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LETTER OF TRANSMITTAL

Office of the Mississippi Geological Survey

University, Mississippi

January 15, 1962

Hon. Henry N. Toler, Chairman, and
Members of the Geological Survey Board

Gentlemen:

Herewith is Mississippi Geological Survey Bulletin 93, Heavy Min
erals of Sand from Recent Beaches of the Gulf Coast of Mississippi and
Associated Islands, by R. D. Foxworth, R. R. Priddy, W. B. Johnson, and
W. S. Moore.

The basis for this report, furnished by R. D. Foxworth, was his
master's thesis submitted to the University of Missouri Graduate School.
The decision of the Survey Board to broaden the scope of the thesis and
to publish as a Bulletin was indeed wise. This decision was made months
before the work actually began due to the fact that the expense of the
additional research had to be borne by the Survey.

I feel that this report will have a far reaching effect on the future
attention given to the sands of Mississippi. The economic potentiality of
these coastal sands point out the urgent need to study the sand of several
geologic formations throughout the State.

It should be noted that a heavy mineral operation could also provide
a supply of good quality glass sand — a product that has been searched
for by the Survey for many years. Once the heavy minerals are extracted,
virtually all the remaining material will be quartz sand.

Respectfully submitted,

Tracy W. Lusk
Director and State Geologist
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HEAVY MINERALS OF SAND FROM RECENT BEACHES OF
THE GULF COAST OF MISSISSIPPI AND

ASSOCIATED ISLANDS

RICHARD D. FOXWORTH. RICHARD R. PRIDDY. WENDELL B. JOHNSON
and WILLARD S. MOORE

ABSTRACT

Heavy minerals in beach and dune sands of the mainland
and associated islands of the Mississippi Gulf Coast may have
commercial value. For many years they have been the subject
of study by geology students at the Gulf Coast Research Labora
tory, Ocean Springs, Mississippi.

These minerals are commonly called "heavies" because the
specific gravity is at least 2.72, in contrast to quartz sand which
is only 2.65. In the average coastal beach or dune sands the
"heavies" range from 2 to 6 percent. Quartz grains and organic
debris constitute the remainder. The grains of heavy minerals
range in size from silt to fine sand, smaller than the grains of
quartz. Most are conspicuous because of color—amber, brown,
black, or green, in contrast to the clear to white quartz grains.
Consequently the "heavies" are easily seen where concentrated
by waves, currents, winds, and tides in thin laminae to as much
as 30 to 95 percent. On a few mainland beaches and on the Gulf
side of the barrier islands, interlaminated quartz sands and
"heavies" may average 60 percent heavy minerals. Concentra
tions of 1 to 3 percent are of the order mined profitably in Florida.

Twenty-six different species of heavy minerals are recogniz
ed, most of which are metamorphic. The original source is postu
lated as the metamorphosed-intruded rocks of the southern Ap
palachians. Intermediate sources are probably the overlapping
Paleozoic rocks of Alabama and Tennessee and the Cretaceous
and Eocene sediments of the Coastal Plain of Mississippi, Ala
bama, and western Georgia. A still active transporting agent is
the rivers which drain the Plain. However, the immediate source
of most of the heavy minerals is Pleistocene and Recent muds
which are being reworked continuously by wave action.

The investigation is chiefly the work of Richard D. Foxworth,
now geologist with Texaco, Inc., in Midland, Texas. The problem
was the subject of his thesis which was submitted to the Uni
versity of Missouri in March 1958. Later studies of heavy min-
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Figure 1.—Index map showing regional relations of Mississippi Sound

Notable Rivers

Draining .Upland

(D Mississippi

(D Pearl

(|) Pascagoula-

Cycles of Heavy Mineral Erosion
la. First cycle in Blue Ridge Province
lb. First cycle in Piedmont Province

Ila. Second cycle in Ridge and Valley Province
Mb. Second-cycle in Cumberland Plateau Province

Ilia. Third cycle in Cretaceous Coastal Plain
1Mb. Third cycle in Tertiary Coastal Plain
Ig, Mg, Illg. First, Second, and Third Cycle minerals carried

by Mississippi River
(4) Mobile-Tombigbee III, II, I. Cycle minerals, in that order in Mississippi Sound

(§) Alabama
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erals of the Mississippi Sound have been made by Wendell B.
Johnson and Richard R. Priddy of the geology faculty of Millsaps
College, Jackson, Mississippi, and by Willard S. Moore, geology-
chemistry major at Millsaps.

Although the heavy minerals vary in species and in con
centration from place to place, Foxworth has shown that for the
Sound, as a whole, the order of abundance in percent is: stauro-
lite 25.7, kyanite 24.1, tourmaline 20.4, ilmenite 11.8, magnetite
3.6, limonite-hematite 3.4, leucoxene 2.5, zircon 2.0, rutile 1.7,
sillimanite 1.3, and andalusite 1.1. The staurolite, kyanite, silli-
manite, and andalusite might be extracted for valuable refrac
tory material. The ilmenite, leucoxene, rutile, and the less than
0.2 percent titanite may be a source of titanium metal and tita
nium oxide. Zircon is the chief source of zirconium metal. Both

titanium and zirconium are important minerals in missile con
struction. Twelve other minerals are present in quantities of 0.1
to 0.5 percent.

INTRODUCTION

This bulletin presents a review of studies of heavy mineral
grains, often termed "heavies," in beaches and dunes of quartz
sand along the mainland of the Mississippi Coast and the asso
ciated islands. The investigation was designed to determine the
mineral species, their sources, and their concentrations, with a
view toward exploitation of the richer deposits. Publication of
the data was suggested in 1959 by Mellen1 who authored "Mis
sissippi Mineral Resources," Bulletin 86, Mississippi Geological
Survey.

The Mississippi mainland, the Mississippi Sound, and the
islands are shown on the infolded map (Plate 1). The regional
relations of the Sound to the Gulf of Mexico on the south and
to the states on the north which contribute "heavies" are shown

"on the index map (Figure 1).

The Mississippi Sound is a body of shallow brackish water
some 85 miles in length west-east and 7 to 15 miles in width. It
extends from the mouth of Pearl River (the Louisiana-Missis
sippi line) at about longitude 89° 45' west to Mobile Bay in
southwest Alabama at about longitude 88° west. The mainland
on the north is about one-half artificial beach and one-half grassy
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Figure 2.—High tide berm consisting of heavy minerals, Sound side of tidal flats,
west end, East Ship Island. Photo by W. S. Moore, July 1959.

Figure 3.—Migrating sand dune, Dauphin Island, Gulf side, near east end. The
white quartz sand contains 1 to 2 percent heavy minerals. Photo by
W. S. Moore. June 1959.
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tidelands. A chain of sandy barrier islands, Cat, Ship, Horn,
Petit Bois, and Dauphin, comprises the Sound's south limit. All
but Dauphin Island are in the bounds of Mississippi. Although
the shallow bottoms are mostly mud, some sandy silt, and only
a little sand, they are being constantly reworked by waves and
currents which have built the barrier islands and presently help
maintain the natural sand beaches (Figure 2). Winds may
further rework the sands as dunes (Figure 3).

The study is primarily the work of Richard D. Foxworth,
the senior author. He became interested in the heavy minerals
of the Mississippi mainland and associated islands as a Millsaps
College undergraduate while enrolled in a course in marine
sedimentation at the Gulf Coast Research Laboratory, Ocean
Springs, Mississippi, in July-August 1956. His instructor, Richard
R. Priddy, suggested a more thorough investigation of the min
erals as a thesis. The problem was pursued in graduate school
at the University of Missouri. Foxworth2 completed his thesis,
"Heavy Minerals of Sand from Recent Beaches of the Gulf Coast
of Mississippi and Associated Islands," in March 1958.

The junior authors, Priddy, Johnson, and Moore, restudied
phases of Foxworth's investigations and made additions and re
finements of their own. Priddy of the Millsaps College geology
department edited the work of the others in view of his 14 sum
mers of geochemical studies of Mississippi Sound. Wendell B.
Johnson of the same department reviewed Foxworth's mineral
identifications and studied other heavy mineral suites, from in
land Mississippi, from the Chandeleur Islands to the south, and
from both coasts of Florida. Willard S. Moore, geology-chemistry
major at Millsaps, contributed a study of West Ship Island where
the minerals are presently in great concentration (Figure 4).

OTHER INVESTIGATIONS

Only two investigations have dealt specifically with the
heavy minerals of Mississippi Sound, the 1958 thesis of Fox
worth2 and the incomplete work of James L. Harding which is
recorded in an unpublished Gulf Coast Research Laboratory
geology course report, August 1958. Later, while instructor in
geology at Mississippi Southern College, Harding3 made addi
tional heavy mineral studies which were presented at the March
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Figure 4.—An unusual concentration of heavy minerals in a berm, Sound side,
west tip of West Ship Island. Photo by W. S. Moore, July 1959.

24-26, 1960 meeting of the Southeastern Section of the Geological
Society of America in Lexington, Kentucky.

Reports dealing indirectly with the heavy minerals or with
the petrology of Mississippi Sound before Foxworth's investiga
tions are those of Dohm4 1936, Goldstein5 1942, Marion6 1951,
Barton7 1952, Priddy et al* 1955, and Butts0 1957. In the inter
val 1950-1958 references to heavy mineral distribution and species
are scattered through the reports of geology courses at the Lab
oratory.

However, since Foxworth's field work, two investigations
dealing with sediments of the north coast of the Gulf of Mexico
have been published by van Andel and Poole10 in March 1960
and by Hsu11 in September 1960. In addition, Snowden12 com
pleted a thesis in May 1961, which included analyses of Biloxi
Bay sediments and identification of heavy mineral content.
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The investigations are summarized in chronological order.

The work by Dohm4, although primarily an investigation
of the Mississippi River Delta region, includes data on heavy
mineral analyses of 4 samples from Cat Island, 1 sample from
Pascagoula, Mississippi, and 3 samples from Pearl River (Plate
1). Dohm includes in his paper a list of 35 heavy minerals—3
varieties of hornblende, 3 varieties of tourmaline, and 2 varieties
of garnet. Of the 8 samples mentioned above only 2 are beach
sand samples, 1 from Cat Island and 1 from Pascagoula. The
others are dune samples, bottom samples, and samples taken
from borings. Despite the diverse methods of sampling, the
mineral varieties are similar although the frequency percentages
of the heavy minerals differ laterally.

Dohm points out that it is unlikely that the "heavies" were
carried by the Mississippi River and that those on Cat Island
were derived from the east rather than from the Mississippi or
Pearl Rivers. The chief differences between the sands in the

Mississippi River samples and those from Cat Island are a higher
zircon content and a higher percentage of metamorphic minerals
in the Cat Island samples.

Goldstein5 studied samples from the northern Gulf of Mexico
in an area which he termed the "East Gulf Petrologic Province."
This Province extends from Pearl River to Pensacola, Florida,
and includes the area of this investigation. Goldstein lists 29
species of heavy minerals—3 varieties of hornblende, 3 varieties
of tourmaline, and 2 varieties of garnet. Goldstein, like Dohm,
did not confine his studies to beach sands but sampled many
offshore bottoms.

Goldstein makes the following statement with regard to the
minerals:

"The Eastern Gulf Province contains a metamorphic as
semblage which is derived largely from the Southern Appala
chian region, either directly from the metamorphic rocks or the
bedrock complex or from surficial deposits of Pleistocene (?);
reworked Tertiary sands, shales and limestones probably fur
nished only minor amounts of material.

"A relatively high content of ilmenite, staurolite, kyanite,
zircon, tourmaline, and sillimanite characterizes the sediments
of this province. The percentages of magnetite, amphiboles, and
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pyroxenes are all low, probably owing to the character of the
source rocks rather than to the instability of these minerals
under processes of weathering."

Much information concerning the adjacent Mississippi Delta
is available but will not be included because it represents a dif
ferent sedimentational province, its minerals having been derived
largely from glacial outwash contributed by Pleistocene ice sheets
in eastern Canada and the states of the upper Mississippi valley.

Marion6 studied beach and bottom sediments from Biloxi
Bay and adjacent parts of the Mississippi Sound. He reported
primarily on the physical properties of the sand size material
in the beaches and shallows of the Biloxi-Ocean Springs area
(Plate 1). In his study of the apron of sand which protects
the toe of the Biloxi-Gulfport seawall, Marion observed that
currents carried a few heavy minerals which were left as laminae
in the quartz sands of storm berms or concentrated along con
crete groins which have been built to control beach erosion.

A year later Barton7 made a petrographic study of bottom
sediments from the Back Bay of Biloxi and Biloxi Bay. He sep
arated silt-sized material from sand and clay by elutriation and
found the silts to be chiefly quartzose. In the sand fraction
Barton reported authigenic potash feldspar and a heavy mineral
suite composed chiefly of tourmaline, kyanite, garnet, topaz,
zircon, hornblende, and some authigenic spherulitic pyrite. These
findings, again, showed that the sediments of the shallows were
the immediate sources of the heavy mineral laminae occasional
ly found on beaches and bars.

Priddy, et al.8 reported on the mineral composition of many
bottom samples and a few beach samples in the west part of
the Mississippi Sound. The research was based at the Gulf Coast
Research Laboratory in the summers of 1952, 1953, and 1954. The
bottom sediments of the Mississippi Sound were recognized as
two textural types. Soft, muddy bottoms are referred to as
"shrimp bottoms," which are the habitat of bottom feeding
shrimp. Firm, sandy or silty bottoms, of much lesser extent,
are referred to as "oyster bottoms" because they may support
oyster reefs. The mineral composition of both types of sediments
was determined to be essentially the same, the chief textural
differences being attributed to finer grain size and higher gela-
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tinous, flocculant, and organic content in the "shrimp bottoms."
The mineral distribution of the approximately one percent
"heavies" in the "oyster bottoms" in the west end of the Sound
adjacent to Lake Borgne is: muscovite, garnet, biotite, epidate,
feldspar, apatite, magnetite, and zircon, in that order of abun
dance. Off Cat Island the bottoms yielded a different suite of
heavy minerals, in this order of abundance: kyanite, staurolite,
ilmenite, and garnet, the latter showing surprisingly little abra
sion. It is thus apparent that the Mississippi River contributed
"heavies" in the extreme west which are different from those

nearer the center of the Sound.

An investigation of 2 offshore samples from the Bay of St.
Louis and 8 offshore samples from Horn Island was reported
by Butts0, a Mississippi State University geology student. After
removing and weighing the silt-clay fractions, he studied the
sand residues. Heavy minerals were extracted from the Vz to
V4 mm. grain sizes and identified. Butts states that "the heavy
minerals present and in their general order of abundance as
found in most of the samples are from greater to lesser: Tourma
line, Magnetite, Rutile, Zircon, Hematite, Ilmenite, Leucoxene."
No mention is made of staurolite and kyanite which Foxworth
and Johnson discovered in such abundance. Butts concludes his

report with this interesting paragraph.

"The heavy minerals present originated in gneisses, peg
matites, and acid igneous rocks apparently from the Appalachian
region. The iron minerals are indigenous of basic rocks. Mar-
casite and pyrite found in the bay sample are characteristic of
the reducing environment present there. Leucoxene found in
small quanities in many of the samples is an alteration product
of ilmenite resulting from long or repeated transportation and
deposition. From their source in the Appalachians, the materials
have undoubtedly gone through several cycles of erosion and
deposition on the southern coastal plain. Their resting place is
now at the edge of the Gulf of Mexico; their ultimate place of
deposition can only be speculated."

Harding reported on a "Preliminary Study of Heavy Min
erals of Mississippi Sound and Adjacent Eastern Areas" as part
of his contribution to course work at the Gulf Coast Laboratory.
His report of a broader investigation "Heavy Mineral Occur
ences on the Islands of Mississippi Sound and Adjacent Areas
of the Mainland" was presented at the March 1960 meeting of
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the Southeastern Section of the Geological Society of America.
The abstract Harding3 wrote is quoted below:

"Samples of heavy minerals have been collected for 3 years
at localities from the Alabama-Florida state line on the east to
Cat Island, Mississippi, on the west.

"The marked similarity of mineral suites from each of the
sampling stations indicates a common source. However, changes
in the degree of concentration at each of the locales manifest
reworking of the near-shore and bottom sediments. The primary
control of this present depositional cycle is being exercised by
littoral drift. This is further evidenced by the southwestward
migration of the island masses.

"Petrographic examination shows that the most frequent
minerals of the heavy fraction, following bromoform separation,
include ilmenite, kyanite, rutile, staurolite, tourmaline, and
zircon with minor amounts of hornblende and monazite."

It is unfortunate that Mr. Harding's complete work is un
published.

In investigating the sources of Recent sediments in the north
ern Gulf of Mexico, van Andel and Poole10 reported that sand-
sized sediments are contributed by a large number of streams,
and to a lesser extent, by marine erosion of coastal deposits,
mainly of Pleistocene age. Further, they recognized five heavy
mineral provinces: Eastern Gulf, Mississippi, Western Gulf, Tex
as Coast, and Rio Grande. The Eastern Gulf Province includes
the Mississippi Sound. It is characterized by a kyanite-staurolite
association which they believe is derived from the Cretaceous
and younger sedimentary mantle of the Appalachians, like that
now being contributed by the Tombigbee River rather than the
old core which should only supply a zircon assemblage. Later
in this report reference is made to several of the mineral analyses
of van Andel and Poole. Also, later, the idea of different heavy
mineral assemblages contributed by the several physiographic
provinces is pursued (Figure 1).

An excellent but complicated report on the texture and
mineralogy of the Recent sands of the Gulf Coast is that of
Hsu11. Although primarily an attempt to determine the major
transportation paths for the beach sands for the entire Coast,
he recognized those beach sands east of the Mississippi River
as mature quartz sands which contain practically no feldspar
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and have a mature heavy mineral suite rich in staurolite and
kyanite. Unfortunately his sampling of the East Gulf Coast was
confined to Alabama and west Florida beaches and rivers. But

it is gratifying to note that these sands have nearly the identical
mineral assemblage as Mississippi's beaches. Several of Hsu's
mineral analyses are cited.

The most recent work mentioning the "heavies" is a thesis
by Snowden12 entitled "Geologic and Chemical Environment of
Biloxi Bay, Mississippi" (Plate 1). In studying the physical,
chemical, and sedimentological environment, 29 bottom water
samples and corresponding sediment samples along 6 evenly spac
ed traverses were taken. Snowden discovered that, mineralogical-
ly, the bottoms are chiefly quartz of sand and silt size particles,
and finer particles of kaolinitic and montmorillonitic clay. Ac
cessory minerals are heavy minerals from 0.14 and 0.40 percent by
weight. The order of abundance of "heavies" in this small frac
tion is 26 percent zircon, 20 percent ilmenite-magnetite, 15 per
cent kyanite, 14 percent staurolite, 10 percent leucoxene, 6 per
cent tourmaline, 4 percent pyrite, 3 percent rutile, and 1 percent
sillimanite.

LOCATION AND DISCUSSION OF THE AREA

LOCATION

The area described in this report is shown by a full scale
reproduction of a part of the regional topographic map printed
by Army Map Service, Corps of Engineers (Plate 1):

Mobile, Ala.; Miss.; La. (New Orleans to Mobile) NH 164,

scale 1 inch to 250,000 inches
(approximately 4 miles to the inch)
for sale by U. S. Geological Survey,

Denver 2, Colorado, or Washington 25, D. C.
Price 50 cents

Fortunately, this topographic map includes the whole of Mis
sissippi Sound. It is preferred to nautical charts because the
details of the mainland and islands are sharper and because the
water area shows enough depth figures to convey the idea of
the Sound's bottom configuration and has many notations as
to the nature of the bottom, whether mud, soft, hard, sticky,
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or shells. The regional location of topographic map NH 164 is
shown as an inset in Plate 1.

However, the map, Plate 1, may be supplemented by two
nautical charts and by numerous topographic quadrangles. The
charts are:

Chart 1268 Lake Borgne and Approaches
(Cat Island to Point Aux Herbes)

scale 1 inch to 80,000 inches
(approximately 1.15 nautical miles per inch or

1.126 land miles per inch)
Chart 1267 Mississippi Sound and Approaches

(Dauphin Island to Cat Island)
same scale as Chart 1268

Both compiled by Coast and Geodetic Survey
For sale at most harbors including

Pass Christian, Gulfport, Biloxi, and Pascagoula, Miss.
Price $1.00 each

Scale itwo'ooo

=£= ^jKOoroetcrs

Figure 5.—Map coverage of the area by topographic quadrangles and by nautical
charts 1268 and 1267.

The positions of the nautical charts 1268 and 1267 are shown
in Figure 5, overtyped on the index map of the topographic quad
rangles. For simplicity, it can be remembered that Chart 1268
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covers the Sound area west of Gulfport whereas Chart 1267
covers the Sound area east of Gulfport to Dauphin Island.

The topographic quadrangles which, collectively, cover most
of the area are shown in the guide map, Figure 5. Another quad
rangle, West Horn Island, is now being surveyed. All, whether
15 minute quadrangles or IVz minute quadrangles, are pub
lished by the United States Geological Survey, Washington 25,
D. C, and are priced at 30 cents each.

PHYSIOGRAPHY

In so far as is known, the physiography of the Mississippi
Coast has not been studied except incidental to other investiga
tions. Therefore, it is necessary to derive the information from
the literature concerning regional aspects of the eastern Gulf
of Mexico.

Price13 described the Mississippi Coast in regional terms as
being a part of the alluvial coast of the northern Gulf of Mexico,
Texas to west Florida:

"Where the closest mountains, usually old mountains, are
located far or moderately far inland the runoff and sediment
load from the lands has been large and long continued, interior
plains are succeeded by broad coastal plains and continental
shelves, and the coast is of deltaic or alluvial type."

After a sufficiently long oceanic standstill, an alluvial coast

will have a smooth bottom except toward its outer margin.
Organic reefs are few or absent, and the shore line is smooth
to irregularly deltaic. The sediments have even to spotty dis
tribution, usually sand extending from the shore to depths of
from 5 to 10 fathoms followed by silt or sand and mud. Excep
tions are found at the mouths of deltaic rivers.

A subsector of the northern Gulf of Mexico is designated
the "Terraced Deltaic Plain" by Price14. This area is characteriz
ed by a fairly steep coastal plain (eight feet of slope per mile
near the coast in some places) with Pleistocene-Recent deltas
(Apalachicola, Pascagoula, and Pearl) and by a minor amount
of embayment due to drowned stream valleys. The large, cuspate
Apalachicola delta of Florida and the long, broad, and shallow
Mobile Bay of Alabama are the striking features of the sub-
sector.
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Figure 6.—Cypress stumps, Beilefontaine Beach between Ocean Springs and Pas
cagoula. The roots are exposed at low tide. Root span is 10 feet.
These and other "ghost forests" exposed by wave erosion are often
falsely believed to be evidence of submergence. Photo by W. S. Moore,
July 1959.

Figure 7.—Dune sands encroaching on a pine forest, Dauphin Island, Gulf side.
Here the white quartz sand is flecked by dark heavy minerals. Photo
by W. S. Moore, June 1959.
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Brown, et al.1!i stated that the present shore is being sub
merged and that the headlands are being eroded. The evidence
cited is wave-cut scarps and tree stumps standing in sea water
(Figure 6). Foxworth visited the areas and agreed with Brown
that this part of the coast appears to be undergoing slow sub
mergence. However, Priddy does not subscribe to the idea of
submergence inasmuch as he has seen living forests choked by
migrating dunes and has seen them exhumed and covered again
in successive weeks (Figure 7). Further figures obtained by
radiocarbon 14 dating indicate that some of the stumps partly
exposed on the mainland shore at Beilefontaine Point are late
Pleistocene, not Recent, and that they belong to another sea level
cycle.

In direct support of Price's belief in an oceanic standstill,
Priddy cites the stability of the wooded cores of the barrier is
lands which form the south limit of the Mississippi Sound and
which have been catching and holding quartz sand and a few
heavy minerals for many centuries. It is this stability which,
in Priddy's opinion, also accounts for the trapping of other
"heavies" on the higher mainland shores and on the beaches of
Deer Island and Round Island, both near the mainland.

MAINLAND

The Mississippi mainland shores are about 80 percent sand
beaches and 20 percent broad, tidal, grassy marshes. The sands
are mostly quartz but they contain 1 to 2 percent heavy minerals.
As the marshes are very high in organic content, they are not
considered of consequence except in places where waves have
eroded grassy headlands and left narrow, low beaches. Fox
worth's beach sampling stations are shown on Plate 1.

The wider beaches of quartz sand and disseminated heavy
minerals are about half natural and half artificial. In the west,
a discontinuous beach has been formed from Clermont Harbor
to Bay St. Louis where waves are truncating parallel beach
ridges and vales obliquely. Across the Bay of St. Louis starts
what is reported to be the longest artificial beach in the world.
26 miles from Pass Christian east to the east tip of the peninsula
on which Biloxi is built. Actually, this beach has been created
by the pumping of sandy mud ashore to form an apron of sand
protecting the toe of a continuous concrete seawall, which pro-
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tects, in turn, U. S. Highway 90 and the residences and commer
cial properties inland which are built on ancient beach ridges
paralleling the seawall and the Highway. Except for short artifi
cial beaches at Ocean Springs and Pascagoula and for a broad
and high natural beach at Beilefontaine Point, the mainland
east of Biloxi is chiefly marshland.

BARRIER ISLANDS

The barrier island chain off the coast of Mississippi consists
of four islands. From east to west, they are Petit Bois, Horn,
Ship, and Cat. The first three are elongate east-west. The lat
ter has two east-west axes and a northeast-southwest axis on
the east side.

Petit Bois Island. In 1944 Petit Bois Island was 7.5 miles
long and had a maximum width of 0.75 mile in the east half.
Dunes on the Island rose to 20 feet abovemean sea level at only
one point, on the west end. Other dunes of heights above 10
feet extended along the south and north shores far to the east.
In 1958, geology students at the Gulf Coast Research Laboratory
noted that wave action had removed nearly one mile from the
east end.

Horn Island. Horn Island, which was 14 miles long in 1944,
attains a maximum width of nearly 0.75 mile across the west
ern half. Several dune peaks reach above 20 feet in elevation
but are of very limited extent. Much of the inter-dune area just
west of the center of the Island is occupied by brackish water
ponds up to several acres. Storm action these last several years
has progressively lopped off the eastern two miles.

Ship Island. On some maps Ship Island is shown as a single
landmass eight miles in length. However, currently it is in two
parts connected by a narrow low tide bar nearly two miles in
length, indicating where the Island was cut by the 1946 hurri
cane. The bar has since been built up, scoured away, and rebuilt
several times. In a few places West Ship Island is nearly one-half
mile in width. It is now 3.25 miles in length. East Ship Island
is a mile in width at its east end and tapers southwest to a blunt
point, a distance of two miles. Dune elevations are 10 to 18
feet on both Islands. West Ship Island is important in this re
port because, as will be shown, the position of long abandoned
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Fort Massachusetts indicates how the west tip has grown, and
because West Ship Island has a surprising concentration of heavy
minerals as determined by Moore.

Cat Island. Cat Island is the most western of the barrier

chain and is unique in that it has a huge spit which is perpendicu
lar to the Coast at the east end (Plate 1). Penfound and O'Neill16
gave a description which is just as applicable today:

"Cat Island comprises an area of about 7 square miles. It
consists of two east-west axes attached at their eastern ex
tremities to a long, narrow, north-south axis which is convex
on the Gulf side. The more northerly east-west spit is composed
of two to sixteen sand ridges from four to ten feet in height and
from a few feet to an eighth of a mile in width. They alternate
with parallel depressions in which the floor is usually wet and
often continuously covered with water, in some places to a
depth of six feet. The other spit includes fewer and lower sand
ridges and is mainly marshy in character.

"The north-south spit is very different from either of the
foregoing. It is composed of an eroding shoreline on the Gulf
side, various hillocks and dunes in the interior and a zone of
deposition on the western shoreline. On the Gulf shoreline ghost
forests of pine and oak extend more than a hundred feet into
the Gulf, and black, peaty soil, which could have been formed
only in the marshes, is a conspicuous feature of the lower beach.
. . . Throughout the dune area many blow-outs occur, and the Is
land is constantly changing in topography. At the junction of
the east-west spits with the north-south axis the sand is advanc
ing steadily over the marsh. This fact, together with the presence
of peaty soil and ghost forests on the Gulf shoreline, indicates
that the island is gradually moving westward,"

Evidences of erosion on the east (Gulf) side of Cat Island
are abundant. Here, old swamps and old beaches are being re
moved, exposing tree stumps and roots and black peaty soil.

FORMATION OF THE BARRIER ISLANDS

Several theories have been advanced for the formation of

the barrier islands. Johnson17 stated that the barrier islands,
which he called offshore islands, were characteristic of an emer
gent coastline. He believed that the island was originally a sub
merged feature which was brought above the water by a lower
ing of sea level or by an upwarping of the crust.
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Figure 8.—Swell waves, an agent of heavy mineral transport, Culf side, Dauphin
Island. Spray from the breaking waves nearly covers a six foot man
standing in the shallows. Photo by W. S. Moore, June 1959.

Figure 9.—Cross wave action of the type which moves heavy mineral grains
toward beaches, west tip of West Ship Island. Wind waves from
the south, in the foreground, are superimposed on ground swell
waves from east. Photo by W. S. Moore, August 1961.
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But Fenneman18 concluded that a barrier island was formed

as an equilibrium structure on a shallow shelving coast, regard
less of its sea level history.

Price10 concurred with Fenneman. From a study of bottom
profiles of the Gulf region, Price believed that the barrier is
lands should have the following characteristics: (1) they are
associated with well developed equilibrium profiles, (2) they
are found on shallow coasts, (3) they are associated with areas
where sand, gravel, or cobble are abundant along the shore, and
(4) they are found where onshore wave attack is strong. Of
these, items 1 and 2 apply to the Mississippi Coast. Item 3 also
applies in the sense that the muddy bottom contains abundant
sand. However, item 4 can not be considered strong.

However, Price-0 again emphasized that bars are the product
of exceptionally high sea level caused by storms. He quotes
Evans21 as stating that waves operating at a steady sea level
modify underwater bars, but do not tend to build them above
sea level. From this information it is concluded that the bars

of the Gulf region are begun and built underwater by waves
and currents, but that high water of storm intensity is required
to bring the bar above sea level. Once above sea level, normal
waves and currents can continue to build the island. If this

reasoning is correct, the quartz sand and the 2 to 6 percent
of heavy minerals on the barrier islands have been derived from
the nearby bottoms and transported by abnormal water move
ments, to be concentrated in bars and beaches by normal waves
and currents, especially at high tide. The work of normal swell
waves breaking on a calm day are shown in Figure 8. Cross-wave
action on another calm day is shown in Figure 9.

SHIFTING OF THE BARRIER ISLANDS

Longshore drift is considered by Price2- to be the agent bring
ing sediments to the barrier islands. Priddy believes that this
drift combined with wave deposition is responsible for historic
shifting of the islands. Foxworth agrees that at present the
"heavies" are probably being augmented by currents which sweep
from east to west. From Foxworth's study of heavy minerals,
from a study of publications, and from old maps of Ship Island,
it is evident that the sands necessary for the continued growth
of the barrier islands are initially supplied by such currents.
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The best evidence of shifting is provided by a map of West
Ship Island, a portion of Nautical Chart 1267 (Figure 10). On
it is drawn a semicircle west of Old Fort Massachusetts which

marks the 1866 terminus of the Island as determined by military
maps in The Library of Congress, photostatic copies of which
were purchased from the caretaker of the Fort. The compara
tive position of the west end with respect to the Fort in 1866 and
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Figure 10.—Map of West Ship Island showing migration of the Island and
Moore's sampling stations. The heavy dashed arc indicates the west
end of the Island in 1866. Old Fort Massachusetts is now nearly
surrounded by Mississippi Sound waters. Nine north-south traverses
providing 62 hand auger sites are shown by the lines A through 1,
west of the Fort. On the Gulf side, east of the Fort, 20 hand auger
samples were taken, as indicated. This map is a portion of Nautical
Chart 876, revised February 8, 1960.

1957 shows a shift to the south of about 1,100 feet and movement
to the west of about 3,200 feet, indicating deposition on the west
and south and erosion on the north (Sound) side. The aerial
view, Figure 11, shows the erosion of the north shore and the
near isolation of the Fort. Evidence that erosion had progressed
to near its present stage in 1926 is shown by the group photo-

4
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Figure 11.—Aerial view of Old Fort Massachusetts looking southwest across the
western part of West Ship Island to the Culf of Mexico in the dis
tance. The Fort would have long since been cut off by Sound waters
were it not for a riprap of igneous and metamorphic rocks at the
Fort's left, east side.

Figure 12.—An illustration of historic beach erosion. Photo was taken in 1926
when a narrow beach still existed on the Sound side of Old Fort
Massachusetts, Ship Island. Today the Fort is nearly surrounded
by water as the Sound shore has receded and the Culf side ad
vanced seaward. Photo compliments of Mr. J. R. Anderson, Cuff-
port, Mississippi.
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graphed on the narrow beach on the Sound side of the Fort
(Figure 12).

Brown, et al.2S have emphasized the migration south by point
ing out that, about three miles east of Fort Massachusetts on the
Island's north side, a flowing well is about 100 yards from the
shore, a well which was originally located on the Island.

Similarly, maps in possession of the Gulf Island National
Wildlife Refuges, Biloxi, Mississippi, show that Horn Island
has been extended westward nearly two miles since 1848, but
that there has been little extension since 1929. In September
1960, a storm swept away nearly two miles of the east end al
though there has as yet been no noticeable westward compensat
ing growth.

Instead, a pronounced southward shift of the treeless, west
one-fourth of Horn Island, is indicated by aerial photos. The
photos show that beach ridges and lakes which trend west-north
west—east-southeast are being truncated obliquely on the north
(Sound) side and that the west three miles has been extended
due west by Gulfward growth of storm berms.

It is therefore evident that the quartz sands and heavy min
erals which make up the bulk of the barrier islands are now
moving westward—some by currents within the Sound and
some by Gulf currents aided by wave action. In theory, those
sands presently included in the Gulf muddy bottoms are Pleisto
cene materials deposited subaerially through runoff of the Mis
sissippi-Alabama coastal plain when glacial seas were much lower
than now. By the same reasoning some of the sands derived
from the Mississippi Sound were deposited with finer materials
when Pleistocene seas were a little higher. But these Sound
muds are doubtless being augmented today by quartz sand,
heavy minerals, silt, and clay brought in by existing streams
which were periodically more active than now, during the
glacial stages of the Pleistocene.

DEER ISLAND AND ROUND ISLAND

In addition to collecting "heavies" from the mainland and
from the barrier islands, Foxworth sampled sands of Deer Is
land bordering Biloxi Bay and sands of Round Island at the
mouth of the Pascagoula River. The high beaches of both is-
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lands are attributed to combined wave and current action which

winnowed elastics brought in by rivers. Aerial photos suggest
that Deer Island started as a bar at an earlier sea level stage,
before the lower reaches of the Biloxi River system were drown
ed to make the Bay. As Round Island changes size and shape
yearly, it is evident that even now waves and currents are win
nowing river borne sediments at the mouth of the Pascagoula.

HEAVY MINERAL TRANSPORT, DEPOSITION, AND
CONCENTRATION

Only a few of the mechanics of heavy mineral transport
and deposition are understood because currents shift frequently
and because winds and tides are constantly changing. Rarely
is a set of conditions maintained long enough to complete a
study. Within hours, even minutes, one of the three may change.
To date it appears that longshore currents and swell waves are
the most sufficient in moving "heavies" shoreward; that wind
waves assisted by high tides are most effective in depositing
them on beaches; and that storm waves, rain runoff, and dry
winds are best at concentrating the heavy minerals once they
are on the beaches.

TRANSPORT BY LONGSHORE CURRENTS

Unfortunately it is impossible to see currents moving "heav
ies" in the Sound. One must guess the current's efficiency by
its behavior and the work it has done. The following observa
tions (and deductions) as to transport by longshore currents
must suffice:

(1) Longshore currents move east to west at rates of 1 to 3
miles per hour on the Gulf side of Dauphin, Petit Bois,
Horn, and Ship Islands. Aided by incoming tides the
movement is at 3 to 6 miles per hour, probably scouring
the shallow sandy muds and sands which comprise the
nearshore bottoms.

(2) These currents are also the chief agent in moving the
Islands westward, as already explained in the "Forma
tion of the Barrier Islands."

(3) Longshore currents at rising tide move north through
the passes between the Island and into the Sound at
rates of 1 to 3 miles per hour.
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(4) On early ebbing tide the surface currents are reversed.
They move west along the Sound side of the Islands,
at rates of 2 to 4 miles per hour, and enter the Gulf
through the passes. Deeper currents are, at the same
time, still moving east through the deep and narrow
channels, Plate 1, behind the Islands, presumably scour
ing the bottom sands and marls.

Figure 13.—Laminae of "heavies" draped over a tide berm. On the crest the
laminae thicken. East side of Cat Island at middle of its east arm.
Photo by W. S. Moore, August 1960.

(5) On late ebbing tide both the shallow and deep long
shore currents race out through the passes at rates of
4 to 8 miles per hour, which if sustained, emphasize
the southward convexity of the bars at the pass mouths
(Plate 1). Within the last 100 years, both the shallow
and the deep outward moving currents have removed
a portion of the Sound side of West Ship Island (Figures
11 and 12).

(6) Except for Cat Island which is now being reworked
extensively on its east end, Figure 13, the east end of
each barrier island contains fewer "heavies" than the
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west end, Figures 2 and 4, hence heavy minerals must
be in transit westward.

(7) Heavy mineral grain sizes are progressively smaller
from island to island, westward, according to H. B.
Scott, a 1959 student in Marine Geology at the Gulf
Coast Research Laboratory, as recorded in a course re
port.

(8) The same decrease in grain size is shown by Foxworth's
sampling as recorded in terms of median diameters,
Table 2, discussed later in this report.

(9) Longshore currents are rarely noted along the main
land beaches except where the slow westward move
ment combines with wave action in winnowing the
sands forming the apron which protects the nearly
straight Pass Christian-Gulfport-Biloxi artificial beach.
That the "heavies" are actually moving is evidenced
by trapping them in cans buried to the lip. A small
concentration of "heavies" is thus ready to be put ashore
by wind waves.

TRANSPORT BY TIDAL CURRENTS

Tidal currents, rather than longshore currents, are more

effective in transporting "heavies" along the mainland beaches:

(1) Combined with wave action, tidal currents make bay
mouth bars of sand, Plate 1, at the mouth of the Bay of
St. Louis, the east tip of Biloxi Peninsula, the mouth of
Old Fort Bayou, and the mouth of Davis Bayou. In
these bars the "heavies" to quartz sand ratio is as great
as 1 to 20 rather than 1 to 100 as in adjacent muddy
bottoms.

(2) Also, combined with wave action, tidal currents main
tain a small spit on the northwest end of Deer Island
opposite Biloxi, on the west tip of Marsh Point south
east of Ocean Springs, and near Pascagoula at the en
trance to Graveline Bayou, and on the northwest side
of Round Island.

(3) Combined with wave action tidal currents make three
broad aprons of sand containing more than the usual
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amount of "heavies," south and southeast of Deer Is
land, south of Round Island, and northeast of Round
Island.

TRANSPORT BY SWELL WAVES

In heavy mineral transport it is easy to recognize the role
of swell waves. The term "swell waves" is used here because

Priddy has observed that these are the agents which move most
of the "heavies" shoreward (northward) but deposit few of
them, whereas wind waves throw them on the beach and then
help concentrate the heavy minerals by winnowing away the
lighter weight quartz sand.

Swell waves are defined as high amplitude waves generat
ed at sea by a storm. They may pound toward a shore in the
calmest weather and with surprising force (Figure 8). These
waves are efficient in moving "heavies" shoreward because they
have wave heights of 1 to 4 feet and wave lengths of 20 to 50
feet. Thus swell waves ground in waters 1 to 4 feet in depth
and scour the bottom, holding the sands suspended in the surf
long enough for the next swell wave to carry the materials
forward, both the lighter quartz fraction and the "heavies."

The transporting ability of swell waves may be amazing
because.they may pound a beach for days, usually aided by
prolonged high tides which were piled high by the same storm
which produced the waves. Further, movement shoreward by
swell waves may be increased by oblique wind waves, Figure
9, which help suspend particles torn from the bottoms. Thus
successive swell waves can carry more "heavies" shoreward.

The angle at which the swell waves attack the shore is be
lieved to be of great importance in moving "heavies." Priddy
and Smith24 have demonstrated that bars are driven ashore more

rapidly if the waves strike obliquely. In this way broad aprons
of sand are readied for wind waves to deposit on the beaches.
In making the study in the clearer Gulf waters of Horn Is
land, sand grains of quartz and "heavies" alike, were actually
seen to move, by traction, as en echelon bar crests moved at
rates of 10 feet per hour at angles of 20 to 70 degrees toward
the shore. In contrast, bars approaching shores at 90 degrees
moved much slower. Arcuate berms noted in aerial photos show
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that swell waves striking obliquely from the southeast have
gradually built the west tip of West Ship Island seaward, com
pensating for the erosion of its Sound side by longshore cur
rents, as explained in "Shifting of the Barrier Islands" (Figures
10 and 11). Of special interest in this report are the surprisingly
heavy mineral concentrates here, as described by Moore.

Figure 14.-
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-Tidal flat paved with heavy minerals overlying white quartz sand,
east side of Cat Island at the middle of its east arm. Photo by W.
S. Moore, August 1960.

WIND WAVES DEPOSIT HEAVY MINERALS

Photographs prove conclusively that wind waves are the
most important depositors of heavy minerals on the beaches,
either without aid or when accompanied by high tides.

The work of wind waves depends on winnowing. This pro
cess can be observed in a few minutes at the swash line where

wind waves, generated by even gentle breezes, slap quartz sand
and some "heavies" onto the shore. Then, as each wave is spent,
the back rush of water returns most of the light weight quartz
sand to the sea but maroons the heavy minerals on the fore-
beach.
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During squalls the wave height increases so the sands are
moved higher onto the beach. Then the "heavies" are deposited
as a berni, a ridge several inches in height and a foot or two
in breadth (Figures 2, 4, and 13). If the squall occurs at or
near high tide the ridge is termed a high tide berm. Successive
berms may be built one atop another as indicated by several
convex laminae of "heavies" (Figure 13). As the wind waves
are making the high tide berm, an occasional larger wave sloshes
over the ridge and distributes the quartz sand and the included
"heavies" in a tidal flat (Figure 14).

Figure 15.—Wind waves redistribute "heavies" where the waves roll over nar
rows. Darker sands are heavy minerals. Low tide. This east tip
of Horn Island was swept away by a storm, September 1960. Photo
by W. S. Moore, August I960.
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Figure 16.—Pavement of "heavies" created by storm waves reworking the sands.
Behind first line of sand dunes, Culf side of West Ship Island at
hand auger station 10. Photo by W. S. Moore, August 1961.

Figure 17.—Spade full of back beach "heavies" where successive wind waves
had over-topped a storm berm. Heavy mineral laminae are dark,
quartz laminae are light. Culf side of West Ship Island at station
17. Photo by W. S. Moore, August 1961.
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Figure 18.—Dark "heavies" on a back beach. Culf side of West Ship Island
at hand auger hole 5. The bed was 4 inches in thickness and
analyzed 54 percent heavy minerals. Photo by W. S. Moore Aug
ust 1961.

Figure 19.—Eroding beach redistributing "heavies" at ebbing tide with moderate
wind wave action. The heavy minerals in the foreground form a
laminae on a high angle forebeach. Hand auger station 7, Gulf
side, West Ship Island. Photo by W. S. Moore, August 1961.
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WIND WAVES CONCENTRATE HEAVY MINERALS

Although the authors have not observed the work of wind
waves during actual storms, visits shortly thereafter indicate
that, in places, the waves have concentrated thick beds of heavy
minerals on the beaches. As autumn and winter storm waters

roll across the narrower parts of the barrier islands they may
redistribute the "heavies" and quartz sand alike (Figure 15);
or they may rework the sands far inland where the islands are
broad but low, to form pavements of "heavies" among sand
dunes (Figure 16); or they may maroon the heavy minerals on
a back beach where the larger waves overtop storm berms
(Figure 17 and 18).

Figure 20.—Inclined laminae of heavy minerals being exposed. Cat Island, east
end, north spit. These "heavies" show the depositional slope of old
forebeaches. Photo by W. S. Moore, August 1961.

However, even moderate wind waves may erode beaches
and return some of the "heavies" to the sea, to be cast on shore
by subsequent moderate waves (Figure 19). Under these con
ditions laminae of "heavies" among beds of quartz sand are be
ing spread on the high angle forebeach. Interesting records of
successive forebeach heavy mineral deposits are frequently ex
humed (Figure 20). In places, excavations to determine the
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extent and concentration of heavy minerals have revealed the
records of complicated wind wave deposition and erosion, prob
ably over several seasons (Figure 21).
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Figure 21.—Intertongued beds of "heavies," Gulf side of West Ship Island, due
south of "6 sec. flashing beacon," at hand auger hole 6. The con
centrate tested 52 percent "heavies." Photo by W. S. Moore, July
1959.

RAINWASH CONCENTRATES HEAVY MINERALS

On the low beaches, especially on those of the barrier islands
and those surrounding Biloxi Bay, excessive rains rework the
interbedded "heavies" and quartz sand. This is another form
of winnowing for here the light weight quartz grains are washed
down the gentle slopes and the heavy minerals are left behind
as pavements. Excavations by Moore to determine the concen-
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tration of "heavies" on the west tip of West Ship Island and
on the Gulf side have revealed many such pavements. One
ripple-marked heavy mineral pavement covering several acres
is renewed each Spring on the Gulf side of West Ship Island,
opposite Old Fort Massachusetts (Figure 22).

DRY WINDS CONCENTRATE HEAVY MINERALS

On the Mississippi Coast the term "dry winds" is used to
denote wind action unaccompanied by rain. Dry winds con
centrate heavy minerals by winnowing only after rains have
washed the salt water from the sands of a berm, backbeach, or
tidal flat. At any season winds up to 15 miles per hour are
maintained on the Coast for as much as a week at a time, and
for some minutes winds on the edge of a squall may reach veloci
ties of 30 to 40 miles per hour.

Both are responsible for dune building, Figures 3 and 7,
where light weight quartz sand and smaller grains of "heavies"
are moved alike. At first observation there appears to be little
sorting but blowouts and storm cuts in the dunes indicate
stronger winds where laminae of heavy minerals are inclined.
Further, the dunes on the Gulf side of a barrier island contain
more "heavies" than those on the Sound side, testifying to
transport on the Islands of the quartz sand farther by prevail
ing winds from the Gulf.

However, the greatest winnowing by dry winds is accom
plished on the berms, Figure 23, and on the tidal flats, Figure
24. In a stiff breeze one can watch quartz sand blowing, leav
ing the "heavies" behind as a pavement. In a lighter breeze
quartz sand may cover a pavement of heavy minerals.

SAMPLING OF HEAVY MINERALS

Most of the samples of heavy minerals collected were ob
tained by Foxworth in July-August 1956 or in August 1957. His
sampling locations are shown on the map (Plate 1). His find
ings comprise Table 1, "Analyses of Heavy Minerals in Missis
sippi Sound Beach Sands." The analyses of few other samples
taken by Priddy and Moore in July-August 1958,July-August 1959,
March-April 1960, and August 1960, are not recorded here be
cause they merely confirm the findings of Foxworth. Moore
collected for eight days in July-August 1961, from the west end



42 MISSISSIPPI GEOLOGICAL SURVEY

Figure 22.—Fresh water ripple marks in heavy mineral pavement, Culf side of
West Ship Island, opposite the Fort. Later, winds filled the trough
with white quartz sand. Photo by R. R. Priddy, April 1960,
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Figure 23.—A storm berm concentrate of heavy minerals being covered with
quartz sand by dry winds, station I 7, Gulf side of West. Ship Is
land. Note the white quartz sand forming wind ripples and piling
in the lee of the shovel. Photo by W. S. Moore, August 1961.
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of West Ship Island, west of Old Fort Massachusetts, and one
day from the Gulf side of the remainder of West Ship Island,
Figure 10, to determine thicknesses of the deposits and percent
"heavies," not mineral analyses.

Most of Foxworth's samples were taken from the forebeaches,
the area which lies between high and low tide. One excep
tion is a lamination sample from the center of Ship Island which
is above normal high tides but which is underwater during
storms.

COLLECTION OF SAMPLES

Two techniques in sampling were used in collecting heavy-
minerals, coring the thicker beds and scraping the thinner beds,
laminations. Four-inch cores were obtained where trenching
indicated a concentrate of dark sands at least that thickness.

A can, open at both ends, was thrust into the deposit and then
the can and core were lifted out after the surrounding sand had

Figure 24.—Wind ripple marks on a tidal flat paved with "heavies," Sound
side, west end of East Ship Island. Photo by W. S. Moore, July
1959.

been dug away. Laminated "heavies" were shaved from con
centrates of less than one inch in thickness by the blade of a
trenching tool. Approximately 300 grams of heavy minerals
were collected by each method.

Not all deposits, even the richer appearing ones, were sam
pled. Only those sands were used which were easily accessible
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at high normal tide and which could be relocated on charts or
maps. Concentrates which had collected in the lee of driftwood
and other temporary obstructions were passed by.

Foxworth, Priddy, and Moore, experienced difficulties in sam
pling because of squalls at any time of the year, usually rough
water on the Gulf side of the barrier islands, shoal water ap
proaches to many beaches, and lack of geographical control.
The later drawback will be rectified as soon as the class in Civil

Engineering, which is now based at the Gulf Coast Research
Laboratory late each summer, establishes permanent survey
stations.

CODE NUMBERS OF SAMPLES

A simple method of coding the samples was used. A letter
represents the general locality of sampling and a number shows
a specific locality, Plate 1 and Tables 1, 2, 3, 4, and 6 (to be
discussed later). General locality designates are:

ML Mainland PB Petit Bois Island

C Cat Island D Deer Island

S Ship Island R Round Island
H Horn Island

Further, the method of taking the samples is explained by
the code. For example, ML-2 indicates that the "heavies" were
obtained by coring whereas ML-2a indicates that dark sand was
scraped from laminations at the same locality as ML-2. The
purpose of collecting surface laminated heavy minerals was to
make comparisons with the core samples as to grain size and
mineral content.

The same code is used in recording mineral analyses of the
"heavies" (Table 1). Table 1 is entitled "Analyses of Heavy
Minerals in Mississippi Sound Beach Sands."

SAMPLE LOCATIONS

(Plate 1, Table 1)
Mainland

ML 1 Core narrow beach, just east of mouth of Bayou
Caddy

ML 2 Core broad beach, Bay St. Louis city pier
ML 2a Lamination broad beach, Bay St. Louis city pier
ML 3 Core broad beach at Pass Christian, old Marine

school
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ML 3a Lamination

ML 4 Core

ML 4a Lamination

ML 5 Core

ML 6 Core

ML

ML

ML

ML

7

8

8a

9

Core

Core

Lamination

Core

Round Island

R 1 Core

R la Lamination

Deer Island

D 1 Core

D 2 Core

D 3 Core

Cat Island

C 1 Core

C 2 Core

c 2a Lamination

c 3 Core

c 3a Lamination

c 4 Core

c 4a Lamination

c 5 Core

C 5a Lamination

Ship Island
S 1 Core

S la Lamination

S 2 Core

S 2a Lamination

S 3 Core

broad beach at Pass Christian, old Marine
school

broad beach, east Gulfport along U. S. High
way 90

broad beach, east Gulfport along U. S. High
way 90

broad beach, Edgewater Gulf Hotel, U. S.
Highway 90

broad beach, in Biloxi, opposite tip of Deer
Island

broad beach, Ocean Springs, municipal pier
narrow beach, apex of Beilefontaine Point
narrow beach, apex of Beilefontaine Point
narrow beach, Pascagoula municipal beach

at River mouth

narrow beach, south side, at abandoned light
house

narrow beach, south side, at abandoned light
house

narrow, steep beach, middle of Island, north
east side

sandy spit, northwest end, opposite Biloxi
wide, low beach, middle of Island, southwest

side

broad beach, north tip of north arm of
Island

broad beach, middle of Island, east end
broad beach, middle of Island, east end
broad spit, west end of south arm

broad spit, west end of south arm
narrow spit, west end of Island
narrow spit, west end of Island
narrow beach, middle of Island, north side,

old harbor

narrow beach, middle of Island, north side,
old harbor

blunt bar, west end of Island
blunt bar, west end of Island
broad but low beach, middle of Island, Gulf

side

broad but low beach, middle of Island, Gulf
side

(omitted because of contaminating peat)
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S 3a Lamination

s 4 Core

s 4a Lamination

Horn Island

H 1 Core

H la Lamination
H 2 Core

H 2a Lamination
H 3 Core

H 4 Core

H 4a Lamination

Petit Bois Island
PB 1 Core
PB la Lamination
PB 2 Core

PB 3 Core
PB 3a Lamination

narrow storm berm, middle, north side, at
old dock

bar at stream mouth, middle, north side
bar at stream mouth, middle, north side

broad beach, 2 miles from east tip, south side
(this beach swept away, Sept. 1960)

same as H-l

narrow, low bar, east tip of Island
(this bar swept away, Sept. 1960)

same as H-2

wave cut cliff of sand, middle, north side
(omitted because most of dark material prov

ed peat)
broad beach, 2500 feet east of west tip, south

side

steep, narrow bar, west end of Island
steep, narrow bar, west end of Island
broad beach, middle of Island, north side
blunt low bar, east end of Island
blunt low bar, east end of Island

LABORATORY METHODS AND PROCEDURE

In the laboratory Foxworth prepared each sample of sand
containing heavy minerals for mechanical analysis. The sands
were first sized, then the "heavies" were separated, the minerals
were identified, and the frequencies were counted. The methods
used are described in considerable detail in order that further
studies may be made easier. The laboratory procedure used is
outlined on the flow sheet (Figure 25).

MECHANICAL ANALYSIS

The samples Foxworth collected at the 27 locations, Plate 1,
weighed about 300 grams each. These sands were reduced by
the quartering method to about 150 grams. The portions were
then washed, weighed, and allowed to dry at room temperature
for several days. The dried materials were split, using a Jones-
type sample splitter, to 100 grams and weighed to the nearest
gram on a torsion balance.

Each sample was screened through a set of Tyler sieves
which was shaken by a Tyler Rotap machine equipped with an
automatic timer. Shaking was for 15 minutes, the time recom-
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SPLITTING

WASH AND DRY

SPLIT TO iOO GRAMS

SIEVING BY RO-TAP

15 MINUTES

SPLIT TO 20 GRAMS OR
USE AMOUNT PRESENT

SEPARATE HEAVY MINERALS

SLIDE PREPARATION

FREQUENCY COUNT

Figure 25.—Flow sheet for laboratory procedure.

REFERS
ENCE

^SAMPLE,
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mended by Keller25, who found that under similar conditions
of analysis at least 12 minutes shaking was necessary to give
percentages reproducible to within one percent.

The combination of seven sieves used were based on the \/2
and ^2 scale, and the sieves were chosen so that the openings
corresponded as nearly as possible. The sieve sizes used and
the corresponding phi numbers are recorded in Table 2.

Table 2

Sieve Sizes and Corresponding Phi Numbers

Tyler Sieves Phi Numbers

0.991 mm 0

0.495 mm 1.0

0.351 mm 1.5

0.246 mm 2.0

0.175 mm 2.5

0.124 mm 3.0

0.061 mm 4.0

Pan

After sieving, the weight of sand remaining on each screen
was recorded and the fractions were filed for the heavy mineral
separation and analysis. The size distribution of the samples is
shown by weight in grams (Table 3). The code numbers desig
nate collecting points (Plate 1).

The data obtained are represented by the logarithmic phi
scale, following after Krumbein26. The logarithmic equation
<£=log2 E (where E is the diameter in mm of the grains) when
applied to the Wentworth scale gives integers for those Went-
worth grades used. These integers greatly simplify the compu
tation of the quartile functions. The phi numbers that corres
pond to the grade sizes used are shown in Table 2.

Table 3

Size Distribution of the Samples by Weight, in Grams
(Samples are by code, Plate 1)

Through
Sample .991 .495 .351 .246 .175 .124 .061 .061 mm

mm mm mm mm mm mm mm (pan)
ML-1 T 1 7 40 47 6 T T
ML-2 T 2 5 27 51 14 1

ML-2a T 1 16 54 23 5 1

ML-3 T 22 41 23 11 3 T T
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Table 3--(Continued)

ML-3a T 1 9 35 35 20 1

ML-4 2 19 18 22 23 15 2 T

ML-4a T 2 11 26 37 22 3 T

ML-5 7 15 36 34 8 1 T

ML-6 2 10 35 40 13 T T

ML-7 1 3 7 20 43 22 4 T

ML-8 T 6 26 51 15 2 T T

ML-8a 1 11 43 31 12 2 T

ML-9 T 4 37 45 12 1 1

D-l 2 16 47 31 3 T

D-2 T 21 39 33 7 1 T

D-3 1 5 30 53 11 1

D-3a T 6 28 42 18 6 1

R-l T 4 15 38 34 7 1 1

R-la T 2 13 51 26 8 1

C-l T 22 63 14 1 T

C-2 1 5 45 45 5 T

C-2a T 1 26 53 17 4 T

C-3 1 5 50 39 4 1 T

C-3a T 1 2 13 56 25 4 T

C-4 1 3 45 47 4 1 T

C-4a T 1 21 57 15 7 T

C-5 T T 4 32 54 10 1 T

C-5a T 1 14 59 19 7 T

S-l T 2 42 44 8 3 T

S-la T T 6 31 36 25 1

S-2 T 3 10 41 31 13 3 T

S-2a T 1 10 32 44 12 2

S-3a T 1 8 31 34 25 1

S-4 4 9 48 32 6 2

S-4a 1 1 10 28 38 19 2

H-l T 6 29 52 11 1 T T

H-la 1 8 34 35 18 3 T

H-2 T 6 21 55 17 1 T

H-2a T 10 7 12 57 13 T T

H-3 T 15 45 37 3 T T

H-4a T T 4 45 43 7 1

PB-1 T 27 43 24 6 T T

PB-la 3 6 42 35 13 1 T

PB-2 T 33 60 6 T T T T

PB-3 4 10 39 31 15 1 T

PB-3a 1 11 61 22 4 T T

*T indicates that a trace of material was present.

The quartile and median values were obtained by plotting
cumulative curves for all samples. The median and quartile
values are reported in phi numbers by reading directly from
the cumulative curves. The median is found by reading the
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values where the 50 percent line intersects the curve. The first
and third quartiles are found by taking readings where the 25
and 75 percent lines, respectively, intersect the curve.

The phi median diameter is the diameter which is larger
than 50 percent of the diameters in the distribution, and smaller
than 50 percent, according to Krumbein and Pettijohn27. The
first quartile (Qi^») is the diameter which has 75 percent smaller
than itself and 25 percent larger than itself. The third quartile
(Qz<f>) is the diameter which has 25 percent of the distribution
smaller than itself and 75 percent larger than itself.

The quartile deviation (QD<£) was computed by substituting
the quartile values directly in the equation

QD^=(Q30—Qtf)/2

The quartile deviation is a measure of average spread of the
curve.

Quartile and median values (Md<f>) and the quartile devia
tions are shown as parts of Table 4.

Table 4

"Data From Cumulative Curves

qt<p first quartile, md# median, qg^> third quartile, qd^ quartile
deviation, Skq^> skewness, and So coefficient of sorting

Sample Ox* Md<£ Q3* QD^ Skq* So

ML-1 1.9 2.0 2.2 .15 .05 1.11

ML-2 1.9 2.2 2.4 .25 —.05 1.19

ML-2a 2.0 2.3 2.6 .30 0 1.23
ML-3 1.0 1.4 1.7 .35 0 1.27

ML-3a 2.2 2.6 3.0 .40 —.05 1.33

ML-4 1.1 1.8 2.3 .60 —.1 1.48

ML-4a 1.7 2.3 2.5 .40 —.2 1.31

ML-5 1.5 1.9 2.2 .35 —.05 1.27

ML-6 1.8 2.0 2.3 .25 .05 1.19

ML-7 1.9 2.2 2.5 .30 0 1.23

ML-8 1.4 1.7 1.9 .25 —.05 1.18

ML-8a 1.7 2.0 2.2 .25 —.05 1.18

ML-9 1.8 2.1 2.3 .25 —.05 1.19

D-l 1.6 1.9 2.1 .25 —.05 1.17

D-2 1.0 1.4 1.7 .35 —.05 1.26

D-3 1.9 2.1 2.3 .20 0 1.14

D-3a 1.9 2.1 2.5 .30 .1 1.23

R-l 1.6 1.9 2.2 .30 0 1.23

R-la 2.1 2.3 2.6 .25 .05 1.20
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Table 4—(Continued)

C-l 1.5 1.8 2.0 .25 —.05 1.20
C-2 1.7 2.0 2.3 .30 0 1.23
C~2a 1.9 2.2 2.5 .30 0 1.23

C-3 1.7 2.0 2.2 .25 —.05 1.18

C-3a 2.1 2.3 2.5 .20 0 1.15
C-4 1.8 2.0 2.3 .25 .05 1.19
C-4a 2.0 2.2 2.5 .25 .05 1.17

C-5 1.9 2.1 2.3 .20 0 1.14
C-5a 2.1 2.3 2.5 .20 0 1.15

S-l 1.8 2.1 2.2 .20 —.2 1.14

S-la 2.3 2.7 3.0 .35 —.05 1.28

S-2 1.7 2.0 2.3 .30 0 1.23

S-2a 2.3 2.6 2.8 .25 —.05 1.19

S-3a 2.3 2.7 3.0 .35 —.05 1.28

S-4 1.7 1.9 2.1 .20 0 1.14
S-4a 2.2 2.6 3.0 .4 0 1.33

H-l 1.3 1.6 1.8 .25 —.05 1.19
H-la 1.7 2.1 2.5 .40 0 1.31

H-2 1.5 1.8 1.9 .20 —.1 1.15

H-2a 1.9 2.1 2.4 .25 .05 1.18

H-3 1.1 1.4 1.7 .30 0 1.26
H-4a 2.1 2.5 2.8 .35 —.05 1.28

PB-1 1.0 1.1 1.6 .30 .2 1.23

PB-la 1.8 2.0 2.3 .25 —.05 1.19
PB-2 0.9 1.1 1.3 .20 0 1.15
PB-3 1.7 2.0 2.3 .30 0 1.23
PB-3a 1.6 1.8 2.0 .20 0 1.15

If the frequency curve is symmetrical, the median exactly
coincides with the point halfway between the first and third
quartiles, but if the curve is asymmetrical it is said to be skew
ed. If the curve is skewed, this means the quartiles move away
from the median; if the median moves to the left, it indicates
that the sample contains a larger amount of coarse material than
fine material, and if the median moves to the right, there is
more fine material. This phi skewness (Skq<£) was computed by
substituting the quartile values in the formula propounded by
Krumbein and PettiJohn28.

Skq<£=l/2 (Q^-L-Qs^—2Md<£)

To determine the sorting coefficient (So) of the samples, a
method proposed by Trask29 was used. This sorting coefficient
can be determined by two methods: as advocated by Krumbein
and PettiJohn30 who used the formula

QD<£=log2So
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to draw a conversion chart from which the value of So may be
read directly if the QD<£ is known; or the formula

So = Qi/Qs

can be used, but the quartile measurements can not be logarithms.

Skewness (Skq<£) and coefficient of sorting (So) are shown
as parts of Table 4.

Average medians, quartile deviations, and sorting coefficients
are shown in Table 5 for the entire Mississippi Sound area and
for the islands and the mainland. Similar data has been pre
pared for all the lamination and core samples (Table 5).

Table 5

Average Median, Quartile Deviation, and Sorting Coefficient
for All Samples

Location Md«p QD^> So

0.28 1.21

0.27 1.20

0.27 1.20

0.24 1.18

0.29 1.22

0.29 1.22

0.25 1.19

0.31 1.24
Table 6

Average Median, Quartile Deviation, and Sorting Coefficient
for 19 Lamination Samples and 27 Core Samples

Type Sample Md<*> QD0 So

Lamination 2.30 0.29 1.33

Core 1.83 0.27 1.20

SELECTION OF GRADE SIZE FOR HEAVY MINERAL STUDY

Foxworth's selection of grade size of heavy mineral sand
grains for optical examination, line 2 of Table 1, was based
chiefly on studies made by Rubey31. This investigator believed
that the best choice is the modal size, the fraction which rep
resents the same relative position within the size-distribution
curve of each sample. However, the selection has several weak
points: (1) the variations in size caused by abrasion of grains
are not eliminated, (2) variations in size due to irregular size-
distribution of the heavy minerals in the source rocks are not

Total area _ 2.02
Dppr Island 1.87

Round Island . .. 2.10

Cat Island 2.10

Ship Island - - 2.37

Horn Island 1.91

PR Island 1.60

Mainland 2.03
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eliminated, (3) the ability of large waves to set on shore both
small and large grains where as gentle waves can only deposit
small grains, and (4) color pleochroism and birefringence of
different grains are not easily compared when sizes are dif
ferent.

Fortunately, in those heavy minerals of the Mississippi Coast
studied, the variation in modal size is rather small. The range
in 98 percent of the modal sizes was either 0.124, 0.175, or 0.246
mm. A single anomaly is size 0.351 in H-3 sample (Table 1).
In 70 percent the sizes were 0.124 or 0.175 mm. By experiment
Foxworth discovered that samples which showed the same modal
size yielded comparable results.

A method for selecting sizes for study recommended by
Rubey32 was also tried but was abandoned. The idea is to choose
grains of two sizes and mix them, first a relative size and second
the actual size, or the same grain size for each sample. The
difficulty in applying this method was that "heavies" in some
Gulf Coast samples of beach sand were insufficient to mix them
with other samples in equal proportions.

HEAVY MINERAL SEPARATION

A heavy liquid is used to separate heavy minerals from the
sieved fractions of washed Gulf Coast beach sand samples. The
medium is satisfactory for laboratory extraction but it is far
too expensive for commercial use. To remove the "heavies"
economically various electromagnetic, electrostatic, and flotation
procedures must be used.

In the laboratory the heavy liquid chosen by Foxworth was
tetrabromethane, as advocated by Twenhofel and Tyler33, which
has a specific gravity of 2.96 at 20 degrees Centigrade. How
ever, because of its availability, Moore used bromoform (specific
gravity 2.89) for extracting the "heavies" from the beach sands
of West Ship Island which he collected in 1961. Bromoform is
the medium used by Milner34 in techniques he developed. In
studying insoluble residues of Indiana and Ohio Niagaran rocks,
Priddy85 employed a "heavy" Thoullet's Solution, a saturated
water solution of potassium iodide, potassium hydroxide, and
mercuric iodide which was difficult to control because of vary
ing humidity and temperature. The specific gravity of tetra-
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bromethane and bromoform varies slightly with vapor pressure,
not with humidity and temperature.

Whichever heavy liquid is used, the point to remember is
that "heavies," those minerals having a density of at least 2.72,
are separated from quartz sands whose specific gravity is 2.65.

The equipment used by Foxworth and Moore for extracting
the heavy minerals by heavy liquids is simple: (1) a funnel
battery in which glass funnels can be mounted on a top row
and other glass funnels can be placed beneath them on a bot
tom row, (2) funnels equipped with rubber tubing and pinch-
cocks, (3) filter paper inserted in the funnels of the lower row
for trapping the "heavies," (4) small beakers to catch the used
heavy liquid drained through the filter paper, (5) acetone or
carbon tetrachloride which is used to wash the "heavies" free
of heavy liquid, tetrabromethane and bromoform, respectively,
and (6) stirring rods and watch glasses.

The following are the steps in the separating procedure
which must be followed either in a chemistry hood or out of
doors:

(1) Close pinchcocks at bases of the upper funnels;

(2) Introduce enough heavy liquid to make these upper
funnels 3/4 full;

(3) Add 20 grams of whatever grade size of sand is
selected for extraction of its "heavies";

(4) Alternately stir and let settle for one hour;

(5) Open pinchcocks and permit the "heavies" to drain
into the lower funnels where they are caught on
filter paper;

(6) As soon as the heavy liquid drains through the filter
paper and is being caught in beakers below, the
"heavies" are washed repeatedly, with acetone if
tetrabromethane is used, or with carbon tetrachlo
ride if bromoform is used, to remove excess heavy
liquid;

(7) Remove filter paper containing "heavies" as soon as
they are air-dried;
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(8) Reload lower funnels with filter paper, open pinch-
cock, collect light weight sand grains on the paper,
save the heavy liquid for further use, and discard
the light weight grains; and

(9) Air-dry the "heavies" for several days at room tem
perature, weigh this heavy fraction, record weight,
and store heavy mineral separates in glass vials
whose labels record sample number, grain size, and
weight, preparatory to identifying the minerals and
making frequency counts of the several minerals.

After the separated fraction had dried for several days at
room temperature, the heavy fractions were weighed and the
weights recorded. The "heavies" were then stored in glass vials
for later study, for making frequency counts, for identification
of mineral species, and for determining phi medians, sorting
coefficients, and skewness.

FREQUENCY COUNT OF HEAVY MINERAL GRAINS

Before mounting the grains of "heavies" for a frequency
count, Foxworth considered three problems: (1) could similar
minerals be distinguished in the grain mounts; (2) in what
mounting medium should the grains be studied; and (3) what
should be the length of the frequency count?

Because it is difficult to distinguish between magnetite and
ilmenite it was desirable to remove one. Due to its magnetic
intensity (I), magnetite was easily withdrawn by an electro
magnet, leaving the ilmenite which has a magnetic rating of
II. On weighing the residue of heavy minerals, the difference
was recorded as percent magnetite (Table 1).

Then the samples were studied under the petrographic mic
roscope to determine the frequency of the remaining mineral
grains. Three mounting media were considered: Lakeside 70
cement, Canada balsam, and piperine. The first two could not
be used because the indices of refraction are too low to permit
rapid identification of the non-opaque "heavies." In contrast,
pipeline was satisfactory because its high index of refraction
of 1.680 is fairly close to those of most of the heavy minerals.
Further, the piperine mounts are easily made by mixing the
grains with piperine powder on a glass slide, heating until melted,
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and then adding cover glasses. After standing several days the
pipeline tends to crystallize but this can be prevented by bak
ing the slides at 180° Centigrade for one hour, as suggested
by Martens38.

In many samples heavy mineral grains in the modal size
were so numerous that the volume had to be reduced with a

Jones-Type micro-splitter before mounting. Such large quanti
ties are, of course, desirable. Most separates studied are in
grade size 0.175 (Table 1). However, in other separates the
modal sizes did not yield sufficient grains for an adequate
count so another grade size in which the "heavies" were most
abundant was used, as indicated by the sizes 0.246, 0.124, and
0.351 (Table 1). Although it may be necessary, it is misleading
to switch grade sizes when making mineral counts because some
mineral species may have larger grains than those of other min
eral species in the same sample. An illustration is the two
underlined analyses C-2, Table 1, which show pronounced dif
ferences in magnetite, ilmenite, kyanite, and staurolite content.

In considering the length of count to be employed, Fox
worth tried the method advocated by Chayes37 who discov
ered that the critical range for number of frequency analysis
is between 500 and 2000 grains, as Chayes38 shows in a graph.
The increased accuracy of a 1000 grain count as to one of 500
grains is graphed as a 2.5 percent error as against an error of
only 0.8 percent. Of course, a 500 count is less time consuming.

If the sample volume permitted, Foxworth counted 1000
heavy mineral grains, as indicated on Table 1, where certain
analyses have odd decimals. In ML-1, for example, percent
and number of grains are related thus:

0.50 percent recognized 5 grains in 1000

101

321

50

5

1

276

hornblende 0.50 perc

ilmenite 10.10

kyanite 32.10

leucoxine 5.00

rutile 0.50

spinel 0.10

staurolite 27.60

etc.

u »» >

)> » >

>> »» >

j> >» M

>> » n

?> » jj



HEAVY MINERALS FROM RECENT BEACHES AND ISLANDS 57

In contrast, the first C-2 sample listed in Table 1, was analyzed
on a 500 grain count, where the decimals are even numbers:

magnetite 6.20 percent recognized 31 grains in 500

hornblende 0.60 )> )J 3 77 jj »

ilmenite 7.20
)) ))

36 !' » »

kyanite 30.40 )» >>

152 ?> >» »

staurolite 24.60 >> >> 123 >> j» jj

etc.

All counts were made by using a click type mechanical
stage. Only those grains were counted which passed under the
cross-hairs of the petrographic microscope.

Figure 26.—Photomicrograph (left) of West Ship Island "heavies." Total magni
fication 43.2; uncrossed prisms; Ansco Veraspan fine grain film,
speed 40. Photographed by Johnson and Smith, July 24, 1961.
Tracing from film on the right. Mjneral grains designated thus: E
epidote, I ilmenite, K kyanite, Le leucoxene, M monarite, Mg magne
tite, R rutile, c-P clino-pyroxene, o-P ortho-pyroxene, and Z zircon.

IDENTIFICATION OF HEAVY MINERALS

The minerals in the heavy mineral suites were studied by
conventional petrographic methods. Foxworth's extracts were
restudied by Johnson. Johnson agreed with Foxworth's min
eral identifications with but three minor exceptions, all are
depicted in the photomicrograph, Figure 26, of a Ship Island
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sample collected in 1960. It is Johnson's preference to place
augite, diopside, and pigeonite in the difficult to differentiate
clino-pyroxene group. By the same reasoning, he would prefer
to call Foxworth's hypersthene (enstatite) ortho-pyroxene, an
other difficult group. In his inspection of beach heavy min
eral separates, Johnson discovered 0.3 percent monazite grains,
unreported by Foxworth, a mineral of no consequence in the
Sound but very important in Florida.

Actual identification of the minerals comprising the "heavies"
was first made by the single grain method—immersing them
grain by grain, in the conventional index oils. Once the indi
vidual grains were recognized their optical properties were
measured in piperine mounts. After several slides had been
carefully studied, mineral grains could be identified and count
ed by observing relief, color, pleochroism, and cleavage. In
this procedure Winchell's Elements of Optical Mineralogy, Part
II—Descriptions of Minerals, 1951, was the chief reference. Where
mineral grains were unidentifiable by the petrographic scope,
Foxworth resorted to X-ray analyses. Any further study of the
heavy minerals should be patterned after the same method.

RESULTS OF MECHANICAL ANALYSES

Data obtained from Foxworth's mechanical analyses are in
teresting but the samplings were too far spaced to furnish much
information on the heavy mineral grain size in the beaches and
dunes of the whole area. In this respect, Moore's close hand-
augering of West Ship Island, Figure 10, represents the near
ideal method in obtaining sands for size and mineral studies.

Further, the sizes of Foxworth's 27 cored sands, Table 1,
must not be compared with the sizes in his 19 lamination samples
because the latter are by definition thin deposits of "heavies"
marooned on the beaches by gentle wind waves. Laminae were
scraped up for the express purpose of determining if their
"heavies" were different from storm deposited "heavies." In
general, most grains in laminae are the smallest in beach sands
and the most prevalent in dunes (Table 1).

PHI MEDIAN

The average phi median of all the lamination samples is
2.30 (0.20 mm), and the average phi median of all the core
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samples is 1.83 (0.28 mm) (Table 6). Hence the lamination
sand is smaller than the typical beach sand as represented by
the core samples. The difference is to be expected because the
lamination samples were laminae of concentrated heavy minerals
and because these heavy minerals are predominantly fine-grained.
As stated above, no valid comparison can be made between the
areas, but the general trend indicates that the sand becomes
finer to the west. This seems to have some relation to the di

rection of the prevailing currents (from east to west). Probably
with additional work a direct correlation of the two can be
made for this area.

SORTING COEFFICIENT

The sorting was measured by the coefficient of sorting (So)
suggested by Trask30. Mechanical analyses of the heavy mineral
grains showed that both the core and lamination samples are
well sorted, in the range 1.11 to 1.48 with an average of 1.21
(the average So for good sorting is 2.5 or less). The difference
between core and lamination samples is actually very small
(Table 6).

SKEWNESS

The quartile skewness in all samples is also very small (Table
4). Only three samples skewed appreciably (ML-4a, S-l, and
PB-1). There were 20 samples with minus skewness, 8 with
plus skewness, and 18 with zero skewness.

RESULTS OF HEAVY MINERAL ANALYSES

The heavy minerals of the mainland and island beaches of
the Mississippi Sound are 27 in number, as recognized by Fox
worth. They are listed in Table 1, which also indicates (1) the
sample code number corresponding to the 46 samplings (and
one repetition, C-2) shown on Plate 1, (2) the grade size of
"heavies" examined, and (3) the weight percent of heavy sand
separate used. The magnetite content is shown in percent by
weight, the material removed by an electromagnet. Because of
their similar optical properties, several minerals are recorded in
pairs—augite and diopside, dolomite and siderite, limonite and
hematite, and pyrite and marcasite. Four varieties of tourma
line are differentiated, abundant brown and much less abundant
blue, green, and colorless.
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DESCRIPTION OF MINERALS

The mineral identifications and the abundance determina

tions are by Foxworth (Plate 1). Johnson used Foxworth's
piperine slides and unmounted grains and some "heavies" col
lected in 1961 to review Foxworth's identifications. Chemical
formulae are included in the discussion of 19 minerals below;
the conventional formula on the left and the type formula, if
different, on the right. There are also observations on the source
or sources of each mineral, based on Milner40, unless otherwise
indicated.

Andalusite Al2SiO0 Al2OSi04

Colorless; occurs in irregular, sub-angular grains. The grains
are clouded by inclusions which are possibly carbonaceous.

Possible Source. Granites and contact metamorphic rocks.
Epidote Ca2(Al, Fe, Mn)3(OH)Si3012 Ca2Al2OHSi3012

Only a minor amount of epidote was found. The grains
observed were lemon-yellow in color and irregular to subangular
in shape.

Possible Source. Metamorphic rocks, especially altered im
pure limestones, also from altered igneous rocks.

Garnet Ca8Al2Si30i2 A3B2(Si04)3 where A=Ca, Fe", Mn"

and where B=A1, Fe'", Cr

Under petrographic microscope only the colorless variety of
garnet was found. However, study under the stereoscope reveal
ed a few grains of pink garnet. Both varieties were well round
ed.

Possible Source. Metamorphosed limestone, schist, nepheline-
syenites.

Hornblende CajNaa (MgFe) 8(AlFe) 2(Aj^SijoO^) (OH,F) 4

Brown to greenish-brown in color, somewhat platy and ellip
tical to elongate in outline. Most grains are pleochroic.

Possible Source. Igneous and metamorphic rocks, especially
granite, syenite, diorite, diabase, gneiss, and mica schist.

Ilmenite FeTi03
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Opaque, brown to black with submetallic luster and tinge
of purple in reflected light. The grains are plentiful. They are
irregular to rounded. The white alteration product, leucoxene,
can be observed on some of the grains.

Possible Source. Common in many igneous and metamorphic
rocks, such as granite, syenite, diorite, diabase, gneiss, and mica
schist (Kraus, Hunt, and Ramsdell, 1951, p. 292).

Kyanite Al2OSi04

Colorless, tabular, elongate in direction of the "c" axis and
partings 90 degrees to the elongation. Usually the elongate
grains are rounded along the edges. Other grains are some
what elliptical in outline and do not show partings. Inclusions
are common and some grains are highly altered.

Possible Source. Metamorphic rocks, especially mica schists
and certain gneisses.

Leucoxene Ti02

Opaque, white to yellow-white in reflected light. Grains
are irregular to subrounded in shape with very highly pitted
surfaces. An X-ray defraction analysis was run to verify the
identification. The "d" spacings were identical to those of rutile.
This confirms the conclusions of Tyler and Marsden41, that
leucoxene does not exist as a distinct mineral species. They
restrained the name to designate micro-crystalline Ti02.

Possible Source. Generally believed to be an alteration pro
duct of ilmenite.

Limonite Fe203*nH20 and Hematite Fe203

The total amount of these minerals is so small and they
are so difficult to separate that they are grouped. Both are
brown to yellow and opaque. Limonite is yellow-brown in re
flected light whereas hematite is red.

Possible Source. Priddy believes that both minerals may be
deposited in the shallower bottoms surrounding the islands
during the influx of saltier waters. They may, also, be oxida
tion products of iron or steel cast on beaches in driftwood, later
to be eroded, and still later to be thrown on the beaches by wind
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waves. Again, limonite and hematite may be oxidation products
of pyrite and marcasite formed in nearshore reducing bottoms,
carried into saltier water, and cast on the beaches by waves.

Mineral X

Very small grains, too small to identify by petrographic
scope and too small to pick out for X-ray analysis—hence Min
eral X. The grains are colorless, elongate prismatic, have parallel
extinction, and an index of refraction greater than 1.680.
Pyrite FeS2 FeSS Marcasite FeS2 FeSS

Mineral grains and slightly abraded crystals or crystal clust
ers of pyrite or marcasite are found in about half the beach
sands, although in very small amounts. Both minerals are opa
que and have a brassy yellow color in reflected light.

Possible Source. Because both minerals oxidize rapidly, they
are believed to be indigenous to the Sound. Both Barton42 and
Snowden43 described them in their theses dealing with inshore
bottoms where reducing conditions were prevalent. Similar re
ducing conditions exist in places along the barrier islands where
the shores are marshy.

Rutile Ti02

Brownish-red to deep-red grains varying in shape from well-
rounded to irregular. The thicker, dark-red grains are nearly
opaque. Some grains are striated.

Possible Source. Acid igneous rocks and some metamorphic
rocks. Frequently derived from the decomposition of ilmenite.

Siderite FeC03

Gray, rounded to sub-rounded grains. Has prominent rhom-
bohedral cleavage lines. Often stained brown along the cleavages.

Possible Source. Clay ironstone and allied stratified de
posits. Also from metalliferous veins.

Sillimanite Al2OSi04

Highly altered grains not identifiable by petrographic micro
scope but recognized by X-ray diffraction.

Possible Sourse. Metamorphosed limestone and dolomitic
limestone. In some schists.
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Spinel (Fe, Mg)Al204 (Mg, Fe, Zn, Mn) (Al, Cr) 204

Subrounded to rounded, green to blue grains; isotropic. Dif
ficult to distinguish from garnet under petrographic microscope
so checked by X-ray diffraction analysis. (Spinel is also call
ed pleonaste.)

Possible Source. Metamorphosed limestones and dolomitic
limestones. In some schists.

Staurolite HF2Al908Si40ls

Plentiful red-brown, brown, and yellow-brown very irregu
larly shaped grains marked by hackly to subconchoidal frac
ture. All grains are pleochroic. Inclusions are common.

Possible Source. Some schists. In contact metamorphic rocks.

Tourmaline (Na,Ca) 5(Al,Fe,Mg,Mn,Ti) 27 (Si,B) 27088 (OH) 4

XY3A10 (OH) 4(B03) 3SicOa8

X=Na,Ca, rarely K Y=Mg,Al,Li,Fe, etc.

Plentiful grains varying from brown to blue to green to
colorless with brown the most common. Some grains are per
fect hexagonal crystals; others are somewhat rounded elongate
grains; and some are transparent to translucent.

Possible Source. Pneumatolytic acid igneous rocks, pegma
tites, some schists, some gneisses, and some phyllites.
Zircon ZrSi04

Colorless grains of two types; prismatic grains which are
slightly rounded, and elliptical to well-rounded grains. Inclu
sions are common and are mostly alligned with the elongation.

Possible Source. Acid and intermediate igneous rocks; less
commonly in some schists and metamorphosed limestones.

HEAVY MINERAL TRANSPORT INTO MISSISSIPPI SOUND

It is obvious that most of the minerals in the "heavies"

described above and listed in Table 1 have been brought into
the Mississippi Sound from a metamorphic-igneous source. Fox
worth repeatedly noted that they were transported by rivers
heading in the southern Appalachians, a view that other writers
before him held and a belief that later students have enlarged.
Several expressions of an Appalachian origin for the heavy min
erals are mentioned briefly in "Other Investigations."
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In the next few pages Priddy ventures to. interpret these
writings and explain (1) how these heavy minerals were brought
into the Sound, (2) why the Mississippi Coast "heavies" differ
from the residual "heavies" in the southern Appalachians, (3)
how some were incorporated in sedimentary rocks and later
released by erosion, and (4) why there is such a great varia
tion in the size and shape of a heavy mineral grain. The study
may seem academic but it may lead to the finding of "heavies"
inland in Mississippi, in the higher beaches of the Gulf Coast,
in upland river deposits, and in upland marine sands or marls
which mark ancient strandlines.

PRESENT DRAINAGE CONTRIBUTES HEAVY MINERALS

The present drainage, which contributes "heavies" to the
Mississippi Coast and which has probably carried heavy minerals
for several millions of years, consists of five notable rivers and
many small streams. The rivers are numbered on the map,
Figure I, from west to east (1) Mississippi, (2) Pearl, (3) Pasca
goula, (4) Mobile-Tombigbee, and (5) Alabama. The map also
shows the physiographic provinces drained. Roman numerals
I, II, and III designate the cycles of erosion of the heavy min
erals in each province: la first cycle in the Blue Ridge and lb
in the Piedmont where the minerals available for transport are
little altered; second cycle Ha in the Ridge and Valley Pror-
vince and lib in the Cumberland Plateau where the minerals

least resistant to erosion have been lost; and third cycle Hla
in the Cretaceous Coastal Plain and Hlb in the Tertiary Coastal
Plain in which only the most resistant minerals of cycle I have
survived. Third cycle "heavies" are shown in the first of the
photomicrographs by Johnson, Figure 26, of a Ship Island sep
arate. Here, the minerals are kyanite, staurolite, tourmaline,
ilmenite, leucoxene, zircon, and rutile, in that order of abun
dance.

The drainage and heavy minerals data are summarized
(Table 7). The percent column is Priddy's estimates of "heavies"
now being carried by the rivers into the Sound. The next column
shows the areas of the Sound receiving the heavy minerals.
Column 4 indicates the area drained, by physiographic provinces.
After each province, the cycle of erosion of the heavy minerals
contributed is shown by Roman Numerals I, II, III, the designa
tion used in Figure 1.
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PHYSIOGRAPHIC PROVINCES CONTRIBUTING HEAVY MINERALS

The exposed rocks are reviewed by provinces, which present
ly contribute "heavies" to the Sound. Descriptions are generaliz
ed and brief because it is beyond the scope of this report to
describe individual units except those which are known to con
tain heavy minerals of at least one percent concentration. The
Piedmont Province is considered in some detail because (1) it
is thought to be the first cycle source of many of the "heavies"
entering the Sound today, (2) because it has been a first cycle
direct source for millions of years, (3) because it has furnished
most of the heavy detritus which has been incorporated in adja
cent Paleozoic consolidated sediments as second cycle "heavies"
and (4) because some of which were later reworked as third
cycle mineral residues in Mesozoic and Cenozoic deposits which
constitute the Coastal Plain. In contrast, the first, second,1 and
third cycle "heavies," Ig, Ilg, and Illg, furnished by the Missis
sippi River are mentioned briefly because they contribute to
sedimentation in the extreme west of the Sound, only.

PIEDMONT PROVINCE, lb

The rocks of the Piedmont upland of Alabama and Georgia
are igneous and metamorphic. They are believed by most geolo
gists to be Archeozoic and Proterozoic in age. Therefore, erosion
of these rocks would contribute "heavies" to the adjacent Paleo
zoic consolidated sediments, to the overlapping Coastal Plain
sediments, and to the Sound.

According to Clements44 the Archeozoic (Archean) rocks are
chiefly gneissoid biotite granite, biotite gneiss, biotite augen
gneiss, biotite-hornblende gneiss, diorite, olivine diabase, cort-
landite, hypersthene gabbro, hypersthene-hornblende, biotite gab-
bro, pyroxene-hornblende rock, augite norite or hyperite, amphi-
bolite, serpentine, hornblende-mica schist, and quartz schist.

In the younger Proterozoic (Algonkian) rocks of the Pied
mont are abundant "heavies," especially in the garnetiferous and
biotitic Ashland schist, a metamorphosed sediment. According
to Adams45, these strata were intruded by both acidic and basic
dikes and sills making rock masses which are now recognized
as irregular bodies of schists of hornblende, amphibole, and
pyroxene-epidote. Acidic intrusive rocks include granites which
are now mostly gneisses and which contain different quantities
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of hornblende. These, in turn, are intruded by aplites, pegmatites,
and quartz veins. Thus, the Proterozoic beds, too, provide abun
dant "heavies," only a few of which withstand direct transporta
tion to the Sound. Other weathered heavy detritus is incorporat
ed in the adjacent Paleozoic consolidated strata or in the over
lapping Coastal Plain sediments, which, by erosion, contribute
cycles II and III heavy minerals to the Sound.

RIDGE AND VALLEY PROVINCE, Ha, CUMBERLAND PLATEAU

PROVINCE, lib

Successively west of the Piedmont plateau are the consoli
dated sedimentary strata comprising the Paleozoic terrance of
the narrow Ridge and Valley Province and the broader Cumber
land Plateau Province. These strata are reviewed in detail by
Butts46.

The rocks of the Ridge and Valley are chiefly Cambrian
shales and silty sandstones, Cambro-Ordovician cherty dolomites,
Ordovician shaly limestones, and Silurian variegated shales. The
thick shales and the thinner sandstones received heavy min
erals as the nearby Piedmont igneous and metamorphic rocks
were folded, uplifted, and eroded, incorporating their detritus
as second cycle "heavies."

In the Cumberland Plateau the rocks are chiefly Pennsyl-
vanian coal measure silty shales, silty sandstones, and sand
stones. In them are trapped other second cycle minerals which
were eroded later from the re-folded and re-uplifted igneous and
metamorphic rocks of the Piedmont area.

COASTAL PLAIN PROVINCE

The Coastal Plain sediments overlap the rocks of the other
provinces. They are chiefly offlapping sands, gravels, clays,
chalks, marls, and claystones, which were deposited in the broad
Mississippi Embayment. These beds range in age from Upper
Cretaceous to Recent. Most units thicken gulfward, and in so
doing become less clastic downdip. Consequently their lapped
edges, which are now extensively eroded, may have been early
resting places for many of the heavy minerals which are being
carried to the Gulf by the Pearl, Pascagoula, Mobile-Tombigbee,
and Alabama Rivers (Table 7). This view is in accordance with
the ideas of van Andel and Poole10 who believed that the source
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of the mineral assemblage in the eastern Gulf was the Creta
ceous and younger mantle of the southern Appalachians.

Upper Cretaceous Sediments, Ilia. On the surface in north
east Mississippi the Upper Cretaceous strata are exceeding
ly complex, as shown by Stephenson and Monroe47. However,
their simplest sequence is, from base upward: Tuscaloosa gravels
and sands; Eutaw sands, shales, and marls; Selma chalk and
chalky clay; Ripley sands, chalks, and clays; and Prairie Bluff
chalk. A related sequence is noted in Alabama and western
Georgia, where the strata are more clastic. The sandier beds
contain heavy mineral assemblages in varying degrees of maturi
ty, especially the marls and sands which were deposited on
ancient shorelines, well up the dip. As these littoral beds were
successively eroded, they furnished the more resistant "heavies"
to the younger, Cenozoic strata. Even now they contribute third
cycle heavy minerals to the Sound as the outcrops are being
eroded.

Cenozoic Sediments, Illb. Cenozoic sediments by offlap,
overlapped the Cretaceous strata in the shrinking Mississippi
Embayment. They comprise the surface beds of the Coastal
Plain throughout in most of Mississippi and in the southern parts
of Alabama and Georgia.

In Mississippi the simplest sequence is Paleocene Midway
black shales; Eocene Wilcox clays, sandy clays, and sands; Eo
cene Claiborne claystones, marls, sands, and clays; Eocene Jack
son marine clays and marl; Oligocene limestones, marls, and clay
shales; Miocene sands, silts, clays, and shales; and Pliocene
gravels in the south one-third of the state. The best reference
for detailed study of Paleocene and Wilcox strata is Grim48; for
upper Wilcox to Miocene is Priddy49. Of the rocks mentioned
above, the sands, sandy shales, and marls are the best repository
for the third cycle heavy minerals. "Heavies" are concentrated
at places in the thick Wilcox, Claiborne, and Miocene river-laid
sands and are fairly well distributed through the Claiborne and
Oligocene marls and marly sands which represent ancient shore
lines.

Eastward in Alabama and Georgia the strandlines broaden.
Further, many of the Paleocene, Wilcox, and Claiborne strata,
which are non-marine in Mississippi, interfinger with marls or
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marly sands which increase in number and in thickness east
ward. Thus many lower Cenozoic strata on the Alabama-Georgia
line contain beach concentrated third cycle heavy minerals, pro
viding many "heavies" for direct transport by short streams to
the Gulf.

Some third cycle heavy minerals in terrace sands are also
available for direct transport. These sands are believed to be
the remnants of a Pleistocene alluvial blanket which was de

posited atop older Coastal Plain offlapping beds during the sev
eral peaks of continental glaciation when streams had much
greater carrying power than now. The terraces along U. S. High
way 80 in southeast-central Mississippi have been described re
cently by Priddy40. An analysis of the "heavies" in a terrace
sand is on a later page, a sample collected by F. F. Mellen from
Wilkinson County in the southwest corner of Mississippi.

ANALYSES OF COASTAL PLAIN HEAVY MINERALS

Several analyses of Coastal Plain heavy minerals are avail
able. Six have been chosen as representative and are recorded
here (Tables 8, 9, 10, and 11). Unfortunately, all analyses are
not expressed in percent so direct comparisons can not be made.

Table 8 is an analysis by Needham50 who in 1934 described
the heavy minerals of the Upper Cretaceous Tombigbee sand of
northeast Mississippi. He concluded that the crystalline com
plex of the southern Appalachians was the immediate source of
the "heavies" and that sedimentary rocks contributed very minor
amounts.

Table 8

"Average Percentage of Heavy Minerals in the Tombigbee Sand

Mineral Percent

Epidote 25-50
Garnet 10-25

♦Kyanite 10-25
♦Ilmenite _.10-25
♦Tourmaline (Brn) 5-10
Zircon 1-5

Titanite 1-5

Sillimanite 1-5
♦Staurolite 1-5

♦Tourmaline (Blue) 1-5
Leucoxene 1-5

Biotite 1-5"

♦chief "heavies" in Mississippi Sound
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Although he did not show percent frequency of the individual
minerals, Grim51 has identified Eocene "heavies" for the whole
of Mississippi, which he believes were derived from the south
ern Appalachian region. The relative amounts of minerals are
recorded in Table 9, in a geologic sequence from base upward;
Wilcox, Claiborne, and Jackson. In all three strata the four chief
minerals are kyanite, staurolite, tourmaline, and ilmenite, as they
are in the Mississippi Sound muds and beaches.

Table 9

Heavy Minerals of the Eocene of Mississippi

(adapted from Grim)

Jackson (Upper Eocene)
Common Minerals

♦Kyanite

♦Tourmaline

♦Staurolite

Sillimanite

♦Ilmenite

Leucoxene

Rutile

Common to Rare

Xenotime

Common to Absent

Garnet

Epidote

Rare to Absent

Andalusite ;.

Claiborne (Middle Eocene)
♦Kyanite—Considerableabundance in every sample
Zircon—Considerable abundance in every sample
♦Staurolite—Notso abundant as above but in every sample
♦Tourmaline-—Smallquantity in each sample
Rutile—Small quantity in each sample
♦Ilmenite—Probably present in every sample
Leucoxene—Varying amounts
Sillimanite—Small quantity in 2/3 of samples
Xenotime—Rare, present in 2/3 of samples
Monazite—Rare, present in 2/3 of samples

Wilcox (Lower Eocene)
♦Kyanite—Dominantmineral in most samples
•Staurolite—Not abundant but present in all samples
•Tourmaline—Varying amounts, present in all but one

sample
Zircon—Considerable abundance, absent in one sample
♦chief "heavies" in Mississippi Sound
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Table 9—(Continued)

Rutile—Small quantity in most samples
•Ilmenite—Small quantity in most samples
Sillimanite—Found in most sands

Leucoxene—Present in more than half of the samples
Others—Rare (epidote, garnet, topaz, anatase, titanite,

hypersthene, corundum, xenotime, monazite, spinel,
tremolite, biotite, and zoisite)

♦chief "heavies" in Mississippi Sound

However, the suite of heavy minerals which Sun52 presented
as average for the whole Jackson Eocene of Mississippi differs
from the Jackson "heavies" of Grim. Sun reports more zircon
and rutile, as shown in Table 10. It is understandable how two
geologists sampling these strata from different places and from
different intervals can obtain different analyses, because the
Jackson in west Mississippi is comprised of thick Yazoo silty,
limy, marine clay overlying thin Moodys Branch marl whereas
the thick Yazoo is comprised of marls, sands, and silts inter-
fingering with limy clays near the Alabama line. By the same
reasoning, the "heavies" in any composite Jackson section should
differ from those in a strandline such as the very sandy Tombig
bee, as reported by Needham,

Table 10

"Average Percentage of Heavy Minerals in the Jackson Eocene

Mineral Percent

Opaque 51
Non-opaque 49

•Kyanite - 29
• Tourmaline 10

Titanite 3

Rutile 8

♦Staurolite 18

Sillimanite 10

Garnet (Spinel) 4
Andalusite x

Epidote 2"
•chief "heavies" of Mississippi Sound

Unfortunately, systematic analyses of heavy minerals are not
at hand for the Miocene, Pliocene, and Pleistocene beds. How
ever, Brown, et al.53 recorded "heavies" in cuttings from water
wells drilled on the mainland and on the islands of the Sound.

They reported the following minerals in Miocene to Recent
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strata, but have not attempted to determine their relative fre
quency: magnetite, siderite, pyrite, hornblende, tourmaline, mus-
covite, rutile, epidote, ilmenite, zircon, kyanite, staurolite, garnet,
leucoxene, sphene (titanite), biotite, and limonite.

Of these, the siderite, pyrite, and limonite were probably
formed in place in coastal sandy muds, just as they are today.
The remaining "heavies" except biotite and muscovite are found
in most Sound beaches and bottoms. It is the contention here
that these micas survive in the Coastal Plain fluvatile strata
but have been destroyed by abrasion as the "heavies" brought
to the sea during Pleistocene glacial time have been reworked
many, many times.

Very recently, Parnell54 has provided some new, but not
surprising information on the "heavies" of the old Tombigbee
River terraces in northeast Mississippi. His listing shows that
these Pliocene (?)-Pleistocene fluvatile deposits have a suite
much like that of erosion cycle I in the Piedmont Province. These
terrace "heavies" may very well be that "young" if they were
transported rapidly by streams which had been rejuvenated by
late Pliocene or early Pleistocene uplift. Unfortunately, Parnell
indicates only relative amounts of "heavies" (Table 11).

Table 11

"Relative Amounts of Heavy Minerals in Old Tombigbee Terraces

Opaque minerals up to 60 percent

magnetite

leucoxene

limonite

♦ilmenite „ _ ^lesser amounts
pyrite.

Non-opaque minerals less than 40 percent
zircon most abundant

rutile in all samples, about 10 percent

hornblende
•tourmaline

biotite
Iin all samples, less than 10 percent

♦kyanite trace in all samples
sillimanite trace in half the samples'

•chief "heavies" of Mississippi Sound
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MISSISSIPPI SOUND HEAVY MINERALS

COMPARED WITH OTHER COASTAL "HEAVIES"

Other investigations of the coastal heavy minerals from
Texas to the Florida Keys and from the Keys to Virginia provide
interesting comparisons with the Mississippi Sound "heavies."
The segment from Texas to the Mississippi delta was studied
to determine the sources of the sands. In contrast, the studies
on both coasts of Florida and on the Atlantic Coast as far north

as Virginia were undertaken to determine the economic value
of the "heavies." Several large scale Florida extraction plants
have rewarded these efforts.

Both the academic and economic studies have aided in writ

ing this paper for they have (1) helped explain the sources
of heavy mineral grains of sand, (2) confirmed the idea presented
of cycles I, II, and III minerals reaching the Sound, (3) shown
that some Mississippi beaches are richer in "heavies" than those
processed in Florida, and (4) indicated that several of the chief
heavy minerals in Mississippi may be of peculiar economic value
if they do not lie too low to work.

Figure 27.—Photomicrograph (left) of reworked Recent sands from the Missis-
sissippi upland, sandbar of Bayou Sara, irregular Section 23, T. 1 N.,
R.2 W., Wilkinson County, collected by F. F. Mellen, June 6, 1960.
Photographed by Johnson and Smith, August I, 1961.
Tracing from film on the right. The unlabeled opaques are a balance
of magnetite and ilmenite. Other mineral grains designated are:
E epidote, M monazite, R rutile, Sp sphene (titanite), and Z zircon.
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SOURCES OF HEAVY MINERAL GRAINS
Bfc

It has been stated several times that the southern Appala
chians is the source of the grains of heavy minerals on the bot
toms and in the beaches of the Mississippi Sound. Proof has

Figure 28.—Photomicrographs of heavy mineral beach concentrates from outside
the Sound. Dark grains are mostly ilmenite and magnetite. All
magnifications are 43.2. Uncrossed nicols. Analyses are in Table 12.
Top left—Mississippi River type "heavies" Ig, Ilg, and Illg from
east beach of North Chandeleur Island, 25 miles south of Biloxi.
Top right—Venice beach. Gulf side, middle of peninsular Florida.
Bottom left—Vero beach, Atlantic side, middle of peninsular Florida.
Bottom right—Cape Canaveral beach, Atlantic side, middle of penin
sular Florida.
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been established by studying published analyses of other Gulf
Coast beach sands and Atlantic Coast sands or by making analyses
of critical beaches from Cat Island to near Jacksonville, Florida.

Twenty mineral suites are compared with Foxworth's
"heavies." Although methods of sampling and reporting are
inconsistent, different "heavies" were found and in different
proportions than in Mississippi beaches because (I) the source
rocks vary, (2) some "heavies" are in surprising amounts due
to short transport, and (3) some of the mineral grains were not
incorporated in Paleozoic, Cretaceous, or Tertiary sediments
to be abraded later as these strata were eroded. Some of these

variations are illustrated by the photomicrographs (Figures 27
and 28). A photomicrograph of a Ship Island separate has al
ready been cited (Figure 26).

The numbered statements explain the differences in origin
and transport which account for a few of the mineral suites.
The chief constituents are compared to Mississippi Sound "heav
ies" which are a kyanite-tourmaline-staurolite-ilmenite assemb
lage.

(1) Rio Grande River, Texas.
High epidote, ferromagnesian content from a nearby
Tertiary volcanic source.
Analysis by van Andel and Poole.55

(2) Brazos River, Texas.
Cycle III pneumatotylic-metamorphic "heavies" eroded
from central Texas Cretaceous and Tertiary strata.
Analyses by van Andel and Poole.55

(3) Sabine River, Texas.
Cycle III pneumatolytic-metamorphic "heavies" eroded
from east Texas and west Louisiana Cretaceous and
Tertiary strata.
Analysis by van Andel and Poole.55

(4) Mississippi River mouth (South Pass).
Chiefly igneous "heavies" of mixed cycles I and II,
freshly derived from glacio-fluvatile material from Cana
dian and upper Mississippi Valley sources.
Analysis by van Andel and Poole.56
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(5) Sandbar, Bayou Sara, Wilkinson County, upland Mis
sissippi.
High magnetite, ilmenite, zircon content of "heavies"
being eroded from a late Tertiary upland.
Collected by F. F. MeUen, studied by W. B. Johnson.

(6) Average of four bottom samples, Biloxi Bay, Missis
sippi Sound.
Cycles III, II, and I, chiefly pneumatolytic-metamorphic
"heavies" which furnish the ilmenite, kyanite, stauro
lite, tourmaline suite in the Sound beaches and dunes.
Reported by Snowden.57

(7) Beach, North Chandeleur Island, south of Mississippi
Sound.

High hornblende, garnet content of "heavies" being con
centrated by waves as a Mississippi sub-delta is sinking.
Collected by J. R. Walther, studied by W. B. Johnson.

(8) Tombigbee River, northeast Mississippi uplands.
Cycle Ilia "heavies" eroding from Upper Cretaceous
strata.

Analysis by van Andel and Poole.55

(9) Beach, Cape San Bias, Florida Panhandle.
A high kyanite, rutile, zircon assemblage transported
from a nearby southern Appalachian igneous-metamor-
phic complex.
Reported by Martens.68

(10) Beach, Venice, Florida Gulf Coast.
High magnetite, epidote, hornblende, zircon assemblage
contaminated by collophane derived from nearby pebble
phosphate deposits.
Collected by W. S. Moore, studied by W. B. Johnson.

(11) Beach, Vero, Florida Atlantic Coast, site of Hobart
mining operations for titanium minerals.
High ilmenite, epidote, monazite, rutile, zircon content
probably concentrated by an eddy of the Gulf Stream.
Collected by W. S. Moore, studied by W. B. Johnson.

(12) Beach, Mineral City, Florida Atlantic Coast near Jack
sonville, site of Humphreys mining operations for zir
conium and titanium minerals.
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High ilmenite, rutile, zircon content of "heavies" pro
bably concentrated by an eddy of the Gulf Stream.
Collected by W. S. Moore, studied by W. B. Johnson.

(13) Average of 265 beach samples from Hilton Head Island,
South Carolina.

High ilmenite, epidote, rutile, zircon content of heavy
minerals probably concentrated by an eddy of the Gulf
Stream.

Reported by McCauley.50

CYCLE I, II, AND III MINERALS, ALIKE, MAY ENTER THE SOUND

Heavy minerals of erosion cycles I, II, and III may, alike,
reach the Sound (Figure 1). Most have entered by stages which
consumed millions of years. A few are transported by the pres
ent rivers.

In reviewing Tables 8 through 11, it is apparent that some
of the "heavies" have dropped out or where conspicuously re
duced in size and in quantity, some through chemical weather
ing and others by abrasion. A chart, Table 12, has been pre
pared to show the relative survival and relative mortality of
the minerals which are, theoretically, available to the Sound.
Lacking actual mineral counts, the relative amounts of heavy
minerals surviving erosion are shown in tabular form.
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Table 12

Relative Survival of Heavy Minerals, Source to the Sound

probable probable chief average

chief chief CYCLE III "heavies"
CYCLE I CYCLE n "heavies" in Sound
"heavies" "heavies" eroded from by Foxworth

in southern from Paleo Coastal & Johnson,
Appalachian zoic overlap Plain in order of

detritus (Priddy) overlap abundance

MINERALS

making grains of ORDER OF SURVIVAL

"heavies" (A best, B good, C fair, D poor)

per

ABCD ABCD ABCD ABCD cent

by

count

Staurolite X X X X 25.7
Kyanite . X X X X 24.1
Tourmaline.. X X X X 20.4
Hmenite X X X X 11.8
Magtiftt.it* X X X X 3.6

1Limonite-hematite. ix 3.4
2Leuc oxene X X 2X 2.5

Zircon _ X X X x 2.0

Rutile X X X X 1.7
Sillimanite- X X X X 1.3

Andalusite X X X X 1.1

Mineral X X 0.5

Clino-pyroxene X X X X 0.5

iPyrite-marcasite 0.4

Apatite X X X X 0.3

Dolomite-.. X X X

siderite X X X X
0.3

Hornblende X X X X 0.3

Monazite X X X X 0.3
TitanitP X X X X 0.2
Spinal X X x X 0.2

Oampt X X X X 0.2

Epidote X X X X 0.1
Hypersthene X X X X 0.1
Topaz X X X

Xenotime X X X

ConinrTijm X x x

TrpTnolitp X x X

Muscovite X X X

Biotite X X

ilocally derived Alteration product of ilmenite
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CONCENTRATIONS OF HEAVY MINERALS ON
WEST SHIP ISLAND

An idea of the extent of heavy minerals was obtained in
July-August, 1961, when Willard S. Moore made nine trips to
West Ship Island, Figure 10, to study mineral distribution in
beach and dune sands. In eight visits, the west 4,000 feet of
the Island were sampled west of Old Fort Massachusetts along
nine north-south traverses. On the ninth study, August 31, a
narrow belt of heavy concentrates was examined bordering the
Gulf side of the Island for a distance of 12,000 feet east of the
Fort.

HEAVY MINERALS, WEST TIP OF WEST SHIP ISLAND

The west tip of West Ship Island was selected for a pilot
study due to the unusual concentrations of "heavies" which had
been noted by Moore during 1958-1960 studies at the Gulf Coast
Research Laboratory (Figures 4, 22, and 23). This area had been
previously observed as a site of accretion, the Island's west 3,400
feet having been added in the last 100 years and the record of
growth having been documented by parallel storm berms and
high tide berms of sand, partly of heavy minerals, which are
easily discerned on aerial photographs.

Nine north-south traverses were laid out in order to sys
tematically obtain samples to measure the heavy mineral con
tent of the part of the Island west of Fort Massachusetts. This
area is some 4,000 feet in length east-west and averages some
750 feet in width, about 72 acres. The seven main sampling lines,
A through G, were spaced 600 feet apart, successively west from
the Fort. Each line was paced and divided into six equal parts,
providing seven sampling locations (Figure 10 and Table 13).
Two secondary traverses, H and I, were added nearer the west
tip of the Island, 100 and 200 feet west, respectively, of traverse
G, to enable detailed study of the low west promontory which
is frequently covered during storms. At this tip storm berms
are being laid, and there is a rapid change in the type of sedi
ment. These last traverses, H and I, were divided in a manner
similar to the main sampling lines but only 6 samples were
obtained from traverse I, the most westerly, because of the nar
rowing of the Island (Figure 10). By this system 62 sampling
sites were provided.
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At most locationsa hole was drilled with a two-inch hand aug
er. Due to caving, drilling was stopped at the water table which
ranged from depths of 0.5 feet to 4.0 feet. At three places samp
ling was omitted because standing surface water made drilling
impossible.

The samples were washed to remove sea salts and organic
matter and then dried. A 10 gram portion of a homogeneous
sample from each auger hole was then analyzed for percent
heavy minerals by bromoform separation, in a manner similar
to the use of tetrabromethane as explained by Foxworth.

Time did not permit petrographic differentiation of the heavy
extracts from each hole. However, random examinations sug
gest a mineral suite similar to Foxworth's Ship Island samples
S-l, S-la, and S-2 which showed the chief mineral grains in the
order of abundance in percent by count: staurolite 37, kyanite 21,
ilmenite 14, tourmaline 9, zircon 6, rutile 5, magnetite 3, and
sillimanite 1. Other minerals constituted the remaining 4 percent.

The concentration of "heavies" for each hole is shown in
Table 13 which also lists the thicknesses of sand sampled (depth
to water table), and a brief description of the adjacent area.
The same tabulation also summarizes the percent by weight of
"heavies" by traverses. A study of the thicknesses and concen
trations reveals that the heavy minerals average 8.6 percent on
the Sound side, 7.0 percent in the center of the Island, and 14.9
percent on the Gulf side. With only two exceptions they are
also richer progressively eastward, traverse H through tra
verse A.
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Table 13

Concentrations of Heavy Minerals in 59 Hand Auger Holes,
West End, West Ship Island

(progressively west of Fort Massachusetts, Traverse A

through Traverse I)

Thickness Percent
Sample Drilled "Heavies"
Number in Feet by Weight

Description of Environment

A-l 3.0 7 ridge (Sound Side)
A-2 0.5 9 marsh
A-3 0.5 3 marsh
A-4 0.5 11 thin peat over sand flat
A-5 1.5 9 sand flat south of marsh
A-6 4.0 14 top of dune
A-7 1.5 34 storm berm (Gulf Side)

Average 1.6 12.4

B-l 3.5 17 small dune or ridge (Sound Side)
B-2 2.0 4 ridge between marshes
B-3 0.5 8 marsh

B-4 1.0 8 flat between marshes

B-5 1.5 12 south edge of marsh
B-6 4.0 25 top of Gulf dune
B-7 1.0 12 storm berm (Gulf Side)

Average 1.9 12.3

C-l 1.0 5 behind tidal berm (Sound Side)
C-2 0.5 7 marsh

C-3 0.5 10 marsh

C-4 0.5 4 marsh

C-5 1.5 14 sand flat, south edge of marsh
C-6 4.0 8 top of small Gulf dune
C-7 1.5 23 storm berm (Gulf Side)

Average 1.3 10.1

D-l 1.5 19 behind berm.—no dunes (Sound Side)
D-2 1.0 6 thin peat over sand flat
D-3 0.5 6 marsh

D-4 0.5 7 marsh

D-5 .... no sample (standing water)
D-6 1.0 15 south base of Gulf dunes

D-7 2.0 17 storm berm (Gulf Side)

Average 0.9 11.7
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Table 13—(continued)

^f^Thickness Percent
Sample Drilled "Heavies"
Number in Feet by Weight

E-l

E-2

E-3

E-4

E-5

E-6

E-7

1.0

1.0

1.0

2.0

0.5

2.0

12

3

4

4

14

17

Description of Environment

behind tide berm (Sound Side)
south base of Sound dunes
north edge of marsh
no sample (standing water)
north base of Gulf dunes

tidal flat

storm berm (Gulf Side)

Average 1.0 9.0

F-l 1.0 2 behind tidal berm (Sound Side)
F-2 2.5 5 sand flat

F-3 2.0 4 sand flat

F-4 1.0 8 sand flat

F-5 .._
, no sample (standing water)

F-6 1.0 8 south base of Gulf dunes

F-7 1.5 14 storm berm (Gulf Side)

Average 1.3 6.8

G-l 1.0 19 tide berm (Sound Side)
G-2 2.5 5 sand flat

G-3 1.0 4 central dunes

G-4 1.0 8 central dunes

G-5 0.5 2 tidal flat

G-6 1.0 6 tidal flat

G-7 1.5 1 tide berm (Gulf Side)

Average 1.2 6.4

H-l 2.1 1 tide berm (Sound Side)
H-2 1.5 4 north base of dunes, Sound side
H-3 2.0 4 central dunes

H-4 2.0 4 sand flat

H-5 1.0 5 tidal flat

H-6 „_ __ tidal flat

H-7 2.5 6 tide berm (Gulf Side)

Average 1.7 3.4

1-1 3.0 2 tide berm (Sound Side)
1-2 2.0 2 sand flat

1-3 2.0 6 sand flat

1-4 1.5 1 tidal flat

1-5 1.5 5 tidal flat

1-6 2.0 5 tide berm (Gulf Side)

Average 2.0 3.5
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CONCENTRATIONS OF HEAVY MINERALS, GULF SIDE,
WEST SHIP ISLAND

The second pilot study of unusually good heavy mineral dis
tribution was made by following the same belt of narrow but
rich concentrations on the Gulf side of West Ship Island, as far
east as possible.

Accordingly, on August 31, 1961, W. E. Brode of the Labora
tory staff and Moore started at station seven of traverse A due
south of Fort Massachusetts and sampled 12,000 feet eastward
to longitude 88°, 56' west, Figure 10, the east terminus of West
Ship Island. They sampled each 600 feet, at stations numbered
1 through 20, from dunes, back beaches, and fore beaches. At
some stations the sands were dark with "heavies" (Figures 16,
17, 18, 19, and 21). At other stations the heavy minerals were
covered by white quartz sand. This information and data on
the thicknesses of the sample, average thicknesses of the con
centrates, and widths of the concentrates are listed with per
cent of "heavies" by weight (Table 14).

As in the study of sands west of Old Fort Massachusetts, the
beach or dune sands were washed and dried, and the "heavies"
extracted by bromoform. Again, only superficial petrographic
examinations were made. The chief minerals were similar in

number and percent to those west of the Fort: staurolite 36,
kyanite 22, ilmenite 14, tourmaline 10, zircon 6, rutile 4, magne
tite 3, and sillimanite 1. Other minerals constituted the remain
ing 4 percent.
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THE PROBABLE VALUE OF MISSISSIPPI SOUND
"HEAVIES"

Heavy minerals appear to be in greater concentration in
the Mississippi Sound beaches and dunes than in Florida, where
they are being mined. However, the suite of Sound "heavies"
differs markedly from those on the Florida coasts. Further,
the Sound beaches and dunes are rather low, whereas most
Florida beaches are steeper and the dunes higher and both pres
ent and ancient Florida deposits are workable.

Moore shows in Tables 13 and 14 that heavy minerals on
West Ship Island vary from 1 to 89 percent and that the average
is 46.3 percent in a narrow belt along the Gulf side, a distance
of 12,000 feet. Of course, concentrations greater than 20 per
cent "heavies" are unusual. Thus, Priddy estimates from Fox
worth's data that the quartz sands of the Sound average 2 to 6
percent "heavies," whereas analyses of Florida beach and dune
sands by Martens00 and by Calver01 indicate an average of 1
to 3 percent. The heavy minerals are presently being extracted
by dredges at two places on the Florida east coast, as noted in
"Sources of Heavy Mineral Grains."

Some of the chief differences in the Mississippi Sound heavy
minerals and those in Florida are shown in Table 15. On the

left are listed those "heavies" which are in excess of 1 percent.
The average "heavies" for the Sound is in column 1. Moore's
superficial analysis of heavy minerals of West Ship Island is
averaged in column 2. Johnson's analyses of Vero Beach and
Mineral City are in columns 3 and 4. The known or probable
uses of the heavy minerals are listed on the right.
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Table 15

Comparison of Mississippi Sound and Mined Florida "Heavies"
(in percent)

If
Pi
5££

a

S3*

u

siaj o

>E

>>

POft Uses

Magnetite 3.0 3.6 possible ore of iron.

Ltmerute 14.0 11.8 54.2 52.3 source of titanium metal,

Epidote 4.2 7.8

Pyroxene 1.3

Garnet 2.6 abrasive.

Kyanite 22.6 24.1 3.2 ceramics, glass, enamels-

Leucoxene 2.5

Monazite 5.2 1.0

Rutile 4.0 1.7 5.2 5.8

Sillimanite . 1.0 1.3 1.3 5.9

Staurolite 36.0 25.7 9.3 5.9

Titanite 6.6

heat shock and electrical shock.

source of some titanium metal for al

loying-steel.

source of thorium and rare earths.

pigments, welding rods, source of tita
nium for alloying steel.

glass, enamel manufacture — with
stands heat shock and electrical

shock.

manufacturing cement.

possible source of titanium for alloy
ing steel and making white paint.

Tourmaline 10.0 20.4 1.3 1.8 radio apparatus.

Zircon 6.0 2.0 6.6 16.2

Others 4.0 6.9 2.2 10.1

Theoretical

totals 100.0 100.0 100.0 100.0

source of zirconium metal, abrasive,
high temperature refractory.
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Moore visited the operations at Vero Beach and at Mineral
City. Similar extractions of "heavies" are being accomplished
at Lawtey, Florida, near Jacksonville, by the E. I. du Pont de
Nemours & Company, Inc. Other heavy mineral extraction
plants have operated at various times on the Florida coasts.

The mechanics of dredging, concentrating the "heavies" and
separating the individual minerals are too complicated to be
explained here. Martens02 and Calver00 review the history of
heavy mineral extraction and include flow charts of the com
plicated processing. Sercombe03 treats in a less technical but
interesting manner the present space age demands for heavy
minerals—rutile and ilmenite for sources of titanium to strength
en steel in plane and missile construction, zircon for high temp
erature electrical apparatus and for special enameling of missile
nose-cones, and the radioactive monazite which the Atomic
Energy Commission is currently reserving. Staurolite, tourma
line, and kyanite, the chief "heavies" of the Gulf Coast suite of
heavy minerals, are also being stockpiled.

Thus the high staurolite, tourmaline, and kyanite content
of the Mississippi Sound may have uses as yet undisclosed. Cer
tainly, the ilmenite, leucoxene, rutile, and zircon fractions are
important. In separating the above "heavies," the small amounts
of monazite, garnet, and titanite may be recovered.

Priddy believes, and Foxworth implies, that some heavy
minerals may locally predominate over others. If further petro
graphic work confirms a selectivity in concentration, it would
be possible to process the sands of certain beaches and dunes
in preference to others containing heavy minerals less in demand
at a given time. In any event, the most desirable heavy minerals
must be extracted from the least desirable. The latter can be

stockpiled, awaiting demand or awaiting new technological de
velopments which are now occurring at a highly accelerated
rate.

Mellen04 pointed out that the coastal terraces may furnish
ancient but unweathered "heavies" which were incorporated in
old dunes and beach ridges. A study of the inland beaches is
worthy of a masters thesis, especially because a similar ancient
beach ridge is worked by Hobart Co. at Vero Beach in conjunc
tion with processing recent beach sands.
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