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Abstract

A gecchemical survey of the Sauk seguernce (late
Precambrian to early Drdovician) over the western U.S5. was
conducted to accumulate some fundamental and systematic
backgrourid gecchemical data and to determine the feasibility
of making geochemical maps of its major lithologic units.
These units are (1) the basal upper Frecambrian to Cambrian
sandstones (unit A), {2) the averlying Cambrian shales and
siltstones {(unit B), and (3) the still higher
Cambro—-Ordovician carbonate rocks (unit C)., Each of these
urmits was samplied according to a hierarchical desigrn that
provided estimates of the compornents of geographic variance
at scales of {1) greater than 5@ miles, (&) 1@ to S8 miles,
{3 2 to 1@ miles, and (4} less than 2 miles. Twa additicnal
estimated variance componernts were (S) bhetween samples within
stratigraphic sections and {6) between analyses of individual
samples. Analysis of the estimated variance compornents
suggests that additicnal sampling within localities spaced at
5@ miles could lead to statistically stable gecchemical maps
of most cornstituents irn the basal sandstornes and some
constituents in the averlying shales and siltstones. In
coantrast, appreciable parts of the variance in mast
constituents in the carbornate rocks could be mapped only by
sampling at intervals of 1@ miles or less, which is probably
impractical. The variance components alsc indicate that
sampling the sandstorne and shale units at intervals of less
than 5@ miles, or the carbornates at intervals of less than 1@
miles, would yield little or wmo more informationm thanm would
sampling at the wider intervals, unless the intervals were
reduced to less tham 1@ miles and 2 miles respectively.

The systematic replication in sampling and laboratory
analysis was useful in identifyirng a number of possible
gecchemical ariomalies with, perhaps, mcre than ocrdinary
reliability.



Intraduction

This report summarizes gecchemical data on the
sandstones, shales and carbonate rocks of the Sauk sequernce
{late Frecambrian ta early Ordovician) in the westerrn U.S.
The data were gathered in an experimental phase of what was
ta be a formal systematic pecchemical "census" of the entire
country. The cernsus, as plarnmed, was to include systematic
sampling of a number of major rack units which included
lithologic entities within the six major stratigraphic
sequences defined by Slass (1583). For a number of reasons,
the gecchemical census as a formal Geological Survey
cbjective was never realized, even thaough a number of
brcad—-scale studies of large areas and major roCkK groups were
completed. These include a study of the Tippecance ssguence
(middle Ordovician to early Devoniarn) which immediately
overlies the Sauk, by Schultz (19835).

Although the raw data and data summaries included here
may be helpful inm establishing background values for those
engaged in gecchemical exploration, envirommental
gecchemistry, pollution investigations, as well as academic
studies of gecchemical cycling, the authors feel that the
major comtribution here is the illustration of the use of
same principles of experimental design in gecchemical surveys
— at least an earnest attempt to use such prirnciples.
Although some of the principles could not be adhered to
strictly, we feel that the departures will not sericusly
invalidate our results, and therefore the data are if not
superior to then at least more cbjective than most
gecchemical data. The sampling program was conducted
according to a formal design that was adhered to as clasely
as the distribution of cutcrop allowed. Alsc, the selection
of specific sampling points in the field involved formal
randomization procedures evern though talus arnd scil cover
cammonly prevented us from giving absclutely every poatential
sample an equal charice of being selected. However, even cur
rather corude randomization required careful field examirnaticon
to determine all the possible samples available to us; the
randomization procedures reguired a great deal more field
examination than would have been reguired by simply picking
cut a "good representative sample. In additiorn, the samples
were not analyzed in the order that they were collected as is
commor in s many gecchemical projects. Rather, they were
all collected, cover a pericd of several years, and then each
was split into two parts. Then, &11 splits were analyzed in
a randomized seguence. The completely independent duplicate
analyses of each and every sample provide a basis for data
irnterpretation that is seldom available in searches for
geachemical variation, especially geochemical arnomalies. They
alsc allow the only truly scurnd basis for estimates of
arnalytical precisian.

n




Orne initial objective of the project was to derive some
small-scale gecchemical maps of the three major lithologic
urits within the Sauk sequence. However, it was realized
that such maps would be meaningful only 1f it were poassible
to demonstrate statistically significant geacchemical
variability among the major cutcorop regions where samples
couuld be obtairned. To obtain statistically significant data
it would be necessary to sample erncugh within each region to
avercome the effects of not cnly loecal areal variation, but
especially stratigraphic variability. But, to sample with
sufficient intensity to overcome this local variability we
would have to know haw great the variability was with respect
to the regional variability we wanted to map. In other
words, it was recogrnized that no rock unit can be sampled
efficiently and meaningfully unless some at least preliminary
estimates of the magnitude of gecgraphic and stratigraphic
variability it contairns are available.

The different gecgraphic scales at which gecchemical
variation may manifest itself in any rock unit, for example,
can be described by a list of variance components, each
component associated with a rarnge of distance. The
comporents carn be summarized graphically in a
"ocumulative-variance curve”. The cumulative variance curves
givern nelow for the three lithic units of the Sauk seguence
shaw praporvticons of the total gecchemical variability in
these units that cam be described by spacing the sampling
localities at selected intervals. The variance caomponents
asscciated with lorcal scales carn be used to estimate the
amount of sampling that would have to be done within each
sampling locality. The data so far inm hand for the Sauk
sequence are usaful for this purpose, but for most
constituents they are rot adequate to construct geochemical
maps with any satisfactory degree of reliability (see
"Comclusions”, below).

)



Lithologic subdivisions of the Sauk sequence

The Sauk sequence is a major sedimentary rock
succession, defirned by Slass (18963), that externds across the
erntire North American craton. It ranges in age from late
Frecambrian to early Ordovician and is bounded by
continent-wide urnconformities. The lower unconformity cuts
ignecus anrd metamorphic rocks «f FPrecambrian age in most
regions, althcocugh sedimerntary roacks cccur bermeath it in
western Montana, Idaha, Nevada and much of Utah. Iv some
places where Precambriarn sediments are present, the existarnce
or locatiorn of the unconformity is problematical. The major
stratigraphic units found beneath the Sauk seguerce in the
weastern UW.5. are identified in Tigure 1. The urnconformity
that bounds the tap of the seguernce is averlain by rocks of
Devaonian or Carbonifercus age in most regions of the western
U.S5., but by sandstones of middle Ordovician age in large
regioms (fig. 2).

The lower part of the Sauk sequernce consists of a
sandstone— and guartzite—rich interval that rarnges in
thickrness from less than 1@ feet near the transcontinental
arch in westerrn Scuth Dakota, cemtral Colorado, and scuthern
New Mexicoa to mcore than 5,000 feet in parts of eastern
Nevada. These sandstones and guartzites, referred to here as
urmit A of the Sauk sequence, are knowrn by varicus names, most
af which are given in figure Al of Apperdix A.

Unit A of the Sauk sequence is overlain by fine—-grained
sediments (shales and siltstornes) almost everywhere in the
area of study except in parts of scutherm New Mexico and
central Coloradc. In some areas the shales ard siltstones
are sufficiently praminent to comprise a stratigraphic
formatiorn, whereas in other areas they are thin and
discontinuocus. Some of the common rnames used to refer to
these racks are given in Figure Bl of Appendix H. Although
the shales and siltstornes may rnot be conmtigucus from ane
regicn to ancther, they collectively represent a tranmsitionm
i the Sauk from predomirnantly sandstorne below to
predominantly carbaornate abaove arnd are referred to as unmit B
for the purpose of this report.

Uit B is overlain by limestornes and daolomites referred
to here as unit C, the uppermast of the three litholaogic
urits of the Sauk sequence. The carbonate racks of unit C
have bheewn subdivided both vertically and gecgraphically intao
a great many fTormations. As a whale, unit C ranges in
thickness from a few tens of feet in parts of westerrn Sacuth
Dakota to more than 5,000 feet in parts of eastern Nevada. A
highly generalized isopach map of unit C is given in figure
C1 of Appendix C.
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Urnits A, B, ard C comprised three separate and distinct
sampling targets, although each was sampled within the same
selected regions of the western U.S.

Sampling design

The problem of determining the best sampling design for
studying the gecchemistry in any stratigraphic unit is
two—fold. Because stratigraphic units are krnown to vary
vertically much more internsely than geographically, we can be
sure that the best sampling plan involves sampling of
stratigraphic sections separated by some selected distance
that is gererally much greater than the separation of samples
within sections. The problem is twao—faold because it requires
selectiaon of (1) the aptirnum number of samples to take fram
each section and (2) the most efficient spacing between
sections. Because rna a—-priori basis was available for either
of these selections, only two samples were taken from each
litholeogic urit (Ay B and C} in each stratigraphic section
and the sections were spaced at intervals of about & miles up
to about Z25@ miles.

The decisiaon to take only twoa samples from each
litholeogic urmit within each stratigraphic secticow regardless
of thickness is justified by the fact that the proper rnumber
of samples is a furnctiorn of gecchemical variability within
the section, rnot thickrness. It has been noted both in the
field and from the results of this study that section
thickness and variability are related inversely sco that if
same sections were to be sampled maore heavily than others,
they shcould be those that are thin. Thus, for example, more
samples should be taken from the basal sandstone of the
highly variable Deadwood Formation in western Scuth Dakota,
which is only 4@ to S@ feet thick, thanm fram the Frospect
Mountain Guartzite in easterw Nevada, which is more than
S, 002 feet thick but relatively homogeneaus. However, when
the within—-section variability is measured on & logarithmic
scale, no correlation between variability arnd thickwrness is
found, arnd sampling without regard to section thickness is
appropriate. The two samples taken fraom each litholoagic unit
within each section provided ample data for estimating
within-section variability.



Search Tor an aoptimum spacing between stratigraphic
sections was undertakern by spacing sections & miles apart,
pairs aof sections 1@ miles apart, areas {(groups of 4
sections) 5@ miles apart, and regicons (2 areas) &5@ miles
apart. At least those distances were used as closely as the
distribution of suitable cutcrop allowed. The clusters of
sections distributed in this marnner are referred ta as the
majoy™ regions. In addition to the major regions, other
{mirncgr) regions were sampled by collecting twa samples from
arily two sections 2 miles apart. The distribution of section
pairs in both the majgor and minor sampling localities is
shown in figures Al, Bi, and Cl1 in the apperndices.

The sampling design for lithalogic unit A (sandstone)
included 1@ majgor and 1@ minor sampling regions. That for
uriit B (shale and siltstone) included only 8 of the major
regions and 1@ minor regions. The design for unit C
{carbornate) included all 1@ major regions and 3 minor
regions. In most regions units A, H, and C were sampled
within the same stratigraphic section, althaough some sectioms
were significantly offset to cbtain the best possible
aouterap, just as sections are commonly offset when they are
measured.

The gerneral sampling design described abave was
patterned after one used by Youden and Melich (15837) in
sampling scils in parts of the State of New York. RAll af the
sampling was dore by the authors intermittently during the
pericd 1962-15967.

Randomizaticn procedures in the field and laboratory.-——
Formal randomization procedures were used in the selection of
the two sampling points for each lithologic unit within each
stratigraphic section. RAfter at least an appraoximate
measurement of the thickrness of the lithologic unit was
aobtairned from either the literature or measurement in the
field, the poirnts were selected fraom a table of unifaorm
randcm rnumbers. The randam number was takern as the
stratigraphic distance, in feet, below the top or above the
base of the unit. Whether the top o base was used as the
reference horizon depended onm expoasure of the unit and
convenience in the field, but the decision was made before
the random numbers were dvrawn from the table. Stratigraphic
distances below the top or above the base were not actually
measured with tape or surveying equipment unless the unit was
less than a few hundred feet in thickrness. In most
situations crude measurements were made on geclagic maps or
by pacing.



On arrival at the general vicinity of the stratigraphic
haorizan to be sampled, several different procedures were used
to select the specific point from which to take the sample.
If the lithologic unit was well exposed and if the outcorop
surface was such that the sample could be taken anywhere in
the gereral vicinity, a 1@ toc 2@ foot section of tape was
laid out across the strike of the bedding arnd a randaom wumber
was drawn to identify the point alonpg the tape at which the
sample was to be takern. If a sample could not be taken at
that point using an ordinary geclogic pick and hammer with a
heavy steel cold chisel, then we moved along strike up ta 30
or 4@ feet urntil a suitable sampling point was found. If
this failed, then awncther random rnumber was drawn, but this
situation cccuwrred only rarely.

If the lithologic unit was poorly exposed at the gereral
hoorizon chosen to be sampled, then about a dozen or so points
within an area 1@ to 2@ feet across where samples could be
taken were identified and numbered. The point to be sampled
was then chosen by means of the randaom rnumber table.

No formal randomization procedures were used in the
selection of stratigraphic sections to be sampled. Rather,
this selection was governed by compraomise in satisfying the
requirements of distance between sectiorns and the rnieed for
the best possible exposure of the three lithologic units.
Only rarely was it necessary ta choose between two or more
secticns that met these conditions equally, and in these
cases ease of access provided the determining factor. In no
case did lithic peculiarities of any of the units serve
directly as the basis for selection.

Following completion of sampling the entire western
craton, there were 200 samples from litholoagic unit A, 168
from unit By, and 196 from urnit C. Each of these samples was
crushed to minus one—forth inch arnd split intc two parts with
arn aluminum Jones—-type splitter. This produced 4@@ samples
of umit A, 336 of unit B, and 3392 of unit C. The samples
fram each unit were then assigrned numbers from tables of
permuted random numbers and physically reordered in the
randomized sequencea. Each randomized group was then
submitted to the analytical laboratocry in that order so that
the twa splits of any one sample might have been analyzed at
abcut the same time, or at widely separated times, cor at any
time in between. Thus, the two analyses of each sample are
truly independent and unbiased, as are the resulting
estimates of analytical precision {(reproducibility).



Analysis of variance.——The analysis «f variance of the
laboratory data was based on the following model:

(1)

X

L:J'/élmn =M ta, bp] +Citk + CLj-j/fl.* B‘:jk/m"'ﬁjkh””

where A:jkﬂmn is the QfL analysis of the r_yy‘ly samg:'sjée from the
Ltk section from the év% pair of sections from theXarea within
the _,4_:7‘/1 regicorn. The term 4 is the grand mean of P(;jk/mn i the
erntire lithologic unit throughout the western part of the craton
and the subscripted terms 4. through *;jkl”tn represent,
respectively, the regions, areas, sectian pairs, sections, samples,

arnd analyses. The total variance in ?(Léklvua is partiticned among

these six socurces according tos

T e
Gx-’-' 6: +6£7+6'CL+6‘:.+6:+6:;’ CAE

Because the data from both the major amd mirnwcy sampling
regions were used, the analysis of variance computation
followed that for am unbalanced design (Anderson and
Bancraft, 1352). The meawn sqguares for testing the
statistical significarnce of the estimated variarnce comnoorents
{2g. &) were:

2 2 o 2
Betweer regicns p,@f + ?Ld-e_ + @Uﬂd_ + Pq—‘fc« “"V{Jb*zaité.?})
2 z
Between areas ,0'5'}5 + P,_a‘é + %OZ-L + ﬂ,\d'c_ +pf'6’b“ (43
2 2 .
Between secticrn pairs (),0'2_’4- P,_o‘: + %O‘d_ + )7..,0’0. (5
2
Between sectians p,d?.), ()7..0‘2— 3 %o‘d_ £=9]
Between samples 9,6'2 + P-,,G'e% 173
Y
Between analyses p, Of 83

1@



Because the coefficients p, s @’ . ﬂ?’ and /Z are the same for
each of the mearn sguare estimates {and egusal to 1, &, 4, and &,
respectively), the tests for the significarnce c-‘Fo"g ’ 62’[_ .

2 2
d, and 6} are all exact. However, because f; for the
between regioms mean square differs from ﬂ;- for the between

2

areas mean square, the test of sigrnificarnce for 6;_ is anly
approximate. For unit A (1@ magor and 1@ minor lacalitiess,

/

/%’ = 11.87 and f§'= 16.2@; Ffor umnit B (8 major and 1@ minoe

e i p/ _ . Fmn : . -
localities) g = 11.41 and = = 6.2@; for urnit C (9 major and

1

1@ mi nor localities), P{ 2. 08 and@ = 16.2Q.

The @ yvegions in which unit A was sampled (18 for unit
B and 13 for unmit C) are more or less equally spaced over the
cratonic part of the westermn U.5. and could serve as
localities for comstructing very law rescluticon gecchemical
maps. The areas {(the rnext lower level of the desigrn) are
very unequally spaced {as close as S@Q miles and as far apart
as several hundred miles) and could not be used in this way,
mor corld still lower elements of the sampling desigrm such as
section pairs or sections.

However, even low-resclution maps based on region means
would be meaningless if the variance among regions is smalil
compared to the variarnce within them. The variance among
regions for any oxide or element is estimated by dét ard
the variance af the region mean (for a major region? is
estimated by:

2 2
c‘b JC 2 2 2.
Om = - v 0 + T  Fe T2 (3
¢ Y ‘e 3

Arnd for & minor region by:

2
Om= &, +02 +§3‘- + Xy + T¢ (e
2 L4 52
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Thus, the wvariance mean ratic, Um {Cornmor anc others, 197&8:
Miesch, 1376a,b), which is the betweern-regions variaﬁce,dg: .
For any cxide o element divided by \an depernds on wheither we
refer to the major or the minor regicons. Both estimates of

Vm are pgivern in tables A&, B&, and L6 in the appendices,
where the maximum value represents the major regions and the
mivimum value represents the mince regions.

Sample rnumbering scheme

Each sample rnumber {see tables Al, Bl and C1 in the
appendices) consists of a one or two digit integer followed
by 3 alpha characters and then the digit "1" o "2". A few
of the sample riumbers end with a lower case "a" which
indicates that it was reccllected after laboratory
examinaticn indicated that the original sample was rnot of the
correct lithalicgy. The begirmming integer in each sample
roimber is the region rumber; see Tigures A1, Bl and Ci. The
first aipha character (f through H) inmdicates the
stratigraphic section within the loccality. The second algpha
character specifies the lithologic unit {R, B oo ), and the
third character is "R" {(for rock) for all samples referred to
in this report. The fimal integer (i1 or Z) refers to the
sample within the stratigraphic section, but doces wnot
irndicate its relative stratigraphic position. Thus, sample
1S3RARE, for example, is the second »rook sample collected from
lithologic unit A {(sandstorne) from stratigraphic sectiocon B iwn
region 15 (central Coloradaod.

Methods of laboratory analysis

Constituents reported as oxides were determined by the
"rapid" methods described by Shapira (1367). Those reported
as elements were determirned by the emission specirometry
methods described by Havens and Myers (1373).

Summary of results

The locations of the stratigraphic sections in which the
sandstomes (unit A), the shales and siltstornes (unit B), and
the carbonates {unit C) were sampled are shown in figures Al,
Bl and C1 of appendices A, B and T, respectively. More
precise sampling locatiorns are listed in tables Al, Bi and Ci
which alsa give the gereral lithelogies of the units at each
locality, the stratigraphic positicons at which the samples
were taker, and referemces to literature that was
particularly helpful in plarmming the field wori.

"
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The original analytical dsta are tabulated in figures
Az, B2 arnd CZ in a way that allows relatively sasy comparison
of areas and reglioms as well as comparison of the independent
duplicate analyses for each sample. The first page of each
tabie gives the sample rnumbers and the following pages each
give the data for cre particular element. The letter "UL”
following arn armalytical value iwmdicates that the
concentraticrn was estimated to be less than the lower limi
of determiraticn for the aralytical method. The analytic
arecision for each slement in each wunii, as a percentage o
total aobserved variance, is given in parerntheses in the
column labeled "Hetween analyses” of tabkles 486, EB&, and C&.

[y

2
W
-
L
=
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Figures R3, B3 and L3 identify the samples that contain
conicentrations of ome or more elements above the 9@, 935,
97.3, o 59th percentiles isee tables A2, BE ang CE for
estimated percentile valuesi. Samples are identified as
naving corncentrations aoove these percentiles anly 1F ooth of
the duplicate analyses showad values egual o ar apove the
rasnective percentile. It is readily apparent from figure
A3, Tor exanple, that certain samples, sections, and section
pairs tend to stand cut as anomalous by this oriterion.
Samples from secticms A, B, C arnd D in southwestern New
Aexico {(loccaliity 19) are especially nigh in a wide range of
elements, including Fe, Ag, Ca, Fb, V and Zw. These sscticns
are located within & few miles of the Silver City mining
district. Similarly, samples fram secticon T ir the RBlack
Hills of sauthwesisrn South Dakota {(lacality 170 are
generally high in Fb, Ag, CTu and ZIn, a possible reflechtiorn of
the well known ore deposits in this vicinmity. Howaver, there
are other individual samples, such as 3ICARL from sauthwestern
Montana and 7FARE from scutheastern Mevada, which are nhigh irn
a suite of elements but were not coliepted close to any HAGWR
mirneral deposits.

The high percentile values for umit B appear to be
widely scattered, as if randomly distributec, but the sampies
from a few particular siratigraphic sections may be
exceptions. These include both samples from section 5B
{3BBR1 and 9BERI) in scuth central Arizona which are high in
Ag, Fb, arnd ZIrn, and samples from central Wycming (4BBRZI,
4CBR1 and 4CBRE) which are high in Moo Five samples fronm
southeastern Arizona (8ABR1, BARRE, B8BRER1, BBBRZ and B8CEBER1J
are rich in MNb and several samples from western Montarna
(EABR1, 2ABRZE, CERBR1 and EBEBRZ) terd ta be high in Cr and Ni.
Other possible anomalies in unit B may become apparent from
close inspection of figure B3,

[
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The greatest caorcentration of armcmalous values iv unit O
appear in northwest Arizona in samples from sections 18E,
18F, 185 and 18H {(figure C3), particularly for Fe, Ti, H, V,
¥, and ¥b. Other arnomalous samples are from the Black Hills
regiorn {sectiorns 17B and 17C) and from scutheastern Arizona
{(section BE).

The median concentrations of selected axides and
elements in the 28 sampled regicrs are listed in tables A3,
B3 amd C3 arnd the averages {arithmetic and geocmetric means)
are listed in tables R4, B4 and T4, The standard errars or
geanetric evrrors of the averages iw table R4, B4 and C4 are
giver i tables AS, BS and L&, respectively. The gecmetric
ervoy may be interpreted in much the same manner as the
standard errcr. Just as the true arithmetic mearn has a &8
percent liklihood of being in the range from the arithmetic
mean minus ane standard ervor to the arithmetic mean plus one
standard error, the true geametric mean has a &8 percent
liklihood of being iw the range Fram the gecmetric mearn
divided by the gecmetric error ta the gecmetric mean times
the geometric erraor. Similarly, there is about a 95 percent
liklihood that the true gecmetric mean is in the range:

am/aes* 4o GMm x Ge~ (11)

where GM is the gecmetric mean and GE is the geocmetric error.

The standard error of the arithmetic mean for a regionm
arnd the log of the geametric errcr of the geometric mearn far
a regicon were estimated by:

1
/
2~ 2 2- 2.
S G, 6L, Go _ oo
g = | T T =t —= + (12
X z * ¥ ™ 32
ar
X 2 2\ Yo
Ay = ( ot + e + 0:& > {13
= T % T ¥

depending on whether the mean was for a major region
{equation 18) or a minor region _{eguation 13). In these
computations, d;L through 6:; were estimated from data
within each specific region.
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The estimated tcoctal variance for selected aoxides and
elements and the six estimated variarnce comporents for each
variable are listed in tables ARG, EB& and L&. The variance
comparents are alsao givern as percenmtages of the total
variance to facilitate compariscons among constituents. Al of
the variarnces, except those for 5i08, are derived fram
logarithms {(base 10) of the analytical data and, therefore,
are estimates aof proporticonal rather than absclute variation.
The proporticornal variation betweern the values & and Z@, for
example, is identical to that between the values Z@0@ arnd
=02, whereas the absclute variation betweern 2@0@ and Z2QQ2 is
a great deal larger than that betweern 2 and ZQ. The use
of proporticnal variation is customary in applied
gecchemistry, such as whern values are reported or spoken of
as s¢ many "times" threshold o background.

Several features of the variarnce compornents in table RE,
B6 amd C6 stand cut. First, although the statistical
significamce of the variarnce betweer arnalyses (the amalytical
precisiorn cannct be tested, it is obvious that important
parts of the total variarnce in each conmstituent cccur betweern
duplicate arnalyses. The total variarnce in P20S in umit A
{table AB), for example, would be only 32 percent of that
cbserved if the analytical method had perfect precisiarn. The
amnalytical variance comprises 2@ to 6@ percent of the
variance in most oxides o elements.

The greatest proporiionm of the total variarnce for mast
constituents, however, is betweer samples from within
stratigraphic sections. This stratigraphic variance for mast
constituents in unit A approcaches or exceeds the variance
from all cther sources and gernerally exceeds the total
gecgraphic variance over the western U.S. OFf the four
gecgraphic variance components in unit A, those between areas
arnd between pairs of sections are gererally small. The
variance component between areas reflects variarnce aon scales
af 18 ta 5@ miles and that between section pairs reflects
variarnce on scales of 2 to 1@ miles. Therefore, all
constituents considered, relatively little variatiom cccurs
on scales of 2 to 3@ miles. About ocrne-half of the
constituents show statistically sigmnificanmt components of
variance between sectiocrns — that is, variarnce cn scales of @
tao 2 miles - and two—thirds show significant variance on
scales greater tharn 5@ miles, among regions. Nome of the
constituents shows a sufficiently high ratic ta construct a
gecchemical map based orn the means for the minor regions
{mirimum Vm , table AB8) and many of those for the major
regions {(table A6, maximum Vm ) are alsac small. Thus, because
aof the low ratios, especially when the miror regions are
cansidered, the present data are regarded as inadeguate for
the comstructiorn of gecchemical maps for most of the
constituents.
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The geographic variance compornents in unit B {(table B&)
reflect a wide diversity of patterns for the varicus
constituents with the greater part of the variance
concentrated at no particular scales. Mast of the v, ratics
are low, precludirng the constructicon of meaningful
gecchemical maps with the present data.

The gecgraphic variarnce components for unit C (table L&)
show that the carbonate roacks tewnd to be compositiconally
similar aver distances of up tc about 18 miles; variance
components for sections and pairs of sections tend to be
small and statistically rom—significant. The largest
gecgraphic variance ternds to be betweern areas 1@ toc 52 miles
acraoss. Nevertheless, although manmy maps could be drawn if
sampling localities were spaced at 12 mile intervals,
relatively stable maps are possible for only a few axides
{5i0s, Alz203, Fel, K20, P205) using the data onm hand.

Conclusions

The gecgraphic variance compornents are summarized
graphically in figures A4 {(urit A), B4 (urit B) and C4 {(unit
C) as cumulative—-variance curves. The curves car be used to
theorize about the efficiency and effectiveness of varicus
possible sampling plans that might be devised.

To illustrate, we might corsider some varicous possible
plans if we wanted to map the gecgraphic variation of 5102 in
urtit A (sandstone’. Figure 4A shows that in arder ta map
close to 10@ percent of the gecgraphic variation we waould
have to space the sampling localities at a distarnce rnear zera
- that is, almost immediately adjacent to each octher. Each
widening of the sampling interval would cause some amount of
the gecgraphic variance to be last. Whatever the sampling
interval, the sampling within each locality (within
stratigraphic sections) would have toc be designed to
effectively reduce the hetween sample {(stratigraphic) and
analytical variarnce caomponents as estimated inn table A6,

They would have to be reduced sufficiently to raise the Vm
ratio to at least unity.
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If we were willing to settle for mapping less than all
of the gecgraphic variance in S8i02 we could consider spacing
the localities at, say, & miles and map about 8@ percent.
Furthermore, if the spacirng were widerned to 1@ mile imtervals
we could map about 45 percent of the variance. However,
widerning the interval from 1@ miles to 5@ miles would reduce
the variarnce to be mapped from 45 percent down only ta about
39 percert. Clearly, spacing the lcocalities at intervais of
12 miles is owly slightly better tharn spacing them at 5@
miles and, considering the much greater cost, would appear to
be bhighly imefficiemt. This appears to be true mot only for
5102, but for & good many of the chemical comstituents in
urnit A.

One principal conclusion from the survey, thus, is that
low—resaclution, but perhaps useful gecchemical maps of the
sandstones of the Sauk sequernce {(unit A) could be made for
many of the comstituents if additiormal samples were collected
ard analyzed. A useful gecchemical map is regarded as ane
that is statistically stable (reprocducible) amd cone that
describes a substantial portiornn of the total gecgraphic
variability. The cumulative-variarnce curves imdicate that a
5@ -mile interval would be the mast efficienmt spacing for the
sampling localities; any closer interval would be rnot only
impractical but wasteful. With a S5@-mile intewrval,
appraximately ome—-third to one—half or more of the gecgraphic
variance inm 16 of €4 constituents could be described (figure
R4).
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Sampling within loccalities of this S@-mile spacing would
have to be desigred using the variance compornent estimates in
table A& arnd trial computations of Vm accarding tos

~ /% 6. _on 6o 6
Vi = Oa 71:* nbn,_-rrzbncnét 7 ngnngne T iy mgneng (14
where Ny = number of localities S@ miles apart
Nne = number of pairs of sectiocns 1@ miles apart
NJg = viumber of sections & miles apart
Ne = riumber of samples per section
ng = riumber of analyses of each sample

The larger the value of V), the better, but it certainly

shauld be ric less than unity according ta both experiments by

R.R. Tidball arnd theoretical considerations (see Connor and
cthers, 1972). It will be apparent froam eguaticon 13 that
increasing Np will be more effective than increasing 7. , 1A,
Ne or ng , and that increasing Ng will be movre effective than
imcreasing ng ., Ne or Ng , arnd sa forth. Hoawevey, the field
expenses involved oftern will be far less if g ar g are
irncreased rather than Ny, , Ng or N . It may alsc be more
effective to use a more precise (reproducible) analytical

methoed than to increase Mg 4, 1if the analytical variance is an
impartant part of the within locality variance.

The best overall design for a final sampling plarn will
depend o the cbjectives of the sampling and the specific
estimated valus of Gh, through d:' for those geochemical
constituents of interest. Perhaps the greatest abstacle to
the preparation of gecchemical maps of the Sauk sequence
wculd be the absence of outcrops suitable for sampling at the
proposed S@-mile interval.
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Many of the comstituents inm unit B (shale, fig. 4R)
exhibit ro appreciable variarce at 5@ mile intervals and
gecchemical maps of those constituents would be unstable
{inorn—reproducible) and uninformative. Some of the
cumulative—-variance curves for the magor oxides, however,
such as 5i02, Feg03, Fel and MpO, and scme of the mirncrs such
as B, Ce, Yb, Sr and Y, exhibit the same flatress between 1@
ard 3@ miles as do so many of the comstituents in unit A, and
these could be used ta construct pecchemical maps based onm a
S@-mile spacing of sampling localities. Agair, sampling
within localities would have to be sufficient to raise the
Vm ratic to at least ane.

The cumulative-variarnce curves Tor constituents in unit
C {(carbonate, fig. C4) are remarkably similar to each other,
compared with the curves for umits A and B, which suggests a
lesser diversity in the factors that have controlled their
variation. The mast prominent flatterming of the curves,
hawever, acccours not between 10 and S@ miles as for unit A,
but between 2 anmd 10 miles. A sampling locality spacing of
5@ miles would capture some parts of the total variance, but
sampling at 1@ miles would clearly be better if it could be
accompl ished. Lessening the interval from 1@ to 2 miles
wonld cost a great deal more, and would lead to essentially
e improvement in the geochemical maps.
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Figure A2, —Continued—Ce (parts per million)
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Table Al.——Notes on sandstorne samples and referernces.

1AARR1

Little Rocky Mountains, Montana, SW1/4 sec. 29, T2EN, RZSE. Flathead
Sandstone, 235' from top, weathered conglomeratic sandstone. Sample
is pocorly saorted, well—-rounded sublitharenite. Knechtel (1353)
1AARE

Little Rocky Mountains, Monmtana, SW1/4 sec. 29, T26EN, R2ZSE. Flathead
Sandstone, 5' from top, weathered conglomeratic sandstorne. Sample
is poorly sorted sublitharenite. Krechtel (1359)

1BAR1

Little Rocky Mountains, Mantarna, N1/8 sec. 3, T23N, RE4E. Flathead
Sandstorne, 2@ from top, poorly exposed conglomeratic sandstone.
Sample is well—-sorted sublitharenite. Knechtel (1359)

1BARE

Little Rocky Mauntains, Monmtana, N1/Z2 sec. 3, TEEN, RE4E. Flathead
Sandstorne, 33' from top, poorly exposed conglomeratic sandstone.
Sample is well-raourded, well-sorted sublitharenite. Krechtel
(1333)

ZAAR1

Coopers Lake Quadrangle, Montana, & miles S5E of Steamboat Mt.
Flathead Sandstone, 18* fram topy, interbedded conglomerate and
hematitic sandstone. BSample is poorly saorted, well-rounded
calcareaus sublitharenite. Deiss (1333)

2RAARE

Coopers Lake Quadrangle, Montarna, £ miles SE of Steambaoat Mt.
Flathead Sandstone, 12@' from top, conglomeratic sandstorne. Sample
is poorly sorted sublitharernite. Deiss (1933)

Z2BAR1

Coopers Lake (Quadrangle, Montarna, € 374 miles WSW of Laviere’s
Rarnch orn Elk Creek. Flathead Sandstone, 135 from top,
conglomeratic sandstone. Sample is well-sorted, medium—grained
sublitharenite. Deiss (1333) '

2BARE

Coopers Lake Ruadrangle, Montana, & 3/4 miles WSW of Laviere’s
Ranch on Elk Creek. Flathead Sandstone, 5@ from top,
conglomeratic sandstone. Sample is poorly sorted, well-—-rounded
sublitharenite. Deiss (1333) '

3RAARR1

Divide 4 SE (uadrargle, Montana, center of sec. 34, TES, RBW.
Flathead Sandstone, 5° from base, dense massive guartzite. Sample
is well-scrted, medium—grairmed guartz arenite. Hanson (1952)
3RAARE

Divide 4 SE QRuadrargle, Mormtana, center of sec. 34, TS, RBW.
Flathead Sandstone, middle of formation, dernse massive quartzite.
Sample is well-sorted, medium—grairned quartz arenite. Hansorn
(1395&)

ZBAR1

Divide 4 NE Ruadrangle, Montana, W1l/2 sec. 87, TE85,R8W. Flathead
Sandstone, 12" from top, dense massive quartzite. Sample is
well-sorted, well-rounded, medium—grairnmed quartz arenite.

Hanson (1352)
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SBARE
Divide 4 NE Quadrargle, Monmtarna, W1l/& sec. 27, TE5,R8W. Flathead
Sandstone, middle of formation, dense massive quartzite. Sample is
well-sorted, well-rounded, coarse-—grained sublitharenite. Harson
(1952
3CAR1
Divide 4 NW Quadrangle, Mormtana, center of sec. 7, TZ5, R8W.
Flathead Sandstone, 8 from top, sandstone with thin shale beds.
Sample is poorly sorted, well-rounded, lithic graywacke. Hansonm
(13952)
3CARZ
Divide 4 NW RQuadrarngle, Montana, center of sec. 7, T£8, R8W.
Flathead Sandstone, 3@' from top, dernse massive guartzite. Sample
is well—-sorted, well—-rounded, firne—graired sublitharenite. Hanson
(13932)
3DAR1
Divide 4 NE Quadrarngle, Mormtana, SE1/4 sec. 17, TES8,R8W. Flathead
Sandstone, 14’ from top, dense massive quartzite. Sample is
well-sorted, well-rcurnded, fine—grairned quartz arenite. Harnson
(1932)
SDARZ
Divide 4 NE Quadrangle, Mormtana, SE1/4 sec. 17, T&5,R8W. Flathead
Sandstore, 13' from top, dense massive quartzite. Sample is
well-sorted, well—-rounded, medium—grairned quartz arenite. Hanson
{13352)
SEARAR1
Marhattan OQuadrangle, Montana, SE1/4 sec. &4, T2N,R3E. Flathead
Sandstone, 18’ from top, dernse massive quartzite. Sample is
well-sarted, well-rounded, medium—-grained quartz arenite. Deiss
(1336), Varall (19355)
SEARZ
Marhattar Quadrangle, Montana, SEl1/4 sec. &4, TEN,R3E. Flathead
Sandstone, &' from top, dense massive guartzite. Sample is
well-sorted, well—-rounded, medium-grained quartz arenite. Deiss
{19336), Varall (1355)
SFAR1 ‘
Marnhattan Guadrangle, Montana, NW1/4 sec. 27, TE&N,R3E. Flathead
Sardstone, 1' from top, dense massive quartzite. Sample is poorly
sarted, well-rounded, sublitharenite. Deiss(1338), Varall(1355)
SFARZ
Marnhattan Quadrangle, Montana, NWi/4 sec. 27, TEN,R3E. Flathead
Sandstone, 43" from top, dense massive quartzite. Sample is
well-sorted, well-rounded, medium—grained sublitharenite. Deiss
(1336), Varall (139535)
3GAR1 ‘
Three Forks Quadrarngle, Maontana, E1/2 sec. 1@, TIiN,RiW. Flathead
Sandstone, 7' from top, dense massive quartzite. Sample is
well-sorted, well—-rounded, fine—-graired guartz arenite. G. D.
Robinson (unpublished).
3GARZ
Three Forks Quadrangle, Mormtana, E1/€ sec. 1@, TiN,RiW. Flathead
Sandstorne, 18" from top, medium-—bedded quartzitic sandstaone.
Sample is poorly sorted, well-rounded, calcarecus subarkose. G. D.
Robinson {(unpublished).
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3HAR1
Jefferson Island Quadrangle, Montana, center of sec. 8, TIN,RiW.
Flathead Sandstorne, 177 from top, dense massive quartzite. Sample
ig well—-sorted, well-rounded, fine—-grained quartz arenite. G. D.
Rabinson (unpublished).
SHARZ
Jefferson Island Quadrangle, Montana, center of sec. 8, TIN;R1W.
Flathead Sandstone, 13 from top, dense massive quartzite. Sample
ig poorly—-sorted quartz arenite. G. D. Robinson (unpublished).
4RAAR1
Myers Ranch Quadrarngle, Wyoming, NE1/4 sec. 13, T3aN, R94W. Flathead
Sandstone, S@' from base, dense massive guartzite. Sample is
poarly—-sarted subarkase. Varn Hooten (1954)
4QAR2
Myers Ranch Quadrargle, Wyoming, NWl/4 sec. 18, T3@N, R3ZW.
Flathead Sandstone, 13@' from base, medium—-bedded guart=zitic
sandstone. Sample is poorly—-sorted, glauconitic, arkasic
sublitharenite. Van Hootern (1954)
4BAR1
Graham Rarnch Quadrarigle, Wycoming, SE1/4 sec. 8, T3@N,R33W. Flathead
Sandstone, S@' from base, irregularly bedded purple conglomerate.
Sample is poorly sorted, well-rounded subarkose. Var Hooten (1554)
4BARZ
Braham Ranch QRuadrarngle, Wyoming, SEl1/4 sec. 8, T3aN,R33W. Flathead
Sandstone, 12@' fraom base, medium—bedded limonitic sandstone.
Sample is poarly sorted subarkose. Van Hootern (15354)
4CAR1
Rlue Bulch Guadrangle, Wyoming, NE1/4 sec. 13, T3&EN, R34W. Flathead
Sandstone, 4’ from top, medium—bedded quartzitic sandstone. Sample
is poorly sorted subarkose. Varn Hacoten (19554)
4CARE
Blue Gulch Quadrangle, Wycoming, NE1/4 sec. 13, T32N, R394W. Flathead
Sandstone, 122 fyom top, massive quartzitic sandstone and
conglomerate. Sample is poorly sorted sublitharenite. Varn Hooten
(1554)
4DAR1
Elkhorn Springs Quadrangle, Wyaming, N1/2 sec. 23, T3EN, R94W.
Flathead Sandstone, 2@’ from top, medium-bedded quartzite. Sample
is poorly—-sorted, arkosic sublitharenite. Van Hootern (1354)
4DARE
Elkhorn Springs Quadrarngle, Wyoming, NE1/4 sec. 23, T32N, R94W.
Flathead Sandstone, 82' from top, massive quartzite and
conglomerate Sample is poorly sarted, arkosic sublitharenite. Van
Hooten (19354)
4EAR1
Boysen GQuadrangle, Wyomirg, NE1/4 sec. 28, TeN,RE6E. Flathead
Sandstoane, 6@ fraom top, siltstone with thin interbedded sandstone.
Sample is well-sorted, very fine—grained, glauconitic, micaceous
sublitharenite. Deiss (1338), Tourtelot and Thompson (19548)
4EARE
Boysen Quadrarigle, Wyaming, NW1/4 sec. &8, T&6N,R6E. Flathead
Sandstone, 173" from top, poorly cemented cross—bedded sandstone.
Sample is poorly sorted, well-rounded, sublitharenite. Deiss
(1938), Tourtelot and Thompson (1948)
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4FAR1
Baysen Quadrangle, Wycoming, SE1/4 sec. 8, TSN, RBGE. Flathead
Sarndstone, 1383 from top, coarse grained gquartzitic sandstane.
Sample is well-sorted, well—-rounded, coarse-grairmed guartz arenite.
Deiss (1338), Tourtelot and Thompson (1348)
4FARZ .
Eoysen Quadrangle, Wyoming, SEl1/4 sec. 8, TSN,R6E. Flathead
Sandstone, 16" below 4FAR1l, coarse grained guartzitic sandstaone.
Sample is well-sorted, well-rounded, medium—grained guartz arenite.
Deiss (1338), Tourtelot and Thompson (1348)
4GAR1
GBuffy Peak Quadrangle, Wycming, SE1/4 sec. 6, T39M,R9EW. Flathead
Sandstorne, &' from top, poorly cemented gquartzite sandstane.
Sample is well-rounded qguartz arenite. Tourtelot (1353), Miller
(1336)
4GBAREZ
Buffy FPeak Quadrangle, Wycoming, SE1/4 sec. 6, T33N,RIzW. Flathead
Sandstonre, S8 from top, evenly bedded dernse gquartzite. Sample is
poorly—-sorted, well—-rounded, guartz arenite. Tourtelot (1953),
Miller (1336)
4HAR1
Guffy Peak Quadrargle, Wyoming, E1/& sec. 3, T39N,R39EW. Flathead
Sandstore, S@' from top, thirn— to medium—bedded gquartzitic
sandstane. Sample is poorly sorted, well-rounded sublitharenite.
Tourtelot (19853), Miller (1336)
4HARE
Guffy Peak Quadrangle, Wycming, E1/2 sec. I, T39N, RTEW. Flathead
Sandstone, 8' below 4HARL1, thirn— to medium—-bedded guartzitic
sandstone. Sample is poorly sorted, well-rounded, sublitharenite.
Tourtelot (1353), Miller (1336)
SAARLa
Facatello Quadrangle, Idaha, NE1/4 sec. 6, T75,R3I6E. Cambrian
Quartzite of Trimble and Schaeffer (1363) rear middle of formation,
thick—bedded gray quartzite and shale. Sample is poorly sorted,
well-rounded sublitharenite. D. E. Trimble (urnpublished), Trimble
and Schaeffer (196%)
SAAREZa
Focatella Quadrangle, Idaho, NEL1/4 sec. 6, T7S5,R36E. Cambrian
Quartzite of Trimble & Schaeffer (1363), several feet from top,
thick—bedded gray guartzite. Sample is poorly sorted, well—-rounded
sublitharenite. D. E. Trimble (unpublished), Trimble and Schaeffer
{1365)
SBARla
Pocatello Quadrangle, Idaho, NE1/4 sec. &3, T75,R3E6E. Cambrian
Quartzite of Trimble and Schaeffer (1363), 2@' from top,
thick—bedded gray guartzite. Sample is well-rounded
sublitharenite. D. E. Trimble {(unpublished), Trimble and Schaeffer
{1965)
SBARZa
Pocatello Ruadrangle, Idaha, NW1/4 gsec. 293, T75, RE6E. Cambrian
Quartzite of Trimble and Schaeffer (13635), near middle of
formation, thick—-bedded white & pirk gquartzite. Sample is
well—-rounded sublitharenite. D. E. Trimble (unpublished), Trimble
and Schaeffer (19565)
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6RAAR1

Darsby Quadrangle, California, SE1/4 sec. 11, TSN,R14E. Lower
Cambrian Quartzite of Hazzard (13323), 8@ fram <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>