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New geological mapping and “°Ar-3°Ar ages reveal a temporal progression of faulting along a major
extensional fault (the Abert Rim fault) at the active margin of the Basin and Range Province in the western U.S.
The onset of extensional deformation near Lake Abert coincided with widespread basaltic volcanism. Fault
cross-cutting relationships and tilt of volcanic layers demonstrate that NW-striking faults formed between
~8.9 and 7.5 Ma and were subsequently cut by the NNE-striking Abert Rim fault. Sequential restoration of
cross-sections indicate that the Abert Rim fault south of 42°40’ N latitude had >250 m of stratigraphic
separation prior to deposition of the Rattlesnake Tuff at 7 Ma. Low values of net extension (~4%) and long-term
rates of geologic deformation (<1 mm/yr) suggest that regional extension since ~10 Ma has occurred
primarily by diking. We model province wide along- and across-strike expansion within the margin of the
Basin and Range Province as regional dilation accompanying northward propagation of the Walker Lane
transform. The growth of this extensional province is superimposed on a previously unrecognized early
Miocene volcanic landscape marked by volcanism between ~21.4 and 22.3 Ma. Dike orientations within one of
these early Miocene volcanoes and evidence for the existence of as much as 500 m of paleo-topography prior to
widespread deposition of the Steens basalts at ~16 Ma suggests that late Miocene faults near Lake Abert may
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reactivate an older structural fabric.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Post-Laramide reorganization of the North American Plate boundary
was accompanied by magmatism and the development of the Basin and
Range Province in western North America (e.g., Armstrong and Ward,
1991; Wernicke, 1992; Christiansen and Yeats, 1992) (Fig. 1). Defor-
mation at the western margin of the province since ~10Ma is
characterized by east-west extension and right-lateral shear (Zoback,
1989) coupled to the motion of the Pacific Plate, which has moved NNW
at a rate of ~52 mm/yr, with respect to North America since ~8 Ma
(Atwater and Stock, 1998) (Fig. 1A). Numerous models suggest that
forces driving the deformation include: (1) trench pull and subduction
zone rollback due to removal of the Farallon slab underneath North
America (Humphreys, 1994; Zandt and Humphreys, 2008); (2) rotation
of the Cascadia forearc (e.g. Wells and Heller, 1988; Wells et al., 1998);
(3) development and propagation of the two principal dextral fault
systems of the plate boundary, the San Andreas (Atwater and Stock,
1998) and Walker Lane (Wesnousky, 2005; Faulds et al., 2005); and (4)
collapse of the crust driven by gravitational potential energy due to
thickening of the Laramide crust (Humphreys and Coblentz, 2007).
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Understanding the growth of the northwestern Basin and Range
Province (NWBR), which encompasses parts of Oregon, California and
Nevada (Fig. 2), in the context of plate boundary and body forces has
been limited by the lack of a well-constrained chronological framework
for the structural development of the region. In Oregon, faults within the
NWBR occur with two principal orientations (NNE-striking and NW-
striking) and both cut syn-rift volcanic stratigraphy (Donath, 1962)
(Figs. 1B and 2). It is unclear, however, if the two fault sets formed along
a pre-Miocene structural fabric (e.g., Donath, 1962; Wells, 1980) or in
response to the late Miocene regional stress field (Pezzopane and
Weldon, 1993; Crider, 2001). This paper presents results of new “°Ar/
39Ar ages and detailed geologic mapping within a ~350 km? area at the
northern end of Lake Abert (Figs. 1B and 3). These data are used to
describe the timing and style of faulting within the margin of the NWBR
and to place these events in context with Miocene to recent models of
the tectonic development of the western margin of North America.

1.1. Regional constraints on Basin and Range extension

Limited data indicate that some extensional faults in the NWBR
(Fig.2; Table 1) formed after 12 Ma (e.g., Colgan et al., 2004), although
the temporal and spatial progression are not known in detail. Since
the late Oligocene the onset of extensional faulting has migrated
westward and northwestward from the interior of the Basin and
Range Province in central Nevada (Fig. 1A) into southern Oregon
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Fig. 1. Tectonic setting of the northwestern Basin and Range Province (NWBR) in the western United States. (A) The seismically active margins of the province are highlighted (after
Pezzopane and Weldon, 1993). Stippled lines show progression of onset of extensional faulting (in Ma) (see text). GPS velocity vectors (arrows) from Miller et al. (2001) and

Hammond and Thatcher (2005). Cascade volcanoes (black stars) (B) fault map of the northwestern margin of the NWBR highlighting NNE-striking Basin and Range type faults (thick
line). Dark shade shows the distribution of Quaternary basalts of the High Cascades and High Lava Plains.

(Fig. 1B) (see summaries by Seedorff, 1991 and Wernicke, 1992; Dilles
and Gans, 1995; Miller et al., 1999; Surpless et al., 2002; Colgan et al.,
2004; Fosdick and Colgan, 2008). Extension was localized at ~118° W

Trexler et al., 2000; Henry and Perkins, 2001; Surpless et al., 2002).
Thus, extension migrated westward since the late Oligocene, with

more than 100 km of that migration occurring after 15 Ma. Colgan
after 26 Ma (Dilles and Gans, 1995) and migrated west to the et al. (2008) suggest that the NWBR experienced a two-stage slip
California-Nevada state line (longitude 120° W) after 14-12 Ma along

history with extensional uplift of ranges occurring between 14-8 Ma
the Sierra Nevada-Basin and Range transition (Dilles and Gans, 1995; and again ca. 4-3 Ma.
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Pine Forest range, PJ- Poker Jim Rim, QR- Quinn river valley, SL- Summer lake, SH-Sheepshead mountains, SM-
Steens Mountan, SR- Santa Rosa range, SV- Surprise valley fault, WM- Warner mountains, WR- Winter Ridge, WV-
Warner valley
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Fig. 2. Major structures of the NWBR after Walker and MacLeod (1991). NNE-striking Basin and Range type faults (solid line), NW-striking faults (stippled line), and eruptive centers
discussed in the text (stars). Basin and Range faults discussed in the text (thick solid line) are shown with a ball on the hanging wall block. See Table 1 for information regarding the
timing and rate of deformation for individual faults. Fault plane solutions illustrated for two magnitude 6.0 earthquakes near Klamath Falls in 1993 with strike-slip solution

highlighted from aftershock sequence (after Crider, 2001). Dual mainshocks of magnitude 5.1 and 5.0, shown by one fault plane solution, occurred within the Warner Valley in 1968
(after Ludwin et al., 1991). Shaded pattern denotes the extent of ~17-15 Ma mafic lavas from Christiansen and Yeats (1992).
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Fig. 3. Digital elevation model of the study region. The Abert Rim fault defines the west margin of the prominent escarpment that extends across the middle of the figure. Dashed box
outlines area of detailed mapping shown in Fig. 4. (A) Volcanic features: Juniper Mountain (JM); Venator Buttes (VB); Coleman Hills (CH); Flint Ridge (FR) and Rabbit Hills (RH). See
Table 2 for age results of numbered sample locations. (B) The southern, central and northern segments of the Abert Rim fault, as discussed in the text, are marked. Position of Fig. 6
photographs (6A-F) with arrow pointed towards the direction of view. Line of regional cross-section (C-C’, Fig. 12) is shown.

The along-strike, or north-south, growth of the NWBR is less well
constrained. The Walker Lane is a dextral shear zone that, along with
the San Andreas fault, accommodates transform motion between the
Pacific and North American plates (Wesnousky, 2005) (Fig. 1A).
Locally, the Walker Lane coincides with the western boundary of the
Basin and Range north of 40°N, where it cut the extensional grain of

Table 1

Timing of initiation and rate of slip for NWBR faults.
Fault system Lat”  Long. NNE-strike (rate) NW-strike
Surprise Valley® 415N 1201 W 14 Ma (~0.4 mm/yr) na

Santa Rosa range”
Pine Forest range®

415N 117.5W 7.5-10 Ma (0.8 mm/yr) na
415N 1183 W 8-10Ma na

Hawks Valley¢ 421N 1190W <10Ma ~16-10 Ma“
Guano Rim*® 422N 1195W ~5Ma ~9-5Ma
Drake Peak’ 423N 1201 W >9-7Ma 16-14 Ma
Steens Mtn. (south)®” 425N 1185W >16.6Ma na

Catlow Rim' 425N 1190W <16 Ma na
Sheepshead Mtns. 426N 1182W <7Ma 12-9 Ma
Poker Jim Rim* 426N 1196 W <7 Ma na

Abert rim*! 426N 1201W >6Ma (0.5 mm/yr) na
Winter Ridge 42.8 N'™ 428N 121.0 W <6.6 Ma (0.1 mm/yr)" na
Steens Mtn. (north)” 433N 1181 W ~10Ma ~10 Ma
High Cascade graben® 441N 121.6 W ~5 Ma(~1 mm/yr) na

2 Colgan et al. (2008).

b Colgan et al. (2004).

€ Maloney (1961).

4 Legge (1988).

€ Sawlan et al. (1995).

f Wells (1980).

& Minor et al. (1987).

" Langer (1991).

I Walker and MacLeod (1991).

I Sherrod et al. (1988).

X Hart and Mertzman (1982).

! Pezzopane and Weldon (1993).

™ Jordan et al. (2004).

" Johnson and Grunder (2000).

© Smith et al. (1987).

P See Fig. 2 to locate approximate position of the fault system.
9 Based on correlation of tuff unit.

" Rate calculated here using data from the sources listed.

the Basin and Range as it propagated northward between 9 and 3 Ma
(e.g., Faulds et al., 2005). To the east, in the Santa Rosa-Pine Forest
ranges (Fig. 2; Table 1), extensional deformation after 10 Ma is
suggested by footwall cooling ages (Colgan et al., 2004). Extension
prior to ~ 10 Ma is not recorded by thermal, stratigraphic, or structural
records (Colgan et al., 2004). These data imply that the locus of
extension may have shifted to the NWBR between ~16 and 10 Ma
(Christiansen and McKee, 1978; Wernicke, 1992).

2. Opening of the Oregon Basin and Range

Net extension within the margin of the NWBR along NNE-striking
Basin and Range style faults (Figs. 1B and 2) is thought to be small
compared with the central Basin and Range (e.g., Wernicke, 1992). Wells
and Heller (1988) estimate ~17 % net extension oriented in a WNW
direction perpendicular to a NNW extension direction since ~16 Ma.
These results are based primarily on paleomagnetic data and tectonic
reconstructions, which require testing against field-based constraint of
extension across major regional escarpments such as the Abert Rim fault.

2.1. Major structures

Located within a broad zone of active deformation, the margin of the
NWBR is bordered to the west by the Cascade volcanic arc and to the
north by the Brothers fault zone (Fig. 1). Topographic and structural relief
diminishes northwards towards the Brothers fault zone, a broad NW-
striking zone of small en echelon faults that define the northwestern
boundary of the Basin and Range (Lawrence, 1976). The High Lava Plains
(HLP), a locus of volcanism after ~10 Ma (Walker, 1970; Christiansen
and McKee, 1978; Hamilton, 1989; Christiansen et al., 2002) broadly
coincides with the Brothers fault zone (Fig. 1B). Thus, the Brothers fault
zone appears to function as a transverse zone, an extensional structure
associated with magma emplacement (e.g., Rowley, 1998).

Deformation south of the HLP is accommodated by fault systems that
exhibit two principal strike directions: NNE and NW (Figs. 1B and 2)
(Donath, 1962; Pezzopane and Weldon, 1993; Crider, 2001). NNE-
striking faults bound the major topographic escarpments, which are
inferred to have the greatest stratigraphic separation. NW-striking faults,
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in contrast, exhibit lower topographic and presumably structural relief. A
variety of data including analog experiments, dike orientations, cinder
cone alignments, slip vectors from earthquake moment tensors, and
moderate earthquakes indicate that the fault sets in the region have
formed in response to right-oblique extension towards N60-70°W (see
summaries in Pezzopane and Weldon, 1993 and Crider, 2001).
Geomorphic and paleoseismic observations indicate both fault sets are
active (Pezzopane and Weldon, 1993). Field relationships at major
escarpments, such as Poker Jim Rim (Mathis, 1993) and Steens Mountain
(Hemphill-Haley et al., 1989) (Fig. 2), demonstrate that the two fault sets
have mutually cross-cutting relationships, indicating coeval slip at some
stage of fault development. Neither the age of initiation nor the duration
of motion on either fault set is known regionally.

2.2. Existing constraints on timing of deformation

NNE-striking faults within the margin of the NWBR cut and are thus
younger than the ~16 Ma Steens basalt and age-equivalent regional

(Qpl) playa deposits

(Qsd) sand dunes
BB (Qtg) terrace gravels
[] (Tat) Rattlesnake Tuff
Il (Tob) olivine basalt lavas
[ (Tba) basaltic andesite
[ ] (Tsb) Steens Basalt
[_](TCha) Coleman Hills andesite foliation.
(TChd) Coleman Hills dacite ="} Eruptive
[_] (TChr) Coleman Hills rhyolite % _-'

basalts (Fig. 2). The Steens Mountain fault (Fig. 2; Table 1) appears to be
a long-lived structure (Minor et al,, 1987; Langer, 1991; Hooper et al.,
2002). Near the southern end of the fault, an angular unconformity
between the Steens basalt and underlying volcanic and volcaniclastic
rocks indicates tilting of ~20° prior to 16.6 Ma (Minor et al,, 1987;
Langer, 1991). Motion on the northern part of the fault coincided with
volcanic activity at ~10 Ma (Johnson and Grunder, 2000), and the
9.8 Ma Devine Canyon Tuffis cut and ponded against a NW-striking fault
(Johnson, 1995). Well-preserved Holocene scarps at Steens Mountain
indicate that the fault remains active (Hemphill-Haley et al., 1989).
West of Steens Mountain, at Poker Jim Rim (Fig. 2; Table 1), there is
no angular discordance between Steens basalt and the underlying
geologic units (Mathis, 1993) and basalt flows that cap the rim are cut
by the range-front fault, which argues that faulting is no older than
~7 Ma (Hart and Mertzman, 1982). A basalt flow banked against the
Abert Rim fault (Fig. 2; Table 1) implies the presence of fault-related
topography after 16 Ma and before 6 Ma. Faulting along the Abert Rim
has been active in the latest Pleistocene (~16 ka), where

Map units and symbols
Fault: dashed
where inferred.
Ball on side down.
\_3 Strike and
dip of layers.
Triangle is flow

center.

Fig. 4. Sketch geologic map of the northern end of Lake Abert, OR. See Fig. 3 and Table 2 for sample locations, Fig. 5 for lithologic descriptions of geologic units and Fig. 12 for cross-
sections (A-A’ and B-B’). Map regions that are discussed in the text or later figures (clockwise from top left): Table Top (TT); Commodore Ridge fault (CRF); and Sawed Horn (SH).
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predominately normal slip of offset shoreline deposits implies a
~0.5 mm/yr extension rate (Pezzopane and Weldon, 1993). Mapping
at Drake Peak (Fig. 2; Table 1), located near the southern end of the
Abert Rim fault, suggests the presence of structural topography on
NNE-striking faults prior to 9-7 Ma (Wells, 1980). Therefore the age of
extension decreases from south to north along individual NNE-striking
faults within the margin of the NWBR.

Although less is known about the age of the NW-striking faults, their
activity predates that of the NNE-striking Basin and Range type faults at
any particular location across the margin of the NWBR (Fig. 2; Table 1).
In the Sheepshead Mountains (Fig. 2; Table 1), a structurally complex
region located at the intersection of the HLP with the Steens Mountain
fault, NW-striking structures were active between ~12 and 9 Ma prior
to post ~7 Ma faulting along NNE-striking structures (Sherrod et al.,
1988). A prominent NW-striking graben that formed Hawks Valley
(Fig. 2; Table 1), located between Steens Mountain and Guano Rim,
developed between ~16-10 Ma within a rhyolite complex (Maloney,
1961; Legge, 1988), which channeled the flow of a younger basalt unit
thatis cut, in turn, by a NNE-striking fault. At Guano Rim (Fig. 2; Table 1),
slight tilting of strata along NW-striking faults occurred between 9 and
5 Ma and preceded faulting along the NNE-striking Guano Rim fault,
which has been active since ~5 Ma (ages reported in Sawlan et al.,
1995). At Drake Peak (Fig. 2; Table 1) NW-striking faults cut the ~16 Ma
Steens basalt but not strata that are younger than ~ 14 Ma (Wells, 1980).

2.3. The Abert Rim fault

Intersection of NNE-striking and NW-striking faults at the north end
of Lake Abert (Fig. 1B) provides an opportunity to evaluate the timing of
deformation along the principal fault sets of the NWBR margin.
Topographic, and presumably stratigraphic, separation on the Abert
Rim fault decline northward, along strike, towards the Brothers fault
zone and the High Lava Plains. The geometry of the north end of the Lake
Abert basin is controlled by the Coleman Hills and a series of 8-10 faults
oriented N30- 40°W (Fig. 3). Langridge et al. (1996) suggest that the
association of tufa mounds with a 4300 yr B.P. shoreline of Lake
Chewaucan at the northern end of the lake is related to Pleistocene to
Holocene fault activity along these NW-striking faults.

3. Methods

Geologic mapping at 1:24,000 scale was conducted over a ~350 km?
area at the north end of Lake Abert (Figs. 3 and 4). Samples targeted for
geochronology were selected to constrain ages of the principal volcanic
layers and to provide age brackets for the structurally-related
unconformities.

Twelve samples were analyzed using the “°Ar-3°Ar technique in
labs at the College of Oceanic and Atmospheric Sciences at Oregon
State University (Table 2). Samples were prepared as either mineral

separates (plagioclase, sanidine, and biotite) or whole-rock cores
(~100 mg). Samples and standards (Fish Canyon Tuff biotite, FCT-3,
28.04 Ma) were loaded in quartz tubes and irradiated at the TRIGA
reactor facility at Oregon State University. Neutron flux was
determined through analysis of the standard. Samples were degassed
at 400 °C for 20 minutes prior to sequential analysis over a series of
heating steps (experiments) that ranged from 50 to 200 °C in order to
optimize instrumental operating parameters. Sequential exposure to
Zr-Al getters served to clean the furnace regularly. Analyses were
done with a Mass Analyzer Products MAP-215/50 mass spectrometer
operating in peak-hopping mode (Duncan and Hogan, 1994; Duncan
et al., 1997). Two-0 errors are reported for all analyses.

4. Results
4.1. Geologic mapping and “°Ar->°Ar geochronology

Here we focus on details of the stratigraphic and structural data
obtained from the map area (Fig. 4) and provide descriptions and a
regional context for additional samples that were collected in the vicinity
(Fig. 3). Rocks within the map area form a composite section >400 m
thick comprising volcanic rocks in the hanging wall and footwall of the
Abert Rim fault (Fig. 5). Early Miocene, dominantly intermediate
composition rocks of the Coleman Hills are nonconformably overlain by
middle to late Miocene, bimodal, basalt-rhyolite, lava flows and ash-flow
tuffs, including the 7.05-Ma Rattlesnake Tuff (Streck and Grunder, 1995).
A diverse suite of Pliocene (?) to Quaternary surficial deposits mark the
top of the stratigraphic section. Footwall units include the regionally
extensive middle Miocene Steens basalt (16.6 —15.3 Ma; Hooper et al,,
2002) that crops out at the base of the Abert Rim fault and is
disconformably overlain by olivine basalt flows and the Rattlesnake Tuff.

4.2. Geochronology of early Miocene rock units

The oldest units within the study area are early Miocene inter-
mediate to silicic volcanic and intrusive rocks that form the Coleman
Hills and Rabbit Hills volcanic complexes (Fig. 3A). These rocks are
among the oldest exposures found across southeastern Oregon. Both
complexes consist of dominantly intermediate composition lava flows
(Walker, 1963; Walker and MacLeod, 1991), but the Coleman Hills have
nearly twice the footprint. Fiebelkorn et al. (1983) report a K-Ar age of
29.3 + 5 Ma for a rock of unknown composition from the Rabbit Hills.
This is the only age that has been previously reported for either of these
volcanoes. Field relationships within the Coleman Hills demonstrate
that rhyolite volcanism preceded eruption and intrusion of dacite and
basaltic andesite (Fig. 5), despite the fact that ages for the three
lithologies overlap within analytical uncertainty (Table 2). The opposite
relationship is observed at the Rabbit Hills, where rhyolite intrudes a
section of basaltic andesite lavas.

Table 2

Summary of “°Ar-39Ar age results.
Sample* Lat. Long. Location/type Mat. dated Analysis Steps %3°Ar K/Ca Age** (Ma) 2-0
1KCS-04-10 42.8108 120.1394 CH—rhyolite Sanidine Plateau 10 100.00 4.485 21.79 0.66
2KCS-04-02 42.7869 120.1750 CH—dacite Plagiolase Plateau 7 88.69 0.109 21.70 0.56
3KCS-04-21 42.7931 120.0847 CH—andesite Plagioclase Plateau 8 86.06 0.129 22.02 0.54
4KCS-06-24 42.6190 119.9096 RH-rhyolite Biotite Plateau 10 93.32 21.561 22.33 0.24
5KCS-06-25 42.6170 119.9152 RH—Dbasaltic and. Plagioclase Plateau 9 95.03 0.048 23.12 0.48
SK(CS-06-29 42.6288 119.8999 RH—rhyolite Whole-rock Plateau 7 87.79 4.345 20.34 0.36
7KCS-05-20 42.7733 120.1714 LA-Steens basalt Plagioclase Plateau 8 79.98 0.026 16.12 0.30
8KCS-06-16 42.7546 119.9838 FR—dacite Plagioclase Plateau 6 81.42 0.117 8.79 0.30
9KCS-05-21 42.7731 120.1761 LA—basaltic and. Plagioclase Plateau 4 71.51 0.022 8.69 0.42
10K CS-06-37 42.9326 119.9272 JM—rhyolite Biolite Plateau 10 95.95 20.076 8.58 0.16
11KCS-04-43 42.6764 120.0125 LA—basalt Whole-rock Plateau 6 83.22 0.042 7.72 0.46
12K(CS-04-17 42.7933 120.1967 LA—basalt Whole-rock Plateau 5 66.95 0.030 7.71 0.42

CH—Coleman Hills, RH—Rabbit Hills, LA—Lake Abert, FR—Flint Ridge, and JM—Juniper Mountain.
*Numbers correspond to sample locations illustrated on Fig. 3. **Plateau ages reported with 2-o errors.
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Fig. 5. Stratigraphic column of the map region shows unit thickness and contact relationships within the hanging wall and footwall blocks of the Abert Rim fault. Wavy line
represents unconformable contacts between adjacent units. “°Ar->°Ar age data (with errors) are shown on the far right of the diagram.

4.3. The Coleman Hills volcanic suite

Rhyolite volcanism represents the initial phase of magmatism within
the Coleman Hills volcanic complex. Intrusion of rhyolite domes was
accompanied by explosive eruption, as evidenced by localized rhyolitic
surge and block and ash deposits preserved around the margins of the
volcano (Fig. 6A). Rhyolite pyroclastic deposits are undifferentiated
from rhyolite intrusions on the map (Fig. 4), and the thickness of
localized exposures ranges from 3-5 m for block and ash flows and
>20 m for surge deposits. The main rhyolite stock is E-W elongate and
covers an area of ~10 km? in the western part of the complex (Fig. 4). A
49Ar/39Ar analysis of a sanidine separate from the stock produced a
simple 10-step plateau age of 21.7940.66 Ma (KCS-04-10; Fig. 7A,
Table 2). We use the plateau age rather than the isochron age in all cases.

Dacite of the Coleman Hills is thickest near its source at Euchre
Butte (Fig. 4) where a ~50 m section is exposed. Dacite flows, fed by
dikes 3-5 m wide, cap a narrow paleochannel filled with a rhyolitic block
and ash deposit on the western margin of the Coleman Hills (Fig. 6A).
“40Ar/39Ar analysis of a plagioclase separate obtained from the top of the
dacite flow sequence produced a 7-step plateau age of 21.70 + 0.56 Ma
(KCS-04-02; Fig. 7B, Table 2). The *°Ar release pattern has a small amount
of excess argon in the low temperature steps (Fig. 7B), indicative of
incomplete equilibration of the magma with the atmosphere.

An extensive scoria tuff and dike swarm defines the main vent and
principal volcanic edifice of the Coleman Hills volcano (Fig. 4), which is
dominantly andesite and basaltic andesite in composition (Scarberry,
2007). Andesite dikes 3-5 m thick cut dacite units (Fig. 6B) and feed
flows that radiate from the center of the volcano. The thickness of this
unit ranges from ~75-150 m (Fig. 5). “°Ar/>*°Ar analysis of a plagioclase
separate from glass along the margin of a basaltic andesite dike (Fig. 6B)
produced an 8-step plateau age of 22.02 + 0.54 Ma (KCS-04-21; Fig. 7C,
Table 2).3?Ar release in this sample shows the effects of °Ar recoil in the
early temperature steps (Fig. 7C).

4.4. The Rabbit Hills volcanic suite

The Rabbit Hills are characterized by a thick sequence of interme-
diate composition lavas that form the prominent edifice of the volcano.

4OAr/29Ar analysis of a plagioclase separate from a basaltic andesite flow
near the base of the ~100 m thick lava section produced a 9-step plateau
age of 23.12 4 0.48 Ma (KCS-06-25; Fig. 7D, Table 2). The effects of 3°Ar
recoil are observed in the early temperature steps (Fig. 7D). Episodes of
rhyolite magmatism are recorded by intrusions. “°Ar/>*°Ar analysis of a
biotite separate from a massive, crystal-rich rhyolite dome within the
center of the volcanic complex (Fig. 6C) produced a 10-step plateau age
of 22.33+0.24 Ma (KCS-06-24; Fig. 7E, Table 2), and analysis of a
whole-rock core from the devitrified outer margin of a dome complex
along the northwestern margin of the volcano produced a 7-step
plateau age of 20.34 4 0.36 Ma (KCS-06-29; Fig. 7F, Table 2). The former
sample displays a relatively uniform 3°Ar release pattern (Fig. 7E), while
the latter shows the effects of 3°Ar recoil in the highest temperature
steps (Fig. 7F).

4.5. Geochronology of middle to late Miocene rock units

Middle to late Miocene volcanic rocks in the study region (Fig. 3)
consist of a bimodal, dominantly mafic, basalt-rhyolite suite that was
deposited between ~16 and 7 Ma (Fig. 5). These rocks are similar in
age and composition to volcanic deposits that occur within the High
Lava Plains (Jordan, 2001; Jordan et al., 2004; Scarberry, 2007).

The Steens basalt crops out within many of the largest fault
escarpments of the NWBR margin (Fig. 2) and was deposited between
16.6 and 15.3 Ma (Hooper et al., 2002). Correlation of sections of Steens
basalt on the basis of age, chemical and paleomagnetic data suggests that
the unit has a maximum thickness of ~450 m within the Abert Rim
footwall block (Mankinen et al., 1987). A ~350 m section of Steens basalt
exposed in the Abert Rim footwall disappears in the subsurface, from
south to north, over an along-strike distance of ~ 12 km (Fig. 4). Only the
top ~30 m of this unit is observed in the Abert Rim hanging wall (Fig. 5).
4OAr/29Ar analysis of a plagioclase separate from the top of the hanging
wall section produced an 8-step plateau age of 16.12 + 0.30 Ma (KCS-05-
20; Fig. 8A, Table 2). 3°Ar release in this sample shows slight effects of
39Ar recoil in the early temperature steps (Fig. 8A).

Silicic units at Flint Ridge and Juniper Mountain (Fig. 3A) were
sampled to test their fit with a regional, westward-younging age
progression for the initiation of silicic volcanism of the High Lava Plains
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TChr- rhyloite of the Coleman Hills, TChd- dacite of the Coleman Hills, TCha- andesite of the Coleman Hills,
TSb- Steens basalt, Tba- basaltic andesite, Tob- olivine basalt, Qsd- dune sands, Qpl- playa deposits.

Fig. 6. Photographs illustrate key field relationships and selected sample locations within the study area. Contacts (dashed line) and faults (solid line) are shown with ball on side
down. A,B—Exposures that establish the relative age of the principal geologic units of the Coleman Hills volcanic complex (see Fig. 3). C—Rhyolite intrusion within the Rabbit Hills. D—Juniper
Mountain in the footwall block of the Abert Rim fault. E—Angular unconformity between Tbha and Tob within the hanging wall block of the Abert Rim fault. F—Tob banked onto TChr

demonstrates paleotopographic contact between the two units.

(Walker and MacLeod, 1991; Jordan et al., 2004). “°Ar/*Ar analysis of
a plagioclase separate from the vitrophyre of a dacite flow at Flint
Ridge produced a 6-step plateau age of 8.79 4+ 0.30 Ma (KCS-06-16;
Fig. 8B, Table 2). “°Ar/>?Ar analysis of a biotite separate from a subcrop
of a rhyolite flow obtained from the top of Juniper Mountain (Fig. 6D)
produced a 10-step plateau age of 8.58 +-0.16 Ma (KCS-06-37; Fig. 8C,
Table 2). Both ages are in close agreement with the regional trend and
suggest that isochrons of age-progressive volcanism of the High Lava
Plains extend south into the Basin and Range.

Late Miocene basaltic andesite and basalt flows overlie Steens
basalt in the mapped area (Figs. 4 and 5). The base of this section
consists of at least 40 m of basaltic andesite (Fig. 5) that has geo-

chemical and radiogenic isotopic characteristics, such as higher SiO,
and 87Sr/%6Sr and lower '*3Nd/'**Nd (Scarberry, 2007), consistent
with a larger degree of interaction with crustal rocks, relative to the
overlying basalts. The basaltic andesite sequence consists of 2-3 flows
that are exposed only in the Abert Rim hanging wall (Fig. 6E), south-
west of the Coleman Hills (Fig. 3). “°Ar/3>°Ar analysis of a plagioclase
separate from the top flow produced a 4-step plateau age of 8.69 +
0.42 Ma (KCS-05-21; Fig. 8D, Table 2). This sample exhibits an excess
argon release pattern (Fig. 8D), particularly in the high temperature
heating steps. Although there are only four contiguous steps to define
the plateau, it includes ~72% of the 3°Ar and agrees well with the
isochron age of 8.62 4+-0.54 Ma.
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Fig. 7. Argon age spectra for early Miocene volcanic rocks of the Coleman Hills (A-C) and the Rabbit Hills (D-F). The dashed line on the each diagram denotes the steps that were used
in the age calculations. The width of the bar is uncertainty in age for a given heating step. Also shown are the mineral and rock types for each sample. Additional sample details are

provided in Table 2.

The overlying basalt achieves a maximum thickness of 50-60 m
(Fig. 5) and is compositionally similar to high-alumina olivine tholeiite
(HAOT) described by Hart et al. (1984). The unit is thickest in the
southeastern corner of the map area (Fig. 4) where the basalt section
consists of 4 flows, each ~10-15 m thick. “°Ar/>*°Ar analyses of whole-
rock cores from the top flow of sections exposed on either side of the
Abert Rim fault yield a 6-step plateau age of 7.72 4 0.46 Ma for basalt
in the footwall (KCS-04-43; Fig. 8E, Table 2) and a 5-step plateau age of
7.71+£042 Ma for basalt in the hanging wall (KCS-04-17; Fig. 8F,
Table 2). The footwall sample (Fig. 6E) exhibits a U-shaped *°Ar release
pattern (Fig. 8E) that reflects excess argon in the early and late heating
steps, whereas the hanging wall sample (Fig. 6F) displays a complex >°Ar
release pattern (Fig. 8F) that exhibits excess argon in the low temperature
steps and the effects of minor 3°Ar recoil in the high-temperature steps.

The age and the compositonal character of these basalts earmark them as
part of a regional pulse of basaltic volcanism extending throughout the
High Lava Plains at ~7.5-7.8 Ma (Jordan et al., 2004).

HAOT lavas are capped by 7.05 Ma Rattlesnake Tuff (Streck and
Grunder, 1995) across the northern half of the map area, extending to
just south of the Coleman Hills on both flanks of the volcanic complex
(Figs. 4 and 5). 10-20 m thick exposures of Rattlesnake Tuff near Lake
Abert represent the southern outcrop limit of the tuff in the region.

5. Structural geology
We present detailed structural data for faulting, emphasizing the

NW-striking faults within the map area and segmentation of the Abert
Rim fault (Fig. 3B). The ~NNE-striking Abert Rim fault is the dominant

30
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Fig. 8. Argon age spectra for middle and late Miocene volcanic rocks. See Fig. 7 for explanation and Table 2 for additional sample details.



K.C. Scarberry et al. / Tectonophysics 488 (2010) 71-86 79

central Abert Rim

segment

southern

/l/ segment

Abert Rim

Fig. 9. Photographs illustrate along-strike morphology of the principal NW- and NNE-
striking faults, dashed and solid lines, respectively. From south to north along the
escarpment (see Fig. 3 for position of photographs): (A) NW-striking faults cut NNE-
striking faults, (B) the fault sets are mutually cross-cut, and (C) NNE-striking faults cut
NW-striking faults.

structure in the region displaying ~500 m of topographic relief
adjacent to Lake Abert (Fig. 3B). NW-striking faults cluster within a
~5-10 km wide zone that is continuous across the Abert Rim fault in
the map area (Figs. 4 and 9B).

5.1. Dip of faults

Fault surfaces within the map area (Fig. 4) are not exposed and thus
direct measurements from fault planes were not acquired. Measured
fault surfaces dip ~50° near Klamath Falls (Gilbert, 1928) (Fig. 2) and
~60° near Steens Mountain (Fuller and Waters, 1929) (Fig. 2). At
Summer Lake (Fig. 2), ~35 km NW of the map area, fault planes dip
between 60° and 90° (Donath, 1962). The focal mechanism associated
with the 1968 seismic event in the Warner Valley (Fig. 2) indicates a
high-angle normal fault plane (Ludwin et al., 1991) consistent with
observation of nearly vertical slickensides locally within the Warner
Valley by Couch and Johnson (1968). On the basis of these observa-
tions, and the map expression of the faults near Lake Abert, we assume
a uniform fault dip of 70° in our cross-sections (Figs. 10-12 and 14).

5.2. NW-striking faults

The footwall of the Abert Rim fault (Fig. 4) consists of a series of
~2-5° east-tilted fault blocks that expose middle to late Miocene
volcanic layers (Fig. 5). The section is cut by multiple NW-striking
faults that have a typical length of ~7 km and an average strike of
~N40°W. These faults produce a series of NW -trending low-relief
horst and graben structures. Displacement along any of these faults is
difficult to gauge because they cut only Rattlesnake Tuff (Tat) and
basalt (Tob), which suggests that they accommodate only modest
displacement. The Commodore Ridge fault (Fig. 4) is a ~13 km long,
east dipping, ~N-S striking fault that bends NW-ward; it exhibits the
most pronounced scarp and offsets the basalt (Tob) by at most ~60 m.

NW-striking faults within the hanging wall of the Abert Rim fault are
curved and have more prominent northerly striking segments, relative
to NW-striking faults in the footwall block (Fig. 4). These hanging wall

SW

1.2 C Tsb

(Lo)=23.21 km; (Lf) = 3.35 km

Tsb Tsb /

Y.

Net Extension:

Fig. 10. Relationship between volcanic units and NW-striking faults near Sawed Horn in the western portion of the map region (Fig. 3). A. Map detail highlights the unconformity between
older (Tba) and younger (Tob) lavas. Cross-section location shown. See also Fig. 5E for a field photograph. Perspective of photographs illustrated with arrows. B. Scoria and cinders from a
sequence of Tba lava flows. C. Cross-section interpretation of unconformable relationships showing the close proximity of NW-striking faults dike systems that feed the lavas.
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Fig. 11. Relationship between volcanic units and NW-striking faults near Table Top in the northwestern corner of the map region (Fig. 3). A. Map detail highlights onlap of late
Miocene volcanic units (Tsb, Tob, and Tat) onto early Miocene rhyolite of the Coleman Hills (TChr). Cross-section location shown. B. Depositional contact between Tob and TChr
exposed in a fault scarp. Perspective of photograph illustrated by arrow on panel A. C. Cross-section interpretation showing an angular unconformity between the olivine basalt (Tob)

and the Rattlesnake Tuff (Tat).

faults are more complex because they cut rock layers that record
differential tilt as a function of age (Figs. 10 and 11). A set of two west-
dipping faults located north of the Sawed Horn (Fig. 4) strike ~N40°W.
Basaltic andesite (Tba) flows at the base of the sequence dip more
steeply northeast than basalt (Tob) in the higher part of the section,
which is reflected by a ~10-15° angular unconformity between the
8.6 Ma (Tba) and 7.7 Ma (Tob) units (Fig. 10C). The larger of these two

faults can be traced for ~3 km where it splays and bends to the north.
Northeast of this zone a ~N15°W trending, east-dipping, ~3 km long
fault cuts dacite of the Coleman Hills before bending into a zone that
strikes ~N25°E (Fig. 4). To the north, this fault intersects an east-dipping
fault that trends ~N15°W and together they form the western margin of
a ~N-S-trending basin in which middle to late Miocene volcanic layers
are buried by surficial deposits. The northern end of this fault system,
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A 5 Euchre Butte iid 5T T A
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Fig. 12. Cross-sections through the Abert Rim fault and the Coleman Hills. Line of map sections A-A’ and B-B’ shown on Fig. 4 and line of regional section C-C’ shown on Fig. 3.
Horizontal length of sections: (A-A’): 10.75 km; (B-B’): 5.80 km; (C-C’): 11 km. No vertical exaggeration. Dip of strata 2° (A-A’and B-B’), 5° (C-C’). Faults dip 70°.
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near Table Top in the northwestern corner of the map area (Fig. 4), is of
particular interest because the footwall block preserves a depositional
contact between early and late Miocene units, which exhibit differential
tilt (Fig. 11). An angular unconformity of ~5° marks the contact between
the 7.05 Ma Rattlesnake Tuff (Tat) and the 7.7 Ma basalt (Tob) (Fig. 5).
Deposition of 7.7 Ma basalt (Tob) directly on top of early Miocene
rhyolite (TChr) (Fig. 11B) is not seen elsewhere in the study area.

5.3. Segmentation of the Abert Rim fault

The Abert Rim fault is divided into a southern, central and northern
segment (Fig. 3B) for these main reasons: (1) the overall trend of the
Abert Rim fault gradually changes, from south to north, by ~20°, from a
strike of ~N15°E (southern segment) to ~N35°E (central segment),
where the fault splays into multiple strands near the south end of the
Coleman Hills (Fig. 4), and then back to ~N15°E (northern segment),
(2) cross-cutting relationships between NNE- and NW-striking fault
groups changes systematically along-strike from south to north (Fig. 9),
and (3) topographic relief and the exposed thickness of Steens basalt
change along-strike, from one segment to the next.

5.4. Southern segment: Abert Rim fault

The southern segment of the Abert Rim fault includes the group of
faults that extend from the southern end of the prominent north-
trending fault that cuts the Coleman Hills to the southern edge of the map
area (Fig. 4) and beyond (Fig. 3B). The southern segment of the fault
controls the eastern extent of the Lake Abert basin and cuts surficial
deposits overlying the Coleman Hills. West-dipping faults of this segment
strike ~N15°-20°E, collectively, and define the Abert Rim topographic
escarpment (cross-section B-B’, Fig. 12). In detail, the fault zone is
complex and includes ~N15°W and more easterly striking segments.
Short segment lengths characterize the ~N-S trending faults (~1 to
3 km), although the fault that defines the boundary between the central
and south segments extends 6-9 km northward into the Coleman Hills.
The southern segment extends ~40 km south of the map area where it
blends with the Warner Mountains near Drake Peak (Fig. 2).

5.5. Central segment: Abert Rim fault

Faults of the central segment of the Abert Rim fault strike more
easterly (~N35°E), relative to the southern segment. Relatively low
topographic relief characterizes the central segment of the fault system
(cross-section A-A/, Fig. 12). Topographic relief declines from ~400 m
to <200 m between the south and central segments, respectively
(Fig. 9B; cross-sections A-A’ and B-B’, Fig. 12) over an along-strike
distance of ~3 km (Fig. 4). The decline in topographic relief likely
reflects a decline in stratigraphic separation, which is supported by the
fact that ~350 m of the Steens basalt is exposed within the southern
segment, an outcrop belt that tapers to zero along strike within the
central segment of the fault (Fig. 4).

5.6. Northern segment: Abert Rim fault

The northern segment of the Abert Rim fault strikes ~N15°E and is
located entirely outside of the map area (Fig. 3B). The multi-strand
expression of the Abert Rim fault in the central segment, east of the
Coleman Hills (Fig. 4), transitions along-strike to a single through-going
fault at the northern segment, where it splits Venator Butte and Juniper
Mountain (Fig. 3B). Topographic relief on the northern segment
(Fig. 3B) increases along-strike, from south to north, from ~180 m
near the Coleman Hills to ~370 m near Grays Butte (Fig. 6D), where a
section of Steens basalt also gains exposed thickness along-strike.
Further north the topographic expression of the northern segment
dissipates and merges with a dense array of NW-striking faults, typical
of the Brothers fault zone, within the High Lava Plains (Figs. 1B and 2).

6. Timing of deformation

Sequential development of extensional faults in the Lake Abert
region (Fig. 3) is revealed by the structural and stratigraphic relation-
ships between faults and volcanic units (Figs.4, 5, 10 and 11). From these
field relationships and the age data (Fig. 3A; Table 2), three discrete
stages in the structural development can be delineated. Oligocene to
early Miocene rocks crop out north of the NWBR margin in the John Day
basin (Christiansen and Yeats, 1992), and within the southern part of the
NWBR (e.g., Duffield and McKee, 1986; Colgan et al., 2004) (Fig. 1B). The
Coleman Hills and Rabbit Hills provide the intervening link for
understanding early Miocene tectonism of the region.

6.1. Early Miocene deformation

Dikes and dome alignments within early Miocene volcanic strata in
the field area exhibit similar orientations to the principal fault systems.
Andesite and dacite dikes (Fig. 6B) trend N5°-10°E or N20°-45°W
(Fig. 13) and map patterns suggest that rhyolite domes of the Coleman
Hills were emplaced along similar trends (Fig. 4). Thus, early Miocene
magmatism is associated with a tectonic fabric with the same
orientation as both the NW-striking faults and the Abert Rim fault.
Onlapping contact relations between the Steens basalt and rhyolite of
the Coleman Hills suggests as much as ~500 m of paleorelief existed
prior to ~16 Ma (Fig. 11 and cross-section A-A’, Fig. 12). Deposition of
the 7.7 Ma basalt (Tob) onto the ~22 Ma Coleman Hills rhyolite (TChr)
(Fig. 11) further supports the existence of pre-16 Ma paleorelief.
Elsewhere within the NWBR margin, correlated sections of Steens
basalt show that the pre-Steens topography was irregular and that
local relief of ~1000 m may have existed in places (Wells, 1980;
Mankinen et al., 1987). Thus, prior to the middle Miocene Steens basalt
volcanism significant topographic relief characterized the landscape of
the Lake Abert region.

6.2. Late Cenozoic faulting: 16-7 Ma

Sequential restoration of a cross-section across the southern
segment of the Abert Rim fault (Fig. 14) and differences in tilt of late
Miocene volcanic layers cut by NW-striking faults (Figs. 10 and 11)
indicate that NNE-striking and NW-striking faults were both active
in the map region (Figs. 3 and 4) prior to ~7 Ma. A slight angular
discordance between the Steens basalt and rim-capping basalts along
the southern segment of the Abert Rim fault (Fig. 4), although not easily
measured because it is not more than 1-2°, is similar to relationships
observed to the south, near Drake Peak (Wells, 1980) (Fig. 2).

Vertical separation of Steens basalt across the southern segment of
the Abert Rim fault is 530 m (Fig. 14A). Where the southern and central
segments of the fault overlap (Fig. 3B), the base of the Rattlesnake tuff
has ~260 m of vertical separation (cross-section A-A’, Fig. 12).

Fig. 13. Comparison of late Miocene fault trends (gray shade) and early Miocene dike
orientations (dashed lines). A. Field encompasses the primary trend of NWBR faults that
exhibit >100 m offset (after Pezzopane and Weldon, 1993). B. Fault trends and dike
orientations within the map region (see Fig. 4).
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Fig. 14. Restoration of the southern segment of the Abert Rim fault along cross-section
line B-B’ (Figs. 4 and 12). A. Present total offset by the fault is ~530 m. B. Restoration of
270 m of vertical offset of Tat leaves 250 m of separation. Tat offset measured from
cross-section A-A’ (Fig. 11) and projected south onto cross-section B-B’. C. Restoration
of Tsb offset yields net extension of 3% along the fault since ~16 Ma.

Restoring the base of the Rattlesnake tuff reveals that more than half of
the present-day structural relief (270 m) existed on the southern
segment of the fault prior to deposition of the tuff at ~7 Ma (Fig. 14B).
The effect of declining structural relief, from south to north, along-strike
of the southern segment of the Abert Rim fault (Fig. 3B) must be
considered in the context of this interpretation. As noted, a maximum
thickness of ~350m of the Steens basalt (Tsb) exposed in the
escarpment of the southern end of the map region systematically tapers
to zero northward over a distance of ~12 km (Fig. 4), therefore losing
exposure at a rate of ~30 m/km. Nowhere along this path is Tsb
obviously cut by NW-striking faults (Fig. 4). The map distance
separating the cross-section lines we use to measure strain (cross-
sections A-A’ and B-B’, Fig. 12) is ~3 km (Fig. 4) and therefore a
maximum of ~90 m of our interpreted structural relief (Fig. 13B) may be
attributed to the effect of decreasing structural relief towards the tip of
the fault segment. Thus, at minimum, we estimate that the footwall
block of the southern segment had ~180 m of structural relief at ~7 Ma.

NW-striking faults were active in the hanging wall of the Abert
Rim fault between 16 and 7 Ma as well. Near the Sawed Horn (Fig. 4),
south of the Coleman Hills, 8.6 Ma lavas (Tba) are tilted 10-15° along
a pair of west-dipping, NW-striking normal faults and are overlain by
3° northwest dipping 7.7 Ma basalt flows (Tob) (Fig. 10). In the
northwestern corner of the map area, near Table Top (Fig. 4), footwall
uplift on a west-dipping, NW-striking normal fault between ~7.7 and
7.0 Ma is recorded by a 5° angular discordance between the
Rattlesnake Tuff and older basalt (Tob) (Fig. 11).

6.3. Late Cenozoic faulting: post-7 Ma

All volcanic layers younger than 7 Ma are cut by both the NNE-
striking and NW-striking faults (Fig. 4) indicating that extension
continued along both sets of faults after 7 Ma. Late Pleistocene and
Holocene lacustrine, alluvial, and colluvial deposits along the western
flank of the Abert Rim escarpment exhibit offset of 4 to 14 m (Pezzopane
and Weldon, 1993) and the region as a whole is considered seismically
active due to earthquake activity near Klamath Falls in 1993 and the
Warner Valley in 1968 (Fig. 2).

7. Magnitude of deformation
Miocene volcanic layers cut by steeply dipping, NNE-striking faults

of the Abert Rim fault (Figs. 3 and 4) display small tilts (2°-5°),
indicating a small magnitude of extension parallel to the regional

NNW-SSE extension direction. Across NW-striking faults, where
volcanic layers are tilted as much as 10°-15°, the magnitude of
extension is derived by summing extension estimates from individual
faults on cross-sections (Figs. 10 and 11). Roughly 100 m of extension
(4.3%) occurs across the NW-striking faults in the south near the Abert
Rim escarpment (Fig. 10C). Extension diminishes along strike to the
north to less than 100 m (1.5%) (Fig. 11C).

Whereas the percent extension across the NNE-striking Abert Rim
fault is similar to the NW-striking faults, the magnitude is larger and
changes systematically along-strike from south to north. For a 70° fault
dip, vertical separation (v) and horizontal extension (h) are 695 m (v)
and 490 m (h) in the south (cross-section C-C’; Fig. 12),530 m (v) and
192 m (h) in the center (cross-section B-B’; Fig. 12), and 270 (v) and
98 (h) in the north (cross-section A-A’; Fig. 12). Assessment of the full
width of the Lake Abert basin, assuming an average tilt of 5° and 70°
fault dips, yields an estimate of ~490 m of regional extension (4%)
(Fig. 12; C-C").

7.1. Sedimentary basin fill

Structural separation across individual faults is estimated by project-
ing units at a 5° dip between faults within the Lake Abert basin, which
implies that sediment thickness in basins adjacent to faults ranges from
60 m to >200 m above the olivine basalt (Tob) unit (Fig. 12C). This
estimate is consistent with other regional estimates obtained from
structural studies and seismic surveys. At the north end of Summer Lake
(Fig. 2), a thickness of sediment of ~100-300 m was interpreted from
seismic refraction data (Donath and Kuo, 1962). A 1-1.5km thick
sediment fill is estimated for the Alvord Desert (Fig. 2) near Steens
Mountain (Cleary et al., 1981) and the Quinn River Valley (Fig. 2)
adjacent to the Santa Rosa Range (Colgan et al., 2004). These observations
show that basins adjacent to NNE-striking faults within the NWBR
margin (Figs. 1B and 2) exhibit a systematic decrease in sediment fill,
from southeast (1-1.5 km thick) to northwest (300 m thick or less).

8. Geologic rates of deformation

GPS measurement of active deformation across the Basin and Range
Province shows that extension decreases systematically with latitude
(Fig. 1A) from ~ 14 mm/yr near 35° N to as little as ~2-7 mm/yr at42° N
(Thatcher et al., 1999; Miller et al., 2001; Bennett et al., 2003; Oldow,
2003; McCaffrey et al., 2007). Published and estimated geologic slip
rates range from ~0.1 to 1.0 mm/yr for NWBR faults (Fig. 2), including
the High Cascade graben (Fig. 1B), and are presented in Table 1. At Lake
Abert a slip rate of ~0.5 mm/yr is calculated for displacement along the
southern segment of the fault (Fig. 3B) since ~16 K.y. (Pezzopane and
Weldon, 1993). Here we discuss long-term (10°years) geologic rates of
deformation for faults within the map area (Figs. 3 and 4).

Rates of extension for NW-striking faults are documented at three
locations within a 5-10 km wide zone in the study area (Fig. 4): (1)
southwest corner of the Abert Rim hanging wall (Fig. 10), (2) northwest
corner of the Abert Rim hanging wall (Fig. 11) and, (3) the Commodore
Ridge fault (Fig. 4) within the Abert Rim footwall. Individual faults
within this zone formed prior to 7.7 Ma and remained active after 7 Ma.
An extension rate of 0.3 mm/yr between 8.7 and 7.7 Ma is calculated for
a set of three faults located at the southern end of the NW-striking fault
system (Fig. 10). Along-strike to the north (Fig. 11), net extension and
extension rate decrease. A rate of 0.1 mm/yr is calculated for
displacement of Tob during footwall uplift between 7.7 and 7.0 Ma. A
rate of ~0.01 mmy/yr since 7.7 Ma is calculated for the Commodore Ridge
fault within the Abert Rim footwall block. Thus, the greatest rates of
extension along NW-striking structures occurred earlier and at a higher
rate in the south and subsequently migrated north and deformed at a
lower rate with time.

Extension rates for the NNE-striking Abert Rim fault are calculated
for southern and central segments of the fault (Figs. 3 and 9B) at time
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windows between 7.7 and 7 Ma and after 7 Ma. Extension on the
southern segment of the fault occurred at a rate of ~0.4 mm/yr
following deposition of the 7.7 Ma basalt (Tob) and prior to eruption
of the 7.05Ma Rattlesnake Tuff (Tat). Extension along the central
segment of the fault occurred after eruption of the Rattlesnake Tuff and
at a rate of ~0.04 mm/yr.

9. Discussion
9.1. Early Miocene tectonics of the NWBR margin

Active arc volcanism inboard of a subduction zone was an important
component of the paleogeography of the western margin of North
America at ~22 Ma (e.g., Christiansen and Yeats, 1992). The Coleman
Hills (Fig. 3), a dominantly andesitic stratovolcano was likely a
component of this arc. Dikes associated with emplacement of the
Coleman Hills occurred along a set of conjugate shear fractures (Fig. 13),
consistent with a transtensional arc setting (Nakamura and Uyeda,
1980). Eruption of the regionally extensive Steens basalt at ~16 Ma,
typically ascribed to the earliest phase of Columbia River Basalt
volcanism (e.g., Christiansen and Yeats, 1992), is of debated tectonic
significance ranging from impact of a mantle plume to initiation of back-
arc spreading (e.g., Hooper et al., 2002; Camp and Ross, 2004).

Basin and Range normal faults in southern Oregon are interpreted
to form in response to the modern regional stress field (Pezzopane
and Weldon, 1993; Crider, 2001). The occurrence of early Miocene
dikes (Fig. 6B) that mimic late Miocene fault trends (Fig. 13) suggests
that at least minor early Miocene extensional faulting near Lake Abert
accompanied growth of the Coleman Hills volcano prior to middle
Miocene Steens volcanism and that faulting after 8.7 Ma may have
reactivated a pre-existing regional structural fabric. Several NNE-
striking dikes feed mid to late Miocene basalt flows at Drake Peak
(Wells, 1980). Thus, observation of faults and dikes associated with
the Abert Rim fault support the idea that extensional faulting in the
region occurs in response to a redistribution of surface forces acting
on a preexisting crustal fracture system (e.g., Donath, 1962; Wells,
1980).

9.2. Kinematics of strain transfer from the Walker Lane

Shear deformation associated with relative motion between the
Pacific and North American plates (Fig. 1A) extends northwestward
from the Walker Lane into Oregon where it is accommodated by
clockwise block rotation, perhaps at a near-continuous rate since
~15 Ma (McCaffrey et al., 2007). Pezzopane and Weldon (1993) and
Faulds et al. (2005) note that strike-slip faults diffuse into arrays of
~NNE-striking extensional faults of the NWBR. Indeed, strike-slip
faulting is observed as far north as Klamath Falls, OR (Fig. 2) where shear
deformation terminates along-strike, to the northwest, into extensional
faults that bound the modern Cascade volcanic arc (Fig. 1B) (Smith et al.,
1987; Sherrod and Smith, 2000). Therefore, we interpret the High
Cascade graben (Fig. 2) to reflect the western-most extensional fault
system related with the northern limit of Walker Lane shear.

In this framework, we propose a model that reconciles the spatial
and temporal progression of extension within the NWBR since ~10 Ma
(Fig. 15; Table 1). Extension migrated westward from the Steens fault
by 10 Ma, to the Abert Rim fault after 8.7 Ma, to the modern Cascade
arc by ~5 Ma. Northward migration of faulting (Fig. 15; Table 1)
occurred at ~120°W from the Warner Mountains and Drake Peak
region by ~ 10 Ma (Fig. 2; Table 1) to the southern segment of the Abert
Rim fault before 7 Ma (Figs. 9B and 14), to the northern segment of
Abert Rim fault, which cuts regional ignimbrite (Tat, Fig. 6D), after
7 Ma. We attribute this pattern of deformation to northwestward
propagation of shear at the tip of the Walker Lane system after ~9 Ma
(Faulds et al., 2005). In this context, faults of the NWBR are collectively
a large-scale example of a “horsetail fan” structure (e.g., Brace and
Bombalakis, 1963) where the principal NNE-striking faults (Fig. 2;
Table 1) are representative of tensile cracks formed at the edge of a
propagating shear crack (Fig. 15).

9.2. Coupled development of NW- and NNE-striking faults
Regional studies show that NW-striking faults formed prior to, or

coeval with, the development of NNE-striking faults in any particular
area of the margin of the NWBR (Figs. 2 and 15; Table 1). At Lake Abert,

| | |
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AR- Abert Rim, BFZ- Brothers fault zone, CG- Cascade graben, DB- Duck Butte, DP- Drake Peak, GR- Guano Rim,
KF- Klamath Falls, PF- Pine Forest range, PJ- Poker Jim Rim, SH- Sheepshead Mountains, SM- Steens Mountan,
SR- Santa Rosa range, SV- Surprise valley fault, WL- Walker Lane, WR- Winter Ridge.

Fig. 15. Regional model for the development of NW- and NNE-striking faults within the northwestern Basin and Range province. See Table 1 for details of the data shown in the
figure. Shade pattern highlights zones of deformation. The key features of the model are: (1) the formation of NW-striking faults at the tips of NNE-striking faults and (2) north and

westward progression of the development of both fault trends with time.
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NW-striking faults formed within a narrow zone (~5km) at the
latitude of the Coleman Hills (Fig. 3) prior to the appearance of a
through-going, NNE-striking Abert Rim fault. After 8.7 Ma and before
7 Ma, NW-striking faults accumulated slip and the southern segment
of the Abert Rim fault had formed (Figs. 6E and 16). The NW-striking
faults formed at the tip of the northward propagating Abert Rim fault
(Fig. 16) as indicated by (1) NW-striking faults that diminish in
displacement and in age of faulting to the north, (2) NW- and NNE-
striking faults that have mutually cross-cutting relations at the
boundary between the southern and central segments of the Abert
Rim fault (Figs. 3B and 9B), (3) NW-striking faults that are truncated
by the Abert Rim fault in the north, and (4) stratigraphic separation
diminishes systematically to the north.

We therefore interpret the NW-striking faults of the margin of the
NWBR as dilatational fractures associated with the tips of propagating
NNE-striking Basin and Range normal fault systems (Fig. 15). Dilational
fracturing ahead of propagating normal faults is described elsewhere
within the Basin and Range Province (e.g., Trudgill and Cartwright,
1994; Rowley, 1998; Murphy et al., 2004) and within propagating rift
systems of Iceland (e.g. Khodayar and Einarsson, 2002; Tentler and
Mazzoli, 2005).

Growth of the Abert Rim fault progressed from south to north
(Fig. 16). The southern segment exhibits structural relief prior to 7 Ma
(Figs. 14 and 16A) whereas the central and northern segments both cut
Tat (Figs. 9B and 6E, respectively) and are younger than 7 Ma. The
northern (Fig. 6E) and southern segments (Fig. 6D) of the fault exhibit
much greater stratigraphic separation than the central segment
(Fig. 9B). Based on these observations we interpret the central segment
as a relay-ramp structure (e.g., Trudgill and Cartwright, 1994) that links
the tips of the southern and northern segments (e.g., Densmore et al.,
2005) of the Abert Rim fault (Fig. 16C).

9.3. Implications for the kinematic nature of the Brothers fault zone

Our model (Fig. 15), in which NW-striking faults are dilational
fractures formed and subsequently deactivated as the tip of NNE-
striking normal faults propagate northward, provides a new explana-
tion for the termination of the NWBR in general and for the Brothers
fault zone (BFZ) in particular. As has been noted since Lawrence
(1976) first documented the BFZ, thousands of short, NW-striking, low
topographic relief faults make up the fault system and that nowhere is
the BFZ expressed as a single through-going fault zone (Fig. 2). What
has not been appreciated, however, is that fault density within the BFZ
is greatest near the tips of the principal NNE-striking basin-bounding
faults (Figs. 1B and 2). If NW-striking faults are structurally (and
spatially) linked to the tips of the NNE-striking faults, their alignment
in a northwest trending zone (the BFZ) implies that their location
reflects the extent of northward propagation of the NNE-striking faults

|>7 Ma]
[

AR- Abert Rim, CH- Coleman Hills, LA- Lake Abert, RH-
Rabbit Hills. Early Miocene volcano ( § ), Late Miocene
volcano (%)

Fig. 16. Model for the segmented growth of the Abert Rim fault during the late Miocene.
See Fig. 3 and text for detailed description of the southern, middle, and northern
segments of the fault.

and not a nascent transform boundary comparable to the Garlock fault
of southern California.

9.4. Geologic rates of extension

Long-term (10%yrs) rates of extension across the Lake Abert basin
are low (<1 mm/yr) because they document a small component of a
larger system. McCaffrey et al. (2007) show that ~9 mm/yr of motion
occurs across the entire Basin and Range province as the southern
Cascadia forearc moves NW with respect to the Wasatch Mountains in
Utah. Geologic and geodetic rates of extension across the whole of
southeastern Oregon are ~4-6 mm/yr (Pezzopane and Weldon, 1993)
and between 1-4 mm/yr (Thatcher et al., 1999; Hammond and
Thatcher, 2005), respectively. If rates across the Lake Abert basin
(Fig. 12C) are a proxy for rates across the entire NWBR margin, then we
estimate a long-term (10°yrs) extension rate on the order of ~1 mm/yr
for the Basin and Range province in southeastern Oregon since ~ 10 Ma.

We propose that magmatic addition through dike injection may
compensate for the difference between low rates of extension measured
on the cross-sections and implied by the regional topography and the
higher rates implied by other data sets. Voluminous basaltic magmatism
in both the NWBR margin and in the High Lava Plains reflects the likely
occurrence of an extensive dike and fault network in order to link the
mantle source with the surface and also mask the presence of that
network due to burial beneath successively younger lava flows. In East
Africa, magma intrusion is a primary process involved in strain
accommodation during the early stages of continental rifting (Calais et
al., 2008). Furthermore, magmatism accommodates extension along
Basin and Range faults that project into the eastern Snake River Plain
(e.g. Rodgers et al., 2002), near the northeastern margin of Basin and
Range extension in the western U.S.

Pezzopane and Weldon (1993) measure a Quaternary extension
rate of ~0.5 mm/yr for the Abert Rim fault that is an order of magnitude
larger than our long-term estimate for the same fault. Although our
selection of an average fault dip of ~70° (e.g., Fig. 12) maximizes this
difference, as the long-term rate could approach ~0.1 mm/yr with
shallower fault dips of 50 to 60°, we believe that the discrepancy more
likely reflects changes in the rate of extension during the development
of the fault system. At Abert Rim we envision a pulse of extension, and
diking, associated with the onset of magmatism (e.g., Fig. 16A) that was
followed by a prolonged interval where the extension rate decreased.
Other studies suggest that the rate of extension, or strain accommoda-
tion, increased both at Abert Rim (Pezzopane and Weldon, 1993) and
across the Basin and Range (McCaffrey et al., 2007) sometime during the
past few million years.

10. Conclusions

This study provides new insight into the spatial and temporal
development of structures and magmatism in the northwestern Basin
and Range extensional province. At the scale of the NWBR margin
(Fig. 2; Table 1), our analysis reveals that Basin and Range fault
initiation within southeastern Oregon systematically progressed from
southeast to northwest during the late Miocene. This northward and
westward expansion involved faulting on NW-striking faults localized
at the tips of northward propagating NNE-striking Basin and Range
faults, of which the Abert Rim fault, the focus of this study, is one
example (Fig. 16). Dilation of the northwestern Basin and Range
Province accommodated the northwestward propagation of the
Walker Lane belt from northwestern Nevada towards the Cascade
graben system in southern Oregon.

The middle Miocene to Recent structural evolution of the Abert Rim
fault is superimposed on a previously unrecognized early Miocene
landscape marked by arc-like volcanism. New “°Ar—>°Ar ages (Figs. 7
and 8; Table 2) indicate that Miocene volcanic activity near Lake Abert
began ~21-23 Ma at the Coleman Hills and Rabbit Hills (Fig. 3) as large
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composite volcanoes erupting andesite to basaltic andesite and
relatively small volumes of rhyolite and dacite (Fig. 6A and C).
Andesite dikes within the Coleman Hills (Fig. 6B) strike NW and NNE
(Fig. 13). The early Miocene landscape was buried by at least ~350 m
of the Steens basalt (Fig. 11C; cross-section A-A/, Fig. 12) at ~16 Ma
(Fig. 2). The earliest phase of extension along the Abert Rim fault was
synchronous with the onset of late Miocene volcanism. Unconformi-
ties within the volcanic section (Figs. 10 and 11) and vent alignments
within a ~10-15 km wide volcanic rift zone located at the tip of the
Abert Rim fault demonstrate coincidence of bimodal volcanic erup-
tions and motion along NW-striking faults after ~9 Ma and before
~7.5 Ma (Fig. 16A). Eruption of dacite and rhyolite dome complexes at
Juniper Mountain and Flint Ridge, ~8.6 and ~8.8 Ma, respectively
(Fig. 3A), conform to the pattern of age-progressive silicic volcanism of
the High Lava Plains (HLP) (Fig. 1B). Eruption of tholeiitic basalt from
Venator Butte (Fig. 3A) and Sawed Horn (Fig. 4) at ~8.6 and 7.7 Ma was
part of a regional basalt pulse throughout the HLP.

The Abert Rim fault propagated northward via segment linkage
after 7 Ma. Volcanic rocks associated with the tip of the southern
segment, for example, were cut due to linkage with the northern
segment (Fig. 16). At its northern end, the Abert Rim fault merges into
the dense array of NW-striking faults comprising the Brothers fault
zone (Fig. 2). Concentration of NW-striking Brothers fault zone faults
at the end of the Abert Rim fault mirrors the cross cutting relations
between NW- and NNE-striking faults to the south. A model where
volcanism is localized along NW-striking faults and NW-striking faults
form at the tip of NNE-striking faults explains both the faulting and the
concentration of Quaternary volcanism of the HLP (Fig. 1B) at the tips
of Basin and Range faults in the BFZ (Figs. 1 and 2).

We measure the long-term (10%years) rate and magnitude of
extension across systems of NW- and NNE-striking faults at different
time intervals within our study area. The clearest evidence for fault
activity during or following early Miocene volcanism occurs near the
western edge of the Coleman Hills (Fig. 4) where thickness, contact
relations, and partial restorations of cross-sections argue for ~0.5 km of
topographic relief prior to eruption of Steens basalt by ~16.2 Ma.
Roughly ~0.25 km extension of the Coleman Hills (~2.5% over 10 km)
between ~22 and 16 Ma at arate of ~1.0 mm/yr is implied. Extension on
NW striking faults between ~9 and 7 Ma is ~0.15 km extension (~4.3%
over 3.4 km; Fig. 10) at ~0.3 mm/yr at the Sawed Horn between 8.7 and
7.7 Ma and is ~0.05 km extension (~1.5% over 3.4 km; Fig. 11) at arate
of ~0.1 mm/yr at the Table Top between ~7.7 and 7.0 Ma. After ~7 Ma
we measure ~0.06 km extension by NW-striking faults (<1% over
~1 km; Fig. 4) at a rate of 0.01 mm/yr. Extension across the southern
segment of the NNE trending Abert Rim fault system is ~0.10 km
between ~7.7 and 7.0 Ma (~1.6% over ~6 km; Fig. 14B) at a rate of
0.4 mm/yr. Post-7 Ma extension across the central segment is ~0.15 km
(~3.8% over 4.0 km; cross-section A-A’; Fig. 12) at a rate of 0.04 mm/yr.
These new constraints demonstrate that the long-term extension rates
(0.01 to ~1.0 mm/yr) and magnitudes (~1.5 to 4.3%) are low, par-
ticularly when compared with rates for short and intermediate time-
scales in the region. This mismatch can be reconciled in two ways: (1) by
allowing that widening of the margin of the NWBR since ~10 Ma has
been accommodated in substantial part by magmatic addition,
specifically via dike injection and (2) allowing for episodic, rather
than continuous, deformation since ~10 Ma. In fact, our data do not
preclude a two-stage deformational history for the margin of NWBR in
Oregon, at ~14-8 Ma and ca. 4-3 Ma, as is proposed for the southern
part of the NWBR in California and Nevada (e.g., Henry and Perkins,
2001; Colgan et al., 2008; Fosdick and Colgan, 2008).
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