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INTRODUCTION

The Standard Creek contact aureole of the
southern Gravelly Range surrounds two
metamorphosed plugs of coarse-grained
gabbro of unknown age (Fig. 1) (O’Neill and
Christiansen, 2004). Contact metamorphism
has affected banded iron formation and phyllite.
The purpose of this study is to understand the
metamorphic history of these rocks, including
the pressure-temperature conditions and the
number and sequence of metamorphic events.
Fundamental to this inquiry is whether the
gabbro intrusion into the banded iron formation
and phyllite pre-dated, post-dated, or was
contemporaneous with a regional metamorphic
event.

The Wyoming Province is an area of
Precambrian rocks that underlie much of SW
Montana and Wyoming today (Harms et al.,
2004). The Gravelly Mountains are a northsouth trending exposure of the Precambrian
basement in the Wyoming Province in
southwest Montana. Giletti’s (1966) Line
divides the Gravelly Range into a northern
part, where the effect of the Big Sky orogeny
at 1.78 Ga is recorded in upper amphibolite
facies metamorphic rocks, and a southern part,
in which lower-grade metamorphic rocks reveal
only older Ar-Ar ages (2.4-2.7Ga.) (Harms et
al., 2004).
Figure 1. Geologic
map of the Standard
Creek contact aureole
in the southern Gravelly
Mountains, Montana
(adapted from: O’Neill et
al., 2004). Coarse-grained
gabbro has intruded
banded iron formation
in two locations, the
Wolverine Creek gabbro to the west and the
Standard Creek gabbro
to the east. The phyllite is
located between the two
gabbro units but has not
been mapped. Samples
marked with a blue circle
represent locations where
the phyllite unit outcrops.
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FIELD RELATIONS
The dominant lithology of the Standard Creek
contact aureole is banded iron formation that is
characterized by regular inter-layering of quartzrich and magnetite-rich layers ranging from less
than a millimeter to 15 cm thick. Outcrops farthest
from the gabbro display prominent banding with
sharp contacts between magnetite and quartz
layers and deformation including wavy banding,
isoclinal folds, and quartz boudins (Fig. 2). The
degree of deformation of iron formation increases
with proximity to the gabbro. Outcrops nearest to
the gabbro lack definitive banding and the contacts
are far less pronounced than those of outcrops at
the periphery of the aureole (Fig. 3). Samples
from close proximity to the gabbro exhibit larger
grain size, increased reaction band thickness, and
diverse mineral assemblages, which can include
quartz, magnetite, ferrohornblende, grunerite,
and ferroactinolite. Magnetite and quartz layers
seemingly decrease in width near the gabbro.
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Figure 3. Photographs of banded iron formation
thin sections demonstrating the change in mode and
coarseness moving towards the gabbro. Figure 3a is
a sample collected farthest from the Standard Creek
gabbro. It is characterized by bands of quartz and
magnetite with <30% grunerite. Figure 3b is a sample
collected near the Standard Creek gabbro and is
dominated by coarse-grained grunerite blades and
contains no quartz and very little magnetite. The thin
sections are each about 4 cm wide.

to the west appears to be lower grade, breaks in
planes, exhibits a lower degree of folding, and
does not appear to contain large andalusites.
Rocks to the east are folded, break in chunks,
and contain large andalusite porphyroblasts
typically aligned parallel to one another.

PETROGRAPHY

Banded Iron Formation
Figure 2. Field photo of banded iron formation
outcrop located at the periphery of the Standard
Creek contact aureole. The rock is characterized by
deformed quartz and magnetite layers.

A porphyroblast-rich, blue-gray phyllite lies
between the Wolverine Creek gabbro to the
west and the Standard Creek gabbro to the east
and is composed of muscovite, quartz, graphite,
minor biotite, and chlorite knots. The rock fabric
is crenulated. Large andalusite crystals with
muscovite rims are visible in some samples and
range in length from 5 mm to 10 cm. Phyllite

The mineral assemblage of the banded iron
formation is quartz + magnetite + grunerite +
ferrohornblende + ferroactinolite. Quartz and
magnetite dominate rocks at the periphery of
the aureole. Grunerite, ferrohornblende, and
ferroactinolite dominate rocks closest to the
gabbro.
The mode and coarseness of grunerite increases
with proximity to the gabbro. Magnetite layers
are thinner or are not present in samples closer
to the gabbro. Grunerite and/or ferrohornblende
growth is common within the magnetite layers.
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Ferrohornblende and/or ferroactinolite are
typically concentrated within magnetite layers
or individual magnetite grains. Grunerite
growing in quartz has a distinctive spiny texture
that forms sprays extending from magnetite
layers into quartz layers. Grunerite crystals not
in contact with quartz have a bladed, normally
coarser form. Grunerite crystals in contact with
magnetite and ferrohornblende or ferroactinolite
are finer-grained. Grunerite appears to have
been produced through the reaction:

Andalusite

4a

Magnetite + Quartz + Water →
Grunerite + Oxygen
14 Fe3O4 + 48 SiO2 + 6 H2O
6 Fe7Si8O22(OH)2 + 7 O2

Phyllite
Samples collected near the Standard Creek
gabbro (east) contain a mineral assemblage
of andalusite + chlorite + muscovite + quartz
+ graphite. Subhedral porphyroblasts of
andalusite range in size to from 1 to 3 cm and
are surrounded by muscovite rims 2-3 mm wide
(Fig. 4a). Fine-grained muscovite and quartz
are present in the matrix, between graphitic
crenulations that are characteristic of all phyllite
samples in the aureole. Chlorite is present
as a minor constituent, typically growing in
contact with graphite within the muscovite
rim of andalusite and having no distinct
orientation. In some samples, coarse chlorite
is found in contact with coarse muscovite that
is not associated with the muscovite rims of the
andalusite. Andalusite porphyroblasts do not
overgrow the fabric of the rock, rather the fabric

1 cm

Andalusite

→

The orientation of mineral growth is dictated
by the compositional layering. In general,
the amphiboles have grown perpendicular to
the compositional layering. However, a few
samples display an amphibole lineation that is
parallel to the compositional layering, possibly
indicating deformation after growth.

Muscovite
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Figure 4. Thin section photograph and
photomicrograph of phyllite. Figure 4a shows
andalusite porphyroblasts with muscovite rims. Figure
4b shows andalusite and staurolite sharing a muscovite
moat in cross-polarized light.

of the rock was crenulated around the andalusite
porophryoblasts indicated by surrounding
graphite that forms bows, which flank the edges
of the muscovite rims.
Although samples from the west have a similar
mineral assemblage, they are texturally and
modally distinct from the samples to the east.
Samples collected near the Wolverine Creek
gabbro (west) display a mineral assemblage of
staurolite + andalusite + chlorite + muscovite
+ quartz + graphite. These samples have a
fine-grained matrix of quartz, muscovite, and
graphite and contain staurolite porphyroblasts
with muscovite moats. Primary chlorite is
present in these samples as large knots and
coarse grains, displaying twin lamellae. The
chlorite lacks a distinctive orientation, but it
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is typically in contact with the fine-grained
muscovite moats. One unique sample (11C)
contains porphyroblasts of both staurolite and
andalusite, some of which are in contact, sharing
a muscovite moat (Fig. 4b). The fabric of this
sample is distinctive because the staurolite
porphyroblasts and muscovite rims have
overgrown the crenulated fabric of the rock.
A sample of phyllite from near the Standard
Creek gabbro was sent to the University of
Massachusetts for Th-Pb chemical dating.
Monazites from the matrix of this sample give a
preliminary date of 2.54±0.03 Ga.

RELATIVE
GEOTHERMOMETRY
Because the mineral assemblage in the banded
iron formation is uniform throughout the
aureole, the mineralogy does not clearly indicate
what effect the gabbro had on its host rocks.
To assess the thermal effect of the gabbro on
the banded iron formation, four samples from
various locations throughout the aureole were
analyzed on an SEM using energy-dispersive
x-ray spectroscopy to determine mineral
compositions. The mineral formulas for
grunerite and ferrohornblende were recalculated
using stoichiometry to place limits on the
amount of ferric iron in the amphibole (Leake
et al., 1997). The results were plotted using
the mole percent ratio of magnesium to ferrous
iron in the hope that the distribution of these
elements between ferrohornblende and grunerite
pairs from each sample would represent the
relative temperatures experienced (Fig. 5).
Higher temperature samples should have more
similar Fe/(Mg+Fe) values in ferrohornblende
and grunerite than lower temperature samples.
The results of the geothermometry test do
not show a consistent change in the Fe/Mg
distribution relative to the gabbro contact. The
sample with the greatest difference in proportion
of Mg and Fe is not the farthest from the

Mole Percent Ratio of Magnesium to Ferrous iron in
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Figure 5. Graph of mole percent ratio of magnesium
to ferrous iron in ferrohornblende grunerite pairs
from samples of banded iron formation collected
throughout the contact aureole. Sample 05H4 was
collected nearest to the Standard Creek gabbro,
followed by 06E, 13P and 13J2.

gabbro. However the sample collected nearest
to the gabbro plotted as expected, having the
most similar values. The differences are small
and the extent of the intrusion in the third
dimension is unknown, both of which create
uncertainty in these results.
The mineral assemblage staurolite + andalusite
+ chlorite + muscovite + quartz + graphite
from the phyllite places pressure-temperature
constraints for this rock between 2 and 4 kbars
and between 460° C and 540° C (Spear, 1993).

DISCUSSION
The Standard Creek contact aureole represents
a sequence of sedimentary units that have
experienced both low-grade regional
metamorphism and contact metamorphism
as a result of the intrusion of a gabbro. The
time of the intrusion in relation to the regional
metamorphism is unknown. It is hypothesized
here that the regional metamorphism is
concurrent with the intrusion of the gabbro.
Banded iron formation rocks nearest the gabbro
are the most deformed, have the coarsest grain

														
180

Doody, A. 2006. 19th Annual Keck Symposium; http://keck.wooster.edu/publications

size and highest mode of the metamorphic
minerals, grunerite and ferrohornblende.
These features suggest that the rocks were
still experiencing the effects of the regional
metamorphism and had increased temperature
and ductility at the time of the intrusion.

simultaneously with the growth of andalusite.
Th-Pb chemical dating of the phyllite yields
a time of metamorphism of 2.54±-0.03 Ga,
indicating that the Standard Creek contact
aureole was not affected by the 1.8 Ga event that
metamorphosed rocks north of Giletti’s Line.

The disappearance of magnetite and quartz and
the growth of grunerite and ferrohornblende in
proximity to the gabbro require the addition of
water, reduction of some of the iron, and sources
of Ca, Na, and Al. Calcite in some samples of
banded iron formation could have provided the
calcium necessary to produce ferrohornblende.
The source of the Na and Al is still unknown.
The lack of minnesotaite, which is unstable
above 300° C and the presence of grunerite,
which is unstable above about 700° C, places
the temperature of the banded iron formation
between these bounds (Klein, 2005).
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