
Introduction

General geologic setting

The Precambrian (pre-1600 my, Bayley and James,
1973) iron-formations of this study occur in the To-
bacco Root Mountains, the Ruby Mountains, and
the Gravelly Range of southwestern Montana (Fig.
I ). A granitic Laramide batholith, the Tobacco Root
batholith, forms the center of a domal structure in the
Tobacco Root Mountains. Folded, high-grade meta-
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morphic Precambrian rocks ring the batholith, and
are overlain by Paleozoic and Mesozoic sedimentary
rocks of complex structure, by Tertiary and Qua-
ternary sediments, and Tertiary volcanics. The Ruby
Mountains to the southwest and the Gravelly Range
to the southeast consist of sequences of intensely
folded schists and gneisses with l ithologies similar in
places to those found in the Tobacco Root Moun-
tains. In the Ruby Creek area of the Gravelly Range,
the metamorphic grade is much lower than in either
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Abstract

Precambrian metamorphic iron-formations from the Tobacco Root and Ruby Mountains
and the Gravel ly Range of southwestern Montana were studied by optical,  electron micro-
probe, and X-ray dif fract ion techniques. Associated pel i t ic rocks in the Tobacco Root
Mounta insareof  s i l l iman i te -or thoc lasegrade,  andthoseof  theCar te rCreek  areaof  theRuby
Mountains, though st i l l  of si l l imanite grade, are inferred to have been metamorphosed at a
sl ightly lower temperature or higher Pg,o. Pel i t ic rocks associated with the iron-formation in
the Ruby Creek area of the Gravel ly Range are of chlori te grade.

The high-grade iron-formation assemblages are mainly of the type quartz + magneti te +
hematite * one or two pyroxenes + two amphiboles + garnet. Tobacco Root Mountains
assemblages contain optical ly homogeneous ferrohypersthene which may coexist with a
ferrosal i te of similar FelMg rat io showing exsolved ferrohypersthene lamellae. Associated
amphiboles are grunerite and hastingsit ic or tschermakit ic hornblende, both with visible or
submicroscopic exsolut ion lamellae. Both amphiboles and pyroxenes are subhedral and
unaltered, though the amphiboles are f iner in grain size than the pyroxenes. Some assemblages
are aluminous and may contain abundant almandine, as well  as subordinate biot i te or
feldspar. Similar assemblages from the Carter Creek area of the Ruby Mountains are rela-
t ively amphibole-r ich, with minor ferrohypersthene and andradite garnet. Amphiboles in the
Carter Creek area iron-formations contain more exsolut ion lamellae than do Tobacco Root
Mountains amphiboles of the same composit ion. A common assemblage in the Carter Creek
area iron-formation contains aegir ine-r ich cl inopyroxene * sodic tremoli te (r immed by mag-
nesioriebeckite) * quartz * iron oxides. The Gravel ly Range iron-formation contains a very
dif ferent assemblage, quartz + magneti te * hematite * hydrobiot i te.

Calculat ions based on the composit ions of coexist ing si l icates in the iron-formations from
the Tobacco Root Mountains confirm condit ions of metamorphism as deduced from pel i t ic
assemblages: 650-750"C and 4-6 kbar. The prevalence of two-pyroxene assemblages in the
Tobacco Root Mountains may imply sl ightly higher temperatures or lower P11,e than in the
amphibole-rich, one- or no-pyroxene assemblages in the Carter Creek area of the Ruby
Mountains. The assemblage of the oxide iron-formation in the Ruby Creek area of the
G r a v e l l y  R a n g e  i s  c o n s i s t e n t  w i t h  c h l o r i t e  g r a d e  m e t a m o r p h i c  c o n d i t i o n s :
<400"C and 2-4 kbar.
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FIc. l .  Sketch map of Madison County, Montana, showing
outcrop pattern of Pre-Beltian rocks (after Cordua, 1973) and
general location of the areas in which iron-formations were
sampled for this study. The general geologic setting of the areas
outl ined is given in Figs. 2, 3, and 4.

the Ruby or Tobacco Root Mountains, although the
northern part of the Gravelly Range has metamor-
phic assemblages similar to those of the Ruby and
Tobacco Root Mountains. Structural and stratigra-
phic relationships among the three ranges are un-
clear.

The iron-formations are thin, discontinuous,
banded, lenticular bodies. Associated rocks include
amphibolites, hornblende or garnet gneisses, and in
the northeastern Gravelly Range, mainly phyllites.

Methods of study

The purpose of this study is to evaluate and charac-
terize the assemblages in a series of medium- to high-
grade metamorphic iron-formations and to further
advance our understanding of the metamorphic his-
tory of southwestern Montana.

Samples were selected from five iron-formation oc-
currences in the Tobacco Root Mountains (Fig. 2)
and from one each in the Carter Creek area of the
Ruby Mountains (Fig. 3) and in the Ruby Creek area
of the Gravelly Range (Fig. 4), in order to obtain a
wide range in bulk chemistry and metamorphic grade,
All samples, except those from Sailor Lake (obtained
from T. E. Hanley), were collected by C. Klein in the
summer of 1973.

Approximately 70 thin and polished thin sections
were used for detailed petrographic study of the min-
eral assemblages and of their textural relations, prior
to electron probe microanalysis. Chemical analyses
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for nine oxide components were performed on pol-
ished thin sections using a 3-spectrometer Etec Auto-
probe . Operating conditions and analytical pro-
cedures were identical to those outlined in Klein
(1974). Computer programs by Papike et al. (1974)
were used to estimate psz+/ps3+ ratios in amphiboles
and pyroxenes. A similar program by Friberg (1976)
was used to estimate Fd+/Fd+ ratios in garnets.
Complete chemical analyses of six bulk samples of
various iron-formation assemblages were made by a
combination of gravimetric, flame photometric, and
colorimetric techniques.

Amphiboles, which are major constituents of the
iron-formation assemblages, commonly contain ex-
solution lamellae which are too small (thicknesses
(llt) to be chemically characterized by electron
probe techniques. For studies ofthese fine exsolution
lamellae, single-crystal X-ray photographs were
made on a Buerger precession camera. Optically
homogeneous amphiboles were also examined by this
method for the presence of submicroscopic ex-
solution lamellae. Interpretation of such photographs
of amphibole exsolution pairs is discussed by Ross el
al. (1969). Unit cells were calculated from direct film
measurements and were not refined; hence relative
values measured from a single film are accurate, but
comparisons of measurements between films are diffi-
cul t .

X-ray powder patterns were used to determine the
identity of phases that remained ambiguous after op-
tical and microprobe study. The structural states of
some associated alkali feldspars were determined
from refined unit-cell parameters according to the
methods of Wright and Stewart (1968) and Wright
(1968). The lattice parameter refinement program
used was that of Burnham (1962).

Iron formations in the Tobacco Root Mountains

The iron-formation near Copper Mountain (Fig. 2,
location 6), the most extensive in the Tobacco Root
area, occurs as thin layers and lenses associated
with amphibolites and lesser amounts of biotite-
garnet-sill imanite schist and quartzite (James and
Wier, 1962; and Cordua,1973). The major iron-for-
mation is about l0-15 meters thick, crops out in a
tight synform and extends for almost l0 km along
one limb of the fold. A second iron-formation occur-
rence, of unknown areal extent, is found to the north-
east of Copper Mountain, on the South Fork of Mill
Creek (Fig. 2, location 9), and is associated with
garnet gneiss. The iron-formation assemblages in the
two areas are similar, but the Copper Mountain
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Flc.  2.  Highly s impl i f ied l i thology of  part  of  the Tobacco Root Mountains (af ter  Vi ta l iano,  in preparat ion)
showing the dist r ibut ion of  i ron-format ions sampled near Copper Mountain (6) ,  the South Fork of  Mi l l  Creek (9) ,

Sai lor  Lake (SL),  and Carmichael  Creek (21,  22).Th.e width of  the i ron-format ions has been exaggerated for  th is
i l lustrat ion.  Numbers and let ters in oarentheses reDresent samole locat ions.
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Ftc 3.  Highly s impl i f ied l i thology of  the Carter  Creek area (17)
in the nor lhern Ruby Mountains (af ter  Heinr ich,  1960).  The width
of  the i ron-format ion has been exaggerated for  purposes of  th is
i l l u s t r a t i on

rocks are deeply weathered. Because of this weath-
ering, no samples from the Copper Mountain deposit
were used for bulk chemical analyses (Table I ). The
aluminous nature of  some of  the i ron- format ions (see
analysis I, Table 1) is reflected by the presence of
large amounts (15-20 percent)  of  a lmandine.

Iron-formation is locally abundant in the north-
western part of the Tobacco Root Mountains as thin
(< lm to 5m),  d iscont inuous,  th in ly  bedded layers
which extend for 2-3 km along the strike of some of
the hornblende gneiss units (Burger, 1966; Gil lmeis-
ter ,  l97 l ; -  Hanley,  1975).  Though Hanley (1975) d id
not map it as a separate unit, he extensively sampled
a band of iron-formation which is exposed within the
nose of a northeast-plunging synform (location SL,
Fig. 2). Here, the iron-formation is closely inter-
bedded with hornblende gneiss and pods and lenses
of quartzite with gradational contacts among the l ith-
ologies. Assemblages and mineral compositions in
this iron-formation (Table 2) arc quite similar to
those in the south of the range. Because almandine is
often a major constitutent in these assemblages, the
bulk analyses may show a few percent Al2Oa (analysis
3 ,  Tab le  1 ) .

Root (1965) mapped and described several occur-
rences of iron-formation in the northern Tobacco
Root Mountains, the largest of which are in the Car-
michaef Creek area (locations 2l and 22, Fig. 2).
They crop out on one limb of a steep, faulted fold in
association with hornblende and pelit ic gneisses. The
southern deposit (21) is relatively thin, very garneti-

ferous, compact and fine-grained. The other occur-
rence (22; about 0.7 km north of 21) is thicker, more
extensive (about 0.5 km in length) and is found be-
tween a lenticular kyanite-sil l imanite pegmatite and
a cummingtonite schist. It is a well-foliated magnetite
gneiss, with textures and assemblages similar to those
of the other Tobacco Root iron-formations, although
clinopyroxene is absent from the assemblage and or-
thopyroxene is less abundant. A bulk chemical analy-
sis of a typical (non-garnetiferous) sample is given in
Table I  (analys is  2) .

Assemblages

The most widely occurring assemblage (Figs. 5A,B;
and Table 2, locations 6,9,5L,21,22) in the iron-for-
mations of the Tobacco Root Mountains is: quartz *
magnetite j hematite * almandine * ferrohypers-
thene a ferrosalite * grunerite (and/or hornblende
or actinolite). One- and two-pyroxene assemblages
occur with about equal frequency; in one-pyroxene
assemblages, the pyroxene is usually ferrohypers-
thene. No clinopyroxene and litt le orthopyroxene oc-
cur in the Carmichael Creek assemblages. Grunerite
and hornblende may occur alone, but coexisting pairs
are more common except in the Carmichael Creek
assemblages. Biotite is sparse, and occurs in the as-
semblage: ferrohypersthene * almandine * biotite *
magnetite (* hematite) * grunerite (and hornblende)
* (quartz). This assemblage was observed only in the
South Fork and Sailor Lake rocks. Feldspar is un-
common, though trace amounts are found in some of
the Sailor Lake rocks as a part of the assemblage:
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TesI-r l. Bulk chemical analyses of iron-formations from southwestern Montana
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quaftz * ferrohypersthene * ferrosalite (or augite) *
magnetite * almandine * hornblende + grunerite +
(microcline) * albite + (apatite). Apatite is the only
common accessory mineral. Ferromagnesian sil icates
may be rimmed by a fine (l micron or less) asbesti-
form grunerite (Fig. 5D) which is not considered to
be part of the high-temperature metamorphic assem-
blage.

Quartz is present and abundant in most samples
and makes up from 5 to 60 percent of the iron-
formations, usually as thin bands or lenses (Fig. 5.A)
in which the grains are anhedral and interlocking and
frequently display parallel optical orientation. Quartz
tends to be less abundant in the more massive rocks
where it is interstit ial to other minerals (Fig. 5B).
Grain size is extremely variable and ranges from
about 0.05 mm to 5 mm. It also occurs abundantly as
small anhedral inclusions in garnet (Fig. 5C) and
pyroxenes.

Magnetite (10 to 70 percent) occurs most abun-
dantly as small (0.05-0.10 mm), well-formed octa-
hedra modified by dodecahedron and cube forms. In
this habit it is much finer-grained than the associated
pyroxene, garnet, and amphibole grains and is fre-

quently included within them. Magnetite may also
occur in granular or elongate grains (Fig. 5,{), and
when concentrated in bands, the grains are irreg-
ularly intergrown with each other. Quartz, when in
contact with a magnetite band, may show fine frac-
tures fi l led with finer-grained magnetite and hematite,
resulting in a radiating pattern. Such occurrences
probably represent magnetite or hematite which was
remobilized over short distances during the metamor-
phic event. Magnetite from the iron-formations in the
Copper Mountain and South Fork areas is almost
pure FeaO4 with ( 0.5 weight percent MnO and
AlrO. and no detectable MgO or TiOr. The magnet-
ites from Carmichael Creek and Sailor Lake, how-
ever, may contain up to l0 weight percent TiO, in-
homogeneously distributed in the grains; exsolved
ilmenite lamellae were not observed. In a hydro-
thermally altered (Hanley, personal communication)
iron-formation specimen from southwest of the Car-
michael Creek area, however, i lmenite is exsolved
from a magnetite host; this assemblage also contains
hypersthene, serpentine, chlorite, and pleonaste.

Hematite may occur as independent, anhedral
grains (0 to 5 percent) but is more commonly found



I. P. IMMEGA AND C. KLEIN, JR

Test-s 2.  Summary of  i ron-format ion assemblages in the Tobacco
Root Mountains and the Carter  Creek area of  the Ruby

Mountains

cracks and edges of magnetite and other iron-rich
minerals.

Almandine (0 to 50 percent) commonly forms large
(2-5 mm to rare cm size) subhedral grains with in-
clusions of euhedral magnetite (Fig. 5C) or rounded
bfebs ofpyroxene or quafiz. Larger grains tend to be
complexly intergrown with pyroxene. The garnets are
pink or orange-pink to colorless in thin section and
may show color zoning, although no detectable
change in chemical composition is observed. Garnets
in the Tobacco Root iron-formation assemblages are
rich in the almandine component. The Sailor Lake
and Copper Mountain garnets have essentially identi-
cal compositions (Table 3), with less than 20 mole
percent substitution by pyrope and spessartine; the
South Fork garnets have 20-30 percent and the Car-
michael Creek garnets 35-45 percent ofthe pyrope *
spessartine components. The grossular-andradite
component is low and shows no systematic variation.

Garnet is not a common constituent of iron-forma-
tion assemblages. Kranck (1961) found almandine-
rich pyrope as a part of a pyroxenite assemblage
associated with iron-formation. Klein (1966) re-
ported almandine, spessartine, and calderite in me-
dium-grade Wabush Iron Formation, Labrador, as-
semblages. Small amounts of' almandine and
andradite occur in the Biwabik Iron Formation
(Morey et al., 1972), and almandine-rich garnets are
a part of sil l imanite-grade iron-formations in Mau-
ritania, N. Africa (Cuney et al., 1975).

Ferrohypersthene (0 to 70 percent) occurs as coarse,
anhedral to subhedral grains (0.l-0.5 mm in diameter
in the fine-grained Carmichael Creek rocks; 0.5 to 5
mm elsewhere). Such grains contain relatively few
inclusions other than fine, euhedral magnetite or an-
hedral blebs of garnet, but they may be intergrown
with garnets of similar size. Orthopyroxenes from the
South Fork locality (Fig. 6) range from Fsro to Fs.u,
those from Sailor Lake from Fsru to Fsuu, and the
sparse Carmichael Creek orthopyroxenes average
about Fsuo (Table 4).
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S a m p l e  g r o u p s  6 . 9 ,  S L , 2 1  a n d  2 2  a r e  f r o n  X h e
? o b a c c o  R o o t  M o u n t a i n s  ( 6 A - J :  C o p p e r  M o u n t a i n ;  9 A - K :
S o u t h  F o t k ;  S L :  S a i T o r  L a k e ;  2 1 - 2 2 :  C a r n i c h a e l  C r e e k ) .
S a n p f e  g r o u p  1 7  i s  f r o n  t h e  C a r t e E  C t e e k  a r e a ,  R u b g
M o u n t a i n s ,  S g n b o l s t  x ,  m a j o r  c o n s t r t u e r t , .  - ,  n i n o t  o t
t t a c e  a b u n d a n c e  ( l e s s  t h a n  o n e  v o f u m e  Z )  ;  b l a n k  i n
c o l u n n t  a b s e n t .  * T r a c e  a n o u n t s  o f  a p a t i t e  a r e  n e a r f g

a f w a g s  p r e s e n t ;  ( )  j n  X h e  l a s X  c o T u n n  i n d i c a t e s  e x t r e n e T g
f o w  a b u n d a n c e ;  a b b r e v i a t i o n s  i n  T a s t  c o T u n n :  b i o - b i o t i t e ;
a p - a p a x j t e i  c a 7 - c a f c i t e ;  a l b - a f b i t e ;  n j c - n i c r o c f i n e -

as oriented intergrowths with magnetite. The hema-
tite lamellae are thin (0.5-l ir), uniform in size, and
sparsely distributed in the centers of magnetite crys-
tals. The lamellae thicken and coalesce near grain
boundaries, in places forming a solid rim of hematite
around magnetite grains. Secondary goethite is found
as extremely fine-grained, granular material along

FIc.  5 Textures and assemblages in i ron-format ion f rom the Tobacco Root Mountains.
A. Typically banded quartz + magnetite f silicate iron-formation assemblage: quartz + ferrohypersthene i ferrosalite * almandine *

magnet i te *  hornblende *  gruner i te.  South Fork area,  sample 9K. Plane polar ized l ight .
B .Lesswe l l - bandedspec imenw i t h thesameassemb lageas inF ig  54 .No teve ry f i nep la teso fmagne t i t epa ra l l e l  t oexso lu t i on l ame l l ae

in large grain of  ferrosal i te.  South Fork area,  9C. Plane polar ized l ight .
C.  Train of  euhedral  magnet i te crystals inc luded in coarse-grained almandine.  White b lebs are quarLz.  Almandine is  color less in the

center near the inclusions and pale p ink on the edges of  the grains.  South Fork area,9C. Plane polar ized l ight .
D Very fine-grained, acicular grunerite rimming ferrohypersthene. The composition of this amphibole is more iron-rich than coarser

gruner i te in the same sl ide.  South Fork area,9C Plane polar ized l ight .
Abbreviat ions:  gru,  gruner i te;  hbl ,  hornblende; hyp,  ferrohypersthene, hypersthene; fs l ,  ferrosal i te;  mag, magnet i te;  a lm, a lmandine;

qIz, quartz.
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T,qst-E 3. Representative electron microprobe analyses of garnets
from i ron-format ions in the Tobacco Root Mountains and the

Carter  Creek area of  the Rubv Mountains

T o b a c c o  R o o t  M o u n t a i n s

I 7 E

tain about 25 percent exsolution lamellae (Fig. 7A').
Lamellae have almost the same composition as co-
existing ferrohypersthene. Fine, parallel oriented
plates of an opaque mineral (magnetite?) are in places
associated with the exsolution lamellae in ferrosalite
along with very fine-grained, hematite or goethite.
Selected electron probe analyses of host clinopyrox-
enes are given in Table 4.

Manganese and aluminum fractionation between
coexisting pyroxenes is consistent and homogeneous
(Fig.  8) .  Gi l lmeister 's  s tudy (1971) inc ludes the i ron-
formations of the Sailor Lake area of the north-
western Tobacco Root Mountains. Compositions of
pyroxenes (Table 4) and major-element fractionation
between coexisting pairs from his work (Fig. 6) are
consistent with those found in the present study.

Amphiboles (2 to I 5 percen t) are less abundant and
finer grained (0.05-1 mm) than the pyroxenes. They
are generally subhedral and do not appear to replace
pyroxenes except in the case ofthe asbestiform grune-
rite already described (Fig. 5D). Both one- and two-

amphibole assemblages are found. Coexisting amphi-
boles occur in several textural modes: (l) as inde-
pendent grains, (2) as intergrowths of two amphi-
boles within a single grain divided by an optically
sharp boundary, and (3) as exsolution lamellae of one
amphibole in a host of different composition (Figs.
7B,C,D). Members of the cummingtonite-grunerite
series are the most common amphiboles. Exsolution
is sometimes visible in them, but exsolution lamellae
make up less than l0 percent of the grains, and twin-
ning may obscure them. Hornblende is more com-
mon than actinolite apd occurs as highly pleochroic
blue-green grains containing up to 50 percent gruner-
ite lamellae. These lamellae range in size from a
maximum of l0 microns to submicroscopic. Compo-
sitional ranges of members of the cummingto-
nite-grunerite series and hornblendes and actinolites
are given in Table 5 and Figure 9. The manganese
fractionation among amphibole pairs, as shown in
Figure 10, is internally consistent. Element fraction-
ation between grunerites and hornblendes from the
iron-formation in the Sailor Lake area (Gil lmeister,

l97 l )  is  consistent  wi th that  found in th is  s tudy
(Table 5 and Fig.  9) .

Virtually all optically homogeneous amphiboles
examined show exsolution of another amphibole in
X-ray precession photographs. A summary of the X-
ray diffraction results is given in Table 6. Intergrown
hornblende (or actinolite) and grunerite share com-
mon b axes which average about l8.l0A in length.
This dimension increases slightly in both amphiboles
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In many occurrences, pyroxene grains are rimmed
(Fig. 5D) by extremely fine-grained, asbestiform
grunerite. Microprobe analyses indicate a Ca-free,
grunerite-l ike composition with a high but variable
Fel(Fe+Mg) ratio, higher than that of the or-
thopyroxene in the rock and considerably higher than
that of any coarser-grained grunerites present. These
fibrous rims are commonly orange or brown stained,
probably due to fine-grained goethite, which may
account for part of the iron in the analyses. This
rimming material is considered a possible late-stage,
lower-temperature alteration product.

Clinopyroxenes (0 to 20 percent) range in composi-
tion from salite to ferrosalite (Fig. 6). Clinopyroxenes
from the South Fork area are consistently more iron-
rich than those from Copper Mountain, and the three
samples from Sailor Lake bracket the entire composi-
tional range. Clinopyroxenes occur as large, sub-
hedral, blocky grains ranging in size from 0.2 to 3
mm, commonly in close association with orthopyrox-
ene (Fig. 7A). Ferrosalite grains are relatively free of
inclusions, but are optically inhomogeneous and con-
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RUBY MTS.
r Corter Creek
o Cor le r  Cr . ,  Pop ike ,  e to l . , l973
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Diopside
Co Mg Si2O.

Hedenberg i le
Co Fe Si2O5

Ens lo t i le
MgSiO3

Mole 7o
0r lhof  erros i l i te

Fe SiO3

Frc.  6.  Graphical  representat ion of  e lectron microprobe analysis of  pyroxene pairs and s ingle pyroxene

composi t ions in i ron-format ion assemblages f rom the Tobacco Root \ !ountains and the Carter  Creek

area of  the Ruby Mountains Analyses f rom Gi l lmeister  (1971) and Papike et  a l  (1973) are also shown

Tiel ines jo in coexist ing pairs and s ingle symbols indicate one-pyroxene occurrences Note that  the Carter

Creek c l inopyroxenes are sodic and hence tend to p lot  below the diopside-hedenbergi te jo in.  Sample 6J

from the Tobacco Root Mountains contains considerable manganese (5 92 weight  percent  MnO in opx

and 299 weight  percent  MnO in cpx,  see Table 4) .  Total  i ron is  taken as FeO.

with increasing Fe'z+. The c and c axes of the gruner-
ite unit cells are generally shorter and the p angle is
smaller than that of coexisting hornblende. Horn-
blende hosts with 6-9 weight percent AlrO, contain
about 50 volume percent grunerite lamellae, whereas
grunerite hosts contain l0 volume percent or less
hornblende lamellae. As the amount of AlzOs in
hornblende decreases and approaches actinolite com-
positions, the amount of exsolution lamellae in-
creases, approaching the proportions reported by
Ross et al. (1969) for amphiboles from iron-forma-
tion in the Carter Creek area of the Ruby Mountains.
Several optically homogeneous amphiboles were X-
rayed in order to establish the presence or absence of
submicroscopic exsolution lamellae. In general, opti-
cally homogeneous amphiboles with the same FelMg
ratios as those with visible lamellae exhibited ex-
solution features on X-ray precession fi lms. The
abundance of host versus exsolved amphibole in the
optically homogeneous crystals is very similar to
those with visible exsolution lamellae.

Calcic amphiboles contain components other than
Ca, Si rOrr(OH)r-  Mg,  Si rOrr(OH),  -  Fe '  Si 'Orr(OH)r ,
the "nonquadrilateral components" of Papike et al.
(1973).  I f  a  charge-balance equat ion for  amphibole
compositions, assuming 2 OH per formula unit, is
solved to determine the l imits of Fe'z+/Fe3+ variation,
the relative site occupancy of these components can
be estimated. For calcic amphiboles, the chief sub-
st i tu t ions of  th is  nature are Na+ and K+ into the I
site, and Al3+ as a replacement for Sia+ in tetrahedral
sites of the amphibole structure. Thus, the calcic am-
phiboles fall within the field of hastingsitic or
tschermakitic hornblendes, according to Papike's
classification scheme.

Biotite was found in a few samples from the South
Fork area and from Sailor Lake, and is restricted to
the assemblage ferrohypersthene * almandine *
biotite * magnetite t hematite i grunerite * minor
hornblende + quartz. The biotite occurs as euhedral,
strongly pleochroic grains which are unaltered and
free from inclusions. The thin plates (0.1 mm thick X
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TlsLr4 Representat iveelectronmicroprobeanalysesofs inglepyroxenesandpyroxenepairsfromiron-format ions
in the Tobacco Root Mountains and the Carter  Creek area of  the Ruby Mountains
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0.5 mm wide) have sharp faces against the other
minerals; they are interpreted as part of the primary
metamorphic assemblage, and not as a retrograde
replacement product. An analysis is given in Table 7.

Biotite is rare in iron-formations. It has been re-
ported, however, from iron-formation in Mauritania,
North Africa (Cuney et al.,1975) in association with
amphibole-bearing assemblages.

Feldspar (< lvo) occurs as part of a rock which
consists of ferrohypersthene * almandine * magnet-
ite t hematite + hornblende * grunerite * quartz,
from the Sailor Lake area. The grains occur in a
quartz band, isolated from other minerals in the as-
semblage; they are anhedral, fine-grained (0.05 mm),
untwinned, and show very fine perthitic exsolution.
The composition of the grains is Ko.rNao I (AlSisOE),
which probably represents a bulk composition for the
perthite. Two feldspars, in the assemblage quartz +
ferrohypersthene * augite * almandine * magnetite
* 2 amphiboles * albite * K-feldspar * trace of
apatite, were observed in several samples from Sailor
Lake. The K-feldspar is as described above and the
albite occurs as small (0.05 mm), anhedral, poorly
twinned grains.

Feldspar is rare in iron-formation assemblages.
Trace amounts of microcline, perthitic orthoclase,
and albite have been reported from the more alu-
minous, amphibole-bearing assemblages of the iron-
formations of Mauritania, North Africa (Cuney et
al., 1975). Anro is reported from the contact meta-
morphosed Gunflint Iron Formation (Simmons el
al., 1974).

Iron formation in the Ruby Mountains

The iron-formations of the Carter Creek area of
the Ruby Mountains (Heinrich, 1960; James and
Wier, 196l and 1972) crop out over a distance of
about l l .5 km in the troughs and on the l imbs of a
series of tight, northeast-southwest trending folds
(Fig. 3, location l7). Although the individual iron-
formation bands are probably under l6 m in thick-
ness, they are repeated structurally to a width of up to
155 m in the major part of the iron-formation belt. At
this locality the iron-formation is in contact with
garnet-sill imanite schists, quartzite, and dolomitic
marble. Two parallel, but much thinner and less con-
tinuous bands of iron-formation occur about 450 m
to the north and south of the major belt, in associa-
tion with schists and quartzite (north) and dolomitic
marbles (south),

In these rocks, fine magnetite-rich bands (5-15 m
thick)-alternate with light colored, thinner, quarlz-

l t 2 7

rich bands. The assemblages (Table 2) are not unlike
those of the Tobacco Root Mountains iron-forma-
tions to the northeast, but with larger amounts of Na
and Ca. Bulk chemical analyses of iron-formation
from the Carter Creek area are siven in Table l

Assemblages

The two major assemblages in the Carter Creek
area are: (l) quartz * magnetite * hematite + (hy-
persthene) * cummingtonite' + (hornblende or acti-
nolite) * small amounts of microcline * calcite *
apatite and (2) quarlz * magnetite * hematite *
diopside (or hypersthene) * albite + Na tremolite
* riebeckite * (andradite) * small amounts of micro-
cline * calcite * apatite.

Quartz is a major component (30-70 volume per-
cent) of the iron-formation assemblages. It is least
abundant in association with abundant clinopyrox-
ene and calcite, and most abundant in quartz *
magnetite (*hematite) * amphibole assemblages.
lt is always anhedral and varies in grain size from
0.1 mm in diameter in granular magnetite bands to 5
to 7 mm in diameter in polycrystalline quartz lenses.

Magnetite (20 to 40 percent) occurs as fine grains
(0.05-0.I mm in diameter) dispersed among quartz.
These tend to be euhedral, but larger grains are less
regular and generally occur in aggregates which coa-
lesce to form bands. Hematite is nearly always pres-
ent as fine lamellae along octahedral planes of the
magnetite, as in samples from the Tobacco Root
Mountains. Hematite seldom forms large independ-
ent grains, but is sometimes found with extremely
fine-grained goethite along fractures in other miner-
als. Goethite is not abundant in these samples.

Pyroxenes, when present, may form up to 30 per-
cent of the rock. Diopside can be a major constituent,
but hypersthene is rare. In general, the pyroxenes
from the Carter Creek iron-formation tend to be
more magnesian than their counterparts in the To-
bacco Root Mountains (Fig. 6), with those assem-
blages containing low-sodium Ca-amphiboles having
the most iron-rich pyroxenes. In assemblages with
sodic amphiboles (riebeckite, Na-tremolite), the
pyroxene ranges from diopside to salite, with an aegi-
rine component that varies from about l5 to 45 mole
percent, increasing with the amount of iron present.
There is very little substitution by Als+ in these
pyroxenes (( 1 weight percent Alroa). The pyroxene

I Cummingtonite refers to Mg-Fe clinoamphiboles with Mg )
Fe (atomic percent); grunerite to members of same series with Fe
)  M e .

METAMORPHIC PRECAMBRIAN IRON.FORMATIONS
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in hornblende-bearing assemblages is ferrohypers-
thene, similar to the Tobacco Root Mountains as-
semblages. Representative microprobe analyses are
given in Table 4, and their compositions are com-
pared with those of the assemblages in the Tobacco
Root Mountains in Figures 6 and 8. An analysis by
Papike et al. (1973) of an orthopyroxene from a
similar Carter Creek assemblage is included in Table
4 and Figure 6.

Sodic pyroxenes reported from iron-formation in
the Labrador Trough (Klein, 1966; Mueller, 1960)
are generally more aluminous than those of the Car-
ter Creek iron-formation assemblages; a comparison
of the pyroxenes of various iron-formations is pre-
sented in  a subsequent  sect ion.

Amphiboles (5 to 30 percent) are finer-grained
(0.1-0.5 mm in d iameter)  than the pyroxenes.  In  as-
semblages of type (1) above, relatively coarse, poly-
synthetically-twinned cummingtonite coexists with
hornblende in an exsolution relationship (Fig. l lA).
Either phase may dominate within a grain, and con-
tain lamellae of the other amphibole parallel to
(T0l )  and (100) .  Lamel lae paral le l  to  (101)  are

more l ikely to be present and are commonly thicker
(0.01 mm) than those in the other direction. Only
about l0 percent lamellae are found within horn-
blende hosts, while 80-95 percent are found within
cummingtonite hosts. A similar amphibole para-
genesis was studied by Ross et al. (1969) by single-
crystal X-ray diffraction techniques, with results
comparable to data obtained in this study (Table 6).

Sample l7J (F ig.  l lB;  Table 5)  conta ins cum-
mingtonite and actinolite in exsolution relationship.
This sample is compositionally close (Table 5, Fig. 6)
to the cummingtonite-actinolite and cummington-
ite-hornblende pairs from the Carter Creek iron-
formation reported by Ross et al. (1969) and Papike
et al. (1973). Sample l7N (Table 5) contains a more
iron-rich grunerite-hornblende pair, chemically

closer to the amphibole assemblages of much of the
iron-formations of the Tobacco Root Mountains
(Table 5,  F ig.  9) .

Cummingtonite hosts, both primitive and end-cen-
tered, contain less than 5 volume percent actinolite
lamellae. Actinolite hosts from sample l7J, with cell
constants (Table 6) similar to those given by Ross el
al. (1969), contain a somewhat lower proportion of
exsolved P- or C-centered cummingtonite than they
found. This may reflect the slightly higher AlrO' con-
tent of this actinolite, about 4 weight percent. Reflec-
tions violating C2/m symmetry are, as reported by
Ross e/ al. (1969), more diffuse than other reflections
in the same net on the precession photograph. Those
authors attribute the difference to the possible in-
version of a persisting metastable P2r/m cummington-
ite to a C2/m form during the X-ray exposure. Such
an explanation is reinforced by the observation that
small crystals in this study, requiring exposure times
of 4 to 5 days, almost always showed a very strong
contrast in intensity between the well-defined C-cell
spots and those violating C-symmetry. The latter are
diffuse and generally of low intensity.

Crystals from sample l7N gave unit cells with con-
sistently longer b axes (Table 6), because both amphi-
boles are more iron-rich than their equivalents in
l7J. The proportions of exsolved phases are lower:
about 35 volume percent C-centered grunerite in
hornblende hosts and less than 5 volume percent

hornblende in C-centered grunerite hosts. No primi-

tive grunerites were found. The calcic amphibole con-
tains 30-35 mole percent of non-quadrilateral com-
ponents (chiefly Na and Fe3+), and falls within the
fiefd of tschermakitic hornblendes (Papike et al.,
1974). Similar amphiboles have been analyzed by
Papike et al. (1973) and Ross et al. (1969) from the
Carter Creek area.

A second amphibole paragenesis. common in most
of the samples from the Carter Creek area, consists of

Frc.  7.  Typical  pyroxene and amphibole occurrences in i ron-format ion f rom the Tobaceo Root Mountains.
A.  Coexist ing ferrohypersthene ( l ight)  and ferrosal i te (dark) .  Ferrohypersthene shows a th in r im of  f ibrous gruner i te,  and the

cl inopyroxene contains exsolut ion lamel lae of  ferrohypersthene. South Fork area,  9K. Doubly polar ized l ight .

B Coexist ing,  independent grains ofgruner i te ( l ight)  and hornblende (dark)  in the assemblage ferrohypersthene *  quartz *  ferrosal i te

*  a lmandine *  gruner i te *  hornblende f  minor microcl ine.  Sai lor  Lake area,  SL48. Plane polar ized l ight .

C.  Gruner i te and hornblende coexist ing across a sharp inter face wi th in a s ingle grain.  This assemblage also shows grains of the type

i l lustrated in Fig.7D. Quartz *  magnet i te *  a lmandine *  ferrohypersthene *  ferrosal i te *  hornblende *  gruner i te assemblage. Copper

Mt area,  6A. Plane polar ized l ight .
D.  Hornblende lamel lae in a gruner i te host ;  lamel lae coalesce toward the bot tom of  the grain to form a region of  opt ical ly

homogeneous hornblende. Quartz * hypersthene + magnetite * grunerite * hornblende assemblage. Carmichael Creek area, 228. Plane
polarized light.

Abbreviat ions:  gru,  gruner i te;  hbl ,  hornblende; hyp,  hypersthene, ferrohypersthene; fs l ,  ferrosal i te;  mag, magnet i te;  a lm, a lmandine;
qIZ, quafrz
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a pale green sodic tremolite which shows patchy,
anomalous extinction and rims of f iner-grained blue
magnesioriebeckite (Fig. 1 lC). Representative analy-
ses of such amphiboles are given in Table 5. Major-
element fractionation between the amphibole pairs

TOBACCO ROOT MTS.
.  Copper Mln.
o South Fork
^ Soi lor  Loke

RUBY MTS.
r  Corter  Creek

Orthopyroxenes

o.2 0.4 0.6 0.8
Co Atoms per Formulo Unit

TOBACCO ROOT MTS.
'  CoPPer Mln.
o South Fork B
^ Soi lor  Loke

RUBY MTS.
.  Cor ler  Creek

Orlhopyroxenes

o.o o.2 0.4 0.6 0.8 r.o
Co Atoms per Formulo Unit

FIc. 8A. Manganese fractionation in pyroxenes from iron-
format ions in the Tobacco Root Mountains and the Carter  Creek
area of  the Ruby Mountains

FIc 8B Fract ionat ion of  a luminum with respect  to calc ium in
the same pyroxenes Paired symbols joined by tie-lines represent
assemblages with coexisting pyroxenes; single symbols represent
one-pyroxene assemblages.  Analyt ical  error  in the determinat ion
of  . the very low Al  contents is  probably responsible for  some of
the' t ie l ine crossings in Fig.  88.

(Fig. l2) is internally consistent and in accord with

that reported for assemblages in the actinolite-
hornblende-glaucophane system (Klein, 1968b).

Boundaries between the Na-tremolite and the rim-

ming riebeckite within a grain are optically sharp
(Fig. I lC); there is no visible exsolution within either
amphibole. Single-crystal X-ray precession photo-
graphs of grains containing the two amphiboles show
that their relative orientations are the same as that
repo r ted  fo r  g rune r i t e  (o r  cumming ton i t e ) -
hornblende (or tremolite) pairs in exsolution rela-

tionships from other Carter Creek samples and from

assemblages from the Tobacco Root Mountains; the

two cells share a common b axis. Precession photo-
graphs of single crystals of the Na-tremolite with no

optically visible riebeckite usually also have riebeck-
ite reflections in the same orientation. Both show
C2/m symmetry. The magnesioriebeckite has a

slightly shorter a axis than the Na-tremolite (9.79A

for the magnesioriebeckite; 9.84 for the Na-
t remol i te) ,  approximately  the same b ax is  (18.01A),

longer c axis (5.28A us. 5.244), and a smaller p angle
(103 'us .  104o40 ' ) .

Feldspars (Table 8) of f ine grain size (0.1-0.3 mm)
are present sporadically and are most abundant (up

to 2-3 percent) in assemblages containing sodic
amphiboles. Polysynthetically twinned albite,
Nao rCao rAlsisor, may be present alone or may be
accompanied by perthit ic microcline (Ko.r.Nao.on

AISiBO'). The structural state of the potassium feld-
spar was determined to be maximum microcline by
the method of  Wr ight  (1968).

Garnel occurs in only one sample from the Carter
Creek area, 17E, in association with a sodic amphi-
bole assemblage. The composition (Table 3) is nearly
end-member andradite, in contrast to the almandines
of the Tobacco Root Mountain assemblages. The
andradite (approximately 20 percent) occurs in sub-
hedral, relatively coarse (0.5-lmm) grains and con-
tains numerous small inclusions of anhedral quartz

and magnetite.

Iron formation in the Gravelly Range

The iron-formations of the Ruby Creek area, on
the eastern flank of the Gravelly Range, were studied
by Heinrich and Rabbitt (1960), and further de-
scribed and mapped by Hogberg (1960) and Hadley
(1969). The samples used in the present study were
collected at Ruby Mine (location 14, Fig. 4). The
iron-formations of this part of the range form discon-
tinuous bands up to 40 meters in width and are
traceable over a distance of several kilometers. The
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Tnslr  5.  Representat ive electron microprobe analyses of  s ingle amphiboles and amphibole pairs in i ron-format ions f rom the

Tobacco Root Mountains and the Carter  Creek area of  the Ruby Mountains
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TOBACCO ROOT MTS.
.  Copper Mtn.
o South Fork
r Soilor Loke
a Soilor Loke, Gil lmeister, l97l
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FIc.  9 Craphical  representat ion of  e lectron microprobe analyses of  amphibole pairs and s ingle amphibole

compos i t i ons i n i r on - f o rma t i onassemb lages f romtheTobaccoRoo tMoun ta i nsand theCar te rC reeka rea  T ie l r nes
join coexisting pairs and single symbols represent one-amphibole occurrences. Amphiboles from Ross et al. (1969),

G i f lme i s te r (1971 )andPap i kee ta l . ( 1973 \ , a rea l soshown .To ta l i r on i s t akenasFeO Thecompos i t i onso f t hesod i c
amphiboles from the Carter Creek area are shown graphically in Fig. 12.
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FIc.  10.  Fract ionat ion of  manganese in amphibole assemblages
from the Tobacco Root Mountains and the Carter Creek area.
Carter Creek assemblages containing riebeckite are not plotted,
because their  Mn content  is  general ly  low. Amphibole pairs
analyzed by Gi l lmeister  (1971) f rom the Sai lor  Lake area and by
Papike et al. (1973) from the Carter Creek area are included. Two-
amphibole assemblages are represented by paired symbols joined

by tie-lines, and single symbols represent one-amphibole
assemblages. Analytical error in the determination of the very low
Mn contents is probably responsible for some of the tieline
crosslngs.

stratigraphic and structural relationships among the
various bands are unknown. They occur in associa-

tion with phyll ites or, more rarely, with horn-

blende-quartz schist or marble. Greenstones asso-
ciated with phyll ites indicate a considerably lower
metamorphic grade than in other parts of this region,

such as the northern and southern parts of the Grav-

elly Range, and the Ruby and Tobacco Root Moun-

tarns.

Assemblages

The iron-formation differs from those in the To-
bacco Root Mountains and Ruby Range in that the
assemblage is relatively simple: quartz + magnetite +

abundant hematite * goethite * hydrobiotite * ac-

cessory apatite and possibly some grunerite.

Quartz is a major constituent (40 to 70 percent).

The iron-formations are finely banded (( lmm to

5mm in thickness) with relatively coarse, polygonal
quaftz (0.2-0.5 mm in diameter) alternating with

layers of magnetite and finer-grained quartz (0.05

mm average diameter). The quartz may contain nu-

merous small inclusions of apatite, magnetite, and

hematite.
Magnetite (25 to 60 percent) has an extremely vari-

able grain size that ranges from minute (( 0.01 mm

in diameter), euhedral inclusions in quartz to large,

Cummingtonite -

TOBACCO ROOT MTS.
o Copper l\4tn.
o South Fork
+ Cormichoe l  Cr
^ Soilor Loke
a So i lo r  Loke,  G i l lme is le r , l9T l
RUBY MTS.
r Corfer Cr
o  Cor le r  Cr . ,  Pop ike ,e l  o1 . ,1973

Hornblende I

x

Co2Mg5Sis O22(OH)2
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blocky and euhedral magnetite aggregates (up to 5
mm in diameter) which make up most of the magnet-
ite-rich bands. Microprobe analyses show the mag-
netite to be very nearly pure FerOr. The magnetite
grains invariably contain lamellae of hematite along
octahedral planes; these lamellae coalesce to form
rims and patches of hematite within the magnetite
host. Such hematite areas are less regularly distrib-
uted than in similar grains from the Tobacco Root
Mountains, and the hematite is more abundant,
sometimes completely pseudomorphing the magnet-
l te .

Hematite occurs also as rounded, fine-grained,
polycrystall ine grains and as very thin, irregular
plates. In addition to the local remobil ization of
hematite along cracks in quartz as described in the
Tobacco Root iron-formations, small veinlets of f ine-
grained hematite and goethite cut across the banding

Tls l r  6.  X-ray crystal lographic data for  amphiboles f rom i ron-
format ions in the Tobacco Root Mountains and the Carter  Creek

area of  the Rubv Mountains

I n t e r g r o w t h  f r  o f  U n l t  c e f l  d i m e n s l o n s

t y p e  s r a i n  . ( X )  I  f 8 l  
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f R )  B
S p a c e
g r o u p

TnsI-r  7 Electron microprobe analyses of  b iot i te in i ron-format ion
from the Tobacco Root Mountains (9E) and of  hydrobrot i te f rom

iron-formatron in the Ruby Creek area,  Gravel ly  Range, and

l i terature analyses of  s imi lar  phyl los i l icates
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r 1  e b

I 7 H  t r e m

I 1 J  a c t - h o s t
cum-1am

c u m - n o s E
a c t - f a m

act -ho st
cum-1M

f 7 N  h b l , - h o s t
grun-1am

grun-no sl
hb1-1am

A b b t e v t a t i o n s :  h b f - h o r n b f e D d e ;  g r u n - g t u n e r i t e ;  X r e n -
x r e n o f i t e ;  a c x - a c t i n o l i t e ;  r i e b - r i e b e c k i t e ;  l a n - 7 a n e 7 l a e t
n . d  - n o t  d e t e r n i n e d

in some thin sections. Goethite is f ine-grained,
spongy, and present as an alteration product of the
i ron minerals .

Hydrobiotite occurs as fine (0.02-0.10 mm), feath-
ery plates and rosettes, with larger aggregates up to I
mm in d iameter .  I t  is  probable that  the st i lpnomelane
identif ied by Bayley and James (1973) from the rocks
of this area is identical to this hydrobiotite. The op-
tical properties of the two minerals are somewhat
similar. It shows the mottled extinction texture of
micas and is strongly pleochroic from red-brown to
pale greens or yellow. Hydrobiotite is associated with
the magnet i te  bands and is  local ly  abundant ,  though
it makes up less than 5 volume percent of the rocks.
Larger aggregates are frequently intergrown with
plates of magnetite-hematite, and associated with
fine-grained goethite.

Electron microprobe analyses of hydrobiotite
(Table 7) usually sum to about 80 weight percent;
recalculation with all iron as FerO, brings them to
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about 83 weight percent. The behavior of the hydro-
biotite under the electron microprobe beam suggests
that large amounts of a volatile substance, probably
water, are lost during the analysis. The stoichiometry
of the analyses in Table 7 is biotite-like, and recalcu-
lation of the formulas shows them to be similar to
those described by Boettcher (1966).

Most of the hydrobiotites found elsewhere (e.g.
Buie and Stewart, 1954; Leighton, 1954; Boettcher,
1966) have been interpreted as relatively high-tem-
perature, hydrothermal alteration products of biotite.
There is evidence of hydrothermal activity in this part
of the Gravelly Range as shown by the assemblages
of the Johnny Gulch (Yellowstone) talc mine (Perry,
1948; Heinrich and Rabbitt, 1960). It is possible that
the hydrobiotite in these rocks is an alteration prod-
uct of earlier biotite; the other minerals in the rock
(quartz, magnetite, hematite) would have been unaf-
fected by such alteration except perhaps for addi-
tional oxidation and remobilization of iron.

Grunerite has been reported from the iron-forma-
tions of this area (Heinrich and Rabbitt, 1960; Bayley
and James, 1973). Sporadic and minute acicular
grains (( I micron diameter) of a colorless mineral
which may be grunerite make up less than one per-
cent of some samples. These grains are associated
with hydrobiotite, goethite, and quartz. Electron mi-
croprobe analyses of these fine needles in a quartz
matrix are inconclusive because of their extremely
small grain size.

Apatite occurs as acicular crystals (( I micron in
diameter) and as stubby, anhedral grains (0.03-0.05
mm in diameter). It is unevenly distributed, and tends
to be irregularly concentrated in some quartz bands.
Apatite never makes up more than five percent of the
bands.

TasLe 8. Representative electron microprobe analyses of feldspars
in iron-formation from the Carter Creek area, Ruby Mountains

s i o 2  6 9  . 9 2  6 9  . 2 7  6 5  . 3 0  6 8 .  8 7
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Comparison of iron-formation assemblages from
southwestern Montana, the Labrador Trough, and the

Lake Superior Regions

The most common assemblage in iron-formations
of the Tobacco Root Mountains consists of quartz
and magnetite plus silicates, usually almandine, two
pyroxenes, and two amphiboles. The compositional
ranges of the silicates and tielines between coexisting
minerals for some assemblages are shown graphically
in Figure l3A.. Bulk compositions of intermediate
Fe/Mg and relatively high Al contents may contain
biotite or small amounts of feldspars.

Similar assemblages are found in some iron-forma-

Frc. 11. Textures and silicate assemblages in the iron-formation of the Carter Creek area, Ruby Mountains.

A. Exsolution relationships between very pale green grunerite and blue-green hornblende (hastingsitic) in sample l7N. Both phases act

as hosts with exsolution lamellae along (i0t) and (100). The grunerite host (light gray in the photograph) contains fine, uniform

hornblende lamellae which make up about l0 percent of the grain, while the hornblende contains grunerite lamellae of variable thickness

making up l5-20 percent  of  the grain.  Plane polar ized l ight .
B Exsolution relationships between colorless cummingtonite and light green actinolite in sample l7J. The actinolite is less aluminous

and less iron-rich than that of l7N, and is close to the actinolite of Ross et al., 1969. The cummingtonite host (lighter gray in the

photograph) contains 5-10 percent lamellae of actinolite, while the actinolite host (darker gray) shows about 50 percent lamellae of

cummingtonite Both cummingtonite hosts and lamellae may exhibit C-centered or P unit cells. Cross-polarized light.

C. Very pale green, euhedral grains of sodic tremolite rimmed by finer grained, deep blue magnesioriebeckite in sample l7H. Both

amphiboles appear to be chemically and optically homogeneous. Plane polarized light.

D. Very faintly blue, euhedral grains of sodic tremolite coexisting with fine-grained, anhedral, twinned albite (Abq) in sample l78.

Other portions of this slide contain perthitic microcline (Or*), with less than I percent albite. Plane polarized light.

Abbreviations: gru, grunerite; cum, cummingtonite; act, actinolite; hbl, hornblende; trem, Na-tremolite; rieb, riebeckite; mag,

magnetite; qtz, quartz; ab, albite.
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FIc.  l2 Major  e lement f ract ionat ion
a m o n g  s o d i c  a m p h i b o l e s  o f  i r o n -
format ion in the Carter  Creek area,  Ruby
Mountains.  Coexist ing sodic t remol i te
and r iebecki te assemblages are shown by
paired symbols jo ined by t ie- l ines.  One-
amphibole assemblages are represented by
single symbols.  Total  i ron is  taken as
Fe2+.

t ions frdm the Carter Creek area of the Ruby Moun-
tains: quartz and magnetite, with cummingtonite or
grunerite coexisting with actinolite or hornblende,
and sometimes an orthopyroxene. Compositional
ranges and tielines between coexisting minerals for
two specific assemblages of this type are shown in
Fig.  138.  A second,  more common type of  assem-
blage contains more sodic sil icates: clinopyroxene
with an aegirine component, sodic tremolite, and
riebeckite. Andradite was also found in one such
assemblage (Fig. 138). Either type of assemblage
may contain small amounts of feldspar or calcite.

The iron-formations of the Ruby and Tobacco
Root Mountains contain assemblages similar to
those found in the medium- to high-grade parts of
metamorphosed iron-formations in the Labrador
Trough and Lake Superior regions. The bulk compo-
sitions of the rocks of the present study are somewhat
more aluminous than those of most of the equivalent
Labrador Trough and Lake Superior iron-forma-
tions. This has resulted in the common occurrence of

AND C KLEIN, JR.

almandine, biotite, or feldspar in some of the Mon-
tana assemblages rather than aluminous pyroxenes

such as ferroaugite (Kranck, l96l; Mueller, 1960)
and aegir ine-augi te (Kle in,  1966) or  a luminous am-
phiboles (Kle in,  1966;  F loran,  1975;  F loran and Pa-
pike, 1976) as in the Labrador Trough and Lake
Superior iron-formations.

The medium- to high-grade metamorphic iron-for-
mations of the Labrador Trough, which occur south
of the Grenvil le front, generally contain variable
amounts of the following minerals: carbonates, iron
oxides, quartz, amphiboles, and pyroxenes. There is
considerable range in metamorphic grade, with am-
phiboles abundant relative to pyroxenes in the Bloom
Lake (Mueller, 1960) and Wabush Lake (Klein,
1966) areas and pyroxenes more abundant in the
Hobdad Lake (Kranck,  1961) and Gagnon (But ler ,
1969) areas farther south. The distribution of major
elements between coexisting minerals led Butler
(1969) to conclude that higher temperatures (andlor
lower P"r6) existed during metamorphism in a direc-
tion southward from the Grenvil le front.

The major-element compositions of pyroxenes
from this study (Fig. 6) are similar to those of the
high-temperature assemblages of the Hobdad Lake
and Gagnon areas (F ig.  l4) .  Kranck (1960) repor ts
bronzite-ferrohypersthene coexisting with diop-
side-ferrosalite (or ferroaugite); Butler (1969) reports
similar, but more magnesian assemblages. Tielines
between coexisting pyroxene pairs are nearly radial
from the apex of the pyroxene quadrilateral (Fig. 1a)
as were those of the Tobacco Root Mountains pairs
(Fig.  6) .

Nei ther  Kranck (1961) nor  But ler  (1969) repor ts
two-amphibole assemblages of the same composition
as those from Ruby and Tobacco Root Mountains
iron-formations (Fig. 9); the amphiboles in their as-
semblages are more magnesian (Fig. l5). The two-
amphibole assemblages of Mueller (1960) probably
represent kyanite-staurolite grade, as reported by
Klein (1966) for the nearby Wabush Lake iron-for-
mation. The tielines between these amphibole pairs
show a less radial distribution from the apex of the
amphibole quadrilateral (Fig. 15) than the pairs of
the present study (Fig. 9). The other iron-formation
assemblages from the Labrador Trough contain
mainly one amphibole: cummingtonite-grunerite, ac-
tinolite, or sodic amphiboles in the Wabush Iron
Format ion (Kle in,  1966);  cummingtoni te or  horn-
b lende at  Hobdad Lake (Kranck,  l96 l ) .

High-grade metamorphic iron-formations in the
Lake Superior region include parts of the Biwabik
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Frc .  l 3A  Graph i ca l r ep resen ta t i ono f  i r on - f o rma t i onassemb lages f romtheTobaccoRoo tMoun ta i ns .T i e l i nes , i na th ree -d imens iona l
volume, are shown for a typical assemblage from the Sailor Lake area. The upper vertex of the tetrahedron represents 30 mole percent

Alro3.  Al l  assemblages contain quartz and i ron oxides in addi t ion to the s i l icates shown; minerals h igh in KrO ( fe ldspars,  b iot i te)  are

omit ted.
F rc .  l 38 .G raph i ca l r ep resen ta t i ono f  seve ra l t ypeso f  i r on - f o rma t i onassemb lages f romtheCar te rC reeka rea  Oneassemb lage (A ) ,

low in Na, is  shown by a t r iangle.  A s imi lar  assemblage (B) shown at  a h igher Fe/Mg rat io contains no pyroxene. An assemblage

contain ing sodic minerals (C) and andradi te is  shown by dashed l ines The upper vertex of  the tetrahedron represents 30 mole percent

A l rO3  A l l assemb lagescon ta i nqua r t zand i r onox ides inadd i t i on to thes i l i ca tesshown ;  m ino ramoun tso f f e l dspa rso rca l c i t emaya l so

be present

Abbrevtat ions:  a lm, a lmandine;  cpx,  c l inopyroxene; cum-gru,  cummingtoni te-gruner i te;  hbl ,  hornblende: opx,  or thopyroxenei  act ,

actinof ite; and, andradite; Na-trem, Na-tremolite; rieb, riebeckite; mag, magnetite; hem, hematite; qtz, quartz.

B

(French,  1968;  Bonnichsen,  1969;  Morey et  a l . ,1972)
and Gunflint Iron Formations (Floran, 1975; Sim-
mons el al., 1974). These high-grade rocks occur in a
relatively thin zone, formed by contact metamorph-
ism with the Duluth gabbro. The temperature of
metamorphism is tentatively estimated to be in the
approximate range of 650-750'C (Perry, in Bonnich-
sen; and R. Floran, personal communication). The
Biwabik and Gunflint Iron formations contain both
one-pyroxene (Morey et al.,1972; Floran, 1975) and
two-pyroxene assemblages (Bonnichsen, 1969; Sim-
mons et al., 1974). Though many of the two-pyroxene
assemblages of the Biwabik Iron Formation are more
magnesian than those of the Tobacco Root Moun-
tains (Figs. l4 and 6), the iron-rich range overlaps the
pyroxene compositions from the Montana iron-for-
mations. Tielines between coexisting pairs are, as in
the case of the high-grade Labrador Trough assem-
blages, nearly radial from the Ca apex of the pyrox-
ene quadrilateral. Some of the single-pyroxene as-
semblages of the Gunflint Iron Formation contain
very iron-rich hedenbergite (Floran, 1975); these as-
semblages contain fayalite, a mineral not found in the
regionally metamorphosed Montana iron-forma-

tions. The amphiboles from the Tobacco Root and
Ruby Mountains (Figs. 9 and l5) fall in the middle of
the compositional range represented by the amphi-
boles from the Lake Superior localit ies. The horn-
blendes of the high-grade part of the Gunflint lron
Formation are tschermakitic (Floran, 1975), as are
those of the Tobacco Root Mountains. There are no
riebeckites to compare with the more sodic assem-
blages of the Carter Creek area of the Ruby Moun-
ta ins.

Distribution of Mn between pyroxene pairs and
amphibole pairs from the Montana iron-formations
is consistent with that found in the high-grade parts
of the Labrador Trough and Lake Superior regions
(Figs.  16 and l7) .

Petrogenesis and conclusions

The pelit ic assemblages in both the Tobacco Root
and Ruby Mountains indicate sil l imanite-facies
metamorphism. Kyanite occurs in the Tobacco Root
Mountains, but exists metastably with respect to sil-
l imanite (Friberg, 1976). There is no kyanite in the
Carter Creek area of the Ruby Mountains (Heinrich,
1960; James and Wier, 1972). Primary muscovite is

Al2Ou= 397
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L A K E  S U P E R I O R
Bonnichsen (1969)
Floron (1975)
lVorey, el  ol  (1972)

Simmons, el  ol  (1974)
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Frc l4 Compi lat ion of  major  e lement f ract ionat ion data for
pyroxenes f rom Proterozoic i ron-format ions in the Labrador

Trough and Lake Super ior  regions.  (Compare wi th pyroxenes

from Montana i ron-format ions,  Fig.  6 )  Representat ive t ie l ines are

drawn for  two-pyroxene assemblages.  The coexist ing pyroxenes

represent a wide range of  temperature condi t ions,  part tcular ly

those from the Lake Superior region Several partial analyses from

the l i terature are omit ted.

relatively rare in the Spuhler Peak Formation (Fri-
berg,'1976), but some muscovite is present elsewhere
in the Tobacco Root Mountains (Cordva, 1973).
Muscovite schist occurs near the iron-formation in
the Carter Creek area (Heinrich, 1960; James and
Wier, 1972). Friberg (1976) concludes that the sil-
l imanite-orthoclase isograd had been exceeded in the
Spuhler Peak area, which is about 4.25 km southeast
of the iron-formation at Sailor Lake, and he esti-
mates conditions of metamorphism to have been in
the range of 650-750"C and 4-6 kbar. If the sil l iman-
ite-orthoclase isograd was not reached in the Carter
Creek area of the Ruby Mountains, as inferred from
the presence of associated muscovite schist, a slightly
lower temperature (and/or higher P"r6) may have
prevailed during the metamorphism of that iron-for-
mation. A single quartz-magnetite oxygen-isotope
temperature determination of 620'C has been re-
ported from the Carter Creek iron-formation (Perry,
in Ross et al., 1969).

I, P. IMMEGA AND C, KLEIN, JR.

Mg7SisO22(OH)2

The iron-formation assemblages in the Ruby Creek

area of the Gravelly Range are of much lower grade,

and are associated with pelit ic rocks of the green-

schist facies (Heinrich and Rabbitt, 1960). This sug-
gests a temperature of under 400'C and a total pres-

sure of about2-4 kbar (Turner, 1968). The origin of

the hydrobiotite in this iron-formation is uncertain; it

may be primary or a secondary alteration product.

Experimental work (Boettcher, 1966) places its upper

stabil ity l imit at about 480'C at 1-2 kbar.
Pyroxenes are major constituents of the assem-

blages of most iron-formations of the Tobacco Root
Mountains and of the Carter Creek area of the Ruby

Mountains. They are more abundant (relative to am-
phiboles) in the Tobacco Root Mountain assem-

blages, possibly suggesting a slightly higher temper-

ature and/or lower Psr6 during metamorphism than
prevailed in the Carter Creek area of the Ruby
Mountains. Iron-formation assemblages in the To-

bacco Root Mountains generally contain two pyrox-

enes (Table 2), whereas assemblages in the Carter
Creek area of the Ruby Mountains contain one or no
pyroxenes. Most of the Carter Creek area assem-

blages contain sodic clinopyroxenes instead of the
ferrosalites found in the iron-formations of the To-
bacco Root  Mounta ins.

Major-element distribution between coexisting
pyroxenes (Figs. 6 and 8) in the Tobacco Root

L A B R A D O R  T R O U G H
x But ler (1969)
e Kronck (1961)
v Klein (1966)
6 lvuel ler (1960)

L A E R A D O R  T R O U G H
x Bui ier (1969)
€ Kronck (1961)
q Kleio (1966)
'  Klein (1968)
s Muel ler (1960)

Mole 7" Feo

L A K E  S U P E R I O R
+ Bonnichsen (1969)
o Floron (1975)
.  Morey, el  ol  (1972)
o Simmons, el  ol  (1974)

Fe7 Sis022(0H)2

Mg7SisO22(OH)2 Mote  % FeO FeTsr€oz2(oH)2

Frc.  15.  Compi lat ion of  major  e lement f ract ionat ion data for

amphiboles f rom Proterozoic i ron-format ions in the Labrador

Trough and Lake Super ior  regions.  (Compare to amphiboles f rom

iron-format ions in Montana, Fig 9.)  Representat ive t ie l ines are

drawn for  two-amphibole assemblages.  Several  part ia l  analyses

from the literature are omitted

I
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Mountain assemblages shows a consistent and
homogeneous pattern, suggesting attainment of equi-
l ibrium during metamorphism. The pyroxene-con-
taining assemblages have been used to estimate the
temperatures of metamorphism, as proposed by

Or lhopyroxene

> 4
be

2

Cl inopyroxene
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FIc.  16.  Fract ionat ion of  manganese in pyroxenes f rom i ron-
format ions in the Tobacco Root Mountains and the Carter  Creek
area of  the Ruby Mountains compared to that  in pyroxenes f rom
iron-format ions in the Labrador Trough and Lake Super ior
regions. The data for coexisting pyroxenes [r6m Montana have
been presented in Fig. 8A, and are here recalculated in terms of
mole percent for comparison with analyses from the literature.
Some of the literature analyses are not complete enough for
recalculat ion in terms ofuni t  cel l  content ;  some part ia l  analyses are
omitted from this figure. Only representative tielines are shown for
two-pyroxene assemblages,  part icular ly  in the part  of  the diagram
w i th  l ow  Mn  concen t ra t i on .
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Ftc.  17.  Fract ionat ion of  manganese in amphiboles f rom i ron-
formations in the Tobacco Root Mountains and the Carter Creek
area of  the Ruby Mountains compared to that  in amphiboles f rom
iron-format ions in the Labrador Trough and Lake Super ior
regions.  The data for  the coexist ing amphiboles in Montana i ron-
format ions have been presented in Fig.  10,  and are here
recalculated in terms of  mole percent  for  compar ison wi th analyses
from the literature. Some of the literature analyses are not
complete enough for recalculation in terms of unit cell content;
some parf,ial analyses have been omitted from this figure Only
representative tielines are shown for two-amphibole assemblages,
part icular ly  in the part  of  the diagram with low Mn concentrat ion.

Wood and Banno (1973). Temperatures determined
by this method are highly dependent on the assump-
tions about site occupancy in the pyroxene structure.
Wood and Banno assume that all Mn is in the M2 site
and all Fe3+ in the Ml site of the pyroxene structure,

Orihopyroxene
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and that the FelMg of the whole pyroxene is the
same as the ratio of these elements in either M site.
Because the analyses of the present study were done
with the electron microprobe, Fe3+ was not deter-
mined, but was instead estimated by the methods of
Papike et al. (1974). Using the estimated Fe8+ values
for pyroxenes in the Tobacco Root Mountains iron-
formations, the calculated temperatures of meta-
morphism are in the 700-800oC range. Lack of
pyroxene pairs prevents use of this thermometer for
the Carter Creek area.

This same pyroxene thermometer has been used by
Hewins (1975) for granulite-facies assemblages. Ac-
cording to Hewins, the temperatures calculated using
the Wood and Banno geothermometer may be as
much as 50o too high for his assemblages. Wood and
Banno (1973) found that the modelreplicated experi-
mental results within 60'C.

The calculated pyroxene temperatures for the iron-
formation assemblages of the Tobacco Root Moun-
tains overlap the temperature range predicted from
pelit ic assemblages (Friberg, 1976) but are slightly

TOBACCO ROOT MTS.
o CoPPer Mtn.
o South Fork
r Soilor Loke
a Soi lor  Loke,  Gi l lmeister , l97 l

RUBY MTS.
r Corter Creek
o Corter  Cr . ,  Popike,  eto l . ,1973

Hedenbergite
Co (Mq5 Fe.s )Si2O6 Co Fe Si2O5

(Mg.5Fe.5)SiO3 Orthoferrosil i le
Fe Si03

FIc.  I  8.  Pyroxene geothermometer of  Ross and Huebner (1975)
applied to assemblages from the iron-formations in the Tobacco
Root Mountains This d iagram is the same as Fig.  6,  wi th the
isotherms of  Ross and Huebner super imposed
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higher than the temperatures predicted by other
methods (see below). It should be noted that the

empir ica l  curves of  Wood and Banno (1973) were

based primarily on magnesian pyroxenes, with few

data points in the compositional range of the assem-

blages of the present study. Iron shows considerable
preference for the M2 site of ferrohypersthene, which

would cause calculated temperatures to be too high.

Chemical inhomogeneities in a single grain or errors
in analyses may produce as much as a 30oC range in

calculated temperatures from different pyroxene
pairs in the same polished thin section.

The pyroxene geothermometer proposed by Ross

and Huebner (1975) can also be applied to the coex-
isting pyroxenes in the iron-formation assemblages
from the Tobacco Root Mountains. There is no evi-
dence that the orthopyroxenes in these rocks formed

by inversion from pigeonite. Furthermore, pigeonite-

type structures appear to be unlikely in such an Fe-
rich compositional f ield unless stablized by high Mn

contents (Simmons et al., 1974) or by high pressure
(Smith, 1972). The Tobacco Root Mountain cli-
nopyroxenes have a relatively high CaSiOs colrl-
ponent, placing them along the 700'C isotherm as
proposed by Ross and Huebner (1975;  F ig.  l8) .  The
corresponding orthopyroxenes plot well below the
minimum isotherm (900'C) evaluated by Ross and
Huebner, and are nearly parallel to the ensta-
tite-orthoferrosil i te join. The clinopyroxene compo-
sitional trend closely parallels the isotherms drawn by
Ross and Huebner, with the exception of a single
iron-rich analysis of Gil lmeister (1971). Small devia-
tions may be due to inhomogeneities in the pyroxenes

analyzed or the possible effect of minor chemical
components. Ross and Huebner suggest that their
temperature estimates have a possible error of t
100'c.

Banno (1970) used the partit ioning of iron and
manganese between pyrope and clinopyroxene as an
approximate geothermometer. Mysen and Heier
(1972) extended the usefulness of this relation-
ship by calibrating the distribution coefficient
(1(D-Fd+-Mg) between garnet and clinopyroxene
against temperature, using published analyses of gar-
net-clinopyroxene pairs from eclogite, garnet peri-
dotite, and ultramafic rocks. The relationship is log-
linear, and a l inear regression based on the points
used by Mysen and Heier gives a high correlation
coefficient (0.986), in spite of the relatively high un-
certainty in the individual temperature estimates (t

50'C in the 500-600oC region). The Mysen and
Heier geothermometer results in a majority of calcu-

q9!gsJgble-

Orthopyroxene
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lated temperatures of about 620'C, which is consid-
erably lower than the above estimates. In the py-
rope-clinopyroxene calculations all iron is taken as
Fd+ because the amount of Fe3+ estimated for both
garnets and pyroxenes is low and uniform (Tables 3
and 4). At the estimated temperature of 620oC, con-
sideration of the Fe3+ component (in the proportions
estimated, Tables 3 and 4) would increase the calcu-
lated temperatures about l0'C. This is sti l l  lower
than most of the other estimates, and it is probable
that the calibration of Mysen and Heier does not
hold for the present almandine-rich compositions,
as it was derived for garnets with pyrope (* grossular
* almandine) components greater than 98 percent.
This method could not be applied to the assemblages
of the Carter Creek area because only andradite
garnet was found in one assemblage.

In general, the amphiboles in the iron-formation
assemblages of the Tobacco Root Mountains and the
Carter Creek area are interpreted to be part of the
high-temperature equil ibrium assemblage. The ex-
ception is a wispy grunerite (Fig. 5D) which fre-
quently rims ferromagnesian minerals next to quartz
and which is considered to be a late-stage (retro-
grade?) reaction product. Otherwise, contact rela-
tions are sharp, and although the amphiboles are
frequently f iner-grained than the coexisting pyrox-
enes, they occur as independent, subhedral grains
and not as patches in or as rims on the pyroxenes.
Thus, the textures indicate that the amphiboles are a
part of the high-temperature metamorphic equil ib-
rium assemblage.

Equil ibrium between analyzed pairs of amphiboles
in the assemblages of the Tobacco Root Mountains
and the Carter Creek area is implied by the con-
sistency and homogeneity of the distribution of major
elements (Figs. 9 and l0). Amphibole pairs may also
be used to provide some estimate of the conditions of
metamorphism. Because separate analyses were made
on the host and the exsolved lamellae rather than on
homogeneous coexisting grains, their compositions
represent the amphibole chemistry at a time and tem-
perature when solid-state diffusion within the grains
stopped. The analyses do not reflect the chemistry at
the temperature at which the grain originally formed.
It is possible, however, to derive the primary chem-
istry of the grains by combining the information
about the proportions of the two phases present in a
single grain (Table 6) and their compositions (Table
5). Such a procedure produces, for each Tobacco
Root Mountain and Carter Creek amphibole pair, a
new pair with greater miscibil i ty between the mem-

bers than in the analyzed pair. The calculated grune-
rite compositions change litt le, because of the low
proportion of exsolved hornblende in grunerite hosts
and the low absolute amounts of Ca involved. The
recalculated hornblendes become considerably less
calcic than the analyzed ones. A hornblende (SL-48)
from the Tobacco Root Mountains, but very similar
to hornblende 17N in the Ruby Mounta ins,  wi th 6
weight percent Al2Oa, recalculates from 10.3 to 5.0
atomic percent Ca. Similarly one of the more alu-
minous hornblendes (9K; 9 weight percent Alroi)
changes f rom l l .5  to 5.9 atomic percent  Ca.  For
hornblendes in the Carter Creek assemblages, the
least aluminous Ca-amphibole (1.0 weight percent
AlrOr; HJ-163-60 in Ross et sl., 1969, and Papike
et al., 1973) recalculates from 9.0 to 5.2 atomic per-
cent Ca. Two hornblendes from this study (17J,
4 weight percent AlrO, and 17N, 6 weight percent
Alros)  recalculate f rom 11.0 to 6.5 and l l .3  to 7.5
atomic percent Ca, respectively. These figures imply
a slightly smaller miscibil i ty gap between amphibole
pairs of similar composition in the Tobacco Root
Mountains than in the Carter Creek area, suggesting
a somewhat higher temperature for the formation of
the Tobacco Root  Mounta in assemblages.

The system actinolite-cummingtonite, which was
studied exper imenta l ly  by Cameron (1975),  is  c lose in
composition to the hornblende-grunerite assem-
blages of the Tobacco Root Mountains and the Car-
ter Creek area. Cameron's experimental phase dia-
gram for the pseudobinary join, Mgr uFe, dSisOrr(OH)r-
CarMgr.uFer.rSisOrr(OH)r, is reproduced as Figure 19.
The experimental and natural systems are not identical:
the experimental system does not include Na and Al,
which decrease the rniscibil i ty between the coexisting
phases; Psp greater than that reported for the
experimental system (Fig. l9) would raise the stabil ity
l imits of the amphiboles to higher temperatures. Pos-
sible temperature locations of the Tobacco Root and
Carter Creek amphibole pairs are shown in Figure 19,
projected onto the plane of Cameron's phase diagram.
The Carter Creek pairs are placed at approximately
620"C (an approximate quartz-magnetite oxygen iso-
tope temperature of Perry reported in Ross et a/.,
1969), and the Tobacco Root Mountains pairs are
tentatively placed slightly higher in temperature on
the basis of the relatively pyroxene-rich assemblages
in those iron-formations (see Table 2). The abun-
dance of pyroxenes in the Tobacco Root Mountain
assemblages could also be the result of a lower Pgr6
and a temperature of metamorphism similar to that
in the Carter Creek area. The correspondence be-
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tween the Carter Creek amphibole pair compositions
and the size of the experimental miscibil i ty gap is
satisfactory, tending to confirm Perry's temperature
determination. The miscibil i ty gap is slightly wider
for the Tobacco Root Mountain pairs, and the size of
the gap seems to be related to the amount of alumi-
num in the hornblendes.

In a study of the chemistry of single calcic amphi-
boles at varying grades of metamorphism and in
rocks of varying bulk composition, Misch and Rice
(1975) found complete miscibil i ty between tremolite
and hornblende at temperatures greater than 600'C.
At lower temperatures in rocks of appropriate com-
position, either single calcic amphiboles or pairs of
calcic amphiboles occur. The presence or absence of a
gap in the range of Ca-amphibole compositions may
therefore be used as a very general indicator of meta-
morphic grade. In both the Tobacco Root and Carter
Creek iron-formation assemblages, single calcic am-
phiboles are found. The analyzed compositions of
these minerals extend well into the Al range where the
misc ib i l i ty  gap predicted by Misch and Rice (1975)
occurs (Fig. 20), implying that the assemblages were
formed at temperatures greater than 600'C. Most of
the analyses of Misch and Rice, however, are of Mg-
rich amphiboles. The shape and position of the mis-
cibil i ty gap may change with composition. Pressure
in the system studied by Misch and Rice was esti-
mated to be 5 t I kbar, roughly the same as that
estimated for the Tobacco Root Mountains.

TOBACCO ROOT tvlTS.
o  A l l  Ioco l i l i es

RUBY MTS.
r  Cor le r  Creek  oreo
o Pop ike ,  e l  o l . ,  1973

o 20 40 60 ao 100
CUMMTNGTONITE  Mo lepe rcen tAc l i no l i t e  ACT INOLTTE

Expe r imen ta l  phase  d i ag ram fo r  t he  pseudob ina ry  j o i n ,

Mg3 .5Fe3  5S i8022 (0H)2  
-Ca2Mg2  

tFe2  55 i6022 (0H)2  *

excess  H20  and  P11 r16  =  2000  ba rs ,a f t e r  Cameron  (1975 )

FIc.  19.  Composi t ions of  coexist ing hornblende hosts wi th

exsolved gruner i te lamel lae,  and gruner i te hosts wi th exsolved
hornblende (or  act inol i te)  lamel lae in i ron-format ion assemblages
from the Tobacco Root Mountains and the Carter  Creek area of
the Ruby Mountains projected onto the pseudobinary jo in,

Mgr.Fer rSi6O2r(OH)r-CarMgr uFer uSi"Ozz(OH)r, of the experi-

mental  phase diagram of  Cameron (1975).
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Frc.  20.  Composi t ional  extent  of  act inol i tes and hornblendes in

the i ron-format ion assemblages f rom the Tobacco Root

Mountains and the Carter  Creek area.  None of  the assemblages

contain two calc ic amphiboles The miscib i l i ty  gap is  that  predicted

by Misch and Rice (1975).  Fe"/Fd+ were est imated by the

me thods  o f  Pap i ke  e t  a l . , 1974 .

Raase (1974) attempted to correlate Al and Ti
contents in hornblendes with conditions of meta-
morphism, although he recognized that bulk compo-
sition has such a strong effect on hornblende chem-
istry that it might mask shifts due to pressure or
temperature. The Ti contents of hornblendes in the
Tobacco Root and Carter Creek iron-formations are
too low for reliable temperature determinations by
Raase's methods, but their Al contents may be used.
The relationship between increased pressure and in-
creased substitution of Al into the octahedral sites of
the amphibole structure as derived by Raase is only
qualitative, with most of the hornblendes of the pres-

ent study fall ing about the 5 kbar l ine on the diagram
used by Raase. There appears to be no significant
difference between the trends of the hornblendes
from the Tobacco Root Mountains and those from
the Carter Creek area.

In summary, the inferences drawn from the assem-
blages of associated pelit ic rocks are concordant with
the results of geothermometer and geobarometer cal-
culations on the amphibole and pyroxene assem-
blages of the iron-formations, and place metamor-
phic conditions of the iron-formations of the
Tobacco Root Mountains in a temperature range of

650-750"C and pressure range of 4-6 kbars. The
iron-formations of the Carter Creek area were prob-
ably subjected to somewhat lower temperatures of
about 600-650oC, or higher water pressures. The meta-
morphic conditions reflected by the iron-formation
and associated assemblages of the Ruby Creek Mine
area of the Gravelly Range are much lower, prob-
ably about 400"C and 3-4 kbars.

+OpX+OTZ CPX + OPX +QTZ

currrr+cpx + opx-ioiZ
C U M + C P X + Q T Z

ACT + CUM + CPX +QT Z
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