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current study were lower than these trace elements in
Florida agricultural soils reported by Holmgren et al.
(1993). This is possible because many of the soils used
in this study were collected through the FCSSP from
uncultivated, or minimally cultivated sites (Sodek et al.,
1990). Concentrations of 15 trace elements in this study
agreed with previously published values for 11 metals
in 40 Florida soils (Ma et al., 1997). Concentrations of
Zn, As, and Cd, however, were much lower and those
of Cr were much greater in the current study than those
of Ma et al. (1997). Discrepancies may relate to the
greater variety of soils analyzed in the current study.
Soil contamination may be considered when concen-
trations of an element in soils were two- to three times
greater than the mean background levels (Logan and
Miller, 1983). In the current study, the observed concen-
tration ranges of 15 trace elements (Table 2) were signif-
icantly greater than their upper baseline concentration
limits (Table 3), which may suggest either contamination
in these soils (Dudka, 1993), or influence from pedo-
genic factors (Ma et al., 1997). The fact that the GMs
were much closer to the medians than were AMs for
all elements in Florida surface soils confirms that the
data were strongly positively skewed (Table 2). The
calculated baseline concentrations of trace elements in
Table 3, therefore, better represent their natural con-
centrations in the soils because the distorting effects of
a few high concentrations are minimized (Dudka, 1993).
The upper baseline concentration limits of Cd, Co,
Cr, Cu,-Fe, Mn, Ni, S, and Zn were used by Dudka
et al. (1995) to assess possible metal contamination in
Ontario soils. McGrath (1986) reported that the upper
baseline concentration range for Pb concentrations in
topsoils from England and Wales fell well within most
soil protection guidelines. In the current study, upper
baseline ranges for 10 elements (Ag, As, Be, Cd, Cr,
Cu, Mo, Ni, Pb, Se) corresponded well with she upper

baseline values reported in literature (Table 3). In in-
stances where significant differences were found (i.e.,
Ba, Hg, Mn, Sb, and Zn), Florida soils generally showed
lower baseline concentrations (Table 3).

Correlation Analysis for Concentrations of 15
Trace Elements in 448 Florida Surface Soils

Correlation analysis is a useful tool for analyzing simi-
larities between paired data and is widely used in trace
metal data analyses (Bradford et al., 1996; Dudka et al.,
1995; Lee et al., 1997). In the current study, correlation
analysis between elemental concentrations and soil
properties (total Fe, total Al, pH, clay, OC, and CEC)
of 448 surface soils and among trace elements was con-
ducted (Tables 4 and 5).

Correlation between Trace Element Concentrations
and Soil Properties

Soil pH significantly correlated with concentrations
of As, Cd, Cr, Cu, Mn, Se, and Zn (Table 4). This is
consistent with the fact that their concentrations were
the lowest in Spodosols (Ma et al., 1997), which had
the lowest pH among the seven soil orders. No such
correlation, however, was reported by Ma et al. (1997),
possibly due to the limited sample numbers in that study.

Clay content is highly correlated with concentrations
of all trace elements except for Ba, Hg, and Ni (Table
4). This is consistent with previously published data by
Ma et al. (1997). They reported that concentrations of
Al, As, Cr, Cu, Fe, Hg, Ni, Pb, and Zn were strongly
correlated with clay content in 40 Florida surface soils.
Correlations between clay content and concentrations
of Zn and Ni in Oklahoma soils (Lee et al., 1997), and
between clay content and concentrations of As, Cd, Cr,
Cu, Mo, Ni, Pb, Sb, and Zn in Canada soils (Mermut
et al., 1996) were reported. Soon and Abboud (1990)

Table 3. Calculated baseline concentrations of trace elements in Florida surface soils (mg kg~ except for Hg, which is pg kg™') compared

with published baseline concentrations in soils.

This study Seil from other studies

Element Florida Florida} Bull Island§ Alaskaf] California# USA*tT Chinati Poland§$
Ag 0.07-2.50 NA1Y NA NA 0.06-2.86 NA 0.03-0.41 NA
As 0.02-7.01 0.03-37 NA 1.26-35.8 0.63-12.3 1.05-25.9 2.5-33.6 0.8-9.1
Ba 1.67-112 NA 138-380 213-1659 197-1110 96.1-2015 266-761 125-409
Be 0.04-4.15 NA NA 0.68-3.33 0.36-3.65 0.11-3.57 0.85-3.9 NA
Cd 0-0.33 0.11-0.41 NA NA 0.05-1.34 NA 0.02-0.33 0.1-1.7
Cr 0.89-80.7 0.88-17.2 6.8-29 12.5-200 14.8-392 6.59-208 19.3-150 3.7-75.3
Cu 0.22-21.9 0.84-16.3 0.35-5.2 7.33-78.6 7.41-77.8 2.86-101 7.3-55 2.0-18.0
Hg 0.75-39.6 0.62-28.4 NA NA 44.5-899 9.1-368 5.9-270 NA
Mn 1.74-236 3.2-196 45-500 70-3718 263-1332 43-2532 1343-1740 83-1122
Mo 0.13-6.76 NA NA 0.14-5.29 0.1814.48 0.08-4.37 0.15-98 NA
Ni 1.70-48.5 4.5-94 0.96-4.6 5.1-113 6.25-207 2.44-69.4 7.73-70.9 2.0-27.0
Pb 0.69-42.0 0.93-18.1 5.7-15 3.96-36.3 9.64-48.8 4.62-55.4 9.95-56.0 NA
Sb 0.06-0.79 NA NA NA 0.154-1.62 0.093-2.47 0.38-3.0 2.0-270
Se 0.01-1.11 NA NA NA 0.003-0.23 0.043-1.57 0.047-0.99 0.07-0.30
Zn 0.89-29.6 7.1-20.0 2.8-12 26-188 NA 12.6-183 28.5-161 10.5-154

1 Based on 95% confidence intervals (GM/GSD3 to GM X GSDi); N = 448.

} Calculation based on data reported by Ma et al., 1997; N = 40.

§ Calculation based on data reported by Gough et al., 1994; N = 16.

1l Calculation based on data reported by Gough et al., 1988; N = 437.
# Calculation based on data reported by Bradford et al., 1996; N = 50.

T+ Calculation based on data reported by Shacklette and Boerngen, 1984; N = 1218.

1% Calculation based on data reported by Wei et al., 1990; N = 4095.
§§ Data reported by Dudka, 1992, 1993; N = 127.
191 NA; Data not available.
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Table 4. Correlation coefficient (r) of element concentrations with soil properties in 448 Florida surface soils.

Element NCt pH Clay ocC CEC Total Fe Total Al
As 0 0.14%* 0.33 0.58% 0.39% 0.661 0.60%
Cd 0 0.10§ 0.12§ 0.13*+ 0.13*+* 0.42% 0.391
Cu 0 0.271 0.14** 0.15++ 0.11§ .57 0.519
Se 0 0.10§ 0.28Y 9.55¢ 0.45% 0.431 0.429
Zn 0 0.229 0.461 0.191 0.23% 0.741 0.629
Ag 1 —0.03 NSi 0.401 0.63Y 0.51% 0.511 0.571
Cr i 0.10§ 0.341 0.66 NS 0,13+ 0.671 0.58%
Mn 1 0.27¢ 0.341 0.06 NS 0.13*+ 0.754 057
Me 1 —0.07 NS 0.441 [ X, | 0.60% 0.42% 0.459
Pb 1 0.03 NS 0.13% 0.16%** 0.17%%* 0.57% 0.541
Sb 1 --0.01 NS 0.20%** 0.58% 0.391 0.25% 0.301
Ba 2 0.03 NS 0.05 NS 0.19% 0.13** 0.61% 0.5991
Hg 2 0.00 NS 0.02 NS 0.339 0.241 (X | 0.28%
Be 3 —0.01 NS 0.581 —0.02 NS 0.07 NS 0.471 0.45%
Ni 4 0.00 NS 0.04 NS 0.02 NS —0.01 NS 0.27% 0.23%

** xx* Sjgnificantly different at levels of a = 0.01 and 0.001, respectively.

T NC, number of correlation that are not significant among trace elements and soil properties.

1 NS, not significant.
§ Significantly different at levels of o = 0.10.
1 Significant different at levels of a = 0.0001.

found that Cr, Pb, and Cu were correlated with clay
content. Strong correlations between concentrations of
As, Cr, Cu, Mn, and Ni and the amounts of particles
<0.02 mm in surface soils of Poland also were reported
by Dudka (1993). They suggested that clay content was
important in controlling the level and distribution of
trace metal concentrations in soils (Soon and Abboud,
1990; Dudka, 1993). Mermut et al. (1996) indicated that
Pb was likely adsorbed on the 2:1 silicate clay minerals,
and therefore Pb concentrations would be expected to
increase with increasing clay content. High correlation
coefficients (P < 0.001) between background values of
trace elements (As, Ba, Cr, Mn, Sb, and Zn) and clay
content in Dutch topsoils were attributed to the phe-
nomenon that soils in the Netherlands had been devel-
oped from sediments (Edelman and de Bruin, 1986).
As such, elemental concentrations were used with clay
and OC contents to establish guideline values for con-
taminant levels in Dutch soils (Forstner, 1995).

In contrast to previously published data (Ma et al,,
1997), OC showed significant correlation with trace ele-
ment concentrations except for Be, Cr, Mn, and Ni (Ta-
ble 4). This may be due to the fact that no organic
soil was included in the former study. Ames and Prych

(1995) reported that concentrations of most transition
metals (Co, Cu, Hg, Mn, Ni, and Zn) in soils of Washing-
ton showed significant correlation with OC. This finding
was attributed to the strong absorption of transition
metals by soil organic matter (Stevenson, 1982). Signifi-
cant correlation (P < 0.05) was also found between
certain metal concentrations and OC contents in Dutch
topsoils (Edelman and de Bruin, 1986) and agricultural
soils of northwestern Alberta (Soon and Abboud, 1990).
In Florida, surface oxidation of OC in the aerobic layers
of Histosols may concentrate Cd in the surface of these
soils (Holmgren et al., 1993). Furthermore, humic sub-
stances in organic soils can serve as strong reducing and
complexing agents and influence the processes control-
ling mobilization of many toxic metals including Hg
(Gough et al., 1996). A recent study on the sawgrass
(Cladium jamaicense Crantz) prairic wetlands in south
Florida demonstrated that nonessential trace elements
(such as Cr, Co, Pb, and Hg) were generally not being
cycled but were concentrated in the organic-rich sedi-
ments (U.S. Geological Survey, 1996).

CEC showed significant positive correlation with
most trace elements except Be and Ni (Table 4). This
result agrees well with Holmgren et al. (1993), who

Table 5. Correlation coefficients (r) among elemental concentrations in 448 Florida surface soils.

NC+ Ag As Mo Zn Se Sh Mn Cu Cr Cd Pb BA Be Hg Ni
Ag 0 1 *kk 1 1 1 1 *% % Fkk k¥ *% 1 *H% 1 §
As 1 0.18 1 1 1 1 *kk 1 *k ok 1 1 § kA ** NS#
Mo 1 0.67 0.23 1 1 1 1 § 1 1 *k NS *kk ok 1 1
Zn 1 0.39 0.21 0.30 1 1 § 1 ook | § 1 NS 1 §
Se 1 0.49 0.28 0.52 0.25 1 1 § 1 wx | § 1 NS | §
Sb 2 0.75 0.18 0.53 0.22 0.60 1 § *k ** Fkk ** 1 NS 1 NS
Mn 2 0.16 0.35 0.10 0.53 0.12 0.12 1 1 1 1 ok § 1 NS NS
Cu 2 0.25 0.15 0.37 0.70 0.63 0.15 0.39 1 1 1 § ** 1 NS NS
Cr 3 0.17 0.17 0.50 0.31 0.16 0.15 0.25 0.23 1 ** NS NS b | NS 1
Cd 3 0.17 0.32 0.13 0.37 0.24 0.17 0.24 044 013 1 1 NS *hk NS NS
Pb 3 0.15 0.45 0.07 0.20 0.10 0.15 0.15 0.12 0.05 0.34 1 § § § NS
Ba 3 0.41 0.09 0.16 0.20 0.22 0.35 0.12 0.13 0.07 0.07 0.10 1 § ** NS
Be 4 0.18 0.13 0.13 0.46 0.03 -0.01 0.45 0.21 0.36 0.17 0.08 0.08 1 NS NS
Hg 6 0.56 0.13 0.20 0.12 0.38 0.65 0.01 0.07 0.07 0.08 0.09 0.11 —0.04 1 NS
Ni 10 0.09 0.01 0.31 0.07 0.08 0.05 0.08 0.05 0.56 0.01 —-0.04 —0.01 0.07 0.01 1

** %k Significantly different at levels of a = 0.01 and 0.001, respectively.

+ NC, number of correlation that are not significant among trace elements with the maximum being 14.

} NS, Not significant.

§ Significantly different at levels of a = 0.10.
1! Significant different at levels of a = 0.0001.
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reported that trace elements show good correlation with
both CEC and OC. This is understandable since CEC
is simply correlated with clay containing trace elements
and shows significant positive correlation with OC and
pH (Stevenson, 1982).

All 15 trace elements were highly correlated to both
total Fe and Al concentrations in Florida surface soils
(Table 4). These correlation coefficients were the
strongest among all six variables tested in Table 4. A
similar but a slightly weaker correlation was reported by
Ma et al. (1997). Dudka (1993) found good correlation
between concentrations of As, Co, Cr, Cu, Ga, Mn, Ni,
and Se and concentrations of Al and Fe in surface soils
of Poland. He concluded that levels of most elements
were mainly controlled by minerals present in those
soils (Dudka, 1992). Total Fe and Al concentrations
(2300 and 2200 mg kg™") in Florida soil are 16 to 32
times lower than the average concentrations reported
for other soils (38000 and 71000 mg kg™'; Lindsay,
1979). Apparently, total Fe and total Al, even at such
low concentrations, are significant in controlling metal
concentrations in Florida soils. The capacity of Fe and/
or Al oxides in sorbing and/or co-precipitating trace
elements has been widely studied (Zachara et al., 1993;
Karthikeyan, 1997). We hypothesize that trace elements
may have co-precipitated with Fe—Al oxides during their
formation in soils, existing as structural components of
Fe-Al oxides instead as exchangeable ions on Fe-Al
oxide surface. This is supported by the fact that trace
element concentrations correlated better with total Fe
and total Al than with CEC (Table 4).

Correlation among Trace Elements

Significant correlation was found among most trace
elements, especially Ag, As, Cd, Cr, Cu, Mn, Mo, Sb,
Se, and Zn (Table §). This may occur because they have
similar ionic radii, with the exception of Ag (Kabata-
Pendias and Pendias, 1992; Dean, 1992). This result is
consistent with previously published data by Ma et al.

(1997). They reported that concentrations of Al, As,
Cr, Cu, Fe, Mn, Pb, and Zn in 40 Florida soils positively
correlated with each other. Among the 15 trace ele-
ments tested in the present study, Ag was correlated
with all other elements, whereas Ni correlated only with
Ag, Cr, Mo, and Se. Good correlation between concen-
trations of Ni and Cr has been reported, however, for
surface soils of California (» = 0.95, P <0.01; Bradford
et al., 1996) and Minnesota (r = 0.90, P < 0.01; Pierce
et al., 1982). Correlation between concentrations of Ni
and Cr and concentrations of Ti and Al in Washington
soils was reported by Prych et al. (1995). They suggested
that Cr and Ni were associated mostly with the mineral
phase in the soils.

Lead and Ba displayed significant correlation with
most elements, excluding Mo, Ni, Cr, and Cd; beryllium
displayed significant positive correlation with most ele-
ments, excluding Ni, Se, and Sb; and Hg showed signifi-
cant correlation with most elements except for Be, Cd,
Cr, Cu, Mn, and Ni (Table 5). High correlation among
trace elements in Florida soils suggests that similar pro-
cesses control element associations in parent materials
(Bradford et al., 1996). To separate natural from anthro-
pogenic factors influencing trace element concentra-
tions in soils, however, normalization of the data based
on weather- or leach- resistant reference elements, such
as Al, Ti, and Zr, is needed.

Factorial Analysis and Multiple Regression
of Trace Element Concentrations
and Soil Properties

Factorial Analysis

Factorial analysis is an extension of correlation analy-
sis. It can divide variables into groups that are consistent
with anthropogenic or pedogenic processes (Davies and
Wixson, 1987; Dudka, 1992). In the present study, eight
factors satisfactorily described distributions of trace ele-
ment concentrations in Florida surface soils. These fac-

Table 6. Results of R-mode factorial analysis for Florida surface soils showing relative loading from element concentrations and soil

properties on eight factors derived by varimax rotation.

Factor number Percent
variance
Factor Factor I Factor II Factor HI Factor IV Factor V Factor VI Factor VII Factor explained
loading 28.9+ 14,87 10.31 8.1% 7.5¢ 6.7% 6.4+ VIII 3.8 (%) 86.6%
1.00 100
Extr-Mg,
Extr-Na, CEC 90
0.90 80
Fe, Al Extr-Ca pH-KC1 ocC
Total-acid Ni 70
0.80
K, Mn, Ba Extr-K pH-H;0, Ca Silt, Clay Mo Hg 60
0.70 50
Zn, P, Be Avail-H,0 Cr Sbh
0.60 40
Pb, As Mg Pb, Ag
0.50 30
Cr, Cu Cu Se, Avail-H,0 Ag Cd, As Mg
0.40 20

+ Percentage of the total variance explained by a factor.
1 Percentage of the total variance explained by all factors.
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tors explained 87 % of the variance using the 34 variables
in the analysis (Table 6). The resulting varimax factors
were not correlated and different variables generally
had different loadings on different factors. Apparently
some of the elements (As, Ag, Cr, Cu, and Pb) were
controlled by more than one factor.

Factor 1 (total Fe and Al) explained 29% of the total
variance and was the most important factor, which was
consistent with correlation data in Table 4. It had large
loadings from total concentrations of Fe and Al and
moderate loadings from total concentrations of K and
P in the soils. This factor may represent Fe and Al
oxides, perhaps combining with K and P minerals as
well as some resistant metals. Four trace elements Mn,
Ba, Zn, Be showed strong associations with Factor 1.
Relatively low loadings from Cr, Cu, Pb, and As on the
total Fe and Al factor suggest that other factors influ-
ence these elements in Florida soils. It was reported
that in acidic soils, the main forms of As were Al and
Fe arsenates (AlAsO, and Fe AsQ,), whereas in alkaline
and calcareous soils the main form was Ca;(AsO,), (Fer-
gusson, 1990).

Factors 2, 3,4, and 5 were related to major soil proper-
ties; namely CEC (Factor 2), pH (Factor 3), clay (Factor
4), and OC (Factor 5), which together explained 41%
of the total variations. The large loadings from the ex-
tractable bases on Factor 2 (soil CEC factor) means
that these extractants were highly correlated with CEC.
Factor 3 (soil pH factor) had a large loading from pH.
Total concentrations of Ca and Mg had moderate load-
ings on Factor 3, implying that total concentrations of
both base elements contributed to the soil pH factor.
Total concentrations of Cu had some loading on the
soil pH factor, confirming the significant associations
between Cu and soil pH (Table 4). Factor 4 (soil clay
factor) was primarily due to particle-size distribution
(positively associated with silt and clay, negatively asso-
ciated with sand), and to a lesser extent, with available

moisture content of the soils. The loading of Se on
Factor 4 was consistent with the significant correlation
coefficients between concentrations of Se with soil clay
content (Table 4). Factor 5 (soil OC) is clearly due to
OC and total acid, and to a lesser extent, available
moisture content of the soils. The lack of significant
loading of any trace metals on Factor 2 and Factor 5
implies that both OC and CEC did not have major
influence on occurrences of these trace elements in Flor-
ida surface soils.

Factor 6 (Ni and Mo factor) explains 7% of the total
variances. It had large loadings from Ni and Mo and to
a lesser extent of Cr and Ag. This is consistent with the
relationships between concentrations of Ni with Mo, Cr
and Ag (Table 5). Chromium and Mo are transition
elements that locate at Group 6b of the Periodic Table
and have strong lithophile tendencies. Though they have
variable oxidation states, they are preferably hexavalent
in their oxygen compounds (Kabata-Pendias and Pen-
dias, 1992). Nickel and Cr in soils are mostly from pedo-
genic sources (Kabata-Pendias et al., 1992). During mag-
netic fractionation, Cr is closely associated with Ni and
accumulates in ultrabasic rocks (Davies and Wixson,
1987).

Factors 7 and 8 were of minor importance; together
they explained ~10% of the total variations. They may
be regarded as anthropogenic factors based on informa-
tion described previously. These factors included Sb,
Pb, Ag, Cd, As (Factor 7), and Hg (Factor 8). Factor 7
(Sb and Pb) confirmed significant associations among
total concentrations of these elements (Table 5). Accu-
mulations of Cd in organic soils were attributed to appli-
cation of phosphate fertilizers containing Cd (Holmgren
et al., 1993). The composition of Factor 8 (Hg) indicates
an obvious relationship of total concentration of Mg
with Hg in the soils. It was reported atmospheric deposi-
tion was more important for Pb, As, and Hg, whereas
phosphate fertilizer is marginally more important for Cd

Table 7. Multiple and partial correlation coefficients for regression of concentrations of trace metals in Florida surface soils against key

soil properties.

Multiple correlation

Partial correlation coefficients (r) coefficient
Trace Number of
elementt variable Total Fet Total Al Clay oC CEC pH-H,0 R F-test
Mn 3 0.597 NSi -0.134 -0.157 NS NS 0.65 %
Ni 2 0.125 NS NS —0.126 NS NS 0.09 R
Ba 2 0.240 0.119 NS NS NS NS 0.33 **k
Be 2 0.234 0.270 NS NS NS NS 0.44 i
Hg 2 0.187 -0.128 NS NS NS NS 0.10 *xk
Ag 2 NS 0.196 0.130 NS NS NS 0.29 *E
Sb 2 NS 0.130 0.199 NS NS NS 0.10 **k
Se 1 NS NS 0.245 NS NS NS 0.25 ¥k
As 1 0.252 NS NS NS NS NS 0.42 ¥
Cd 1 0.139 NS NS NS NS NS 0.23 ¥k
Cr 1 0.407 NS NS NS NS NS 0.46 *EE
Cu 1 0.169 NS NS NS NS NS 0.33 i
Pb 1 0.203 NS NS NS NS NS 0.30 w4k
Zn 1 0.358 NS NS NS NS NS 0.52 i
Mo 1 0.116 NS NS NS NS NS 0.13 *kk
Number of elements 12 5 4 2 0 0

**+ Significantly different at levels of & = 0.0001.
t Concentration after log-transformation.
i NS, not significant at levels of a = 0.05 using the student r-test.
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contamination in soils (Fergusson, 1990). Very recent
studies suggest that Hg deposition in South Florida is
generally driven by large-scale regional or hemispheric
processes as opposed to local emission/deposition pro-
cesses (Gough et al., 1996).

Multiple Regression Analysis

Multiple regression of concentrations of trace ele-
ments against clay, OC, pH, CEC, and total concentra-
tions of Al and Fe supported the relationships of trace
elements with important soil properties (Table 4) and
the results of factorial analysis (Table 6). Regressions of
log-transformed concentrations of the 15 trace elements
against six soil variables were all significant, explaining
between 9 to 65% of the total variance (Table 7).

Partial correlation coefficients between individual el-
ement and soil property provided the relative impor-
tance of each soil property on elemental distributions.
The number of variables and magnitude of partial corre-
lation coefficients (r) confirmed that total Fe and total
Al were the two major variables controlling concentra-
tions and distributions of most trace elements in Florida
surface soils as demonstrated previously using simple
correlation analysis (Table 4) and factorial analysis (Ta-
ble 6). Total Fe concentrations are important for all 15
trace elements except for Ag, Sb, and Se, which were
apparently related to clay content, whereas total Al
concentrations were important for elements Ba, Be, Hg,
Ag, and Sb. Though CEC and pH are critical soil proper-
ties, their importance on the distribution of trace ele-
ments was not significant because they depend highly
on soil components (i.e., clay, OC, Fe, and Al oxides),
which also had significant positive correlation with con-
centrations of most trace elements (Tables 4 and 6).
Our results demonstrated the importance of Fe and/or
Al oxides and clay in controlling trace element concen-
trations in Florida soils (Table 7).

Among the 15 trace elements, partial correlation coef-
ficients of Fe with Mn (r = 0.60), Cr (r = 0.41), and Zn
(r = 0.36) were the highest (Table 7). Iron and Mn
have similar redox chemistry and geochemical behavior,
which explain their high covariance in soils. Actually,
hydrous oxides of Fe and Mn in soils were reportedly the
most important compounds in sorption of trace metallic
pollutants, and they exhibit diverse affinities to Ni**,
Cu**, Zn**, Cd**, Pb**, and Ag*, which have approxi-
mately the same physical dimensions as Mn and Fe ions
(Fergusson, 1990). In addition, oxidation of As, Cr, and
Hg by Mn oxides is likely to control the redox behavior
of these three elements in soils (Kabata-Pendias and
Pendias, 1992). In general, Cr closely resembles Fe and
Alin ionic size and in geochemical properties. The asso-
ciation between Cr and Fe may reflect the fact that most
of the Cr in soils is present as chromite (FeCr,0,) or in
other spinel structures, substituting for Fe. However,
under conditions induced by fluctuating water tables,
Fe is depleted and Al is rendered less crystalline and
more prone to organo-complexation. Aluminum hy-
droxides can thus adsorb a variety of trace elements and

be more important than that of Fe oxides in remaining
certain trace elements like Ag, Be, and Sb (Table 7).

CONCLUSIONS

The GM concentration levels of 15 potentially toxic
trace elements in Florida surface soils were lower than
the average of USA and world soils. The upper limit of
baseline concentrations for most trace elements (Ag,
As, Be, Cd, Cr, Cu, Mo, Ni, Pb, Se), however, corre-
sponded well with those reported in the literature. Base-
line concentrations of 15 trace elements in 448 represen-
tative Florida soil samples were proposed as reference
concentrations in Florida. Due to possible influence
from anthropogenic factors on concentrations of Sb,
Pb, Ag, Cd, As, and Hg (Table 6), however, baseline
concentrations estimated for Ba, Be, Cu, Mn, Mo, Nij,
Cr, Se, and Zn are probably a better measure of the
natural levels of these elements in Florida surface soils.

Total Fe and Al showed the strongest relationship
with concentrations of most trace elements, based on
simple correlation analysis, factorial analysis and multi-
ple regression (Tables 4, 6, and 7). Other important
variables include clay and OC. The importance of CEC
and pH on the distribution of trace elements was diluted
by these component variables. Significant correlation
coefficients were also found among Ag, As, Cd, Cr, Cu,
Mn, Mo, Sb, Se, and Zn (Table 5).

ACKNOWLEDGMENTS

This research was sponsored in part by the Florida Center
for Solid and Hazardous Waste Management (Contract no.
96011017). The authors would like to thank the Chemistry
Laboratory of the Florida Department of Environmental Pro-
tection for determining concentrations of 10 trace elements.
We are also indebted to those who participated in the Florida
Cooperative Soil Survey. Their collection and characterization
of a large number of Florida soil samples made this study
possible. The helpful suggestions made by Dr. Nick Basta and
three anonymous reviewers are gratefully acknowledged.

REFERENCES

Ames, K.C., and E.A. Prych. 1995. Background concentrations of
metals in soils from selected regions in the State of Washington.
USGS Water Resour. Invest. Rep. 95-4018. U.S. Geol. Surv., Ta-
coma, WA.

Berrow, M.L., and G.A. Reaves. 1984. Background levels of trace
elements in soils. p. 333-340. In Proc. 1st Int. Conf. on Environmen-
tal Contamination. CEP Consultants, Edinburgh, Scotland.

Bradford, G.R., A.C. Chang, A.L. Page, D. Bakhtar, J.A. Frampton,
and H. Wright. 1996. Background concentrations of trace and major
elements in California soils. Kearney Foundation Spec. Rep., Univ.
of California, Riverside.

Brady, N.C., and R.R. Weil. 1996. The nature and properties of soils.
p- 261. Prentice Hall, Upper Saddle River, NJ.

Brown, R.B., E.L. Stone, and V.W. Carlisle. 1990. Soil. p. 35-69. In
R.L. Myers and J.J. Ewel (ed.) Ecosystems of Florida. Univ. of
Central Florida Press, Orlando.

Davies, B.E., and B.G. Wixson. 1987. Use of factor analysis to differen-
tiate pollutants from other trace metals in surface soils of the
mineralized area of Madison County, Missouri, USA. Water Air
Soil Pollut. 33:339-348.

Davies, B.E. 1992. Trace metals in the environment: Retrospect and
prospect. p. 1-18. /n D.C. Adriano (ed.) Biogeochemistry of trace
metals. CRC Press, Boca Raton, FL.



CHEN ET AL.: BASELINE CONCENTRATIONS OF TRACE ELEMENTS IN FLORIDA SOILS 1181

Davis, J.C. 1986. Statistics and data analysis in geology. 2nd ed. John
Wiley & Sons, New York.

Dean, J.A. (ed.) 1992. Lange’s handbook of chemistry, 14th ed.
McGraw-Hill, New York.

Dudka, S. 1992. Factor analysis of total element concentrations in
surface soils of Poland. Sci. Total Environ. 121:39-52.

Dudka, S. 1993. Baseline concentrations of As, Co, Cr, Cu, Ga, Mn,
Ni, and Se in surface soils, Poland. Appl. Geochem. 2:23-28.

Dudka, S., R. Ponce-Hernandez, and T.C. Hutchinson. 1995. Current
levels of total element concentrations in the surface layer of Sud-
bury’s soils. Sci. Total Environ. 162:161-172.

Edelman, T., and M. de Bruin. 1986. Background values of 32 elements
in Dutch topsoils, determined with non-destructive neutron activa-
tion analysis. p. 88-98. In J.W. Assink and J. van den Brink (ed.)
Contaminated soil. Martinus Nijhoff Publishers, Dordrecht, the
Netherlands.

Florida Department of Environmental Protection. 1995. Domestic
wastewater residuals. FDEP Rep. 62-640. Florida Dep. of Environ.
Protection, Tallahassee.

Fergusson, J.E. (ed.) 1990. The heavy elements: Chemistry, environ-
mental impact and health effects. Pergamon Press, Oxford.

Forstner, U. 1995. Land contamination by metals: global scope and
magnitude of problem. p. 1-33. /n H.E. Allen et al. (ed.) Metal
speciation and contamination of soil. Lewis Publ., Boca Raton, FL.

Gough, L.P. 1993. Understanding our fragile environment, lessons
from geochemical studies. USGS Circular 1105. U.S. Gov. Print.
Office, Washington, DC.

Gough, L.P., R.C. Severson, and H.T. Shacklette. 1988. Element con-
centrations in soils and other surficial materials of Alaska. USGS
Prof. Pap. 1458. U.S. Gov. Print. Office, Washington, DC.

Gough, L.P., R.C. Severson, and L.L. Jackson. 1994, Baseline element
concentrations in soils and plants, Bull Island, Cape Romain Na-
tional Wildlife Refuge, South Carolina, USA. Water Air Soil Pol-
lut. 74:1-17.

Gough, L.P., R K. Kotra, C.W. Holmes, P.H. Briggs, J.G. Crock, D.L.
Fey, P.L. Hageman, and A.L. Meier. 1996. Chemical analysis results
for mercury and trace elements in vegetation, water, and organic-
rich sediments, south Florida. USGS Openfile Rep. 96-091. U.S.
Geol. Surv., Denver Federal Ctr., Denver, CO.

Harris, W.G., S H. Crownover, and N.B. Comerford. 1995. Experl-
mental formation of aquod-like features in sandy coastal plain soils.
Soil Sci. Soc. Am. J. 59:877-86.

Holmgren, G.S., M.W. Meyer, R.L. Chaney, and R.B. Daniels. 1993.
Cadmium, lead, zinc, copper, and nickel in agricultural soils of the
United States of America. J. Environ. Qual. 22:335-348.

Kabata-Pendias, A., S. Dudka, and A. Chlopecha. 1992. Background
levels and environmental influences on trace metals in soils of the
temperate humid zone of Europe. p. 61-84. In D.C. Adriano. (ed.)
Biogeochemistry of trace metals. CRC Press, Boca Raton, FL.

Kabata-Pendias, A., and H. Pendias (ed.) 1992. Trace elements in
soils and plants. 2nd ed. CRC Press, Boca Raton, FL.

Karthikeyan, K.G., H.A. Elliott, et al. 1997. Adsorption and coprecipi-
tation of copper with the hydrous oxides of iron and aluminum.
Environ. Sci. Technol. 31:2721-2725.

Lee, B.D., B.J. Carter, N.T. Basta, and B. Weaver. 1997. Factors
influencing heavy metal distribution in six Oklahoma benchmark
soils. Soil Sci. Soc. Am. J. 61:218-233.

Lindsay, W.L. (ed.). 1979. Chemical equilibria in soils. John Wiley &
Sons, New York.

Logan, T.J., and R.H. Miller. 1983. Background levels of heavy metals
in Ohio farm soils. Soil contamination analysis. Res. Circ. Ohio
Agric. Res. Dev. Ctr. Wooster 275:3-15.

Ma, L.Q., F. Tan, and W.G. Harris. 1997. Concentrations and distribu-
tions of eleven elements in Florida soils. J. Environ. Qual. 26:
769-775.

McGrath, S.P. 1986. The range of metal concentrations in topsoils of
England and Wales in relation to soil protection guidelines. p.
242-252. In D.D. Hemphill (ed.) Trace substance in environmental
health. Univ. of Missouri, Columbia.

Mermut, A.R., J.C. Jain, L. Song, R. Kerrich, L. Kozak, and S. Jana.
1996. Trace element concentrations of selected soils and fertilizers
in Saskatchewan, Canada. J. Environ. Qual. 25:845-853.

Pierce, F.J., R.H. Dowdy, and D.F. Grigal. 1982. Concentrations of
six trace metals in some major Minnesota soil series. J. Environ.
Qual. 11:416-422.

Prych, E.A,, D.L. Kresch, J.C. Ebbert, and G.L. Turney. 1995. Data
and statistical summaries of background concentrations of metals in
soils and streambed sediments in part of Big Soos Creek Drainage
Basin, King County, Washington. USGS Water Resour. Invest.
Rep. 94-4047. U.S. Geol. Surv., Tacoma, WA.

SAS Institute. 1987. SAS user’s guide: Statistics. SAS Inst., Gary, NC.

Shacklette, H.T., and J.G. Boerngen. 1984. Element concentrations
in soils and other surficial materials of the conterminous United
States. USGS Prof. Pap. 1270. U.S. Gov. Print. Office, Washing-
ton, DC.

Sodek, F. I11., V.W. Carlisle, M.E. Collins, L.C. Hammond, and W.G.
Harris. 1990. Characterization data for selected Florida soils. Soil
Sci. Res. Rep. 90-1. Soil and Water Science Dep.. Univ. of Flor-
ida, Gainesville.

Soil Survey Division Staff. 1993. Soil survey manual. USDA Handb.
no. 18. U.S. Gov. Print. Office, Washington, DC.

Soon, Y.K., and S. Abboud. 1990. Trace elements in agricultural soils
of northwestern Alberta. Can. J. Soil Sci. 70:277-288.

Stevenson, F.J. (ed.) 1982. Humus chemistry: genesis, composition,
reactions. John Wiley & Sons, New York.

U.S. Environmental Protection Agency. 1995. Standards for the use
or disposal of sewage sludge. 40 CFR Parts 403 and 503. USEPA,
Washington, DC.

U.S. Environmental Protection Agency. 1996. Soil screening guidance:
User’s guidance. USEPA 540/R-96/018. USEPA, Washington, DC.

U.S. Geological Survey. 1996. South Florida ecosystems: The role of
peat in the cycling of metals. U.S. Geol. Surv. Fact Sheet. FS-161-
96. USGS, Washington, DC.

Wei, F.S,, 1.S. Chen, C.J. Zheng, and D.Z. Jiang (ed.) 1990. Elemental
background concentrations of soils of China. China Environ. Sci.
Publ. Ltd., Beijing (In Chinese).

Zachara, J.M., S.C. Smith, J.P. McKinley, and C.T. Resch. 1993. Cad-
mium sorption on specimen containing layer silicates and iron and
aluminum oxides. Soil Sci. Soc. Am. J. 57:1491-1501.



