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Figure 1. (A) Western Montana map showing inventory of Quaternary faults, including names of major faults. Green shad-
ing shows available lidar coverage. Inset box indicates location of fi gure 2. (B) Seismicity record between 1982 and 2020 
from the Montana Regional Seismic Network and Montana seismic hazard map, represented as peak ground accelera-
tion with 10% probability of exceedance in 50 yr. BF, Bridger fault; BMF, Bull Mountain fault system (Bull Mountain western 
border fault, Whitetail Creek fault, Boulder River valley western border fault); BTF, Blacktail fault; CF, Continental fault; CFF, 
Canyon Ferry fault; CPF, Central Park fault; ECF, Elk Creek fault; EF, Emigrant fault; GRF, Gallatin Range fault; HVF, Hel-
ena Valley fault; RBF, Ruby Range fault system (Ruby Range northern border fault, Ruby Range western border fault); RF, 
Rocker fault; RRF, Red Rock fault; SLF, Savage Lake fault; TRF, Tobacco Root fault.
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The Bitterroot fault is a 100-km-long, east-
dipping normal fault that bounds the eastern margin 
of the north–south-trending Bitterroot Mountains 
(fi g. 2). Recent high-resolution (1 m) digital eleva-
tion models derived from light detection and ranging 
(lidar) data enabled Stickney and Lonn (2018) to 
map fault scarps cutting late Quaternary surfaces and 
deposits associated with the Bull Lake (>100 ka) and 
Pinedale glaciations (~14–22 ka; Pierce, 2004, and 
references therein; Licciardi and Pierce, 2008, 2018).

Vertical separation and relative age constraints of 
faulted glacial deposits suggest slip rates are <1 mm/
yr. Earthquake history and recurrence interval are 
unknown for the Bitterroot fault. Length scaling rela-
tionships suggest that a single event with a minimum 
of 2 m surface rupture along the entire length of the 
Bitterroot fault could produce a Mw ~7.2 earthquake 
(e.g., Wells and Coppersmith, 1994; Stirling and oth-
ers, 2013). Fault scarp heights and vertical separation 
of glacial, periglacial, and alluvial deposits progres-
sively increase with relative age demonstrating that 
multiple surface-rupturing earthquakes occurred dur-
ing the Quaternary.

Here we present new detailed mapping using 
lidar with measurements of deformation, and in situ 
age data from cosmogenic radionuclide (CRN) dating 
using beryllium-10 (10Be) to constrain Pleistocene–
early Holocene fault slip rates of the Bitterroot fault. 
Our study is located in the southern Bitterroot Valley 
near Lake Como, an area with well-preserved gla-
cial deposits and geomorphic surfaces deformed by 
multiple fault scarps (fi g. 3). Improved knowledge 
of the fault slip rates provides new constraints on the 
late Quaternary fault history and earthquake poten-
tial. These new data provide insight on the along- and 
across-strike variability in fault slip partitioning and 
extension rates of the Bitterroot fault. Our results 
support ongoing eff orts to update geological param-
eters and improve regional deformation models used 
in the NSHM and the USGS Quaternary Fault and 
Fold Database in the Intermountain West, as well as 
improving the local earthquake hazards assessment 
for the Missoula and Bitterroot Valleys. Moreover, 
this study advances our understanding of the regional 
tectonics of the Northern Rockies Basin and Range 
region.
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Figure 2. Quaternary fault and location map of the Bitterroot 
fault and Bitterroot and Missoula Valleys. See fi gure 1A for lo-
cation. Base map is 10 m hillshade DEM. Inset box indicates 
location of new mapping from this study near Lake Como. 
Northern section of the Southern Bitterroot map area (north 
of Lost Horse Creek) is revised mapping from Stickney and 
Lonn (2018).
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Figure 3. Quaternary fault map of the southern Bitterroot fault. See fi gure 2 for location. Uninterpreted lidar bare-earth 
slopeshade DEM shown on the left, and Quaternary fault map with identifi ed fault scarps shown on the right. Red lines 
are fault traces, dashed where moderately constrained, with ball on the hanging wall indicating normal fault sense of slip. 
Inset boxes are study sites showing detailed off set geomorphic surfaces and cosmogenic 10Be ages at Lake Como (fi g. 8), 
Ward Creek fan (fi g. 9), and Rock Creek study sites (fi g. 11).
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GEOLOGIC SETTING

The western boundaries of the Bitterroot and 
Missoula Valleys are defi ned by the Central Bitter-
root Mountains, a N–S-trending mountain range that 
encompasses the southernmost and tallest sub-range 
of the Bitterroot Mountains (fi gs. 1A, 2). The Bitter-
root region is located near the western margin of the 
Intermountain Seismic Belt (ISB), one of the most 
extensive zones of seismicity within the Continental 
U.S. (fi g. 1B). The ISB is defi ned as a north–south-
oriented 100- to 200- km-wide zone of intraplate seis-
micity that extends 1,500 km from southern Nevada 
to northwestern Montana (Smith and Arabasz, 1991; 
Mason, 1996). In general, the ISB is characterized by 
diff use shallow (<20 km) seismicity, Quaternary nor-
mal faults, and episodic surface-rupturing earthquakes 
that accommodate intraplate extensional crustal strain 
within the western North American plate (Sbar, 1972; 
Smith and Arabasz, 1991).

The Bitterroot fault is one of the longest Quater-
nary active faults that accommodates extension in 
western Montana and the Northern Rockies Basin and 
Range, as recognized by recent updates to the Quater-
nary fault database being considered for the 2023 U.S. 
National Seismic Hazards Model (NSHM; Hatem and 
others, 2022). Fault geometry is characterized by an 
~100-km-long series of fault segments that mark the 
physiographic boundary between the eastern Bitterroot 
Mountains range front and the western margin of the 
Bitterroot Valley (fi g. 2). Fault geometry is interpreted 
as a steeply east-dipping normal fault that cuts the 
older Eocene Bitterroot detachment (B-detachment) 
fault, inferred to extend into the subsurface of the 
Bitterroot Valley (Stickney and Lonn, 2018). Detailed 
fault mapping indicates a complex fault geometry 
characterized by en echelon patterns of discontinu-
ous fault segments, including west-dipping normal 
faults that may accommodate part of the total slip 
budget as half-graben and/or antithetic structures (fi g. 
2). The degree of slip partitioning, fault activity, and 
earthquake history among the various segments of the 
Bitterroot fault is unclear. 

Earthquake frequency and Quaternary fault activ-
ity for the Bitterroot fault are poorly constrained when 
compared with other active ISB structures. The 1959 
M7.3 Hebgen Lake earthquake (Witkind and others, 
1962; Witkind, 1964; Myers and Hamilton, 1964) 
ruptured multiple normal faults and is the only historic 

surface-rupturing earthquake in southwest Montana. 
The Hebgen Lake earthquake was one of the largest 
continental normal faulting events in recorded history. 
It produced extensive multi-segment surface ruptures 
for >10 km with fault scarp heights of 4–6 m and a 
major landslide that dammed the Madison River. This 
widely felt event caused 29 fatalities, but predates the 
major infrastructure and population growth across 
western Montana over the past 60 yr.  

Notably, the Bitterroot fault was not included in 
the 2018 version of the Montana seismic hazard map 
or USGS National Hazards Seismic Model (fi g. 1B). 
This omission was attributed to the lack of available 
slip rate and earthquake recurrence data.  Limited 
constraints of Quaternary fault activity and lack of 
paleoseismic data for the Bitterroot fault underscore 
the importance of new and improved constraints of 
Holocene–Pleistocene fault deformation rates and 
earthquake history. Recent updates to the Quaternary 
faults database that underlies the 2023 NSHM (Ha-
tem and others, 2022) now include the Bitterroot fault 
from Stickney and Lonn (2018), but will not include 
the results from this study until subsequent NSHM 
updates.

No previous quantitative slip rates exist for the 
Bitterroot fault. This study provides a new dataset 
of numerical ages that constrain late Quaternary slip 
rates based on fi ve faulted geomorphic surfaces within 
three study sites (Lake Como, Ward Creek, and Rock 
Creek areas) using 10Be cosmogenic radionuclide dat-
ing (fi g. 3). 

QUATERNARY MAPPING OF THE 
BITTERROOT FAULT

The Bitterroot fault is broadly categorized as a 
continuous N–S-trending normal fault with Quaterna-
ry activity that extends for ~100 km along the Bitter-
root Mountains range front (fi g. 1A). This fault system 
extends northward along the range front, from at least 
the town of Darby in the south to at least the town of 
Lolo in the north (fi g. 2). Recent geologic mapping 
and geomorphic interpretation of lidar data (Stick-
ney and Lonn, 2018; Lonn and Gavillot, 2022; this 
study) revealed a more complex fault system along its 
mapped trace characterized by along-strike variability 
and multiple discontinuous fault segments (fi gs. 2, 3). 
Just north of the latitude of Victor, the northern sec-
tion of the Bitterroot fault is defi ned as a single NNE–
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SSW-trending east-dipping fault trace. Farther south, 
between Victor and Hamilton, the central section of 
the Bitterroot fault consists of one, and in places two, 
parallel east-dipping N–S-trending fault traces. South 
of Hamilton, the southern section of the Bitterroot 
fault consists of numerous parallel en echelon fault 
traces trending N–S to NW–SE, east- and west-dip-
ping faults, and local fault grabens (fi gs. 2, 3).

This study produced an updated, more detailed 
Quaternary fault map (fi g. 3) and a new 1:24,000-scale 
geologic map (fi g. 4; Lonn and Gavillot, 2022) in the 
Southern Bitterroot area near Lake Como (see fi g. 2 
for location). The mapped area encompasses 118 km2 
and builds on previous work in the Bitterroot Valley by 
Lonn and Sears (2001) and Stickney and Lonn (2018).

Field observations combined with topographic 
and remote sensing analyses using lidar data identifi ed 
numerous fault scarps in Pleistocene–Holocene depos-
its (fi gs. 3–7). Fault scarps associated with the Bitter-
root fault occur within various Quaternary surfi cial 
deposits, but locally scarps also juxtapose Eocene–
Cretaceous granitic rocks in its footwall (granodiorite 
with mylonitic and fault breccia zones; TKg) against 
Quaternary deposits in its hanging wall (fi gs. 3, 4). 
Foliated bedrock that includes the Bitterroot mylonite 
(TKg) dips 10–43°SE, with an average of ~20°SE, 
and is associated with the older deformation history 
of the Eocene B-detachment fault. The gently dipping 
B-detachment is vertically separated and cut at the sur-
face by the Quaternary slip along the steeply dipping
Bitterroot fault (fi gs. 4, 5). Previous maps (Berg and
Lonn, 1996; Lonn and Berg, 1996; Lonn and Sears,
2001) show similar patterns along the Bitterroot range
front.

Map relations, fault dip calculations using 3-point 
problem methods, fi eld observations, topographic data, 
and cross-section constraints indicate the main trace 
of the Bitterroot fault  is a 41–78° east-dipping normal 
fault (fi gs. 3–7; appendix B). East of Lake Como and 
the main fault trace, mapping and fault dip calcula-
tions indicate an approximately 10-km-long, 70–88° 
west-dipping normal fault interpreted as an antithetic 
structure to the main strand of the east-dipping Bitter-
root fault (fi gs. 3–7; appendix B). 

Subsurface fault models constrained by cross-
section interpretation provide two permissible struc-
tural solutions for the Bitterroot fault as a high-angle 

or low-angle seismogenic normal fault (fi g. 5). Deeper 
fault geometry of the Bitterroot fault could either cut 
the B-detachment and remain as a steeply dipping 
fault (fi g. 5A), or alternatively merge with preexisting 
structural weaknesses in the ~1-km-thick mylonitic 
fabric of the B-detachment as a seismogenic, low-
angle fault (fi g. 5B). Our mapping and cross sections 
indicate either fault model is possible; both models 
have implications for the seismogenic fault width and 
associated seismic hazards of the Bitterroot fault (see 
discussion on earthquake potential). 

Quaternary–Tertiary gravels (QTgc) with ero-
sional contacts and angular unconformities overlie the 
B-detachment and west-tilted Eocene volcanics (Tv)
exposed along the Bitterroot River (fi gs. 4, 5). Map
relations and cross-sections indicate up to ~500–600 m
of Quaternary–Tertiary gravels (see Lonn and Gavil-
lot, 2022, for more detail), consistent with correlative
deposits thickening northward in the Bitterroot Valley.
These gravels are displaced by Quaternary movement
along the Bitterroot fault (fi gs. 6, 7). However, cross-
section constraints do not suggest signifi cant syn-
orogenic growth associated with the Bitterroot fault
(fi g. 5). Various glacial, fl uvial/alluvial, and landslide
deposits, ranging in thickness from 1 to 120 m, strati-
graphically overlie the Quaternary–Tertiary gravels
(see Lonn and Gavillot, 2022, for more detail). These
Quaternary units mapped across the Bitterroot fault
demonstrate surface deformation with vertical separa-
tion across fault scarps that increase with relative age
(fi gs. 3–7).

PRE-QUATERNARY BITTERROOT 
FAULT HISTORY

The core of the Bitterroot Mountains is composed 
of a well-studied Eocene metamorphic core complex 
(e.g., Hyndman, 1980; Foster and others, 2001). Cre-
taceous to Eocene intrusive rocks mainly underlie the 
Bitterroot Mountains in the footwall of the B-detach-
ment, which experienced exhumation between 53 and 
30 Ma (Foster and Raza, 2002). The gently east-dip-
ping Eocene B-detachment (fi gs. 4, 5) was responsible 
for the rapid exhumation of these mid-crustal rocks 
from depths of >20 km (Foster and others, 2001). 
This fault exhibits a transition from amphibolite facies 
gneiss containing mylonitic bands to greenschist facies 
shearing to brittle faulting through time as structural 
levels became increasingly shallow.
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The hanging wall of the B-detachment is com-
posed mainly of Mesoproterozoic metasedimentary 
rocks (YXm) intruded by Cretaceous to Eocene 
granitic rocks (TKg). Tertiary volcanic rocks (Tv) 
unconformably and discontinuously overlie the meta-
morphic–plutonic bedrock (fi gs. 4, 5). The age of 
the Tertiary volcanic unit is unknown but inferred to 
be Eocene and associated with extension on the B-
detachment (Berg and Lonn, 1996). In the few places 
where hanging wall rocks are preserved near the 
B-detachment along the Bitterroot range front, they
are extensively brecciated, in contrast to the gneissic
and mylonitized footwall rocks. The trace of the B-
detachment fault is shown approximately at the con-
tact between the amphibolite facies mylonitic gneiss,
shown by mylonitic foliation/lineation symbols, and
the brecciated rocks. The trace of the B-detachment is
exposed discontinuously along and east of the moun-
tain front (fi g. 4).

Foster and Raza (2002) postulated that steep 
east-dipping normal faults in the Bitterroot Valley, 
including the Bitterroot fault, are Miocene in age and 
responsible for the uplift and exposure of the older 
Eocene B-detachment fault (fi gs. 4, 5). Stickney and 
Lonn (2018) postulated that erosion removed most of 
the brecciated and less resistant rocks of the B-detach-
ment hanging wall, leaving the resistant gneiss of the 
footwall to form the planar, gently sloping Bitterroot 
Mountain front. However, the lack of AFT cooling 
ages and exhumation younger than ~22 Ma along the 
range front (Foster and Raza, 2002) suggest no rapid 
exhumation or signifi cant uplift has occurred on the 
Bitterroot fault since early Miocene.  Shallow sloping 
range front facets (<20–30°) and modest topographic 
gradients across the mapped Quaternary faults in the 
Bitterroot Valley (fi gs. 6A, 7C, 7E) suggest the Bit-
terroot fault is an incipient structure with a landscape 
primarily controlled by the older B-detachment fault 
history. Estimates of total fault displacement recorded 
in the vertical separation (~200–500 m) of the basal 
Quaternary–Tertiary gravels (QTgc) are consistent 
with the interpretation of a young (Late Miocene to 
Plio/Pleistocene) onset for the Bitterroot fault (fi g. 5). 
The Bitterroot fault may represent the modern expres-
sion of the Basin-and-Range-style extension in the 
Northern Rockies as a high-angle normal fault (fi g. 
5A). Alternatively, the Quaternary Bitterroot fault may 
represent a low-angle fault controlled at depth by the 
structural inheritance of the gently dipping Bitterroot 
detachment mylonitic gneiss (fi g. 5B). 

LATE CENOZOIC–QUATERNARY 
MAP UNITS

Quaternary–Tertiary Gravels

Exhumation and erosional history of the Bitterroot 
Mountains post-dating the B-detachment are recorded 
in the unconsolidated Cenozoic deposits (unit QTgc). 
These deposits accumulated in the Bitterroot Valley 
to depths as great as ~700–1,000 m based on well 
logs and gravity model constraints north of Hamilton 
(Norbeck, 1980; Smith, 2006; fi g. 2). Our maximum 
estimate of a ~500- to 600-m-thick Quaternary–Ter-
tiary gravel assemblage in the southern Bitterroot map 
areas is consistent with a northward thickening of 
correlative Cenozoic sediments and widening of the 
Bitterroot Valley. Fossils recovered from QTgc depos-
its range in age from Oligocene to Pliocene(?) (Koniz-
eski, 1958; McMurtrey and others, 1972; Dale Han-
son, Museum of the Rockies, written commun., 2018). 
Unit QTgc is a sandy, well-sorted, pebble–cobble 
conglomerate containing rounded clasts dominantly of 
Mesoproterozoic Belt Supergroup quartzite (Lonn and 
others, 2020), and lesser amounts of mylonitic gneiss, 
granite, volcanic rocks, and other metamorphic rocks. 
These gravels are interbedded with tuff aceous silt and 
clay intervals that may represent fl oodplain deposits. 
Because the clasts represent lithologies present in the 
entire Bitterroot River Basin, Lonn and Sears (2001) 
interpreted QTgc as a fl uvial deposit deposited by an 
ancestral Bitterroot River (McMurtrey and others, 
1972; Lonn and Sears, 2001). Larger and more angular 
clasts occur near the eastern and western valley mar-
gins and appear to interfi nger with and grade into the 
fl uvial deposits; the angular clasts probably represent 
debris-fl ow deposits shed from the surrounding moun-
tains. In the map area, quartzite-dominated gravels 
grade upward to granite/mylonitic-gneiss-dominated 
gravels near the top of QTgc (fi g. 6C). These granitic/
gneissic clasts may be glaciofl uvial and therefore Qua-
ternary. QTgc was deposited unconformably on the 
underlying YXm, TKg, and Tv units, which formed an 
irregular paleosurface with considerable relief. In most 
places the upper QTgc contact is an erosional pedi-
ment surface with a minimum age constrained only by 
the overlying Pleistocene glacial deposits. The exis-
tence of glacial till underlying the pediment surface 
north of Hayes Creek suggests that at least some pedi-
ment surfaces developed in the Quaternary.
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Figure 5. Structural cross-sections of the Bitterroot fault along transect A–Aʹ showing two viable subsurface fault mod-
els that restore to the same pre-Bitterroot fault geometry: (A) high-angle fault model; (B) low-angle fault model. See 
fi gure 4 for transect location.
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granite-rich gravel 
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quartzite-rich gravel 
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Lateral moraine crest (MC5-Qgto)
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        (QTgc)

Figure 6. Field photos of Bitterroot fault scarps. (A) Aerial drone view to the south showing in the background gentle 
(~20–30°) east-sloping range front of the Bitterroot Mountains controlled by the B-detachment mylonite, and in the 
foreground the high-angle fault scarps that off set old glacial moraine deposits (Qgto) with a fault scarp height of ~75 
m. (B) View to the NW of well-exposed ~10-m-high fault scarp off setting S2 (Qdfm), a middle-aged (older than Pine-
dale) glacial debris fan surface at the Ward Creek fan. (C) View to the NE of an outcrop exposure of the west-dipping
antithetic fault near Rock Creek truncating deposits within the Quaternary–Tertiary gravels (QTgc).



12

Gavillot and others, 2023

A

C

E

B

D

F

M
C2

 (Q
tg

y) M
C1 (Qtgy)

S1 (Qdfy) Bitterroot fault

S1(Qdfy)

S2 (Qdfm)

S2 (Qdfm)

Bitte
rro

ot fa
ult

Figure 7. Field photos of geomorphic surfaces with boulders sampled for cosmogenic 10Be dating. (A) Aerial drone view to 
the west showing the young Pinedale-age glacial lateral moraines (MC1–MC2) sourced from Rock Creek Glacier. Como 
Lake is visible at right. (B) Example of boulder sampled for age dating along moraine crest near Lake Como. (C and E) 
Aerial drone views to the north showing the young (S1) and middle-aged (S2) glacial debris fans at the Ward Creek fan 
site displaced by the Bitterroot fault. (D and F) Examples of debris fl ows surface morphology and boulder fi elds sampled 
for age dating on surface S1 (D) and S2 (F).
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Quaternary Deposits 

Older glacial outwash (Qgoo) and glacial debris 
fans (Qdfo) are eroded into and mantle the relict pedi-
ment surfaces, and are associated with older glacial till 
(Qgto) deposited at high levels downstream from the 
mouths of the Bitterroot Mountains canyons. Weber 
(1972) postulated that these older glacial deposits 
represent at least two diff erent glacial stages. Our 
mapping supports his theory, recognizing three lateral 
moraine crests within Qgto south of Lake Como (fi g. 
4). Field observations (smooth and infl ated surfaces) 
and topographic positions suggest these glacial mo-
raines represent Bull Lake or older glaciation (>100 
ka; Pierce, 2004, and references therein; Liccardi and 
Pierce, 2008).

Younger glacial deposits (Qgom, Qgoy, Qgtm, 
Qgty, Qdfm, Qdfy) occur between and topographically 
below incised remnants of the older glacial deposits. 
These young glacial moraines are characterized by 
hummocky surfaces and fresh boulder fi elds, which 
correlate at lower elevations to glacial outwash ter-
races preserved along modern stream margins. These 
young glacial deposits are interpreted to represent 
Pinedale Glaciation (~15–20 ka; Pierce, 2004, and 
references therein; Liccardi and Pierce, 2008). 

No in situ age data existed prior to this study for 
any of the alpine glacial deposits in the Bitterroot 
Mountains or western Montana. Relative age chronol-
ogy and mapping of these glacial deposits were based 
on limited data of Pleistocene glaciation from various 
sites in the Rocky Mountains.

QUATERNARY GEOCHRONOLOGY 

Methods

We employed 10Be cosmogenic radionuclide 
(CRN) dating of geomorphic surfaces to constrain the 
exposure ages of glacial moraines at the Lake Como 
study site (fi g. 8) and glacial debris fans at the Ward 
Creek study site (fi g. 9). Surface exposure dates are 
established using 10Be isotopes from the quartz-rich 
bedrock or sediments (e.g., Gosse and Phillips, 2001; 
Frankel and others, 2007). We targeted surface boul-
ders >1 m in diameter sourced from the Eocene–Cre-
taceous foliated granodiorite and mylonite bedrock 
(TKg) and collected the uppermost centimeter of the 
boulder surface with a battery-powered angle gridder 

with a diamond blade, hand chisel, and hammer (fi gs. 
7B, 7D, 7F). Each sampling interval was confi ned to 
a 1 ± 0.5-cm-thick sampling horizon. A minimum of  
fi ve to six boulders were sampled from each geomor-
phic surface that extend 250–750 m in length and are 
nearly perpendicular in orientation across fault scarps. 
We avoided sampling boulders that displayed poten-
tial evidence of post-exposure modifi cation such as 
spallation, uneven weathering, lack of glacial abrasion 
surfaces, tree uprooting, soil defl ation, and anthropo-
genic activity.

Samples were physically separated (crushed, 
sieved to 250–500 μm, and magnetic minerals re-
moved via Frantz magnetic separation) at the Montana 
Bureau of Mines and Geology (MBMG), and then 
sent to the Center for Accelerator Mass Spectrometry 
(CAMS), Lawrence Livermore National Lab (LLNL), 
for further quartz purifi cation, chemical processing, 
and analysis of 10Be via accelerator mass spectrometry 
(AMS). Beryllium (10Be) concentrations from quartz 
separated from each amalgamated boulder surface 
rock chip followed methods given in Kohl and Nishi-
izumi (1992) and Licciardi (2000). The CAMS 10-MV 
model FN tandem Van de Graaf accelerator confi gured 
with post-stripping for isobaric 10Be (Hidy and others, 
2018) was used to measure 10Be/9Be isotopic ratios. 
Following Be extraction procedures (Ditchburn and 
Whitehead, 1994), isotopic ratio measurements, and 
10Be concentration calculations, we used the CRO-
NUS Age Calculator from Balco and others (2008) to 
provide the exposure age models for each sample. This 
approach yielded surface ages that account for post-
depositional exposure and erosion (table 1; appendix 
A). Age models include measured density constraints 
of sampled boulder deposits of 2.6 ± 0.1 g/cm3 for 
bedrock foliated granodiorite and mylonite boulders. 
 Exposure ages for each surface sample were calcu-
lated using version 3 of the CRONUS online calcula-
tor (Balco and others, 2008). The “topographic and 
shielding” calculator was used to calculate sample-
specifi c topographic shielding factors based on fi eld 
measurements of horizon and surface orientations, 
which we included in the full CRONUS code data 
input (appendix A). The default scaling scheme of 
Lal (1991) and Stone (2000) was used for estimat-
ing site production rates. To test the sensitivity of our 
ages to erosion rates, we ran the code data input with 
two end-member scenarios, e = 0 and e = 2mm/ka, 
which provided minimum and maximum ages, respec-
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Figure 8. Detailed map of the Bitterroot fault scarps and moraine crests MC1–MC6 south of Lake Como showing cosmo-
genic 10Be ages results from sampled boulders. Base map is lidar slopeshade DEM with 2 m contour interval. See fi gure 3 
for location and table 1 for age results. MC1–MC2, Young Pinedale moraine crests in glacial till (Qgty); MC3, middle-aged 
moraine crest in glacial till (Qgtm); MC4–MC6, Old Bull Lake(?) moraine crests in glacial till (Qgto). *Ages identifi ed as 
outliers based on probability density plots age models (fi gs. 10A, 10B). 
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Figure 9. Detailed map of the Bitterroot fault scarps and surfaces S1–S4 at the Ward Creek fan showing cosmogenic 10Be 
ages from sampled boulders. Base map is lidar slopeshade DEM with 2 m contour interval. See fi gure 4 for location and 
table 1 for age data results. S1, Pinedale young glacial debris fan (Qdfy); S2, middle-aged glacial debris fan (Qdfm); S3, 
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deposits preserved. *Ages interpreted as outliers based on probability density plots age models (fi gs. 10C, 10D).
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Table 1. Co mogenic 10Be sample data and modeled surface exposure ages. 

Sample Lat  Long Elv 
(m) 

Sample 
Thickness 

(cm)a

Quartz 
Mass 
(g)b

Shield 
Correctionc 

10Be/9Be 
 (x10-15)d 

10Be concentration 
(x103 atoms/g SiO2)d 

Age (zero 
erosion; 

ka)e,f 

Age  
(2 mm/ka 
erosion; 

ka)e,f 

Lake Como moraine:  
MC1 (Qgty) 

LCS-Qgty-MC1-upper-1 46.057183 -114.236761 1,355 1 21.70 0.989542 291.0 ± 5.9 208.66 ± 4.49 15.2 ± 1.0 15.5 ± 1.0 

LCS-Qgty-MC1-upper-2 46.057924 -114.234597 1,345 1 12.61 0.998349 156.5 ± 2.9 192.41 ± 3.86 14.0 ± 0.9 14.3 ± 0.9 

LCS-Qgty-MC1-lower-3 46.058918 -114.232156 1,329 1 25.07 0.998845 343.7 ± 6.8 215.21 ± 4.55 15.8 ± 1.0 16.2 ± 1.0 

LCS-Qgty-MC1-lower-4 46.05983 -114.23092 1,327 1 25.02 0.998562 335.2 ± 6.2 209.06 ± 4.19 15.4 ± 1.0 15.8 ± 1.0 

LCS-Qgty-MC1-fault-5 46.058095 -114.234252 1,346 1 25.00 0.998455 326.1 ± 6.1 204.68 ± 4.10 14.9 ± 0.9 15.2 ± 1.0 

Lake Como moraine: 
 MC2 (Qgty) 

LCS-Qgty-MC2-lower-1 46.056855 -114.233578 1,366 1 24.99 0.997926 361.7 ± 7.7 225.40 ± 5.06 16.1 ± 1.0 16.5 ± 1.1 

LCS-Qgty-MC2-lower-2 46.056771 -114.233924 1,367 1 9.86 0.998534 122.2 ± 2.3 191.78 ± 3.85 13.7 ± 0.9 14.1 ± 0.9 

LCS-Qgty-MC2-lower-3 46.056698 -114.234311 1,373 1 24.99 0.996904 358.3 ± 6.2 224.21 ± 4.24 15.9 ± 1.0 16.3 ± 1.0 

LCS-Qgty-MC2-upper-4 46.056456 -114.234938 1,380 1 25.10 0.998948 369.9 ± 7.1 231.45 ± 4.75 16.2 ± 1.0 16.6 ± 1.1 

LCS-Qgty-MC2-upper-5 46.05633 -114.235173 1,387 1 25.03 0.998404 475.7 ± 9.1 297.54 ± 6.10 20.6 ±  1.3 21.2 ± 1.4 

LCS-Qgty-MC2-upper-6 46.055926 -114.235900 1,395 1 25.01 0.997285 410.5 ± 6.7 254.25 ± 4.58 17.6 ± 1.1 18.1 ± 1.2 

Ward Creek fan:   
S1-Lower (Qdfy) 

WCF-Qdfy-S1-lower-1 46.16152 -114.215608 1,321 1 19.98 0.996478 426.4 ± 7.7 331.02 ± 6.47 23.9 ± 1.5 24.8 ± 1.6 

WCF-Qdfy-S1-lower-2 46.161483 -114.215093 1,315 1 20.01 0.996817 276.0 ± 5.2 219.44 ± 4.42 16.2 ± 1.0 16.6 ± 1.1 

WCF-Qdfy-S1-lower-3 46.161692 -114.214868 1,315 1 20.03 0.996804 873.3 ± 10.8 691.31 ± 9.96 50.0 ± 3.1 54.9 ± 3.7 

WCF-Qdfy-S1-lower-4 46.161944 -114.215443 1,323 1 20.01 0.959965 345.01 ± 5.4 274.34 ± 4.78 20.8 ± 1.3 21.4 ± 1.4 

WCF-Qdfy-S1-lower-5 46.162041 -114.215004 1,317 1 20.02 0.99636 372.7 ± 6.0 297.06 ± 5.29 21.8 ± 1.4 22.5 ± 1.4 

WCF-Qdfy-S1-lower-6 46.162061 -114.215653 1,325 1 20.01 0.996981 287.8 ± 5.4 229.40 ± 4.62 16.9 ± 1.1 17.4 ± 1.1 

Ward Creek fan:   
S1-Upper (Qdfy) 

WCF-Qdfy-S1-upper-1 46.162111 -114.216519 1,335 1 20.09 0.99496 291.2 ± 5.5 229.49 ± 4.62 16.9 ± 1.1 17.3 ± 1.1 

WCF-Qdfy-S1-upper-2 46.161994 -114.217598 1,348 1 20.00 0.996759 306.9 ± 5.7 245.26 ± 4.91 17.6 ± 1.1 18.1 ± 1.2 

WCF-Qdfy-S1-upper-3 46.161917 -114.2182 1,355 1 20.24 0.995886 284.6 ± 6.5 224.17 ± 5.37 16.1 ± 1.0 16.5 ± 1.1 

WCF-Qdfy-S1-upper-4 46.161944 -114.218611 1,360 1 20.02 0.996257 282.5 ± 5.7 225.06 ± 4.86 16.1 ± 1.0 16.5 ± 1.1 

WCF-Qdfy-S1-upper-5 46.161755 -114.216547 1,334 1 20.01 0.99278 222.0 ± 4.1 176.26 ± 3.53 13.0 ± 0.8 13.3 ± 0.8 

Ward Creek fan:   
S2-Lower (Qdfm) 

WCF-Qdfm-S2-lower-1 46.158698 -114.216225 1,310 1 25.00 0.996981 2395.2 ± 36.6 1307.93 ± 22.26 95.7 ± 6.0 113.8 ± 8.6 

WCF-Qdfm-S2-lower-2 46.158274 -114.21334 1,280 1 25.00 0.996981 2066.4 ± 32.7 1282.49 ± 22.42 96.2 ± 6.0 114.4 ± 8.7 

WCF-Qdfm-S2-lower-3 46.158213 -114.211642 1,267 1 25.02 0.996968 1517.1 ± 20.3 944.80 ± 14.49 71.6 ± 4.4 81.5 ± 5.8 

WCF-Qdfm-S2-lower-4 46.156498 -114.216332 1,289 1 25.00 0.996969 1485.56 ± 18.05 836.78 ± 11.93 62.5 ± 3.9 69.5 ± 4.8 

WCF-Qdfm-S2-lower-5 46.157164 -114.214925 1,285 1 25.04 0.996981 2221.6 ± 26.9 1381.75 ± 19.63 103.1 ± 6.4 124.7 ± 9.6 

Ward Creek fan:   
S2-Upper (Qdfm) 

WCF-Qdfm-S2-upper-1 46.159341 -114.21877 1,344 1 25.02 0.996977 1264.9 ± 15.1 790.83 ± 11.12 56.4 ± 3.5 62 ± 4.2 

WCF-Qdfm-S2-upper-2 46.160737 -114.220153 1,373 1 25.03 0.996758 1553.4 ± 26.5 966.22 ± 17.99 66.9 ± 4.2 75.4 ± 5.4 

WCF-Qdfm-S2-upper-3 46.160691 -114.221614 1,384 1 25.00 0.996127 467.0 ± 7.9 291.70 ± 5.40 20.2 ± 1.3 20.9 ± 1.3 

WCF-Qdfm-S2-upper-4 46.160441 -114.220668 1,374 1 25.01 0.996981 1336.3 ± 20.6 832.02 ± 14.23 58.0 ± 3.6 63.9 ± 4.4 

WCF-Qdfm-S2-upper-5 46.159012 -114.217954 1,333 1 25.01 0.994069 2113.3 ± 24.9 1313.49 ± 18.32 94.7 ± 5.9 112.3 ± 8.5 
aSample thickness represents the total amount of material modeled for 10Be exposure dating that includes 1.0 ± 0.5 cm of bedrock (granodiorite-gneiss) sampled interval. 
bAverage measured density of foliated biotite-muscovite granodiorite to gneiss boulder samples (2.57 ± 0.1 g/cm3). 
cGeometric shielding correction using CRONUS online calculator. 
dAll uncertainties reported at the 1 . Blank corrected 10Be/9Be ratios. Total measurement uncertainty for the 10Be concentration includes the uncertainty in the 9Be carrier 
concentration, AMS measurement uncertainty, and uncertainty in the process blank correction. Combined, these uncertainties totaled to within 2% or 1 . 

eAges reported using LSDn (nuclide-dependent scaling age models by Lifton-Stato-Dunai; Lifton and others, 2014). 
fAssumed value of erosion rates for stable and resistant foliated granodiorite boulders that have preserved glacial erosional surfaces. 

Note. Age results generated by CRONUS-Earth online calculators, Balco and others, 2008. https://hess.ess.washington.edu/, version 3 
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tively (table 1; appendix A).  These two end-member 
scenarios in erosion rates are consistent for resistant 
granite-type bedrock lithology (Jackson and others, 
1997; Duxbury and others, 2015; Margold and others, 
2019). For completeness, full CRONUS outputs are 
shown in appendix A, and include calculations of age 
with 1σ uncertainties based on multiple production 
rate scaling schemes. However, for results presented in 
this work, we adopted the time-dependent scaling age 
model by Lifton–Stato–Dunai (LSD; Lifton and oth-
ers, 2014). Modeled ages for each geomorphic surface 
combine multiple age results based on 5 to 11 boulders 
using the Probability Density Plotter of Vermeesch and 
others (2012), which integrates the range of erosion 
rate of e = 0 and e = 2 mm/ka, as minimum and maxi-
mum ages, respectively.  A reported modeled age for 
each geomorphic surface is calculated by stack ing and 
summing Gaussian bell curves of individual boulder 
ages with their respective uncertainties into a peak 
probability age distribution for a population of boulder 
ages. Detailed sample information, AMS results, and 
age model parameters for CRN 10Be geochronology 
are provided in table 1 and appendix A.

Pinedale Glacial Moraine Ages—Lake Como

MC1(Qgty)

The youngest glacial till deposits sampled for CRN 
10Be dating were collected on surface boulders along 
a lateral moraine crest, referred to as MC1, in the 
Lake Como study site (fi gs. 7A, 7B, 8). The sampled 
surface MC1 represents the lowest and best-preserved 
moraine crest mapped south of Lake Como within the 
young glacial deposits (Qgty; fi g. 4), sourced from the 
Pinedale-age Rock Creek Glacier. It extends nearly 
perpendicular to and across the Bitterroot fault (fi g. 8). 
A total of fi ve boulders were sampled along a 500-
m length of the ENE–WSW-trending moraine crest, 
yielding ages from lowest to highest elevations (1327–
1355 m) of 15.4  1.0 ka, 15.8  1.0 ka, 14.0  0.9 ka, 
14.9  0.9 ka, and 15.2  1.0 ka (fi g. 8; table 1). Model 
age results and probability density plots combining all 
boulders from MC1 yield peak ages that range be-
tween 15.0  0.4 ka and 15.4  0.4 ka for erosion rates 
of e = 0 and e = 2 mm/ka, respectively (fi g. 10A). The 
model age of ~15 ka for MC1 indicates no signifi cant 
diff erence in the probability density plots between 
boulder ages with no erosion rate (15.0  0.4 ka) and 
boulder ages that account for a 2 mm/ka erosion rate 
(15.4  0.4). This sensitivity analysis suggests that 
potential erosion does not aff ect our age results.

MC2 (Qgty) 

Another young glacial till deposit (Qgty) south of 
Lake Como was sampled on surface MC2, an ENE–
WSW-trending lateral moraine crest that occupies a 
higher elevation than MC1 (fi gs. 7A, 8). A total of six 
boulders were sampled along a 250-m-long profi le of 
MC2 off set by the Bitterroot fault scarp (fi g. 8). The 
boulder sample population yields ages from lowest 
to highest elevation (1366–1395 m) of 16.1  1.0 ka, 
13.7  0.9 ka, 15.9  1.0 ka, 16.2  1.0 ka, 20.6  
1.3 ka, and 17.6  1.1 ka (fi g. 8; table 1). Model age 
results of MC2 combining all boulders into probability 
density plots yield peak distribution ages that range 
between 16.4  0.6 ka (e = 0) and 16.8  0.6 ka (e = 
2 mm/ka; fi g. 10B). The model age of ~16–17 ka for 
MC2 indicates no signifi cant age sensitivity between 
boulder ages that accounts for the range of erosion 
rates (e = 0 and e = 2 mm/ka).

Glacial Debris Fan Ages—Ward Creek Fan 

S1 (Qdfy)

A young glacial debris fan deposit, referred as 
S1, was sampled for CRN 10Be dating in the Ward 
Creek fan study site north of Lake Como (fi gs. 7C, 
7D, 9). The sampled surface S1 represents the young-
est mapped debris fl ows and fan surface (Qdfy; fi g. 4) 
within the Ward Creek fan, sourced from the Pinedale-
age Ward Cirque Glacier. Characteristics of the surface 
S1 that distinguish it as the youngest surface include 
well-preserved debris fl ow levees incised into older 
surfaces (S3–S4) and extensive boulder fi elds (fi gs. 
7D, 9). S1 slopes to the east and is off set across the 
Bitterroot fault scarp with correlative hanging wall and 
footwall surfaces (fi gs. 7C, 9). Eleven boulders were 
sampled across a ~300-m-long profi le. The six boul-
ders sampled in the lower hanging wall fan surface 
(S1-Lower) yield ages of 23.9  1.5 ka, 16.2  1.0 ka, 
50.0  3.1 ka, 20.8  1.3 ka, 21.8  1.4 ka, and 16.9 
 1.1 ka. (fi g. 9; table 1). The fi ve boulders sampled 
in the upper footwall surface (S1-Upper) yield ages 
of 16.9  1.1 ka, 17.6  1.1 ka, 16.1  1.0 ka, 16.1  
1.0 ka, and 13.0  0.8 ka (fi g. 9; table 1). Model age 
results for S1 combing all boulders across both cor-
relative surfaces yield peak ages that range between 
16.6  0.4 ka (e = 0) and 17.1  0.5 ka (e = 2 mm/ka; 
fi g. 10C). The model age of ~17 ka for S1 indicates no 
signifi cant age sensitivity within the range of erosion 
rates. The ~50 ka boulder age result is interpreted as 
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Figure 10. Probability density and histogram plots for each geomorphic unit with corresponding age model results in 
years for zero erosion (left) and 2 mm/ka erosion (right). (A, B) MC1–MC2 (Qgty), young Pinedale-age moraine crests in 
glacial till at Lake Como. (C) S1 (Qdfy), young Pinedale age glacial debris fan at Ward Creek Fan. (D) S2 (Qdfm), middle-
aged glacial debris fan at Ward Creek fan.
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an outlier, likely representing inheritance from older 
exposure history. 

S2 (Qdfm)

Fan surface S2 is an older middle-aged glacial 
debris fl ow and fan deposit (Qdfm; fi g. 4), mapped 
within the Ward Creek fan, that was sampled for CRN 
10Be dating (fi gs. 7E, 7F, 9). Surface S2 represents the 
largest east-sloping fan surface displaced by the Bitter-
root fault. S2 is distinguished as a broad surface with 
sparse boulder fi elds incised by S1 and topographi-
cally lower than older surfaces S3–S4 (fi gs. 7E, 7F, 
9). Ten boulders were collected along a ~750-m-long 
profi le across both correlative lower hanging wall 
and upper footwall surfaces (fi gs. 7E, 9). Five boul-
ders from the lower surface (S2-Lower) yield ages of 
95.7  6.0 ka, 96.2  6.0 ka, 71.6  4.4 ka, 62.5  3.9 
ka, and 103.1  6.4 ka (fi g. 9; table 1). Five boulders 
sampled in the upper surface (S2-Upper) yield ages 
56.4  3.5 ka, 66.9  4.2 ka, 20.2  1.3 ka, 58.0  3.6 
ka, and 94.7  5.9 ka (fi g. 9; table 1). Model age re-
sults for S2 across both correlative surfaces yield two 
main peak boulder age populations (excluding a single 
sample outlier of ~20 ka; fi g. 10D). The youngest 
model peak age has a range between 62.8  1.7 ka (e = 
0) and 69.9  2.2 ka (e = 2 mm/ka) that we interpret as
the representative exposure age for S2 (fi g. 10D). The
older peak age (~97–116 ka; fi g. 10D) is interpreted
to represent either inheritance or an older sequence of
debris fl ows that were not fully buried by thin boul-
der veneers of the younger debris fl ows (~63–70 ka).
In addition, the topographic position of S2 coincides
with mapped elevations of the Glacial Lake Missoula
highstand shorelines (fi gs. 4, 9), which could have
eroded and partly exposed older debris fl ow deposits
at the surface. Values of erosion rates aff ect our model
age for S2 by 10% between its minimum (~63 ka)
and maximum (~70 ka), resulting in a larger degree of
uncertainty for the modeled age on this surface.

Age Summary and Regional Correlation

Our CRN 10Be age data provide an in situ chro-
nology of surface exposure ages consistent with the 
mapped relations of Quaternary units. In the Lake 
Como area, CRN 10Be age data from two sequences 
of the youngest and best-preserved Pinedale glacial 
moraines, MC1 and MC2, yield ages of ~15 ka and 
~16–17 ka, respectively (fi gs. 8, 10A, 10B; table 1). 
Older mapped glacial moraines sourced from Rock 

Creek Glacier are consistent with our age results, 
indicating MC3 as likely early Pinedale in age (>20 
ka), and MC4–MC6 as likely Bull Lake and older in 
age (>100 ka). In the Ward Creek fan area, age data 
from two glacial debris fans, S1 and S2, yield ages of 
~17 ka and ~63–70 ka, respectively (fi gs. 9, 10C, 10D; 
table 1). 

Our study sites in both Lake Como glacial mo-
raines and debris fans sourced from the Ward Cirque 
Glacier (i.e., the Ward Creek fan) indicate similar 
Pinedale-age results between 15 and 17 ka, consistent 
with Pinedale ages reported in Greater Yellowstone 
and the Teton range (15–19 ka; Liccardi and Pierce; 
2008). The glacial debris fan surface (S2) of ~63–70 
ka at the Ward Creek fan may correlate to MIS 4 or 
Early Wisconsin Glaciation (~60–70 ka), while the 
older boulder age population in S2 of ~97–116 ka may 
represent inheritance exposure from MIS 6 or Bull 
Lake Glaciation (>100 ka; Pierce, 2004, and refer-
ences therein; Liccardi and Pierce, 2008). 

FAULT DISPLACEMENT RATES 

The Bitterroot fault is evident through scarps on 
various geomorphic surfaces with vertical separation 
that ranges from 1 to 68 m and increases with age. 
Fault scarps truncate multiple sequences of sloping 
lateral moraine crests, glacial debris fans, and paleo-
shorelines that provide geomorphic strain markers to 
measure vertical separation using 1-m resolution lidar-
based topographic profi les (fi gs. 8, 9, 11, 12). Mea-
surements are based on vertical separations between 
footwall and hanging surfaces using linear regression 
topographic profi les that yielded best-matched correla-
tive off set surfaces projected across the fault scarp (fi g. 
12). To determine deformation rates, we divided the 
amount of vertical separation and fault slip by our age 
data to derive vertical separation and fault slip rates, 
respectively (table 2). Fault dip and structural model 
constraints from map relations allow for the vertical 
component of deformation to be translated into fault 
slip rates. Fault slip rates are provided as a range with 
minimum and maximum values. All rates incorporate 
uncertainties in vertical separation based on the reso-
lution of the selected linear regression topographic 
profi les and vertical accuracy of the lidar data (5 cm); 
range in calculated fault dips; and range of age results 
depending on analytical uncertainties and erosion rates 
(see table 2; appendix B).
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Lake Como 

Pinedale Glacial Moraines: MC1–MC2 (Qgty)

South of Lake Como, the trace of the Bitterroot 
fault cuts young Pinedale-age glacial till deposits 
(Qgty) and its lateral moraines MC1–MC2 (fi g. 8). 
Mapping and lidar data do not indicate any clear 
fault scarps across the moraine crest MC1 (fi g. 8). A 
well-exposed N–S-trending east-dipping fault scarp 
lineament and ENE–WSW-sloping MC2 provide a 
well-preserved geomorphic strain marker of vertical 
separation (fi gs. 8, 12A). Topographic profi le mea-
surements yield a vertical separation of 3.5 ± 0.2 m 
for correlative off set surfaces across the fault scarp 
(fi g. 12A; profi le B–Bʹ). Fault dip calculations using 
3-point problem measurements along the main trace
of the Bitterroot fault south of Lake Como indicate the
fault dips range between 66 and 78° to the east (fi gs. 5,
8; appendix B). Rate calculations using an age range
of 16.4  0.6 ka to 16.8  0.6 ka for MC2 yield a verti-
cal separation rate of 0.19–0.23 mm/yr and fault slip
rate of 0.20–0.25 mm/yr (table 2).

Bull Lake Glacial Moraines: MC4–MC6 (Qgto)

The trace of the Bitterroot fault displaces older 
glacial till deposits (Qgto) with three mapped moraine 
crests (MC4–MC6) interpreted as Bull Lake age or 
older (fi g. 8). Mapping and fi eld observations based 
on smooth geomorphic surfaces, infl ated soil horizons 
with limited exposed boulder fi elds, and elevations are 

consistent with presumed Bull Lake or older surface 
ages. A selected topographic profi le measurement 
along MC5 with a maximum fault scarp height of ~75 
m (fi g. 6A) yields a long-wavelength vertical separa-
tion of 68 ± 2.1 m for correlative lower and upper sur-
faces displaced across multiple strands of the Bitter-
root fault (fi g. 12B; profi le C–Cʹ). No in situ age data 
yet exist for MC5 or any other Bull Lake glacial till 
in Western Montana. However, boulders exposed in 
the glacially sourced debris fan surface S2 at the Ward 
Creek fan provide evidence of Bull Lake age results in 
the southern Bitterroot (fi g. 9). If we assume MC5 is 
Bull Lake in age (~140–150 ka; Liccardi and Pierce, 
2018), a vertical separation of 68 ± 2.1 m displaced 
on the 66–78° fault would yield an estimated verti-
cal separation rate of ~0.4–0.5 mm/yr and slip rate of 
~0.5–0.6 mm/yr.

Rock Creek 

Glacial Lake Missoula Shorelines

Paleoshorelines provide another set of geomorphic 
strain marker to measure vertical separation across 
fault scarps produced during the Quaternary activity 
along the Bitterroot fault. Mapping using lidar-based 
slopemap index analyses identifi ed multiple stair-step 
sequences of wave-cut shorelines associated with Gla-
cial Lake Missoula in the Bitterroot Valley (fi gs. 4, 11, 
13). Maximum elevations on shorelines that range in 
elevation between 4,250 ft and 4,230 ft along the Bit-
terroot Valley correlate with the Glacial Lake Missoula 

Table 2. Vertical separation and fault slip rates for the Bitterroot fault. 
Vertical 

Separation 
(m)        

Min 
Surface 
Age (ka) 

Max 
Surface 
Age (ka) 

Fault Dip 
(deg.) 

Vert. 
Separation 

Rate (mm/yr) 

Fault Slip 
Rate 

(mm/yr) 
Lake Como 
MC2—Pinedale moraine 3.5 ± 0.2 16.4 ± 0.6 16.8  ± 0.6 72  ± 6 0.19–0.23 0.20–0.25 

Rock Creek  
Glacial Lake Missoula shorelines 4.6 ± 1.6 15.0 ± 0.4 15.4 ± 0.4 79 ± 9 0.19–0.42 0.19–0.45 

Ward Creek fan 
S1—Pinedale debris fan  2.4 ± 0.3 16.6 ± 0.4 17.1  ± 0.5 48  ± 7 0.12–0.17 0.15–0.25 
S2— Medium-aged debris fan 4.5 ± 0.2 62.8 ± 1.7 69.9 ± 2.2 48  ± 7 0.06–0.08 0.07–0.12 

Note. Measured values of vertical separation, range in calculated fault dip (see appendix 2), and range of surface 
ages for offset marker units. Using these parameters, we calculated vertical separation rates and fault slip rates 
with corresponding uncertainties, which are based on the maximum and minimum possible values in the rate 
calculation. 
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Figure 13. Compilation of mapped shorelines (blue) and Quaternary fault scarps (red) in the Bitterroot Valley using avail-
able lidar data, showing the maximum elevation shorelines of Glacial Lake Missoula (green) that ranges between 4,250 ft 
and 4,230 ft. Note many shorelines demonstrate vertical separation across the Bitterroot fault. Location of lidar coverage 
shown in fi gure 2.
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highstand that fl ooded the Bitterroot and Missoula 
Valleys in the latest Pleistocene (fi gs. 11, 13; Smith 
and others, 2018). In the Rock Creek study site, east of 
Lake Como, these maximum elevation shorelines are 
displaced across a west-facing fault scarp interpreted 
as an antithetic strand of the Bitterroot fault (fi g. 11). 
Measurements of displacement rates on this antithetic 
fault provide constraints on subsurface kinematic link 
and slip distribution with the main strand of the Bit-
terroot fault, which potentially rupture simultaneously 
during earthquakes. 

Topographic profi le measurements yield vertical 
separation of 4.6  1.6 m for correlative shorelines 
across the footwall (4,250 ft) and hanging wall (4,230 
ft) of the west-dipping fault, with the uncertainty 
based on the map correlation of maximum elevation 
shorelines (fi g. 12C, profi le D–Dʹ). Fault dips of 70–
88° to the east are based on fault dip calculations using 
3-point problem measurements along the mapped trace
of the antithetic fault (fi gs. 5, 11; appendix B). These
maximum elevation shorelines of Glacial Lake Mis-
soula are mapped near Lake Como Dam and inset into
the youngest dated Pinedale glacial moraine deposits
of S1-Qgty (~15.0 ka; fi gs. 8, 11). Our age results of
~15 ka represent a maximum age for the timing of
Glacial Lake Missoula highstand shoreline formation.
This age is broadly consistent with estimates of the
youngest dated Glacial Lake Missoula sediments asso-
ciated with a deep lake fi lling sequence that occurred
prior to 13.4–13.7 ka before drainage (Smith and
others, 2018). Rate calculations using an age range of
15.0  0.4 ka and 15.4  0.4 ka yield a vertical sepa-
ration rate of 0.19–0.42 mm/yr and fault slip rate of
0.19–0.45 mm/yr (table 2).

Ward Creek Fan 

Young Pinedale-Age Glacial Debris Fan: S1 (Qdfy)

In the Ward Creek study site, north of Lake Como, 
the Bitterroot fault off sets young Pinedale-age gla-
cial debris fan deposits S1 (Qdfy; fi g. 9). The main 
fault trace mapped across the Ward Creek fan is an 
NNE–SSW-trending east-facing fault scarp that off sets 
an east-sloping debris fan surface S1 (fi gs. 7C, 9). A 
mapped secondary east-facing fault scarp is inferred 
to off set S1 as a local hanging wall fault splay to the 
Bitterroot fault (fi gs. 9, 12D). Topographic profi le 
measurements yield a total vertical separation of 2.4 ± 
0.3 m for correlative surfaces S1 off set across both the 

main fault scarp and its fault splay (fi g. 12D, profi le 
E–Eʹ). Fault dip calculations using 3-point measure-
ments constrain the fault geometry near the Ward 
Creek fan area, indicating the main trace of the fault 
dips 41–55° to the east (fi gs. 5, 9; appendix B). We 
assume the dip of the secondary fault strand is similar 
to that of the main fault trace. Rate calculations using 
an age range of 16.6  0.4 ka and 17.1  0.5 ka for S1 
yield a vertical separation rate of 0.12–0.17 mm/yr and 
fault slip rate of 0.15–0.25 mm/yr (table 2). 

Middle-Aged Glacial Debris Fan: S2 (Qdfm)

The Bitterroot fault displaces older glacial de-
bris fan deposit S2 (Qdfm) within the Ward Creek 
fan (fi gs. 7E, 9). S2 is the largest debris fan surface, 
extending >500 m across the hanging wall and foot-
wall of the Bitterroot fault scarp. The main trace of 
the Bitterroot fault across surface S2 consists of a 
well-exposed and continuous east-facing scarp with no 
signifi cant fault splays. Topographic profi le measure-
ments yield a vertical separation of 4.5 ± 0.1 m for 
correlative S2 surfaces (fi g. 12E, profi le F–Fʹ). The 
fault dips 41–55°E to the east, based on 3-point prob-
lem methods (fi gs. 5, 9; appendix B). Rate calculations 
using an age range of 62.8  1.7 ka to 69.9  2.2 ka for 
S2 yield a vertical separation rate of 0.06–0.08 mm/yr 
and fault slip rate of 0.07–0.12 mm/yr (table 2). Expo-
sure model ages and resulting slip rate calculations for 
S2 include a larger degree of uncertainty compared to 
the slip rates for other sites. We attribute this greater 
uncertainty to the apparent complex depositional his-
tory of multiple debris fl ow sequences, inheritance, 
and/or post-surface modifi cation.

Slip Rate Summary for the Bitterroot Fault

Projected on-plane fault slip rates on the Bitterroot 
fault range between 0.1 mm/yr and 0.3 mm/yr associ-
ated with the main fault strand of the Bitterroot fault 
(fi g. 14; table 2). At Lake Como, vertical separation of 
a young Pinedale moraine (MC2; fi gs. 8, 12A) yields 
a slip rate of 0.2–0.3 mm/yr. At the Ward Creek fan, 
vertically separated glacial debris fans (S1–S2; fi gs. 9, 
12D, 12E) yield slip rates that range between 0.2–0.3 
mm/yr (S1) and 0.1 mm/yr (S2). Our results indicate 
possible higher slip rates near Lake Como (0.2–0.3 
mm/yr) compared to the Ward Creek fan (0.1–0.3 mm/
yr) further north (fi g. 14). However, the rates broadly 
overlap between the two study sites, with a total 
along-strike range of 0.1–0.3 mm/yr for the southern 
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Figure 14. Slip rates distribution map along the southern Bitterroot fault showing results from our study sites (yellow). 
Rates on the main east-dipping fault strand range between 0.1 and 0.3 mm/yr (table 2). Slip rates on the antithetic west-
dipping fault are 0.2–0.5 mm/yr, which broadly overlap with the rates on the main strand of 0.2–0.3 mm/yr for the Lake 
Como area.
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section of the Bitterroot fault (fi g. 14). Our lowest slip 
rate site on S2 (0.1mm/yr) in the Ward Creek fan (fi gs. 
9, 14) may underestimate slip rates for the Bitterroot 
fault because of the larger degree of uncertainty in the 
age results due to inferred complex exposure history 
and/or post-surface modifi cation (fi g. 10D). 

Slip rates on the antithetic fault strand of the Bit-
terroot fault are 0.2–0.5 mm/yr, based on displaced 
Glacial Lake Missoula highstand shorelines at the 
Rock Creek study site (fi gs. 11, 14). Roughly equal 
slip rates partitioned on both the main fault strand near 
Lake Como (0.2–0.3 mm/yr) and antithetic fault strand 
(0.2–0.5 mm/yr) of the Bitterroot fault are consistent 
with our structural framework interpretation (fi g. 5). 
Total slip and net extension accommodated on the 
hanging wall block (east of the antithetic fault) can-
not exceed the total budget of 0.2–0.3 mm/yr accom-
modated across the main fault strand. Fault block 
kinematics based on our slip rate results dictate two 
possible fault models:

1. local diff erential deformation near the
antithetic fault (e.g., east-directed hanging wall
rotation) due to slip vectors as a high-angle fault
(fi g. 5A); or

2. uniform fault-bounded block displacement
(e.g., downdropping of a local graben) due to
lateral slip vectors at depth as a low-angle fault
(fi g. 5B).

Either fault model yields permissible solutions and
fault block kinematics that can be tested with further 
detailed mapping of Bitterroot fault hanging wall 
strata along the Bitterroot Valley. 

IMPLICATIONS FOR 
EARTHQUAKE POTENTIAL

New understanding of the displacement history 
along the Bitterroot fault provides constraints on the 
potential earthquake hazards to the Bitterroot and Mis-
soula Valleys (fi gs. 1, 2). 

Our fault mapping and results of geological slip 
rates suggest the Bitterroot fault is likely the primary 
seismogenic fault system within the Missoula and Bit-
terroot Valleys capable of releasing interseismic strain 
accumulation via surface-rupturing earthquakes. Fault 
geometries frame the size of the potential earthquake. 
The length of the Bitterroot fault extends more than 

~100 km (103–105 km) along the mountain front (fi g. 
2). Empirical scaling relationships indicate that a fault 
length of this dimension could generate a maximum 
of ~Mw 7.2 during full-length normal-fault rupturing 
earthquakes (Wells and Coppersmith, 1994; Stirling 
and others, 2013; https://earthquake.usgs.gov/sce-
narios/catalog/mt2016/; USGS, 2016). An earthquake 
scenario of M7.2 (based on ~100-km-long surface rup-
ture along the Bitterroot fault) is forecasted to produce 
“heavy” earthquake damage with 0.75 g peak ground 
acceleration, 86 cm/sec peak velocity, and Modifi ed 
Mercalli Intensity IX shaking (https://earthquake.usgs.
gov/scenarios/catalog/mt2016/). 

Lack of signifi cant recorded microseismicity dur-
ing the past 40 yr within the Bitterroot Valley (fi g. 1B; 
Stickney, 2015, 2022) may suggest the Bitterroot fault 
is locked at depth. We speculate the Bitterroot fault is 
likely characterized by a millennia-timescale earth-
quake recurrence interval based on a loading slip rate 
of <1 mm/yr and the absence of historical earthquakes. 

An earthquake and associated ground shaking on 
the Bitterroot fault could profoundly aff ect the Bitter-
root Valley and nearby Missoula metropolitan area, 
including critical infrastructure such as dams, canals, 
pipelines, transportation corridors, and power lines. 
Unfortunately, earthquake history and recurrence in-
terval are unknown for this fault, although the seismic 
risk is potentially high given the length of the fault, 
evidence of late Quaternary fault scarps, and proxim-
ity of the rapidly growing population in the Missoula 
and Bitterroot Valleys. Paleoseismic data are therefore 
needed to improve seismic source characterization of 
the Bitterroot fault and to improve the related hazard 
assessment. This study has identifi ed multiple paleo-
seismic trench sites on the Bitterroot fault near Lake 
Como and Ward Creek study sites with the goal of 
developing a Holocene paleoearthquake chronology. 
In addition, improved constraints of the deeper Bitter-
root fault geometry are needed to address the possibil-
ity of a low-angle seismogenic fault. An earthquake 
scenario on a low-angle fault would suggest a larger 
seismogenic width and seismic hazard with an earth-
quake Mw >7.2.
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CONCLUSION

Our results provide the fi rst in situ age data and 
slip rates for seismic source characterization of the 
Bitterroot fault. Lidar-based mapping indicates mul-
tiple late Quaternary fault scarps with vertical off set in 
glacial deposits. The 10Be cosmogenic radionuclides 
surface exposure dating technique and vertical sepa-
ration measurements constrain slip rates at four sites 
along the southern Bitterroot fault. 

Near Como Dam, we dated two Pinedale-age 
glacial moraines to ~15 ka and ~16–17 ka. On the 
main strand of the Bitterroot fault, an off set ~16–17 ka 
glacial moraine yields a fault slip rate of 0.2–0.3 mm/
yr. Glacial Lake Missoula shorelines, which are off set 
across an antithetic strand of the Bitterroot fault, and 
are inset into a dated ~15 ka glacial moraine, yield a 
fault slip rate of 0.2–0.5 mm/yr. In the Ward Creek fan 
located north of Lake Como, we dated two glacial de-
bris fans to ~17 ka and ~63–70 ka. Vertical separations 
and age constraints across the Bitterroot fault yield 
fault slip rates of 0.1–0.3 mm/yr on the ~17 ka debris 
fan surface and 0.1 mm/yr on the ~63–70 ka debris fan 
surface. Our results indicate broadly consistent fault 
slip rates for the main fault segments at Lake Como 
(0.2–0.3 mm/yr) and the Ward Creek fan (0.1–0.3 mm/
yr) with an along-strike total range of 0.1–0.3 mm/yr 
for the southern Bitterroot fault.

Subsurface fault models provide two permissible 
structural solutions for the Bitterroot fault. Steep nor-
mal faults at the surface and in the shallow subsurface 
either could remain high angle or merge at depth into 
a low-angle fault model geometry. Our mapping and 
cross-sections indicate both of these fault models are 
viable, with major implications for the seismogenic 
fault width and earthquake potential of the Bitterroot 
fault. 

This study builds on the previous work by Stick-
ney and Lonn (2018) to reevaluate existing regional 
seismic source models for western Montana. Our 
fi ndings reinforce the need to include the Bitterroot 
fault in the NSHM as a seismogenic source that could 
profoundly impact the Bitterroot and Missoula Val-
leys, producing an up to ~100-km-long fault rupture 
during an earthquake along the Bitterroot Valley.
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. Results, explanation and site descriptions for fault dip calculations on the 
Bitterroot fault using 3-point problem methods.

Fault dip calculations using 3-point problem (Method 1): Equivalent fault trace elevation 
across topography.
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Fault dip calculations using 3-point problem (Method 2): Non-equivalent fault trace 
elevation across topography.
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Location of stations 1-8 where fault dips were calculated using 3-point problem methods. 
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