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ABSTRACT

The Jurassic Notch Peak stock intruded Upper Cambrian limestones and calcareous
argillites of the Big Horse Limestone Member of the Orr Formation in west-central Utah.
Previous petrologic and stable-isotope studies showed that the argillites interacted with
more than two rock volumes of externally derived H,O, whereas the limestones were
impervious to the infiltrating fluid. Thirty-four major, minor, and trace elements were
analyzed in argillites and limestones to determine whether the substantial influx of H,O
from the crystallizing pluton caused a change in the composition of the host rocks. The
variability in the chemistry of the major elements is dominated by variability inherited
from the protolith and by loss of CO,. The limestone samples were essentially unaffected
by metamorphism because they underwent a small amount of recrystallization. The argil-
lite samples, however, were nearly completely decarbonated during metamorphism. The
ranges in major-element composition were unaffected by the great loss of CO,. There is
no significant difference in the major-element chemistry with metamorphic grade, includ-
ing the abundances of alkali elements. The variance in the major-element chemistry can
be explained accurately by three sedimentary components: calcite, quartz + feldspar, and
mica. The siliciclastic components were probably sorted independently in the sedimentary
environment because of differences in grain shape. The abundances of all trace elements,
except Sr, are strongly correlated with geochemically similar major elements. Sr shows
very poor correlation with Ca in argillite samples and has enhanced abundances in some
high-grade samples. The anomalous samples also contain high abundances of Ba, Rb, and
K, and a cluster analysis groups Sr with these elements. The poor correlations among Sr
and the other elements are caused by its dual affinity for alkali feldspar and calcite. The
high abundance of feldspar in some high-grade samples indicates that feldspar components
migrated over a volume of about 2 L during recrystallization of coarse-grained vesuvianite-
and garnet-bearing samples. The results of the study indicate that there was no detectable,
systematic change in composition with metamorphic grade. There is no evidence for large-
scale migration of major or trace elements, despite the apparent substantial infiltration of
H,O during metamorphism.

INTRODUCTION

Metamorphism of sedimentary rocks is generally con-
sidered to be an isochemical process, except for the loss
of CO, and H,0. The loss of volatile components during
metamorphism reflects the progressive equilibration of
rocks with pore fluids generated by the rock or by infil-
tration from an external reservoir. Studies of the nature
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of the interaction between metasedimentary rocks and
fluid in one stratigraphic unit in the contact-metamorphic
aureole around the Notch Peak stock include petrologic
(Hover-Granath et al., 1983), stable-isotope (Nabelek et
al., 1984), fluid-inclusion (Feldman and Papike, 1981),
and mass-balance (Labotka et al., 1988) techniques. In
the mass-balance study by Labotka et al. (1988), the com-
position of the fluid expelled from the rock during meta-
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morphism is calculated by balancing the mass transfer
protolith - metamorphic rock for the volatile loss. The
results are then compared with the equilibrium fluid
composition to determine the amount of externally de-
rived water that interacted with the rocks. The mass-bal-
ance calculation requires knowledge of whether the bulk
compositions of the metamorphic rocks were altered by
interaction with the fluid, other than loss of CO, and
H,0.

Changes in the bulk compositions of metamorphic rocks
with grade have been studied in a few cases by Shaw
(1956), Ferry (1982), and Labotka et al. (1984), who have
found that metamorphism of pelitic rocks was isochem-
ical, but calcic schists showed evidence for losses in Na
and K and a change in the K/Na ratio at high grade (Fer-
ry, 1982). The major-element chemistry controls the
mineralogy of a rock, but many elements occur as minor
or trace constituents in minerals. Trace-element abun-
dances can be altered during metamorphism by exchange
with an infiltrating fluid, even though the major-element
chemistry remains invariant. Within the contact-meta-
morphic aureole around the Notch Peak stock, Utah, the
interaction between fluid and rock was locally exten-
sive—fluid/rock ratios in the argillaceous rocks were about
31 by mass. Here, the chemical variability of a single
stratigraphic unit has been examined in detail to deter-
mine the effects of infiltration on the major- and trace-
element composition of the host rock. The original im-
petus for this study was to use the contact-metamorphic
aureole as a natural analogue to a disposal site for high-
level radioactive wastes, to determine whether large-ion
trace elements migrate during convective cooling over
geologic time.

In the present study, the chemical variability is exam-
ined by a variety of statistical techniques to determine
whether there was any discernible systematic change in
composition during metamorphism. These methods must
be used because all clastic sedimentary rocks, by the very
nature of their origin, contain natural variability in bulk
composition. The present study shows that the principal
source of the compositional variability, for both major
and trace elements, was mechanical mixing in the sedi-
mentary environment. Metasomatic effects are indiscern-
ible, and, if present, are minor and nonsystematic. The
significance of this study is the isochemical nature of
metamorphism and the justification of the mass-balance
calculations to determine the amounts of CO, and H,O
released by the rocks.

GEOLOGY AND PETROLOGY OF THE Bic HORSE
LiMESTONE MEMBER

The Notch Peak stock, located in west-central Utah,
intruded the Weeks Formation and the Big Horse Lime-
stone Member of the Orr Formation during Jurassic time
(Fig. 1). The Notch Peak stock is composite, consisting
of one granite and two quartz monzonite intrusions; the
petrogenesis of the granitic rocks is described by Nabelek
et al. (1986). The stock discordantly intrudes the gently
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dipping Big Horse Limestone, which can be traced along
strike for more than 6 km. The stratigraphy of the Big
Horse Limestone Member has been described by Loh-
mann (1977) and consists of six upward-shallowing cycles
deposited at the edge of the Late Cambrian platform.
Each cycle consists of thinly interbedded calcareous mud-
stones and quartz-rich siltstones at its base. The propor-
tion of carbonate increases upward within each cycle; the
top is capped by algal or oolitic limestone, which contains
a minor amount of siliceous clastic material. The indi-
vidual cycles can be traced directly to the contact with
the Notch Peak stock.

The petrology of the contact-metamorphosed Big Horse
Limestone Member was described by Hover-Granath et
al. (1983), who found a diversity of assemblages in the
limestones and argillites. At low grades, the limestone
marbles contain assemblages characterized by calcite +
dolomite + talc and calcite + talc + tremolite. At me-
dium grade, talc disappeared and diopside became stable.
The highest-grade marbles contained forsterite in the as-
semblage. Although the marbles consist predominantly
of calcite and dolomite, most samples contain low-vari-
ance assemblages; divariant assemblages in the system
Ca0O-MgO-Si0,-H,0-CO, are common, and univariant
assemblages occur. These assemblages indicate that the
equilibrium values of P, and Py,, were buffered by the
mineral reactions. In addition, the domains of equilibri-
um were found to be smaller than the area sampled by a
thin section, indicating local control of ucs, and uu,o by
the rock. At a pressure of 2 kbar, an estimate based on
the amount of stratigraphic overburden during Jurassic
time, the mineral assemblages appear to have buffered
X0, to values as high as 0.8 at temperatures as high as
575 °C.

The calcareous argillites were found by Hover-Granath
et al. (1983) to contain assemblages radically different
from those in the marbles. Unmetamorphosed argillites
contain calcite + quartz + chlorite + muscovite. Phlog-
opite or K-feldspar is commonly present in addition. At
low grades of metamorphism, these minerals reacted to
form the assemblage calcite + quartz + diopside +
K-feldspar. Some samples contain tremolite, and all con-
tain calcic plagioclase. At high metamorphic grade, the
argillites are characterized by the assemblage calcite +
wollastonite + diopside + grossular + vesuvianite +
K-feldspar + albite. Two isograds are shown on Figure 1
based on these assemblages. The lower-grade isograd is
the first appearance of diopside. Rocks at lower grade
than the diopside isograd are only incipiently metamor-
phosed or are unmetamorphosed. The higher-grade iso-
grad marks the first appearance of wollastonite. Isograds
based on reactions in the marbles are described by Hov-
er-Granath et al. (1983).

The significant difference in assemblage between the
argillites and marbles reflects not only the aluminous bulk
composition of the argillites, but also the extremely H,O-
rich fluid phase in equilibrium with the argillites. The
value of X, in the high-grade argillites was calculated
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Fig. 1. Generalized geologic map, simplified from Hintze
(1974), of the Notch Peak area, west-central Utah, showing the
Jurassic Notch Peak stock, the Big Horse Limestone Member of
the Orr Formation, and the underlying Weeks Formation, both
of Late Cambrian age. Sample stations are shown as dots. At
each station, samples were collected from cycles 1 and 2. The

mineral assemblages are given in Table 1. The diopside and
. wollastonite isograds are also shown. These isograds are based
on assemblages in the calcareous argillites and are dependent on
the fluid-phase composition as well as the temperature. Calcite-
rich marbles, which were in equilibrium with CO,-rich fluids,
may contain calcite + quartz within the wollastonite zone.

by Labotka et al. (1985) to be 0.008 + 0.007. This low
value appears to be the result of interaction with a large
volume of water derived from the stock itself. O- and
C-isotope systematics, determined by Nabelek et al.
(1984), corroborate the infiltration by at least two rock
volumes of H,O that exchanged O with the argillites. The
argillites had undergone fractional decarbonation, which
dramatically reduced whole-rock 5'3C to values as low as
—11.8, and whole rocks had exchanged O with a low-
620 fluid. Mass-balance calculations, based on the amount
of CO, lost during metamorphism indicate that the mass
of externally derived fluid was about 13 times the mass
of the rock (Labotka et al., 1988). The interaction with
this large mass was facilitated by a solid-volume loss of
23 = 7% during decarbonation. A complete description
of the interaction between the argillite and the infiltrating
fluid is given by Labotka et al. (1988).

SAMPLES AND METHODS

Samples were collected from several stations, shown in Figure
1. At each locality, argillite samples were obtained from cycles
1 and 2, and marble samples were obtained from cycle 2. The
cycles are numbered from the top; thus, the cycle 2 marble sep-
arates the two argillite layers. In addition, rocks from a short
traverse from the contact with the stock at station 10H were
collected. These samples came from the base of the Big Horse
Limestone Member and were collected normal to the strati-
graphic layering. Samples that were collected within the wollas-
tonite zone are called high grade, those collected between the
wollastonite and diopside isograds are called low grade, and those
outside the diopside isograd are called unmetamorphosed. The
resulting distribution of samples allows the testing of hypotheses
regarding intrastratal and cross-stratal variances in chemistry over

the entire range in metamorphic grade. The samples and their
mineral assemblages are given in Table 1. There was a bias in
sample collecting toward the high-grade rocks because of the
interest in their petrogenesis. Thus there are only three sample
sets for unmetamorphosed rocks. This lack of balance of sample
size affects the analysis of variance, described below, but the
sampling was sufficient to determine the relative importance of
the various sources of chemical variance.

Bulk compositions of the samples were determined by X-ray
fluorescence and instrumental neutron activation analysis (INAA).
Si, Al, Ti, Fe, Mg, Mn, Ca, K, and P were analyzed by wave-
length-dispersion X-ray fluorescence at the facilities of J. M.
Rhodes at the University of Massachusetts using the method of
Norrish and Hutton (1969). The precision is better than 40% for
Mn and P, 10% for Mg, 5% for Ti, 3% for Fe and Ca, and 1%
for Si, Al, and K. Na and trace elements were analyzed by INAA
on 0.5 to 1.0 g of irradiated aliquots of ~5 kg of homogenized
whole-rock powders. The gamma rays emitted from the samples
were counted by Ge(Li) detectors using the sequential counting
technique described by Laul (1979). Zn, Sb, Rb, Sr, and Zr data
were obtained by coincidence/noncoincidence counting, which
resulted in reduction of Compton background. Corrections were
made for La, Ce, Nd, Sm, and Zr formed by fission of 23U as a
result of irradiation. U.S. Geological Survey standards GSP-1
and BHVO-1 and International Atomic Energy Agency standard
Soil-5 were used to monitor the accuracy and precision of the
results. The one-standard-deviation uncertainties on replicate
standard and sample analyses are 1-2% for Na, Ce, Co, Sc, and
Zn, 3% for Ba, Eu, Tb, and Rb, 4-5% for Sr, La, Sm, Yb, Lu,
Hf, Ta, Th, U, and Cs, and <10% for Nd and Zr. The analyses
are given in Table 2.

MAJOR-ELEMENT CHEMISTRY
Metamorphism is commonly considered to be iso-
chemical, except for loss of volatiles. At Notch Peak, the



1098 LABOTKA ET AL.: CONTACT METAMORPHISM OF CALCAREOUS ROCKS
TaBLE 1. Samples of the Big Horse Limestone Member of the Orr Formation
Distance from Metamorphic
Sample contact (m)* grade** Mineral assemblaget
Cycle 1 argillites
14H-80 72 + 48 High Cal + Wo + Di + Ves + Grs + Kfs + Pl
16H-84 120 High Cal + Wo + Di + Ves + Grs + Kfs + PI
3H-37 240 High Cal + Wo + Di + Ves + Grs + Kfs + Pl
3H-36 240 High Cal + Wo + Di + Grs + Kfs + PI
18H-89 240 High Cal + Wo + Di + Ves + Grs + Kfs
20H-98 360 High Cal + Wo + Di + Grs + Kfs + Pl
5H-47 720 Low Cal + Qtz + Tr + Di + Scp + Kfs
23H-137 720 Low Cal + Qtz + Bt + Tr + Kfs + Pl
8H-129 960 Low Cal + Qtz + Di + Grs + Scp + Kfs + P!
7H-56 1440 Low Cal + Qtz + Tr + Di + Kfs + PI
11H-115 2400 Unmet. Cal + Qtz + Ms + Bt + PI
Cycle 2 argillites
16H-86 120 High Cal + Wo + Di + Ves + Grs + Kfs + Pl
3H-40 204 High Cal + Wo + Di + Ves
3H-39 240 High Cal + Wo + Di + Ves + Kfs + PI
17H-87 240 High Cal + Wo + Di + Ves + Grs + Kfs + Pl
20H-100 360 High Cal + Wo + Di + Ves + Pl
5H-44 720 Low Cal + Qtz + Bt + Di + Kfs + Pl
23H-135 720 Low Cal + Qtz + Bt + Tr + Di + Kfs + Pl
8H-59 960 Low Cal + Bt + Di + Ves + Kfs + PI
7H-54A 1440 Low Cal + Qtz + Bt + Tr + Di + Scp + Kfs + PI
11H-117 2400 Unmet. Cal + Qtz + Ms + Kfs + Pl
12H-123 5280 Unmet. Cal + Qtz + Ms + Bt + Kfs + PI
Cycle 2 limestones
14H-81 72 High Cal + Dol + Phl + Tr + Di + Fo
16H-85 120 High Cal + Dol + Qtz + Tr + Chl + PI
3H-38A 240 High Cal + Dol + Qtz + Tr + Fo + Chi + PI
18H-90 240 High Cal + Dol + Qtz + Di + Chl + Kfs
20H-99 360 High Cal + Dol + Qtz + Tic + Tr + Pl
5H-46 720 Low Cal + Dol + Qtz + Phl + Tic + Tr + Chl + Pl
23H-136 720 Low Cal + Qtz + Tle + Tr + Chl + PI
8H-130 960 Low Cal + Qtz + Di + Kfs + PI
7H-55 1440 Low Cal + Dol + Qtz + Tlc + Tr + Scp
11H-116 2400 Unmet. Cal + Dol + Ph! + Chi + PI
12H-122 5280 Unmet. Cal + Dol + Qtz + Chl + Kfs + PI
10H traverse

10H-102 1+£5 High Cal + Qtz + Act + Di + Ves + Grs + Pl + Ep
10H-103 65 High Cal + Wo + Di + Ves + Grs
10H-104 90 High Cal + Qtz + Wo + Di + Ves + Grs + Kfs
10H-105 135 High Cal + Wo + Di + Ves + Grs + Kfs + Pl
10H-106 435 High Cal + Wo + Di + Ves + Grs + Kfs + PI
10H-108 630 High Cal + Wo + Di + Ves + Kfs + Pl
10H-107 735 Low Cal + Dol + Tr + Di + Phl

* Map distance from contact. Error represents uncertainty in sample location.
** Grade represented by mineral assemblages in argillites. High = Wo zone. Low = Di zone.
+ Complete mineral assemblages, including minor and trace minerals, are given in Hover-Granath et al. (1983). Mineral abbreviations are those of

Kretz (1983).

loss of volatiles is dramatically illustrated by the argil-
lites. Figure 2 shows the weight ratio of CO,/CaO for the
argillites, the limestone marble, and the short 10H tra-
verse. In unmetamorphosed samples, essentially all the
Ca occurs in calcite and dolomite. A decrease in the CO,/
CaO ratio with metamorphic grade represents progres-
sive decarbonation. As seen in Figure 2, the marble sam-
ples have undergone little decarbonation; the CO,/CaO
ratio is nearly constant at 0.80 to 0.85 (the value for
calcite is 0.79; dolomite has a value of 1.57). The un-
metamorphosed argillites have CO,/CaO values near that
for calcite, but the value decreases to nearly 0.0 for the
high-grade argillites. In many cases, e.g., the argillites from
location 3H and 16H (Table 2), the decrease represents
a loss of about 25 wt% CO, of unmetamorphosed sample.
This great loss of CO, causes the apparent concentrations

of all remaining components to increase. Figure 3 illus-
trates the variation in K,O and SiO,, oxides representa-
tive of the silicate fraction, with metamorphic grade in
argillites. There seems to be an increase in K,O with grade,
although some high-grade samples have low abundances
of K,0. This trend may represent a true increase in K,O
with grade, or may be an apparent increase as a result of
loss of CO,. SiO, appears to remain constant with grade,
but SiO, may have been lost at high grades, with the
apparent constancy resulting from loss of CO,.

The volatile-loss effect on the concentrations can be
eliminated by considering changes in the ratios of oxides.
Clearly, the CO,/CaO ratio illustrates the loss of CO,. If
AlLQ, is used as a reference, then systematic changes in
oxide/Al,O, ratios can indicate whether metasomatism
had occurred. Figure 4 shows these ratios for TiO,, K,O,



LABOTKA ET AL.. CONTACT METAMORPHISM OF CALCAREOUS ROCKS 1099
TaBLE 2A. Whole-rock analyses for cycle 1 argillites

Sample:  14H-80  16H-84 3H-37 3H-36 18H-89 20H-98 5H-47  23H-137  8H-129 7H-56  11H-115
Sio, 55.90 53.20 46.20 55.50 37.60 58.50 28.50 33.40 53.50 40.30 21.50
TiO, 0.61 0.58 0.61 0.66 0.31 0.66 0.40 0.52 0.61 0.41 0.14
Al,O, 9.50 7.80 9.80 11.00 4.60 9.20 7.20 8.00 12.30 6.30 2.20
Fe,0, 3.70 3.10 3.10 3.90 2.30 2.40 2.00 2.30 3.50 1.90 0.72
MnO 0.12 0.1 0.05 0.08 0.06 0.05 0.03 0.02 0.06 0.02 0.10
MgO 2.90 3.00 3.40 3.10 2.00 2.00 3.50 2.90 7.60 3.20 1.20
Ca0O 19.70 29.20 32.20 16.90 41.70 22.00 33.70 29.20 16.10 27.10 41.10
Na,0 1.05 1.30 0.51 1.56 0.21 2.00 0.37 0.56 0.70 0.34 0.30
K,O 4.90 1.74 1.72 5.52 0.78 3.89 1.93 248 4.02 1.66 0.62
P.O; 0.55 0.53 0.15 0.62 0.33 0.13 0.18 0.16 0.22 0.17 0.37
H,O 0.15 0.1 0.26 0.18 0.15 0.09 0.16 0.25 0.51 0.18 0.27
co, 0.47 0.43 2.64 0.53 11.20 0.21 22.78 20.20 1.03 18.50 32.40

Total 99.55 101.10 100.64 99.55 101.24 101.13 100.75 99.99 100.15 100.08 100.92

Trace elements (ppm)

] 40 11 123 53 73 55 320 — 414 480 14
F 650 400 660 470 1800 240 770 — 1400 680 62
Cl 250 26 170 160 65 30 25 — 60 72 19
Cs 41 1.6 21 6.3 0.8 46 3.1 35 7.2 2.2 1.2
Rb 240 75 80 260 37 190 70 80 200 70 23
Ba 560 180 340 870 90 410 220 300 480 210 100
Pb 16 13 41 21 14 14 5 10 12 2 6
Sr 660 510 550 750 580 320 490 400 680 470 510
Cr 48 35 40 41 25 35 25 35 48 25 7
v — 30 40 — 20 40 30 30 50 0 15
Sc 7.8 59 7.4 9.9 45 7.6 5.6 7.2 10.2 3.9 2.2
Ni 20 10 13 15 10 10 10 10 20 10 5
Co 8.0 6.4 4.6 8.7 4.1 42 38 43 6.8 3.1 1.9
Ga 13 10 14 15 9 13 10 1 16 9 5
As 0.8 0.5 2.2 0.5 25 15 0.8 0.6 1.2 0.5 5.1
Zn 40 24 60 40 35 20 30 30 40 25 5
Sb 0.3 0.1 1.9 0.2 1.7 0.2 0.1 0.2 0.2 0.1 0.2
Au 0.01 0.04 0.02 0.01 0.08 0.02 0.04 0.06 0.04 0.02 0.02
Th 10.0 8.3 11.5 12.4 6.0 9.4 6.5 8.5 8.8 5.6 37
u 45 2.3 3.6 41 24 41 1.9 24 3.5 1.8 1.4
2r 270 230 210 310 100 210 100 140 140 120 100
Hf 8.3 6.7 6.4 8.9 3.1 7.6 2.8 4.1 4.0 3.6 3.1
Ta 1.3 1.1 29 1.6 0.8 1.4 1.1 1.5 1.8 1.0 0.4
Y 37 31 24 36 19 27 16 16 15 16 14
La 31.8 221 29.2 329 245 23.0 18.8 18.3 243 16.6 12.3
Ce 70 54 61 72 53 48 40 41 44 37 28
Nd 31 24 27 35 22 22 20 19 21 16 12
Sm 7.40 4.70 4.74 570 3.86 432 3.60 3.62 3.46 3.00 247
Eu 1.15 0.90 0.72 1.15 0.68 0.70 0.53 0.56 0.64 0.48 0.45
Tb 0.86 0.80 0.68 1.00 0.55 0.82 0.48 0.48 0.48 0.36 0.37
Dy — 6.0 49 = 36 5.5 4.4 34 35 — 23
Tm 0.6 0.4 0.4 0.6 0.2 — 0.2 0.3 0.3 0.3 0.2
Yb 450 3.01 2.67 4.06 1.82 3.14 1.56 1.85 1.81 1.66 1.37
Lu 0.69 0.48 0.40 0.67 0.28 0.50 0.25 0.30 0.29 0.26 0.21

and SiO, for argillites and, if the uncertainty is not large,
limestones. The ratio TiO,/Al, O, appears to be constant
over the range in metamorphic grade at a value of ~0.06;
K,0/Al O, appears to be constant also, but shows more
scatter than TiO,/Al,0,; Si0,/AlLO, shows considerable
scatter with no obvious trend. The scatter indicates that
there is a significant dependence of the chemistry on the
protolith; if there is any systematic dependence on grade,
it is well masked by premetamorphic chemical variabil-
ity.

The variability in the chemistry of the argillites is ex-
amined using the statistical technique of analysis of vari-
ance (aNnova). This technique determines the probability
that two or more samples come from one population; this
is the null hypothesis. The statistic used to test the hy-
pothesis is the F value, which is calculated from the vari-
ances in the samples. The probability that an F value
represents samples from one population depends on the

number of independent variables, or degrees of freedom.
In the present case, two hypotheses are tested. The first
is that there is no difference between cycle 1 and cycle 2
argillites; the second is that there is no difference across
metamorphic grade. There are seven variables in each
test; these are the weight ratios of the oxides SiO,, TiO,,
Fe,0,, MgO, CaO, Na,0, and K,O to AL,O;. The ANOVA
can be applied individually to each ratio, but the hypoth-
eses are designed to test the variances in all seven ratios
simultaneously. The routines used to calculate the prob-
abilities are the General Linear Models of the Statistical
Analysis System (SAS, 1982). An excellent description of
multivariate statistical methods is given by Morrison
(1976).

The first hypothesis tests the equivalence of the strati-
graphic cycles, which is a balanced design because there
are 11 samples from each cycle. The results of the anal-
ysis are given in Table 3, and the 95% confidence inter-
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TaBLE 2B. Whole-rock analyses for cycle 2 argillites
Sample:  16H-86 3H-40 3H-39 17H-87  20H-100 5H-44 23H-135 8H-58 TH-54A 11H-117  12H-123
Sio, 49.50 51.10 54.00 57.50 51.50 46.80 60.50 51.00 58.80 60.60 51.50
TiO, 0.30 0.30 0.84 0.70 0.40 0.60 0.70 0.60 1.00 0.30 0.40
AlLO, 5.60 5.10 12.67 11.80 6.40 11.60 12.70 12.80 17.40 5.30 5.20
Fe,0, 3.00 2.30 3.87 3.10 2.40 4.20 4.80 3.90 470 1.00 1.80
MnO 0.12 0.26 0.08 0.05 0.26 0.07 0.05 0.06 0.03 0.03 0.07
MgO 3.00 2.00 3.60 3.70 2.00 4.40 4.00 6.40 440 1.00 1.00
CaO 35.60 39.20 17.40 13.80 35.90 21.90 9.90 17.50 8.70 16.70 21.00
Na,O 0.36 0.44 1.49 1.05 0.45 0.50 1.10 1.06 0.85 0.67 0.54
K,0 1.05 0.23 4.70 7.20 0.22 2.84 4.20 3.10 4.60 1.80 1.80
P,0s 0.28 0.26 0.12 0.10 0.40 0.24 0.15 0.19 0.21 0.1 0.27
H,0 0.24 0.39 0.52 0.22 0.09 0.25 0.69 0.28 0.35 0.45 0.45
Co, 1.29 0.57 0.56 0.51 0.03 6.97 1.27 2.30 0.00 13.02 16.48
Total 100.34 102.15 99.85 99.73 100.05 100.37 100.06 99.19 101.04 100.98 100.51
Trace elements (ppm)
S 97 49 87 1 76 10500 5800 — 12000 130 68
F 1100 330 1000 52 530 1030 364 — 4300 400 540
Cl 200 23 160 14 26 25 72 — 130 25 110
Cs 13 0.7 — 7.7 0.7 4.8 8.9 8.4 14.4 1.6 29
Rb 60 15 236 400 1 110 160 200 250 50 60
Ba 50 70 — 1300 50 310 590 430 520 320 290
Pb 15 5 20 66 6 8 7 9 6 22 8
Sr 670 460 974 1210 570 670 320 550 500 290 290
Cr 35 25 — 60 27 60 60 80 90 10 14
\ 20 20 — 40 20 50 40 70 80 20 20
Sc 5.5 5.0 — 9.9 5.3 9.5 12.0 10.0 14.0 3.7 3.8
Ni 10 15 — 20 10 15 15 40 30 5 10
Co 6.3 7.0 — 75 5.7 6.9 8.6 9.4 14.0 1.7 3.1
Ga 11 9 16 13 10 15 17 17 19 7 8
As 2.20 0.36 — 0.80 0.70 0.76 1.00 0.69 1.20 4.50 9.10
Zn 80 30 — 70 30 70 40 50 50 20 20
Sb 1.80 0.06 —_ 0.80 0.30 0.28 0.32 0.36 0.60 0.70 0.45
Au 0.1 0.06 — 0.08 0.02 0.01 0.01 0.03 0.04 0.01 0.04
Th 71 6.2 14.0 13.1 6.1 14 13.0 1.9 16.0 6.5 6.7
U 3.3 16 —_ 5.6 17 4.0 4.9 2.6 6.3 25 2.0
Zr 150 100 — 240 150 150 240 110 180 200 240
Hf 4.4 2.9 — 7.5 4.8 4.1 9.1 3.4 5.9 6.1 7.2
Ta 0.74 0.57 — 1.60 0.70 1.20 1.70 091 1.70 0.61 0.72
Y 26 29 35 22 31 29 37 14 29 24 27
La 35.5 29.9 —_ 24.6 21.2 35.0 39.3 34.0 50.0 18.1 18.9
Ce 70 60 — 48 48 76 80 65 90 43 50
Nd 27 25 — 25 22 32 3.4 27 39 20 20
Sm 5.9 4.8 — 5.2 4.6 5.8 57 37 6.5 4.7 4.0
Eu 1.10 0.67 — 0.60 0.81 1.05 1.05 0.91 1.00 0.68 0.80
Tb 0.64 0.72 — 0.60 0.70 0.66 0.92 0.42 0.62 0.60 0.60
Dy 4.8 5.4 — 4.6 5.1 5.0 6.5 2.8 5.6 4.2 5.0
Tm 0.41 0.43 — 0.48 —_ 0.48 0.51 — 0.54 0.40 0.43
Yb 2.95 3.04 — 3.45 2.90 3.30 4.40 1.99 3.90 2.90 3.00
Lu 0.43 0.44 - - 0.53 0.44 0.47 0.67 0.26 0.57 0.44 0.44

vals about the means of Si0,/Al,0, and K,0/Al,Q, are
shown in Figure 5. None of the means of the oxide ratios
for the two cycles falls outside the 95% confidence inter-
val, and the F test fails to reject the null hypothesis at
the 5% level. This means that there is no statistically
significant difference in chemistry between the two cycles.

The second hypothesis tests the equivalence in chem-
istry over the three metamorphic grades. The test applies
to all three groups and not to two at a time. The numbers
of samples in the three categories unmetamorphosed, low
grade, and high grade are not equal. There are only 3
unmetamorphosed, 6 low-grade, and 13 high-grade sam-
ples. The analysis of variance is unbalanced, and the errors
are standardized to the number of samples in each cate-
gory. The results are shown in Table 4, and the 95% con-
fidence limits on the means are shown for Si0,/Al,O, and
K,0/Al, O, in Figure 6. Only the SiO,/Al,O; ratios show
significant differences over the range in grade; all others

show no differences significant at the 5% level. The re-
sulting F statistic indicates that the null hypothesis can
be rejected, mainly because of the differences in the SiO,/
Al O, ratios. A possible conclusion is that SiO, was lost,
relative to Al,O,, during metamorphism. If the infiltrat-
ing fluid was undersaturated in SiO,, then metasomatic
loss of SiO, to the fluid could explain the lower SiO,/
AlQ, ratio in the unmetamorphosed rocks. Metasomatic
loss of SiO, in excess of the buffering capacity of the rock
must be represented by a change in the mineral assem-
blage resulting from systematic changes in the chemical
potential of the diffusing or infiltrating component
(Thompson, 1959; Korzhinskii, 1965), which is imposed
on the system like 7, P, and pu,,. The capacity of the
rock to buffer the SiO, activity in the fluid certainly was
not exceeded. The ugo, remained constant across the
diopside isograd, which separates the unmetamorphosed
from the low-grade rocks, because quartz occurs in sam-
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TaBLE 2Cc. Whole-rock analyses for 10H traverse
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Sample: 10H-102 10H-103 10H-104 10H-105 10H-106 10H-108 10H-107
Sio, 4424 42.72 45.83 37.64 48.23 33.40 4.80
TiO, 0.67 0.52 0.45 0.53 0.38 0.34 0.04
AlLO, 11.40 9.84 8.71 7.53 3.93 2.96 0.34
Fe, O, 8.03 4.28 3.61 2.03 1.52 2.38 1.00
MnO 0.43 0.32 0.32 0.04 0.06 0.05 0.04
MgO 2.90 4.00 3.40 2.10 1.40 3.00 3.40
Ca0 27.04 34.70 34.25 34.15 38.84 41.20 49.40
Na,O 1.14 0.07 0.40 0.76 0.28 0.18 0.04
KO 0.21 0.02 0.09 2.26 1.78 1.18 0.07
PO, 0.11 0.09 0.09 0.19 0.28 0.23 0.1
H,O 0.65 0.56 0.86 0.18 0.14 0.09 —_
CO, 3.17 3.74 2.74 13.20 2.88 15.95 40.20
Total 99.99 100.86 100.75 100.61 99.72 100.96 99.44
Trace elements {(ppm)
S 24 66 104 800 20 170 —
F 1100 2700 3200 400 630 790 —
Cl 25 36 250 310 28 25 —
Cs 11 0.29 0.44 24 2.7 24 0.15
Rb 16 1 4 108 108 78 4.3
Ba 110 40 50 330 530 160 25
Pb 4 9 A 15 22 32 —
Sr 700 267 320 768 710 712 940
Cr 100 70 65 55 25 20 2.8
A 50 50 50 40 20 20 <10
Sc 121 8.7 8.7 7.7 43 4.4 1.1
Ni 15 20 20 15 5 10 <10
Co 12 8.2 8 5.3 2.9 4.4 0.57
Ga — — —_ —_ —_ — 3
As 1.9 11.2 20 1 1.8 0.9 0.6
Zn 150 140 150 30 80 30 6
Sb 1.2 9.1 7.7 0.5 1.3 1.1 0.055
Au 0.02 0.025 0.035 0.007 0.01 0.01 0.01
Th 11.6 7.8 8.4 10 15.6 74 1.25
U 4.8 35 6 3.9 3.8 37 0.8
Zr 160 100 130 270 410 300 24
Hf 4.9 2.7 26 7.8 12 8 0.56
Ta 1.1 0.9 11 1.2 2 0.6 0.055
Y 32 21 17 25 37 24 7
La 35.6 274 25.6 22.5 199 16.1 46
Ce 67 48 48 51 60 47 12
Nd 35 25 21 22 24 20 5.6
Sm 5.37 3.85 3.98 4.67 5.69 4.48 1.15
Eu 0.96 0.77 0.61 0.74 0.69 0.72 0.2
Tb 0.9 0.6 0.51 0.7 1 0.68 0.16
Dy 6.3 4.2 3.4 5 7.6 4.6 —
Tm 0.43 0.34 0.29 0.41 0.63 0.36 —
Yb 3.4 222 1.84 274 4.44 2.6 0.56
Lu 0.54 0.35 0.34 0.45 0.71 0.45 0.092

ples from both groups. If the difference in the SiO,/Al, O,
ratio resulted from dissolution, the minimum amount of
infiltrating H,O can be estimated from the solubility of
silica, summarized by Walther and Helgeson (1977). The
apparent loss from Table 4 is 5.9 kg SiO, per 1 kg Al,O,.
The solubility of silica in H,O at 2 kbar and 400 °C,
approximate conditions at the diopside isograd, is about
0.032m (Walther and Helgeson, 1977). The amount of
H,O required to dissolve the apparent SiO, loss is about
3105 kg H,O per 1 kg Al,O,. The amount of Al,O, in the
unmetamorphosed rocks ranges from 2 to 5%, implying
fluid : rock ratios in excess of 60 by mass would have
been required to cause the apparent loss of SiO,. This
ratio exceeds the fluid : rock ratio calculated from decar-
bonation, determined by Labotka et al. (1988), by a factor
of more than 120. The large disparity in the fluid : rock
ratio indicates that metasomatic dissolution of silica is
not the major source of variability between the unmeta-

morphosed and low-grade rocks. In addition, the SiO,/
Al,O, ratios shown in Figure 6 are higher in high-grade
than in low-grade samples, although there is some over-
lap in the confidence intervals for the means. The change
in the Si0,/Al,Q, ratio is not systematic with grade, and
the significantly different value for unmetamorphosed
samples must result from the natural variability of the
ratio in the protolith and from the very low number of
samples in the unmetamorphosed group. The analysis of
variance indicates that there is no detectable variability
in the major-element chemistry, excepting CO,, that re-
sults from stratigraphic position or metamorphic grade.
The major-element variance must have been inherited
from the protolith. The range in bulk-rock composition
is shown in Figure 7, which is a plot of CaO, SiO,, and
AL, for argillites and marbles. The rocks contain both
carbonate and siliciclastic components. Calcite is clearly
the major carbonate component, but the scatter in the
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Sample: 14H-81 16H-85 3H-38A 18H-90 20H-99
Sio, 2.70 1.60 1.40 1.70 1.10
TiO, 0.02 0.01 0.01 0.02 0.01
Al,O, 0.29 0.17 0.17 0.13 0.13
Fe,O, 0.35 0.28 0.28 0.25 0.29
MnO 0.02 0.01 0.01 0.02 0.01
MgOo 6.00 3.10 5.00 3.00 3.40
Ca0O 49.10 51.40 50.60 52.00 51.20
Na,O 0.04 0.03 0.03 0.01 0.04
K,0 0.04 0.02 0.02 0.01 0.01
PO, 0.06 0.06 0.05 0.04 0.05
CO, 41.50 43.10 43.30 42.70 42.90
Total 100.11 99.78 100.87 99.88 99.14
Trace elements (ppm)
Cs 0.190 0.220 0.05 0.130 0.026
Rb 1.9 15 1.3 0.6 0.3
Ba 30 30 30 20 20
Pb 5 1 1 1 4
Sr 770 900 880 800 840
Cr 2.60 1.40 1.40 1.30 1.20
\ —_ <10 <10 <10 <10
Sc 0.25 0.14 0.13 0.08 0.15
Ni <5 <5 <5 <10 <10
Co 0.190 0.110 0.094 0.090 0.130
Ga 3 3 3 2 3
As 1.00 0.55 0.20 0.65 0.90
Zn 4 4 2 4 4
Sb 0.02 0.13 0.04 0.09 0.01
Au 0.090 0.060 0.040 0.030 0.010
Th 0.40 0.14 0.13 0.09 0.13
u 0.85 0.60 0.50 0.30 0.40
Zr 14 <10 <10 <10 <10
Hf 0.140 0.046 0.040 0.022 0.039
Ta 0.064 0.015 0.017 0.010 0.016
Y 0.6 0.7 0.8 — 1.0
La 1.30 0.85 0.67 0.62 0.91
Ce 3.0 1.5 13 1.2 1.2
Nd 2.0 1.0 15 2.0 2.0
Sm 0.35 0.29 0.18 0.15 0.20
Eu 0.036 0.020 0.020 0.015 0.016
Tb 0.024 0.011 0.010 0.010 0.010
Yb 0.079 0.051 0.040 0.027 0.045
Lu 0.021 0.001 0.010 0.006 0.006

Si0,/Al, O, ratio indicates there is not a single detrital
component. The scatter could result from two or more
source areas with different chemistries or for a differen-
tiation process that occurred during transport or diagen-
esis of the detritus. Principal-components analysis was
used to help determine the cause of the scatter. The weight
percents of the oxides constitute a closed data set, which
has a significant effect on principal components (Chayes
and Trochimczk, 1978). Ca occurs almost exclusively in
calcite and was, therefore, left out of the analysis to help
alleviate the closure effect. Two of the seven principal
components extracted from the covariances of the re-
maining oxides are shown in Table 5. These two account
for 98% of the total variance in the major-element chem-
istry, other than calcite. The first, accounting for 89%, is
dominated by SiO, with a minor contribution by ALO,.
The second, accounting for 9%, represents Al,O,, in a
combination with K,0, MgO, and minor FeO. The first
component appears to represent quartz and, perhaps,
feldspar, whereas the second appears to represent micas
or clay minerals, which are rich in Al, K, Mg, and Fe.
The principal-components analysis has separated the de-

trital component of the argillites by grain shape—round-
ed quartz and feldspar from platy micas. These two types
of grains were probably mixed independently because of
differences in transport characteristics during sedimen-
tation. The scatter in the major-element chemistry is well
explained as a mixture of three sedimentary components:
calcite, quartzofeldspathic grains, and micas. The only
clear metamorphic effect on the major-element chemistry
is partial to nearly, complete decarbonation of the low-
grade and high-grade rocks.

TRACE-ELEMENT CHEMISTRY

Although there is no clear evidence for major-element
metasomatism, trace elements could have migrated dur-
ing the infiltration of the large volume of H,O through
the argillite layers. Trace elements rarely form separate
phases in the argillites, and migration could have oc-
curred if the concentrations in the rock and infiltrating
fluid are out of equilibrium. The rock acts, in effect, like
an ion-exchange column. The concentrations of several
trace elements from the argillite samples are examined to
determine whether the variances in the chemistry can be
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TaBLE 20— Continued

5H-46 23H-136 8H-130 7H-55 11H-116 12H-122
1.30 1.90 2.60 1.20 1.60 1.10
0.02 0.01 0.03 0.01 0.01 0.02
0.20 0.20 0.67 0.18 0.23 0.12
0.21 0.21 0.24 0.14 0.19 0.17
0.01 0.03 0.01 0.01 0.02 0.01
3.20 2.00 1.00 1.90 2.20 2.50
51.30 52.80 52.50 52.80 52.60 52.30
0.02 0.03 0.11 0.02 0.01 0.04
0.04 0.02 0.06 0.03 0.03 0.02
0.05 0.05 0.09 0.06 0.05 0.04
42.40 43.60 43.00 45.00 43.70 45.20
98.75 100.85 100.31 101.35 100.63 10152
Trace elements (ppm)
0.058 0.040 0.160 0.074 0.030 0.020
25 0.8 3.5 3.0 2.7 1.0
20 10 15 15 10 20
3 1 6 4 7 3
790 700 680 870 660 680
1.40 0.90 1.90 1.70 0.96 0.82
<10 <10 <10 <10 <10 <10
0.14 0.15 0.48 0.15 0.17 0.10
<5 <10 <5 <5 <5 <5
0.110 0.160 0.500 0.170 0.150 0.086
4 3 4 3 3 3
1.70 0.50 0.90 1.40 1.10 0.70
2 2 3 2 10 2
0.02 0.02 0.04 0.06 0.03 0.02
0.010 0.005 0.040 0.010 0.005 0.050
0.25 0.22 0.38 0.20 0.18 0.13
0.60 0.22 0.30 0.40 0.40 0.40
<10 <10 <10 <10 <10 <10
0.090 0.053 0.150 0.063 0.050 0.039
0.062 0.025 0.054 0.030 0.020 0.020
— 1.0 3.0 1.0 1.0 —
1.10 1.30 410 1.10 1.10 0.80
2.2 2.6 7.6 2.3 23 1.9
2.0 2.0 4.0 2.0 2.0 2.0
0.25 0.27 0.65 0.22 0.30 0.29
0.024 0.036 0.130 0.030 0.037 0.019
0.014 0.030 0.070 0.020 0.024 0.012
0.066 0.093 0.230 0.054 0.110 0.039
0.016 0.012 0.033 0.010 0.019 0.006
High Grade Low Grade | Unmetamorphosed
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Fig. 2. Weight ratios of CO,/CaO for argillite and limestone samples plotted with increasing distance from the contact with the
stock. Solid symbols represent argillite samples; open symbols are limestones. The samples are described in Table 1, and their
locations are shown in Fig. 1.
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q High Grade Low Grade Unmetamorphosed

Si0y (wt %)

Ky0(wt %)

5H—

Distance from Contact

Fig. 3. Absolute abundances of K,O and SiO, in argillite samples as a function of distance from the contact. The scatter in the
data results from both original variability in the protolith and loss of CO,.

TaBLE 3. Analysis of variance of wt% oxide/wt% Al,O, in argillite samples: Effects of stratigraphic cycle

Probability
Oxide Cycle n Mean Standard error  Minimum value Maximum value F value (2 DF) >F

Sio, 1 1 5.968 0.545 3.958 9.773 0.47 0.502
2 1 6.685 0.898 3.379 11.430

TiO, 1 11 0.064 0.002 0.050 0.074 2.36 0.140
2 1 0.059 0.002 0.047 0.077

Fe,0, 1 11 0.336 0.021 0.261 0.500 0.04 0.836
2 11 0.344 0.029 0.189 0.536

MgO 1 11 0.408 0.037 0.217 0.618 2.25 0.149
2 11 0.333 0.034 0.189 0.536

Ca0 1 11 4975 0.456 1.309 18.682 1.25 0.276
2 11 3.083 0.227 0.500 7.686

Na,0 1 11 0.100 0.018 0.046 0.217 0.76 0.395
2 1 0.084 0.008 0.043 0.126

K,0 1 11 0.314 0.036 0.170 0.516 0.45 0.509
2 11 0.274 0.048 0.034 0.610

Note: Test criterion for the hypothesis that the two stratigraphic cycles are equivalent: F = 2.38. The null hypothesis cannot be rejected at the 95%
confidence limit.
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Fig. 4. Weight ratios of cations to ALO, vs. distance. The
ratios eliminate the concentration effect that occurs during de-
volatilization. The variances in these data are analyzed to de-
termine whether there are significant differences in chemistry
with stratigraphic horizon or with metamorphic grade. The re-
sults are plotted in Figs. 5 and 6 and given in Tables 3 and 4.
The limestone data are not shown in C because of the large
uncertainty in the ratio TiO,/Al,O, in the limestones.

explained by simple devolatilization, in accordance with
the results from the variances in the major-element
chemistry, or whether there are systematic deviations that
can be ascribed to exchange with the infiltrating fluid. The
concentrations of 34 trace elements are given in Table 2;
subsets of these 34 are described individually to keep the
amount of information manageable. These subsets in-
clude the alkali and alkaline-earth elements, transition-
metal elements, rare-earth elements, and other large-ion
lithophile elements. Much of the discussion centers on
the multiple correlations among the major and trace ele-
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Fig. 5. Confidence intervals about the means for the ratios
Si0,/AL,0, and K,0/Al,0; testing the hypothesis of no chemical
difference between cycle 1 and cycle 2 argillites. The null hy-
pothesis cannot be rejected at the 5% significance level (Table
3).

ments with similar geochemical behaviors; Table 6 shows
the correlation coefficients for 25 selected representatives
of major and trace elements from these groups.

The concentrations of most trace elements increase with
increasing metamorphic grade, as expected from loss of
CO.,. For example, Figure 8 shows the 95% confidence
intervals about the means of Rb, Sr, Cr, and La. These
elements are chosen to represent the geochemical group-
ings listed above. In nearly all cases the confidence inter-
vals for the three grades of metamorphism overlap, but
the means are generally higher for the low-grade and high-
grade rocks than for the unmetamorphosed rocks. This
increase in concentration can simply result from the de-
volatilization, which causes a concentration of the non-
volatile residua.

If ion exchange with an infiltrating fluid has not oc-
curred, the concentration ratio of the trace elements to
geochemically similar trace- and major-elements should
be constant over the range in grade. The constancy of the
ratios will be manifested in high correlation coefficients
among the geochemically similar elements. Table 6 shows
that the six correlation coefficients among Rb, Ba, Cs,
and K are all greater than 0.70, and half are greater than
0.90. All these have nearly constant interelement ratios;
whither goes K, so go Ba, Cs, and Rb. If the abundance
of K has not been altered by the infiltrating fluid, then
neither have the abundances of the other alkalis and Ba.

The correlation between the abundances of Ca and Sr,
both alkaline earths, is not very high; the correlation coef-
ficient is 0.42. In fact, Sr is not highly correlated with any
element. Figure 9 shows a plot of CaO vs. Sr and the 95%
confidence interval for the ratio Sr/CaO for unmetamor-
phosed, low-grade, and high-grade rocks. With the excep-
tion of three samples, Sr concentration is nearly constant
at about 500 ppm. The three samples have considerably
more Sr, up to 1200 ppm, with only about 15% CaO. The
factor means for Sr/CaO at the three levels of metamor-
phism (Fig. 9), are not different from one another at the
95% confidence level, although the means for the meta-
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TaBLE 4. Analysis of variance of wt% oxide/wt% Al,O, in argillite samples: Effects of metamorphic grade

Probability
Oxide Grade* n Mean Standard error Minimum value Maximum value F value (2 DF) >F
Sio, u 3 10.370 0.533 9.773 11.430 12.36 0.0004
L 6 4.451 0.429 3.379 6.397
H 13 6.259 0.547 3.984 10.020
TiO, U 3 0.066 0.006 0.057 0.077 1.03 0.376
L 6 0.058 0.002 0.052 0.065
H 13 0.061 0.002 0.047 0.074
Fe,O, U 3 0.287 0.049 0.189 0.346 1.63 0.221
L 6 0.313 0.019 0.270 0.378
H 13 0.364 0.025 0.261 0.536
MgO U 3 0.309 0.118 0.189 0.545 0.44 0.650
L 6 0.384 0.040 0.253 0.508
H 13 0.379 0.032 0.217 0.618
CaO U 3 8.624 2.904 3.151 18.682 2.87 0.082
L 6 2.634 0.303 0.500 4.681
H 13 3.613 0.209 1.169 9.065
Na,0 U 3 0.122 0.009 0.104 0.136 2.98 0.075
L 6 0.059 0.007 0.245 0.331
H 13 0.100 0.014 0.046 0.217
K,O u 3 0.323 0.020 0.282 0.346 0.09 0.918
L 6 0.280 0.013 0.245 0.331
H 13 0.294 0.050 0.034 0.610

Note: Test criterion for the hypothesis that effects of metamorphic grade are equivalent: £ = 3.10. The null hypothesis can be rejected at the 95%

confidence limit.
* U = unmetamorphosed, L = low grade, H = high grade.

morphosed samples are greater than the mean for the
unmetamorphosed samples. The three samples with high
concentrations of Sr could have been enriched in Sr rel-
ative to Ca, but, if so, the enrichment was selective rather
than systematic with grade. The three samples with high
Sr (17H-87, 3H-39, and 3H-36, Table 2) are also en-
riched in Ba (1300 ppm in 17H-87), Rb, and K. The high
values of these elements indicate that rocks were either
originally enriched in feldspars and micas, or the sample
was enriched in the feldspar components during recrys-
tallization. The high-grade samples are very coarse grained
because of the abundance of garnet and vesuvianite. It it
possible that during the formation of these large minerals,
the feldspars became abnormally concentrated, indicat-
ing migration during crystal growth over distances on the

order of the 5-kg sample size (~2 L). The high alkali
values, then, could be attributed to the heterogeneous
distribution of feldspar during recrystallization.

Cr is highly correlated to other highly charged cations
and to Fe. These include Al, Ti, Sc, U, Th, and La. Sim-
ilarly, all the rare-earth elements are highly correlated
with one another and with Si and Al. The high degree of
correlation among all these trace elements indicates that
their abundances were not altered during metamorphism,
except for the concentration effect caused by devolatiliza-
tion. The rare-earth patterns themselves, shown in Figure
10, are light-rare-earth enriched, have a slight negative
Eu anomaly, and are typical of granitic rocks, the prob-
able source of the clastic components of the Big Horse
Limestone. The pattern is similar to those of the granitic

95% Confidence Intervals for Means
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Fig. 6. Confidence intervals about the means for the ratios SiO,/Al, O, and K,0/ALQ, testing the hypothesis of no chemical
difference in argillite samples over metamorphic grade. The hypothesis can be rtejected at the 5% level of significance because of

the high ratio of Si0,/AlO; in the unmetamorphosed samples.
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TaBLE 5. Principal-components analysis of argillites

Correlation coefficients

Si0, TiO, AlL,O,; Fe,0, MgO Na,0 K, 0
Sio, 1.00
TiO, 057 1.00
ALO, 054 095 1.00
Fe,O, 055 0.80 0.86 1.00
MgO 0.19 0.54 0.73 0.66 1.00
Na,O 0.58 0.62 0.49 0.36 0.16 1.00
KO 048 0.76 0.74 0.53 0.47 0.64 1.00

Principal components
Number 1 Number 2

Sio, 0.97 —0.23
TiO, 0.01 0.04
AlL,O, 0.20 0.83
Fe, O, 0.05 0.18
MgO 0.04 0.36
Na,O 0.02 0.02
K.,O 0.09 0.30
% of total variance 88.9 9.2

stock (Nabelek et al., 1986), but the bulk of the stock
does not contain Eu anomalies as prominent as those of
the Big Horse Limestone Member. The patterns of the
limestone are similar to the parent of the melts that gave
rise to the Notch Peak stock, as proposed by Nabelek et
al. (1986).

Finally, the correlations among all the variables are
examined using the technique of cluster analysis. This
method groups variables having the highest correlations
and successively subdivides the groups into smaller,
closely related sets of variables. There are many methods
of determining the relations among the variables, and
each method gives slightly different results. The cluster-
analysis technique, thus, does not have a rigorous statis-
tical basis. The results cannot be assigned a degree of
significance. However, the clustering will give an indica-
tion of similarly behaved elements. If the analysis singles
out one or two elements that seem to be unrelated to all
others, these might be considered to have had their abun-
dances modulated by processes other than mixing of
components in the sedimentary protolith. In the present
case, Sr abundance possibly has been altered during
metamorphism because of its poor correlation with other
elements, as indicated by Figure 9. If so, the cluster anal-
ysis should show the dissimilarity between Sr and the
other variables. The method used is the centroid method
in which similarity is measured as similar distances from
the center of the data; the procedures is SAS (1982)
varcLus. The resulting tree diagram, which shows the
similarities among variables (the clusters), is shown in
Figure 11. The elements form few clusters, and the ma-
jority of elements that occur in the silicate components
are all clustered together. In particular, K, Rb, Ba, and
Sr—those that occur in alkali feldspar—are all clustered.
Ca is clustered only with a few elements, as expected,
because Ca is primarily associated with the carbonate
component of the argillite. Figure 11 also shows a tree
that results from clustering the variables from both the
argillites and the limestones. The tree is similar to that
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Fig. 7. Weight ratios of SiO,, Al,0;, and CaO for all samples
showing that calcite is a major component in the protolith and
that more than one siliciclastic component contributed to the
noncarbonate fraction of the protolith.
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Fig. 8. The means of the four elements La, Cr, Sr, and Rb
in argillites at different metamorphic grades are used to illustrate
the behavior of REE and large-ion lithophile elements, transition
metals, alkaline earths, and alkalis, respectively, during devola-
tilization. Trace elements tend to be concentrated at high grade,
but the confidence intervals about the means overlap for any
one element at different metamorphic grades. There is no sig-
nificant systematic difference in elemental abundances over the
range in metamorphic grade. The scales for Cr and La are on
the left, and those for Rb and Sr are on the right.
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TaBLE 6. Correlation coefficients for 25 major, minor, and trace elements in argillites

Si Al Fe Mg Mn Ti Ca Na K P Cs Rb
Si 1.00
Al 0.77 1.00
Fe 0.63 0.84 1.00
Mg 0.01 0.32 0.24 1.00
Mn 0.28 0.28 0.50 0.05 1.00
Ti 0.83 0.96 0.80 0.26 0.25 1.00
Ca —0.96 —0.90 -0.73 -0.11 -0.29 -0.92 1.00
Na 0.67 0.67 0.54 —-0.13 0.32 0.73 -0.73 1.00
K 0.61 0.70 0.38 0.03 0.04 0.73 -0.73 0.71 1.00
P 0.39 0.15 0.14 —-0.22 0.40 0.25 -0.33 0.34 0.29 1.00
Cs 0.54 0.77 0.47 0.36 ~0.03 0.75 —0.68 0.57 0.82 0.12 1.00
Rb 0.56 0.69 0.38 0.09 0.06 0.69 -0.68 0.68 0.96 0.25 0.83 1.00
Ba 0.56 0.61 0.33 —-0.01 0.12 0.64 -0.65 0.63 0.94 0.21 0.73 0.94
Sr —-0.50 -0.33 —-0.25 -0.17 =-0.11 —-0.34 0.42 -0.22 0.07 -0.10 -0.06 0.20
Cr 0.61 0.90 0.91 0.40 0.36 0.84 -0.74 0.54 0.46 0.00 0.61 0.51
Sc 0.75 0.97 0.89 0.32 0.37 0.94 -0.87 0.67 0.66 0.14 0.75 0.66
As 0.17 0.08 0.14 0.19 0.30 0.04 -0.11 -0.14 -0.24 -0.14 -0.21 -0.25
Sb 0.16 0.19 0.30 0.46 0.36 0.13 -0.13 -0.19 -0.23 -0.22 -0.18 -0.19
Th 0.73 0.75 0.62 0.19 0.30 0.81 -0.77 0.55 0.59 0.30 0.56 0.63
U 0.72 0.81 0.76 0.25 0.31 0.84 -0.80 0.58 0.63 0.11 0.64 0.65
Hf 0.78 0.53 0.44 -0.13 0.20 0.69 -0.74 0.64 0.65 0.45 0.48 0.61
Ta 0.69 0.77 0.58 0.08 0.15 0.82 -0.76 0.54 0.65 0.17 0.58 0.61
La 0.82 0.89 0.84 0.28 0.37 0.87 -0.88 0.59 0.56 0.31 0.67 0.56
Sm 0.90 0.76 0.72 0.06 0.34 0.83 -0.89 0.61 0.61 0.47 0.53 0.58
Lu 0.87 0.69 0.66 0.01 0.39 0.79 —0.85 0.67 0.63 0.47 0.52 0.60
Si Al Fe Mg Mn Ti Ca Na K P Cs Rb

Note: Correlation coefficients with absolute values greater than or equal to 0.7 are shown in boldface.
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Fig. 9. Sr shows a significant scatter in abundance, particu-

larly for high-grade samples. The Sr/CaO plot shows there is no
significant difference over the range in metamorphic grade, but
there is a poor correlation between Sr and CaO, as illustrated in
the lower plot. The samples that contain >800 ppm Sr also
contain high abundances of Ba, Rb, and K, indicating that Sr
occurs in feldspar as well as the carbonate component. The low

for the argillite data only, except that now Ca and Sr are
grouped in a cluster that is completely separate from all
other elements. This clustering results from the domi-
nance of calcite as a component in both rock types. There
is no indication of variability in the abundance of any
element that can be the result of metasomatic processes.

SUMMARY AND CONCLUSIONS

The variability in the concentrations of major and trace
elements in the limestones and argillites of the Big Horse
Limestone Member can be reliably ascribed to original
variability in the amounts of the sedimentary compo-
nents composing the protolith. The range in major-ele-
ment composition is accurately described as a three-com-
ponent mixture of calcite, quartz (and, perhaps, feldspar),
and mica or clay minerals. The last two, terrigenous com-
ponents were probably sorted independently in the sedi-
mentary environment because of the difference in shape
between equant quartz and feldspar grains and platy mica
grains. In the argillites, the absolute abundances of major
elements tended to increase with metamorphic grade, but
the increase is simply related to the concentration effect
that occurred during loss of CO, with metamorphism.
The ratios of elements remained constant, with the pos-
sible exception of Si0,/Al,Q,. Considering even the vari-

correlation coefficient between Sr and Ca must result from this
duality. The high concentration of Sr in some high-grade sam-
ples indicates that feldspar components must have been abnor-
mally concentrated during recrystallization of coarse-grained ve-
suvianite + gamet rocks.
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TABLE 6—Continued
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Ba Sr Cr Sc As Sb Th u Hf Ta La Sm tu
1.00
0.21 1.00
0.43 -0.19 1.00
0.60 -0.26 0.94 1.00
-0.19 -0.48 019 0.1 1.00
-0.16 —-0.36 0.37 0.25 0.83 1.00
0.61 -0.09 0.71 0.75 0.06 0.18 1.00
0.62 -0.17 0.83 0.88 0.28 0.37 0.77 1.00
0.68 -0.18 0.41 0.57 -0.05 —0.03 0.69 0.68 1.00
0.65 -0.21 0.61 0.75 0.00 0.14 0.76 0.74 0.72 1.00
0.48 -0.36 0.85 0.91 0.09 0.22 0.74 0.82 0.60 0.70 1.00
0.56 -0.30 0.68 0.79 0.05 0.14 0.80 0.82 0.82 0.72 0.90 1.00
0.63 -0.27 0.61 0.74 0.03 0.11 0.75 0.80 0.92 0.72 0.81 0.96 1.00
Ba Sr Cr Sc As Sb Th U Hf Ta La Sm Lu

ations in Si0,/Al,Q,, there are no systematic differences
in major-element ratios with metamorphic grade. At the
95% confidence level, the major-element composition of
the argillites is constant, except for loss of CO,.

The abundances of the trace elements in the argillites
are closely tied to those of the geochemically similar ma-
Jjor elements. Alkalis and alkaline earths are strongly cor-
related with K, the rare earths are strongly correlated with
each other and with Si and Al, transition metals are
strongly correlated with Al, Fe, and Ti, and all elements

™~ Cyele 1 Argillite

~ Cyele 2 Argillite

3
E
8]
= 3K
B
- 8l =
5 »
) 23H
= 119
)

ol 4 111 1 1 |
La Ce N Sm Eu Tb Dy 9% Lu

Fig. 10. Chondrite-normalized abundances of some rare-earth
elements in representative argillite samples. The abscissa is com-
pressed, as it does not include several REE that were not ana-
lyzed. The effect of this compression is a steeper slope than con-
ventionally seen. There is no significant difference in the shapes
of the patterns with respect to either grade or stratigraphic cycle.
3H is a high-grade locality, 23H is a low-grade locality, and

samples from 11H are unmetamorphosed.

except Sr are negatively correlated with Ca. The trace
elements are strongly connected to the noncarbonate
components. The only exception is Sr. Sr is only weakly
correlated with Ca and poorly correlated with Rb and Ba.
A cluster analysis of major and trace elements in the ar-
gillites shows that Sr behaves most similarly to Rb, Ba,
and K. A cluster analysis that includes the limestone sam-

|Clusier Analysis: Argillites I

i

et [t e s N U R Y N TN A N Y D A P A |
CaMnP As SbTi Al FeMgCsCrScTh U Ta La K Rb BaSr Si Sm Lu NaHf

] Cluster Analysis: Argillites and Limestones .

II!II!IIITII-Llii[II

CasSr U LaSmLuSi HITi Al Fe CrSc TaTh K Rb BaCs Na MnP As Sb Mg

Fig. 11. Cluster analyses on the correlation coefficients of 25
major, minor, and trace elements. The top tree shows the fa-
miliality of elements from the argillites. Elements that occur in
silicate minerals form one branch; whereas, elements generally
occurring in carbonate, phosphate, and sulfide minerals form a
second. In this tree, Sr is grouped with the elements found prin-
cipally in K-feldspar. The lower tree includes limestone samples.
In this tree, the affinity of Sr for calcite is clearly demonstrated.
No element is singled out; there is no evidence for systematic
differences in variance with metamorphic grade. There is no evi-
dence for migration of any element during metamorphism.
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ples groups Sr and Ca and separates them from all other
elements. The weak correlations between Sr and Ca, Rb,
and Ba in the argillites probably resulted from the ten-
dency for Sr to occur both in alkali feldspars and in car-
bonate minerals. The poor correlations stemmed from
the independent nature of these two mineral components
in the protolith. The samples that are extremely enriched
in Sr, Ba, and Rb contain an abnormally high concentra-
tion of feldspar, indicating that feldspar components lo-
cally migrated over volumes of about 2 L during meta-
morphism.

The petrologic study of Hover-Granath et al. (1983)
and the stable-isotope study of Nabelek et al. (1984) have
shown that substantial amounts of externally derived H,O
interacted with the argillites of the Big Horse Limestone
Member. The reactions that occurred during metamor-
phism resulted in the loss of as much as 30 wt% CO,.
Labotka et al. (1985) estimated that this loss resulted in
a volume reduction of the solid rock by as much as a
factor of Y. Despite the nearly complete loss of CO, that
occurred during metamorphism of the argillites, the bulk
composition of all other elements remained within the
limits of the variability of the protolith. The only change
in chemistry during metamorphism of the Big Horse
Limestone Member that can be demonstrated is loss of
CO,.
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