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Abstract

Titanium, Zr, Hf, rare-earth element (REE), Th, and U data from the Hydrogeochemical Stream Sediment
Reconnaissance (HSSR) database, and Th and U from the airborne spectral gamma-ray radiation data base of the
National Uranium Resource Evaluation (NURE) program are diagnostic of, and may predict the presence of,
commercially important concentrations of industrial heavy minerals. An analysis of these data from the Mississippi
embayment region shows that regionally anomalous concentrations of these elements in sediment samples and
intensities in airborne radiation surveys can indicate the presence and relative abundance of important industrial heavy
minerals such as ilmenite, rutile, zircon, and monazite. Plots of samples with statistically anomalous concentrations
of these elements coincide with known placer deposits of industrial heavy minerals. Cretaceous and younger sediments
are indicated as likely hosts to undiscovered economic deposits. Volcanic, plutonic, and metamorphic rocks are the
sources of the minerals found in these sediments, and thus valley-fill sediments within the crystalline terranes may
also host concentrations of placer minerals. Fe/Ti ratios < 1.17 in sediment samples are shown to be sensitive
indicators of weathered ilmenite (> 52.7 wt% T1O2); locations of such samples are coincident with Cretaceous and
younger sediments in the study area. The data outline large areas suitable for Ti-Hf-REE-bearing placer exploration.
Evidence for potential Ti-Hf-REE placer deposits is given for unconsolidated sediments in the floodplain of the
Mississippi River. Good correlations between the abundances of Ce and La, Ce and Th, and Th and U in the sediment
samples show how me geographically more extensive NURE airborne spectral gamma-ray data base can be used to
outline areas favorable for monazite-bearing placer exploration.

1. INTRODUCTION

Deposits of heavy minerals in modern and ancient beach-complex sediments are important
sources for a number of Ti-bearing minerals and are presently the almost exclusive sources for the
industrial minerals ilmenite (52.7 wt% TiOj), weathered ilmenite (containing up to 90 wt% TiOj),
rutile (93-100 wt% TiOj), zircon (zirconium-hafnium silicate), and monazite (a thorium-rich
rare-earth phosphate mineral). Other industrial heavy minerals such as staurolite, garnet, and
tourmaline, which are used as abrasives, are common byproducts of such placer mining operations.

The principal variables needed for placer formation are (1) one or more source areas for
heavy minerals in particular types of igneous and (or) metamorphic highland terranes [1, 2], (2) a
fluvial drainage system that captures, transports, and hydraulically sorts the heavy minerals [for
example, 3, 4], (3) a concentrating mechanism consisting of wave, tidal, and eolian action [for
example, 5], and (4) the heavy-mineral budget within the depositional environment itself. These
variables, coupled with ambient climatic conditions [6], influence the location, quality, grade, and size
of the heavy-mineral concentrations.

An economic beach-complex titanium placer may be up to tens of kilometers in length, up
to 2 km in width, and 10 m or more in thickness [7]. Grades of ores are highly variable, averaging
3-6 wt% total heavy-minerals, of which typically about 50 percent is economically valuable. The TiO2

content of ilmenite (including altered ilmenite) in economic deposits ranges from about 50 to 55 wt%
in slightly weathered assemblages to about 90 wt% in strongly altered assemblages. Stoichiometric
ilmenite contains 52.66 wt% TiO2. The weathering processes that remove labile components of heavy-
mineral assemblages (for example, pyroxenes, amphiboles, garnet, and sulfides) also remove iron
from ilmenite, and as a result the TiO2 is concentrated.
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Modern placer mining methods favor deposits that can be recovered using simple processes.
Any large accumulation of sand can be of interest when seeking ilmenite deposits. Loose sands that
can be dredged are preferable because dredging is the most economical method of delivering sand to
large gravity concentrating units.

Exploration for industrial polymineralic placers traditionally has relied upon geomorphologic
and geologic methods. Exploration commonly consists of preliminary field sampling of surficial
sediments followed by drill sampling of geomorphologically defined targets. Most commonly these
targets are Quaternary beach ridges and associated foredunes or their older equivalents in coastal plain
sediments.

Airborne gamma-ray and high-resolution magnetic surveys are also useful in outlining targets
for sampling [8, 9, 10, 11]. Induced polarization has been shown to be a promising technique for
onshore and offshore placer exploration [12] as well. More recently, Grosz [13, 14, 15] and Grosz
and Schruben [16] documented the use of NURE HSSR and spectral airborne radiation data in
selecting prospective terranes for placer exploration in the United States.

This report demonstrates the use of national-scale uranium exploration data for delimiting
prospective placer areas in the Mississippi embayment region (Fig. 1). The Mississippi embayment
is the broad lobe of the Gulf Coastal Plain that extends northward up the Mississippi Valley as far
as southern Illinois. Twenty-six areas (encompassing 35 740 km2) having anomalous concentrations
of rare-earth elements (REE), 65 areas (encompassing 20 538 km2) having anomalous concentrations
of Ti, and 60 areas (encompassing 49 143 km2) having anomalous concentrations of Hf or Zr are
delineated. Twenty-five areas (encompassing 5781 km2) having anomalous concentrations of REE,
Ti, and Hf and (or) Zr are also delineated. Of these 25 areas, those associated with Cretaceous and
younger unconsolidated sediments are most favorable for polymineralic placer exploration. An
additional 51 areas (encompassing 80 124 km2) exhibiting anomalous Th aeroradioactivity are
delineated and are also permissive for placer exploration.

These areas are delineated by use of NURE HSSR geochemical data and adjunct airborne
spectral gamma-ray radiation data. In conjunction with regional geologic information and mineral
occurrence data from the Mineral Resource Data System [17] these data are shown to be powerful
predictors of industrial placer mineral resource potential.

2. THE NURE PROGRAM

The NURE program gathered data to evaluate uranium resources for the United States and
to identify areas favorable for uranium deposits [18]. Between 1975 and 1983, this U.S. Department
of Energy program acquired geochemical and airborne spectral gamma-ray data for the conterminous
48 States and Alaska.

The HSSR, one component of the NURE program, entailed collection and analysis of samples
of sediment (stream, soil, talus, playa, and others), ground water, surface water, and vegetation to
determine concentrations of uranium and other selected elements [19]. These data helped to outline
geochemical provinces and to show favorable areas for more detailed investigation.

Another component of the NURE program was aerial gamma-ray surveying. These NURE
data compose the only nationwide data set on natural radiation in the environment. The U.S.
Geological Survey has reprocessed the aerial gamma-ray data to produce maps showing surface
concentrations of K, U, and Th for the conterminous United States [20, 21, 22].

HSSR data reports were issued for 330 of the 468 1° x 2° quadrangles in the 48
conterminous States and for 104 of the 153 quadrangles in Alaska. Thus, about 70% of the Nation
has such geochemical coverage. Almost all samples were analysed for uranium, and most were
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FIG. I. Map showing the location of the study area.



analysed also for as many as 59 elements [18]. Data used for this study were measured primarily by
instrumental neutron activation analysis, and the precision for all elements except U and Th was
±25%.

The HSSR data base for each quadrangle contains information on sample types, location
coordinates, various descriptive fields, and analytical data. For this study, we did not evaluate the
quality of the data or normalize it. We searched the data in the 42 1° x 2° quadrangles in the study
area for stream-sediment samples (149-micrometer sieve fraction) analysed for Ce, Dy (dysprosium),
Eu (europium), Hf, La, Lu (lutetium), Sm (samarium), Th, Ti, Fe, U, Y (yttrium), or Yb
(ytterbium); Zr and (or) Hf data are not available for all samples in these quadrangles.

For the area of this study, 57 046 samples (from 19 396 sample sites; most samples were split
and analysed for various suites of elements separately) met the search criteria. For each sample,
elemental data were originally reported as (1) a positive number (expressed as parts per billion, ppb),
(2) zero, or no value (meaning "not analysed"), or (3) a negative number (below the detection limit
of the analytical method; that is, -2000 ppb = <2000 ppb). For this study only positive numbers
were used; data are discussed in percent format. Ti values were reported for all samples; however,
not all the REE's were analysed in every sample. For most samples, Hf but not Zr was analysed; for
the rest of the samples, Zr but not Hf was analysed. Thus, locations of samples with either Hf or Zr
anomalies were plotted.

Sample density for the study area varied. As shown on Fig. 2, large segments of central and
western Tennessee, Missouri, northern and eastern Arkansas, northern and southern Louisiana,
southern Alabama and Georgia, and all of Mississippi were not sampled for stream sediments.
Airborne radiation surveys, however, provide coverage for Th, U, and K for regions not sampled for
stream sediments.

3. PREVIOUS STUDIES

Russell [23], Olson and Adams [24], Overstreet [25], Sullivan and Browning [26], Mertie
[27], Force [4], and Flohr [28], among numerous others, have shown that titanium minerals,
monazite, and zircon are present in the Mississippi embayment region. Further, they showed that
some sediments and rocks have undergone extensive weathering and (or) other low-temperature
alteration that removed much of the labile mineral component (amphiboles and pyroxenes, for
example), a process that also concentrates TiO2 as ilmenite and other Ti-bearing oxide minerals are
altered. Recently, Force and others [9], Grosz and others [11], and Owens and others [29] have also
documented that radioactive monazite and, to a lesser extent, zircon control the gamma-ray
aeroradiometric signature of surficially exposed industrial placer heavy-mineral concentrations.

Olson and Adams [24] show locations of Th and REE deposits in the conterminous United
States. Their map shows some of the districts and locations defined as geochemically and (or)
aeroradiometrically anomalous by this study. Guild [30, 31] gives additional data on the locations of
known deposits and districts in the Mississippi embayment region. Rogers and Jaster [32] and Tooker
and Force [33] show locations of Ti deposits and occurrences in the conterminous United States.
Their maps also show some of the districts and locations defined as geochemically anomalous by this
study.

4. METHODOLOGY AND DATA

The method utilized in this study is given by Grosz [13, 14] and Grosz and Schruben [16]
where it is demonstrated to give reliable results. A brief description of the method is given here for
clarity. The method is based on the hypothesis that elements such as Ti, and Hf or Zr, in stream-
sediment samples indicate the presence of industrial heavy minerals such as ilmenite and rutile, in the
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case of Ti, and zircon, in the case of Hf and Zr [34]. The REE are generally assumed to be associated
with Y, Th, and U in heavy minerals such as monazite, xenotime, and allanite. Although other
commonly occurring heavy and light mineral species can carry these elements as well (for example,
Ti, Hf, and Zr in amphiboles and pyroxenes, and REE, U, and Th in apatite), they typically contain
only trace-to-minor abundances of these elements.

We attempted to identify anomalous samples by using several statistical methods. Initial
attempts to analyse the whole data set (42 1 ° x 2° quadrangles) resulted in cutoff thresholds that were
too high to generate meaningful distribution patterns. This result occurred because high elemental
values associated with crystalline terranes produced cutoff thresholds that masked significant variations
on the sediment terranes that have generally lower overall abundances. To overcome the controlling
effect of the underlying geology, the statistical analysis of data was done on a 1° x 2° quadrangle
basis. This approach eliminated some, but not all, of the problems related to changes in thresholds.

Three different methods of defining anomalous values all produced similar geographic
distribution patterns. These methods were (1) using two standard deviations above the mean, (2) using
curve inflections in cumulative frequency plots to define high-value subpopulations, and (3) isolating
the upper 5th, 7th, and 10th percentile values. Although producing similar geographic distribution
patterns, the three methods result in different frequencies of anomalous points (that is, the size of the
cluster) in a given geographic area. For this study, the upper 10th percentile for each element was
found as the most effective for defining anomalies.

For the 42 1° x 2° quadrangles in the study area the upper 10th percentile for individual
elements resulted in 1929 samples with REE ranging from 0.001 to 1.43 wt%, 1791 samples having
Ti ranging from 0.049 to 9.92 wt%, 1855 samples having Hf ranging from 0.0002 to 0.4806 wt%,
and 497 samples with Zr ranging from 0.0072 to 0.0539 wt% as anomalous. These data sets locally
define source rocks for possible placer deposits rather than anomalous concentrations of industrial
heavy minerals in sediments that may indicate potentially commercial deposits.

Figure 3 displays the relation between Ce and La concentrations for 1,854 samples from the
study area having anomalous REE. The r2 (correlation coefficient) is 0.92. Excluding 6 samples with
Ce/La ratios in excess of 85, the average Ce/La ratio of this population is about 2.2 in a range from
0.1 to 14.1. Overstreet [25] states that the monazite in the southeastern United States has a Ce/La
ratio of about 2.1. These data suggest that monazite is the dominant carrier of REE in the study area.
The minor scatter shown on the diagram may be a function of compositional variability in monazite
[25], the presence of apatite (known to occur in the area), and the presence of low-Th, REE-bearing
phosphorite in the Cason Shale of northern Arkansas [35].

The relation between Ce and Th for the 1854 samples having anomalous REE is shown in
figure 4. The r2 is 0.96 and indicates that the distribution of Th is very closely associated with that
of Ce; Th is also most likely contained in monazite. Figure 5 displays the relation between Th and
U for these samples. An r2 of 0.81 suggests that monazite may also be an important contributor of
U. Monazite, therefore, is an important contributor to the radioactivity of the sediments in the study
area. Supporting evidence for this interpretation is given by NURE spectral aeroradiometric data [20,
21, 22], which show anomalous REE areas identified in this study to be anomalous in Th and U
radioactivity.

5. RESULTS AND DISCUSSION

A generalized lithologic map (shown on Fig. 6) provides the backdrop for the geochemical
and aeroradiometric data. Compiled from King and Beikman [36,37], the map shows the general
distribution of: 1) crystalline (volcanic, plutonic and intrusive, and metamorphic) and indurated
sedimentary (mostly marine) rocks, 2) sediments of Cretaceous age, and 3) sediments of Tertiary and
younger age.
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FIG. 2. Map showing stream-sediment sample density in the study area.
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FIG. 3. Relationship between cerium and lanthanum in samples having greater than 0.001 % REE.
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FIG. 4. Relationship between cerium and thorium in samples having greater than 0.001 % REE.
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FIG. 5. Relationship between thorium and uranium in samples having greater than 0.001 % REE.

Locations of HSSR samples having anomalous Ti, Hf or Zr, and REE concentrations are also
shown on Fig. 6. Geochemical anomalies to the east of the Mississippi River are more sharply defined
by clustering of samples and have larger absolute values than anomalies to the west. The lower levels
of concentration in HSSR anomalies to the west of the Mississippi River are probably a function of
source terrane types and distances of sediment transport in samples from these terranes. The lower
elemental concentrations in anomalies probably reflect smaller concentrations of industrial placer
heavy minerals in these sediments.

Prominent Ti anomalies are associated with crystalline and indurated rocks (henceforth, rocks)
as well as with sediments of primary interest in this study. Fe/Ti ratios (discussed in a later section)
suggest that most of the Ti anomalies associated with rocks are related to magnetite and
titanomagnetite rather than ilmenite, altered ilmenite, or rutile. In western Tennessee, some Ti
anomalies (see Fig. 7) are associated with known titaniferous placer deposits of Cretaceous age [32].
Additional known placer deposits in Cretaceous sediments are not shown by the HSSR data because
of lack of sample coverage; however, NURE airborne gamma-ray radioactivity data (discussed in a
later section) show these areas to be anomalously radioactive in Th because of monazite.

Prominent clusters of anomalous Hf or Zr are associated primarily with crystalline rocks. This
association shows these rock types to be important sources of zircon in the study area. Unconsolidated
Cretaceous and younger sediments in the Mississippi embayment region have significant and areally
extensive clusters of Hf and Zr anomalies.

Most of the large concentrations of REE (>0.1 wt%) are associated with metamorphic,
plutonic, and intrusive rocks. Many of the anomalous locations associated with rocks in the eastern
portion of the study area are approximately coincident with Mertie's [27] monazite belts.
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Unconsolidated Cretaceous sediments host tightly clustered anomalies of varying levels of REE
concentration, including some of the largest values in the study area. Some of these anomalies are
associated with known deposits of industrial placer minerals.

The principal anomalous clusters and trends of Ti, Hf and (or) Zr, and REE in the Mississippi
embayment region are shown on Fig. 7. The clusters (comprising of 5 or more individual HSSR
anomalies) encompass surface areas ranging from about 15 km2 to over 2500 km2. Anomalies for the
different elements occur individually, paired, or all together in overlapping element clusters. There
are large numbers of individual HSSR anomalies and combinations of anomalies that are not portrayed
on Fig. 7; these may indicate areas prospective for industrial polymineralic placer deposits as well.

The best prospects for important concentrations of industrial polymineralic placers are in areas
where the three element groups overlap. Such overlap indicates that titanium minerals, zircon, and
monazite are probably present. Anomalies associated with rocks have a lower potential for large-
volume deposits of industrial mineral placers than anomalies associated with unconsolidated sediments.
It is likely, however, that workable fluvial placers of primarily monazite and zircon exist in valley
fills within the crystalline terranes, particularly where tightly clustered large-value geochemical
anomalies are suggestive of heavy-mineral-rich source rocks.

Although a large number of areally extensive individual and overlapping anomalous clusters
are associated with rocks, the best prospects for industrial polymineralic placers are where the clusters
are coincident with sediments of Cretaceous and younger age. Evidence for this interpretation is given
by the association of Ti, REE, and Hf or Zr anomalous clusters with locations of known deposits,
prospects, and occurrences of industrial polymineralic placers (Fig. 7). In Cretaceous sediments of
western Tennessee, HSSR anomalies correspond to known deposits of industrial heavy minerals [32,
33, 38, 39]. This association occurs locally over Cretaceous and younger sediments elsewhere in the
area of this study.

Aeroradioactivity data [20, 21, 22] show anomalous U and Th signatures over many areas
outlined as geochemically anomalous in the study area, because of Th in monazite, and provide guides
for locating prospective targets for sampling in Mississippi and in other areas lacking HSSR coverage.
Aeroradioactivity anomalies in regions not covered by HSSR are also shown on Figure 7. Numerous
analyses of sediment samples from the Mississippi River and from adjacent sediments show the
presence of monazite, ilmenite, rutile, and zircon [for example, 23, 25, 40, 41]. Their presence is
consistent with the occurrence of aeroradioactivity anomalies as well as with Cretaceous sediments
sequences being, at least in part, sources for these sediments. As there are few geomorphic and
geologic indicators for selecting placer exploration targets in this region, the combination of
geochemical and geophysical data can be used as an alternate tool for exploration.

An important and particularly useful criterion for selecting areas prospective for high-Ti
minerals (altered ilmenite and rutile) is the Fe/Ti ratio. This ratio is about 1.17 for stoichiometric
ilmenite [42; Fe=36.8 wt%, Ti=31.6 wt%, 0=31.6 wt%], and is lower for weathered ilmenite that
has had Fe removed.

Of the 1791 HSSR samples with Ti > 0.049 wt%, 1740 samples have data for both Fe and
Ti. The Fe/Ti ratio for these samples ranges from 0.16 to 28.6. Clusters of samples with anomalous
Ti that also have Fe/Ti ratios < 1.17 (297 samples) are closely associated with Cretaceous and
younger sediments (Fig. 8). The implication is that Cretaceous sediments have undergone extensive
weathering, a process that removes Fe and thereby concentrates TiO2 during alteration of ilmenite.
Fe/Ti ratios smaller than 1.17 could be used to highlight terranes with rutile enrichment, the TiO2

mineral preferred by mineral producers. It is important to note, however, that sphene can also impart
Fe/Ti ratios < 1.17 to sediment samples. Locations of samples having Fe/Ti ratios > 1.17 (1443
samples) are typically associated with rocks, suggesting that magnetite and titanomagnetite, rather that
ilmenite, altered ilmenite, rutile, or sphene, are the principal Ti-bearing minerals.
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6. CONCLUSIONS

NURE HSSR geochemical and spectral airborne gamma-ray radiometric data for the
Mississippi embayment region are well suited for outlining prospective areas for industrial
polymineralic placer deposits. In combination with regional geologic and mineral-resource occurrence
information, these data are powerful predictive tools for mineral-resource assessment and exploration
activities. Data for Ti, Zr or Hf, and REE in the NURE HSSR data base for the United States, are
reliable indicators of ilmenite (and other Ti-bearing oxides), zircon, and monazite (and other REE-
bearing minerals) in rocks and in unconsolidated sediments.

Ti, Hf, Zr, and REE anomalies occur in a broad spectrum of geologic settings. Unusually
high and areally extensive concentrations of Ti, REE, and Hf or Zr are associated with Cretaceous
and younger sediments. Rocks in the area of this study also host Ti, Zr, and REE concentrations.
Valley fills next to these anomalous rocks could contain commercial accumulations of industrial heavy
minerals.

The geochemical data clearly outline areas of known Ti-Zr-REE-bearing industrial
polymineralic placer deposits in the Mississippi embayment region; spectral gamma-ray surveys
provide supporting evidence for the presence of monazite and associated Th in these deposits. The
use of low (<1.17) Fe/Ti ratios enables the selection of areas where weathered ilmenite and (or)
rutile are likely the principal Ti minerals present.

Examination of anomalous samples for any given element, as done in this study, excludes
much valuable information on potential large-volume, low-grade deposits of industrial mineral placer
deposits, particularly in sediments in which geochemical expression is comparatively subdued.
However, results of this study suggest that the potential for Ti-Hf-REE-U-Th-bearing industrial
polymineralic placer deposits in sediments and sedimentary rocks of the Mississippi embayment region
may be much greater than previously recognized.

Regional geochemical and geophysical data bases collected by other nations may also lend
themselves to similar interpretation and application to industrial placer mineral resource exploration.
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