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no thinning above the intrusions) that overlay each in-
trusive complex during early Paleocene time; this
method is simple and yields independent estimates in
good agreement with each other. Estimates of depth
are as follows: North and South Moccasin Mountains,
1,700-2,300 m; Limekiln Canyon, Judith Mountains,
1,600-2,700 m; Judith Peak-Red Mountain, Judith
Mountains, 1,100-1,900 m (see also Wallace, 1956, p.
370); and Gold Bug Butte, Little Rocky Mountains,
1,400-2,300 m. The ranges in depth represent the low-
est and highest stratigraphic levels of emplacement of
each main mass of porphyry. Intrusive rocks in each
complex contain sanidine phenocrysts and an aphanitic
groundmass, and country rocks show little evidence of
contact metamorphism; all these features imply a shal-
low depth of emplacement and rapid cooling, and are
thus in general agreement with the estimates of depth
of porphyry emplacement and brecciation.

Most of the breccias of north-central Montana have
characteristics attributed by Kents (1961, 1964) to be
the result of hydraulic ramming by hydrothermal and
magmatic fluids. After emplacement and partial cooling
of the main mass of magma, residual fluids that col-
lected in the apical parts of the intrusion were subjected
to hydraulic pressure from surges of magma below.
Under pressure, the residual fluids shattered the over-
lying cap of chilled intrusive porphyry and country
rocks over areas of several hundred to a thousand
meters, forming rupture breccias (also known as crackle
breccias) marked by a myriad of fissures and unrotated
angular fragments. Part of the breccia at Plum Creek
and the margins of breccias at Gold Bug Butte are
crackle breccias. The fragments were altered and
mineralized by hydrothermal fluids, and the fissures
commonly were filled with quartz. Withdrawal of
magma from below may have caused collapse of the
crackle zone, forming a breccia of rotated angular frag-
ments derived from overlying rocks and containing
abundant open spaces; but this seems not to have oc-
curred to a noticeable extent in the Montana breccias.
Continued or repeated surges of magma from below
also could have caused the crackle breccia to disinteg-
rate into a breccia of rotated and transported fragments
surrounded by a matrix of fine-grained fragments.
Eventually, these processes led to formation of well-de-
fined pipes of intrusive breccia dominated by matrix
and Dbreccia containing well-rounded fragments
(kneaded and milled breccias of Kents, 1964). Breccias
composed of small fragments and dominated by matrix
are well developed in the South Moccasin Mountains,
at Plum Creek, Limekiln Canyon, and at Judith Peak.
The Republic breccia contains rounded clasts and
clearly extends above its source; it must have been

forced up through the host shale formation. In a few
places the breccia columns were then intruded by igne-
ous dikes (Judith Peak-Red Mountain area) and by brec-
cia dikes (Gold Bug Butte area).

Considering stratigraphic evidence for shallow
emplacement of the breccias, some of the breccias may
have broken through the surface. Possible detritus from
such an eruption in the Little Rocky Mountains has
been found in the lower part of the Fort Union Forma-
tion (Marvin and others, 1980, p. 21-22). Evacuation
of the pipe and concomitant release of pressure might
have been followed by withdrawal of breccia material
into the resulting partial vacuum; such up and down
movement would further aid production of breccia and
matrix and would account for the occurrence together
of fragments from stratigraphically higher and lower
levels.

Other mechanisms for breccia emplacement were con-
sidered but some, such as postmagmatic hydrothermal
solution and collapse (Sillitoe and Sawkins, 1971), and
collapse by the exsolved magma vapor mechanism (Nor-
ton and Cathles, 1973), seem to apply best where there
is evidence for substantial downward movement of
breccia fragments, and where the breccias lack a fine
matrix. The widespread presence of fragments of Pre-
cambrian schist and gneiss, which must have been de-
rived from below the porphyry intrusions, is strong evi-
dence that the breccias of north-central Montana were
not formed entirely by collapse. Most of the Montana
breccias have abundant fine matrix and little open space
between fragments. The possibility that the breccias
were emplaced into voids formed by faulting (Mitcham,
1974) was dismissed also, because most of the breccias
are not near faults.

Hydrothermal fluids permeated the breccias during
and after their formation, altering and mineralizing
them to varying degrees. In general, alteration was in-
complete and followed the sequence kaolinite, quartz-il-
lite and quartz-sericite, and quartz-potassium feldspar.
Kaolinitic alteration was extremely weak. During alter-
ation, iron and titanium were redistributed; calcium,
magnesium, sodium, and manganese were leached; and
potassium and base and precious metals were concen-
trated. The highest concentrations of gold and silver
were deposited in areas of most intense quartz-sericite
alteration. Feldspathic alteration does not seem to have
been accompanied by continued deposition of gold and
silver, but quartz-sericite alteration and gold-silver
deposition may have occurred on the fringes of
feldspathic alteration. Using the model of alteration and
mineralization developed here, the breccias most favor-
able for gold and silver, in decreasing order of favora-
bleness, are (1) Gold Bug Butte and vicinity, Little
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Rocky Mountains, (2) Plum Creek, North Mocecasin
Mountains, and (3) the fringes of the Judith Peak-Red
Mountain altered area, Judith Mountains.

We believe that alteration and gold-silver mineraliza-
tion accompanied closely the formation of breccia pipes
during final stages of cooling of intrusive porphyry.
This was true undoubtedly at Judith Peak-Red Moun-
tain, where less-altered dikes cut altered breccia. If al-
teration and igneous activity were contemporaneous or
nearly so, then alteration and mineralization must have
taken place at depths comparable to the 1,100-2,700
m depth range estimated for the cooling porphyry.

The occurrence of mineralized (copper, lead, and zinc)
fragments in breccias that otherwise show only weak
effects of alteration and mineralization, as in the South
Moccasin Mountains and at the Republic claim nearby,
indicate that base-metal mineralization took place prior
to formation of some of the breccias. Mineralized (chal-
copyrite-pyrite) inclusions have been found in quartz
monzonite porphyry in the South Mocecasin Mountains
(Lindsey, 1982) and in unmineralized porphyry south
of Judith Peak in the Judith Mountains (Marvin and
others, 1980). These inclusions were derived from de-
posits of metal sulfides that formed prior to or during
emplacement of the porphyry complexes. The signifi-
cance of these mineralized inclusions, in both breccia
and porphyry, is that base-metal sulfide mineralization
began early during Late Cretaceous-Paleocene intru-
sive activity and continued after the formation of brec-
cias, as indicated by widespread anomalies of copper,
lead, and molybdenum in the breccias and altered wall
rocks. Gold and silver mineralization, and accompanying
quartz-sericite alteration of intrusive breccia, appears
to have been confined more closely to the time of brec-
cia formation.
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(Marvin and others, 1980). Late hydrothermal events,
such as those that deposited travertine south of the
mountains, cannot be excluded as causes of mineraliza-
tion at Kendall, but there is no evidence connecting
such events with mineralization.
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A GOLD-MINERALIZED BRECCIA ZONE AT KENDALL

all, 48 samples of limestone breccia were collected; each
sample consisted of about 0.5 kg (kilogram) of rock
chips taken from an area of about 0.1 m?. Twenty-four
of the samples were selected at random and split. These
splits, together with the other 24 samples (76 samples
total), were placed in random order prior to chemical
analysis.

Sampling of the freshest mineralized rock available
from surface exposures may provide reliable informa-
tion about the entire mineralized zone at Kendall, but
sampling of the subsurface parts of the zone will ulti-
mately be needed to test the data and conclusions pre-
sented here. With respect to estimating the gold con-
tent of the Kendall deposits, the sampling is biased in
that (1) sampling was restricted to open pits where
mineralized rock could be obtained, (2) early mining
probably removed the best ore, and (3) only oxidized
rock was available for sampling. Most of the rock sam-
pled proved not to be of ore grade, but to be altered
rock with low gold contents.

CHEMICAL COMPOSITION AND VARIATION

The overall chemical composition of the mineralized
limestone breccia varies widely from nearly pure calcite
(as much as 58.5 percent Ca0) to about half calcite (24.3
percent Ca0) and half quartz (as much as 52.9 percent
Si0,) (table 1). Other major rock-forming elements gen-
erally make up less than 1-2 percent of the breccia.
Total iron as Fe,0;, representing mostly the presence
of pyrite and its oxidation products, and MgO, present
in calcite, are the most abundant minor constituents.
The quantity of SiO, and iron in breccia is a function
of the degree of alteration of originally nearly pure
limestone.

Much of the mineralized breccia contains small
amounts of gold; of 48 samples, 34 contained gold in
quantities at or above the limit of analytical detection
(0.05 ppm) (table 2). Typical gold values are extremely
low (geometric mean of 0.12 ppm) as is the average
grade (arithmetic mean of 0.7 ppm), but variation of
gold content in the mineralized breccia is large, with
a measured maximum concentration of 11.7 ppm; in
comparison, the ores mined previously contained about
4-10 ppm (Blixt, 1933, p. 20).

The breccia contains a number of trace metals and
elements that might be expected to be associated with
gold and sulfide ores; compared with unmineralized
limestone, arsenic, mercury, antimony, zine, silver, va-
nadium, lead, thallium, and possibly barium are present
in anomalous but trace quantities (table 1). The pres-
ence of anomalous concentrations of arsenic, mercury,
antimony, and thallium is noteworthy; this geochemical
association is characteristic of disseminated gold de-

49

TABLE 1.—Summary statistics for chemical composition of 48 sam-
ples of mineralized limestone breccia, Kendall area, Northern
Moccasin Mountains, Mont.

[8i0z, AlOs, total Fe as Fegs, Ca0, TiOz, MnO, P,0;, Cl and total S by X-ray fluoreseence
by J. S. Wahlberg; MgO, Na;0, and K;0 by atomic absorption by V. M. Merritt; As
by graphite furnace-atomic absorption method by J. G. Crock; Au by fire assay-atomic
absorption method by A. W. Haubert, L. M. Lee, and Claude Huffman, Jr.; Hg by
wet oxidation-atomic absorption method by J. A. Thomas and G. O. Riddle; Sb by
Rhodamine-B methed by G. T. Burrow; Zn by atomie absorption by J. G. Crock; all
other elements by six-step semiquantitative spectrographic method by H. G. Neiman;
elements looked for but not found, with lower limits of detection are: P05 (0.10 pet),
Cl (0.010 pet), total S (0.04 pet), Bi (10 ppm), Cd (20 ppm), Ce (200 ppm), Eu (100
ppm), Ga (5 ppm), Ge (10 ppm), Hf (100 ppm), In (10 ppm), La (30 ppm), Nb (10 ppm),
Pd (1 ppm),Pt (30 ppm), Re (100 ppm), Sn (10 ppm), Ta (200 ppm), Te (2000 ppm),
Th (200 ppm), U (1000 ppm), and W (100 ppm); leaders (-—) indicate not calculated be-
cause of insufficient values above limit of detection]

Number of

Oxide or samples below Lower limit Geometric Geometric Range
element limit of of detection mean deviation
detection
Chemical composition, in weight percent
$104y=—=mm—m 0 0.2 8.4 2.23 2.1-52.9
Aly03-——=-- 9 0.2 0.5 2.51 <0.2-3.4
Total Fe as
Fey03—=~ 0 0.02 0.28 2.32 0.04-1.55
MgO————=——~ 0 0.01 0.31 1.53 0.10-1.09
Ca0=—==——= 0 0.1 48,9 1.21 24,3-58.5
Nazo ——————— 0 0.01 0.03 1.30 0.02-0.05
Ky0m~=mmmm 0 0.01 0.15 1.96 0.04-0,77
TiOz—————-— 23 0.02 0.02 2,04 <0.02-0.12
MnQ——====mm 3 0.02 0.10 1.96 <0.02-0,22
Chemical composition, in parts per million
As—-~ 0 0.1 63 2.93 2,7-480
Au—- 14 0.05 0.12 5.76 <0.05-11.7
Hg-- 0 0.01 0.10 2.35 0.01-1.25
R 24 0.1 5 2.26 0.4->15
Zp==——mmmm 0 5 112 2,00 27-425
Agm———m—m—— 15 0.5 1 3.68 <0.5-20
47 10 - —— <10-10
0 1.5 64 4.39 3-5,000
47 1 - — <1-1
45 3 -— -— <$3-3
0 1 9 1.87 2-30
6 1 2 2.41 <1-20
47 50 - -— <50-70
41 3 - - <3-5
20 5 3 2,41 <5-15
1 10 47 1.99 <10-200
36 3 —— — <3-7
0 5 184 1.75 30-500
37 50 —_—- - <50-300
o] 7 28 1.82 10-200
[ —— 40 10 — —- <10-10
Yh=mmmm e 45 1 -— - <1-1
Zp———=————— 19 10 10 1.95 <10-150

lGeometric mean for censored distributions computed by method of A. C.
Cohen (Miesch, 1967),

2Four samples above limit of detection of 15 ppm.

posits in northern Nevada (Erickson and others, 1966;
Wells and others, 1969; Radtke and others, 1972;
Radtke and Dickson, 1974).

The spatial variation in chemical composition of the
breccia, particularly of the content of gold and other
metals, is of interest in exploring and evaluating the
gold-mineralized zone at Kendall and similar occur-
rences elsewhere. Variation in the composition of the
breccia is defined by a five-level nested analysis-of-var-
iance design (Krumbein and Graybill, 1965, p. 205-218)
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TABLE 2.—Gold content in mineralized limestone breccia at Kendall, Mont.

[Analyses by fire assay-atomic absorption method by A. W. Haubert, L. M. Lee, and Claude Huffman, Jr. Sample numbers ending in “B” are splits
of those ending in “A”. Open-pit localities are shown on figure 1. ppm, parts per million]

Sample Au Sample Au Sample Au
No. (in ppm) No. (in ppm) No. (in ppm)

Open pit 1: 3111A 0.87 Open pit 3: 5111A 0.05 Open pit 5: 7111A 1.50
3112A 0.23 5111B <0,05 7112A 0.30
31128 0.24 5112A <0.05 7112B 0.30
3121A 0.37 5121A <0.05 7121A 1.20
3121B 0.33 5121B <0.05 7122A 0.90
3122A 0.10 5122A <0.05 7122B 0.87
3211A 0.30 5122B <0.05 7211A 0.14
3212A 0.30 5211A <0.05 7211B 0.13
3221A <0.05 5212A 0.07 7212A 0.18
32224 0.15 5221A <0.05 7212B 0.15
5222A 0.15 7221A 0.21

Open pit 2: 4111A 11.70 52228 0.13 7222A 0.22
4112A 10.90 72228 0.21

41128 11,00 Open pit 4: 61114 0.10

4121A 0.25 6112A 0.06 Open pit 6: 8111A <0.05
41218 0.22 6121A 0.08 8112A <0.05
4122A 0.50 6121B 0.08 8112B <0.05
4211A 0.17 6122A <0,05 8121A <0.05
4211B 0.17 6122B <0.05 8122A 0.05
4212A 0.25 6211A 0.35 8211A <0.05
4221A 0,17 6211B 0.30 8211B <0.05
4221B 0.23 6212A 0.29 8212A <0.05
4222A 0.60 6212B 0.31 8212B <0.05
6221A 0.07 8221A <0.05

6222A 0.41 8221B <0.05

8222A <0.05

82228 <0.05

that follows the sampling plan of figure 2. The model
for variation in the mineralized zone is:

Lijtemn= 0+ Bij+Yijk + Oijim T €jkemn

where %ji,,, is the nth value on the mth sample taken
of a pair 0.3 m apart, in the kth sampling site of a
pair 3 m apart, in the jth sampling area of a pair 30
m apart, and in the ith open pit in the mineralized zone.
Each value (xjym,) is equal to the sum of the grand
mean () of all values modified by deviations represent-
ing compositional variation among open pits about 300
m apart (o;), between sampling areas 30 m apart (B;),
between sampling sites 3 m apart ( v;), between sam-
ples 0.3 m apart (3;i.,), and between splits (€;jzmmn);
where ¢ is as high as 6 and j, k, m, and n are as high
as 2.

The preceding analysis-of-variance design was used
to partition the variance into four distance-related com-
ponents. The analysis assumes that x;, x;;, Lijky Lijkoms
and %;xmn are random variables with means of zero and
variances of 8,2, sg?, 8,2, 857, and s2, that are additive:
$7P=8.2+8g> + 8,2+ 852+ 3.2 where s;? is the total var-
iance; s,2 is the variance among open pits 300 m apart;
332, syz, and ss° are the variances that represent sam-

pling 30 m, 3 m, and 0.3 m apart, respectively; and
s is the variance due to laboratory procedures such
as splitting, grinding, and analysis. The variance com-
ponents 3,7, sg%, 8,7, and ss? provide insight to the scale
of variation in the mineralized zone.

Estimates of the variance in chemical composition of
the mineralized zone show that most constituents vary
a great deal at distances of about 30 m or less, but
that four elements— manganese (as MnO), gold, mercu-
ry, and chromium—have relatively large variance com-
ponents among the open pits, which average about 300
m apart (table 3). This conclusion is somewhat tenta-
tive, however, because the variance components esti-
mated for these elements are not quite significant at
the 0.05 level. For gold, 44 percent of the variance re-
flects differences among open pits; most of the remain-
ing variance (41 percent) is distributed among sites 30
m apart and 3 m apart. The analysis shows that gold
is the most likely of all elements studied to be concen-
trated in blocks of ground greater than 30 m across;
such blocks might have a reasonable chance of being
detected by a sampling density that takes such large-
scale variation into account. The large-scale component
of variance is readily apparent from a scan of the gold

content (table 2); localities 1, 2, 4, and 5 (fig. 1) account
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TABLE 3.—Estimates of total variance and components of variance for major oxides and trace elements in
mineralized limestone breccia at Kendall, Mont.

[Analysis of variance performed after transformation of all data to logarithms; five-level analysis of variance design. Asterisk (*), variance of MnO

among open pits is significant at the 0.13 level; of Au, at the 0.07 level; of Hg, at the 0.23 level; and of Cr, at the 0.22 level. pet, percent;

ppm, parts per million; T-Fey0s, total Fe as Fey04]

Components of variance as percent of total variance

Oxide or trace  Total Among open Among areas Among sites Among samples Among
element variance pits ( 300 m (30 m apart) (3 m apart) (0.3 m apart) sample
apart) splits
as (log Rct)2
§10y=—--=——-- 0.117 0 24 6 69% 1
Al,03=———=—=—= 0.146 0 27 1 30% 42
T-Fe 04-====== 0.169 0 65% 0 34% <1
MgO=mmmmm e 0.038 0 61% 7 32% <1
Cal=mmmmmmmmmme 0.007 1 0 13 85% 1
Nay0==mmmmmmam 0.014 0 25 30% 14 31
KpO==mmmmmmmmm 0.098 0 54% 45% 1
Ti0,=======m= 0.063 0 49% 47% 4
e —— 0.113 39 42% 17% <1
as (log Epm)z

Y 0.305 0 64% 4 26% 6
N P —— 0.441 b4 19 22% 14% <1
e 0.142 21 32 21% 21% 5
Y —— 0.160 0 63% 12 20% 5
A 0.140 0 69% 0 31* <1
e 0.296 0 70% 3 21%

. T —— 0,447 0 36% 7 55% 2
o] O — 0.068 16 24% 0 48% 12
Cu——mmmmm e 0.189 0 63% 2 31% 4
|5 . 0.037 0 14 0 70% 16
Pb=——— 0.137 0 59% 0 34% 7
T S 0.069 9 2 18 0 71
S ——— 0.083 1 48% 14 21% 16
2 o ——— 0.081 0 61% 3 27% 9

for most of the high values. The variation in readily
observable features such as degree of silicification
(Si0y) is only local (69 percent at a scale of 0.3 m),
so that the proportion of quartz (SiO,) in the breccia
appears to be a poor guide to ore. Variance of trace
elements that might serve as pathfinders for gold is
also mainly local, with the possible exception of manga-
nese and mercury, which have large-scale variance com-
ponents of 39 and 21 percent, respectively.

The variance due to analytical uncertainty is of im-
portance in evaluating covariation among elements, a
topic to be examined next. Variance among splits is
large only for Al,O3, strontium, and perhaps, NayO;
correlations among these elements must be interpreted
with caution because of the high component of error
variance.

FACTOR ANALYSIS OF GEOCHEMICAL DATA

The chemical composition of the mineralized breccia
zone, and the variation within that zone, is the result
of several geochemical processes. A complete list of
these processes and the effects that they have had on
the composition of the rock would serve as a geochemi-
cal model of the breccia, and would serve to identify
the effects of hydrothermal mineralization on chemical
composition. Such processes may be thought of as fac-
tors, and a general model for the effect of the factors
on the concentration of an element measured in the
breccia zone is:

xﬁ=aj1Fﬁ+aj2F2i+- .. +aij,,1 +ajUﬁ

where x;; is the chemical concentration of the ith sample
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for the jth element, and is assumed to be a linear func-
tion of p common factors (F) operating ‘with intensities
ofa;; through aj,. Uj; is a unique factor introduced to
account for the variation unexplained by the model
(Cooley and Lohnes, 1962, p. 160). To illustrate, x;; may
represent the observed amount of gold in a sample 7;
the amount of gold in the sample is assumed to be a
function of various factors (F's) operating at various
intensities (a ’s). In this study, the parameters (a’ s,
F's) in the model are estimated by E-mode factor analy-
sis.

The method of R-mode factor analysis (Harman, 1960;
Cooley and Lohnes, 1962, p. 151-172; Miesch and
others, 1966) involves four steps; (1) an mxXm correla-
tion matrix (R-matrix) is computed, where m is the
number of measured variables—in this case oxides and
elements; (2) the R-matrix is solved for m roots (eigen-
values) and a number of roots (p) is selected as the
minimum number needed to account for a reasonable
percent of the total variance; (3) an initial matrix of
factor loadings defines the principal (uncorrelated) com-
ponents of the system; and (4) a final matrix of factor
loadings is derived from the initial matrix by the Var-
imax criterion. These loadings are then taken as the
intensities (a's) of the equation for the model.

Principal-components analysis (step 3) may be visual-
ized in terms of m-dimensional space, where m is the
number of original variables. Each variable defines an
axis in the m-space and the position of each of N sam-
ples can be plotted in terms of the m-axes. Commonly,
the N samples will tend to cluster as an elongate swarm
of points in the m-space. The object of the principal-
components analysis is to define new, uncorrelated vari-
ables (axes). The first principal component is positioned
along the major axis of the sample cluster so that the
sample projections onto it are minimized. This axis de-
fines a new variable that describes the largest propor-
tion of the variance in the data. A second axis is located
at right angles to the first but in a direction such that
the next largest proportion of variance is explained, and
so on. Although as many as m axes are possible, some
number p<m generally will account for most of the var-
iance. The variances of the new variables, the principal
components, are their eigenvalues. The relationship be-
tween the principal components and the original vari-
ables is defined by a matrix of factor loadings (a's).

Commonly, the principal-components axes in p—space
are rotated in order to interpret the new variables (step
4). The method of rotation used here is the Varimax
criterion (Harman, 1960, p. 301), which requires that
the variance of the squared factor loadings be
maximized. Rotation simplifies interpretation of the fac-
tors because it tends to yield large positive or negative
loadings for only a few variables on each Varimax axis;

the rest of the variables tend to have extremely small
loadings. The resulting Varimax factor loadings specify
the relationship of the original variables to the p Var-
imax axes, which are then interpreted as factors. Be-
cause only p<m axes are retained in the Varimax solu-
tion, less than 100 percent of the total variance for each
variable is accounted for; the percentage accounted for
is called the communality (4%) and is a measure of how
well the solution explains the original data. The remain-
ing, unexplained variance (1-h?) is the unique compo-
nent (Uj); it consists of variance caused by unrecog-
nized factors and by error.

A correlation matrix was computed for those 23
oxides and elements for which the majority of samples
were above the limit of analytical detection (table 4).
The 23x23 R-matrix (table 4), with unities in the
diagonal, was used for the factor analysis. Three
criteria were used to select the number of principal
components for rotation and interpretation. (1) The
eigenvalues for the first 10 principal components were
compared to determine which components were rela-
tively large; the first five eigenvalues appear to be
markedly larger than the others and the first five prin-
cipal components account for 77 percent of the cumula-
tive variance (fig. 4). As a first approximation, a solu-
tion containing five principal components was con-
sidered for rotation. (2) The sum of the non-error var-
iances (table 3) was compared with the communalities
of various solutions; a five-factor model (table 54) has
high communalities that explain most of the non-error
variance of the system. The communalities of most vari-
ables, except Al,O3 and strontium, do not exceed the
non-error variance. (3) Finally, the five-factor solution
appears amenable to geochemical interpretation.

A five-factor model accounts for a reasonably high
proportion of the variance of all chemical oxides and
elements except nickel and barium (table 5A). The
model is interpreted in genetic terms (table 5B) and
contains the following factors or processes.

Factor 1 (Gold, mercury, vanadium and antimony).—
Concentration of these elements probably occurred dur-
ing hydrothermal alteration and mineralization of the
limestone breccia. Arsenic, which oceurs in anomalous
quantities, is not strongly correlated with gold (r=0.27)
and hence does not appear in factor 1. The strong as-
sociation of vanadium with gold at Kendall may be due
to its presence in roscoelite, a vanadium mica that oc-
curs also in gold-bearing fluorite veins at the Spotted
Horse and other mines in the Judith Mountains (Corry,
1933).

Factor 2 (K50, TiO,, zirconium, chromium, AlsOs,
nickel, and Nay0).—These elements are among the
main constituents of clastic minerals such as feldspar,
clay, mica, iron-titanium oxides, and zircon; chromium



TABLE 4.—Correlation coefficients between major oxides and trace elements in mineralized limestone breccia, Kendall, Mont.

A GOLD-MINERALIZED BRECCIA ZONE AT KENDALL

[Linear correlation coefficients were computed from logarithms of original data; T-Fe,03, total Fe as Fe;04]

$i0, Al,05 T-Fe,03 Mg0 Ca0 Nay0 K,0 Ti0f MnO As Au Hg Sb Zn Ag Ba Cr Cu Ni Pb Sr v Zr
810, 1.00 0,57 0.66 -0.60 -0.84 0.39 0.52 0.43 0.02 0.61 0.37 0.56 0.55 0.58 0,43 0.11 0,47 0,61 0.46 0.21 -0.17 0.57 0.44
AL,04 ---  1.00 0,43 -0.10 -0,51 0.56 0.82 0.73 0.12 0.29 0.36 0.43 0.30 0.41 0.47 0.31 0.60 0.49 0.49 0.26 0.14 0.49 0,59
T-Fe,03 -—- ——— 1,00 -0.36 -0,53 0.21 0.48 0.44 0.30 0.89 0,31 0.48 0,72 0,81 0,32 0.01 0,33 0.55 0.59 0,43 -0.17 0.56 0.4l
MgO ~—- - ~--  1.00 0.46 -0.11 0,04 0.20 0.09 -0.45 -0.13 -0,33 -0.33 -0.27 -0.28 0.35 -0,07 -0.41 -0,08 -0.05 0.47 ~0.27 0.07
ca0 -— -— -— --= 1,00 -0.52 0,38 ~0.42 0,18 -0,49 -0.44 =0.54 -0,44 =-0,47 -0,35 0.11 -0.34 -0.49 -0.45 -0.18 0,19 ~0.44 ~0,32
Na,0 - - - -=- === 1,00 0,53 0.44 -0.45 0,15 0,28 0,22 0,00 0,04 0.14 0.08 0.56 0.25 0.30 -0.28 0.19 0.30 0.33
K50 -— - - - ——= -— 1,00 0.80 0.16 0.29 0.39 0.40 0.24 0.42 0,46 0,13 0,80 0,54 0,58 0.22 0.30 0.59 0.70
Ti0, -— - - - === === -—== 1,00 0.16 0.33 0.37 0.37 0,31 0.43 0.29 0.03 0,60 0.37 0.47 0.24 0,28 0.56 0.80
MnO —— —— - -== === === === -—- 1,00 0.25 0.30 0.26 0.48 0.27 0.20 0,20 -0.10 0.15 0.05 0.5 -0.07 0.26 0.08
As _— _— — ——— === =m= —m= —e= - 1,00 0,27 0.49 0.72 0,77 0.31 0.00 0,26 0.52 0,49 0.41 -0.29 0.55 0.31
Au -— -— -— = eme em= mem eee e ——— 1,00 0.83 0.60 0.29 0.30 0.02 0.25 0.30 0,34 0.28 0.09 0.67 0.10
Hg —_— — — —ee mme mem em eme e —mm == 1,00 0,72 0,51 0.40 0.04 0,24 0.49 0.48 0,37 -0.02 0.65 0.16
Sb -— —_— -— amm eme mem mem e e mem ee— === 1,00 0.70 0.38 0.06 0.09 0.49 0.48 0,53 -0,05 0,58 0.17
7n _— _— — eoe mem me mmm e e e mmm e ——— 1,00 0.45 0.2l 0.39 0.60 0.57 0.67 -0,05 0,53 0,36
Ag — _— — - mmem mee mee wee e mme eee mee eee === 1,00 0,21 0.47 0.79 0.31 0.59 -0.07 0.46 0.22
Ba — — — e mem ee eee e e e mee eme eee e —== 1,00 0,19 0.17 0.15 0.21 -0.03 0.09 -0.04
cr —_— e — e e e e e e eem eee e e mee =mm —== 1,00 0.50 0,53 0,17 0.28 0.58 0.52
Cu — _— — e e me e e e e eme eme mee e e = - 1,00 0.54  0.52 -0.01 0.55 0.29
NL —_— e - mem e mme eme cme ee eme eee e emm mme mem == eee ——— 1,00 0,33 0.39 0.48 0,38
Pb p— — -—- e mmm e eme eee e e e mae mme mme e mmm mee eme === 1,00 -0,02 0.29 0,02
Sr —— -— — mme mem eme ce eee s cee e mme eee mee mem eme eme e =—e == 1,00 0,11 0,27
v —- -— _— e mmm e mme me mme mee eme cae eem mee eee mem mem eem mee === == 1,00 0,42
Zr -— — —-— e T e e e i TN 0 1]

and nickel would be expected to be present in iron-tita-
nium oxides. Concentration of these minerals probably
occurred by accumulation of terrigenous detritus in lime
mud of the Mississippian Madison sea; if so, then ele-
ments having high loadings on factor 2 have little re-
lationship to mineralization.

Factor 3 (MgO, CaO, and strontium versus arsenic,
total iron as Fe;03, SiO,, zine, and antimony).—MgO,
Ca0, and strontium are components of the carbonate
breccia which, when mineralized, was depleted in these
elements and enriched in silica and sulfides containing
iron (as pyrite), arsenic, zinc (as sphalerite), and anti-
mony. Copper also was concentrated somewhat by fae-
tor 3. Subsequent oxidation of mineralized breccia pro-
duced the rusty-brown silicified breccia of the
mineralized zone. High positive and negative loadings
of major rock-forming components on factor 3 suggest
that this factor largely represents closure (Chayes,
1960) in the data, a situation that exists when an in-
verse relationship is produced by two or more compo-
nents that tend to sum to 100 percent. Nevertheless,
the association of total iron, SiQ,, zinc, and antimony
represents the process of silicification and sulfidization

during hydrothermal alteration of the limestone breccia.

Factor 4 (copper, silver, and barium).—Traces of
these three metals evidently were concentrated during
hydrothermal mineralization; lead also was concen-
trated to some degree by factor 4. These elements evi-
dently were concentrated by chemical processes some-
what different but unknown from those that deposited
gold and associated metals of factor 1 and the sulfides
of factor 3. Barium, present as barite at Kendall, evi-
dently tends to occur separately from other effects of
mineralization, as shown by its low communality and
by low correlation coefficients with all other elements
analyzed. Its appearance in factor 4 is regarded as
spurious.

Factor 5 (Na,O versus lead and MnO).—This factor
evidently represents the effect of weathering on the
mineralized breccia. Weathering could be expected to
leach NayO and to concentrate manganese as oxides,
and manganese is well known for its ability to scavenge
lead and other heavy metals (perhaps zinc and antimo-
ny, which are weakly associated with factor 5). Presum-
ably, factor 5 was responsible for oxidation, but not
for appreciable concentration or depletion, of iron.




54 STUDIES OF MINERALIZED INTRUSIVE COMPLEXES IN NORTH-CENTRAL MONTANA

10 T T T T 1

sL —100

EIGENVALUES

CUMULATIVE PROPORTION OF TOTAL VARIANCE (IN PERCENT)

X
—
)(\

o 1 1 | | ] 1 | |
I 1 m v \Y VI vl VI X X30

PRINCIPAL COMPONENT

FIGURE 4.—Eigenvalues and cumulative proportion of total variance
explained by the first 10 principal components.

A MODEL FOR GOLD MINERALIZATION

Studies of field and geochemical relationships at Ken-
dall indicate that gold was deposited in limestone fault
breccia by hydrothermal fluids that emanated from or
circulated near cooling syenite magma. The host breccia
occurs along a concentric fault that formed in response

TABLE 5.—A five-factor geochemical model for mineralized limestone
breccia, Kendall, Mont.: A, Varimazx factor loadings, and B, inter-
pretation of model

[Loadings greater than 0.50 shown in boldface type]

A Factor
Communality
1 2 3 4 5 @3
Au 0.94 -0.17 -0.05 -0.03 -0.09 0.93
Hg 0.84 -0.18 -0.32 -0.11 -0.15 0.88
v 0.59 ~0.48 -0.29 -0.14 -0.15 0.70
Sb 0.57 -0.13 -0.54 0.04 -0.48 0.87
Ni 0.27 -0.60 -0.24 -0.16 -0.16 0.54
Aly04 0.24 -0.74 -0.16 -0.30 0.05 0.72
Cr 0.10 -0.77 -0.07 -0.35 0.12 0.75
Zr -0.08 -0.84 -0.18 0.15 -0.02 0.77
TiO, 0.19 -0.88 -0.09 0.09 -0.10 0.83
K,0 0.22 -0.89 -0.06 -0.19 -0.03 0.88
MgO -0.17 -0.25 0.70 0.41 -0.23 0.80
CaO -0.40 0.32 0.63 0.16 -0.30 0.77
Sr 0.11 =0.48 0.58 0.06 -0.04 0.58
Zn 0.14 -0.39 -0.60 -0.23 -0.48 0.81
Si0, 0.32 -0.40 -0.72 -0.19 0.14 0.83
T-Fe;03 0.17 -0.41 -0.76 0.03 -0.32 0.89
As 0.17 -0.25 -0.83 0.02 -0.30 0.87
Cu 0.4 -0.39 -0.41 -0.55 -0.23 0.73
Ag 0.23 -0.29 -0.19 -0.67 -0.28 0.71
Ba -0.07 -0.14 -0.02 -0.75 0.12 0.58
Na,;0 0.25 -0.55 -0.12 -0.07 0.64 0.79
Pb 0.17 -0.12 -0.17 -0.44 -0.75 0.84
MnO 0.23 -0.02 -0.02 0.14 -0.80 0.71
B

Factor 1 (Au, Hg, V and Sb)—Hydrothermal gold mineralization.

Factor 2 (K0, TiOp, Zr, Cr, Al;03, Ni and NayO)—Concentration of clastic
minerals (feldspar, clay, mica, iron-titanium oxide minerals and zircon) in
limestone.

Factor 3 (MgO, CaO and Sr versus As, Total Fe as Fe;03, SiOp, Zn and Sb)—
Hydrothermal sulfide (pyrite and sphalerite) mineralization and silicification.
Inverse relation between major constituents CaO and §iO, reflects closure in
data (Chayes, 1960).

Factor 4 (Cu, Ag, Ba)—Trace mineralization.

Factor 5 (Nazo versus Pb and MnO)—Alteration by weathering, characterized by

concentration of Pb in manganese oxides.

to doming of sedimentary rocks during emplacement of
a syenite porphyry laccolith about 66 m.y. ago
(Lindsey, 1982). Emplacement of the main laccolith and
attendant faulting probably was followed closely by
emplacement of small dikes and sills of syenite por-
phyry along the fault zone and by hydrothermal altera-
tion of these small plutons and of the fault breccia
(chapter B).

Hydrothermal fluids leached iron, alkali metals, and
alkaline earth metals and deposited finely disseminated
gold and pyrite in syenite porphyry plutons along the
fault; the fluids deposited abundant silica (as quartz),
finely disseminated pyrite, and gold in the limestone
fault breccia. Three distinct suites of elements were de-
posited by hydrothermal fluids: (1) gold, mercury, vana-
dium, and antimony; (2) arsenic, iron, zine, and antimo-
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ny, probably in sulfides and with SiO,; and (3) copper
and silver in trace amounts. The three suites tend to
occur separately in the mineralized breceia, but in close
proximity to one another; their depositional sequence
is unknown. A fourth suite of lead and MnO probably
was concentrated by weathering. Weathering oxidized
the sulfides deposited by hydrothermal fluids, but evi-
dently did not redistribute them far from their original
site of deposition.

The occurrence of gold and iron oxides after pyrite
in fine-grained, disseminated form in silicified calcare-
ous rocks as well as in intrusive igneous rocks and the
nearby breccia pipe in Plum Creek (chapter A), and
the general association of gold  with geochemical
anomalies of arsenic, mercury, antimony, and thallium
suggests that the gold deposits at Kendall belong to
the same class as the disseminated gold deposits (for
example, Carlin) of northern Nevada, which share these
features. Perhaps the geologically similar deposits of
the Giltedge mine in the Judith Mountains (Forrest,
1971, p. 140-148) are also of the Carlin type. Surface
exposures of Nevada gold deposits are oxidized,
silicified limestone containing free gold and iron oxides
replacing pyrite (Hardie, 1966; Erickson and others,
1966; Wells and others, 1969); beneath the oxidized
zone, gold occurs in disseminated pyrite in some of the
Nevada deposits (Wells and Mullens 1973; Radtke and
others, 1980). A noteworthy feature of both the Kendall
deposit and the Nevada deposits is the occurrence of
arsenic, mercury, antimony, tungsten (not analyzed at
Kendall), and thallium with gold (Erickson and others,
1966; Wells and others, 1969; Radtke and Dickson,
1974). The strong statistical correlation between gold
and mercury, noted at Kendall, is present at Carlin,
also (Harris and Radtke, 1976). Evidence for a gold
suite (concentration of gold, mercury, vanadium, and
antimony by factor 1) and a separate base-metal suite
(concentration of sulfides by factor 3) at Kendall is
analogous though not identical to that reported for some
Nevada deposits (Wrucke and Armbrustmacher, 1975;
Harris and Radtke, 1976).

The Kendall deposit differs from those in northern
Nevada in containing disseminated fluorite and anoma-
lous amounts of vanadium that probably are derived
from roscoelite. Although no roscoelite was observed
at Kendall, the mineral occurs with fluorite and the
gold-silver telluride mineral sylvanite in mines of the
Judith Mountains (Corry, 1933; Forrest, 1971, p. 87-93)
and free gold occurs with fluorite and sylvanite in the
Little Rocky Mountains (Corry, 1933; Dyson, 1939); all
these might be found below the oxidized zone at Ken-
dall or in nearby mineralized zones in syenite porphyry.
The gold-tellurium-vanadium-fluorine association is best
developed in fissure-filling veins and replacement de-

posits adjacent to or within intrusive igneous rocks in
the Judith and Little Rocky Mountains, thus indicating
that this association is more characteristic of the intru-
sive environment. The Kendall deposits, and perhaps
gold deposits of the Giltedge Mine in the Judith Moun-
tains (Forrest, 1971), evidently represent the effects
of mineralizing fluids more distant from the intrusive
porphyry.

Differences between the gold deposits of north-cen-
tral Montana and those of northern Nevada may repre-
sent differences in the depth of mineralization, source
of hydrothermal fluids, and composition of source rocks.
The Kendall gold deposits probably formed at a depth
of about 1,700-2,300 m (chapter A). In contrast,
Nevada gold deposits such as Carlin are believed to
have formed in a shallow hydrothermal environment
(Radtke and others, 1980). The source of metals in the
Kendall gold deposits is not known but may have been
the associated intrusive rocks; the source of metals in
the Nevada gold deposits is thought to have been the
host sedimentary rocks (Dickson and others, 1979).
Studies of fluid inclusions and stable isotope composi-
tion of some of the Montana gold ores should be under-
taken to answer these questions.
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