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CEOCHEMICAL SURVEY OF THE WESTERN ENERGY REGIONS'

SPATIAL VARIATION IN TOTAL ELEMENT CONCENTRATION IN SOII^
WITHI^THE-NORTHERN GREAT PLAINS COAL REGION***

By R^ C. SEVERSON and R. R. TIDBALL

ABSTRACT
1b objectively determine the changes in chemical character of ah

area subjected to mining and reclamation, prior information is
needed. This study represents a broadscale inventory of total chemical
composition of the surflcial materials of the Northern Great Plains
coal region (western North and South Dakota, eastern Montana, and
northeastern Wyoming); data are given for 41 elements in A and C soil
horizons. - '•''"." .'

An unbalanced, nested, analysis-of-variance design was used to
quantify variation in total content of elements between glaciated and
unglaciated terrains, for four increasingly smaller geographic scales,
and to quantify variation due to sample preparation and analysis.
Prom this statistical study, reliable maps on a regional basis (>100
km) were prepared for C, K, and Rb in A and C soil horizons; for Na, Si,
Th, U, and Zn in A-horizon soil; and for As, Ca, Ge, and Mg in
C-horizon soil. The distribution of variance components for the re-
maining 29 elements did not permit the construction of reliable maps.
Therefore, a baseline value for each of these elements is given as a
measure of the total element concentration in the soils of the Northern
Great Plains coal region. The baseline is expressed as'the 95-percent
range in concentration to be expected in samples of natural soils.

INTRODUCTION j; %

The present and future role of the Northern Great
Plains in supplying coal and other minerals to meet
energy requirements dictates the need for timely infor-
mation on the chemical character of the soils that will be
disturbed by mining and reclamation. In order to evalu-
ate the chemical character of soil, or any other natural
material, its variability needs to be quantified so that
inferences having known degree of certainty can be
made from the data that are collected.

Most previous studies to determine variability in soil
constituents have been related to agronomic or
taxonomic problems (Beckett, 1967; Beckett and Web-
ster, 1971; Crosson and Protz, 1974; Drees and Wilding,
1973; Jansen and Arnold, 1976; McCormack and Wild-
ing, 1969; McKenzie, 1955; Oertel, 1959; Protz, Presant,
and Arnold, 1968; Reynolds, 1975; Walker, Hall, and
Protz, 1968; Webster and Butler, 1976; and Wilding,
Jones, and Schafer, 1965). These studies considered dif-

ferent soil properties at different geographic scales from
those considered in this study. Therefore, their conclu-
sions could not be applied directly at the planning
stages of, or to the results of, the present investigation!
However, their results indicate, in general, that soil,
properties tend to exhibit a large local variability
within the context of the many different sampling de-t
signs. " • • ' • ' . . •"'/ . y"'"""•:[/!,:-'/•

' '•' ]:- - '. • f'.-^V: •* "

Studies by Connor, Keith, and Anderson (1976);
Erdman, Shacklette, and Keith (1976); lidball (1976);
Tidball and Ebens (1976); and Tqurtelot and Miesch
(1975) addressed variability of total element concentra-
tion in soil on the basis of large mapping-units. Informa-
tion from these studies was used in planning the present
study. In general, these studies also indicated that vari-
ability at local scales is large.

The objectives of the present study were three-fold: (1)
To provide background information on element concen-
trations in soil of the Northern Great Plains coal region
before mining and reclamation. (2) To evaluate the mag-
nitude of the variability in element -concentration
in soil at different geographic scales. Knowing the van-"
ability, inferences can be made about the soils with a
known degree of confidence, and the sample load that
would be needed to make inferences at a specified level
of certainty can be determined. (3) Either to prepare
reliable maps of element concentrations in soil on a
regional basis, or to determine the number of samples
trait would be required to prepare reliable maps for
those elements for which adequate data are not avail-
able.

STUDY AREA

The study area consists of the part of the Northern
Great Plains (fig. 1) whose surface is underlain by
geologic formations that contain large resources of

Al



A2 GEOCHEMICAL SURVEY OF THE WESTERN ENERGY REGIONS

strippable coal. This area is underlain mainly by, fine-
grained, nonmarine sedimentsi in^the WasatcK^and Fort
Union Formations of early Tertiary•'•'age, (keefer^i974).;

The boundaries of this area are modified from a U.S.
Geological Survey map (1974);for,the part within 'the
United States, and from Wnitalcer and:Pearson1W972);

; for. the. part in Canada•(^•^"^^'^^•^^jjjjfi^fjj^:^'
', WitKin this area, th^egreai^stclontras^^^^

turesiand soiUparen^
and unglaciated areas. Glacial drift; generally•occv^ies}
the area to the north and east of the Missouri Riyer(fig4
1).,The glaciated area is an,undulating^p^lai.iri.having,
locaLrelief,pf^less.than 10.m: closed depressions"are-

ing. Nearly level areas, of glacial outwash and locally-
occurring glacial lake deposits are widespread through-
out the glaciated areas. Compared to the drift plain,
areas of moraines have steeper slopes, deeper depres-
sions, and a veneer of gravel and boulders;: glacial
moraines rise above the subdued topography of the drift
plain, with local relief of 15 to 30 m. Eolian sediments
that are generally found east of and adjacent to major
drainages blanket the glacial drift and tend to smooth
the undulating surface. Some small areas that were not

Northern Great Plain*
j coat region

— J 1 L_ , , !, 1 1 — 1 — I—
100 200 300 KILOMETERS

I I

FIGURE 1.—Location of the Northern Great Plains coal region; area
containing coal deposits oflertiary age indicated by stipple pattern.

covered by; glacial drift or from which the glacial drift*
••'• ; ••<i*»j8*f •%-••<..•• .•..-•,.>, W *•.-„-•. • v.-'-ftV-j4v,WVi*:*:->"1j*;1^\:r;-aV^M*.has been removed by erosion are interspersed'through-W

1 he transitional area between the;glaciated'andun^
' : • ' i -..•.'**<<, vw'1* « ' • • ' • '''*:'v.-'"c.K'-''''w'i"'t»'y!'ti'J»'S1»'';i*-|;*i'i;i:!fe'i,v»-ivr».';'%iij
glaciated landscapes is generally delineated by the Mis-l

•I .":•':> »•'•'*«*'<*)<*-*,•: ',', fr'^rnt;* : ^ ^ ' ^ » ' ; 5 V i ' * ^ ^ * » ' '

' and severelyidissected canyons;impmge ;upon ;the.
»*s'W5iv*i"'-'}vftr>Vs;r'v';».fmi'^ ^"'MI -^v';*^£*^£'.fc-fW- :'i: '••'•i.'"e'-rpunding uplands.'T«e valley contains thick deposits of
^recent-alluvium flanked by olderjterrace deposits. : r
!' On; the uriglaciated plain to the south and west of the
.,«_L-VJL^-:«S-,L.I. :i*;i-,,v:,. ̂ - - ^ • ^ - - ' - ' ' '
^W!*«WW«W5ll«fl̂ ^ „
and some stream valleys are as much as bOm< .
upland is a gently rolling plain with.isolated[ to;closely;
spaced buttes as much as 200 m higher than the adja-
cent surface. In some localities, mountain outliers are
flanked with pediments and merge with alluvial fans
and terraces in the adjacent upland. Between tne moun-
tain outliers broad anticlines and synclines control the
topographic character of the unglaciated plain.. Where
thick units of shale are near the surface, thie^re highly
dissected to form "badlands." Spontaneous combustion
of some lignite-beds in the Tertiary formations has
baked the overlying sediments to form reddish colored
clinker beds, which are a distinctive feature of the un-
glaciated area. ^

The paleogeography of the sediments of Late Creta-
ceous age in the Northern Great Plains is outlined by Gill
and Cobban (1973). Paleogeography of deposits of Ter-
tiary and Pleistocene ages for northeastern Montana
and northwestern North Dakota is detailed by Howard .
(1960). Mineralogy of the major stratigraphic units of
Tertiary age in the Northern Great Plains is presented
by Denson and Chisholm (1971).

A general description of soil-development gradients
by Hunt (1967, p.85-93) indicated that temperature and
moisture interactions, as they influence;the depth of
water penetration in soil, are the major factors that
determine the degree of soil development in the North-
ern Great Plains. Soil moisture and soil'temperature;
were also the major criteria used by Aandahl (1972) to
map major taxonomic soil classes in the Great Plains

The climate of the Northern Great Plains is
cool-temperate-subhumid to semiarid, and is not condu-
cive to intense soil development. Depth of solum,
horizonation, and accumulation of salts are properties
that indicate the intensity of soil development in the
Northern Great Plains. Soil development and soil pe-
dons are described by Dunnewald (1957) for Wyoming,
by Omodt and others (1968) for North Dakota, by South-
ard (1969) for Montana, and by Westin, Puhr, and
Buntley (1967) for South Dakota.
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SAMPLE"COLLECTION, PREPARATION,
•'• -i : - • * ; ' ' - • - • • • . ,-. ~* \'i :~.<' • * .-.V- •..-•;. '<

composit^ of th^itop lO^cmvA:C-hdrizpn sa^je consiated}
of a chalet coimposite|ti|a\depth'of fron^lOO|ta|i20>
cm; if conspUdated^rg^
depth was reached; the sample'consisted of the 10 cm of
material immediately.ab'oV&the rock zbnei'All samples

. ' • • •• " - i'.<v, '', v ' " •,'--tj'*V'-i.;i;- ;"4 > M y^'vf .v^1" - v - c < > ' . , ; • -.";l

were collected using a barrel auger that was 10 cm in
diameter/' - , , ' / / '^J-^-j^^M^^^?^^^^
<MMrhe'8a&i>i&ffi^
under forced air and then were disaggregated in a
motor-driven ceramic mortar-and-pestle to pass a 2-mm
stainless steel sieve. These samples were further
ground to minus-100 mesh (minus 149 (im) in a ceramic
mill, and splits of this material were used for all chemi-
cal determinations.

All analyses were done in the laboratories of the U.S.
Geological Survey at Denver,, Colorado. Analyses were
performed by James W. Baker, Leon A. Bradley, Isabelle
Davidson, Andrew Drenick, Jefferey England, Johnnie
M. Gardner, Patrica Gayle Guest, Raymond G|Havens,
Claude Huffman, Jr., J. O. Johnson, Lorraine Lee, R. M.
Lemert, R. E. McGregor, H.r"T.:MilIard|̂ ni"';Wayne
Mountjoy, Farris D. Perez, Van E. Shaw, George D. Ship-
ley, Arthur L. Button, Jr., James A. Thomas, Michele L.
Tuttle, Richard E. Van Loenen, James S. Wahlberg, and
Thomas L. Yager. The analytical methods employed are
described in U.S. Geological Survey (1975) by James S.

SAMPLING DESIGN AND STATISTICAL METHODS ;

;;;;,»>The;?pattem^^ ^
••' this''study. (figJ'^itjgl aisix-leyelj^nbatanw
analysis-of-variance;idesign^(Leo^^
mi i • • " : i 1 ' i'i'" ^•^'.^^^-n'^M^--^'^^^^^i,!!^0fti&^^A>:^::A^i-i--rpu_u._i-_.ii-—i „ :_... tiohmelementtompo-";

'•.^M'iA '.i'̂ -̂H îi ''*i^-^'^^: ' -V l " " 'iinwitMsoil from^un-
•.'i.fhWPv'i)-'?'-'i_^s>.'t;'v>.1t:iS»i.*V4Ss»(v-'_'- v'

I • , , - , - • -;. - ' . - , S , . -.,,. . , --..".. - s • " - j

4). This arrangement resulted in 12X ^
within the glaciated terrain and 22 100-km cells within
the unglaciated terrain. 4fc^

Each of the 100-km cells was partitioned into areas of
decreasing size, as follows: four.50-km.cells,'.each of,
which was divided into 2510-km cells, which were then
divided into 100 1-km cells. Cells to be sampled .were
randomly selected, as follows: two 50-km cells/;, two
10-km cells in one 50-km cell and one'10-km cell in the
other 50-km cell, two 1-km cells in one 10-km cell and one
1-km cell in each'of the two other 10-km cells/This
resulted in samples of A and C horizons from each of 136
locations—48 in the glaciated terrain and 88 in the
unglaciated terrain.

An estimate of variance due to all laboratory proce-
dures (analytical error) was made from data on 28 ran-
domly selected samples (out of a total of 272)—12
A-horizon samples and 16 C-horizon samples—that were

Terrain
100-km cell
50-km cell

10-km cell
1-km cell
Individual
analyses

n n n
Number of units sampled at each level

Terrain
Cell size, on a side Analytical units

100 km 50 km 10 km 1 km A-horizon C-horizon
Glaciated
Unglaciated

12
22

24
44

36
66

48
88

12 16

Total 34 68 102 136 148
FIGURE 2.—Diagram of the unbalanced, nested, analynis-of-variance lampling design.

152
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3uunmm IIIIIM^J
MONTANA of glaciation\

100
I

200
I

300 KILOMETERS
I .

FIGURE 3.—Soil-sample localities in the glaciated terrain of the
Northern Great Plains coal region. Large squares (solid lines) are
100 km on a side; smaller squares (dashed lines) are 50 km on a
side. Dots are sampling sites. The limit of glaciation is modified
from Colton, Lemke, and Lindvall (1963) for North Dakota and
from Colton, Lemke, and Lindvall (1961) for Montana.

48 • I I I I I '—I' I I'l—I*. 1.' I—I

FIGURE 4.—Soil-sample localities in the unglaciated terrain of the
Northern Great Plains coal region. Large squares (solid lines) are
100 km on a side; smaller squares (dashed lines) are 50 km on a
side. Dots are sampling sites. Modified from U.S. Geological Sur-
vey (1974). The limit of glaciation is modified from Colton and
others (1963) for North Dakota and from Colton and others (1961)
for Montana.

split and analyzed twice; These duplicate samples'vrere^^L:-
randomlyjin|ersp£rs^fm&^
the"entire suite !of,300 samplelstwaSy^^
domized sequence; thus, any systematic analytical'errorJvT
would be'-trahsfbrnie'dlin'ro' airandom error.'-:"''1" "';':'*f§'^S,i?-f;':';.

;^:;^£cbmpqrien!ls^^ ;by.the''sampii|̂  ̂ :,
m cfn AQ| crn n I* A n <5 finl 1 rt WQ* f~Tv A 1 A v A! 1 /" f AI*T a i « eYi»W»v» V*A»* AV* 4- K^V^VJtL \A.coiK 110.L C CLolUliv **£>• vllCiyyCiX\lrCllet/

;L-:ll.o>i AVtM^&*Vf*\^«*i<-i*L! .'ii

. ,
and the level 6 (analytical' error) "component is s«*^<.'->'
''"The 8tatisti6a îno|ie0s^^

^ i U ' '

whereJCw/mB is a measure of element concentration in,.a;'8in-^-
gle sample (the nth analysis, of the mth sample, iaf,the7th
1-km cell, and so forth): /x is the mean for the population
sampled; and a, (3, i/», 8,17, and 6 are deviations from the
mean associated, respectively, with^terrairis, distances,:
of 100,50,10, and 1 km, and random errors related to}.;6.
sample preparation and analysis. The variance compo-
nents, as estimated by the analysis-of-variance compu-
tation methods following Anderson and Bancroft (1952),
are expressed as follows: -.. • ,

«x* = Sa1 + S0* + «y*,+ ««* t Sir + s«* (2)
wheresjr1 is an estimate of the total observed variation for
an element in soil, and the remaining terms are the
variance components described above. All computations
were done on a computer using statistical programs in
the U.S. Geological Survey's STATPAC Library(Van
Trump and Miesch, 1977). :^-

The unbalanced design .was chosen in preference to.
a balanced design, because it Has the advantage of
spreading the degrees of freedom almost equally over
levels 2-6. Also, the number of degrees of freedom
achieved in the higher levels of the unbalanced design
is comparable to that achieved in the balanced design,
but with only one-half the number of samples. There-
fore, the power of the F-test at the higher levels of the
unbalanced design is equivalent to that for a balanced
design, and yet the cost for sample collection and
analyses is only about one-half as much.

Concentrations of some elements are belowthelimitof
determination by a given analytical method, so they are
omitted, or "censored." When more than 20 percent of the
determinations for an element are below the limit of
detection, the element is omitted from further considera-
tion. Elements omitted include Ag, Au, Bi, Br.'Cd, Ce, Cl,
Cs, Dy, Er, Gd, Hf, Ho, I, In, Ir, La, Nd, Os, Pd, Pr, Ft, Re,
Rh, Ru, S, Sm, Ta, Tb, Te, Tl, Tm, and W. For elements
with less than 20 percent censored values, the censored
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values were replaced by small, arbitrary values.,These'
replacement values can be justified because their smalli
number neither altersi the statistioil tests nof aff^Tts'th^
final interpretation of the 'dataV'V- - - ' ' "''•'y?4f*&''

The data for all elements except Na, Si, Th, and Zh
were transformed by takirigijthe;-common •logarithm'^
because frequency distributions; of the data; were-mores
nearly log-normal than normalMll data are reported mt
terms of either logarithmic (transformed data) pr;arith'-k
metic variance, means, and deviations. Unless a statisti-
cal term is prefixed by "arithmetic,", the term refers to
logarithmically transformed data.

^SAMPLED POPULATION

The population sampled in this study is in the North-
ern Great Plains coal region and consists of all soils
developed either from glaciated materials or from rocks
in the Fort Union and Wasatch Formations of early
Tertiary age. The 136 sample localities that represent
the population were randomly selected within the sev-
eral nested cells. The diversity of sedimentary parent
materials for the soils sampled is shown in figure 5. If
indeed the random sampling procedure was unbiased
and if the number of samples was sufficiently large,
then figure 5 would also show the proportional distribu-
tion of parent materials for soils in the Northern Great
Plains coal region.

SOIL PARENT MATERIALS

FIGURE 5.—Frequency distribution, in percent, of soil parent mate-
rials sampled in glaciated and unglaciated terrains of the Northern
Great Plains coal region.

) As suggested by figure 5, a natural division exists^
,! between glaciated and 'Unglaciated terrains ; iii;termli*pX
•'%lcharacter;brthefa^
•significant f '
.character of the

. • • . » " - . •'<*. .>• tf<- v-:" ?v w^!^^.^'#r:2t''<£vJV<t; ;••>>* vv .1U--5 •*«•$>*&•>
ogic processes, have&been|acting^ (2);;i-The\
". ' - ' • ,"' '!•*•.> j=Mi»/V':-''*Wi"<'»>3lil'i1V!»;>; • > ' V . . Si''i''. •I'a'-'/fVJifi,1.1—"-"' areas; and modeof deposition of par-,

acial. origm^arci [distinctly^different;
from those of the Tertiary sediments^
should be reflected In ;the chemical^
the soils of the two terrains. The highest level'of the
sampling design is, therefore, inten(ied j&€stinia<£!dif-:''

• . r-h * ' i* - . • * .' , i.>M. -W3">- ' '*'•.r"<T>>--"?"i:?T<-<-p^t-;'y<
rams. Before discussing terrain differences, however, it.
will be helpful to discuss variance components.

VARIANCE COMPONENTS

Within each terrain, sampling was designed to mea-
sure variation over increments of distance expressed in
terms of; cell size. Thus, the total variance was'sub-
divided into components, each associated with a given
cell size. The distribution of variance components for 41
elements in both A and C horizons (82 combinations),
each expressed as a percentage of the total variance, is
shown in table 1. '

Of the 82 entries in table 1,21 exhibit an analytical-
error-variance component that is greater than 50 per-
cent of the total observed variance. This amount is ex-
cessive and these elements are excluded from further
interpretation. Reduction of the analytical-error-
variance component to an acceptable level requires a
more precise analytical method or repeated analyses of
the sample. Generally, as analytical precision or
number of analyses is increased, the cost rises. It is
necessary, therefore, to balance the value of the results
against the increased cost of more precise or repeated
analyses for each element.

The variance distribution indicates that, for most
elements, the largest variance occurs at a local level;
that is, within areas 10 km or less on a side. In fact, it is
not uncommon for most of the variance to occur within
distances of 1 km. This could logically be expected where
a variety of different sample materials are found in a
small area (for example, outwash gravel and lacustrine
silt and clay in glacial terrain, or sandstone and shale in
unglaciated terrain). Naturally, the variance in element
distribution between soils developed from diverse mate-
rials would be greater than variances between soils
from the same type of material. Independent studies by
Tidball (1975), Tidball and Ebens (1976), and Keith,
Anderson, and Connor (1974) of soil in the Powder River
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TABLE l.-Variance components (expressed as percent of total variance) for 41 elements in A
andC horizons of soils from the Northern Great Plains coal region, and the variance
'mean ratio for 100-km cells. A^n asterisk indicates significance at the 0.05 probability'
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Basin of Wyoming (fig. 1) showed a significant portion of
the totalvariation tobeatdw
many' of Jh^elei^nts;"e^ study^'K^f''

Each.yariance component was iestedagainst the null
hypothesis that the component" does hbt significantly
differ from zeroising th'es conventional;E-testattiie 0.05
probability leyelXtable1). It a c o m p o n e n t - ^ ^ '
from zero; then*-it'is impractical W'maps

•<*i-:;;.-,.ent;
because of the high probability t
On the other hand, a significant variance component'at'
the terrain level suggests that the concentrations of
elements in samples from one terrain differ from th^seTbf

Our principal interest is in using variance compo-
nents to calculate the variance mean ratio, to calculate
the minimum number of samples required to estimate a
cell mean with a given degree of certainty, and to deter-
mine the presence and magnitude of regional variance
as a basis for making regional maps. (We define "re-
gional variance" as variation that occurs between areas
of 100-km on a side or greater.) The large local variation

indicates that mapping within smaller areas would re- ^

>£,'f«fc« ri-V..y.iii. J '̂'.-'î 4n:̂ .̂ li;4-̂ |̂;|;vt̂ ^ ÎS •&$!'•$''"The;yariance meairratip; w^ of Miesch (1976a) pro-N
i|es^a^ii^ex^fjhejrelt^ive Stability of aftestimate of ;,;?C

cpUeci '̂In pariiailar,;^
.feasibility^.of_,mapping^ theregional.distribution of;

account for the unbalanced, nested design, as follows:

Vm -
(3)

ny nt

where the numerator is the variance between 100-km
cells and the denominator is the variance within 100-km
cells.- The s/s are the variance components at each level,

TABLE 2.—Unbalanced, nested, analysis-of-variance design used in the Northern Great Plains coal region

, . _ , Degrees of
Level Source of variation freedora

1 Between .terrains I

2 Between 100-km cells 32
within terrains

3 Between 50-km cells 34
within 100-km cells

4 Between 10-km cells 34
within 50-km cells

5 Between 1-kra cells 34
within 10-km cells

6 Between analyses of:

l-kra cells

1-km cells

Mean square estimates1 F-ratio2 .

MS. • s +1.2s +1. 8s. +2. 8s +4. 5s +68. 6s MS./MS.1 c t) j Y ft a 1 2

2 2 2 2 - 2MS, • s *l.ls *l.7s.+2.7s +4. 3s. MS,/MS,
2 c n 6 Y 0 2 3

2 2 2 2MS. " s +1. Is +l.3s,+1.6s MS, /MS.
3 c . n f i v 3 4

2 2 2MS. • s +s *l.4s. MS. /MS.
4 e n 6 4 5

2 2 '

%
MS6 " §e

MS . .2MSfi - s,.

Variance
: component

, MS! - HS2 ,

"«" 68.6 '"a

, MS2 - MS3 -

•$" 4.3 "B

, MSV - MS* .

* 1 fi S°•y 1 . 0 Y

, MS4 - MS5 ,-

"« " 1.4 =°6

MS5 - MS6 .

n 1 •! n

2 - 2
E e

2 ~ 2
"c " °c

'Mean-square estimates are for A horizons; the coefficients for C horizons may vary by O . I unit because of the
different numbers of samples for A and C horizons at the "Between analyses" level.

2Leaders (--), no F-ratio exists.
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and the nj's-are coefficients that represent the average
number of samples in eachleye^ These <»efficientsaare;
developed from a more general .expression of l^one and.
others (1968, pr 725). A value of IX), which is'teken'eiai a;
threshold value, is approximately equivalent to;) air
F-test at the 80 percent probability level. For^values pf^
vm less than about one, a rri^p of total concentration"of'an;
element in soil, based on limited sampling, tends not tot
faithfully reproduce'the ifue°ch(Bmical pattern (Miesch;;

1976&,p. 102).As w^ increasesbeyond 1.0, however,'a map!
based on limited samplingf reveals' more clearly the true
chemical pattern; The observed values of v^ range
from a low pf zero to a high of 3.3 (table l).-Eight ele-
ments in the A horizon and eight in the C horizon have a

, -''vY'*M.';»%w,V4!f£««.<^^^A^
vm greater thaifone andftBSrerore; thesedauilre pre-
sented cartographicaliy.

ELEMENT-DISTRIBUTION SUMMARIES

The decision as to which method of reporting the
distributions of element concentrations is best depends
on the magnitude of variation present in the data. A
distribution map based on the means of rather small
areas is the most ideal display, because the element
concentrations can be related to geographic locations.
However, this requires highly reproducible data. Where
such data are not available, then the means must be
summarized over larger areas, with the result that local
differences tend to disappear. The data have been sub-
divided, therefore, into five groups on the basis of vari-
ance components at the terrain, 100-km-cell, and
analytical-error levels, and on the basis of whether or
not the variance-mean ratio exceeds the threshold of 1.0.

The five distinct groups of elements are presented in
table 3. Group-1 elements are those that exhibit a signif-
icant variance component at either the terrain or the
100-km-cell level and that have a vm>1.0. For these
elements, we can prepare reliable maps of their concen-
tration in soil on the basis of the means of samples
within each 100-km cell. These maps represent values
from a minimum of 22 percent of the total observed
arithmetic variation (Zn in A horizons) to a maximum of
46 percent of the total observed logarithmic variation (C
in A horizons). Maps showing regional distribution of
amounts of 15 elements in soil are presented in figures
6A through 6Q. The resolution, or the amount of detail,
is dependent on the sampling interval (cell size) shown
on the map. Greater resolution and increasing detail of
element distributions in soil can be obtained if the map-
ping interval is decreased to 50,10, and 1 km, respec-
tively, and if a significant variance component is associ-
ated with each of these smaller geographic scales. How-
ever, the reliability of data on maps of smaller areas will

depend on the variance mean ratio (Eq. 3). For example,|
mapping^Gje, in^the^C,,hprizqn^of j,aulO^km unit^wpujdS
resultvin;rnpjncrease\m
overrmapping alOO-km uniti because the^pmponen'ts of f
,yariance at 50 and10 km are b6thJzero,(tablei)i':How-
,ever, mapping K in the,C horizon at a 564rather;than a,
(>••,• is-t^4. -iM,;', ;,-/.* r> ' » , **-; x11 - • •£ •,,* ' ' '•""'•.;;".?:,, ',v«, .' y V J$.^ffiyt*;!&?-^s-.'--'-',*f~t''i>ifcA'*'-' •'*' ''J ' , < • "

100.-km unit should enhance both the reliability and the:* :
•;!t<ii;v*V'i. ., • , , -•-. .••:• >• . , ; , , • '.?'--:..c?J;'ii$^?w&\*:Wm,-Wm,{iK?--,t.>-:
resolution of the map, because^^ ;tne^vanance;componejfit:s,:

21.6 percent pf the total ya'ria'tion1|T^
increased from 1.7 (100-kmiunit)',to"5.3(50-km unit); the
resulting map of K in the C horizon would be much more
reliable. The variation explained by the map based on:
100-Jkhi .unitejs 39.6 percent of the..totaLyariation;
W»w!wi|̂ Vj£jBs|»i<fo !̂«^̂would-be 61.2 percent of the total variation for a map
based on a 50-km unit. In addition, the map of a 50-km
unit would show more detail of the element distribution
than the map of a 100-km unit. However, maps of less
than 100-km units are not presented because of the ,
nature of our unbalanced sampling design and the re-
sulting distribution of data points.

The entries in Groups 2,3, and 4 (table 3) have a Um<1.0
and, therefore, the lines on a map for any of these
elements would not be considered reliable when com-
piled for a 100-km unit using the present data. Group-2
elements exhibit significant variance components at the
terrain level but not at the 100-km-cell level (table 3).
For these elements, the means and expected ranges in
concentration of the samples within each terrain give the
best estimate of element distribution in soil for the area.
This type of estimate has been referred to as a "regional
geochemical baseline" by Tidball and Ebens (1976). The
baselines for elements of Group 2 are presented in table 4
for each of the two terrains, glaciated and unglaciated.
The expected range is computed after adjusting the gross
deviation for analytical error, which makes up a portion
of the gross deviation (Connor, 1976). An estimate was
also computed for nrt the number of random samples
needed within each 100-km cell to raise the value of vm to
1.0 and, thereby, provide data that can be expressed by a
reliable map.

Group-4 elements have no significant variance com-
ponent at either the terrain or the 100-km-cell levels
(table 3). A single estimate of the mean and expected
range for each of these elements over the entire study

^Sirea is the best estimate of a baseline. The estimates are
presented in table 5. The value of the baseline for each
element in Groups 2 and 4 represents an expected range
in concentration that we consider to be of use in making
extrapolations from one location to another, either over
the entire study area (Group-4 elements) or within the
area of each terrain (Group-2 elements). In addition,
any new data may be compared to the baseline to iden-
tify extreme values in element concentration.
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TABLE 3. -Grouping of elements based on significant variance components (s«.»V, variance mean ratios (v*), and analytical-error variance (s,1)
(Asterisk indicate! significance at the 0.05 probability level. I—) Indicates no element included in that grouping |

t*>f f 1' M*

100-km Soil
cell horizon

^f|^w, £,,.,,'
s2 A

C

s2* A
3 C

s2 A

C

v >1.0 v <1.0 s2>50 pet . ,m m g « ^ i

Group 1 .Group 2 Group 3 Group 4 Group 5?

• .;• • ; : • . . . . • • : • < . • : ' • • , ••

' '.(^'..-:\ ; • ; . . , ' Terrain, s2*

ll*. , r. .,..-- --.,:; ---,:". _ L . ,
K, Th Al, Be, Hg, — Yb, Zr

Mn, Se, Sr,
Ca, K, Rb Al, Ga, Mn, — Th , V

Ni , Si, Sr,
u, v

Terrain, s2

ot

Na, Si, Zn Ca, Fe, Ge Cr
As, Ge Mo, Ni Ba

As, B, Ca, Ba, La, Nb,
Co, Ga, Li, P, Pb, Sb,
Mg, Sn, Ti, Sc
Y
B, Be, Co, F, Nb, P,
Cr, Cu, Fe, Sb, Sc, Se,
Hg, La, Li, Zr '
Mo, Na, Pb,
Sn, Ti, Y,
Yb, Zn

Group-3 elements (table 3) exhibit a significant com-
ponent of variance between 100-km cells but not be-
tween terrains. The regional distribution of these ele-
ments, therefore, is best estimated by each 100-km-cell
mean. These means are both given in table 5 and plotted
on maps in figures GP—6T, The values on the maps are

not contoured because the data are judged to be unreli-
able (u«<1.0).

Group-5 elements (table 3) exhibit excessive ana-
lytical error. Therefore, no interpretation is presented
for these elements.

FIGURE 6 (following pagesi—Regional distribution of elements in A and C horizons of soils of the Northern Great Plains coal region. Values are
means of cells 100-km on a side. Contour lines for figures A through O are the geometric mean (GM) or the arithmetic mean (AM) and the upper
or lower expected 95-percent values. No contours are given for figuresP through T because the analysis of variance indicates that such contour
lines would tend not to be reproducible.
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TABLE 4.-Chemical summaries for elements in soil thatexhibit a significant variance component between terrains of'the Northern Great Plains
, i ; . coal region (Group-2 elements) . , - . , - . _ . . ? , , ' ' ' : ' < l , , : ' "

[G. glaciated terrain; U. unglaclated terrain. *. element measured in percent; other element* measured in parU per million except Hg. partu per billion] ' ;

Element Soil
Geometric

mean '
Geometric

. deviation Geometric
horizon ,

Al*

Ga
;$*>.-< tf'*!*:**̂ *̂

Si*1*—

C Y-~ — — — —

U— __— __

A
C
A
C

I$**A'*»I;'$SSA

A
C
C
A
C

A
C
C
C

G

5.3
5.3
1.5

10. ;,
¥&?$$& *£ i$&$̂ $H?;

720
440
22

.5
27

180
240
2.2
64

u '••'.'

5.8
5.9
1.7

11-
• '^-' -fot̂ jtî fei.'•<"•.'« Î Ŵ R̂ F!

330
180
18
.4

29

150
190
2.8
50

G

1.17
1 . 22
1.46
,;L. 58
f̂ v̂ ?'/̂

1.83
2.37
1.44
2.45
2.74

1.24
1.24
1.42
1.45

U

1.18
1.22
1-.38

l,.- ,«£,', ̂A.̂ fef.!̂

l»»V**/Spp|'1 . HO

2.76
4.20
1.67
2.93
3.59

1.54
1.56
1.41
1.43

error
Baseline value ̂•!*.':'-.'-̂ ','f''-''̂ : -••

G

1.09
1.06
1.27
1.3-3

P».':>SsFi<IW
L • \J J

1.81
1.79
1.24
2.18
1.22

1.18
1.14
1.06
1.18

4.1-
3.6-
0.8-
5 -

S|i*PfeSS6E'J'"«S,S
1 3 - —

570 -

6.9
7.8
2.6

2L»te
*$fes®w»»*'s

910
120 -1600
12 -
0.2-
22 -

140 -
170 -

l.l-
33 -

40
1.1
32

240
380
1.4

120

U

4.4-
4.0-
1.1-

„_, _ fi , .. -,
9 —

60 -

7.7
8.6
2.6

-nfi"!* Â ift̂ -"•cfr'' ̂•'wflBra* '•'̂
A A1H*f

1700
10 -2500
7 -
0.1-
22 -

70 -
80 -
1.4-
26 -

46
1.9
36

340
450
5.5
99

"r

7
7

11
"IA

•V '$•'& ^J^'"'^^i

5
8
16

n.d.3

5

7
6
5
7

1Expected 95-percent range.
n

Minimum number of random samples per 100-km cell needed to map regional variation.

Not determined.

Values computed on arithmetic basis.

DIFFERENCES BETWEEN SOIL HORIZONS

In the unbalanced, nested, analysis-of-variance de-
sign, the sixth (or lowest) level consists of samples that
were analyzed in duplicate to estimate variation associ-
ated with sample preparation and analysis (table 2).
This was done because splits of a single sample, when
subjected to repeated chemical analysis, do not yield
identical results. The variance associated with sample
preparation and analysis should be estimated and in-
cluded as partof the total variation observed in a sample
of a population, because, in some cases, it exceeds the
variation from any other source.

Initially each element was assumed to have a com-
mon analytical-error variance that could be estimated
from sample determinations irrespective of soil hori-
zons. Although the reproducibility of a measured value

is subject to interferences that arise from differing ma-
trix effects, these effects were expected to be common to
both surface and subsurface horizons. However, the pos-
sible analytical errors shown in table 1 suggest that, for
many elements, the analytical reproducibility differs
widely in the two soil horizons. For most elements, the
portion of the total observed variance associated with
sample preparation and analysis of the A horizon ex-
ceeds that of the C horizon (table 1). In fact, logarithmic
variance estimates of analytical error for B, Ba, C, Hg,
Li?Na, Th, and Zn differ significantly between horizons
as indicated by an F-test at the 5 percent probability
level. (The F-ratio is computed by dividing the variance
of the A or C horizon, whichever is larger, by the smaller
variance.)

Because the data for 29 elements do not show signifi-
cant differences in analytical error between horizons, it
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TABLE 5.—Chemical summaries for elements in soil that exhibit a
non-significant variance component between terrains of the North-
ern Great Plains coal regions (Group-3 and ~4 elements) '

{*, element measured in percent; all others measured In parti per million except Kg, parts
per billion)

Element

A,

*"

Be— ™
Ca*

Co

Cr
Cu

IR&g&frii
rt*
Ca
Ce
Hg

La— —
Li— —

Mg*
Ko *"•••*••

H.*"~
Hi
pb

Sn

II*"—

Y......

Yb
Zn

Soil
nor icon

A
A
C
C
A

A
C
C
A

4 '-i ^

A
C
A
A
C

C
A
C
A
A
C

C
A
C
A
C

A
C
A
C
C
c

Geometric Geometric Geometric
mean deviation error

7.1 1.69
41 1.59
43 1.61

1.6 1.44 1
1.0 2.14

6.4 1.48 I
6.6 1.49 1

42
19

... 17
|̂*WS«®

2.1
J-2 > '

11 *
1.6

27

23
19
21

.7
3.8
4.0

.9
18
15

.9

.9

.25

.25
18
17
2.1

1.66 1
1.64 1
1.82
:..«",?,'ij&IW,*
1.41 1
1.40
1.44
1.27
1.74

1.55
.40

1.48
.67

1.68
.72

.33

.46 1

.71

.86 1

.94

.023

.058

.46 1

.47 1
1.49 1

59 19 1

.19

.27

.14

.23

.06

.24

.21

.35

.31

.49.
«^>
.02
.02
.30
.13
.12

.38

.06

.13

.02

.57

.90

.034

.26

.39

.51

.44

.019

.014

.34

.12

.34
.7

laaellne1

Vftl W

2.6 - 19
18 - 96
16 -115
0.6 - 4.0
0.2 - 4.6

2.8 - 14
2.8 - 16 .

15 -120, ..
8 - 43
6 - 52-S^RvSiisf
1.1 - 4.2
1.1 - 4.3
6 - 19
1.1 - 2.4

10 - 80

10 - 51
10 - 37
10 - 46
0.2 - 1.8
t.l - 13
0.9 - 18

0.2 - 1.5
10 - 32

5 - 47
0.3 - 2.2
0.3- 2.8

0.22- 0.28
0.14- 0.36

10 - 36
.9 - 33
1.1 - 3.9

23 - 94

v * . .

7 '
9
7

n.d.'
5

.d.

.d.

.d.

.d.

.d.
i$^$£'

5
n.d.

28
6

10

n.d.
It

n.d.
14
9

n.d.

9
7

n.d.
30
6

7
32
8

n.d.
n.d.
n.d.

'Expected 95-percent range.
'Minimum number of random eamplel per 100-Vm cell needed to map

regional variation.
3Hot determined.

"Vatuee computed on arithmetic baiia.

appears that some properties or factors in addition to
matrix composition are affecting the reproducibility of
the analytical determinations. If the analytical tech-
nique is at fault, then we would expect that a group of
elements determined by a single technique should con-
sistently exhibit either significant or nonsignificant
variation between horizons. However, the elements that
exhibit significant differences between errors in the two
horizons were determined by several procedures (see
U.S. Geological Survey, 1975, fig. 2). Therefore, differ-
ences in analytical reproducibility between soil hori-
zons are related to matrix effects, analytical methods,
and other unknown factors. However, from the data it is
not clear which effect dominates.

The investigator should be aware of the possibility of
significant analytical variability between soil mate-
rials and should plan to account for it. The cost of reduc-
ing the analytical variability, however, must be bal-
anced against the cost of deriving an adequate estimate

of the analytical variation either by repeated analysis of
a sample or by a more precise analytical technique. '4

Discriminate-function analysis of data was also per-"
formed between A and C horizons. The results/ which
are presented in figure 7, show that an adequate func-
tion can be obtained to discriminate between A and C
horizons using only three variables (Caj'Mgi and C).'In
general, a discriminate-function analysis using .only:
trace-element data would be of little value in separating
A- from C-horizon samples. For future studies that con-
centrate on describing the geographic distribution of
elements occurring in trace amounts, a more productive
use of available resources may be to sample and analyze
only a single soil horizon or a composite sample of sey-
4 * • '
formation useful in constructing maps of element con-
centration in soil may be obtained in this way as is
obtained by dividing available resources between sam-
ples of more than one soil horizon.

CONCLUSIONS

An attempt has been made to determine the spatial
variability of soil chemistry in the Northern Great
Plains coal region for 41 elements on the basis of their
total concentrations in A and C horizons. Using an un-
balanced, nested, analysis-of-variance design, maps
showing dependable data were prepared based on
100-km cells (100 km on a side) for three elements (C, K,
and Rb) in both A and C horizons, for an additional five
elements (Na, Si, Th, U, and Zn) in the A horizon, and
C horizon. By doubling the number of random samples
from four to eight per 100-km cell, an additional 20
elements in either A- or C-horizon soil would be map-
pable for the 100-km cell. Baseline values can be as-
signed, however, for elements that were not dependa-
bly mappable. The baseline value is a probable range
in concentration to be expected in natural soils. The
baseline can be applied to soil materials throughout
the study area.

Most of the total observed variation in element con-
centration for most elements is within cells of less than
10 km on a side. Therefore, while baseline values can be
used as an overview, additional sampling is necessary to
evaluate local variability.

Repeated analytical determinations on samples of A
C horizons of soils vary significantly for several

elements. It is not clear from the data whether the
varying matrix compositions of the samples or the ana-
lytical techniques, or both, are responsible for these
variations.

Discriminate-function analysis shows that analyses
for only three elements (Ca, Mg, and C) are needed to
adequately distinguish between A- and C-horizon soil
samples in the Northern Great Plains coal region.
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VARIABLES DELETED

A17

Ca Mg C Hg Sr K U Y Tl Nl SI LI Sn Co Al Ge Na B a A s C u Zn Ga B Mn Rb
160

10 12 14 16 18 20 22 24

NUMBER OF VARIABLES
26 28

FtGURG 7.—Discriminate function analysis, for elements with analytical error less than 50 percent, between A- and C-horizon samples from
the Northern Great Plains coal region.
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