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REVIEW OF THE USE OF MAGNETIC
CONCENTRATES IN GEOCHEMICAL EXPLORATION

by
1/ 2/
William C. Overstreet and Gordon W. Day

ABSTRACT

Magnetic concentrates recovered readily by hand magnet from alluvial
sediments or panned concentrates have been used successfully in exploration
as a geochemical sample medium for Cu, Zn, Co, Cr, Mo, Ni, V, Sn, and Be,
particularly in arid environments where alluvial sediments may be
contaminated by aeolian debris. Opportunity for this use arose recently as
chemical and spectrographic techniques were developed to determine the
abundances of a variety of trace elements in Fe-rich media. The use of
analytical data from magnetic concentrates was introduced as one of several
anomaly-enhancement techniques based on heavy minerals and intended to
identify blind ore deposits. An extensive literature, reviewed here, on
the relation of the chemical composition of the mineral magnetite, a main
component of magnetic concentrates, to geologic conditions of origin,
facilitates the interpretation of trace-element data in the context of

ssociation with ore deposits.

INTRODUCTION

The term "magnetic concentrates" as used here refers to those minerals
in panned concentrates that have a magnetic permeability considerably
greater than one, a positive magnetic susceptibility, and that are
attracted to a permanent magnet. These characteristics permit the magnetic
fraction to be separated simply from the less magnetic components of
concentrates. Magnetic concentrates are typically employed in exploration
for ore deposits as a medium for chemical or spectrographic analysis.
Therefore, magnetic concentrates have come into use rather recently as
techniques have evolved for the determination of trace amounts of elements
in a background of overwhelmingly abundant Fe. Concentrates, however, have
a long history of use based on the identification of wanted minerals as
well as chemical analyses. This history is examined below for perspectives
on the introduction of magnetic concentrates as a sample medium in mineral
exploration, for examples of the use of concentrates in various forms, and
for access to the literature.

The work on which this report is based was performed in accordance with
a work agreement between the U.S. Geological Survey (USGS) and the Saudi
Arabian Ministry of Petroleum and Mineral Resources.

1/ U.S. Geological Survey(retired) 1

2/ U.S. Geological Survey,
Denver, CO .



BACKGROUND

Heavy-mineral concentrates

Various techniques of anomaly enhancement have come to be used in
geochemical exploration as a way to detect ore deposits whose surface
expression may be subtle. These techniques include physical and chemical
means of selective concentration of the wanted elements, of which the
oldest and simplest means is the preparation of heavy-mineral concentrates
by panning. Minerals with densities greater than about 2.8 have come to be
called heavy minerals. This terminology derives from the late 1800's and
early 1900's when various solutions, molten salts, and organic fluids of
high density were investigated to perfect convenient laboratory procedures
to separate small quantities of accessory minerals, whose densities are
generally 2.8 or greater, from the large bulk of rock-forming minerals,
such as quartz and feldspar, whose densities are 2.7 or Tless. More than
three dozen materials have been recommended for this purpose (Sullivan,
1927) among which the most widely accepted fluids are bgomoform (tribrom-
methane, CHBr,), which has a density of 2.87 at 20°C, and acetylene
tegrabromide ftetrabrom-ethane, C HZBr4), the density of which is 2.96 at
20°C. Methods by which minerals™ are separated in heavy liquids are
described in laboratory manuals for sedimentary petrography (Krumbein and
Pettijohn, 1938; Milner, 1952). The method is known as heavy-liquid
separation, and the minerals that sink in these liquids are referred to as
heavy minerals. The aggregate of heavy minerals resulting from the
separation 1is called a concentrate, a term familiar from older forms of
mineral beneficiation.

Panning

Use 1in the 1laboratory of heavy-liquid separation was devised as a
substitute for common field or mill methods for preparing concentrates.
Panning 1is the most widely used field method for which heavy-liquid
separations became a substitute, because panning is awkward as a laboratory
technique. Also, panning was thought to be poorly suited for the recovery
of minerals having densities between 2.8-5.5. Actually, minerals in this
range of density can be recovered well enough for exploration by the
panning method (Sigov, 1939; Junner, 1943, 1955; Mertie, 1954; Theobald,
1957; Zantop and Nespereira, 1979), as is shown by extensive and continued
use of the pan, in its several variants, for prospecting and gem mining
throughout the world (Griffith, 1960; Guiques and Devismes, 1969; Grey,
1976).

Panning is usually applied to samples weighing 5 kg or more, whereas
heavy-1liquid separations are generally used with samples of a few 100 g or
less. Probably the size of samples and the inconvenience of panning, more
than the observed recoveries in the range of densities of the ore minerals,
have promoted the wuse of heavy 1liquids 1in the laboratory. Where
concentrates must be prepared in the field, and an easily cleaned and
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readily transported instrument for making the concentrate is required,
panning is an effective technique. These properties are also
characteristic of a mechanical gravity concentrator--the Goldhound 18--used
in exploration for scheelite and cassiterite in the Arabian Shield by
Riofinex Geological Mission to introduce a greater element of objectivity
in mineralometric surveys (Sale, 1983). Taggart (1945) noted that a
skilled panner ". . . will make a lower grade of tailing on any ore
amenable to gravity concentration than can be made in the most elaborate
gravity mill. The concentrate will not, however, be of as high grade as
can be made in a mill." Heavy-liquid separations are used in the laboratory
on raw concentrates panned in the field if further separation is needed.
From these panned concentrates the magnetic concentrates are prepared by
the removal of the most magnetic minerals with a hand magnet.

As a technique for concentrating heavy minerals, panning is of great
antiquity. Clear descriptions for the separation of cinnabar from sand by
panning have survived for 2300 years (Theobald, 1957). Prospecting by the
use of hand-picked heavy minerals is even more ancient than panning and is
older than recorded history. Pebbles of native copper--heavy minerals,
indeed--were sought along with other geologic trade materials such as
turquoise and lapis lazuli 1in southwestern Asia about 10,000 years ago
(Wertime, 1973a., 1973b). These old methods of heavy-mineral prospecting
are now included among the modern techniques of geochemical exploration
(Hawkes, 1957; Hawkes and Webb, 1962; Lyon and Tuddenham, 1959; Erickson
and Marranzino, 1960; Overstreet, 1962; Gonzalez, 1967; Brundin, 1969; Beus
and Grigorian, 1977, p. 83; Cillik, 1977; Ossenkopf and others, 1979;
Callahan, 1980; Kuerzl and Pohl, 1980; Whitlow and D'Agostino, 1980;
Atkinson, 1983).

Influence of geomorphic history
and climatic regimes

The geomorphic history of the materials contributing heavy minerals to
the sampled area should be understood, because in areas having pediment and
terrace deposits, inverted topography, glacial drift, and fossil or active
dune fields and sand sheets, the original source of the heavy minerals may
be a considerable distance from the site of sampling (White and Stromquist,
1970; Hehuwat, 1976; Brondi and others, 1977; McPherson, 1978; Schumm,
1978; Granath, 1983). These heavy minerals are anomalous with respect to
the rocks underlying the sample site (White and Stromquist, 1970; Grey,
1976). Hydraulic conditions of the depositional system influence the
relative proportions of the species of heavy minerals in various classes of
sedimentary materials (clay, silt, sand, and gravel) from a given source
rock; hence, samples used for the preparation of concentrates need to be
taken with regard to the systematic use of sediments having similar maximum
grain size (Inman, 1949; Danilchik and Tahirkheli, 1959; Overstreet and
others, 1968; Asad, 1970; Saks, 1976; Adams and others, 1978; Khmeleva and
Ivochkina, 1978; Sutherland, 1982).

Climatic regimes, including weathering in the arid.environment, bear on
the distribution of primary and secondary heavy minerals in concentrates
(E1 Shazly and others, 1977; Butt and Smith, 1980; Lahti and Govett, 1981,



Learned and others, 1981; Ryall and Taylor, 1981). Heavy-mineral surveys
were thought to be particularly adapted to humid subtropic and tropic
regions where rocks were deeply weathered, because many heavy minerals
resist weathering. That opinion is justified (Altmann and Serre-
Ratsimandisa, 1970; Hummel and others, 1970; Minas Kuyumjian and Bressan,
1976). However, surveys 1in other climatic regimes, particularly in the
arid subtropics and tropics, alpine deserts, and the arctic, have shown
heavy minerals to be a useful geochemical sample medium in all climatic
zones, including regions such as the Sahel where present arid regimes are
imposed on rocks that were previously deeply weathered under former humid
conditions.

The use of heavy minerals in geochemical exploration is usually related
to drainage systems, because heavy minerals from a sample of alluvium are
derived from rocks in the drainage basin upstream from the sample site, and
because heavy minerals from a net of drainage basins give excellent
representation of a region, even in arid lands or 1in areas covered by
glacial till1 (Brown and others, 1967; Brundin and Bergstrom, 1977;
Callahan, 1974; Granath, 1978, 1983; duBray, 1981; Woolf, 1983). Other
sedimentary materials have also been suitable sources of heavy minerals for
exploration. Examples include regolith (Light, 1955), lake-shore deposits
(Folinsbee, 1955; Piispanen, 1981), marine beaches and sea-floor sediments
(Zenkovich, 1960; Emery and Noakes, 1968; Moore and Silver, 1968; Pisarski,
1968; Hazelhoff-Roelfzema and Tooms, 1969; Keyser, 1972; Reimnitz and
Plafker, 1976; Delegation of the Phillipines, 1978; McPherson, 1978; Moore,
1979; Palma, 1979), and desert sand (Griffitts and Alminas, 1968;
Gharaibeh, 1969; Grey, 1976; Theobald and others, 1975; Watts, Alminas, and
others, 1978a, 1978b, 1978c; Watts, Hassemer, and others, 1978; Hassaan and
Al-Hawary, 1979; Mosier and Allcott, 1979). Heavy minerals from unweathered
bedrock and from saprolite represent only the source rocks in the immediate
area of the sampling site, but successful regional surveys have been based
on these materials (Overstreet and others, 1963; Erickson, Mosier, and
Viets, 1978; Erickson and others, 1979; Mertie, 1979).

Connection with exploration
for placer deposits

Where concentrates are used as a geochemical sample medium, where the
survey is based on the identification of mineral species, and where the
material processed for the concentrates is eluvium, alluvium, or lake or
marine beach deposits, search techniques for lode deposits of the wanted
minerals overlap and are an extension of preliminary procedures used in
exploration for placer deposits (Raeburn and Milner, 1927; Griffith, 1960).
The association of techniques 1is sufficiently close for much of the
technical literature on exploration and evaluation of placers, particularly
the early Tliterature which is too vast for summary here, to bear also on
the use of heavy minerals as a sample medium in geochemical surveys for
lode deposits (Junner, 1943; 1955; Fitch, 1952; Haile, 1954; Guigues and
Devismes, 1969; Granath, 1978; Hosking and Rabelink, 1978; Kamel and
others, 1980; Dissanayake and Nawaratne, 1981; Piispanen, 1981).
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Density of sample net

The density of the sample net depends on the purposes to be served by
the survey, the probable size and distribution of ore bodies, lengths of
mechanical dispersion trains of ore and indicator minerals, and the scale
of the survey. If concentrates are obtained from alluvium, and thus are
tied to the drainage net, they can be taken at wider intervals than
concentrates from sources such as residual soil, saprolite, or unweathered
rock and still give equivalent representation. It has been observed,
however, that the same area sampled at different scales yields markedly
different distributions of elemental anomalies. In the Sonoran desert of
Mexico, Theobald (1983) found that at a map scale of 1:250,000 prominent
arrays of anomalies define Tlinear patterns of the regional structural
control of hydrothermal systems. When the scale for sampling was expanded
to 1:50,000, the anomalies were found to occupy concentric subcircular
patterns that define gross zoning of elements in a large hydrothermal
system, but at a scale of 1:10,000 or larger, the arrays of anomalies
return to a linear pattern and define local structural controls.

In general, heavy-mineral surveys are conducted at map scales of
1:50,000 to 1:500,000, and the areas covered are large. The density of the
sample net may range from one sample per 100 sq km for very large areas
surveyed at a scale of 1:500,000 (Sigov, 1939y to various densities from
one sample per 50 sq km to one sample per 3 sq km for large areas (Zantop
and Nespereira, 1979; Hallenstein and others, 1981), to as many as three or
more samples per sq km (Freise, 1910). Even with as open a sample net as
one in about 75 sq km, results of an early USGS geochemical survey of the
Arabian Shield provided basic insights into the geochemical framework of
the Shield that have defined suites of elements directly related to
mineralization and identified those parts of the distribution of single
elements most 1likely to be related to mineral deposits (Theobald and
Thompson, 1983) At a scale of 1:250,000, concentrates taken from alluvium
on a net of one sample site per 8 sq km appear to afford a good balance
between time and effectiveness in defining major target areas suitable for
detailed exploration. If residual soil, saprolite, or unweathered rock is
the source of the concentrate, then two to six or more samples per sq km
may be needed where the map scale is large (Overstreet and others, 1963;
Grey, 1978). Thus, the density of a sample net can be modified to suit the
geologic conditions.

Weight of sample

The weight of the original sample from which the concentrate is made is
not so important as is a standardized amount of original sample at all
sites and a reasonably consistent approach to the grain size of the
material to be processed for the concentrate. Samples of alluvium can be
smaller than ones from saprolite or unweathered rock because of the
tendency toward preconcentration in alluvial sediments. Commonly used
weights of alluvium are 2-10 kg (Overstreet and others, 1968; duBray, 1981;



Hallenstein and others, 1981; Sale, 1983; Theobald, 1983; Theobald and
Thompson, 1983), but surveys based on saprolite or unweathered rocks
generally require 15 kg (Overstreet and others, 1963) and, under conditions
of extreme sparsity of heavy accessory minerals in the rock, may require
samples weighing as much as 500 kg to yield 20-30g of concentrate (Mertie,
1979).

Where the exploration is for rarely present minerals, native gold for
example, particular attention must be paid to the size of the original
sample to idinsure that it gives adequate meaning to the results of the
analyses (Fischer and Fisher, 1968; Clifton and others, 1969; Harris,
1982).



EXPLORATION BASED ON THE IDENTIFICATION
OF HEAVY MINERALS--MINERALOMETRIC SURVEYS

Systematic use of heavy-mineral surveys for mineral exploration is
sometimes said to have begun with the work of D. T. Day (1905a, 1905b,
1907) or with that of Day and R. H. Richards (1906a, 1906b) on the
mineralogical composition of concentrates from the Pacific drainage of the
United States. Their work 1is predated, however, by pioneering
investigations on the geologic use of heavy minerals in Brazil by Orville
A. Derby who, beginning in 1889, demonstrated panning as a way to recover
accessory minerals from weathered and unweathered rocks and in relating
heavy minerals in stream sediments to their geologic provenance (Derby,
1889, 1891, 1898, 1902). Following Derby in Brazil was Ferdinand Freise
(1910) who made a study of 46 varieties of heavy minerals in thousands of
concentrates to locate sources of rare metals. About the time of Day and
Richards, Derby, and Freise, systematic heavy-mineral surveys were also
begun in Africa (Dunstan, 1906; Junner, 1943, 1955), Asia (Dunstan, 1910;
Scrivenor, 1911), and Australia (Ball, 1905; Dunstan, 1905).

From World War I through World War II use of the method declined, with
the exception of variations on exploration for beach placers, although
surveys were continued in Africa (Kitson and Felton, 1930; Besairie, 1933;
Junner, 1943, 1955; Conradie and Rabie, 1944), Asia (Shibata and Kimura,
1923; Iimori and others, 1935; Richardson, 1939; Sigov, 1939; Staatz,
1947), Australia and New Zealand (Jack, 1928; Hutton, 1940, 1945), and
North America (Waters, 1934; Bullard, 1942; Pardee and Park, 1948). The
purpose of these surveys was to discover deposits of gold, diamonds,
cassiterite, ilmenite, rutile, zircon, or monazite, or to identify source
areas of heavy minerals in stream and beach deposits, but an indicator-
mineral concept was also present. As noted by Richardson ". . . knowledge
of minerals typically associated with a valuable commodity such as gold or
cassiterite facilitates the search for it." In later years the use of
indicator minerals in heavy-mineral exploration for diamonds, Au, Sn, and
Ti was widely adopted (Creitz and McVay, 1949; Beazley, 1950; Bobriyevich
and others, 1971; Frantsesson, 1974; Alekseyevskey and others, 1976; Gocht,
1976; Lampietti and Sutherland, 1978; Bradley, 1979; Yevdokimov and
Bagdasarov, 1982).

The era between the World Wars was also a period of development in
techniques for the use of heavy minerals in sedimentary petrography and for
correlation of rock units (Milner, 1922, 1952; Brammall, 1928; Smithson,
1930; Ewing, 1931; Boswell, 1933; Bramlette, 1934; Evans and others, 1934;
Krumbein and Pettijohn, 1938; Carroll, 1941; Kesler, 1944). Applications
of mineralogy in alluvial prospecting were also formalized (Raeburn and
Milner, 1927).

A new impetus in the use of concentrates for mineral exploration arose
after World War II when the search for radioactive deposits stimulated
interest in files of earlier-collected concentrates (Junner, 1955).
Typical examples of this exploration are to be found in reports from Africa



(Besaire, 1953; Guigues, 1955; Emberger, 1956; I1ly and Launey, 1955;
Behier, 1958), Asia (Fitch, 1952; Anjaneyulu, 1953; Shen, 1956; Zenkovich,
1960; Schmidt and Asad, 1963; Tan and Yu, 1968; Ahmad and others, 1975;
Damodaran, 1976), and North America (Overstreet and others, 1968; Good,
1978; Mertie, 1979). These surveys renewed an interest in heavy minerals
as a means of exploration for ore deposits and of improving insights into
local or regional inventories of mineral raw materials (Wilford, 1953;
Haile, 1954; McCartney and others, 1965; Newberg, 1967; Guigues and
Devismes, 1969; Gleeson, 1970; United Nations, 1970, 1971).

The period also was one of rising demand for titanium, zirconium, and
the rare-earths with concomitant expansion of exploration for deposits of
ilmenite, rutile, monazite, and =zircon in marine beach deposits.
Understanding of the processes forming these deposits is useful for their
relevance to detrital minerals in geochemical samples, but the literature
is so vast that any summary here would be deficient. Large 1lists of
appropriate references covering the period to about 1960 can be found in
reports on the ores of titanium (Welch, 1959) and monazite (Overstreet,
1967). Later publications included in the literature cited of this report
contain extensive references to the subject.

The conceptual basis for the use of heavy minerals in prospecting is
that most ore minerals have high densities which permit them to be
separated by gravity techniques from waste geologic materials such as
rocks, soils, or alluvium. Exploration conducted by means of panned
concentrates has evolved from the purely mineralogical examination of
concentrates known as mineralometric surveys (Freise, 1910; Waters, 1934;
Yoho, 1952; Overstreet and others, 1968; Zantop and Nespereira, 1979;
Callahan, 1980; Hallenstein and others, 1981) to the study of the
mineralogy, ultra-violet fluorescence, radioactivity, and trace-element
chemistry of the concentrate or of some mineralogical fraction thereof
(Ahmad and others, 1975; Andac and Mucke, 1975; Gocht, 1976; Kamel and
others, 1980; Pan and others, 1980; Stendal, 1980; QOenal, 1981; Atkinson,
1983; Sale, 1983). Even where one mineral is the focus of a mineralometric
survey covering very large areas, as the 600,000 sq km searched for diamond
pipes in Australia (Atkinson, 1983), and the concentrates are examined for
other economic mineral species and are analyzed for trace elements, many
hundreds of previously unrecognized mineralized Tlocalities may be
discovered.

Mineralogical examination of the concentrates can be made in temporary
facilities in the field or in central Taboratories at permanent facilities
distant for the area being surveyed (Besairie, 1933; Behier, 1958;
Overstreet and others, 1968; Guigues and Devismes, 1969; Grey, 1976; Sale,
1983). Procedures are simple and well known where the survey is focused on
one mineral, such as gold, cassiterite, scheelite, or cinnabar, but methods
of identification increase 1in complexity as the amount of required
mineralogical data is enlarged. Highly evolved laboratory procedures have
been developed for the examination of concentrates (Parfenoff and others,
1970), but simple methods can also be applied with great advantage
(Overstreet and others, 1968; Guigues and Devismes, 1969; Devismes, 1979).



Results of the mineralogical examinations of the concentrates, when
quantified, plotted on maps, and interpreted in the context of regional
geology and geomorphology, will identify mineralized areas and areas with
positive anomalies for indicator minerals of ore deposits. Also defined
will be major T1ithologic wunits, zones of regional metamorphism, and
geochemical provinces (Overstreet and others, 1968; Guigues and Devismes,
1969; Herz and others, 1970; Cillik, 1977; Mosier and Allcott, 1979;
Stendal, 1980; Whitlow and D'Agostino, 1980; Hallenstein and others, 1981;
Atkinson, 1983; Sale, 1983).

Negative results can also be useful. For example, the absence of
particular resistate ore minerals from the concentrates combined with a
lack of typical indicator minerals for those ores can be used to Tower the
priority of the area for further exploration by other methods.



EXPLORATION BASED ON THE CHEMICAL
COMPOSITION OF CONCENTRATES

Other forms of analysis of concentrates began in a large way in the
1940's with ultraviolet procedures to detect scheelite and with radiometric
determinations to distinguish thorium and uranium (DeMent, 1945; Junner,
1955). Assays for gold and analyses for tin had been in common use long
before World War II, but improvements in methods of trace-element analysis
and the development of rapid procedures for semiquantitative spectrographic
analysis provided the basis for determining a large variety of elements in
low concentrations in various geologic materials, among them different
types of concentrates.

In mineralometric surveys for lode deposits, the sought minerals, for
example native gold, cassiterite, scheelite, or cinnabar, are recognized to
have come by mechanical dispersion from primary sources more or Tless
complicated by metamorphic events. This concept was carried over into
interpretations of the results of geochemical surveys, and the heavy
minerals were regarded as having been derived from primary sources through
mechanical dispersions (Beus and Grigorian, 1977, p. 83) without secondary
effects of chemical dispersion. Detrital magnetite was observed to absorb
ions of Mn, Cu, Pb, and In from water (Fujigaki, 1967), and Tlocally the
presence of magnetite in stream sediments used as geochemical samples was
shown to have an unfavorable effect on the results of geochemical
prospecting (Saigusa and Tono, 1976).

The scavenging effect of hydrous Mn-Fe oxides on base and indicator
elements in streams was seen to produce false anomalies where the
hydroxides were an abundant component of stream sediments (Canney, 1967).
These secondary components, particularly when their abundance was enhanced
in panned concentrates, were soon identified as powerful media for the
interpretation of secondary chemical dispersion (Chao and Theobald, 1976;
Nowlan, 1976; Carpenter and others, 1978; Watts, Alminas, and others,
1978a, 1978b, 1978c). Mechanical and chemical procedures were introduced
selectively to analyze them (Alminas and Mosier, 1976; Watts, Hassemer, and
others, 1978; Filipek and others, 1981; Robinson, 1981).

Chemical analysis of heavy minerals, either as the raw concentrate or
as some fraction of the raw concentrate, including hand-picked grains, has
rapidly become an accepted procedure in geochemical exploration, especially
where stream sediments may be contaminated by aeolian debris (Theobald and
Thompson, 1959; Theobald and others, 1967; Boyle, 1968; deGrys, 1970;
Neuerburg and others, 1971; Bugrov, 1974; duBray, 1981; Overstreet and
others, 1984). Mechanical concentration ratios obtained by panning enhance
geochemical anomalies and can bring the abundances of sparsely present
elements within the detection limits of the method used for analysis (Goni,
1966; Beus and Grigorian, 1977). Although most heavy minerals in
concentrates from areas underlain by igneous and metamorphic rocks
originated in those rocks, the geomorphic history can cause major
displacement from the sources (White and Stromquist, 1970), or secondary
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processes can introduce heavy hydrous oxides of manganese and iron enriched
in other metals. In a later detrital cycle, magnetite of digneous or
metamorphic origin may absorb metal ions from circulating water and by this
secondary process become enriched in ore metals not genetically connected
with the magnetite (Sullivan, 1907; Fujigaki and others, 1967; Saigusa and
Tono, 1976). Insoluble heavy residues from limestone that include heavy
minerals of hydrothermal origin have been analyzed for minor elements that
are below their respective limits of determination in the rock, which
results in the discovery of large blind deposits of Pb and In (Erickson and
others, 1978).

Raw concentrates

Raw concentrates as obtained from the pan have been a popular
geochemical sample medium in many surveys, including ones in the Arabian
Shield, because considerable time is saved if further processing of the
concentrate 1is not undertaken. This 1is probably the most successful
concentrate for use where beryllium is the main element sought (Griffitts
and Cooley, 1978a, 1978b); but where the objective of the geochemical
survey is a broad spectrum of elements, the results are somewhat restricted
by the presence of quartz, feldspar, magnetite, and many rock-forming
minerals of intermediate density and magnetism.

Nonmagnetic concentrate

The term nonmagnetic concentrate can refer to several products derived
from the raw concentrate by further processing. For example, low-density
minerals (quartz, feldspar, beryl) can be removed by processing in heavy
1iquids to yield a cleaned concentrate retaining ferromagnetic minerals
(magnetite, chromite, pyrrhotite, some ilmenite) and paramagnetic minerals
(biotite, amphiboles, pyroxenes, garnets, and other femic rock-forming
species). Removal of the ferromagnetic minerals by hand magnet leaves a
concentrate relatively enriched in the rock-forming minerals with densities
greater than 2.8, in the secondary iron and manganese oxides including
pseudomorphs after pyrite, and sulfide minerals. Extraction of the
paramagnetic minerals by use of the Frantz Isodynamic Separator or similar
equipment set to divide the concentrate into two fractions, one magnetic at
0.6 amp or less, and the other nonmagnetic at 0.6 amp or more, results in a
cleaned nonmagnetic concentrate relatively enriched in monazite, sphene,
rutile, thorite, cassiterite, hematite, limonite, pyrochlore, microlite,
scheelite, barite, pyrite, molybdenite, and most other sulfide ore minerals
(Rosenblum, 1958, fig. 1) that may be present in the source area. By the
removal of the Tlow-density minerals, the ferromagnetic minerals, and the
paramagnetic minerals which usually constitute 90 percent or more of the
concentrate after removal of quartz, feldspar, and ferromagnetic minerals,
dilution of the wanted elements in the nonmagnetic concentrate is reduced
by an order of magnitude. Background values of the wanted elements are
also reduced by an order of magnitude, and interference from iron is
greatly reduced, which causes improved ease and precision of analysis
(Theobald, 1983, written commun.).
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Nonmagnetic concentrates cleaned of quartz, feldspar, and the
ferromagnetic minerals tend to display residual enrichment in Fe, Mg, Ca,
Ti, Mn, Co, Cu, La, Nb, Pb, Sc, Sn, W, Y, and Ir, as well as depletion in
B, Ba, Be, Cr, Ni, Sr, and V, compared with the original raw concentrates
from the southern Asir (Overstreet, Assegaff, Jambi, and others, 1983).
Other areas with other types of rocks and with pronounced mineralization
would yield nonmag- netic concentrates with radically different variations
in the abundances of these elements and in their partition between the
types of concentrates. The most extreme partition is effected when both
ferromagnetic and paramagnetic minerals are removed from the nonmagnetic
concentrates.

Partition of the elements is also effected by a single processing stage
after panning, such as removal only of the magnetite from the raw
concentrate, or removal of the quartz, feldspar, and other low-density
minerals. Removal of magnetite most affects the relative concentrations of
Cr, Mo, Ni and V. Removal of the low density minerals depletes tenors in B,
Ba, Be, and Sr unless high-density mineral containing these elements are
present. The removal of the 1low-density minerals also raises the
abundances of Fe, Ti, Mn, Cu, Nb, and Sn in the cleaned concentrate. To
raise the abundances of Mg, Ca, Co, La, Pb, Sc, Y, and ZIr 1in the
concentrate, removal of both the magnetic and low-density fractions of the
raw concentrates is necessary (Overstreet, Assegaff, Jambi, and others,
1983).

Use of highly processed nonmagnetic concentrates commonly defines
localized, strongly mineralized areas more precisely than the raw or
magnetic concentrates in which anomalous distributions of elements reflect
broad areas of mineralization and aureoles in mineralized regions (Miller,
1983).

Common practice followed in recent investigations by the USGS of the
regional distribution of mineralized areas and in evaluations of regional
potential for ore deposits 1is to accompany geological and geophysical
surveys with chemical and mineralogical analyses of nonmagnetic
concentrates cleaned of minerals having low density and from which the
ferromagnetic and paramagnetic fractions have been removed. The
paramagnetic concentrates are also analyzed, but the ferromagnetic
concentrate is considered to have too specialized a use to be analyzed
routinely (Watts, Alminas, and others, 1978a, 1978b, 1978c; Watts,
Hassemer, and others, 1978; Overstreet and Marsh, 1981; Miller, 1983]).

Magnetic concentrates

The specialized-use ferromagnetic concentrates are the geochemical
sample medium for which this review has been prepared. It is thought that
some problems in exploration, such as the presence of the Pt-group
elements, can be avoided, and blind deposits of base and precious metals in
the Arabian Shield can be advantageously sought through use of this medium.
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Generally, the most common mineral in the ferromagnetic concentrate is
magnetite. Intergrowths of magnetite with many other paramagnetic and
nonmagnetic minerals will raise the effective magnetic susceptibility
enough for the intergrowths to appear in the ferromagnetic concentrates.
Inclusions, some of submicroscopic size (Ramdohr, 1962; Garnik, 1979), can
be common in magnetite, and their presence, 1like that of intergrown
minerals, affects the results of chemical analyses, commonly toward the
identification of anomalous elements.  Secondary coatings of Timonite and
hematite may be present on detrital magnetite, which causes enrichment in
coprecipitated elements. When detrital magnetite is lifted by hand magnet
from the raw concentrate, various other paramagnetic and nonmagnetic grains
may be mechanically trapped among the ferromagnetic grains. These accessory
minerals can be Tlargely, although not entirely, removed through several
repetitions of the separation by hand magnet. However, no procedure in
routine geochemical exploration can entirely free the ferromagnetic
concentrate of these accessory minerals, the inclusions, or the intergrown
minerals. Other ferromagnetic mineral will also be present; therefore, the
ferromagnetic concentrate can seldom be regarded as a monomineralic
fraction of magnetite. In recognition of the presence of mixed mineral
grains, the ferromagnetic concentrate is usually referred to as a magnetic
concentrate.

Simple methods for the recovery of a magnetic concentrate have been
used in the field. The detrital magnetic minerals are lifted directly from
alluvium with a shielded hand magnet without the panning of a concentrate
(Callahan, 1975; Overstreet, 1978).

The use of magnetic concentrates as a geochemical sample medium is
supported by many published studies on the characteristic suites of trace
elements associated with ore-related or unrelated magnetite and other
minerals T1likely to be present in the magnetic concentrate. Magnetite,
pyrrhotite, pyrite, garnet, chromite, ilmenite, hematite, and 1imonite have
received considerable study that has resulted in data that are useful in
the evaluation of the trace-element geochemistry of the magnetic
concentrate.

Composition

The composition of magnetite (Frietsch, 1970; Bocchi and Fabri, 1975)
is of most interest for use in interpreting the results of geochemical
surveys based on magnetic concentrates. The relation of its composition to
geologic conditions of origin has been discussed by Wilson (1953),
Fleischer (1965), Hamil and Nackowski (1971), Oshima (1971), Krylova and
Galibin (1977), Hyman and others (1979), Pan and others (1980), Scheka and
others (1980), and Swaddle and Oldmann (1980). Discussions of the genesis
of individual elements or groups of elements in magnetite from different
sources are of interest to explorationists. Some elements identified in
magnetite are: gold (Korobynikov and Oleynikov, 1976), gold and platinum
metals (Chyi and Crocket, (1976), chromium (Fominykh and Yarosh, 1977,
Cawthorn and McCarthy, 1980), manganese and vanadium (Tugarinov and others,
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1975; Bird and Klemic, 1976), rare-earth elements (Schock, 1979), tin
(Sainsbury and others, 1970), titanium (Bayley, 1923; Fahey and Vlisidis,
1955; Basta and Grigis, 1969; Takahashi, 1976; Davis and others, 1978;
Martin and others, 1979), uranium (Berezina and others, 1976; Pan and
others, 1980), vanadium (Dunn and Day, 1937; Balsley, 1943; Neybergh and
others, 1980), and zinc (Shibuya and Hirowatari, 1980). Magnetite may also
be altered during weathering (Overstreet and others, 1963; Gilkes and
others, 1979).

Extensive bibliographies on minor elements in pyrrhotite and pyrite
were prepared in connection with geochemical investigations of massive
sulfide deposits at Wadi Wassat in Saudi Arabia (Overstreet and others,
1978). These would be of use where pyrrhotite is among the ferromagnetic
minerals in magnetic concentrates and pyrite, or Tlimonite pseudomorphs
after pyrite, are among the nonmagnetic minerals trapped 1in magnetic
concentrates. Weathered cubes of pyrite clearly reflect their genetic
connection with hydrothermal ore deposits through high contents of Ba, Co,
Cu, Ni, Pb, and In in contrast to the low tenors of those element reported
for 1limonite pseudomorphs after pyrite not genetically associated with
mineralization (Bell and Hornig, 1970).

The trace-element composition of detrital garnets has been shown to
reflect that of the source rocks and to vary in concert with different
grades of regional metamorphism. Garnets have been identified as
geochemical sinks for the rare-earth elements (Overstreet and others,
1970).

Chromium-rich diopside is one of the long-recognized indicator minerals
for possibly diamondiferous kimberlite pipes (Fesq and others, 1976; Grey,
1976). Other long-known relations between the trace-element composition of
heavy minerals that may be part of a magnetic concentrate through inherent
magnetic character or association and their original sources are reported
for ilmenite and rutile (Macdonald, 1971), zircon (Gottfried and others,
1956), native gold (Mertie, 1940; Antweiler and Campbell, 1977), and
cassiterite (Meshcheyakov, 1967; Varlamoff, 1969; Kelly and Turneaure,
1970; Jeczmyk, 1971; Steveson and Taylor, 1973). Detrital platinum and
inclusions of the Pt-group elements in magnetite and chromite may not show
so clear a chemical relation to their source. The ratios of the Pt-group
elements are variable in natural lodes (Mertie, 1976).

Variations in the trace-element composition of heavy minerals have long

been recognized to affect the magnetic characteristics of the minerals
(Murata and others, 1953, p. 300; Richartz, 1961, p. 54-56).
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Influence of grain size on composition

When particular species of heavy minerals are handpicked from a
concentrate for chemical analysis, as in the use of detrital limonite
psedomorphs after pyrite (Bell and Hornig, 1970), some bias in composition
may be introduced through the tendency to choose coarse grains because they
are easy to separate. Bias in composition may be introduced by sieving.
Differences in trace-element composition between coarse and fine grains of
the same mineral species 1in the same concentrate have been noted for
magnetite (Pan and others, 1980) and for monzonite (Overstreet and others,
1970).

An outstanding example of this chemical characteristic of detrital
grains is the distribution of Pt-group elements in sized fractions of
detrital magnetite from a platinum placer deposit at Goodnews Bay, Alaska,
USA (Carlson, R. R., 1974, written commun.):

Grain size of detrital

magnetite (mm)* Abundances of Pt-group elements (ppm)
Pt Pd Rh Ru Ir
+1.68 0.07 0.025 0.007 -0.35 0.6
-1.68 +0.71 .45 .02 .008 -0.4 .4
-0.71 +0.35 50 .12 .2 -0.45 1.1
-0.35 +0.177 160 .6 .6 -0.4 2
-0.177+0.088 180 A4 .3 -0.6 3
-0.088 1,100 2 3.5 -1.7 35

*Samples collected in 1966 by J. B. Mertie, Jr., USGS, through the courtesy
of Goodnews Bay Mining Company, and analyzed by R. R. Carlson and E. E.
Cooley, USGS, in 1974.

An interpretation of these observations is that certain ranges in size
for a given detrital mineral are derived from specific source rocks in a
drainage wunderlain by several types of rocks. Knowledge that the
composition of a detrital mineral may vary with grain size, and that where
hydraulic factors are similar the grain-size distribution of specific
minerals in the concentrate tends to vary by source rock, could actually be
used to advantage in a geochemical survey. For example, in the Goodnews
Bay area the material most strongly biased toward high values for the
Pt-group elements is detrital magnetite with a grain size of -0.088 mm.
That size fraction of the maanetic concentrate would be the preferred
geochemical sample medium in further exploration for the platinum metals.
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Interference from secondary minerals

The secondary oxides and hydrous oxides of iron and manganese that are
components of stream sediments and concentrates in humid areas are not as
common a constituent of alluvial concentrates in arid regions.
Nevertheless, they are present and locally may be abundant. In arid
regions, secondary carbonates also develop. These secondary minerals tend
to form partial or complete coatings on detrital grains, or accumulate as
cement that binds several heavy minerals in a cluster or attach fragments
of secondary minerals to the heavy grains. Magnetite and other species in
the ferromagnetic concentrates may be affected. The notable ability of the
oxides and hydrous oxides of iron and manganese to scavenge Co, Ni, Cu, and
In, and of the carbonates to scavenge Ba, Pb, and Sr, can result in false
positive anomalies for these elements as well as identify true positive
anomalies that might otherwise be overlooked (Erickson and Marranzino,
1960; Jenne, 1968; Chao and Theobald, 1976; Nowlan, 1976; Pan and others,
1980; Filipek and others, 1981; Robinson, 1981). In some geochemical
surveys, advantage has been taken of the scavenging effect of these
secondary mineals, and they have been either mechanically concentrated in
the nonmagnetic fraction of raw concentrates or selectively extracted
chemically to enhance the contrast between background and anomalous values
for Ag, Au, Bi, Cu, Mo, W, and Zn in arid regions (Watts, Alminas, and
others, 1978a, 1978b, 1978c; Watts, Hassemer, and others, 1978). Because
of the generally low percentages of the essentially nonmagnetic secondary
iron and manganese oxides and hydroxides in the ferromagnetic concentrates,
this medium 1is the Tleast satisfactory material when those secondary
minerals are wanted in the geochemical sample medium. Secondary carbonates
are lost in the heavy-liquid separations, except for particles attached to
the magnetic heavy minerals; thus, the ferromagnetic concentrate is not a
suitable medium where enrichment in these carbonates is wanted.

Secondary, Tlow-temperature, authigenic magnetite is also known
(Friedman, 1954), both as well-developed crystals and as earthy crusts. As
noted by Chao and Theobald (1976), most of the literature on secondary iron
oxides is from studies of soils, and indeed goethite and other iron oxides
of secondary origin have been observed in the soils of Arabia (Aba-Husayn
and others, 1980; Viani and others, 1983), but the presence of secondary
magnetite was not specifically mentioned. Strong desiccation and
dehydration in soils and wadi sediments in the arid environment may cause
more hydrous oxides to form anhydrous oxides such as magnetite or hematite
than has yet been recognized. If the grain size is in the range of the
size of magnetite in the magnetic concentrates, identification of secondary
authigenic magnetite as a component of the concentrate might be quite
difficult. Such secondary authigenic magnetite could be expected to be
enriched in base metals and other elements through scavenging, the effect
of which could also be the delineation of false anomalies.
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SUMMARY

Magnetic concentrates are one of several geochemical sample media
exploted in anomaly-enhancement techniques developed for mineral
exploration since the decade following World War II. The ferromagnetic
fraction of raw concentrates has, however, been found to be Tess effective
in general regional applications than either of the fractions of the raw
concentrates magnetic at 0.6 amp or nonmagnetic at 0.6 amp. The
ferromagnetic concentrate is a special-purpose medium, the effectiveness of
which has not been thoroughly explored. Inasmuch as the principal mineral
composing the ferromagnetic concentrate is magnetite, and a large
literature reflects investigations of many elements in magnetite from
diverse geologic sources, the results of the use of magnetic concentrates
in geochemical exploration can be interpreted against a background of
chemical mineralogy and classical geochemistry.

The ferromagnetic concentrate may be the most suitable geochemical
sample medium for the Pt-group metals where native alloys of these elements
are in micron-size particles that defy gravity concentration. In the
search for titanium and vanadium in deposits of titaniferous magnetite, the
ferromagnetic concentrate appears to be the best geochemical sample medium.

Applications of the ferromagnetic concentrate to the search for blind
deposits of base and precious metals using pathfinder elements such as As,
Bi, Cd, Hg, Sb, Se, Te, and Ti, in addition to the commonly determined
elements Ag, Au, Co, Cu, Mo, Ni, Pb, and In have yet to be developed or to
be tested against the paramagnetic and nonmagnetic concentrates.

DATA STORAGE
Data-File USGS-DF-04-43 was established for the storage of data used in

this report. No entries were made to the Mineral Occurrence Documentation
System (MODS) in connection with this report.
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