






in these older soils are generally higher, and concentrations
increase with terrace age; and (2) almost all the soils from
these older terraces show negative Ce anomalies. The
exceptions to this are three horizons from the soil on the
�320 ka terrace, in which there are positive Ce anomalies.
[37] As with Barbados, soils on the Florida Keys and the

Bahamas show enrichments in light REE, distinct negative
Eu anomalies and depleted heavy REE (Figure 18). Con-
centrations of REE in soils of the Florida Keys and
Bahamas show a wide range of values, and seem to be
inversely proportional to the detrital carbonate contents of
the soils, based on physical appearance. Unlike Barbados,
none of the soils on the Florida Keys and Bahamas has a
negative or positive Ce anomaly.

6.6. Overall Measures of REE Composition to
Discriminate Parent Materials

[38] Certain parameters have been developed that reduce
REE data and facilitate comparisons in provenance studies.
The degree of Eu anomaly can be quantified by the Eu/Eu*
value, where ‘‘Eu’’ is the chondrite-normalized Eu concen-
tration (EuN), and ‘‘Eu*’’ is (SmN � GdN)

0.5. Eu/Eu* less
than 1.0 indicate negative Eu anomalies; values greater
than 1.0 indicate positive Eu anomalies. Oceanic basalts,
without a significant upper continental crustal component,
will have no Eu anomaly. Archean sedimentary rocks
usually have positive Eu anomalies, but post-Archean
sedimentary rocks typically have negative Eu anomalies,
with Eu/Eu* ranging from 0.6 to just under 1.0 [McLennan,
1989; Taylor and McLennan, 1985, 1995]. These differ-
ences reflect the fact that Archean and post-Archean conti-
nental crusts have significant differences in composition,
possibly related to different mantle sources or mechanisms

of crustal differentiation. Chinese and Alaskan loess of
Quaternary age have Eu/Eu* that range from 0.59 to 0.68,
very typical of post-Archean sedimentary rocks [Gallet et
al., 1996; Jahn et al., 2001; Muhs and Budahn, 2006].
[39] Two other measures of REE composition reflect

differences in the abundances of light to heavy REE.
LaN/YbN is a measure of the overall abundance of light
REE to heavy REE; higher LaN/YbN indicate light REE
enrichment. Oceanic basalts have low LaN/YbN. Typical
post-Archean sedimentary rocks have REE compositions
that yield higher LaN/YbN, but less than about 15
[McLennan, 1989; Taylor and McLennan, 1985, 1995].
Chinese and Alaskan loess have, for example, LaN/YbN
that range from about 7 to 10 [Gallet et al., 1996; Jahn et
al., 2001; Muhs and Budahn, 2006]. GdN/YbN is a measure
of heavy REE depletion, where high GdN/YbN indicates
significant heavy REE depletion. Plots of Eu/Eu* versus
LaN/YbN and Eu/Eu* versus GdN/YbN provide the potential
for defining REE compositional fields that are distinctive
for the various soil parent materials. This approach was used
by Nakai et al. [1993] in studying the origin of eolian dust
in deep-sea sediments of the Pacific Ocean and by Sun
[2002] in ascertaining the sources of loess in China.
[40] Values of Eu/Eu*, LaN/YbN and GdN/YbN are dis-

tinct for the some of the soil parent materials considered
here. Volcanic materials from St. Vincent occupy a Eu/Eu*
versus LaN/YbN field distinct from that of tephras from
Dominica and St. Lucia (Figure 19, top). In contrast,
Eu/Eu* versus GdN/YbN for the two volcanic groups
overlap (Figure 19, bottom). Because of the wide range of
Eu/Eu* values, tephras from Dominica and St. Lucia define
large fields for both plots. African dust and lower Mis-
sissippi River Valley loess have Eu/Eu* that occupy a

Figure 16. Chondrite-normalized REE plots of soils from lower (younger) terraces on Barbados.
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narrow range and overlap only the lowest range of values of
tephras from Dominica and St. Lucia. Similarly, African
dust has a wide range of LaN/YbN but only a small part of
the field for dust overlaps the range of values for Dominica
and St. Lucia tephras. Lower Mississippi River valley loess
has LaN/YbN and GdN/YbN that do not overlap those of the
volcanic materials at all.
[41] Soils on Barbados have Eu/Eu* that are higher than

Mississippi Valley loess but (with one exception) are lower
than St. Vincent volcanic materials (Figure 19). The soils on
this island also have no overlap with LaN/YbN and
GdN/YbN from Mississippi Valley loess. Most Barbados
soils have LaN/YbN that are lower than African dust but
overlap the field defined for tephras from Dominica and
St. Lucia. One interpretation of this plot, therefore is that
Barbados soils are derived mostly from tephras from
Dominica and St. Lucia. An alternative interpretation,

however, is that Barbados soils are derived from a mix of
St. Vincent tephras and African dust. This interpretation is
consistent with the fact that Barbados soils overlap only a
small part of the Eu/Eu* versus LaN/YbN field defined by
Dominica-St. Lucia tephras. In addition, in the Eu/Eu*
versus GdN/YbN plot, many of the Barbados soils do not
overlap the range of Dominica-St. Lucia tephras, but all
overlap the range of African dust samples.
[42] Soils on the Florida Keys and the Bahamas show

significant differences when compared with soils on Barba-
dos (Figures 19). Soils from these northerly islands have
somewhat lower Eu/Eu* that overlap both African dust and
Mississippi River valley loess, but have only a slight
overlap with tephras from Dominica and St. Lucia. With
one exception, LaN/YbN for soils from Florida and the
Bahamas also have considerable overlap with both African
dust and Mississippi Valley loess. However, soils from
Florida and the Bahamas have GdN/YbN that overlap
African dust but not Mississippi Valley loess.

6.7. Parent Material Discrimination Using
Sc-Th-La, Sc-Th-Zr, and Cr-Th-Nd

[43] Other trace elements with relatively low mobility
(Sc, Th, Zr, Cr) can be extremely useful in provenance
studies. One of the most commonly used approaches is to
plot concentrations of three geochemically distinct elements
in ternary diagrams. An example of such an approach is the
relative abundance of Sc, Th, and La [Taylor and
McLennan, 1985; Bhatia and Crook, 1986; Olivarez et
al., 1991]. Oceanic basalts, or sediments derived from them,
will plot near the Sc pole, whereas average upper continen-
tal crustal rocks or sediments will plot near the La pole.
Island arc rocks usually fall between these two extremes. An
alternative ternary plot, using Sc, Th, and Zr [Bhatia and
Crook, 1986] can distinguish these same rock types, and in
addition can discriminate between sediments generated at
active and passive continental margins. In making these
plots, we have used not only the data generated in our study,
but also data on Quaternary volcanic materials from St.
Vincent reported by Turner et al. [1996] and Heath et al.
[1998].
[44] A ternary plot of Sc-Th-La easily distinguishes

between the two volcanic sources and between both volca-
nic source materials and African dust/Mississippi loess
(Figure 20). These three elements do not, however, distin-
guish African dust and Mississippi loess from each other, an
expected result because both are derived from well-mixed
upper continental crustal materials. Barbados soils fall
mostly on the field defined by the Dominica-St. Lucia
volcanics on a Sc-Th-La plot, although some samples trend
upward, closer to the field defined by African dust and
Mississippi loess. As with the Eu/Eu* versus LaN/YbN plot,
this result can be interpreted in two ways: (1) derivation
mostly from Dominica-St. Lucia volcanics, or (2) derivation
from a mix of St. Vincent volcanics and African dust/
Mississippi loess. Soils from the Florida Keys and Bahamas
fall squarely on the field defined by African dust/Missis-
sippi loess, indicating little or no influence from any
volcanic source, which is consistent with the Eu/Eu* versus
LaN/YbN data.
[45] Relative abundances of Sc-Th-Zr for soil parent

materials and soils are consistent with Sc-Th-La data.

Figure 17. Chondrite-normalized REE plots of soils from
higher (older) terraces on Barbados.

F02009 MUHS ET AL.: AFRICAN DUST IN ATLANTIC ISLAND SOILS

16 of 26

F02009



Compositional fields for the two volcanic sources are
easily distinguished from each other, and both are easily
distinguished from African dust and Mississippi loess
(Figure 21). African dust shows, however, a much larger
compositional field, mainly a function of the range of Zr
abundances. Concentrations of Zr vary with particle size;
finer (<2 mm) fractions of dust have lower Zr contents
than do coarser (20–10 mm) fractions. Barbados soils, as
with the Sc-Th-La plot, show a compositional similarity to
Dominica-St. Lucia volcanics. Again, two interpretations
are possible: either sole derivation from this source, or a
mix of St. Vincent volcanics and African dust or Mis-
sissippi loess. Soils from the Florida Keys and Bahamas
again plot in the fields of African dust and Mississippi
loess, and suggest little or no volcanic influence. However,
in the Sc-Th-Zr plot, these soils are clustered only within
the area where African dust and Mississippi loess overlap,
suggesting little input from the coarser fractions of African
dust.
[46] Because of the uncertainties in interpreting sources

of Barbados soils using the ternary plots described above,
we generated a third ternary plot, using Cr-Th-Nd. Relative
abundances of Cr-Th-Nd show significant differences with
the Sc-Th-La and Sc-Th-Zr plots (Figure 22). As with the
other two plots, volcanic sources are distinguished from
each other, but the low Th concentrations and high range of
Cr variability are emphasized for St. Vincent. In addition,
African dust and Mississippi loess show less overlap than

for the other plots, primarily because of differences in Cr
concentrations. Unlike the Sc-Th-La and Sc-Th-Zr plots,
Barbados soils show no overlap with Dominica-St. Lucia
volcanics with Cr-Th-Nd, but do fall between St. Vincent
volcanics and African dust/Mississippi loess. Also unlike
the previous plots, soils from the Florida Keys and Bahamas
do not fall squarely on the fields of African dust and
Mississippi loess. These soils fall partly on the field for
African dust and appear to trend away from this field along
a mixing line with some high-Cr source.
[47] Finally, we generated a bivariate plot of Ta/Th versus

Sc/Th in order to discriminate African dust from Mississippi
loess (Figure 23). The two source materials generate geo-
chemical fields for Ta/Th versus Sc/Th with minimal
overlap. Soils from Florida and the Bahamas, with one
exception, fall between the two fields. In contrast, Barbados
soils fall completely outside both fields, requiring input
from a relatively high-Sc and high-Ta source.

6.8. Geochemical Modeling of Soil Parent
Materials Using Multilinear Regression Analysis

[48] An alternative to the bivariate and ternary plots of
immobile element ratios is to integrate a number of elements
in a geochemical modeling approach. Utilizing several
relatively immobile elements (Sc, Cr, Th, Ta, Zr, Hf, As,
and Sb) and seven REE (La, Ce, Sm, Eu, Gd, Tb and Yb),
we performed quantitative geochemical modeling to assess
parent materials of the soils, using a least squares multi-

Figure 18. Chondrite-normalized REE plots of soils on the Florida Keys, New Providence Island,
Bahamas, and two of the Exuma Cays, Bahamas.
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linear regression analysis (MRA) approach described by
Budahn and Schmitt [1985]. Olivarez et al. [1991] use a
similar approach, utilizing many of the same elements, in
ascertaining the sources of Pacific Ocean sediments. The
method involves several steps, only summarized here, and
the reader is referred to Budahn and Schmitt [1985] for
details. The Budahn and Schmitt [1985] and Olivarez et al.
[1991] methods yield similar results. We calculated source
material contributions (upper continental crust versus oce-
anic crust) using the Budahn and Schmitt [1985] method for
two samples (TT67476 and TT67477) studied by Olivarez
et al. [1991]. Our results are in good agreement, within 5%
of the results obtained by Olivarez et al. [1991].
[49] In the initial calculations, potential parent materials

of the soils included the average compositions of the four
African dust size fractions (0–2 mm, 2–5 mm, 5–10 mm,
and 10–20 mm), St. Vincent volcanic materials, represen-
tative high-REE and low-REE tephras with negative Eu
anomalies from Dominica and St. Lucia, and high-REE and
low-REE loess from the Mississippi River valley. If large
(>20%) negative contributions of a parent material are
obtained in modeling, that component is removed in sub-
sequent calculations. Ultimately, three end-members are

able to account for the compositions of the soils: the average
of all the fine-grained (<2 mm) fractions of African dust, a
representative St. Vincent ignimbrite (S471-114, an �4000-
year-old Holocene ignimbrite), and a high-REE Mississippi
River valley loess. The finest-grained (0–2 mm) component
of African dust as a major contributor is reasonable, because
this fraction accounts for a significant portion of the dust
reaching the study area [Prospero et al., 1970, 2001]. The
�4000-year-old ignimbrite has a composition that is very
typical of both older and historic volcanic materials on St.
Vincent Island [Heath et al., 1998]. Finally, the high-REE
Mississippi River valley loess is likely a high clay content
loess, because REE in sediments generally have higher
concentrations in the clay (<2 mm) fraction compared to
the silt and sand fractions, although there are exceptions to
this [Cullers et al., 1979]. Interestingly, this approach
suggests that ashes from Dominica and St. Lucia appear
to have had little influence on the genesis of western
Atlantic soils, even on Barbados, a point we discuss in
more detail later.
[50] The MRA modeling requires calculation of potential

source sediments in a carbonate-free soil. All of the Barba-
dos soil profile 3B samples contain more than 12.5% Ca,

Figure 19. (top) Plots of Eu/Eu* versus LaN/YbN for island soils (shown as circles) and ranges of these
values (shown as ellipses) for tephras from St. Vincent, Dominica, and St. Lucia, African dust, and lower
Mississippi River Valley loess. (bottom) Plots of Eu/Eu* versus GdN/YbN for island soils (shown as
circles) and ranges of these values (shown as ellipses or polygons) for tephras from St. Vincent,
Dominica, and St. Lucia, African dust, and lower Mississippi River Valley loess.
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which is strongly indicative of high carbonate contents,
supported by carbonate data of Muhs [2001]. In order to
model the samples from this soil profile, a carbonate-free
composition was estimated by subtracting the carbonate
contribution. A pure carbonate substrate was not sampled
from Barbados, so we use the average composition of
several Exuma Cays corals. For simplicity, it is assumed
that all of the Ca in these soils is from the carbonate. The
Barbados soil profile 3B used in modeling is the average of

five estimated soil compositions taken from various depths.
On the basis of the similarity in the MRA results between
this composite sample and the other Barbados soils, this
approach appears to be reasonable in obtaining a carbonate-
free soil composition.
[51] Most of the Florida Keys, Exuma Cays, and New

Providence Island soils have high carbonate content, con-
taining >19% Ca. In fact, only one soil was modeled
without any compositional adjustment. Although Ca abun-

Figure 20. Ternary plots of relative abundances of Sc, Th, and La, showing fields defined by range of
variability for various soil parent materials, and circles showing values for soils from (a) Barbados and
(b) the Florida Keys and Bahamas. Data from St. Vincent are from this study and also Turner et al. [1996]
and Heath et al. [1998].

Figure 21. Ternary plots of relative abundances of Sc, Th, and Zr (divided by 10), showing fields
defined by range of variability for various soil parent materials, and circles showing values for soils from
(a) Barbados and (b) the Florida Keys and Bahamas. Data from St. Vincent are from this study and also
Turner et al. [1996] and Heath et al. [1998].

F02009 MUHS ET AL.: AFRICAN DUST IN ATLANTIC ISLAND SOILS

19 of 26

F02009



dances were not determined for one of the modern soils
from New Providence Island (Lyford Cay, NPI-1, 3–13 cm
depth), this sample appears be carbonate-free on the basis of
its high Fe and trace element contents. Four samples have
Ca contents <26% and carbonate-free compositions of these
soils were estimated by subtracting the carbonate contribu-
tion following the method used for the Barbados 3B soil
profile. The carbonate compositions used in these calcula-
tions were the average of several Florida Keys and Exuma
Cays corals.
[52] We present the results of the MRA calculations for

Barbados profile 3A (0–6 cm depth), because they are
typical of model results for Barbados soil profiles 3A (at
other depths), 3B, 4B and 6B (Figure 24). Figure 24 shows
that modeled composition has a reasonable fit (±20%) to the
observed composition for most elements, with the exception
of Ta and As. In general, calculated Ta contents for the soils
are about 50% higher than the observed contents, although
in Barbados soil profile 4B, the calculated Ta values are
about 80% lower. The sum of the components ranges from
about 80% for profile 4B to 110% for profile 6B. In
Figure 24, which shows normalized plots comparing the
actual to calculated abundances of selected elements in the
profile 3A (0–6 cm depth) sample, we note that REE, Zr
and Hf contents are chondrite-normalized, whereas the
other elements are arbitrarily multiplied by 10 (Th, As) or
100 (Sb) in order to fit the plot better.
[53] The MRA results from modeling the carbonate-free

soil and the estimated soil compositions from the Florida
Keys and Bahamas indicate that only two parent materials
are needed to account for the composition of soils from
these northerly islands: African dust and North American
loess. Because most of the trace element contents in the
carbonates are extremely low (see discussion above on

Figure 22. Ternary plots of relative abundances of Cr (divided by 5), Th, and Nd, showing fields
defined by range of variability for various soil parent materials, and circles showing values for soils from
(a) Barbados and (b) the Florida Keys and Bahamas. Data from St. Vincent are from this study and also
Turner et al. [1996] and Heath et al. [1998]. Note that a single sample from Dominica falls within the
range of African dust.

Figure 23. Bivariate plots of Ta/Th versus Sc/Th showing
different compositions of African dust and Mississippi loess
(ellipses) and compositions of (top) Florida-Bahamas soils
and (bottom) Barbados soils. Note scale difference between
Figures 23 (top) and 23 (bottom).
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composition of the reef carbonates), the addition of carbon-
ate to the soil acts simply as dilution and thus has no
appreciable effect on the relative abundances of other
elements (analogous to the use of ternary plots above).
Finally, the sums of the components in the estimated soil
compositions are also near 100%, ranging from 90% to
120%, which further supports our method for estimating
carbonate-free soils. The distinct trace element abundance
patterns for the Barbados soil and the New Providence
Island soil are striking in Figure 24.
[54] Using the approach described above, we also model

the relative contributions of parent materials of selected
soils from all localities (Figure 25). Using the carbonate-free
horizons of three profiles, we model the source materials for
three sample depths from profiles 3A and 4B and two
sample depths of profile 6B on Barbados. Results show
that the noncarbonate fractions of Barbados soils, at least on
the lowest terraces, are derived from a mixture of �60–
70% tephra from the island of St. Vincent, �25–40%

African dust, and <10% loess from the Mississippi River
valley. In contrast, soils on the Florida Keys are derived
from a mixture of African dust (�60%) and Mississippi
River valley loess (�40%). The same two parent materials
dominate the soils of the Bahamas, although there are
differences between islands. New Providence Island soils
are �80% African dust and �20% Mississippi loess,
whereas soils on the Exuma Cays are derived from about
equal parts of the two source sediments (Figure 25).

7. Discussion

7.1. Reef Coral Residuum as a Soil Parent Material

[55] The new data on concentrations of REE and other
trace elements in corals that occur commonly in Barbados
reefs allow us to provide a rigorous test of the contribution
of carbonate to REE in soils via residual accumulation after
coral dissolution. Acropora palmata, Acropora cervicornis,
and Montastrea annularis are the three most commonly
occurring corals in the Pleistocene reefs of Barbados
[Mesolella, 1967]. Concentrations of REE in all three coral
species are very low and would require considerable reef
dissolution to produce the observed concentrations of REE
in Barbados soils. We did a quantitative estimate of the
required dissolution for three REE, La, Nd, and Yb, using
(1) the measured concentrations of La, Nd, and Yb in the
soils and corals, (2) the amount of noncarbonate mineral
material in a 1-cm2 soil column in Barbados profile 3A
(using carbonate content and bulk density data of Muhs
[2001]), and (3) the measured porosity of Pleistocene corals
on Barbados (reported by Pittman [1974]), along with the
known density of coral aragonite (2.93 g cm�3). Results of
these calculations indicate that for the observed amount of
La, Nd, and Yb in profile 3A, �309 m, �189 m, and
�158 m, respectively, of carbonate dissolution would be
required in �125 ka, the age of the host reef itself. This
would require complete dissolution of the entire reef, plus
dissolution to depths tens or hundreds of meters below
sea level. This physical impossibility is analogous to
Birkeland’s [1999] calculations for a residual origin for
soils on Rota Island in the Marianas chain, requiring
complete island dissolution. We conclude that reef dissolu-
tion plays, at most, a minor role in soil genesis on Barbados.

7.2. Origin of Soils on Barbados

[56] Barbados soils have the most variable REE patterns.
In general, Barbados soils, with enriched light REE, nega-
tive Eu anomalies, and depleted heavy REE, resemble the
patterns of both Mississippi River Valley loess and African
dust. Nevertheless, complications arise with the presence of
negative Ce anomalies in some Barbados soils (soil profiles
5B, 8A and 11) that are not present in either of the eolian
parent materials. Within the study region, negative Ce
anomalies have been reported in Lesser Antilles island arc
rocks [White and Patchett, 1984; White and Dupré, 1986].
Thus it is possible that the negative Ce anomalies in the
older Barbados soils reflect some influence from tephras
that have negative Ce anomalies, although none of the
tephras analyzed in the present study exhibit this pattern.
Alternatively, negative Ce anomalies also have been
reported in Atlantic Ocean corals, a reflection of small
amounts of REE incorporation from seawater into the

Figure 24. Plots comparing the measured and modeled
abundances of REE and other immobile trace elements for
two soils, (a) one from Barbados (uppermost horizon of
profile 3A) and (b) one from New Providence Island,
Bahamas (modern soil A horizon), demonstrating the good
agreement between measured values and the MRA
geochemically modeled values (see text for discussion).
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aragonite structure [Sholkovitz and Shen, 1995]. However,
as discussed above, all corals we analyzed show positive Ce
anomalies and detrital coral fragments present in the soils
would likely show this opposite effect. Furthermore, we
found no correlation between negative Ce anomalies in the
soils and carbonate content. Nesbitt and Markovics [1997]
interpreted negative Ce anomalies in a weathering profile
developed on granodiorite in Australia to be the result of an
intermediate stage of chemical weathering. However, the
process by which this takes place on Barbados is not clear
and deserves further study.
[57] On the basis of all data, Barbados soils appear to

have had a complex history of formation. The bivariate and
ternary plots, considered as a whole, suggest that Barbados
soils originated from more than one parent material. Barba-
dos soils overlap African dust closely on one plot (Eu/Eu*
versus GdN/YbN) and fall between African dust and St.
Vincent volcanics on another plot (Cr-Th-Nd). On still other
plots (Eu/Eu* versus LaN/YbN, Sc-Th-La, and Sc-Th-Zr),
Barbados soils can be interpreted to have been derived
either solely from Dominica-St. Lucia tephras or from a mix
of African dust and St. Vincent tephras. One problem with
the interpretation of derivation from Dominica-St. Lucia
tephras is that Barbados soils, on the Eu/Eu* versus LaN/
YbN plot, overlap only a small part of the field defined by
Dominica-St. Lucia tephras. If these tephras were the main
source of Barbados soils, we would expect to see the
extreme variability in Eu/Eu* values characteristic of teph-
ras in that island arc. The interpretation that is consistent
with all plots is derivation from a mix of St. Vincent

volcanic materials and African dust. In an independent
calculation, the MRA geochemical model (integrating all
immobile elements) indicates that Barbados soils are de-
rived from a combination of St. Vincent volcanic sources
(60–70%), African dust (25–40%), and possibly a minor
(<10%) contribution from distal Mississippi valley loess
(Figure 25). These results are consistent with the more
subjective interpretation of the bivariate and ternary plots
and are also consistent with the isotopic data of Borg and
Banner [1996].
[58] Barbados lies directly along the dominant atmospheric

transport trajectories for moderate to large explosive erup-
tions from Soufrière volcano on St. Vincent, based on
historic eruptions in 1902 and 1979 [Carey and Sigurdsson,
1978; Sigurdsson, 1982]. During much of the Pleistocene,
St. Vincent has been quite active volcanically [Briden et al.,
1979]. Thus Barbados may have received small but frequent
amounts of tephra from St. Vincent over much of the
Pleistocene. Because of dispersion by bioturbation, many
of these eruptions are unlikely to have formed discrete
tephra layers in deep-sea sediments. In contrast, eruptions
from the more silicic volcanic centers such as Dominica and
St. Lucia are larger and show up as layers in cores
(Figure 7), but these eruptions may be far less frequent.
Furthermore, Barbados appears to lie at the southern margin
of the dispersal plumes from these centers (Figure 6).

7.3. Origin of Soils on the Florida Keys and Bahamas

[59] Soils on the Florida Keys and the Bahamas have
enriched light REE, negative Eu anomalies, and depleted

Figure 25. Plot showing the relative contributions of source sediments for soils on the Florida Keys,
Bahamas, and Barbados using the MRA geochemical modeling approach. Note that St. Vincent volcanics
contribute no significant mass to the soils of the Florida Keys and Bahamas and that tephras from
Dominica and St. Lucia make no significant contribution to soils on any island.

F02009 MUHS ET AL.: AFRICAN DUST IN ATLANTIC ISLAND SOILS

22 of 26

F02009



heavy REE. This pattern suggests derivation solely or at
least mostly from either or both Mississippi valley loess or
African dust. If there was any volcanic influence on these
soils, it has been overwhelmed by the inputs of dust. The
bivariate plots (Eu/Eu*, LaN/YbN, GdN/YbN) do not indi-
cate any significant volcanic influence and fall mostly
within the fields defined by African dust, although the
Eu/Eu* versus LaN/YbN plot would permit some Missis-
sippi valley loess influence. The Sc-Th-La and Sc-Th-Zr
plots also indicate no volcanic influence and would permit
an interpretation of either African dust or Mississippi loess
(or some mix of the two) as parent materials. The Ta/Th
versus Sc/Th plot supports an interpretation of both
African dust and Mississippi loess as parent materials for
Florida-Bahamas soils. Interestingly, the Cr-Th-Nd plot
falls mostly outside of the African dust field and com-
pletely outside of all other fields defined by the other
possible parent materials. The trend shown by the samples
is toward the Cr pole, suggesting the influence of a high-
Cr parent material. This trend is unexplained and needs
more study.
[60] The MRA geochemical modeling supports an inter-

pretation of Florida-Bahamas soils being derived from a
mix of African dust and Mississippi loess. The modeling
suggests that soils on the Florida Keys and New Providence
Island, Bahamas are derived dominantly (60–80%) from
African dust, with some contribution (20–40%) from Mis-
sissippi River valley loess. Soils on the Exuma Cays,
though farther south, seem to be derived from about equal
parts African dust and Mississippi River valley loess. We
have no explanation for this unexpected result and suggest
that more work on soils of the southern Bahamas is
required.
[61] Because the Florida Keys and Bahamas are situated

well to the north of the Lesser Antilles island arc, it is not
surprising that these carbonate islands record no volcanic
influence. The Florida Keys and Bahamas are, however,
well within the zone of the easterly trade winds that carry
African dust to the region (Figure 1) [Prospero, 1999].
Studies at an inland site in Florida show that substantial
concentrations of aerosol occur only when African dust is
present over the region [Prospero et al., 2001]; other
sources, including local soils or sediments, are not signif-
icant contributors. A 2-year study of precipitation deposi-
tion carried out at nine stations across the length of
Florida, from the Florida Keys to the panhandle, shows
that by far the greatest deposition of dust occurs during the
summer when African dust was present [Landing et al.,
1995]. Over a 2-year period, the mean deposition rate of
Al was 9.1 mg/cm2/yr. On the basis of the average crustal
abundance of Al (�8%), this is equivalent to an overall
dust deposition rate of 114 mg/cm2/yr. The results of the
Landing et al. [1995] study are essentially identical to a
1-year study carried out at a coastal site in Miami [Prospero
et al., 1987] that yields an Al deposition rate of 10.1 mg/
cm2/yr (overall dust deposition rate of 126 mg/cm2/yr).
Although the age estimates of �125 ka for the Key Largo
Limestone substrate might allow us to calculate a long-
term dust deposition rate to compare to the measured
modern rates, it would be misleading to do so. As
discussed earlier, soils on the Florida Keys are very thin,
likely due to erosion by tropical storms and hurricanes for

thousands of years. Thus any calculated long-term dust fall
rate based on eroded soils is likely to be an underestimate.

8. Summary and Conclusions

[62] Soils on carbonate-rock-dominated islands of the
western Atlantic Ocean (Barbados, the Florida Keys, and
the Bahamas) are rich in clays. Many of the Quaternary
limestones on these islands are of exceptionally high purity
and it is unlikely that the soils are derived solely or even
mostly from insoluble residues of the local carbonate
substrate. Measurement of REE and other trace elements
in representative, unrecrystallized corals indicates that these
components have very low concentrations. If residual
accumulation were the main mode of soil genesis, improb-
ably large amounts of carbonate dissolution would be
required to explain the observed soils. Furthermore, geo-
morphic considerations eliminate other local, noncarbonate
bedrock sources, such as Tertiary sedimentary rocks from
the Scotland District on Barbados. Thus soils on Quaternary
limestones are most likely derived from sources external to
the islands, such as tephras from the Lesser Antilles island
arc, the fine-grained, distal component of loess from mid-
continental North America, or the fine-grained, distal com-
ponent of dust from Africa.
[63] These three external soil parent materials can be

differentiated using REE and other relatively immobile trace
elements. Tephras from the Lesser Antilles island arc
(St. Vincent, Dominica, and St. Lucia) vary in composition,
both in the REE and other immobile trace elements (Sc, Cr,
Th, Zr). These observations are consistent with previous
studies and indicate that volcanic materials in this island arc
system have a wide range of mixed oceanic and continental
crustal components. In contrast, African dust and the fine-
grained (<20 mm) component of lower Mississippi River
Valley loess have a narrow range of compositions, all
characterized by enriched light REE, negative Eu anoma-
lies, and depleted heavy REE, a pattern that is typical for
loesses found on other continents and upper continental
crust in general.
[64] Soils on Barbados have complex REE patterns,

depending on age, but all have enriched light REE, negative
Eu anomalies and depleted heavy REE. Consideration of the
REE plots, bivariate and ternary plots of immobile ele-
ments, and geochemical modeling suggests that Barbados
soils have developed mostly from volcanic ash from nearby
St. Vincent and secondarily, but significantly, from African
dust. A possible minor contribution from distal Mississippi
valley loess is apparent in the geochemical modeling results.
[65] Soils on the Florida Keys and islands of the Bahamas

also have enriched light REE, negative Eu anomalies and
depleted heavy REE. Furthermore, these soils have Eu/Eu*,
LaN/YbN, GdN/YbN, Sc-Th-La, and Sc-Th-Zr that agree
closely with the ranges of African dust and/or Mississippi
loess values. Soils on these northerly islands have Ta/Th
and Sc/Th that fall between African dust and Mississippi
loess. We interpret these data to indicate that neither
volcanic ash nor carbonate residue has been an important
parent material in the genesis of these soils. Geochemical
modeling indicates that soils on the Florida Keys and
Bahamas have developed mostly from African dust, but
with a significant component of distal Mississippi valley
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loess. This interpretation supports the recent modeling
results of Mahowald et al. [2006], who suggest that the
distal component of North American loess may have had
long-range transport during the last glacial period, well
beyond the continental boundaries. Nevertheless, the mod-
eling results of Mahowald et al. [2006] also indicate that
during the last glacial period, southern Florida and the
Bahamas were situated in a transitional latitudinal zone
where they could have received both African dust and
North American loess.
[66] Our studies indicate that LRT dust from Africa has

been a dominant parent material for soils in the Florida
Keys and Bahamas and an important source for Barbados
soils. We also document here the possibility that distal
Mississippi valley loess may have been transported much
farther from its source than previously supposed. Further-
more, because of the constraints given by the ages of the
underlying reef limestones on Barbados, our results indicate
that African dust (and North American loess?) may have
been important soil parent materials for much of the past
�700 ka. In light of our current knowledge of present-day
African dust transport, it is reasonable to conclude that
African dust has a substantial impact on soil formation over
a wide latitudinal range in the Caribbean Sea-western
Atlantic Ocean region. Many subtropical and tropical soils,
which otherwise might lack essential plant nutrients, could
be fertilized yearly by inputs of nutrient-rich particles from
this distant source. Clay minerals in African dust [Glaccum
and Prospero, 1980] and distal Mississippi valley loess,
with their high cation exchange capacities, increase the
nutrient-holding abilities of these soils. We hypothesize that
other localities in the region may have been similarly
affected. Soils on other Caribbean islands, northern South
America [Swap et al., 1992], Central America, Mexico,
Bermuda [Herwitz et al., 1996] and perhaps much of the
southeastern United States [Syers et al., 1969; Perry et al.,
1997] have probably been influenced to some extent by
inputs of African dust, and to a lesser extent, by inputs of
Mississippi valley loess. Although we cannot say just how
widely African dust has influenced soil development across
this region, the results presented here suggest that LRT
eolian inputs may have greater significance for pedogenesis
than previously thought.
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