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Geologic Map of the eastern half of the Melrose 7.5' quadrange and the western half of the Wickiup Creek 7.5" quadrange, 2023
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INTRODUCTION

The Highland Mountains, located ~20 km south of Butte, Montana, comprise a representative microcosm
of the geology of southwestern Montana, situated in a zone of overlap between tectonic provinces including the
Paleoproterozoic Big Sky orogen, Mesoproterozoic Belt Basin, and Sevier, Laramide, and later extensional
components of the Phanerozoic North American Cordillera (e.g., DeCelles, 2004; Kulik and Schmidt, 1988;
Lageson, 1989; O’Neill and others, 1990). This billion-year history of polyphase deformation has superposed
structures of various ages and styles, resulting in complex structural geometries and relationships which remain
relatively poorly constrained. This project involved targeted 1:24,000 scale geologic mapping of two
contiguous half 7.5 quadrangles in the western Highland Mountains: the eastern half of the Melrose 7.5’
quadrangle and the western half of the Wickiup Creek 7.5’ quadrangle. This mapping revisits areas of
complexity identified during STATEMAP 1:100,000 scale mapping by the Montana Bureau of Mines and
Geology (MBMG) of the encompassing Butte South 30’ x 60’ quadrangle (McDonald and others, 2012).
Detailed mapping was paired with geo/thermochronology (Figures 1-2), logging of exploration boreholes
(Figure 3), and (micro)structural analysis (Figures 4—7) to address these complexities and better constrain the
structural evolution of the study area.

PREVIOUS MAPPING

The Melrose and Wickiup Creek 7.5' quadrangles are included in the previously mapped Dillon 1° x 2°
quadrangle (Ruppel and others, 1983, 1:250,000 scale) and the Butte South 30' x 60' quadrangle (McDonald
and others, 2012, 1:100,000 scale). The central and southern Highland Mountains were mapped by the USGS
(O’Neill and others, 1996, 1:50,000 scale). Mapping of portions of the study area north of Camp Creek was
included in an MBMG geologic map and geohazards assessment of Silver Bow county (Elliott and McDonald,
2009, 1:50,000 scale), a USGS map with focus on the Boulder Batholith (Smedes and others, 1988, 1:200,000
scale), and an MBMG map focused on Tertiary units in the Divide area (Vuke, 2004, 1:50,000 scale). Early
USGS mapping assessing economic phosphorous potential included the western portion of the study area
(Richards and Pardee, 1926, 1:62,500 scale). Portions of the study area were included in Ph.D. dissertations
involving detailed mapping of the Moose Creek pluton (Andretta, 1961, 1:20,000 scale) and the McCartney
thrust salient (Brandon, 1984; Brumbaugh, 1973, both 1:24,000 scale).

ANALYTICAL METHODS (Geochronology and Thermochronology)

Zircon U-Pb geochronology was conducted on four samples of Belt Supergroup rock (HL-15, HL-24,
HL-25, HL-27) to constrain sedimentary provenance (Figure 1A), a sample of metamorphic basement rock
(HL-26) to constrain the age of local basement (Figure 1A), and a sample from a pluton cross-cutting a fault in
the western study area (HL-37) to constrain the minimum timing of slip on this fault (Figure 1B). U-Pb
geochronology was conducted by laser ablation inductively coupled plasma mass spectrometry at the Arizona
LaserChron Center, University of Airzona.

Apatite and zircon [U-Th(-Sm)]/He thermochronology was conducted to assess the thermal history of the
Highland Mountains. Paired samples were collected from the Cambrian Flathead Sandstone (HL-02, HL-04,
and HL-17) and proximal underlying basement rock (HL-26, HL-29, and HL-30) (Figure 2A) and from the
proximal footwall (HL-28) and hanging-wall (HL-27) of the Camp Creek fault (Figure 2B). [U-Th(-Sm)]/He
dating of zircon and apatite grains was conducted at the University of Illinois Urbana-Champaign Helium

facies is thickest near the Camp Creek fault and grades northward into the finer-grained intermediate
siliciclastic facies and argillite and siltite facies. The latter is in turn overlain by the dark argillite and carbonate
facies, likely correlative with the Newland Formation in the northern Helena Embayment (Fox, 2017;
McDonald and others, 2012; Nilsen, 1991). Intertonguing relationships are observed between all
stratigraphically adjacent facies. The dark argillite and carbonate facies intertongues with the overlying lower
argillite member of the Greyson Formation. Lithologic and facies thickness variations occuring within these
units across NW-striking faults have been interpretted as evidence of syn-depositional normal faulting (O’Neill
and others, 1986). These variations are less pronounced to absent in the upper calcsilicate member of the
Greyson Formation and the overlying Ravalli Group (following McDonald and others, 2012).

Detrital zircon U-Pb ages from the LaHood Formation and the Ravalli Group are dominated by an
age-probability peak centered at 1785 = 7 Ma (Figure 1A). This peak is similar in age to the main zircon U-Pb
age population of the Paleoproterozoic biotite-garnet gneiss (1794.2 £+ 3.0 Ma; Figure 1A) and orthogneiss
(1797.7 £ 16.5 Ma; Carrapa et al., 2019), suggesting dominance of local sediment sources. Increased input from
distal sources through time is suggested by an up-section increase in Archean zircon abundance (Figure 1A).
Observed map patterns and provenance trends are consistent with previous interpretations of the various facies
of the LaHood Formation as portions of a submarine fan/slope/shelf system deposited in compartmentalized
sub-basins with local sediment supply (Fox, 2017; Nilsen, 1991). The geometry of sub-basins was likely
controlled by both E-W striking normal faults (i.e., Perry line of Winston, 1986) and smaller-scale NW-striking
normal faults. The basin became increasingly integrated as movement on the latter faults ceased, reflected by
decreased along-strike variation in facies thicknesses and increased input of distally derived zircon up section.

Pyrite and chalcopyrite occurring in stratiform morphologies were observed within limestone and
dolomitic shale intervals of the dark argillite and carbonate facies of the LaHood Formation (Figure 3A—C).
Mineralization is of similar character to the Black Butte copper deposits, hosted in the likely correlative
Newland Formation near White Sulfur Springs, MT. The Black Butte deposits have been previously
characterized as a sediment-hosted stratiform copper deposit, with fluids supplied by syn-depositional normal
faults depositing metals on the sea floor (White and others, 2014; Zieg, 1981). Sulfides in the dark argillite and
carbonate facies of the LaHood Formation in the study area may have formed in a similar context.

STRUCTURAL SUMMARY

Five main fault sets were recognized in the map area: (1) the north-dipping Camp Creek Fault, carrying
Belt Supergroup rocks; (2) NW-striking and steeply dipping faults involving basement rock; (3) a sheared zone
at the base of the Paleozoic section; (4) SW-dipping, bedding sub-parallel faults involving Paleozoic rocks; and
(5) Cenozoic normal faults bounding the western range front. This work focused on sets (1-4), described below.

1) Camp Creek Fault

The Camp Creek Fault (CCF) juxtaposes Mesoproterozoic rocks of the LaHood Formation against
Proterozoic basement rock and Paleozoic sedimentary rock. The SG-1 borehole near Soap Gulch (sec. 6, T. 2 S.,
R. 8 W.) intersected a ~40 m zone of fault gouge and breccia at ~230-270 m depth, which we interpret to
constitute the CCF. Fault rock lithologies observed in this borehole (Figure 3D) suggest at least its most recent
phase of slip was dominantly brittle. A three-point problem using surface exposures and the inferred borehole
intersection indicates the fault plane dips 26° towards an azimuth of 009°. Early interpretations of the CCF
involved km-scale right-lateral slip (e.g., Ruppel and Lopez, 1984). NNW-trending folds and WSW-dipping
thrust faults in the LaHood Formation are consistent with some degree of SSW-NNE shortening of the Belt
Supergroup section. However, if set (2) faults associated with growth geometries in the Belt Supergroup
correlate into the SRF and NRF as discussed below, these faults comprise piercing points precluding significant
right-lateral slip on the CCF (e.g., O’Neill and others, 1986; O’Neill, 1995). Instead, predominantly
south-directed thrusting of the CCF was interpreted by O’Neill (1995) based on the orientation of shears and
folds within the CCF fault zone. We map overturned lower Paleozoic strata in the north limb of a fold in the
proximal footwall of, and trending sub-parallel to, the CCF. We interpret this to reflect fault-propagation folding
during south-directed thrusting of the CCF. Additionally, a component of left-lateral movement on the CCF was
suggested by O’Neill and others (1996) and McDonald and others (2012) on the basis of apparent S-shaped
curvature of set (2) faults across the CCF and shear fabrics within the CCF shear zone, respectively.

The CCF has previously been interpreted as reactivating the north-dipping Mesoproterozoic normal fault
system bounding the southern margin of the Helena Embayment of the Belt Supergroup (e.g., McDonald and
others, 2012; McMannis, 1963). However, the SG-1 borehole intersected ~320 m of LaHood Formation
conglomeratic facies below the ~40 m fault zone described above. If this fault zone is the CCF, this suggests the
fault duplicates portions of the LaHood Formation and must therefore dip more shallowly than the
Mesoproterozoic fault bounding the southern margin of the basin, although the two may merge at depth (e.g.,
Schmidt and Garihan, 1983). Thermal history model results for sample HL-27 in the CCF hanging-wall
indicates cooling mainly between ~80 Ma and 60 Ma (Figure 2B). However, the modeled thermal history for
this sample is poorly constrained and overlaps with slower cooling modeled for sample HL-28 from the CCF
foot-wall (Figure 2B), suggesting modeled cooling may not be directly related to slip on the CCF.

2) South Rochester Fault, North Rochester Fault, and related splays

Fault set (2) consists of the South Rochester Fault (SRF), North Rochester Fault (NRF), and related fault
splays. These faults are expressed mainly as broad (~10-200 m), altered shear zones within the
Paleoproterozoic basement. In the northern portion of the map area, a series of faults with similar orientation
offset rocks in the hanging-wall of the CCF. The LaHood through lower Greyson formations exhibit apparent
growth geometries associated with these faults, which appear to offset the CCF and trace southward into the
SRF and NRF systems in Proterozoic basement (O’Neill and others, 1996).

North of Camp Creek, the SRF can be traced into the Paleozoic section, where it branches into a series of
splays. One splay duplicates portions of the Pilgrim, Park, and Meagher Formations (Figure 4A). Symmetric
shear fabrics with south-plunging quartz aggregate lineations within the SRF and NRF shear zones have been
interpreted to record a phase of east-side-up, sinistral-oblique motion, likely producing this observed reverse
displacement (McDonald and others, 2012; O’Neill, 1995). Brittle deformation was observed in a thin section
from the SRF shear zone near Soap Gulch (Figure 5A). Time-temperature (t-T) model results for samples from
the proximal hanging-wall of the SRF (Carrapa et al., 2019) indicate rapid cooling constrained between ~95 Ma
and 75 Ma—ypreceding cooling of samples in the footwall (Figure 2A). This cooling likely reflects erosional
exhumation of the SRF hanging-wall driven by reverse faulting. Other splays of the SRF within the Paleozoic
section exhibit normal displacement (Figure 3B), and the SRF and NRF offset units as least as young as Eocene
further south, indicating extensional reactivation during Cenozoic time (McDonald and others, 2012; O’Neill
and others, 1996; this study). Collectively, these observations suggest set (2) faults were activated during
Mesoproterozoic, late Mesozoic, and Cenozoic time with normal, reverse, and normal slip, respectively.

3) Melrose fault

The contact between the Cambrian Flathead Formation and underlying Paleoproterozoic basement rock
has previously been interpreted as depositional (Hanson, 1952; O’Neill and others, 1996; Thomas, 2007).
However, we document evidence of deformation along this contact. Near Camp Creek, the contact is marked by
layer of vein quartz breccia (Figure 4C). Thin sections sampled from below the contact contain fractured quartz
and iron oxide grains within chlorite-clay matrix (Figure 5B). Slickenlines observed on the base of the Flathead
Formation define a mean lineation (n = 18) plunging toward 223° at 27 + 7° (Figure 6A). Collectively, these
observations are consistent with a component of brittle dip-slip shear. We informally refer to this shear zone as
the Melrose fault, which defines a mean plane dipping 22° toward an azimuth of 226° (Figure 6A).

We also observed evidence consistent with a ductile component of deformation accomodated by this
shear zone. Basement rock in the footwall grades from relatively unaltered biotite-garnet gneiss to highly
deformed chlorite schist near the contact with the Flathead Formation (Figure 4C). Foliation of basement rock
exhibits progressive rotation with proximity to the contact, becoming sub-parallel to the shear zone (Figure 6B).
Vein-related antithetic slip-reverse drag folds and S-C fabrics observed within the shear zone are consistent with
extensional, top-WSW ductile shear (Figure 4C; Druguet, 2019). Thermal history modeling results suggest
rocks in the footwall of the Melrose fault footwall experienced cooling between ~75 Ma and 55 Ma, while those
in the hanging-wall cooled between ~65 and 50 Ma (Figure 2A). This discrepancy in modeled cooling time may
indicate tectonic exhumation of the footwall via extensional unroofing. However, the modeled timing of cooling
of rocks on either side of the fault overlaps at uncertainty. North of Camp Creek, two quartzite units of the
Cambrian Flathead Formation are separated by shear zones defining a mean plane (n = 5) dipping 29° toward an
azimuth of 222°—a similar orientation to the main Melrose fault (Figure 6A). Apparent tectonic duplication of
the quartzite units by this shear zone may indicate a compressional phase of deformation, possibly pre-dating
the extensional episode discussed above. The kinematics and significance of the Melrose Fault remain not fully
constrained. Interpretations are discussed in more detail in the following section.

4) Bedding sub-parallel faults within Paleozoic section

The main faults of set (4) are here informally referred to as the Meagher, Jefferson, and Lodgepole faults.
These faults are generally sub-parallel to the bedding of the Paleozoic rocks they carry, exhibit relative minor (<
100 m) stratigraphic separation, and are associated with small damage zones (< 2 m). This led early workers to
interpret the Paleozoic section in the study area as unfaulted (e.g., Hanson, 1952). Net stratigraphic separation
across set (4) faults transitions from positive (i.e., repeated section) to negative (i.e., deleted section)
along-strike (Figure 7). Constraints on the kinematics and timing of set (4) faults is summarized below.

In the southern portion of the map area, the Jefferson and Meagher faults duplicate section. The axial
traces of map-scale folds within the Paleozoic section trend sub-parallel to the traces of these faults and, in
places, comprise paired footwall synclines and hanging-wall anticlines consistent with compressional
fault-propagation folding. In the Lodgepole fault zone, pervasive near-vertical NNW-SSE striking pressure
solution cleavage of the Mississippian Lodgepole Formation (Figure 6C) is involved in a top-WNW asymmetric
fold, the upright limb of which shows stacking of imbricated horses (Figure 4D). The Lodgepole fault is cut by
a granodioritic pluton, yielding a weighted mean zircon U-Pb age of 74.4 = 0.4 | 0.72 Ma (MSWD = 0.99;
Figure 1B). This constrains the maximum age of slip on the Lodgepole fault to pre-Maastrichtian time, during
which time shortening is widely documented in the Montana—Idaho fold-thrust belt. The above observations are
consistent with compressional deformation accomodated by set (4) faults.

By contrast, younger-on-older relationships exist across the northern portions of set (4) faults in the map
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Alluvial fan deposit (Holocene)—Gravel, sand, and silt deposited in small alluvial fans along range
front and in Moose and Camp Creek drainages. Thickness as much as 10 m (Vuke, 2004).

Colluvium (Holocene and Pleistocene)—Pebble-gravel clasts with a sand, silt, and clay matrix.
Deposited on slopes. Sparse boulder clasts are smaller than in QTdf. Thickness < 6 m (Vuke, 2004).

Alluvium and colluvium (Holocene and Pleistocene)—Unconsolidated pebbles, sand, silt, and clay
deposited on gentler slopes and Divide Valley floor. Thickness as much as 4.5 m (Vuke, 2004).

Landslide deposit (Holocene and/or Pleistocene)—Unconsolidated sediments and bedrock blocks
transported by mass wasting events. Occurs dominantly on steep slopes in northern map area.

Alluvium of alluvial terrace (Holocene and Pleistocene)—Alluvium deposits adjacent to the Big
Hole River. Generally covered by fine sediment and soil. Unknown thickness.

Debris flow deposit (Pleistocene and Pliocene?)—Gravel deposits with subangular boulders as much
as 1.5 m in diameter, dominantly of Belt Supergroup quartzite. Deposits are thicker (< 22 m) south of
Soap Gulch than to the north (6 m; Vuke, 2004).

Sixmile Creek Formation (Miocene and Pliocene?)—North of Soap Gulch, clasts are angular and
dominantly of the LaHood Formation (informal Melrose unit of Vuke, 2004; undivided Paleogene
sediments of O’Neill and others, 1996). South of Soap Gulch, occurs as isolated deposits of
yellowish-red to brownish-gray angular to rounded pebbles, cobbles, and small boulders of mainly
quartzite and minor granitic rock in sand matrix. Clasts of the Flathead Formation are common. May
represent remnant of broad fluvial apron derived from the west (Neogene gravels of O’Neill and
others, 1996).

Renova Formation, Climbing Arrow member (Eocene and Oligocene)—Dominantly red siltstone
and shale, greenish-brown bentonitic mudstone, and yellowish micaceous clay/siltstone. Exposed
thickness ~60 m (Vuke, 2004).

Debris flow deposit (Eocene)—Locally derived, matrix-supported, cobble to boulder clasts.
Interlayered with Ev in the southern map area. Clasts are mainly angular to subrounded blocks up to 6
m in diameter of Proterozoic and Paleozoic sedimentary rock and Cretaceous granites.

Volcanic Rocks (Eocene)—Light browish-gray porphyritic basaltic andesite and andesite lava flows
of up to 50 m in thickness. Yielded K-Ar ages of 47.7 + 1.8 Ma to 51.8 + 1.8 Ma (O’Neill and others,
1996). Likely equivalent to Lowland Creek Volcanics (~46—54 Ma; Olson and others, 2016).

Diorite and gabbro (Late Cretaceous—Paleocene)—Small plugs of medium- to coarse-grained
intermediate to mafic rock in the eastern portion of the map area.

Lamprophyre (Cretaceous—Tertiary)—Porphyritic sill-like lamprophyre intruding the Wolsey
Formation. Up to ~200 m thick in the south map area and thins northward to < 1 m sill. A possibly
corellative sill intrudes the Meagher Formation north of Camp Creek.

Granodiorite and quartz monzonite of Moose Creek pluton (Late Cretaceous)—Medium- to
coarse-grained dominantly porphyritic muscovite-biotite quartz monzonite containing phenocrysts of
alkali feldspar and quartz. Dated at 74.2 + 0.5 Ma via zircon U-Pb (du Bray and others, 2009).

Granite, granodiorite, and quartz monzonite, undivided (Late Cretaceous)—Fine- to
medium-grained hyperabyssal intrusions dominantly within Mesoproterozoic sedimentary rocks in the
northern map area. A small body intrudes Paleozoic sedimentary rocks in the western map area,
cross-cutting a low-angle fault. This intrusion yielded a weighted mean zircon U-Pb age of 74.40 +
0.37 ] 0.72 Ma. While O’Neill and others (1996) interpretted this unit is contemporaneous with the
Elkhorn Mountain Volcanics (~85-81 Ma; Olson and others, 2016), our age suggests later intrusion
coeval with the Moose Creek pluton (see above).

Mission Canyon Formation (Upper and Lower Mississippian)—Olive- to yellowish-gray,
weathering to light-gray, medium- and thick-bedded to massive, very fine- to coarse-grained
limestone. Locally includes bedded and nodular chert. Upper part of formation contains pale-red to
grayish-orange limestone solution breccia (O’Neill and others, 1996). Thickness not well constrained
in map area, but is ~300 m proximally west of the map area (O’Neill and others, 1996).

Lodgepole Formation, Woodhurst member (Lower Mississippian)—Medium- to dark-gray, fine- to
medium-grained thick-bedded limestone grading upward to massive limestone. Contains abundant
fragmented bioclastic material, especially at top of section. Thickness about 15 m.

Lodgepole Formation, Paine member (Lower Mississippian)—Medium- to dark-gray and
brownsh-gray thin-bedded, laminated, and argillaceous limestone with thin beds and bed partings of
dark-gray shale and shaley, mottled limestone (O’Neill and others, 1996). Thickness about 30 m.

Three Forks and Sappington formations, undivided (Mississippian and Devonian)—The Three
Forks Formation consists of three members. The lowermost Logan Gulch member comprises
yellowish-gray and grayish-red argillaceous limestone and evaporite breccia. The overlying Knoll
Limestone is a petroliferous bioturbated mud limestone which varies in thickness (0—10 m), filling
topography incised into the Logan Gulch member. The uppermost Trident Member consists of lower
brownish-tan limestone beds, an interval of greenish-gray fissile shale, and upper fossiliferous gray
limestone beds. The underlying Sappington Formation locally consists of black to gray shale and sandy
siltstone with abundant reddish-orange-weathering chert. Total thickness is ~15-40 m.

Jefferson Formation (Upper and Middle Devonian)—Yellowish-brown to dark, purpleish gray,
mottled, resistant, medium- to thick-bedded, coarsely crystalline dolomite. Has a characteristic fetic
odor. Locally contains minor beds of shale and dissolution breccia. The uppermost Birdbear Member is
light gray, microcrystalline dolomite. Thickness locally ~150—190 m (Theodosis, 1956).

Maywood and Red Lion formations, undivided (Devonian and Cambrian)—The Maywood
Formation consists of medium-gray or purplish, finely crystalline dolomite interbedded with tan
siltstone. Thickness is ~30 m (Hansen, 1952). The underlying Red Lion Formation (also referred to as
the Snowy Range Formation, e.g., O’Neill and others, 1996) consists of mottled and ribboned
grayish-red dolomite overlain by yellowish-brown to gray dolomite. Contains intervals of laminated
algal beds and domal to columnar stromatlites in upper part. Thickness is ~25 m (Hanson, 1952).

Pilgrim Formation (Middle and Upper Cambrian)}—Medium- to light-gray mottled, thick- to
massively-bedded, resistant, fine-grained dolomite, and thin-bedded, laminated, slope-forming
dolomite. Mottling less conspicuous than in Meagher Formation. Upper part contains beds of fine- to
medium-grained yellowish-tan sandstone. Thickness is ~60—100 m. Age from assignment to
Cedaria—Aphelaspis faunal zones by Thomas (2007) and references therein.

Park Formation (Middle Cambrian)—Green, finely micaceous, fissile shale with minor thin-bedded,
yellowish-brown dolomite and yellowish-gray calcareous fine-grained sandstone, siltstone, and
mudstone. Thickness in southern map area is ~40 m, thins to the north (O’Neill and others, 1996).

Meagher Formation (Middle Cambrian)—Medium- to dark-gray and yellowish-brown fine- to
medium-grained resistant limestone mottled with lighter gray, black, gold, or rust-colored irregular
dolomite that grades into gray limestone or dolostone with closely spaced irregular tan or rust-colored
dolomitic shale partings and oolitic or pelloidal limestone. Thickness near Camp Creek is ~180 m and
thins to ~50 m to the north (Hanson, 1952; O’Neill and others, 1996).

Wolsey Formation (Middle Cambrian)—Olive green, irregularly bedded, micaceous, fissile shale
and fine-grained arkosic sandstone interbedded with olive-green, grayish-red, and reddish-brown
siltstone and thin limestone. Metamorphosed to cordierite-bearing hornfels near contact with Moose
Creek pluton in northern map area. Thickness along Camp Creek is 70 m (Hanson, 1952).

Flathead Formation (Lower and/or Middle Cambrian?)—Very light gray, pinkish-gray, or
yellowish-brown quartz arenite or orthoquartzite. Commonly contains a quartz pebble conglomerate at
the base. Planar crossbeds and subordinate, grayish-green to pale-red, micaceous, fissile shale beds are
common. Thickness as much as 20 m. Likely tectonically duplicated north of Camp Creek, where two
quartzite units are observed. Tectonically juxtaposed against Paleoproterozoic basement south of the
Camp Creek Fault and depositionally overlies Mesoproterozoic sedimentary rock north of this fault.

Ravalli Group (Mesoproterozoic)—Dominantly quartzite to siltite couples and couplets consisting of
interbedded white to light-gray, fine- to medium-grained, quartz arenite to orthoquartzite from 1 cm to
0.5 m thick, containing distinctive well-rounded, frosted quartz grains, alternating with thinner
reddish-orange siltstone beds that are < 10 cm thick. Some couplets are normally graded and planar
cross-bedding is present in some quartzite beds. Mapped as Missoula Group by O’Neill and others
(1996). Maximum thickness in map area is < 100 m, but unit thickness eastward to ~ 200 m. Unit is
absent in the northeastern map area, where the Flathead Formation overlies the Greyson Formation.
Greyson Formation, upper calcsilicate member (Mesoproterozoic)—

Dominantly planar greenish-gray quartzite, siltite, and argillite. Interbedded in microcouplets and
couplets containing calc-silicate minerals (McDonald and others, 2012). Soft-sediment deformation,
small-scall flaser bedding, and mudcracks are common. Thickness in map area is < 100 m; unit
thickens to east to ~140 m in central Highland Mountains (O’Neill and others, 1996; McDonald and
others, 2012). Mapped as Spokane Formation by O’Neill and others (1996).

Greyson Formation, lower argillite member—Dominantly drab-olive, very thin and planar beds of
siltstone and argillite. Uncommon, 0.2 to > 2 m-thick, lenticular beds of tan to white thin
ripple-cross-laminated beds of very fine-grained quartzite and thinly laminated intervals of very planar
dark gray argillite/claystone are present (designated Y gq, where mappable). Uniformly underlies the
Greyson Formation, upper calcsilicate member, but interfingers with the underlying LaHood
Formation, dark argillite facies. Unit is ~200 m thick in map area but thickens to >1 km in central
Highland Mountains (O’Neill and others, 1996; McDonald and others, 2012).

LaHood Formation, dark argillite and carbonate facies—Dark gray to pinkish-gray argillite and
silty argillite. Beds are 1-3 cm, massive, and interbedded with tan siltstone with flat laminae or very
fine-grained quartzite. Beds are tabular and have very planar parting surfaces (O’Neill and others,
1996). Laterally discontinuous zones of dolomitic to calcareous dolomite, commonly associated with
finely crstalline medium-gray limestone, are present (designated Yladc, where mappable).
Carbonaceous intervals reach thicknesses of > 150 m, as measured in the M-20 borehole. Sulfide
mineralization—dominantly disseminated and bedded chalcopyrite and pyrite—is present throughout
this facies but is most intense in calcareous to dolomitic intervals. Mapped as Newland Formation by
O’Neill and others (1996). Interfingers with overlying Greyson Formation throughout the map area
and likely interfingers with the underlying LaHood Formation argillite and siltite facies north of Old
Glory Mountain. Absent in the eastern map area. Unit is thickest to the northeast of northwest-striking
fault splays of the North and South Rochester faults. Maximum thickness exceeds 275 m.

LaHood Formation, argillite and siltite facies (Mesoproterozoic)—Medium-gray to tan argillite and
siltite with minor white to light-gray quartzite. Lacks diagnostic tabular, blocky beds of overlying dark
argillite facies and the arkosic sand grains of the underlying intermediate siliciclastic facies. Partially
interfingers with the underlying intermediate siliciclastic facies and the overlying dark argillite and
carbonate facies. Mapped as Moose Formation by O’Neill and others (1996). Thickness ranges from <
40 m in the western map area to ~80 m in the eastern map area. Unit exhibits facies and thickness
changes across northwest-striking faults (O’Neill and others, 1996).

LaHood Formation intermediate siliciclastic facies (Mesoproterozoic)—

Interbedded argillite, siltite, and subordinate channels of gravel conglomerate and poorly sorted
argillaceous arkosic sandstone. Lacks clean quartzite of overlying facies and cobble conglomerate of
underlying facies. Interfingers with underlying and overlying facies. Estimated thickness < 1 km in map
area. Roughly equivalent to LaHood Formation distal facies of O’Neill and others (1996).

LaHood Formation, conglomeratic facies (Mesoproterozoic)—Cobble to boulder conglomerate
near the Camp Creek Fault. Grades laterally into pebble conglomerate then into coarse argillaceous,
lithic and arkosic sandstone. Generally structureless and massively bedded, although normally
graded sequences with planar laminations occur in eastern map area near North Rochester Fault.
Interfingers with overlying intermediate siliciclastic facies. Thickest proximally north of the Camp
Creek Fault, but thick tongues are present within intermediate facies, especially adjacent to fault
splays. The SG-1 borehole, which did not reach basement, intersected ~320 m of conglomerate
below the Camp Creek Fault, comprising a minimum thickness of this facies.

Amphibolite gneiss (Paleoproterozoic?)—Dark-gray to black, fine-grained equigranular intrusions,
metamorphosed to amphibolite. Contain hornblende, plagioclase, augite, and garnet. Exist as pods
and dikes within Xbgg and Xmbg.

Orthogneiss (Paleoproterozoic)—Granitic to granodioritic foliated orthogneiss. Present as large (~5
km?) sill-like body in and near Camp Creek. Associated with granite, aplite, and pegmatite sills and
dikes. Dated at 1,797.7 = 16.5 Ma via zircon U-Pb geochronology (Carrapa and others, 2019).

Leucocratic gneiss (Paleoproterozoic?)—Muscovite-rich lenses and pods of leucocratic gneiss
within Paleoproterozoic orthogneiss.

Mylonitic biotite gneiss (Paleoproterozoic)—Dark-gray to black, medium- to coarse-grained,
sillimanite-bearing, biotite-rich gneiss. Contains strongly folded foliation and porphyroblasts of
quartz and plagioclast which are sheared or augen.

Biotite-garnet gneiss (Paleoproterozoic)—Dark-gray to black, medium- to very coarse-grained,
strongly folded, garnet-rich biotite gneiss with abundant thin ptygmatic quartz-feldspar veins. Zircon
U-Pb geochronology yielded a maximum depositional age for the sedimentary protolith of this unit
of 1,794.2 + 3.0 Ma, with little evidence for post-depositional metamorphic growth of zircon (Figure
1A). Designated Archean by McDonald and others (2012) and Early Proterozoic and Archean by
O’Neill and others (1996).
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Figure 1: (A) Stacked kernel density estimate plots (kernel bandwidth = 15 Myr) showing results of zircon U-Pb analyses
from the Highland Mountains. A sample of the volumentrically dominant basement lithology, biotite-garnet gneiss (Xbgg),
yielded entirely Paleoproterozoic ages (HL-26). Samples from Mesoproterozoic Belt Supergroup yielded probability peaks
similar to this basement sample, suggesting local provenance. Maximum depositional ages (MDAs) are indicated, calculated
as the weighted average of the youngest cluster of ages overlapping at 2c uncertainty. (B) The weighted mean age of a
granodioritic pluton cross-cutting the Lodgepole fault constrains slip to prior to ~74 Ma.
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Figure 2: QTQt thermal history model results for samples collected from (A) the hanging-wall and footwall of the South Rochester fault and Melrose fault and (B) the hanging-wall and
footwall of the Camp Creek fault. Input samples and data types are listed in brackets for each model. Lines and encompassing envelopes reflect the expected model results and 95%
credible intervals. In QTQt, the expected model is a weighted mean model where the weighing is provided by the posterior probability. Where samples were modeled as a vertical profile,
dashed line reflects expected model result for the lowest sample in the profile, while solid line reflects that for the highest sample in the profile. Abbreviations: AFT—apatite fission track;
AHe—apatite (U-Th-Sm)/He; CCF—Camp Creek fault; HW—hanging-wall; FW—footwall; SRF—South Rochester fault; ZHe—~zircon (U-Th)/He.
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breccia observed at ~250 m depth in drill core from borehole SG-1.

Figure 3: (A—C) Drill core from the M-20 borehole showing stratiform pyrite and chalcopyrite mineralization in the dark argillite and carbonate facies of the LaHood Formation. Key
features include: (A) soft sediment deformation (at 347 m); (B) euhedral mm-to-cm pyrite (at 395 m); (C) intense mineralization along bedding planes (at 389 m). (D) Fault gouge and
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Figure 5: (A) Plane-polarized photomicrograph of sample HL-14 from the South
Rochester Fault shear zone near Soap Gulch, showing microbrecciation of quartz and
plagioclase feldspar with seritic alteration and chlorite clay matrix (~40 % by
volume), consistent with brittle deformation. (B) Cross-polarized photomicrograph of
sample HL-34 from the Melrose fault zone, showing fracturing of quartz, microbrec-
ciation of iron oxides, and chlorite clay matrix (~30 % by volume), consistent with
brittle deformation at the Cambrian—Paleoproterozoic contact.

Figure 4: (A) Looking northwest toward the klippe of Jefferson Formation in the west-central map area, which truncates folded Cambrian units. The Pilgrim Formation is thrust over itself
in the middleground by a steep reverse fault linked to the South Rochester Fault (SRF). (B) Looking northeast across the SRF from Camp Creek. The Meagher Formation is juxtaposed
against Precambrian basement northeast of the SRF, omitting the Wolsey and Flathead formations. Down-dropping of the Meagher Formation associated with normal reactivation of the
SRF is evident. (C) The Melrose fault north of Camp Creek is marked by brecciated vein quartz. Foliation within the sheared chlorite schist has been folded around a rotated quartz-filled
tension gash (highlighted in yellow) in an S-shaped manner. This may comprise a vein-related antithetic slip-reverse drag fold, indicative of top-WSW shear (e.g., Druguet, 2019). The
outcrop is cut by N-dipping normal faults with m-scale slip. Rock hammer is highlighted in pink. (D) LIDAR scan of the Lodgepole fault zone north of Camp Creek, where a klippe of
Mississippian Lodgepole Formation is in fault contact with Devonian Jefferson Formation. The fault surface dips 41° toward an azimuth of 227°. Asymmetrically folded cleavage planes
(dashed orange line) define a fold hinge pluning 18° toward an azimuth of 145° (i.e., out-of-page). Imbricated horses within the upright limb of the fold are outlined in red.
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Figure 6: (A) Structural data from the Melrose fault zone: fault zone boundary, shear zones
within the Flathead Formation, minor normal faults, and slickenlines on the fault zone
boundary (base of the Flathead Formation). (B) Poles to metamorphic foliation in Proterozoic
basement are widely spread > 50 m from the Melrose fault but systematically rotate to
become subparallel to the fault zone boundary within ~10 m of the contact. (C) Pressure
solution cleavage in the Mississippian Lodgepole Formation is near-vertical, while bedding
dips moderately to the southwest.
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Figure 7: Stratigraphic separation diagram showing several key faults in the southeastern study area. Faults were projected into the plane of the C—C’ line shown on the main map (only end

segments of line shown for clarity). Portions of faults across which section is deleted are shown in blue (i.e., younger-on-older), while portions across which section is repeated are shown in
red (i.e., older-on-younger). Minor faults and splays are not shown. The Melrose fault is not shown due to uncertain position of footwall. Net fault displacement decreases from southeast to

northwest, with a significant transition from net repetition to net deletion of section occuring near Camp Creek, where the South Rochester Fault trace intersects the Paleozoic section.
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