Data for the plutonic complex of the Long Lake area
Lithologic Units of the Long Lake area  of the Main Beartooth Massif

Late Archean rocks are volumetrically dominant in the eastern Beartooth Mountains, with dioritic to granitic plutonic rocks being most abundant. These granitoid plutonic rocks are not part of a single homogeneous batholith, but have quite complex relationships. The most common rocks belong to a series of tonalitic to granitic rocks, referred to as the Long Lake granite (LLG) which carries inclusions of two other distinguishable units: the Long Lake granodiorite (LLGd) and the andesitic amphibolite (AA). Each of these units has distinctive major-element, trace-element, structural and petrographic features (Table 1). [Most of these data and interpretations were derived from the papers of Warner et al. (1982), Wooden et al. (1982) and Mueller et al. (1985).]
	[image: image7.jpg]Table 2. Chemical compositions of representative samples from the Late Archean complex. (Analyses in weight
percent, except trace elements in ppm.)
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	Fig. 1. IUGS Classification of rocks of the Long Lake area based on modal data. From Warner et al. (1982).


This area is dominated by the weakly-foliated, slightly gneissose Long Lake granite (LLG) that locally intrudes the lineated Long Lake granodioritic (LLGd) gneiss. Both units include blocks of strongly-lineated and foliated amphibolite that has basaltic andesite to andesitic compositions similar to modern orogenic andesites (Wooden et al., 1982; Mueller et al., 1985, Wooden et al., 1988). U-Pb zircon isotopic studies establish an age of 2788 SYMBOL 177 \f "Symbol" 5 Ma for the time of intrusion of the amphibolite protoliths and 2779 SYMBOL 177 \f "Symbol" 4 Ma for intrusion of the Long Lake granodiorite (Mueller et al., 1988). The strong deformation and upper amphibolite facies metamorphism must have taken place after the Long Lake granodiorite emplacement at 2.78 Ga and prior to, or coeval with, the massive intrusion of the Long Lake granite at 2.74 Ga. There are some minor amounts of unmetamorphosed quartz-microcline pegmatites with local development of coarse grained allanite (Warner et al., 1982). Additional supracrustal inclusions of undetermined age are also found in the Long Lake granite in a nearby area (Warner et al., 1982).

[image: image1.jpg]Table 1—Modal analysis (volume percent) of rocks from the Long Lake area, Beartooth Mountains, Montana.
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Long Lake granodiorite
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BTR-12 BTR-34 BTR-36 BTR-40 BTR-25 BTR-26 BTR-28 BTR-35 BTR-7 BTR-47 BTR-8 BTR-16 BTR-20 BTR-33 BTR-46 BTR-42
Quartz 29 19 15 17 n 13 30 31 23 19 35 31 29 29 29 32
Plagioclase 48 45 44 43 45 52 32 35 58 46 40 43 55 40 57 61
K-feldspar = - - 3 - i 23 24 10 20 17 22 8 27 10 3
Biotite 10 h)7/ 16 12 1 10 1 TR 8 13 8 5 7 3 4 4
Hornblende 10 16 24 20 31 21 - — — - — — — — — —
Muscovite — = = — - - 3 TR TR - TR i 1 1 TR TR
Epidote 2 2 TR TR TR TR TR TR 1 TR TR - — = TR TR
Opaque TR TR TR 2 TR TR 1 3 TR 1 TR TR - TR — TR
Apatite TR TR TR TR TR 1 TR TR TR TR TR — — - - -
Zircon TR TR TR TR TR TR TR TR TR TR TR TR TR = TR TR
Sphene TR TR TR 2 TR 1 TR 1 = 1 TR TR TR TR — —
IUGS name Tonalite Quartz diorite Granite Granodiorite Granite Tonalite




The local gneissic banding, lineation and granoblastic texture of the recrystallized quartz and feldspars suggests that deformation and recrystallization must have developed at relatively high temperature to allow ductile deformation.

Long Lake Granite (LLG)

The LLG is a gray to pink plagioclase + K-feldspar + quartz + biotite rock that is medium to coarse-grained. On a mesoscopic scale, the Long Lake granite series is relatively homogeneous with locally abundant inclusions of Long Lake granodiorite and amphibolite. Foliation and gneissic banding are generally poorly-developed except near large inclusions. Compositionally, the LLG ranges from tonalite to granite (Table 1, Fig. 1). 

The rock is coarse-grained with an igneous hypidiomorphic texture consisting predominantly of strained phenocrysts of quartz, cryptoperthitic microcline, antiperthitic plagioclase and brown-green biotite. The quartz and microcline phenocrysts are locally recrystallized to unstrained quartz and microcline granoblastic aggregates at the phenocryst margins. Furthermore, unstrained plagioclase/quartz myrmekitic intergrowths commonly develop between plagioclase and microcline. Trace amounts of magnetite, zircon, apatite, pyrite and monazite are found in both phenocrysts and recrystallized grains and are considered early-formed magmatic minerals. Medium- to coarse-grained allanite is well-developed, especially along late fractures and within recrystallized areas presumably reflecting the influence of late hydrothermal fluids. Plagioclase is locally altered to sericite and biotite to chlorite + muscovite + rutile + epidote. 
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	Fig. 2. General fields of chondrite-normalized REE abundances for LLG and LLGd samples. From Mueller et al. (1985).


LLG retains much of its magmatic character but is partially recrystallized with several stages of alteration. The magmatic assemblage is Qtz + Kfs + Pl (An24-25 ) + Bt + Zrn + Mt + Ilm + Ap. The paragenetic sequence appears to be Zrn + Qtz + Pl + Bt + Py SYMBOL 174 \f "Symbol" Kfs + Pl + Bt + Qtz SYMBOL 174 \f "Symbol" late Qtz + Mt + Ilm + Ap. The granite is a subsolvus granite with two well-developed coexisting K-feldspar and plagioclase phenocrysts. The granite is slowly cooled, Kfs and Pl phenocrysts are exsolved with perthite and antiperthite components.
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	Fig. 3. Na2O vs. SiO2 contents in LLG and LLGd intrusives. Two groups of LLG is distinguishable with the high-Na LLG volumetrically dominant. From Mueller et al. (1985).


Chemically, rocks of the Long Lake granite series typically have calc-alkaline to sodic major element patterns with high SiO2 (>70%), strongly depleted HREE (Lu=1-2x  chondrites) and moderately enriched LREE (La=100x chondrites) (Fig. 2). These rocks are chemically distinct from the older units in terms of fractionation patterns and potential sources (Wooden et al., 1982). Chemical analyses suggest the presence of two distinct groups, one relatively rich in Na2O than the other group for a given SiO2 and K2O content (Fig. 3). However, these groups have no distinct areal distribution and cannot be mapped as separate units. Nonetheless, both the high- and low-Na groups exhibit a negative correlation between SiO2 and Na2O, similar to patterns reported in other Archean suites (Wooden et al., 1980). LLG is relatively low in Sr and Rb, but high in Ba (Table 1). Mueller et al. (1985) consider that the likely source must have been relatively sodic and siliceous, and contained some garnet or amphibole to accommodate the major- and trace-element constraints. 
Long Lake Granodiorite (LLGd)

The LLGd is a lineated, gray rock that ranges from a granite to tonalite (Table 1, Fig. 1). Petrographically, LLGd is an igneous rock wit a hypidiomorphic texture. The magmatic stage has the assemblage Qtz + Kfs + Pl (An28-32) + Bt + Zrn + Mt + Ilm + Ap + Aln?. The paragenetic sequence appears to be Zrn + Aln + Bt + Qtz + Py --> Pl + Kfs + Qtz + Bt --> late Ap + Mt + Py. This intrusive is interpreted as a subsolvus granitoid with two well-developed coexisting feldspars. As the granodiorite slowly cooled, Kfs and Pl phenocrysts exsolved the perthitic and antiperthitic components. 

The LLGd is a geochemically distinct rock type, despite the mineralogical and grain size similarity to LLG. In general, LLGd exhibits a more pronounced lineation and gneissic texture, and can be recognized as inclusions in LLG in some areas. The LLGd can be described as a calc-alkaline granodiorite lower in SiO2 (65-70%) and Na2O relative to K2O than the LLG (Fig. 3). Based on the distinctive trace-element abundances that includes higher Sr, Ba and REE contents, the LLGd is clearly separate from LLG (Fig. 2, Table 2). It is not likely that LLG and LLGd are derived from the same source. The source of the LLGd is not likely to contain garnet or amphibole, or sodic or siliceous as the source for LLG. 
Andesitic amphibolite (AA)
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	Fig. 4. Major-element classification of andesites. AA samples are divided into calc-alkaline (CA, solid symbols) and tholeiitic (TH, open symbols) suites. Subgroups or transitional types are denoted by inverted and open squares. From Mueller et al. (1985)


The AA is a metamorphic rock, ranging in size from medium to fine-grained. It is the most abundant rock type included within the LLG. Inclusions of the AA vary in size from less that 1 m to more than a km over the eastern and central Beartooth Mtns. These rocks are generally lineated with aligned hornblende (pargasitic to edenitic hornblendes) and biotite. Warner et al. (1982) note an agglomeratic phase with numerous clasts of metasedimentary rocks and gneisses. The clasts, in turn, have random foliations relative to the surrounding AA. The dominant lineation plunges 45º to the SE. Hornblende-plagioclase geothermometry typically  yields 750-820ºC.
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	Fig. 5. Ce vs. Sr contents for AA samples. From Mueller et al. (1985).


The AA ranges from basaltic andesite to andesite in composition and is comprised of plagioclase, amphibole, biotite and epidote (Table.1). Geochemically, the AA is a rather typical andesite in terms of its major element chemistry, but highly distinctive  in terms of its trace element contents (Table 2). On the basis of major element abundances, the AA can be divided into tholeiitic and calc-alkaline groups (Fig. 4). The tholeiitic rocks are generally characterized by higher incompatible-element contents (Fig. 13). The LREE abundances in these rocks vary widely, 50-500 times chondrites. The positive correlation between Ce and Sr suggest that both elements are behaving incompatibly. Based on the relatively high levels and wide ranges of the incompatible trace elements, Mueller et al. (1985) suggests that these rocks could not have been produced by conventional partial melting and fractional crystallization processes without the aid of another phase(s) enriched in incompatible elements. They further indicate that the source of the magmas was the mantle. Relative to the AA, the distinctive Ba and Sr contents, and the Eu anomaly of the LLGd make it difficult to produce the LLGd from the same source as that form the AA or to derive it by fractional crystallization from the AA. It is interpreted that incompatible-enriched fluids were likely involved in the formation of both rocks, but interacted with fundamentally different sources.
Structural development of the Long Lake area

Structurally, all units in the Long Lake area have a NW-SE fabric that reflects the dominant structure of most of the Archean rocks of the Beartooth Mtns (Warner et al., 1982). Casella (1969) suggests that this is indicative of regional scale open folds. The dominant lineation plunges 45SYMBOL 176 \f "Symbol"SE.

There are some later NNW-SSE basaltic dikes that cut the Long Lake area.








