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ABSTRACT

Supplies of placer heavy minerals, such as ilmenite,
rutile, zircon, and monazite, are anticipated to be in short
supply by early in the next century. The depletion of conven-
tional onshore deposits coupled with the declaration of the
Exclusive Economic Zone in 1983 have provided the impetus
to assess the resource potential of heavy-mineral concentra-
tionsinU.S. Continental Shelf sediments as future sources for
these mineral commodities.

Mineralogically imprecise assessments of placer resources
result from analyses of concentrates derived from small-
volume samples because of the particle-sparsity effect. The
overall low grade of heavy minerals in Atlantic Continental
Shelf sediments require the analysis of mineral concentrates
from large volumes of bulk sample.

A setof procedures to extract and analyze heavy minerals
from large-volume samples is presented. These procedures
were designed for general application to reconnaissance sur-
veys; the Virginia study is given as an example. Resulting
data are appropriate for both basic research needs and for
industry’s requirements for information on offshore mineral
grades and distribution.

The recovery of heavy minerals was a two-stage process
using amodified spiral concentrator followed by heavy-liquid
separation procedures. The mineral concentrate derived from
heavy-liquid separation was magnetically fractionated to
reduce the number of mineral species so that mineral identi-
fication and quantification could be facilitated. Reflected and
transmitted light microscopes were used for mineral identifi-
cation and quantification. The overall heavy-mineral compo-
sition of samples was determined by combining the percent-
ages of heavy-mineral species distributed across the magnetic
fractions by use of a computerized database.

BACKGROUND

The United States is dependent on imports from Austra-
lia, South Africa, and a number of other countries for about 80
percent of its ilmenite, about 60 percent of its rutile, and
virtually all its zircon and monazite (Lynd, 1985). These
minerals are commonly mined from heavy-mineral deposits
that are subaerially exposed in modern and ancient beach-
complex sediments (including beach, dune, inlet, washover
fan, and barrier environments). A global-class beach-com-
plex placer deposit of the titanium minerals ilmenite, altered
ilmenite, and rutile (including monazite, zircon, and others)
may be up to tens of kilometers in length, up to 2 km in width,
and 10 or more m in thickness. Ore grades are variable,
averaging 3 to 6 percent total heavy minerals, which typically
has about a 50 percent economically valuable (ilmenite,
altered ilmenite, rutile, zircon, and monazite) component.

Uses for heavy minerals and the elements they contain
are being developed ata faster rate than new deposits are being
discovered, and, consequently, it is not known how demand
will continue to be met at current costs (Fantel and others,
1986; Shepherd, 1986). According to Fantel and others
(1986), the production of rutile concentrates will likely de-
cline significantly after 2000 as many mines, particularly

those in Australia, deplete their demonstrated reserves. They
concluded that within the coming decade, there could be a
shortage of high-grade, low-cost rutile. Inactive mines that
could come into production might act as a temporary replace-
ment source for a limited time, but this would be at substan-
tially higher costs. Production of rutile might be maintained
longer if new resources were found at operating mine sites or
ifinferred reserves became demonstrated. Because of limited
rutile availability over the long term, the production of syn-
thetic rutile from ilmenite deposits is seen as the likely source
for future high-grade titanium concentrates.

In many chemical plants, where about 95 percent of the
world’s annual production of titanium minerals is used for
pigment manufacturing (Lynd, 1985), both synthetic rutile
and high-titanium slags are suitable alternatives to rutile.
Because placer reserves are being depleted and the demand is
high, the titanium industry is in a state of flux and could use
any of the following sources of TiO,;: lateritic anatase from
Brazil, eclogitic rutile from Italy, high-TiO, slag from Canada
and South Africa, fine-grained placers from Western Tennes-
see, perovskite from Colorado, synthetic rutile from mag-
matic ilmenites, and offshore placers.

The declaration of the U.S. Exclusive Economic Zone
(EEZ) in 1983 provided an impetus to define the mineral
resources contained within ocean-floor sediments and rocks.
The declaration amplified the potential importance of placer
deposits of heavy minerals in continental shelf sediments as
future sources for strategic and critical mineral commodities.

The Atlantic Continental Shelf (ACS) of the United
States has an area of about 3.9 x 10" m2and contains an
estimated 8.3 x 10" m?of sand and gravel, assuming a 5-m
average thickness (U.S. Department of the Interior, 1979).
Most sand and gravel deposits, however, are 10 m or more
thick. Heavy-mineral sand of variable composition and grade
on the ACS is estimated to have a volume of about 1.3 x 10°
m?, which is 0.16 percent of the estimated sand and gravel
volume. Recent studies by Grosz (1987), however, showed
that this value may be underestimated.

Until recently, published reports on the economic impor-
tance of detrital heavy-mineral concentrations within sedi-
ments of the ACS were often speculative and provided inade-
quate data for a rigorous assessment of resources. In most of
the literature heavy-mineral data is only used to clarify geo-
logic or stratigraphic problems. The analyses commonly
discuss "opaques"” as acomponent forming 20 to 60 percent of
the heavy-mineral assemblage. Because most of the heavy
minerals of economic value are opaque (ilmenite, altered
ilmenite, and frequently rutile), an assessment of the eco-
nomic potential on this previously published literature cannot
be mineralogically precise. Another factor that precludes the
usefulness of most published heavy-mineral analyses for re-
source estimation is the bias caused by analysis of a narrow
size-fraction (commonly a 2-to 3-phi, 0.250-to 0.125-mm,
size interval) that commonly contains comparatively high
heavy-mineral values, and reporting those elevated values as
representative of the heavy-mineral grades (Arthur and oth-
ers, 1986). A few published studies on the economic aspects
of heavy minerals in ACS sediments are known (Drucker,
1983; Goodwin and Thomas, 1973), but inconsistencies within
these reports limit their usefulness. None of the data from
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offshore industrial exploration programs on the ACS have
been published.

A larger effort is being undertaken jointly by the U.S.
Geological Survey (USGS), the Atlantic coastal state geo-
logical surveys, the universities, and industry to assess the
hard-mineral resources potential (including sand, gravel, phos-
phate, and heavy minerals) of the ACS. The Virginia Division
of Mineral Resources and the Virginia Institute of Marine
Science (VIMS) of the College of William and Mary collected
and analyzed vibracore and grab samples from 1986 (Berquist
and Hobbs, 1986) through 1988 (Berquist and Hobbs, 1988a,
1988b) on the inner ACS (<40-m isobath) offshore of Vir-
ginia.

The studies were initiated in response to high values of
heavy-mineral concentrations reported by Nichols (1972),
Goodwinand Thomas (1973), and Grosz and Escowitz (1983).
Additional samples from the mouth of the Chesapeake Bay
area were made available when the USGS acquired approxi-
mately 1300 vibracores from the U.S. Army Corps of Engi-
neers. In addition, about 23,000 km of high-resolution seis-
mic reflection profiles were acquired from the Corps of Engi-
neers on the inner ACS from Maine to Florida. These cores
and profiles were originally collected to identify potential
borrow areas for beach nourishment and reclamation projects.
From this collection, 36 vibracores were used in addition to
the 77 vibracores and 106 grab samples that were collected
and analyzed for the study detailed in other sections of this
publication.

SAMPLE PREPARATION
RATIONALE

The rationale for the sample processing scheme pre-
sented here is based on a number of factors, some are specific
to the samples obtained from the Corps of Engineers, and
others are specific to the objective of characterization of the
resource potential of a large area in a timely manner. The
methods and procedures used here were designed to insure
uniformity of resultant databases produced by all users of core
samples, to offset particle-sparsity biases, to produce rapid
reconnaissance-level information without sacrificing the detail
necessary for follow-up detailed studies, and to provide
economic geologic information for industry.

The type and the size of the sample to be used for mineral
separation depends largely on the analytical goals of the
study. Heavy minerals commonly constitute less than 1
percent by weight of sediments; therefore, it may take a
sample of up to several tens of kilograms, depending on the
amount of heavy-mineral concentrate needed. Preliminary
microscopic examination to determine the approximate heavy-
mineral percentage and to establish the approximate grain
sizes of the minerals will help in establishing the appropriate
procedures for maximizing the efficiency of mineral recov-
ery. The end-product of separation processes in terms of mass
of sample required for complete analysis is a function of the
typesof analyses anticipated (textural, mineralogic, wetchemi-
cal, geophysical, microprobe, X-ray fluorescence, and so
forth) and the accuracy being sought from each analytical

procedure.

The heavy-mineral processing scheme for the analysis of
samples from the ACS (specifically for the samples contained
within the Corps of Engineers vibracores) was designed to be
flexible enough to accomodate a variety of current and antici-
pated analytical needs and to act as a guide for studies on other
continental shelves where grades and compositions of heavy-
mineral assemblages differ from those found in ACS sedi-
ments. The principal objective is to assemble a regional re-
connaissance database that shall show grades, compositions,
and areal/vertical distribution patterns of heavy minerals in
ACS sediments. Studies of the economic geology of surficial
sediments based on grab samples (Grosz and Escowitz, 1983;
Grosz and others, 1986; Grosz and Nelson, 1989) show high
regional and local variability; studies of vibracore samples
also show high variability in grade and composition with
depth in the sedimentary column (Grosz and others, 1989a,
1989b). In the past, most of the advances in laboratory-scale
detrital mineral separation and identification have been made
by sedimentary petrologists who sought to resolve stratigra-
phic and sedimentologic problems. For these purposes, rela-
tively small amounts (usually on the order of tens of grams)
of bulk sample were considered appropriate. Because the
initial sample size was small and most studies sought to
analyze a narrow size fraction (usually the 2-to 3-phi, 0.250-
to 0.125-mm, less often the 3- to 4-phi, 0.125 to0 0.0625-mm,
size interval as well) for their heavy-mineral content, particle-
sparsity biases (Clifton and others, 1969) precluded an accu-
rate characterization of the full heavy-mineral assemblage
present in sediment samples. Methods of separation utilized
in such studies relied on initial screening to isolate the size
fraction of interest and subsequently processing the recovered
size fraction by sink-float methods (generally by use of bro-
moform having a specific gravity of 2.85) to recover the
heavy-mineral component. Volume percentages of individ-
ual mineral species were then determined by methods utiliz-
ing 300 to 500 point-counted grains from slide mounts. This
(and modifications of this) method appears to have worked
satisfactorily for the resolution of stratigraphic and sedimen-
tologic problems; however, the problems confronting the
economic geologist in assessing the resource potential of
heavy-mineral concentrations in continental shelf sediments
necessitated a series of modifications in sample processing
and analytical methods.

The freshly collected vibracores contain wet sediment in
which the sedimentary structures are usually retained intact or
are only slightly disturbed. During the 10- to 20-year period
over which the Corps of Engineers’ vibracores were proc-
essed for information, stored first at Fort Belvoir, Virginia,
then shipped to the University of Texas at Arlington for
storage, and finally shipped to the USGS in Virginia, they
have dried completely. The dry nature of the contained sedi-
ments, the repeated shipping, and the removal of samples
either by splitting the cores lengthwise or by drilling through
the core liner, have, in many instances, disrupted the vibra-
cores to the extent where sedimentary structures are not
recognizable. Furthermore, most of the sediment contained
within these vibracores is unconsolidated sand. These char-
acteristics made the vibracores of little use to small-scale
studies of sedimentary textures and mineral distribution pat-
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terns. However, because of the large volumes of sediment in
these vibracores, infrequently occurring heavy-mineral spe-
cies within the heavy-mineral assemblages were identified.
Although large-volume samples for these studies are consid-
ered to be critically important, particularly in reconnaissance
phases, retention of intact portions of fresh (wet) vibracores is
equally important.

The sample processing and analysis procedure discussed
in the following sections is shown schematically in Figure 1.
Processing of vibracore samples begins with lengthwise split-
ting of the plastic core liner (7.6- to 10.2-cm inner diameter;
0.64-cm wall thickness) either by use of arouter (Figure 2) or
by other suitable means, such as a static blade cutter (Figure
3). Care should be taken not to introduce plastic shards into
the sediment because they are soluble in the heavy liquids
used and in acetone. The top half of the split core is removed,
and the bottom half is scraped clean by using a spatula to
expose a flat surface for examination. Sedimentary struc-
tures, color (if wet), texture, composition, and fauna are noted.
The opened core is photographed (Figure 4) in 30-cm incre-
ments that have approximately 3-cm overlaps between se-
quential photographs.

Samples from the vibracores were selected on the basis of
textural criteria; from vibracores that have one sedimentary
texture, they averaged about 1.5 m in length, and, from those
that have more than one sedimentary texture, they varied in
length. After removal of materials used in age dating (shells
and peat), the sediment was weighed. All vibracores used in
this study were channel sampled along the length of each
sample; 300 to 500 g of bulk sediment were removed for
archival and grain-size analysis purposes. The balance of the
sediment from the Corps of Engineers’ vibracores was proc-
essed for heavy-mineral content as described in following
sections. Half of each core collected between 1986 and 1988
was processed for heavy minerals, and the other half was
archived.

Because the cores ranged up to 6.5 m in length, sample
identification numbers consisted of the unique core number
followed by "-1", "-2", and so forth, where "-1" refers to the
sample from the upper portion of the core (that is, from the
water-sediment interface to some specified depth), "-2" refers
to the next interval down, and so on to account for the entire
length of the core. Each sample was placed ina 20-liter plastic
bucket to determine the net sediment weight on a dry basis.
For wet sediments, the dry-weight was based on weighing,
drying, and reweighing 50 to 10- to 100-g aliquots of homoge-
nized sediment. All weight calculations referred to in this
report are on a dry-weight basis.

SAMPLE CONCENTRATION

Dividing the vibracores into discrete samples yielded an
average of about 7 kg of sediment and ranged from 1 to 20 kg.
To determine the gravel fraction, the sample was wet-sieved
through a 10-mesh (2.00-mm opening) U.S. Standard stain-
less steel sieve. An undetermined, but generally small,
amount of predominantly clay- and a lesser amount of silt-
sized material was lost from the samples during this proce-
dure. Modifications to the process can be made to recover

these fine-grained fractions if future studies require their
analysis. The mass of sediment available for the recovery of
heavy minerals after this step averaged 4.9 kg and ranged from
0.8t0 19.7 kg.

Efficiency and consistency of heavy-mineral recovery,
ease of operation, clean-up time between sample runs, and
costresulted in the selection of a Humphreys three-turn spiral
concentrator with molded rubber lining (Figure 5) for precon-
centration. The selection of this equipment does not imply
that others would not have performed satisfactorily. The
sediments obtained from the vibracores (predominantly sand)
made the spiral concentrator best suited for the task.

The operation of the spiral concentrator requires a con-
stant water flow of about 20 L/min which carries approxi-
mately 20 percent solids (sediment). The sample is intro-
duced into the hopper at the top of the spiral concentrator and
carried down the spiral trough by the flowing water. The light
minerals (predominantly quartz, feldspar, and shell frag-
ments) are centrifugally thrown to the outside edge of the
trough whereas the heavy minerals lag within a few centime-
ters of the inner edge of the spiral trough because of their
higher density (Figure 6). An adjustable splitter placed at the
lower end of the spiral concentrator separates the light miner-
als from the heavy minerals and routes them into separate
containers. The light fraction was passed through the spiral
concentrator several times to assure maximum recovery of
heavy minerals. The heavy-mineral concentrate (spiral heav-
ies) was also passed through the spiral as many as three times
to remove as much of the light-mineral fraction as possible.
For the Virginia study, this procedure recovered an average of
55 percent of the heavy minerals from the bulk sample (the
range was between 5 and 95 percent) and resulted in a
concentrate averaging 320 g, which represented approxi-
mately 5 percent of the bulk sample weight. Similar proce-
dures on samples from offshore of Cape May, New Jersey,
resulted in an average of 87 percent recovery; from offshore
of central Florida, in an average of 75 percent recovery; and
from Long Island Sound, New York, in an average of 82
percent recovery. Poor recovery is usually associated with
muddy samples, poorly sorted samples, or samples containing
significant carbonate (shell fragment) components. Because
the size, the shape, and the composition of clastic grains im-
part different hydrodynamic properties to individual samples
that affect their susceptibility to recovery by differing meth-
ods of separation, a 250- to 350-g aliquot of homogenized
sediment was grab sampled from the material rejected by the
spiral (spiral lights) for control purposes. The spiral concen-
trator was thoroughly washed between samples to reduce
cross-sample contamination. The heavy-mineral concentrate
and the aliquot of rejected material were dried, weighed, and
then processed by heavy-liquid separation techniques.

HEAVY-LIQUID SEPARATION

As pointed out by Krumbein and Pettijohn (1938), a
heavy liquid should have the following attributes to be effec-
tive: inexpensive, easily prepared or purchased, transparent,
liquid at ordinary temperature, noncorrosive, chemically inert
towards most minerals, odorless, fluid rather than viscous, to
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Figure 2. Photograph showing router apparatus utilized to
split vibracores lengthwise.

and easily diluted and recovered. None of the heavy liquids
now in use have all these qualities; however, some have been
proven to be better than others. For the purposes of this, and
other parallel studies on the ACS, acetylene tetrabromide
(C,H,Br,), which has a specific gravity of 2.96, was used. In
laboratories where heavy liquids are used extensively it is
necessary to standardize procedures as much as possible. Be-
cause the original investment in large quantities of heavy
liquids is comparatively high and they are toxic, efforts should
be made to recover the maximum amount of the liquid.

Complete recovery is very seldom realized. However, it
is possible to keep the loss of most liquids under about 1
percentonany one separation. Whenusing the volatile liquids
in large volumes, all operations should be carried out under
well-ventilated hoods. The transfer of liquids from stock
bottles to separatory funnels should be done in comparatively
small volumes so that loss by dropping or spilling can be kept
to a minimum.

The simplest and most widely used method for heavy-
mineral separation is the use of liquids in separatory funnels
(Figure 7). The heavy liquid and the mineral grains are
introduced into the funnel and agitated by using a glass
stirring rod. The mixture is allowed to stand until the light
minerals float, the heavy minerals sink, and the two fractions
are completely separated. The light minerals should be
agitated several times to allow all the trapped heavy minerals

Figure 3. Photograph showing static blade cutter apparatus
utilized to split vibracores lengthwise.

Figure 4. Photograph showing setup of equipment utilized to
photograph split vibracores.
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Figure 5. Photograph of three-turn spiral concentrator.

Figure 6. Close-up photograph showing separation of heavy
(right) from light (left) minerals in the spiral trough.

sink. The heavy fractions are tapped by turning the stopcock
and are allowed to pass through to a filter setup. Fine-grained
material has a tendency to clot because the heavy minerals
drag down some of the light minerals. A slow introduction of
the sample into the separatory funnel along with frequent
gentle agitation reduces, but does not completely eliminate,
the clotting problem. After all the heavy minerals are tapped
and the grains are filtered from the liquid, a new filter setup is
made, and the remaining liquid and light minerals are tapped.
A filtering process done under vacuum saves time and recov-
ersa greater volume of the heavy liquid. Thefilters containing
the light and the heavy minerals arc washed liberally with
acetone. The heavy liquid is recovered from the acetone
washings by either using a water-wash process or by bubbling
air through the washings until the specific gravity is deter-
mined to be acceptable.

The methods described above are not completely satis-
factory for producing pure heavy-mineral separates, particu-
larly if fine-grained material is present. Furthermore, the
large volumes of heavy liquid that are needed for these
samples result in a loss of more heavy liquid with each
separation. Centrifuging overcomes both of these problems,
but the use of the centrifuge precludes the rapid processing of
large-volume samples.

The spiral heavies and the spiral lights were processed to
obtain their "pure” heavy-mineral content by the method de-
scribed above. Weights of all fractions were recorded. The
heavy minerals recovered from the spiral heavies comprise
the recovered heavy-mineral (RHM) fraction. The total
heavy-mineral (THM) content of the bulk samples was ap-
proximated by methods described in the section "Mineral
Database.” The RHM fraction averaged approximately 100
g and ranged from 8.8 to 1227 g; the THM content averaged
229 g for the Virginia samples.

Figure 7. Photograph showing apparatus utilized for sink-
float separation of heavy from light minerals in heavy liquid.

MAGNETIC MINERAL SEPARATION

The volumes of heavy minerals recovered by the
(Humphreys) spiral and the heavy-liquid processing were
large enough for archival and mineralogic determinations and
chemical analysis. Archived samples are necessary for grain
size distribution, magnetic susceptibility, gamma-ray suscep-
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tibility, density, and induced polarization susceptibility
measurements. A Jones splitter was used to obtain the three
portions consisting of 12.5 volume percent for archiving, 12.5
volume percent for chemical analysis, and 75.0 volume per-
cent for optical mineralogy. As the immediate objective of
these studies is to reconnoiter heavy-mineral concentrations,
detailed mineralogy on a large number of samples is t0o time
consuming. Multi-element chemical analyses of the mag-
netic fractions from one portion of the RHM assemblage were
planned to help identify mineral species that are difficult to
resolve by the mineral identification methods discussed in the
next section. Another portion of the RHM assemblage was
retained for mineralogic analyses by optical methods. This
was done to ensure that high-value, low-frequency mineral
species, such as monazite, rutile, xenotime, cassiterite, and
gold, had a significant chance to be identified and quantified
in this reconnaissance study.

The splits retained for mineralogic determinations were
separated into magnetic fractions by using a Frantz Magnetic
Barrier Laboratory Separator (MBLS). This fractionation
was done to reduce the number of mineral species in each
magnetic fraction and to facilitate mineral identification and
quantification. This procedure also should be followed with
the split for chemical analyses to reduce inter-elemental inter-
ferences associated with polymineralic assemblages; this was
not followed for the Virginia samples.

The Frantz Isodynamic Magnetic Separator (FIMS) is a
versatile instrument and can produce excellent concentrates
of many minerals. Substantial literature has been published on
the subject of mineral separations performed with the FIMS
(McAndrew, 1957; Gaudin and Spedden, 1943; Flinter, 1959;
Hess, 1966; Nesset and Finch, 1980).

The MBLS has a significant advantage over the FIMS in
the ratio of magnetic force to field intensity. Material is
visible as it enters the field and undergoes separation at the
magnetic barrier. These conditions result in better control,
superior sensitivity, and greatly reduced processing time. A
FIMS can be converted to an MBLS by using retrofit equip-
ment. Much of the information in the literature about the
FIMS is useful for operating the MBLS.

As the result of differences in design, the direction of
magnetic force in the working space of the MBLS is the
reverse of that in the FIMS, and the side slopes used in
separating minerals according to their magnetic susceptibili-
ties, therefore, also are reversed. For the FIMS, the magnetic
force moves particles against a component of gravitational
force, whereas, for the MBLS, gravitational force is used to
move particles against a magnetic force. The range of field
intensity provided by the two separators is substantially the
same (0 to 20,000 Gauss). At any field intensity selected,
however, the effective force provided by the MBLS is about
3 times greater than the effective force provided by the FIMS.
A small adjustment of current to the MBLS results in a
substantially greater change in the effective force than does
the adjustment of current to the FIMS. Separation of materials
that differ slightly in magnetic susceptibility is improved
when the MBLS isused. The number of minerals thatrespond
to magnetic force sufficiently for separation also is extended.
Athigh magnetic force field intensities, the barrier field of the
MBLS is sufficient to separate paramagnetic and weakly

diamagnetic materials that cannot be separated by using the
FIMS.

A sample consisting of minerals that differ in magnetic
susceptibility is usually processed by separating the most
strongly magnetic component first, and then separating of the
other components in order of declining susceptibility. Sepa-
ration of mineral mixtures that have susceptibilities ranging
from ferromagnetic to diamagnetic is expedited by the initial
removal of ferromagnetic minerals. Otherwise, the most
magnetic minerals tend to be held by the pole pieces or on the
chute surface inside the gap and thus divert other minerals
from their normal paths.

The methods of removing ferromagnetic particles from
heavy-mineral assemblages before paramagnetic separation
include the use of hand-held magnets passed over the concen-
trate, the use of low current settings (10 to 20 mA) on the
MBLS, and various configurations of the electromagnet that
offer large surface areas over which the concentrates can be
passed. These three methods offer individual advantages;
however, in processing large-volume samples, a more rapid,
replicable, and consistent method is necessary. For our proc-
essing, the magnetic poles of the MBLS were rotated into a
vertical position and then the tops of the poles were inclined
toward the operator. A 1.125-in. diameter, 0.225-in.-thick
wall, glass tube was fastened to the pole picces straddling the
gap to provide a conduit for a flowing stream of concentrate
containing ferromagnetic minerals. Then the magnetic field
strength is set at the maximum (about 2.0 A; at this current
setting, the magnetic field strength tends to decay as the
magnet’scoils heat up), the sample is introduced into the glass
tube. As the grains fall through the tube, the more magnetic
minerals are preferentially pulled against the inner side of the
tube near the pole pieces (Figure 8); the minerals that are less
magnetic fall through the length of the tube into a container.
After the initial pass, an empty container is placed at the
bottom of the glass tube, the current is turned off, and the
magnetic minerals are collected. This procedure is rapid, and
repeated passes through this setup are recommended for the
nonmagnetic minerals, especially for the fine-grained mineral
assemblages.

The ferromagnetic minerals were processed through the
same setup by using a lower current setting (0.5 to 0.7 A,
depending on the mineral assemblage) to concentrate those
minerals that have paramagnetic properties and those miner-
als that have magnetic inclusions, such as zircon, staurolite,
aluminosilicates, garnet, amphibole group, and others. This
process was effective in removing ferromagnetic minerals in
about 10 minutes for 300 g of bulk concentrate sample.

The nonmagnetic-mineral fraction derived from the free-
fall separation was processed through the MBLS in sequential
passes at increasing current strengths. The factory-provided
ammeter on the MBLS was shunted to a digital ammeter for
increased accuracy (a digital ammeter-equipped power con-
troller is highly recommended for maintenance of current
settings). Five mineral groups were thus generated at current
settings 0f0.2,0.4,0.6, 1.8 A, and nonmagneticat 1.8 A. Each
mineral group was weighed, bottled, and labeled.

General procedures for the determination of current and
slope settings for the MBLS are provided by the manufac-
turer; optimal settings for any mineral assemblage must be



PUBLICATION 103 21

Figure 8. Photograh of magnet configuratin utilized to
separate ferromagnetic minerals from bulk heavy-mineral
concentrates.

determined by the user. Forward and side slopes of the MBLS
ranged from 15° to 20° and 15° to 25°, respectively. The
current and the slope settings defined above were appropriate
for the heavy-mineral assemblages found offshore of Vir-
ginia; however, for heavy-mineral assemblages elsewhere on
the ACS higher current settings and steeper side slopes (up to
35° to 45°) provide cleaner and more rapidly processed
separates. For our reconnaissance work, the emphasis was on
processing many large samples in a short period of time.

A consequence of the time constraint is less-than-pure
concentrates that have a scatter of given mineral species
across a number of magnetic fractions because of variations
in mineral composition and the presence of polymineralic
grains. Because many heavy minerals have a wide range of
possible compositions that results in a wide range of possible
magnetic susceptibilities for a particular mineral, optimal
current settings for extraction must be determined empirically
for each suite. The mineralogy of the resultant magnetic
fractions is discussed in the section "Mineral Identification
and Quantification."”

Geochemical data can be used to indicate the presence of
potentially economic mineral species not distinguishable by
rapid optical mineralogic analyses. The 12.5 volume percent
split of the RHM fraction generated for chemical analyses
also can be magnetically separated into three fractions. The
first magnetic fraction should be derived in a manner identical

to that utilized for the ferromagnetic-mineral fraction. The
second magnetic fraction should be generated at a current
setting of 0.6 A, and the third magnetic fraction is the nonmag-
netic minerals at 0.6 A. The geochemical data from these
three magnetic fractions can then be used to indicate the
presence of mineral species not easily identified by petrogra-
phic procedures; for example, high tin (Sn) values in the non-
magnetic mineral fraction may signal the presence of cassit-
erite.

MINERAL IDENTIFICATION AND
QUANTIFICATION

To estimate mineral abundances, each magnetic-mineral
fraction was examined by using reflected and transmitted
light microscopes. Estimation was easy because only a few
mineral species were present in each fraction. Comparison
charts for visual estimation of percentage composition (Folk,
1951; Terry and Chillingar, 1955; Reid, 1985) and point-
counting were used for this purpose. In addition to petrogra-
phic methods, X-ray diffraction analyses were used to iden-
tify some minerals; however, because of the reconnaissance
nature of the work, all the mineral species were not identified.
An "Others" category was estimated and included quartz, un-
identified opaques, unidentified non-opaques, polymineralic
grains, and clay balls. The identification of zircon and mona-
zite was aided by the use of ultraviolet light. The principal
criteria for identification were magnetic susceptibility, grain
shape, color, physical properties (that is, cleavage), streak,
fluorescence, solubility in acids, and optical properties.

The estimated percentage abundances of each mineral
species was multiplied by the weight of each fraction. The
total percentage for each mineral was calculated by summing
their weights across the magnetic fractions in which the
mineral occurred. Because the average of specific gravities of
all species in each magnetic fraction are generally similar,
differences in specific gravities of the mineral species were
ignored in the calculations. Although the calculated percent-
ages are not true weight percentages, the differences are
probably small. An example of the observations and calcu-
lations used to determine the weight percentages of minerals
for a sample are given in Appendix L

Because silt- and clay-rich sediments are difficult to
separate and identify, the amounts of ferromagnesian micas
and lighter heavy minerals (specific gravity <3.50) are proba-
bly underestimated in the analytical table, and higher density
minerals such as garnet and zircon may be overestimated.

The ferromagnetic-mineral fraction commonly is com-
prised of minerals containing magnetite mineral inclusions
that should be in fractions separated by low magnetic field
strength. X-ray fluorescence analyses of this fraction in two
samples from offshore Virginia indicated titanium values in
excess of what one would expect of magnetite. The excess
could be explained by the presence of approximately 40
percent titanomagnetite (Oliver Fordham, Virginia Division
of Mineral Resources, oral communication, 1988). This
combination of magnetite and ilmenite is confirmed by geo-
chemical analyses given elsewhere in this publication. Be-
cause optical identification of different opaque minerals in the
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Figure 8. Photograph of mgnt congurauon utilized to
separate ferromagnetic minerals from bulk heavy-mineral
concentrates.

determined by the user. Forward and side slopes of the MBLS
ranged from 15° to 20° and 15° to 25°, respectively. The
current and the slope settings defined above were appropriate
for the heavy-mineral assemblages found offshore of Vir-
ginia; however, for heavy-mineral assemblages elsewhere on
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across a number of magnetic fractions because of variations
in mineral composition and the presence of polymineralic
grains. Because many heavy minerals have a wide range of
possible compositions that results in a wide range of possible
magnetic susceptibilities for a particular mineral, optimal
current settings for extraction must be determined empirically
for each suite. The mineralogy of the resultant magnetic
fractions is discussed in the section "Mineral Identification
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Geochemical data can be used to indicate the presence of
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light microscopes. Estimation was easy because only a few
mineral species were present in each fraction. Comparison
charts for visual estimation of percentage composition (Folk,
1951; Terry and Chillingar, 1955; Reid, 1985) and point-
counting were used for this purpose. In addition to petrogra-
phic methods, X-ray diffraction analyses were used to iden-
tify some minerals; however, because of the reconnaissance
nature of the work, all the mineral species were not identified.
An "Others" category was estimated and included quartz, un-
identified opaques, unidentified non-opaques, polymineralic
grains, and clay balls. The identification of zircon and mona-
zite was aided by the use of ultraviolet light. The principal
criteria for identification were magnetic susceptibility, grain
shape, color, physical properties (that is, cleavage), streak,
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The estimated percentage abundances of each mineral
species was multiplied by the weight of each fraction. The
total percentage for each mineral was calculated by summing
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all species in cach magnetic fraction are generally similar,
differences in specific gravities of the mineral species were
ignored in the calculations. Although the calculated percent-
ages are not true weight percentages, the differences are
probably small. An example of the observations and calcu-
lations used to determine the weight percentages of minerals
for a sample are given in Appendix L.

Because silt- and clay-rich sediments are difficult to
separate and identify, the amounts of ferromagnesian micas
and lighter heavy minerals (specific gravity <3.50) are proba-
bly underestimated in the analytical table, and higher density
minerals such as garnet and zircon may be overestimated.

The ferromagnetic-mineral fraction commonly is com-
prised of minerals containing magnetite mineral inclusions
that should be in fractions separated by low magnetic field
strength. X-ray fluorescence analyses of this fraction in two
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ferromagnetic-mineral fraction is difficult without the use of
polished grain mounts and the mass is small, the entire
fraction is labeled "magnetite."

In addition to petrographic techniques, the paramag-
netic-mineral fractions were examined using ultraviolet illu-
mination. This technique aided the identification of monazite
which had green fluorescence, and zircon which had yellow
to orange fluorescence. Not all zircons fluoresce, for ex-
ample, metamict zircons. Because quartz was often found in
the non-magnetic at 1.8 A magnetic fraction, its weight was
included in the heavy-mineral fraction. For the Virginia
samples, a correction was made to the weight percentage of
the total heavy minerals by subtracting the weight of quartz
and is included in the calculation of data under column 151 in
Appendix I. The decrease in the weight of the heavy minerals
ranged from 2 to 18 percent of the uncorrected value and
averaged about 3 percent for Virginia samples.

DATABASE

Ideally, an offshore mineral-resource database should
contain all the variables generated by direct measurements as
well asthose derived by calculation. Because the formulae for
calculating a number of derivative variables are discussed in
detail later in this section, only the directly measured variables
arc discussed here. The variables that should be entered into
a database and their units of measure are as follows:

VARIABLE UNIT OF MEASURE
Sample number
Latitude......c.ceeervercrrnnrnens Degrees and fractions of a degree
Longitude.........ccccerermennen. Degrees and fractions of a degree
Water depth........coeereineceiereeceeeeeen, Meters
Section length (vibracore).................... Centimeters
Bulk sample weight...........c.cceveerencnnne. Grams
Weight of:

Gravel fraction..........cccevuvuvvecennnnes Grams

Sand-size fraction..........cveevrvurueeee. Grams

Clay-size fraction..........cceceevuveuenee.n Grams

CaCO, component..............cuueen... Grams
Mean grain size on a:

+CaCO, basis........ccuercenvererinanns Grams

-CaCO, basis.........coeervrurinencnennnnee Millimeters
Sorting on a:

+CaCO, basis........coouurevevecrnrirnnnns Millimeters

-CaCO, basis........cecevuevrencerienrenens Millimeters
Skewness on a: ‘

+CaCO, basis.........cccveemreercrnrennnnn, Millimeters

-CaCO, basis..........ccovunen: erarraenns Millimeters
Kurtosis on a:

+CaCO, basis.........coocvrmervininenne. Millimeters

-CaCO, basis.....c.ecceecenreenenneance Millimeters
Weight of:

spiral derived HM conc.................. Grams

spiral gangue subsample................. Grams

HM in spiral gangue..........ccceceunenue Grams
Composition of:

gravel fraction................... Percentage of shell, rock,

quartz, and so forth
HM fraction..........ccvrveennee Percentage of minerals

For the samples from Virginia, several databases were
used. One of these contains location data and core (sample)
length, and two others hold measured weights, observed
mineral compositions, and calculated or derived values.

The original concept and the outline for the database
presented here were the efforts of the senior author; modifica-
tions of calculation formulae for the 20/20 spreadsheet pro-
gram available on the VIMS Prime computer were made by
C.R. Berquistand C.T. Fischler. Other collaborating institu-
tions on the Atlantic seaboard utilized the Lotus 1-2-3 spread-
sheet program. The database (Appendix I) that has values for
two samples is shown as an example. Each row contains the
data for one sample. The column headers (variables) are
generally self-explanatory; however, they are discussed briefly
in the following section. Column data originates from obser-
vation, measurement, or calculation. The calculation formu-
lae (Appendix II) follow the database (Appendix I).

DISCUSSION OF COLUMN HEADERS

Values in column 11 were calculated by determining the
amount of water in a 50- to 100-g subsample and correcting
the initial bulk sample weight. Because not all samples were
wet (USGS vibracores were dry when received), some col-
umns in the final database contain 0 or "ERR" (where, in fact,
there is no error). The weight of sediment greater than 2.00
mm in diameter after wet sieving is given in column 12.
Column 13 gives the weight of a subsample from the spiral
light (SL) fraction; column 14 gives the weight of the portion
which sank in heavy liquid (spiral lights tetrabromoethane
sink). Column 15 is the final spiral concentrate; column 16
gives the weight of the spiral heavy, tetrabromoethane sink
fraction. Column 17 is a check for gross errors in weighing
sample fractions (see formulae in Appendix II). Column 18
is the percentage of heavy minerals in the spiral light fraction
and approximates the amount of heavy minerals lost during
the spiral concentration procedure to the spiral lights fraction
(column 19). Column 20 gives the percentage of the heavy
minerals recovered by the spiral concentration procedure
from the calculated total amount of heavy minerals in the
sample and is a measure of the efficiency of the spiral
concentrator in recovering heavy minerals from a given
sample. Column 21 is the calculated total amount of heavy
minerals in the sample based on the recovered and the lost
heavy minerals during the spiral concentrating procedure.
Column 22 is the weight percentage of the heavy minerals
recovered in the spiral concentrate and subsequent heavy-
liquid procedure.

The mud (silt and clay), gravel (>2.00 mm), and sand size
distributions were determined for some samples by using a
split of the repository sample; columns 23 to 28 give these
data. The mean size of the sand fraction of some samples
(column 30) were determined by using a Rapid Sediment
Analyzer.

The weights of the magnetic fractions derived by use of
the free-fall and MBLS magnetic separators are shown in
columns 31 to 36; "203" is the most magnetic fraction, and
"208" is the least magnetic fraction. The sum of these weights
are given in column 37. Columns 38 to 40 show the weights
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of the splits of the RHM reserved for archive (-209; 12.5
volume percent of the RHM fraction), geochemical analyses
(-200, -201, and -202; 12.5 volume percent of the RHM
fraction), and optical analyses (-203, -204, -205, -206, -207,
and -208; 75.0 volume percent of the RHM fraction). For the
Virginia samples, no magnetic separation of the geochemical
split was made, and the entire weightisreported in column 39.
Gross weighing errors are checked in column 41, Observed
amounts of individual heavy-minerals in each magnetic frac-
tion (203 to 208) are shown in columns 42 to 116; summation
columns insure that the compositions add up to 100 percent.

Columns 117 to 131 show the gram-equivalent weight of
an observed mineral for an entire sample (fractions 203 to
208) calculated by summing the gram equivalent of the
visually estimated frequency of the mineral in each magnetic
fraction. By using these data, the weight percentage of the ob-
served minerals in the RHM fraction is calculated and shown
in columns 132 to 147. Column 147 is the sum of ilmenite +
leucoxene + rutile + zircon + monazite + aluminosilicates
(sillimanite, kyanite, and andalusite).

Columns 148 and 150 are copied from columns 22 and
21, respectively. "CORR" in columns 149 and 151 correct
columns 148 and 150 by removing the amount of quariz
observed in the 208 fraction from the mass of RHM and THM.
Column 152 is a check where THM should be always greater
than RHM. In column 153 the weight percentages of the ob-
served minerals are added and checked to be certain that they
total to 100 percent.

With respect to the entire bulk sample (as opposed to the
concentrate), the concentrations of heavy minerals are shown
incolumns 154 to 169; the sum is shownin column 170. These
values were calculated by multiplying the mineral abundance
in the concentrate by column 151. Column 171 is acheck that
the sum of the mineral percentages (columns 154 to 168) and
the corrected THM are the same.

APPROXIMATE TIME REQUIREMENTS FOR
ANALYSIS OF AN OFFSHORE VIRGINIA SAMPLE

The sample analysis procedure that we have described
requires numerous labor-intensive tasks. Based on the expe-
rience that we have gained during this study, the average times
required to perform the various tasks are as follows:

TASK TIME PER SAMPLE
(in minutes)

Cut, describe, and photograph core...................... 45
Wet sieve gravel fraction.........cccceveveerevereennerennnes 15
Spiral concentrate sand-sized fraction.................. 30
Dry and weigh spiral fractions.........cooevveeveverenenee. 15
Heavy-liquid separation............ececeveevrrercrmeneecrnnnne. 45
Remove ferromagnetics (-203 fraction)................ 10
Magnetic fractionation (-204 to -208 fractions). 120
Mineral identification/quantification.................. 180
Data NIy ....cooveeeceerioerreeneceneeeerereeee e cenerenens 30
TOtal ...t 490 (about 8 hr20 min)

The volume, texture, heavy-mineral content and composition,

heavy-liquid separation funnel capacity, balance capacities,
and other variables have significant and highly variable ef-
fects on the time required to analyze each sample.

REFERENCES CITED

Arthur, 1.D., Melkote, S., Applegate, J., and Scott, T.M., 1986, Heavy
mineral reconnaissance off the coast of the Apalachicola River delta,
Northwest Florida: Florida Geological Survey Report of Investigation
Number 95, 61 p.

Berquist, C. R., Jr., and Hobbs, C. H., III, 1986, Assessment of economic
heavy minerals of the Virginia inner continental shelf: Virginia Division of
Mineral Resources Open-File Report 86-1, 17 p.

Berquist, C. R., Jr., and Hobbs, C. H., III, 1988a, Reconnaissance of
economic heavy minerals of the Virginia inner continental shelf: Virginia
Division of Mineral Resources Open-File Report 88-1, 74 p.

Berquist, C. R., Jr., and Hobbs, C. H., III, 1988b, Study of economic heavy
minerals of the Virginia inner continental shelf: Virginia Division of Mineral
Resources Open-File Report 88-4, 149 p.

Clifton, H. E., Hunter, R.E., Swanson, F.J., and Phillips, R.L., 1969, Sample
size and meaningful gold analysis: U. S. Geological Survey Professional
Paper 625-C, 17 p.

Drucker, B.S., 1983, Distribution and analysis of selected heavy mineral
species within the inner New York Bight: 15th Annual Offshore Technology
Conference, Houston, Texas, May 2-5, Reprint Number 4494, p. 427-430.

Fantel, R.J., Buckingham, D.A., and Sullivan, D.E., 1986, Titanium miner-
als availability—market economy countries: A minerals availability ap-
praisal: U.S. Bureau of Mines Information Circular 9061, 41 p.

Flinter, B. H., 1959, Magnetic separation of some alluvial minerals in
Malaya: American Mineralogist, v. 44, p. 738-751.

Folk, R.L., 1951, A comparison chant for visual percentage estimation:
Journal of Sedimentary Petrology, v. 21, p. 32-33.

Gaudin, A. M., and Spedden, H. R., 1943, Magnetic separation of sulphide
minerals: American Institute of Mining and Metallurgical Engineers Tech-
nical Publication Number 1549, 13 p.

Goodwin, B. K., and Thomas, J. B., 1973, Inner shelf sediments off
Chesapeake Bay: II: Heavy minerals: Special Scientific Report Number 68,
Virginia Institute of Marine Science, Gloucester Point, 34 p.

Grosz, A. E., 1987, Nature and distribution of potential heavy-mineral
resources offshore of the Atlantic coast of the United States: Marine Mining,
v. 6, p. 339-367.

Grosz, A. E., and Escowitz, E. C., 1983, Economic heavy minerals of the U.
S. Atlantic continental shelf, in Tanner, W. F., (ed.), Proceedings of the sixth
symposium on coastal sedimentology: Florida State University, Tallahas-
see, p. 231-242.

Grosz, A. E., Hathaway, J. C., and Escowitz, E. C., 1986, Placer deposits of
heavy minerals in Atlantic continental shelf sediments: 18th Annual Off-
shore Technology Conference, Houston, Texas, May 5-8, p. 387-394.

Grosz, A.E., and Nelson, D. D., 1989, Textural and mineralogic analyses of
surficial sediments offshore of Myrile Beach, South Carolina: U. S. Geologi-
cal Survey Open-File Report OF 89-168, 23 p.



24 VIRGINIA DIVISION OF MINERAL RESOURCES

Grosz, A. E., Burbanck, G. P., Aparisi, M. P., Kelly, W. M., and Albanese,
J.R., 1989a, Preliminary mineralogic analyses of vibracore samples from
offshore of the north shore of Long Island, New York: U. S. Geological
Survey Open-File Report OF 89-111, 15 p.

Grosz, A. E., Nocita, B. W., Kohpina, Pramuan, Olivier, M. M., and Scott,
T. M., 1989b, Preliminary grain-size and mineralogic analyses of vibracore
samples from offshore of Cape Canaveral, Florida: U. S. Geological Survey
Open-File Report OF 89-18, 22 p.

Hess, H. H., 1966, Notes on operation of Frantz isodynamic magnetic
separator: Princeton University Press, Princeton, N.J., 8 p.

Krumbein, W. C., and Pettijohn, F. J., 1938, Manual of sedimentary
petrography, New York, Appleton-Century.

Luepke, G., and Grosz, A. E., 1986, Distribution of economic heavy
minerals in sediments of Saco Bay, Maine: U. S. Geological Survey Bulletin
1681, 12 p.

Lynd, L.E., 1985, Titanium, minera! facts and problems: U..S. Bureau of
Mines Bulletin 675, p. 859-879.

McAndrew, J., 1957, Calibration of a Frantz isodynamic separator and its
application to mineral separation: Proceedings of the Australasian Institute
of Mining and Metallurgy Number 181, p. 59-73.

Nessett, J. E., and Finch, J. A., 1980, Determination of magnetic parameters
for field-dependent susceptibility minerals by Frantz isodynamic magnetic
separator: Transactions of the Institution of Mining and Metallurgy, Section
C: Mineral Processing and Extractive Metallurgy, v. 89, p. C161-C166.

Nichols, M. M., 1972, Inner shelf sediments off Chesapeake Bay: I: General
lithology and composition: Special Scientific Report Number 64, Virginia
Institute of Marine Science, Gloucester Point, 20 p.

Reid, J.C., 1985, Comparison chart for estimating volume percentages of
constituents in rocks and concentrates in the range of 1.0 to 0.1 volume
percent: American Mineralogist, v. 70, p. 1318-1319.

Shepherd, M.S., 1986, Australian heavy mineral reserves and world trends,
Australia: a world source of ilmenite, rutile, monazite and zrcon, Victoria,
Australia: The Australasian Institute of Mining and Metallurgy, p. 61-67.

Terry, R. D., and Chillingar, G. V., 1955, Comparison charts for visual
estimation of percentage composition: Joumnal of Sedimentary Petrology, v.
25, p. 229-234.

U.S. Department of the Interior, 1979, Program feasibility document OCS
hard minerals leasing: prepared for the Assistant Secretaries-Energy and
Minerals and Land and Water Resources, OCS Mining Policy Phase I Task
Force.



25

PUBLICATION 103

00°001

or'61 SO911 0’8 6¥'C 98T €L6S O0I'6t €80 1€ 080 0T9 00°¢6 8C0 8Y'Ee
9Lyl CO'C8 TITL TEOT LLT S8y S691 €TO aN 00001 or'e or'e 0S'v6 w1 IL°6E
3 ®) @ & & @ 3 ) (IHdD) an+ (8) €))
JAIHOAVY  807-€0C 80T LO0T 90T SOT #0T €0z  HZISANVS ANVSHTIIAVID TIAVID dNKW ANVS THAVED  ANVS
%STIIM LIMWNS 1M IM 1M 1M I IM NVEN % IMWAS %I %IM % LM IMm IM
8€ LE 9¢ SE€ € €€ € I 0€ (4 8T LT 97 ST L 4
T ST 1T°¢ TC9L LE'8Y 80 11°0 90°6C1 C8CLS 16°C 0L 86T 0e'8Y
060 el 61°C ¥6°8L L 0g 6v°0 900~ 91°CI1 76°0¢LE 181 HOELE £8°60C
@ IVIIdS SLHOI'T SLHOIT (uds 967 @) ®@ ) 3) (3)
ann WHY WHL Ad IVIIAS NI TVHIdS +[EUE+O1E) SHLHS SHIAVAH AIdJNVSEIAS IHdO'T-
IMm % LM % IM A¥FAODHFY % (BYWHIM NIWH% -SALHS 1M LM VIS SELTIS SIHOIIdS <'LM
€T w {4 0c 61 81 LT 91 <1 141 €1 4
TEE9 €8¢l ov'LT LE'80T LLSTTL  PITILT $6°881 LL'T9 6vEL 00€8 156 1
1999 LEG6 0S11 9T'111 9,'TCl  T¥LLT 16°881 S1°99 0SEL 00£8 056 I-1
®) @ 3) (8) (8) ®) (3) ) 3) (3
TAIdNVS ¥ALVM  TTINVSNI  FT1dINVS TIINVS dIAvAd® YTAvAd »® LM 1dNVS  TTdNVS ¥ 1M  MEENNN
Im Ada % LM IMIYALVAM LM Xdd IM 1AM  Im Xdd IMIdM  ¥EMvad IM IAN  I3¥0Nd 1M 133ongd TIdAVS
11 01 6 8 L 9 S 14 € ré 1 0

"PAUTULIAISP 10U ‘N :(SMsnfepue
‘QIueAY “ONUBWIIS) SIIBOIISOUTWNTE PAIRNUIJJIPUN *HIS S[eIourur AABaY OIWOU03d ‘WHH ‘S[eloutul AABOY PAIdA0DAI ‘WHY :S[etoutwr AAedy [e10) ‘WHL
‘sas£[eue [eoTwoyd 10§ S LHS Ay1 JoInds ornounjoa jusorad ¢z 1 ‘reue tsosodind fearyare oy SELHS o4 JOMds SLnowm|oA 1uad1ad G- 1 ‘OFe (UOTIORI) JUIS QUBYIS0WOI
-qena] sataeoy [ends ‘S LHS ‘UONOBI] JUIS Juey20woIqenat ‘siysi| rends ‘g 11S ‘rends ‘gs sweid 3 yySrom ‘LA :ore suoneur[dxa IOy} PUB ‘SUOHBIAIGAY

*Pasn 10U 21k ‘910J219Y} ‘souax0IAd

10J pasn A[LreuIpIo (091 ‘8T ‘€TT ‘LOT “T6 ‘LL ‘¥9 °SS) suwnjod 3y, ‘suwnjod ssjoqrydure oy jo suonisod oy pawnsse (sfeourw dnoig sfoquydure pue suoxoikd
polenuaIa)jIpun) sa10qoiAd 1eyl s 191e] PaLIAUOS sem Jng serourul dnoig suoxo1Ad pue ojoqrydure JO SUOTIRIUSOUOD PAAISSGO I0] PIMO][E 9SBQRIEp [UISLIO 9y,

-o1dwms en

-pratpur ue sjuasaidor mor yoes ordwres yoea 10 (11 xrpuaddy 99 foB[NUIIO] JO 950 Q) SINTEA PIALIIP PUB SINTEA PIAIIS]O JO PAINSBAW UTLIUOD [/ T 01 [ parequinu
suwn[od ‘raquinu opdures ) SUTRIUOD () UWN[O)) 'S9[1J 1ooyspea1ds erurSiA oy Jo ouo ut sopdwes 2105 om] 10 BIep pue SN UWM[od sMoys xipuaddy sy,

-odwes e ur sferautw Aaeay Jo soSejuodiad 1ySrom oyl SUTULISIOP O] PIsn SUONEINO[ED PUR SUONBAISSQO S Jo ojdurexyg

1 xipuaddy



VIRGINIA DIVISION OF MINERAL RESOURCES

26

0 4 0 001 0 0 0 4! 4! [4 0 0 1974
8 8 S 001 8 0 [ 0 0 1 0 0 0¢
4I0dIdd LANYVO FLINTWTI 900 SWJHIO NOJ¥IZ HLIZVNOW ENIX0DNdT ANITVAMNOL ANHHAS IS FTLLOY  ddsn  SHT0H0YAd
% % % % % % % % % % % % LON %
L0Z L0T L0 NOS 90T 90T 907 90T 90T 90T 90T 907 NNTIOD 902
68 88 L8 98 s8 +8 €8 <8 18 08 6L 8L LL 9L
0 [4 S 0 001 £ 0 I L 0 0 oy
ST S 4 01 00T 8 0 4 8 0 0 91
4IrI0¥NVLS H10aldd  LANYVO ALINIWT $0T S¥GHLO NODMIZ  ENIXOONET HANITVANNOL ENEHAS IS qdsn  STI0H90¥Ad
% % % % % % % % % % % 1ON %
90T 90¢ 90T %0z WNS  S0Z S0z S0z S0z S0z SOT NWNIOD  S0T
SL L €L w 1L 0L 69 89 L9 99 s9 9 €9
ST 01 S1 6 001 € ! 0 33 0 1
1 L g€ 17 001 0 4 0 3 0 I
4Ir10¥AVLS 310dldd  IANMVO dLINGWTL  $07  S¥JHLO ENIX0DNIT adsn  ANITVAYNOL SFTOE0¥Ad ALITOINVIS HLOAIdH
% % % % % % % LON % % % %
S0z S0z S0z S0¢ WNs 0T YT  NNQTOD ¥0C 0T YT 0T
9 19 09 6§ 8s LS 95 ss bS €5 (43 IS
(44 8¢ 001 (4 I I 4 0 ¥6 €20 8T'9IT LS'61
9 98 001 0 0 0 13 0 L6 020 §TS8 1751
JANYVO ALNAWTI €07  SYFHIO STTOHO¥Ad HIOAME  LANNVD ~ HLINEWTL HIULANOVW () @ 3)
% % % % % % % % % IMWNS- ADOTVYENIN OJLLATYNY
0T ¥z WAS €02 €02 €07 €07 €07 €07 BOSLAIA  BOSLLM  HSTLIM
0S 6b 8 LY 9% 34 14 €r (4 (2 0¥ 6€



27

68'C 000 Sl 00’y 610 LEE 8VI1 12824 L 1259 9y°Cl LT L9°0
1 (A4 200 86'¢ LSV 200 ST't 890 SLOT (A" (S LS'TT ¥6'6C 670
NODYIZ FLIZVNOW INIXOONTT ANITVINYNOL dANAHdS MIS FTILLAY ddsn STT090YAd dIIT0¥NVLS ALOAIdd LANYVO HALINFWTI HLILLANOVIN
% % % % % % % JON % % % % % %
IM M IM AN 1M 1M 1M NWNT10O LM IM 1M 1M IM IM
SP1 44! %41 441 IPT OFT  6F1 8E€T LEY 9¢T % § 2% €€ 4%
9L 9¢'t 000 69'1 o't r4A\) 16°¢ L1 £6'8¢ 96'8 €v9 P6°L1 €T0T
6C6 09'¢ w00 6L'¢ 88'¢ 00 89°C 8S°0 <16 66C cC'y 0T'61 LY'ST
SYFHLO NODJYIZ FALIZYNOW ANAXOONTTANIIVANNOL ANIHAS MIS HILLNA  ddsn STTOHOYAd FLITOYNVLIS FLOAIdE LANYVO HFIINIWT
B Aim Gum (&) LM B Im @ @i Gim  ION 3)1m 3 1M @ Guam 3 Im
nWns nAs WNS NS NS WNS  WNS WNS NWNT0D  WNS NS WNS NS NS
9 I€1 0€1 671 871 L 971 (Y41 14! €71 144 1Z1 (174 § 611 811
Z
Q
=
mm 8L°0 001 6T LE 0 I 0 0 ¥ 6 0 0 0
= 0 001 01 0¢S 0 I 0 0 0¢€ 8 0 0 I
m ALLANOVIN 807 SWIHIO NOD¥IZ ALZVNOW ANIXOONIT ANIIVININOL INFHAS IS FTILNY qdEsn SHFI090¥Ad FLITO¥NVIS dHLIOddA
(3) Im % % % % % % % % % ION % % %
WS NS 807 80T 80T 80T 80T 807 80T 80T NWNT0D 80T 80T 807
LTT 911 STI 1441 €11 44 111 01T 601 801 LOT 901 SO1 01
0 0 001 ST L 0 S I ¢ 9¢ 81 I 0
0 0 001 144 0 0 ot 0 0 < 0 0 0T
LANYYO HLINGWIL £0Z SYAHLO NOOYIZ ALIZVNOW dNIX0ONdT ANITVIWINOL ANAHdS MIS dTILN¥ ddsn SIT1090¥Ad HIr1OINVIS
% % % % % % % % % % %  I1ON % %
80T 80Z WNS  L0T L0T Loz L0T LOT LOT LOT L0Z NWNT10D LOT LOZ

€01 W01 10T 001 66 86 L6 96 S6 P6 £6 76 16 06




VIRGINIA DIVISION OF MINERAL RESOURCES

28

000 81'¢ ¢80 0c0 60°0 000 S00 e1ro 100 1o §0°0
000 81°C w60 1£44] 600 000 600 010 000 LO0 100
ATNI 40 HTdANVS  dTdIAVS H1dNVS  JT1dANVS  dI1dAVS HT1dNVS TTdNVS dTdNVS HIdNVS dTdAVS  ddsn

WH % WNS- ATNENI% ATNENI% JATNANI% ATNENI% ATINENI%» JATNINI% AINANI% JNINENI% AININI% AINANI%  LON

WHL IM 300 WH % NS WHY Y4HLO NODYUIZ HILIZVNOW dINdIXO0O0NdT ANI'TVININOL dNHHdS AIS HTLLOY NANNTOD
ILT 0L1 691 891 L91 991 91 91 €91 091 191 091
LO'T (YAl 81°0 6v'0 §S°0 00 001 100 8T't 1T¢ THFT ST T99T ST9

£C0 800 4% 6v'0 §9°0 100 001 000

81'C 6IC TLI

eL'T 10Ty 7601

H1dNVS HTdNVS HTdNVS HIdNVS dTdNVS HTdWNVS SHOVINADY¥Ad % WHY
AINENI% AINANI% ATINANI% NININI% AININI% XININI% TVIININ - % WHL

WHL WHL WHY
LM %  BIM

STTIOH0YAd HIIIOINVLS HIOAIdd  LANIYVD HLINIWTI HLLIANOVIA JONNS HONIYIIAId YOI 1M Y403

WHY WHE SY¥FHLO
% % %
M 1A 1M

65T 8S1 LST 9s1 SST 12 § €ST (4!

IST 0ST  6v1

14! vt 91



PUBLICATION 103 29

Appendix II.

The formulae used in calculating the described variables are based on the column numbers in Appendix I.

COLUMN DESCRIPTION
NUMBER

FORMULA IN TERMS OF COLUMN NUMBER
[IN BRACKETS]

120

121

122

123

124
125
126
127

128
129
130
131

NET WEIGHT OF SAMPLE

WET WEIGHT OF SAMPLE

DRY WEIGHT OF SAMPLE

WATER WEIGHT IN SAMPLE
WEIGHT PERCENT WATER

DRY WEIGHT OF BULK SAMPLE
WEIGHT LOSS DUE TO SPLITTING

WEIGHT % HM IN SPIRAL LIGHTS

WEIGHT HM IN SPIRAL LIGHTS

% OF HM RECOVERED BY THE SPIRAL
WEIGHT % TOTAL HM IN SAMPLE

WEIGHT % RECOVERED HM

WEIGHT % SAND

WEIGHT % MUD
WEIGHT PERCENT GRAVEL

SUM OF SAND, MUD AND GRAVEL %

SUM OF MAGNETIC FRACTIONS

WEIGHT LOSS DUE TO MAGNETIC FRACTIONATION
SUM OF % MINERAL SPECIES IN 203 FRACTION
SUM OF % MINERAL SPECIES IN 204 FRACTION
SUM OF % MINERAL SPECIES IN 205 FRACTION
SUM OF % MINERAL SPECIES IN 206 FRACTION
SUM OF % MINERAL SPECIES IN 207 FRACTION
SUM OF % MINERAL SPECIES IN 208 FRACTION
MAGNETITE (g) IN ALL MAGNETIC FRACTIONS
ILMENITE (g) IN ALL MAGNETIC FRACTIONS

GARNET (g) IN ALL MAGNETIC FRACTIONS
EPIDOTE (g) IN ALL MAGNETIC FRACTIONS
STAUROLITE (g) IN ALL MAGNETIC FRACTIONS
PYROBOLES (g) IN ALL MAGNETIC FRACTIONS
COLUMN NOT USED IN VIRGINIA STUDY

RUTILE (g) IN ALL MAGNETIC FRACTIONS

ALUMINOSILICATES (g) IN ALL MAGNETIC FRACTIONS

SPHENE (g) IN ALL MAGNETIC FRACTIONS
TOURMALINE (g) IN ALL MAGNETIC FRACTIONS

LEUCOXENE (g) IN ALL MAGNETIC FRACTIONS
MONAZITE (g) IN ALL MAGNETIC FRACTIONS
ZIRCON (g) IN ALL MAGNETIC FRACTIONS
OTHERS (g) IN ALL MAGNETIC FRACTIONS

[2]-[1]
{51-{4]
[6]-[4]
[71-18]
[91/[71*100
[31-(31*([101/100)
[16]-([381+[391+40])
([141/(13])*100
((18)/100)*((11]-[151)
100*[16)/([161+[19])
([191+[161)*100/[11]
100*[16)/[11]
([241/(1231+[24]1+[25)))*100
([231/(123]+[24]+[25]))*100
([251/([231+[24]+[251))*100
SUM([26..28])
SUM([31..36])
[40]-[37]
SUM([42.47])
SUM([49..57))
SUM([59..70])
SUM([72..85])
SUM([87..100])
SUM([102..115))
[311*[42]
[31]*[43]+[321*[49]+[33]*(59]
+[341*[72]+[351*[871+[361*[102]
[44]*[31]+[501*[32]+[60]*[33]
+[731*[341+[881*[35]+[103]*[36]
[S11*[321+[611*[331+[74]1*[34]
+[451*[311+[35]*[89]+[36]*[104]
[52]*[32]+[621*[331+[75]*[34]
+[90]*[351+[1051*[36]
[53]*[32]+[631*[33]+[76]*[34]
+[911*[35]1+[106]*[36]+[46]*[31]
[551*[321+[641*[33]+[771*[34]
+[92,81*[35,81+[107,81*[36,8]
[78]*[34]+[931*[35]1+[1081*[36]
[791*[341+[941*[351+{109]*[36]+[651*[33]
[66]*[33]+[801* [34]+[951*[351+[110]*[36]
[671*[33]+[81]1*[341+[96]*[35]
+[1111*[36]+[541*[32]
[82]*[34]1+[971*[351+[112]*[36]+[68]*[331+[561*[32]
[83]*[34]+[981*[35]+[36]*[113]
[99]*[35]+[114]*[36]+([691*[33]+[841*(34]
[AT1*[311+[STI*[32]+[701*[33]+
[85]*[341+[100]*[351+[115]*[36]
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132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

163
164
165
166
167
168
169
170

171

VIRGINIA DIVISION OF MINERAL RESOURCES

WEIGHT PERCENT MAGNETITE IN HM FRACTION

WEIGHT PERCENT ILMENITE IN HM FRACTION

WEIGHT PERCENT GARNET IN HM FRACTION

WEIGHT PERCENT EPIDOTE IN HM FRACTION

WEIGHT PERCENT STAUROLITE IN HM FRACTION

WEIGHT PERCENT PYROBOLES IN HM FRACTION

COLUMN NOT USED IN VIRGINIA STUDY

WEIGHT PERCENT RUTILE IN HM FRACTION

WEIGHT PERCENT ALUMINOSILICATES IN HM FRACTION

WEIGHT PERCENT SPHENE IN HM FRACTION

WEIGHT PERCENT TOURMALINE IN HM FRACTION

WEIGHT PERCENT LEUCOXENE IN HM FRACTION

WEIGHT PERCENT MONAZITE IN HM FRACTION

WEIGHT PERCENT ZIRCON IN HM FRACTION

WEIGHT PERCENT OTHERS IN HM FRACTION

WEIGHT PERCENT EHM

WEIGHT PERCENT RHM

CORRECTED WEIGHT PERCENT RHM

WEIGHT PERCENT THM

CORRECTED WEIGHT PERCENT THM

THM % - RHM %

SUM OF MINERAL PERCENTAGES

MAGNETITE AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

ILMENITE AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

GARNET AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

EPIDOTE AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

STAUROLITE AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

PYROBOLES AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

COLUMN NOT USED IN VIRGINIA STUDY

RUTILE AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

ALUMINOSILICATES AS A WEIGHT PERCENTAGE OF THE BULK
SAMPLE

SPHENE AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

TOURMALINE AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

LEUCOXENE AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

MONAZITE AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

ZIRCON AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

OTHERS AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

EHM AS A WEIGHT PERCENTAGE OF THE BULK SAMPLE

SUM WEIGHT PERCENTAGE OF HEAVY MINERALS IN THE BULK
SAMPLE

CORRECTED WT % THM - SUM % HM OF BULK SAMPLE

[117)/[37]

[118}/[37]

[1191/[37)

[120]/[37]

[121V/[37]

[122)/[37]

[123]/(37]

[124]/[37]

[125)/137]

{126]/[(37]

[127]/[37]

[128)/137]

[129)/[37]

[130¥/[37]

[131}/[37]
SUM([133],[139],[140],[143..145])
100*[16]/{11]
([16)-[36]1*([1151*0.9))/[11]
([191+[16])*100/[11]
([16]+[19]-({361*[115]*0.9))/[11]
[151]-[149]
SUM([132..146))
[132]*[151]
[133]*[151]
[134]*[151]
[135]*[151]
[136]*[151]
[137]%[151]
[138]*[151]
[139]*[151]
[1401*[151]

[141]*[151]
[142]*[151]
[143}*[151]
[144]%[151]
[145]*[151]
[146]*[151]
(147]*[151]
SUM([154..168])

[151}-[170]





