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GEOGRAPHY OF SOIL GEOCHEMISTRY OF MISSOURI
AGRICULTURAL SOILS

By RONALD R. TIDBALL

ABSTRACT

Samples of 1,140 agricultural soils from throughout the State of
Missouri were analyzed for total concentrations of 43 elements. The
results are shown on gray-level symbol maps. Soils developed on
young parent materials, such as glacial till, loess, and alluvium, tend
to have large concentrations of numerous elements, notably calcium,
potassium, magnesium, and sodium. Soils developed on deeply weath-
ered residuum from carbonate rocks have large amounts of silicon
(exceeding 40 percent in some cases), titanium, and zirconium and
have very small amounts of most other elements.

INTRODUCTION

The amounts of various elements in surficial geologic
material differ from one location to another. This condi-
tion has resulted from geologic and soil-forming proc-
esses that have concentrated certain elements more in
some environments than in others. More recent proc-
esses, including the activities of man, have tended to
redistribute the elements in still more diverse patterns.
The character of these patterns may be estimated by
reconnaissance geochemical survey techniques such as
those being developed by the U.S. Geological Survey
(Miesch, 1976).

The geochemical survey of the agricultural soils of
Missouri was undertaken (1) to determine typical natu-
ral concentrations of the elements in soils as expressed
by total analyses, and (2) to describe the geographic
patterns of compositional variation. Both univariate and
multivariate interpretations of the data will be given,
but the multivariate treatment appears separately in
a companion report, Chapter I. Typical concentrations
of elements are given by the grand mean and deviation,
by histograms, and by the 95 percent expected range.
The geographic distributions are illustrated by gray-
level symbol maps.

The geochemical survey was conducted primarily to
assist epidemiologists at the University of Missouri in
their studies of the possible relation between health
(animal and human) and trace substances in the envi-
ronment. In addition, the survey is part of the continu-

ing development of reconnaissance sampling techniques
for large areas: Missouri contains about 180,000 square
kilometers.

REVIEW OF LITERATURE

There are very few previous reports of total chemical
analyses of soils in Missouri. Several important soil
series were analyzed for both major and minor elements
by Pickett and Dinius (1954). Johnson (1950) studied
the cobalt and copper concentrations in 26 different
soils. The arsenic, copper, and lead concentrations of
both contaminated orchard soils and selected natural
soils were reported by Hess and Blanchar (1977). Mis-
souri was included in extensive geochemical maps of
the conterminous U.S. that showed the distribution of
over 30 elements in soils and other surficial materials
(Shacklette and others, 1971a, b; 1973; 1974).

Plants and associated soils were collected from within
major native-vegetation-type areas in Missouri in two
different studies. In the first one, Erdman Shacklette,
and Keith (1976a) collected native plants and the B hori-
zon of uncultivated soils at 60 sites from throughout
the State. In the second study (Erdman and others,
1976b), crop plants and the plow zone of cultivated soils
were collected from 40 sites.
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SOIL PARENT MATERIALS

The distribution of bedrock in Missouri was compiled
by MecCracken (1961) and the geology of Missouri was
summarized by Vineyard and others (1967, p. 13-31).
The distribution of soil parent materials in Missouri is
shown in figure 1; the bedrock in more than half of
the State is covered by an overburden of glacial mate-
rials that includes till, loess, and outwash. These glacial
materials are geologically younger, and therefore less
weathered than the residual type of parent materials
in the southern half of the State. The southern limit
of glaciation across central Missouri defines the approx-
imate limit of glacial till. However, loess extends as
far south as the 38th parallel. Loess also occurs in a
narrow band along the Mississippi River valley in

southeast Missouri. Much of the original loess cover has-

been completely eroded away, especially on the steeper
slopes, but some deposits remain on the broad inter-
stream divides. Loess deposits of maximum thickness
(more than 10 meters) occur on the bluffs along both
the Missouri and Mississippi Rivers. The thickest loess
deposits occur in northwest Missouri along the Missouri
River; they diminish in thickness and extent toward
the east where recognizable deposits occur only on the
broad interstream divides.

Glacial till is widely exposed in northern Missouri
where the loess cover is absent. A typical exposure is
on the side slopes of the rolling terrain between the
loess cover of the interstream divide that tapers from
above and the mixed alluvium of the valley bottom that
tapers from below. Most of northern Missouri is, there-
fore, a mosaic of loess and glacial till with scattered
exposures of bedrock in the lower portions of the valley
sides.

A limited exposure of granites and felsites of Precam-
brian age occurs in southeast Missouri in Iron, Madi-
son, and St. Francois Counties, with an outlier in Shan-
non County. These exposures are surrounded by out-
crops of cherty dolomite of Cambrian age. The bulk
of the Ozark Plateaus province is covered by a thick,
brick-red, cherty, and highly weathered residuum from
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carbonate rocks—dolomite of Ordovician age and lime-
stone of Mississippian age. Sandstones, shales, and
limestones of Pennsylvanian age are exposed in west-
central Missouri. The bedrock in areas near the south-
ern limit of glaciation is covered to various degrees by
loess, which ranges in thickness from a few centimeters
to several meters.

The valleys of the Missouri and Mississippi Rivers
are flat plains composed of fine-grained alluvial sedi-
ments of recent age. The Mississippi Alluvial Plain
(Fenneman, 1946) of southeast Missouri contains
sedimets from both the Mississippi and Ohio Rivers as
well as local streams. A central ridge on the Plain is
composed of materials of Tertiary and Cretaceous ages.

METHODS

The methods of sampling, laboratory analysis, and
statistical reduction of data that are used in this study
were described by Miesch (1976). The following sections
under the headings of field methods, laboratory
methods, and data management discuss the application
to this study.

FIELD METHODS

The soil samples represent the population of soils de-
fined as the surface soil horizon (plow zone, 0-15 em
depth) of agricultural fields throughout Missouri. The
samples were collected by individual landowners from
selected fields for fertilizer recommendation under the
program of the University of Missouri Extension Divi-
sion. Each sample is a composite of several vertical
channel subsamples collected haphazardly within a
field. Each local county Extension Agent selected 10
of the composite samples that were thought to be rep-
resentative of some of the principal soils that occur in
the county. About 10 percent of the samples had to
be recollected by the author because the original sam-
ples were insufficient in amount. A total of 1140 sam-
ples (10 each from 114 counties) were collected. The
sampling localities are scattered throughout most of the
counties.

LABORATORY METHODS

A random selection of 60 samples were each split into
two parts in order to estimate analytical reproducibil-
ity. The entire suite of samples including the 60 dupli-
cates were arranged in a randomized sequence. Both
sample preparation and analysis were performed in that
sequence to avoid confounding any inherent geographic
variation with a possible systematic analytical error.
Randomization does not eliminate a systematic error,
but the error is effectively transformed into one that
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FIGURE 1.—Map showing soil-forming parent materials of Missouri. (Adapted from Scrivner and others, 1966; physical regions after
Fenneman, 1946).

is random with respect to geographic location. Each

The samples were analyzed for 70 elements. The total
sample was air dried, gently disaggregated, sieved

concentrations were determined chiefly by emission

through a 2-mm stainless steel screen, ground in a
ceramic mill to —100 mesh, and then thoroughly mixed
to ensure homogeneity.

spectrographic analysis. The concentrations of some
elements, however, were outside of the optimum range
of the spectrographic method. For those elements of
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special interest, therefore, other analytical methods, TABLE 1.—List of elements looked for, methods of analysis, and
such as atomic absorption, neutron activation, and X- lower limits of determination
: [*, element has been looked for but the range of concentrations in most common soils
ray ﬂ.uorescence’ were . SubStlt;ﬂted fOI' the SPECtro- is below the lower limit of determination for the method and no data are available;
graphlc method. It was 1mpract1cal to analﬂe all 1200 or element has not been looked for because associated elements were not detected]
samples for iodine, thorium, and uranium because of
the expense of the neutron activation procedure. There- Element Analytical method Lover limit of determination
fore, only one randomly selected sample from each (parts per nillion)
county was analyzed for iodine, and two randomly U Spect rogT aphicmmmm—m e 0.5
selected samples from each county were analyzed for X-ray fluorescence——-- 10,000
. . Spectrophotometric——— 1
thorlum and uranimum. Spectrographic=——-=———-————— 20
. o 20
The elements looked for, the methods of analysis, and " 2
the lower limits of determination are summarized in S ——do 1
3 Bi* -do 10
table 1. Elements that were looked for in all samples ¢ (totalym—n Induction FUrmace 500
but were never found above the lower limits of deter- C (inorganic) Gasometri cmmmm—m—mmmm e 100
. . N . C (organic)-— Difference between total and 1,000
mination are as follows: antimony, bismuth, ger- {norgantc.
. . . qs . . Ca——————————- X-ray fluorescence-———---—--— 150
manium, gold, hafnium, indium, palladium, platinum, i Ty Hhoreseence
rhenium, tantalum, tellurium, thallium, tin, and | G770  fomcereorbelon T 150
tungsten. If cerium and lanthanum were found, then e H
other elements were looked for as follows: europium, P 5
neodymium, praseodymium, and samarium. If yttrium . s
was found in concentrations greater than 50 parts per --~do 100
e3qe . . Selective ion electrode=——————- 40
million, which was rare, then the following elements X-ray fluorescence———- 150
were looked for: dysprosium, erbium, gadolinium, hol- SperroBraphic T = 5
miun, lutetium, terbium, and thulium. If lead or ot do 10
platinum were found, then the following elements were T——do 100
R . R . Instrumental atomic absorption 01
looked for: iridium, osmium, rhodium, and ruthenium. Spect rogr aphic=—-mmm———mmmm=mn 20
Ve . . N Neutron activation=——====——w-— 05
Detailed descriptions of the analytical procedures are Spect rographica———————————mn 10
given for semiquantitative emission spectrography ——mdo 50
(Neiman, 1976), X-ray fluorescence (Wahlberg, 1976), e oo T e
atomic absorption and other related chemical methods e meorpelon ”
(Huffman and Dinnin, 1976), radioisotope dilution-neut- Atomic absorption-——--—m=m-=mn 200
ron activation for iodine (Bartel and Millard, 1976), and Spectrographi c——mn———————mv 1
: : . . ---do 3
delayed neutron counting for uranium and thorium (Mil- Atomic absorption-—----mn-——r 80
lard, 1976). The method of reporting semiquantitative Spectrographie -~~~ 70
spectrographic analyses has been described by Miesch ~do 3
(1976). The concentrations of elements in soils are ex- | ost——m-- ===do 50
. 11 P X-ray fluorescence—=-~——=——--——= 500
pressed as either parts per million or percentages of | rv——m-- Spectrographic=—-n---n=m-===== 10
. . . R %o~ Spectrographic=———————m——————— 2
air-dry weight of the less-than-2 mm soil material. e Spectrographtc 10
Pt --~do 50
P do 50
Rh* -—-do 2
DATA ANALYSIS  —— 10
——~do 200
do 5
Most tests of statistical significance require normal ¥-ray fluorescence=—-=——---— -1
distributions in the populations from which the data are X-ray fluorescence-- - 1,000
. s N 3 e 100
drawn. Tests for this condition show that the distribu- iy 10
tions of most elements are much closer to being lognor- b e 500
mal than normal. Consequently, the data for all ele- To* d 300
ments except aluminum, iodine, iron, potassium, sodi- Tehommmm e —-do 2,000
e . . Th==-———m———m Neutron activation————-——--—- 1.2
um, and silicon were transformed to logarithms prior Tfmmmmmmmmm -~ Spectrographi——-—-m---——---—= 2
o as . T1*: d.
to statistical analysis. Tk ——do 20
The average concentrations for those elements | U""""""  Nevtron activatlopmommomonssss .
thought to be lognormally distributed are estimated by r— Spectrographie " Lon
the geometric mean (GM), which is the antilogarithm Yo e 0
of the mean of the logarithmic values (table 2). The e Atomic absorption--—-—=—m— 1o
e s . . . B Spect higeem— e emee
deviation about the mean is estimated by the geometric B pectTosTapTe
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deviation (GD), which is the antilogarithm of the stand-
ard deviation of the logarithmic values. The error var-
iance for logarithmic values is estimated by the geomet-
ric error (GE), which is the antilogarithm of the square
root of the logarithmic analytical error variance. The
arithmetic mean (AM), the standard deviation (SD),
and the standard error (SE) are given for the other
elements.

The GD describes the dispersion about the GM so
that the expected range of 68 percent of the population
is within the bounds of GM+GD to GMXGD. The ex-
pected range of 95 percent of the population is from
GM+GD? to GMXGD? . The expected range of 68 per-
cent of the population on an arithmetic scale lies within
the bounds of AM+=SD; the 95 percent expected range
lies within the bounds of AM=2SD. GE and SE express
the reproducibility of the laboratory procedures for this
sample set, but more particularly they provide an esti-
mate of that portion of the total variation that is attri-
buted to analytical imprecision. The remainder of the
total variation is attributed to sampling and geographic
variability.

The lower limits of determination by certain methods
are above some of the smaller concentrations that are
typical for some elements; some of the frequency distri-
butions, therefore, are truncated on the left side or left-
censored. The means and deviations for such elements
were estimated by the method of Cohen (1959), de-
scribed by Miesch (1976). However, some of the fre-
quency distributions are so severely censored that it
was possible to report only that the mean is less than
the lower limit of determination.

The frequency distribution of data for each element
was divided into 3 or 5 classes; the classes are of un-
equal width and were defined so that each contains
about the same number of samples. Gray-level symbol
maps (figs. 2-44) illustrate the distribution of samples
that have concentrations within each class.

The total variation for each element is comprised of
the analytical-error variance and the geographic var-
iance. Excessive error variance can easily obscure the
geographic variation, but there is no way of subtracting
the effects of such error from each sample. Because
all the samples were analyzed in a randomized se-
quence, however, it is unlikely that any resulting map
patterns reflect a systematic error generated in the lab-
oratory. In general, the smaller the proportion of
analytical-error variance, the greater is the confidence
that a given map symbol reflects the actual sample
composition. Even under conditions of perfect analysis,
however, local variation in soil compositions can
obscure regional geographic patterns. Soils tend to be
naturally heterogeneous in composition and a sample
collected at a given point may differ markedly from
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another one collected only a few meters away. Al-
though a map symbol may truly reflect the composition
of the sample, it may also misrepresent the composition
of the general area from which the sample was col-
lected. Chance fluctuations due to small-scale composi-
tional diversity, therefore, may cause small-scale pat-
terns that are not reproducible.

If the actual geographic variance of an element is
small, even small analytical errors or small local fluctu-
ations can cause a regional geochemical map to be un-
stable. An unstable geochemical map is one whose pat-
tern would be nonreproducible if the sampling and
laboratory analysis were to be repeated. Thus, the crit-
ical measure of the stability or reproducibility of a
geochemical map is the ratio of the total variance across
the map, or some part of it, to the local variance which
is due in varying part to analytical variation. If this
ratio is large, the analytical variation and the local fluc-
tuations are unlikely to obscure the regional geochemi-
cal pattern, and it is likely that the same regional pat-
tern would emerge if the sampling and laboratory anal-
ysis were repeated. If this ratio is small, however, the
pattern displayed by the map may be completely unreli-
able. The ratio suggested by Miesch (1976), referred
to as v,,, is the variance among the sampling locality
means over the error variances of the means. The sam-
pling localities may be defined in various ways to
examine map stability at different scales.

The v,, ratio was calculated using variance compo-
nents that were derived from a 4-level nested analysis
of variance (table 4) and that represented sources of
variation within areas of diminishing size as follows: be-
tween groups of six contiguous counties, between pairs
of counties within groups, between counties within
county pairs, and between samples within each county.
The equation for v,, was modified along the lines of
the general equation of Cochran (1963, p. 286) to incor-
porate finite population correction factors. The general
equation for the v,, of groups is

2
Sg

'Um(!])= y (1)

8,2
NN,

857 8¢ ,
(f)Ze+ (huf) o+ (17t if)

where the s? terms are the variance components at the
group (g), county pair (p), county (c), and sample (s)
levels, the n’s are the number of items selected from
a population of N items, and f terms are the ratios
of n/N for each of the above levels, respectively. The
2 term contains variance due to both sampling error
and laboratory error. Because the entire population of
N items was selected for p and ¢ levels and because
the (1-f)-terms are nearly zero, the first two terms in
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the denominator drop out and the general equation (1)
reduces to

2
$
V(g) = 12 x60  for groups of size counties, 2
ss
2
s
V(p) = Lz x20 for county pairs, and (3)
Ss
2
Se )
Unle) == x10 for counties. @
Ss

The v,, ratio may be viewed as a relative index of re-
producibility of the map pattern at the scale for which
the ratio was computed. By a Monte Carlo simulation
technique, it was found that the general configuration
of a map pattern is almost totally unreproducible if the
computed ratio is less than 1 (Tidball, 1972, p. 20-21).
Reproducibility increases as the ratio increases over 1,
and good reproducibility is generally present if the ratio
is about 3 or more.

RESULTS

Total element concentrations in the surface horizon
of Missouri agricultural soils are summarized in table
2. The grand means, deviations, ranges, and measures
of the analytical precision are shown for all elements
except for those with severely censored distributions.
The detection ratios for severely censored distributions
(as for cadmium, molybdenum, silver, and tin) show
that only a few of the 1140 samples analyzed contained
detectable quantities of the element. For moderately
censored distributions (for example, beryilium with a
detection ratio of 520:1140) the mean and deviation are
estimated by methods of Cohen (1959), described in
Miesch (1976). Carbon is reported in three forms as
carbonate, organic, and total, but nearly all of the car-
bon occurs in the organic form.

The grand means for Missouri agricultural soils are
compared in table 3 with grand means that were calcu-
lated from the area means reported by Erdman,
Shacklette, and Keith (1976b). The means for soils of
the United States collected east of the 97th meridian
(Shacklette and others, 1971a, b; 1973; 1974) are also
included for comparison to show the relative position
of Missouri soils.

The aversge concentrations of elements in cultivated
soils reported in tables 2 and 3 are nearly the same
as the averages given by Erdman, Shacklette, and
Keith (1976b, tables 8, 9, 10, 11). Although the esti-
mates of this report are considered to be more precise
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TABLE 2.—Average total concentrations of elements in Missouri soils

[Detection ratio is number of samples with detectable concentration to total number
analyzed. Geometric mean, geometric deviation, and geometric error given except as
noted by asterisk (*) where arithmetic mean, standard deviation, and standard error
are given. Mean values and ranges are in parts per million except as noted in percent.
Leadered entries (--) mean insufficient data]

Geometric
error

Geometric
deviation

Detection Geometric

Element
ratio mean

Observed range

4:1140 <0.7 == 0.7 - 3 —
1140:1140 4.1% 1.19% 1.1 = 7.9 0.34%
1140:1140 8.7 1.46 2.5 - 72 1.16
1113:1140 31 1.34 <20 = 700 1.40
1140:1140 580 1.46 100 - 1500 1.28

520:1140 0.8 1.43 <1 -2 1.16

C (as total), pet———= 1140:1140 1.30 1.50 0.24 - 5.2 1.07
C (as carhonate) pct-— 946:1140 0.028 2.85 <0.01 - 2.9 2.31
C (as organic) pct——- 1140:1140 1.25 1.53 0.08 ~ 5.2 1.11
Ca, pet—-=———m—=————-m 1114:1140 0.33 2.03 <0.07 - 5.6 1.12
12:1140 <1 - <1 - 11 —

435:1140 115 1.27 <150 - 300 -—

1139:1140 10 1.50 <3 - 30 1.27

1140:1140 54 1.44 10 - 150 1.27

1140:1140 13 1.55 5 - 150 1.28

1140:1140 270 2.22 10~ 6400 1.86
1140:1140 2.11%* 0.64% 0.49 - 5.4 0.12%

1111:1140 11 1.49 <5 = 30 1.22

1124:1140 0.039 1.80 <.01 - 0.8 1.53
114:114 bobx 1.65% 1.2 = 11.7 0.65%
1140:1140 1.4% 0.40% 0.33 - 3.7 0.07%

1136:1140 41 1.39 <30 - 150 1.26

1140:1140 22 1.28 7 - 47 1.05

1140:1140 0.26 1.65 0.05 - 2.8 1.10

1140:1140 740 1.83 15 - 3000 1.30

16:1140 <3 -—= <3 -15 -—

1140:1140 0.53% 0.23% 0.07 = 1.2 0.03%
375:1140 7.2 1.38 <10 - 15 1.11
739:1140 63 1.17 <70 - 150 -

1131:1140 14 1.59 <5 =170 1.24

1130:1140 0.059 1.61 <.01 = 0.61 1.30

1140:1140 20 1.55 10 - 7000 1.22

1092:1140 7.6 1.34 <5 =15 1.16
925:1140 0,28 2.54 <0.1 - 2.7 1.67

1140:1140 35% 2.77% 23 - 43 1.32%

9:1140 <15 - <15 = 50 -—
1140:1140 110 1.60 20 - 500 1.25

199:228 9.6% 2,47% 3.2 - 21 2.29%

1140:1140 3300 1.31 1500 - 7000 1.20
228:228 3.8 1.34 1.1 - 15 1.26

1140:1140 69 1.50 15 - 150 1.25

1138:1140 32 1.35 <10 - 70 1.25

1138:1140 3.2 1.31 <1 =7 1.25

1140:1140 49 1.55 18 - 640 1.08

1140:1140 310 1.53 70 =~ 700 1.35

because they are based on 1140 samples, it is remarka-
ble that the estimates by Erdman, Shacklette, and
Keith that are based on only 40 samples are so similar.
CGompared with the soils of the eastern U.S., the soils
of Missouri tend to have slightly larger amounts of
barium, chromium, florine, lead, manganese, strontium,
vanadium, and zinc.

The geochemical patterns of the elements across the
State are shown in figures 2 to 44 as gray-level symbol
maps. Actual measured values rather than symbols are
given for those elements where frequency distributions
are severely censored and where histograms are not
shown. Means, deviations, and measures of analytical
precision from table 2 are repeated on the maps for
the convenience of the reader. What confidence do we
have that the map is faithfully portraying the true dis-
tribution of an element?
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TABLE 3.—Comparison of mean concentrations of elements in Mis-
souri agricultural soils determined in this study with a previous
study by Erdman, Shacklette, and Keith (1976b) and with the mean
concentrations in parts of the eastern U.S.

[Concentrations in parts per million, except where noted to be in percent. Geometric mean
given, except where noted to be arithmetic means. Leadered entries (--), no data]

Misgouri soils Eastern

Element

This study” Other analyse32 United States
Al, pet Aomememee 4.1 4.2 5.2
S 8.7 9.0 35.4
- 31 30 32
R 580 680 300
Be—mm————— —_—— .8 1.0 .6
C, carbonate, pct-— .03 <.01 -
C, organic, pct-—- 1.25 1.5 -
.33 «49 .32
<1 <1 <1
10 8.4 7
54 64 36
13 17 14
Fomm e 270 260 5120
Fe, pct————=——ew—— 2.1 2.2 2.5
[ —— 11 12 10
e — .039 046 6,096
K, pct—————————a— 1.4 1.6 1.6
La————— e 41 43 33
I R 22 20 4792
Mg, pet——mm——m——mme .26 .28 -23
T . 740 550 290
Na, pet————m—————v .53 .62 .71
e 7.2 9 13
| 14 12 13
P, pot——m==——mm——e .059 .054 -018
S —— 20 24 14
e 7.6 6.7 7
. .28 KA 5.39
Si, pet————m——-——o 35 37 -
e <15 <10 -
110 130 51
.33 .31 .30
69 70 46
32 25 23
3.2 3.0 3.0
49 52 36
A 310 250 250

1Based on 1140 samples.
2Erdman, Shacklette, and Keith (1976b), based on 40 samples.
3Shacklette, Hamilton, Boerngen, and Bowles (1971b), unless

otherwise noted.
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The variance-mean ratios, v,,, as calculated from the
variance components in table 4, are given in table 5;
the ratios serve as indices of confidence so that the
general character and the major features of the map
patterns could be reproduced by a repetition of the sam-
pling and laboratory analysis. In general, features of
the maps that extend over about six counties or more
are probably reproducible; the values of v,,(g) are high
for most elements. Less extensive features of the maps,
those that extend over only one or two counties are
generally nonreproducible, or at least unlikely to be re-
producible; the values of v,,(p) and v,,(c) are generally
small and many are less than 1.

The reason that the larger areas are more often re-
producible is that they are represented by larger num-
bers of samples; this causes the variance of the area
means to be small and, therefore, the values of v,,(g)
to be high. Variance-mean ratios were not calculated
for iodine, thorium, and uranium because not all sam-
ples were analyzed for these elements nor for berylli-
um, cerium, molybdenum, niobium, neodymium, silver,
and tin because these elements were not detected in
many of the samples.

The analytical precisions (reproducibility) of the
analyses for fluorine, mercury, ytterbium, and yttrium
are poor (analytical error variance is greater than 50
percent of the total variance, see table 4). Except for
mercury, the poor precision still does not completely
diminish the reproducibility of the maps for these ele-
ments at the county-group level because the values of
V,,(g) are moderately high.

DISCUSSION

The regional distribution patterns for some elements
are quite distinct, but other elements exhibit high de-
grees of local variation and no apparent regional varia-
tion. The regional patterns are of two contrasting types:
sodium (fig. 34), a relatively mobile element, represents
the first type and is more abundant in soils developed
on geologically young materials; it is more depleted in
soils on older land surfaces. Silicon (fig. 32), represents
the second type and is a resistate element which ap-
pears to be enriched in soils after the more mobile ele-
ments have moved out during prolonged weathering.

4Arithmetic mean.

SShacklette, Boerngen, and Keith (1974). Based on 420

samples.

6Shacl:(lett(-:, Boerngen, and Turner (197la). Based on 420

samples.
7Shacklette, Boerngen, Cahill, and Rahill (1973).
420 samples.

Based on
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TABLE 4.—Variance components of soil elements

[Variance based on log,, concentrations, except where noted. Asterisk (*), components are significantly greater than zero at 0.05

probability level]

Variance Components

Between groups of Between pairs of Between counties Between samples2
Element ¢ iounties, 352 counties, _siz within pairs, _CZ within county, s_s2

s’ 2’
a1l 0.63265% 0.07235% 0.08203*% 0.56121 0.11498
As .00434% .00056 .00162% 01677 .00413
B .00047% .00035 .00056% 0 .01127
Ba .00697% 0 .00138*% .00792 .01138
C (tot.) .00679*% .00089 .00160* .02127 .00079
Ca .03572% .00536* : .00747% 04643 .00244
Co .00089* .00055 .00271%* .01642 .01097
Cr .00429% .00064 .00132% .00881 .01047
Cu .00232% .00158% .00069 .02090 .01128
F .00684* 0 .00627* .03532 .07321
Fe1 .07339% .02511% .01771% .28223 .01484
Ga .01086% .00200%* .00035 .01140 .00732
Hg 0 .00205* .00086 .03090 .03370
k! .05043* .01898* .01010% .07525 .00546
La .00110% 0 .00135% .00201 .00985
Li .00204* 0 .00129* .00764 .00039
Mg .02110% .00195% .00259* .02134 .00160
Mn .00690% .00092 .00650% 04275 .01265
Nal .03458% .00461% .00231* .01323 .00083
Ni .00870% .00279% .00171% .01950 .00884
P .00472% .00038 .00284% .02325 .01269
Pb .00212* .00136 .00350% .002248 .00745
Sc .00325% .00008 .00110% .00943 .00435
Se .01624% .00473 .00465% .07154 .04970

sil 2.3282% 0.22463 0.28905% 3.141 1.730
Sr .02353% .00229* .00085% .00743 .00907
Ti .00138% .00068* .00020 .00549 .00633
v .00791%* .00024 .00225% .01139 .00922
Y .00158%* .00085* .00031 .00514 .00950
Yb .00153% .00044* .00034 .00217 .00955
Zn .00509* .00101 .00310% .02563 .00123
Zr .00481% .00205% .00152% .00905 .01678

1Varizm(:e based on nontransformed data.
2552 = se2 + saz, where ss2 = total between-sample variance,

se2 = sampling error, Sa2 = analytical error
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TABLE 5.—Variance mean ratios for soil elements within areas of
decreasing size

[vm(9), ratio for groups of six counties. v,.(p), ratio for county pairs. ¥m(c), ratio for counties]

Element 1“}—(_&) 1“}.(2) _vﬂ(g) Element v_m(&) V_m(g) V_m(g)
JN p— 56 2.1 1.2 Mg-———- 55 1.7 1.1
Ag===mm 12 .54 77 Mn-—--- 7.4 .38 1.2
 — 2.5 .63 .50 Na---— 150 6.6 1.6
P — 22 0 .72 I 18 2.0 .60
C (tot) 18 .80 .73 P 12 .21 .79
Cammmmm 44 2.2 1.5 — 4.2 o1 1.2
Com==—m 1.9 .40 .99 Se=———- 14 .12 .80
Cr--—— 13 .67 .69 Semmmmm 8.0 .78 .38
Cuy—~——— 4.3 .98 .21 Si—mm—m 29 +92 +59
Foem——— 3.8 0 .58 Sr=———- 86 2.8 .52
Femm—— 15 1.7 .60 L T— 7.0 1.2 .17
Gamm—m 35 2.1 .19 L — 23 23 1.1
Hg-mmmm 0 .64 LT [ S— 6.5 1.2 .21
K=o 37 4.7 1.3 Yb——m—- 7.8 .76 .29
— 3.5 0 .73 Zn-———m 1 75 1.2
Li-=——~ 15 0 1.6 Zr—-——- 11 1.6 .59

The bimodal frequency distribution of sodium (fig. 34)
is unusual among the elements studied. The samples
represented by each peak of the histogram occur within
separate and distinct areas of the State: the higher con-
centrations occur in the northern part and the lower
concentrations occur in the southern part. The eastern
part of the Ozark Plateaus exhibits exceptionally low
concentrations of sodium. The sharp boundary between
the two populations coincides approximately with the
1Y2-meter-depth isopach for loess deposits that parallels
both the southern limit of glaciation and the Mississippi
River valley (Scrivner and others, 1966, p. 7).

The elements aluminum, calcium, magnesium, potas-
sium, strontium and to a lesser extent lithium and
nickel have distributions similar to that of sodium. Al-
though other factors may have affected the general dis-
tribution of these elements, the principal factor appears
to have been the distributions of at least three of the
major types of underlying geologic materials: (1) glacial
materials comprised of till, loess, and alluvium, (2)
rocks of Precambrian, Mississippian, and Pennsylvanian
ages, and (3) residuum from carbonate rocks of Cambri-
an and Ordovician ages.

Above-average concentrations of silicon occur in the
southern part of the State, and below-average values
occur in the northern part (fig. 32). The boundary be-
tween the two areas is less abrupt than that for sodi-
um. Manganese, niobium, and zirconium exhibit distri-
bution patterns similar to that of silicon.
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Between the two extreme patterns represented by
sodium and silicon, there are numerous elements (arse-
nie, barium, beryllium, boron, cerium, gallium, iron,
lanthanum, neodymium, scandium, selenium, titanium
and vanadium that exhibit large local variations and no
distinct regional pattern.

Carbon (fig. 9) is another element with high local var-
iation: carbon reflects in a general way the contrasting
vegetation types of forest and grass under which the
soils have developed. Grass vegetation results in mod-
erately higher concentrations of carbon in the soils;
whereas, forests promote lower concentrations. The ap-
proximate boundary between the original prairie and
forest communities is irregular and trends diagonally
northeast-southwest across the middle of the State (fig.
1) with the prairie to the northwest and the forests
to the southeast (U.S. Geological Survey, 1970, sheet
no. 90). The effect of climate tends to reinforce the ef-
fects of vegetation. Both precipitation and tempera-
ture, at least by present-day records, increase from
north west to southeast (Serivner and others, 1966),
which provides increasingly favorable conditions for the
oxidation of carbon toward the southeast.

Some elements may become concentrated either by
natural processes of mineralization or by man-induced
processes. Phosphorus, for example, occurs in rather
uniform concentrations over large areas of the State
(fig. 28), which suggests the likelihood of widespread
application of P-containing fertilizer. Lead (fig. 19) is
an element that may have been redistributed by both
natural and man-induced processes. Concentrations are
particularly high near the southeast Missouri lead dis-
trict (Washington, St. Francois, and Jefferson Coun-
ties) where near-surface mineral deposits have been
worked since the early 1700’s (Kiilsgaard and others,
1967). Samples with the highest concentrations of lead
were obtained from the flood plains of streams that flow
through the district. The distribution pattern of lead
was reconfirmed by subsequent sampling and analysis
of alluvial soils along Big River and Mineral Fork in
Iron, St. Francois, Washington, and Jefferson Counties
(Tidball, 1973). These samples also contained high con-
centrations of barium that reflect the extensive mining
of barite from surface deposits. Lead-mine tailings have
been used as agricultural lime in some areas near the
mining districts (W. F. Heidlage, written commun.,
1971), a practice that introduces unusually large
amounts of lead to agricultural soils. The distributions
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of copper and zine (figs. 13, 43) are associated largely
with the oceurrence of significant loess deposits.

In summary the more mobile elements, such as calci-
um, magnesium, potassium, and sodium are more
highly concentrated in areas with geologically young
glacial till and loess. Less mobile elements, like silicon
and zirconium, are enriched in soils on very old, non-
glaciated, and deeply weathered geologic materials. The
regional variation in the carbon content of the soils re-
flects the climatic and vegetation differences across the
State, and locally high concentrations of lead and a few
other metals appear to be related to mining activities.
Many of the elements have predominantly local varia-
tion and fail to display regional patterns of variations
across the State. The large number of samples collected
in this study and their extensive distribution illustrate
spatial patterns, but if the objective had been simply
to estimate means then fewer samples would have been
required: remarkably, Erdman, Shacklette, and Keith
(1976b) reported similar means with only 40 samples.
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FIGURES 2-44.

Element distributions in selected agricultural soils of Missouri
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FIGURE 2.—Aluminum distribution in selected agricultural

soils of Missouri. Map symbols correspond to frequency

classes as shown in the histogram.
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ELEMENT DISTRIBUTIONS, AGRICULTURAL SOILS

FIGURE 3.—Arsenic distribution in selected agricultural
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