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INTRODUCTION

Metamorphosed mafic dikes (MMD’s} in the Tobacco Root Mountains of southwestern Montana are found
in the Indian Creek Metamorphic Suite (ICMS) and Pony Middle Mountain Metamorphic Suite (PMMMS), which
are composed largely of quartzofeldspathic and amphibolite gneisses (Fig. 1, Vitaliano et al, 1979). They have not
been found in the Spuhler Peak Metamorphic Suite (SPMS), although abundant MMD’s have been intruded in the
ICMS and PMMMS near their contact with the SPMS. MMD’s range from 1/3 - 25m in estimated thickness.
Outcrops appear blocky and weathered brown, and exhibit foliation parallel to the margins. In most cases MMD's
cross-cut gneiss foliation at low angles, but in some cases dikes are parallel to foliation or cross-cut foliation at high
angles. A fresh surface may or may not be foliated, and is typically dark gray in color. Grain sizes range from fine
{(<Imm} 10 coarse (>3mm). Minerals visible in hand sample and thin section consist mainly of plagioclase,
hombilende, gamet and biotite,

The Tobacco Root Mountains are part of the Wyoming Province, which is believed to represent several
amalgamated terranes. The resulting landmass collided with the Superior Province in the early Proterozoic to become
the westem margin of North America (Wooden et al., 1988). The geochemistry of the MMD’s can ‘provide
information about the tectonic environment of the terranes in which they were emplaced, thereby constraining
formational theories of the Wyoming Province.

METHODS

Sixty-one MMD samples were collected during the field study. Fifteen of these were analyzed for rare earth,
major, and trace elements (REE, major/TEL) using the INAA and XRF facilities at the University of Oregon
Radiation Laboratory and Franklin & Marshall College, respectively (Table 1). Thin sections were examined for
these samples as well. Samples chosen for analyses are intended to represent MMD distribution throughout the map
area; more MMD's from the PMMMS were analyzed than from the ICMS, as the dikes are more abundant in the
PMMMS. Samples were also chosen to compare the lithologies of margin vs. core samples, younger versus older
dikes, concordant dikes vs. cross-cutting, thinner vs. thicker dikes, dikes containing vs. those not containing garnet,
and fine-granied vs. coarse-grained dikes.

RESULTS/DISCUSSION

Major element data are considered insufficient to constrain petrogenesis (Wilson, 1989), due to the mobility
of major elements in hydrothermal fluids. Hydrothermal alteration is evident in all MMD thin sections by the
presence of sericitization and chloritization. Therefore, the mobility of Mn (Rollinson, 1993) and alkali elements
should be considered when evaluating the MnO-TiO,-P,0;, TiO,-K,0-P,0;, and major element discrimination
function diagrams (Figs. 1-3). Moreover, the instability of K,0 may influence results in Figure 4.

Trace elements and REEs are considered less mobile and thus are more useful in determining the protolith
for altered samples. REEs are relatively immobile even under low-grade metamorphism. However, heavily altered or
metamorphosed rocks can cause REE mobility, affecting the accuracy of discrimination graphs (Humphries, 1984).

A spider diagram analysis characteristic of the MMD’s exhibits negative anomalies for Sr and Cr (Fig. 5).
The light rare carth elements (LREE) and Ba show positive anomalies. Eu remains relatively constant, indicating
lack of significant substitution in plagioclase crystallization. The compatibility of Sr in plagioclase (Rollinson,
1993) therefore is an unlikely cause of Sr depletion, since its ionic potential is nearly identical to that of Eu. It is
more probable that the negative Sr trend reflects its mobility during leaching (Rollinson, 1993).

Hydrothermal alteration may be the source of anomalous behavior in samples 4-2b and 94b in the
discrimination diagrams. Both are located near the PMMMS/SPMS contact; juxtaposition of the SPMS may have
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introduced secondary fluids. Sample 9-4b plots irregularly in the MnO-TiO,-P,0;, discrimination function diagram,
Ti-Zr (Fig. 6), and alkali vs. tholeiitic basalt (Fig. 7) diagrams. In the thin section for 9-4b, smaller garnet crystals
rim some plagioclase crystals. Other than this characteristic, neither sample 9-4b nor 4-2b are notably distinct from
the majority of MMD’s in thin section. Sample 4-2b plots distinctly from the other samples in five of the
discrimination diagrams. The sample represents a younger, fine grained dike cross-cutting an older dike. Its age could
therefore be the canse of its location in the within-plate basalts field in Figure 3, possibly affected by crustal
contamination rather than proximity to the SPMS. Moreover, other samples near the SPMS contact lie within
volcanic arc fields in the diagrams.

Ba is regarded as a relatively mobile element (Rollinson, 1993), and its positive trend in the spider diagram
represents Ba enrichment in the source. Enrichment behavior is often the result of fluids added during subduction
processes (Rollinson, 1993). Typical Archean packages in which mafic dikes are emplaced have undergone
amphibolite to granulite grade metamorphism (Windley, 1984); although granulite facies are depleted in elements
that could contaminate basalt, the Ba anomaly could indicate crustal contamination (Condie et al., 1987), Hole et al.
(1984) suggest that subducted sediments cause Ba enrichment, creating this trend in island-arc basalts.

Major element diagrams suggest an island-arc tholeiite environment for MMD intrusion. MMD samples
plot as tholeiitic basalts (Fig. 7), and represent an oceanic environment, according to the TiQ,-K,0-P,0O;
discrimination diagram for basaits. Samples primarily plot in the calc-alkali basalt and island arc tholeiite field in the
discrimination function diagram. The MnO-TiQ,-P,0; diagram narrows this field to suggest a pure island-arc
tholeiite environment. One sample, 2-4, plots anomalously in three of the discrimination diagrams. However,
sample 2-4 is not an MMDS; the main indicator of this is the lack of garnet in thin section.

Trace element behavior also classifies the MMD's as volcanic-arc basalts in the Th-Hf-Ta diagram (Fig. 8).
However, all but one sample plotted in this field lie outside of the island-arc tholeiite range, These results répresent
enrichment of Th, a mobile element in altered basalts (Rollinson, 1993),

The trend toward the K,0 comer of Figure 2 similarly can be attributed to K,0 mobility, and causes several
MMD’s to plot as continental tholeiites. K,0 mobility should cause its enrichment in volcanmic arcs, as it is
assimilated into basalts during ascension through granitic crust (Richard Hazlett, pers. commun., 1998). However,
MMD’s plot as low K,0/Yb ratios in Figure 4, If MMD’s represent an accretionary wedge in the forcarc
environment, as suggested by Wilson and Hyndman (1990), the dikes would have ascended through very little crus,
and K0 concentrations would not be particularly enriched.

Unique conditions in the Archean may not be accurately represented by the discrimination diagrams used in
this study, which are modeled after current geothermal conditions and tectonic processes. The geothermal gradient
was higher in the Archean than at present (Windley, 1984). According to Windley (1984), heat was lost through
convection by a faster subduction rate under a thinner lithosphere. Nevertheless, the data seem to snggest
emplacement of the dikes in a primitive island arc oceanic environment. The results are consistent with the
hypothesis that the Tobacco Root Mountains represent an accreted forearc basin (Wilson and Hyndman {1990).
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TABLE 1] |
MAJOR OXIDES * TRACE/REE *
(mean +/- standard dev.) {mean +/- standard dev.)
5102 (%) |50.04 +/- 0.96 La (ppm) |10.54 +/- 6.27 U (ppm) [0.80 +/- 0,39 Zr (ppm) [116.92 +/- 61.54
TiO2 (%) |1.39 +/- 0.58 Ce (ppm) [24.59 +/- 13.01 Sc (ppm) }41.18 +/- 10.00 As (ppm) (2,13 4/- 1.16
Al203 (%]13.36+/- 0.79 Nd {ppm) |14.99 +/- 7.20 Cr (ppm) {142.17 +/- 69.12 Sb (ppm) {0.22 +/-0.35
FeO (%) |11.34 +/-2.47 Sm (ppm)|3.73 +/- 1.64 Co (ppm) }50.49 +/- 14.25 Se (ppm) [1.60+/- 0.34
MnO (%) [0.24+/-0.20 Eu (ppm) 11.24 +/- 0.46 Rb (ppm) {24.24 +/- 15.53 W (ppm) {1.46+/-0.91
MgO (%) 6.11 +/- 0.80 __{Tb (ppm) |0.76 +/-0.20 Cs (ppm) {1.39 +/- 1,93 Hg (ppm) [0.04 +/- 0.01
CaO (%) [10.40 +/- 0.68 Yb (ppm) {2.76 +/- 0.45 Ba (ppm) [215.07 +/- 177,48  |Au (ppb} |0.01 +/- 0.0
Na20 (%)i1.97 +/- 0.16 " ILu (ppm) [0.34 +/- .08 Ni (ppm) |148.64 +/- 66.46 Ir{ppb) |0.01 +-0.02
K20 (%) |0.48 +/-0.18 Hf (ppm) |3.32 +/-2.42 Sr{ppm) |173.14 +/- 63.77 Os (ppb) {0.96 +/- 0.96
P205 (%)10.13 +/- 0.07 Ta (ppm) [0.50+/- 0.34 V (ppm) [284.79 +/- 44.49

! | Th (ppm) |2.32 +/- 2.70 Zn (ppm) [123.71 +/- 23.64
[* samnle 2-4 excluded f { L
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Flgure 1. MnQ-TiO,-P,Q, discrimination diagram for basalts ="
and basaius andesites (45-54 wi% Si0,) (after Muilen, 1983} : Figure 2. TiO,-K,0-P,0, discrimination diagram for
QIT: ocean-isiand tholeiite/seamount toleiite; OIA : ocean- basalts {aftcr Pearce et at, 1075).

island alkali basalt/scamount alkali basalt; CAB: island-arc
calc-alkaline basalt; IAT: island-arc tholeiite; Bon: boninite.
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Abundante / non-volatile C1 chondiis

Figure 3. Major element discriminzation diagram for
basalts (after Pearce, 1976). Function i: +0.0088Si0, -
0.0774TiO, + 0.0102A1L.0, + 0.0066F<0 - 0.0017MgO -
0.0143Ca0 - 0.0155Na,0 - 0.0007K,0, Function 2: -
00130850, - 0.0185TiQ, - 0.0129AL.0, - 0.0134F0 -~
0.0300Mg0 - 0.0204Ca0 - 0.0481Na, 0 - 0.07T15K,0.
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Figure 5. Spider disgram for four MMD samples. Countesy of
Oregon Siate University Radiation Center.
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Winchester and Floyd, 1976).
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Figure 4. Basalt discrimination diagram
(simplified), using Yb as a nomalizing fac-
tor (afier Pearce, 1982). VAR: volcanic-arc
basalis; WPB: within-plate basalts.

Volcanic-are

Zr (ppm)

Figure 6. Ti-Zr basalt discrimination diagram (after Pearce and
Cann, 1973).
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Figure & Th-Hf-Ta discrimination diagram for basalts (af-
ter Wood, 1980). A: N-type MORB; B: E-type MC#3 and
within-plaie tholeiites; C: alkaline within-plaie basaiis; 3.
volcanic-arc basalis, with island-arc tholeiites plotting in the
field where Hi/Th > 3.0.
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lNTRODUCTION

The ICMS is one of three metamorphic suites that comprise the Archean T0Cks in the Tobacco Root
Mountains, Ag described by Burger ef al, (1994), the ICMS Tepresents metasupracrysta] rocks whose protoliths
aré a sequence of marine sedimentary rocks with possible interlayered volcanics or felsic intrusives, ICMS
lithologies include quartzo-feldspathic and hornblenda gneisses, marble, schists, quartzite, iron formation angd
minor orthoamphibole gneiss,

PETROGRAPHY

This study focuses On an orthoamphibolite lithology found in both the Quarty Creek and Granite Creck
areas. This assemblage consists of &arnet + orthoamphibole + orthopyroxene + biotite + rytile + quartz, with
Some variations, including kyanite and Staurolite inclusions ip the garnets, + kyanite or sillimanite, anq +
cordierite. Two reaction textures are present in Granite Creek rocks: a cordierite 4 orthopyroxene Symplectite,
and a sapphirine + spinel + cordierite Symplectite,

DISCUSSION

The cordierite + orthopyroxene Symplectite observed i the ICMS Granite Creek rocks (see figure 23-
€) represents the rapid minera] growth as garnet js consumed in the following reaction:

garnet + quartz -em..... > cordierite + orthopyroxene 1)



