcation of the previous
high tide, Two samples were taken from each location to serve as an
internal check on heavy mineral concentrations,

A thirty gram representative split of each of the duplicate sam-
ples was subjected to broroform separation to isolate the heavy min-
erals, After separation, both the heavy and light mineral fractions
were thoroughly washed with acetone, dried, weighed, and the weight
percentage of heavy minerals calculated from each split. One set of

188



heavies was used in identification studies; the other set of heavies and
the associated lights were used in the grain size studies.

To identify and determine the frequency of the heavy minerals a
split of heavy minerals from each of the twelve collecting stations was
mounted in Canada balsam. Identification of minerals present was by
optical techniques supplemented where necessary by mass magnetic
susceptibility measurements, Frequency of occurrence was obtained
by counting three hundred grains on each slide. During the course of
the investigation it was observed that the large quantity of aragonitic
shell fragments appeared to reduce the reliability of the frequency fig-
ures for the other minerals, Therefore, a separate portion of each
heavy mineral sample was acidifiedto remove the aragonite, after which
the insoluble residue was mounted and identified as before. This pro-
cedure gave much more meaningful data on the relative frequency of the
less common heavy minerals.

One set of heavy and light minerals from each of the sampling
stations was sieved to determine grain size distribution, using screens
with openings of 2.00, 1,00, 0.500, 0.250, 0,125, and 0.062 mm.
Each size fraction was weighed on a Mettler balance and statistical
parameters were calculated from the weights thus obtained. The statis-
tical parameters used are those described by Folk (1968): median,
graphic mean, inclusive graphic standard deviation, inclusive graphic
skewness, and graphic kurtosis.

Examination of the results of the grain size analyses (Table 1)
shows that the sediment of northern Sand Key is almost entirely bet-
ween 0,50 and 0, 125 mm in grain diameter, with most of it being bet-
ween 0,250 and 0, 125 mm in both the light and heavy sand fractions.
The average mean diameter of the lights is 1, 053 units, with the heav-
ies averaging 0, 07% units higher at 1. 12% (Table 2).

The light fraction is well sorted at all localities sampled; inclu-
sive graphic standard deviations range from 0,32 to 0. 58% with the
arithmetic mean for all collecting localities having a value of 0.44% ,
The heavy mineral fraction is moderately well sorted, with the range
in standard deviations being from 0.33 to 0.763%. The average is
0.59 3, which is significantly higher than that of the light fraction,
This is to be expected, because the light fraction is almost all quartz
with minor calcite, so that in the light fraction the specific gravity of
each grain is nearly identical. However, in the heavy mineral fraction,
up to fourteen minerals, having a wide range in specific gravity and
hence a wide range in equivalent hydraulic diameters, are present,

The inclusive graphic skewness for the light minerals ranges
from 0. 03 to -0. 39 with an average value of -0. 16 for the twelve sam-
ples. The heavies range in skewness from 0, 03 to -0. 46, slightly less
than the lights, but the average value, -0, 14, is nearly identical, Nega-
tive skewness values mean coarser particles predominate over finer
particles.

Kurtosis values for the light fraction range from 0. 97 to 1. 76,
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Table 2. Sediment Descriptive Parameters, in ¢ Units,

Graphic Standard Graphic Graphic
Sample Median Mean Deviation Skewness Kurtosis
1 (Light) 1,05 1.01 0. 50 -0, 17 1.04
2 (Light) 0. 89 0. 92 0.48 0.-03 0. 97
3 (Light) 1.29 1.27 0.39 -0, 13 1.20
4 (Light) 1.20 1. 17 0. 47 -0. 10 1. 06
5 (Light) 1.17 1.13 0.40 -0, 17 1. 12
6 (Light) 1. 03 0.91 0. 48 -0.27 1. 02
7 (Light) 1,01 0. 97 0. 43 -0. 19 1. 05
8 (Light) 1, 05 1. 02 0. 40 -0, 13 0. 97
9 (Light) 1,23 1, 14 0.58 -0, 39 1.76
10 (Light) 0.95 0. 92 0.41 -0. 09 1. 00
11 (Light) 1,39 1,15 0. 36 -0. 14 1. 14
12 (Light) 1,08 1. 03 0. 32 -0.22 0. 99
1 (Heavy) 0. 87 0. 84 0. 66 0. 03 1.12
2 (Heavy) 1, 00 0. 94 0. 64 -0, 17 1. 05
3 (Heavy) 1. 61 1.61 0. 51 -0.01 1. 09
4 (Heavy) 1. 40 1,38 0. 55 -0, 08 0.98
5 (Heavy) 1, 38 1. 35 0. 55 -0.10 1..09
6 (Heavy) 0.99 0. 90 0.74 -0,22 1. 06
7 (Heavy) 1,29 1. 09 0.72 -0, 46 1. 64
8 (Heavy) 1. 10 1. 06 0. 53 -0, 10 1. 67
9 (Heavy) 1. 40 1. 32 0.76 -0.27 1. 66
10 (Heavy) 1, 05 0. 67 0.53 -0.13 1. 01
11 (Heavy) 1. 25 1.21 0. 60 -0, 12 1. 03
12 (Heavy) 1. 08 1. 08 0.33 -0.01 0.99

will be discussed later. The kurtosis is the only other parameter that
shows any noticeable change. In the heavy mineral fraction of samples
7, 8, and 9, and the light mineral fraction of sample 9, kurtosis is
significantly higher thanin other samples. No cause for this marked
change in kurtosis is apparent.

Heavy Minerals Identified

The heavy minerals identified in this investigation were: apatite,
aragonite, epidote, garnet, ilmenite, kyanite, magnetite, monazite,
pleonaste, rutile, spinel, staurolite, tourmaline, and zircon. Tourma-
line was observed in brown, green, blue, and rarely, pink color varie-
ties, Apatite, epidote, pleonaste, spinel, rutile, and monazite occurred
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Table 1, Results of Grain Size Analyses.

Size in millimeters

Sample 2. 00- 1, 00~ 0.50- 0. 25- 0. 125-
Number 1. 00 0. 50 0. 25 0. 125 0. 06 -0. 06
1 (Light) 1, 63%%  1.78% 39,95%  55,34% 1.30% 0. 00%
2 (Light) 0,63 3,57 53,59 40, 95 1.25 0.01
3 (Light)  0.17 0.45 20,74 76. 38 2.25 0.01
4 (Light) 0.15 1. 05 30,01 65. 53 3,26 0. 00
5 (Light) 0. 14 0.78 30. 32 68. 09 0. 67 0. 00
6 (Light) 1.12 3. 64 41, 03 53. 95 0.25 0. 01
7 (Light)  0.40 3.42 38.81 57. 09 0.25 0. 02
8 (Light)  0.10 0. 85 45,24 53. 40 0.40 0. 00
9 (Light) 3,62 3. 03 19.71 72. 61 1. 03 0. 00
10 (Light) 0.26 1,53 50. 57 47,36 0.27 0. 00
11 (Light)  0.06 0.51 28.45 70. 47 0.51 0. 00
12 (Light) 0.01 0.20 40,78 50. 82 0.19 0. 00
1 (Heavy) 2.19 6. 95 47. 17 40, 38 3.25 0. 06
2 (Heavy) 1,34 6. 56 40, 36 48, 33 3.34 0. 06
3 (Heavy) 0.01 0.50 10, 12 68.36  20.98 0.03
4 (Heavy) 0.10 0. 88 22,42 63. 63 12, 96 0.01
5 (Heavy) 0.08 1,42 21,88 65.05  11.53 0. 04
6 (Heavy) 2.55 9. 55 39.79 43,99 4,10 0. 03
7 (Heavy) 2.10 12. 14 11, 96 70. 18 3.48 0. 14
8 (Heavy) 0.79 2. 16 38, 66 55,59 2.75 0. 05
9 (Heavy) 3.08 4.72 15, 60 62.18 14,37 0. 05
10 (Heavy) 0.69 3. 87 40,79 52. 44 2,15 0. 06
11 (Heavy) 0,06 3.30 28.90 59. 53 8. 18 0. 02
12 (Heavy) 0.00 0. 04 39. 40 58. 33 2. 14 0. 10

*Values are in weight percent,

with an average value of 1.11, The heavy fractionis quite similar,
with a kurtosis ranging from 0,98 to 1,67 and averaging 1.20. Although
the average values for kurtosis indicate these sands are leptokurtic,
eight of the twelve samples in both the light and heavy fractions are
mesokurtic. Thus, the sands show a nearly normal distribution with a
slight tendency for the frequency curves to be ''peaked", i.e., the cen-
tral portion is slightly better sorted than the tails,

Little systematic change in the various sedimentary parameters
can be observed from station to station along the beach, The mean, as
well as the median, grain sizes tend to be noticeably smaller than
normal in the area represented by stations 3 and 4. This is true for
both the heavy and light mineral fractions. A possible cause for this
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Figure 2, Weight percentage of total heavy minerals at the
various collecting localities,

very erratically and in low concentrations; thus, the frequency values
are not considered to be very reliable and are not considered further.
In the following discussions magnetite is included with ilmenite; only a
few grains of magnetite were observed in the entire study. This suite
is similar, but slightly more complex, than suites reported for other
beaches on the western coast of Florida (Phelps, 1941),

Fercentage of Heavy Minerals

Total weight percentage of heavy minerals was determined for
both sets of samples with almost identical results in each case, This
indicates that very local fluctuations in heavy mineral content are not
large and should not obscure the overall trend of heavy mineral occur-
rence along the beach. The average of the two determinations is used
in the following discussions.

The amount of heavy minerals in the beach sands is generally
between five and ten percent by weight (Figure 2) except at localities
three and four, near the northern end of the beach, where the concen-
tration of heavy minerals increases to as much as 29 percent. This
concentration is noticeable in the color of the beach sand, which is con-
siderably darker in this area than to either the north or to the south,
The heavy mineral grains are easily visible in the sand, evenupon
casual observation. The range in amounts of heavy minerals found in
this study corresponds with other values reported for beach sands in
western Florida (Phelps, 1941),

Excluding the aragonite shell fragments from consideration,
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ilmenite is usually the most abundant heavy mineral in the sediment of
Sand Key (Table 3), a situation that appears to be true in most Florida
beach sands (Phelps, 1941; Tyler, 1934). Amang the hon-opaques,
staurolite is usually the most abundant mineral except in the area of
concentration (stations three and four). In this respect Sand Key seems
to differ from other Florida beach sands; Phelps (1941) reports zircon
to be the most abundant non-opaque in the areas he studied on both
coasts of Florida and Tyler (1934) reports epidote to be the most abund-
ant non-opaque mineral on the eastern coast.

DISCUSSION

The usual method of presenting heavy mineral data is to give
the relative frequency of each mineral species as is done in Table 3.
However, it is difficult to make interpretations based on relative abund-
ance data alone. To illustrate this point, consider the relative abund-
ance figures for aragonite at the 12 sampling locations. The relative
abundance of this mineral at localities three and four is only about a
third of its relative abundance along most of the beach. One might
easily be tempted to think shell-producing organisms were scarcer in
this area than along the rest of the beach or that aragonite shell frag-
ments were being removed from the area or something equally compli-
cated. Interpretation of the relative abundance of aragonite at stations
three and four, as well as many other interpretations based on heavy
minerals, can be improved if the weight percentage of a given mineral
in the entire sample is used. To obtain the weight percentage, the re-
lative frequency of each mineral in a given sample is multiplied by the
specific gravity of the mineral, The products are summed and the sum
is divided into each product to give the weight percentage of each min-
eral within the heavy mineral fraction. These percentages are then
multiplied by the total weight percentage of heavy minerals within the
-sample to get the weight percent of each individual mineral within the
sample, Although this method incorporates an error inasmuch as no
correction is made for the differences in mean volumes of the various
minerals, the resulting numbers are much more easily obtained and
are probably more accurate than figures obtained by trying to separate
and weigh the various individual heavy minerals (Hunter, 1967).

Using the aragonite example cited above, the usefulness of weight
percentage in heavy mineral studies can now be demonstrated. Rather
than decreasing sharply at stations three and four as indicated by the
relative abundance data, the weight percent of aragonite in the beach
sediment shows a gradual but erratic decrease northward from location
twelve to location one (Figure 3). The amounts of aragonite at locations
three and four are not significantly different from the trend. In fact,
the amount of aragonite in sample four is actually slightly higher than
anywhere else on the northern half of the beach, but this fact is masked
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Figure 3, Weight percentage of tourmaline,
kyanite, garnet, staurolite, ilmenite,
and zircon,

in the relative abundance data by the increase in most other heavy min-
erals at this location. The other minerals show greater increases in
concentration at this location than aragonite does; therefore, the relative
abundance of aragonite decreases although its weight percentage doesn't.
This example shows that weight percentage data, although harder to ob-
tain, can lead to appreciably more realistic interpretations than can be
obtained using relative abundance data,

The weight percentage of several of the more abundant heavy
minerals as a function of sampling location is shown in Figure 3. The
minerals have been divided intothree groups to show the similaritiesin
behavior of some of the minerals, Most show a sharp increase in con-
centration in samples three and four, althoughnotall of the minerals are
concentrated to the same degree, Zircon is the most abundant heavy
mineral (excluding shell fragments), and is relatively constant alongthe
beach except in the area of concentration at locations three and four.
The average amount of eachheavy mineralin the remainingten samples
was taken as the typical weight percentage of each mineral. The con-
centration factor is defined as the weight percentage of a particular
mineral in a given sample divided by its typical weight percentage. At
any particular place where heavy minerals are being concentrated, the
concentration factors are mainly adirect function of the specific gravity

195



= STATION 3
[T
-
[ /
S i
p—
E o /’/
€ A
c B e e
S, 2 , ;
O 30 35 4,0 a5 5.0
Specific Gravity
-
O 251
.
15 STATION 4 o
1Bao /-
l/”
-
.5 Is ’/.v
— - ~
E o e
€ el
c e
O o 2" i o
QO 3.0 5.0

35 = 4:0 i 4.5
Specific Gravity

Figure 4. Concentration factors as a fuanc-
tion of specific gravity at sampling
stations three and four,

(Figure 4). In the Sand Key sediments, the only exception to this rule
is ilmenite, which is concentrated to only about one-fourth the amount
indicated by its specific gravity., This is attributed to the platy shape
of the ilmenite grains, which decreases their settling velocities and al-
lows them to be moved about more freely in the currents than they could
be if they were spherical,

The concentration factors and the behavior of the minerals along
Sand Key beach (Figure 3)are thus both functions of specific gravity and
shape. Tourmaline and kyanite, both of which have relatively low speci-
fic gravities and are rod or blade shaped, show little tendency to be
concentrated. Staurolite and garnet, intermediate in specific gravity
and both roughly equidimensional in shape, behave almost identically.
The high density zircon and ilmenite also behave in a similar fashion
to one another except the platy shape of the ilmenite prevents its con-
centration to as great an extent as the zircon,

A rather poor correlation exists between the mean grain size of
the quartz fraction in phi units and the percentage of heavy minerals in
the sand. Most of the heavy minerals are concentrated at stations three
and four, which also have the smallest mean diameters of quartz, A
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similar correlation, although not as well defined, exists between the
median size of quartz and percentage of heavy minerals, No correla-
tion was found between the amount of heavy minerals and skewness,
kurtosis, or sorting of the light fraction.

The association of heavy minerals with the smaller grain dia-
meters of quartz can possibly be explained using Hjulstrom's (1939)
diagram, which relates grain diameter to the current velocity thatmust
be attained to erode grains of a specific diameter. Hjulstrom found
there is a grain diameter, approximately 0.5 mm, that requires lower
current velocities for erosion than grains either larger or smaller,
The beach sand of Sand Key is almost entirely smaller in diameter than
this critical size. According to Hjulstrom's work, the larger grains
on Sand Key beach, having a size corresponding to the diameter easiest
to erode, ought to be removed preferentially to the smaller grains,
which require progressively higher current velocities in order to be
eroded. Hjulstrom's diagram is based on quartz; minerals with higher
specific gravities are more difficult to erode. Thus, currents generat-
ed by wave action on the beach should preferentially set into motion the
lighter minerals, especially the coarser fraction, and leave behind the
smaller diameter quartz grains and the heavy minerals as a residual
concentration.

The observed association of heavies with smaller diameter
quartz grains is similar to a situation observed by McIntyre (1959), who
used Ruby's (1933) method to compare ideal hydraulic diameters of
heavy minerals associated with a given diameter of quartz to those ac-
tually observed on the beach. He found the observed hydraulic equi-
valent sizes of quartz for layers of beach sand that had been reworked
by waves were too low in comparison with the grain diameters of the
heavy minerals present, He suggested this might be due to selective
removal of coarser quartz grains and further speculated that the selec-
tion process might be by the small quartz grains "hiding'' among the
heavy minerals and remaining behind while the larger quartz grains
were removed,

The grain size data and heavy mineral distribution along the
Sand Key beach seem to be best explained as being caused by wave ero-
sion selectively removing quartz, especially the larger grain sizes, as
well as some of the less dense heavy minerals, leaving behind a resi-
dual deposit enriched in high density heavy minerals and smaller dia-
meter quartz grains.

SUMMARY
The fine-grained sand of the beach of northern Sand Key, Flori-
da, contains a suite of at least fourteen heavy minerals, the most

abundant of which are aragonite (shell fragments), ilmenite, =zircon,
staurolite and garnet. The total amount of heavy minerals is generally
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between five and ten percent, except near the northern end of the beach
where concentrations reach as much as 30 percent,

Weight percentage is more useful than relative frequency in
making interpretations concerning heavy mineral distributions in these
sands. Using weight percentage data, it can be shown that heavy min-
eral abundance in the area of concentration is a direct function of speci-
fic gravity with some modification for grain shape,

Large concentartions of heavy minerals on Sand Key show a
slight tendency to be associated with smaller diameter quartz grains.
This is thought to be due to greater ease of erosion of the larger dia-
meters of quartz grains on Sand Key.
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