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ABSTRACT

Field mapping and remote sensing in the Dhaulagiri Range of Nepal reveal a
regionally extensive active fault zone linking the Tibrikot Fault to the Dhaulagiri
Southwest Fault, herein termed the Dhaulagiri Transtensional Zone [DTZ]. Right and
normally offset Quaternary features exist along the extent of the DTZ. Field
investigations at key sites constrain the local geometry, kinematics, and magnitude of
slip. The DTZ accommodates slip along two strike-slip faults striking N40-50W with an
extensional right step-over striking N10-20E. Dextral slip is interpreted to decrease from
northwest to southeast, 650 m to 450 m respectively. The DTZ is indicative of the most
recent deformation processes in western Nepal, postdating other structures in the region.
Oblique slip along dextral fault segments as well as linkage to dip-slip structures suggests
the DTZ accommodates strain both parallel and orthogonal to the Himalayan arc. This
normal/strike-slip strain is thought to be accommodated either synkinematically along the
DTZ extent or cyclically with high frequency at this stage of Himalaya growth. On the
basis of geometry, kinematics, and structural position we correlate the DTZ to active
faulting along the Karakoram Fault, the Gurla Mandhata-Humla fault systems, and the
Dhaulagiri Southwest Fault. This suggests a 350 km long right-slip fault system across
the Western Nepal Himalaya. This, now contiguous, regionally extensive system lies
between active north-south compression at the toe of the Himalayan thrust wedge and

east-west extension in its hinterland (Tibetan Plateau). We interpret this system to



operate as a transitional margin between the differing styles of deformation. Future
evolution of the system into a through-going discrete structural feature suggests the
possible formation of a forearc sliver, partitioning strike-slip strain from the obliquity of

convergence away from other regional dip-slip structures.
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INTRODUCTION

Strike-slip faulting is found at oblique convergent margins along with thrust faults
and extensional domains. This strain partitioning is observed at several plate margins
globally. Ocean-continent collision zones with strike-slip faulting attributed to oblique
convergence are observed at (but not limited to) the island of Sumatra (McCaffrey, 1991,
2009), Taiwan between the Philippine Sea Plate and the Eurasia plate boundary (Barrier
etal., 1991), the Aleutian Islands (Ekstrom and Engdahl, 1989), and the Peru-Chile
trench (e.g. Glodny et al., 2005; Turner et al., 2007; Moreno et al., 2008; Melnick et al.,
2009). Several intracontinental plate boundaries also exhibit strike-slip faulting
attributed to oblique convergence, such as the Zagros Mountains (Vernant and Chéry,
2006), the Pacific-North American Plate margin of the western United States (e.g. Mount
and Suppe, 1987; Zoback et al., 1987; Jackson and Molnar, 1991; Molnar, 1992; Jones
and Wesnousky, 1992; Braun and Beaumont, 1995), and within the Himalayan-Tibetan
Orogen (e.g. Tapponnier and Molnar, 1979; Armijo et al., 1986,1989; McCaffrey and
Nébelek, 1998; Seeber and Pécher, 1998). Structures indicative of oblique movement are
active across the Himalaya Orogen amongst the classic and well documented crustal scale
fault systems in the Himalayan thrust belt.

The majority of tectonic convergence between India and Eurasia, 4-5 cm/yr
(Larson et al., 1999; Chen et al., 2004), is accommodated within the Himalaya via arc-
normal cotractional and extensional structures (e.g. LeFort, 1975; Colchen et al., 1980,
1986; Burg et al., 1984; Yin and Harrison, 2000; Godin, 2003; Taylor and Yin, 2009;

Searle et al., 2008, 2010), while strain in the hinterland of the Himalayan thrust belt is



accommodated by arc-perpendicular normal faults (e.g. Armijo et al., 1986, 1989; Cogan
etal., 1998; Yin et al., 1999; Yin, 2000; Taylor et al., 2003; Dewane et al., 2006; Hager
et al., 2006; Taylor and Peltzer, 2006; Mahéo et al., 2007; Murphy et al., 2010; Lee et al.,
2011).

In this contribution we document a regionally extensive and active right-stepping
right-slip system that lies between these iconic frontal contractional and hinterland
extensional structures. This system links active structures in the Karakoram Fault Zone to
the Himalaya of Nepal (e.g. Nakata, 1989, 1990; Dunlap et al., 1998; Searle et al., 1998;
Yin et al., 1999; Murphy et al., 2000; Murphy and Copeland, 2005; Murphy and Burgess,
2006; Styron et al., 2011). The southeastern tip of this system extends into the previously
unmapped region of the Dhaulagiri Himalaya. The activity of the Dhaulagiri region is a
key to understanding: 1). the relationship between the system in the northwest and the
interpreted arc-normal neotectonics near Thakkhola Graben (Hurtado et al., 2001;
McDermott et al., 2009), and 2). how this activity is related to the differing kinematics of
frontal compression and hinterland extension, as well as regional scale orogenic growth.
ACTIVE STRUCTURES WITHIN THE NEPAL HIMALAYA

The Himalayan Orogen is the product of collision between India and Eurasia.
The Main Frontal Thrust [MFT] is the primary active shortening structure,
accommodating ~2 cm/yr of convergence (Lavé and Avouac, 2000). Late Quaternary
deformation near the toe of the Siwalik Sub-Himalaya denotes the MFT and the margin
between India-Eurasia (Nakata, 1975; Malik and Nakata, 2003). North of the MFT are

crustal scale thrusts spanning the length of the Himalayan Orogen. Structurally above the



MFT is the Main Boundary Thrust [MBT], likely a steep thrust; it separates the Siwalik
Sub-Himalaya from the low grade metapelitic Lesser Himalaya Crystalline [LHC] rocks
(Schelling, 1992). The MBT shows evidence of motion in the Quaternary and
thermochronology suggests activation >10 Ma, making it an active and long-lived
structure (Miegs et al., 2005). The Main Central Thrust [MCT] marks the boundary
between the LHC and the Greater Himalayan Crystalline [GHC] rocks. The MCT is
interpreted to have accommodated 80-100 km of crustal shortening between 22 and 18
Ma (Hubbard, 1989). In general the MCT is interpreted to have ceased movement in the
Middle Miocene (Vannay and Hodges, 1996; Carosi et al., 2007). The South Tibetan
Detachment System [STDS] lies structurally above the MCT and separates the GHC
rocks in the footwall from the Tethyan Sedimentary Sequence [TSS] in the hangingwall.
This north-dipping structure is thought to have initiated as early as 22 Ma (Hodges et al.,
1992; Brown and Nazarchuk, 1993; Coleman, 1996; Godin et al., 1999).

Recent slip along the MCT and STDS has been interpreted near the southern end
of Thakkhola Graben between the Dhaulagiri and Annapurna Himalaya (Figure 1).
Muscovite “’Ar/*Ar, apatite fission track, and ‘°Be age discontinuities specially correlate
with observed steepening of river gradients along the Annapurna Front (Wobus et al.,
2003, 2005; Hodges et al., 2004). This change straddles mapped segments of the MCT
suggesting slip along the MCT between 4 Ma to present.

West of the Annapurna Himalaya, recent slip along the STDS has been
interpreted near the southern end of the Thakkhola Graben on the south shoulder of

Dhaulagiri .



Figure 1. Map of structures active in and around the Himalaya of
Nepal since the Oligocene. KRM-Karakoram Fault Zone, LGS-
Lunggar Shan, LKG-Lopukangri, GM-H-Gurla Mandhata-Humla
Fault System, TKG-Thakkhola Graben, BGF-Bari Gad Fault,
DSWEF-Dhaulagiri Southwest Fault, MBF-Main Boundary Fault,
MFT-Main Frontal Thrust. 1-Murphy and Burgess, 2006, 2-Murphy
and Copeland, 2005, 3-Nakata, 1989, 1990, 4-Styron et al., 2011, 5-
McDermott et al., 2009, 6-Hurtado et al., 2001, 7-Hodges et al.,
2004, 8-Wobus et al., 2003, 2005. Note: Gap in established
structures near the Dhaulagiri Himalaya; transition from N-S
compression to E-W extension; distinct oblique chain of structures

between foreland and hinterland.
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Structural relationships documented by Hurtado et al. (2001) suggest the
Dangardzong Fault, on the west side of Thakkhola Graben, terminates against the
Dhumpu Detachment within the STDS zone. Offset river terraces across the
Dangardzong Fault were radiocarbon dated at 17.2 ka. This constrains the Dhumpu
Detachment to have been active within the last 17.2 ka.

The Hurtado et al. (2001) study alluded to a potential connection via a shear zone
across the south flank of Dhaulagiri | between the Dhumpu Detachment and the
Dhaulagiri Southwest Fault [DSWF], an active structure first mapped by Nakata (1989,
1990). This DSWF was originally mapped as a right-slip fault, though the Hurtado et al.
(2001) study interpreted the fault to accommodate normal slip.

McDermott et al. (2009) interpret the presence of the 15-20° north-dipping
Larjung Detachment in the Kali Gandaki and Myagdi Valleys within the Dhaulagiri
Himalaya STDS zone. The detachment is expressed as a 1-10 m thick brittle-ductile
shear zone within the TSS structurally above the interpreted Dhumpu and Annapurna
Detachments (Hurtado et al. 2001). Ductile fabrics in this shear zone indicate normal and
right-lateral slip. (U-Th)/He apatite cooling ages indicate exhumation of its footwall at
<3.4 Ma, which is interpreted to reflect slip along the detachment at that time.

The Larjung, Dhumpu, and Annapurna Detachments are interpreted to be western
extensions of the Machhapuchhare and Phu Detachments in the Annapurna Himalaya
(Hurtado et al., 2001; McDermott et al., 2009). The westward continuation of the
Larjung Detachment suggests the presence of modern oblique motion in the relatively

unmapped western Dhaulagiri Himalaya.



North of these north-dipping Himalaya faults is the Tibetan Plateau. While
convergent systems are dominant near the Himalaya Front, the current deformation in
Tibet is characterized by north striking normal fault systems accommodating east-west
extension. With few exceptions, extensional fault systems in the Tibetan Plateau do not
extend southwards into the Himalaya. The most pertinent systems to this study of the
western Nepal Himalaya are the Lunggar Shan and Lopukangri fault systems (Kapp et
al., 2008; Taylor et al., 2007; Murphy et al., 2010; Sanchez, 2011).

In southwestern Tibet east-west extensional domains in the plateau and north-
south shortening domains in the Himalaya, are separated by the Karakoram Fault Zone.
A series of right-stepping dextral structures stem from the Karakoram transferring slip
into the western Himalaya of Nepal. The Karakoram Fault in the Mt. Kailas region is
estimated to have >50 km of dextral slip (Searle, 1996; Murphy et al., 2000; Murphy et
al., 2002; Lacassin et al., 2004) which is estimated to have occurred since the Middle
Miocene (Murphy et al., 2000; Phillips et al., 2004; ). Geologic mapping shows that a
significant portion of dextral strain is transferred eastward into the High Himalaya along
a system of right-stepping dextral faults (Ratschbacher et al., 1994; Lacassin et al., 2004;
Murphy and Copeland, 2005; Murphy and Burgess, 2006). Several faults displaying
Recent right lateral separation have been identified in western Nepal and include the
Tibrikot and Dhaulagiri Southwest Faults [DSWF] (Nakata, 1989, 1990; Styron et al.,
2011). This study documents a previously unrecognized fault linking the Tibrikot Fault
to the Dhaulagiri Southwest Fault herein referred to as the Dhaulagiri Transtensional

Zone [DTZ] (Figure 2).
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Figure 2. SRTM Image of the western Dhaulagiri Range of Nepal. Field mapped

traces are in solid red. Traces interpreted from remote sensing are dotted red. Four
neotectonic study sites are highlighted in white along the length of the trace, the
Tibrikot Strike-slip Segment, the Gumbagoan Extensional Step-over, the Jangla
Oblique Segment, the Dogari Oblique Segment. The trace of the Dhaulagiri
Southwest Fault is linked to the Dhaulagiri Transtensional Zone. TB-Tibrikot, DU-
Dunai, JV-Jangla Valley, PB-Purbang Valley, DN-Dogari North, DS-Dogari South,

KP-Kape Valley.




THE DHAULAGIRI TRANSTENSIONAL ZONE

The DTZ was investigated at four primary sites, the Tibrikot strike-slip segment,
the Gumbagoan extensional step-over, the Jangla oblique segment, and the Dogari
oblique segment.
Tibrikot Strike-slip Segment

The Tibrikot segment is 12 km long and strikes N50-55W through the Lesser and
Greater Himalayan rocks. It is best expressed between the villages of Tibrikot (29°
1'31.55"N, 82°47'16.33"E) and Suligad (Styron et al., 2011). The fault trace truncates
and dextrally offsets south flowing streams (Figure 3). Fault slip data indicate a
dominant dextral slip component of the displacement (Styron et al., 2011).

Stream offsets show dextral separations of A: 430 m, B: 634 m, C: 186 m, D: 138
m, E: 724 m, and F: 808 m (Figure 3: from west to east respectively). These
measurements were calculated from GeoEye satellite images by extrapolating
undeformed reaches of streams to the interpreted fault surface trace. Uncertainties exist
in these offsets due to channel erosion, interpretation, and the possibility of preexisting
bedrock structure. Before error could be properly assessed, the two least incised streams,
C and D (Figure 4), were disregarded as they are geomorphically dis-similar to the other
streams. Using streams A, B, E, and F from Figure 4, an average was calculated. The
difference between this average and the largest outlying value becomes a measure of the
error. The average observed dextral separation of streams A, B, E, and F with error is
649 £ 219 meters. We interpret this measurement to represent the magnitude of strike-

slip since the inception of stream incision.
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Figure 4. Field photo of the Tibrikot Segment taken from the air.
Terraced fields are visible along the strike of the trace. Offset

drainages C, D, and E are visible in this photo, corresponding to

Figure 3.
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Gumbagoan Extensional Step-over

The southeast extent of the Tibrikot Fault is difficult to discern in satellite
imagery due to heavy forest growth. However, field mapping in the around Dunai
Village shows a distributed system of scarps with a more north-south strike. A
bifurcation exists at the mouth of Jangla Valley (Figure 2: JV). The western bifurcation
strikes up Jangla Valley while the other strikes up the eastern hillside and along the ridge
between Jangla Valley and the village of Gumbagoan to the east.

We interpret the scarps in Jangla Valley to be relatively young because surfaces
cut by the fault traces have thick arboreal growth while the free faces have minimal shrub
growth with no trees (Figure 5).

The traces along the ridge rise above tree line 12 km southeast of Tibrikot and
extend for ~10 km striking N10-20E, sub-perpendicular to the Tibrikot Segment
(28°51'6.49"N, 82°57'4.71"E). Along the crest of the ridge the Gumbagoan scarps are
anastomosing and distributed over half a kilometer in width. The scarps cut soils and
sediments consisting of poorly sorted sand-to-boulder sized clasts. Large angular clasts
are abraded and may have been deposited via landslides. The cut alpine surfaces are
capped by several centimeters of periglacial loess growing fine grasses, scant flowers,
and small twiggy bushes above tree line (Figure 6).

The scarp faces are exposed soil and rock composites with curved surface traces. The
mapped scarp network is shown in Figure 7. The primary western fault scarp shows
maximum displacement of 10 m with a prominent displacement gradient along strike.

Numerous splays branch off this primary scarp into distributed zones of strain with as

13



little as 0.2 m of displacement on minor scarps. These smaller scarps also exhibit
displacement gradients along strike. Field mapping of this anastomosing scarp network
and their heights was performed (Figure 7).

Transects across the scarp network were generated to quantify throw (Figure 8).
The scarps in the east have rounded crests and prominent colluvial wedges. Eastern
scarps have more decomposed profiles, often covered with a fine carpet of grass. In the
west scarps have sharp crests, planar faces, and minor colluvial wedge development
(Figure 9). Moreover, the western scarps show the least amount of alpine grass growth,
sometimes none. This can be clearly seen in the dip profiles shown above in Figure 8.

Several Quaternary surficial deposits are either crosscut or are generated by the
Gumbagoan scarp network. There are debris flows and solifluction lobes oriented sub-
perpendicular to the fault system on a 22° slope into the western Jangla Valley (Figure 6).
These deposits are normally offset by the most westerly fault traces. Very little to no
dextral separation is observed in the offset features. Water catchments have developed
against uphill facing scarps. Despite these small ponding events the colluvial wedges are
still fresh and have not yet developed drainage incision.

The largest scarp, 10 m, shows two slopes, the upper slope being ~30° and the
lower slope being ~40° (likely related to colluvial wedge development, as well as a
differential growth pattern on the free-face of the exposure (Figure 9). Midway down the
scarp there is a clear change from dense shrub growth on top to little growth on bottom.
This is potentially derived from multiple slip events or the commencement of a colluvial

build up.
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Figure 5. Field photo of scarp faces with limited growth and multiple traces cutting
heavily vegetated surfaces southeast of Tibrikot. Note: differential growth of scarps

and cut surfaces.
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Figure 6. Field photo of the Gumbagoan Segment near the pass from
the village of Gumbagoan into Jangla Valley. Distributed and
anastomosing fault traces in red, cut Quaternary debris flow and minor
drainages with western transport direction, ponding has occurred near

one of the larger scarps.
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Figure 8. Fault profiles with locations shown in Figure 7. All transects
are aligned to the primary scarp trace. Secondary traces are evident on
A, C, and D. The largest discrete scarp is 10 meters in profile C. Note:
the similarity in dip of surfaces disrupted by the scarps, the lack of
prominent colluvial wedges in profiles B and C, the diffuse scarp
profiles in A and E. C represents the most discrete scarp of the
Gumbagoan Segment, E represent measurements from the most

distributed scarps.
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Figure 9. Field photo along strike showing the fault showing the largest discrete
segment of scarp with its steep fault controlled face and the cut ‘A’ surface having
similar dip and surficial deposits. Fault traces are in red. Differential growth

domains are noted on the scarp surface.
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Along 1 km of the Gumbagoan system the fault dips westward rather than
eastward. A change in dip is often indicative of developing systems accommodating
primarily dip-slip motion (Griffiths, 1980; Walsh and Watterson, 1991).

1 km to the west, the sub-parallel extensional system in the adjacent Jangla Valley
has similar trace geometry, N10-20E with east-dipping scarps. The kinematics at this
location is unknown due to vegetation and Quaternary cover.

Jangla Oblique Segment

The western and eastern segments of the Gumbagoan system merge near Jangla
Bhanjyan Pass 3.5 km to the south (28°49'39.67""N, 82°55'37.63"E). We define the
Jangla Oblique Segment as the fault trace network between Jangla Bhanjyan Pass and
Purbang Valley. The Jangla Oblique Segment strikes ~N20W and is characterized by a
0.5 km wide zone of deformation. This network retains a distributed nature but with a
straighter fault trace (Figure 10). This segment again crosscuts unconsolidated soils of
periglacial loess but with a higher content of imbedded rock debris. Other sub-parallel
traces are observed outside the main deformation zone.

The main segment is comprised of scarps with sharp crests and planar faces
(Figure 11). The largest scarps have rerouted drainages causing erosion of the colluvial
wedges throughout the area. The largest observed scarp in the valley is 2.5 meters but
unknown amounts of river incision make the value a maximum.

Quaternary right separations are visible along this segment. Alluvial fans, debris

flows, and drainage systems have been obliquely offset by dextral/normal faults.
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Figure 10. Satellite image of the Jangla Bhanjyan Pass region. The
two systems leading into the pass from the north are the Jangla Valley
segment (west) and the Gumbagoan Segment (East). South of the pass
is the Jangla Oblique Segment. Distributed and anastomosing fault
traces in red, all east dipping. Dextral shear is interpreted on total

distributed zone with varying magnitude. Inset Figure 12 is boxed.
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There are landslides and alluvial fans of varying size along the northeastern wall
of the valley (Figure 12). The largest active fan, sloping perpendicular to the fault scarps,
exhibits dextral offset at both of its margins. Adjacent to this fan are two smaller
deposits which also exhibit dextral offsets. While this offset is evident in satellite
imagery the fans merge with smaller drainages and are covered with landslide, making
offsets difficult to measure.

Below the pass, at the northern edge of the valley, the primary faults interact with
alpine drainages flowing east-northeast to west-southwest (Figure 12). The incised and
cut surfaces are interpreted to be equivalent based on observed similar loess and boulder
deposits as well as similar slopes at undeformed locations. While these tributaries exhibit
an apparent sinistral separation in map view the field correlation of river terraces using
deposit angle, height, and morphology of incision is more consistent with a dextral slip.
These terrace risers preserve evidence consistent with two right laterally offset streams.
This is corroborated by the observation of ponding features, beheaded drainages, and
redirected streams which is expected in the dextral offset of a two stream system.

By correlating the offset terrace risers we estimate a dextral offset of 72 m (Figure
13). However, due to erosion by the migrating streams this measurement is subject to
error related to the width of the incised channels which bound the terrace treads (Figure

13). We calculate this error to be + 9 meters.
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Figure 12. Inset satellite image of the Jangla basin. Fault traces are in white and all
dipping northeast with dextral shear. Blue denotes drainages. Quaternary alluvial
fans and sag ponds are prominent on the southern side of the basin. Note: Apparent
left offset of northern drainages, dextral offset of alluvial fan margins, ponding
between zones of distributed dextral motion, foot trail running along the eastern wall

of the valley (not a fault trace).
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Figure 13. Satellite image of the offset river systems with fault traces in red,
interpreted measuring points for offset river terraces (72 m) between streams A and B,
and important geomorphic features to note. D-downthrown, U- up thrown. Evolution

of this system to present morphology is modeled in Figure 14.
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A simplified interpretation of how this stream morphology evolved is shown in
Figure 14. Depicted is a two stream system which is crosscut by a dextral strike-slip fault
with minor normal offset. Figure 14 shows two streams, A and B, of sub-equal stream
width incising a high alpine plane sloping at 20°. Between the river incisions resides a
tongue shaped terrace tread which will later be used for estimating total slip.

Initiation of faulting forces dog legging of the streams, causing asymmetrical
erosion of the separated terrace risers and increased incision of the up thrown side. There
is a critical distance of separation between the streams and their downthrown
continuations.

Once this critical separation is reached it is easier for stream A to pond against the
fault scarp, subsequently rerouting to B’. Stream B ponds and moves along scarp as it
has no other immediate outlet. A’ goes dry and becomes a relict streambed. The
previously linked terrace treads are now separated by a dry river bed which once linked
stream B to B’. Note the apparent left slip of stream A-B’ despite the right-slipping fault.

Ponding subsides as incision between A and B’ becomes more conducive to flow.
If stream B floods there will be overflow scouring on the up thrown surface adjacent to
its bend along scarp. As flow continues, stream B eventually finds a point of incision
along the scarp and generates a new path. This explains the development of the system

we observe (Figure 13).
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Figure 14. Simplified model of two stream system being offset by an
oblique fault. 14-1. Two streams incising to generate a tread between
them on a 20° dipping slope. 14-2. Oblique motion initiates and
streams A and B are rerouted. Erosion of middle tread begins
asymmetrically. 14-3. At a critical separation ponding will occur as
through flow is becomes difficult for both streams. Stream A will
deviate from A’ and reroute to B’. Stream B will abandon B’, pond
and flow along the scarp. If the ponding B floods there will be flow
over the scarp. 14-4. Present day morphology. Stream A has incised
and ponding no longer occurs. A’ is completely dry. Overflow scour
is seen across the fault from where it has cut through the scarp at a

different location. This corresponds to Figure 13.
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At Purbang Valley on the southeast edge of the Jangla Oblique Segment all faults
merge. From Purbang southward the fault scarp is visible at ground level and in satellite
imagery as primarily a single fault, although two and three faults are seen over short
segments. This trace can be followed 15 km into the Dogari Block just south of the
Dogari Himal and Putha Hiunchuli in the Dhaulagiri Range. Along this segment the
strike changes orientation from N10-30W to N50W near Dogari with distinct “V”’ing
across valleys indicating the fault dips to the NNE. The orientation of this fault, as it
enters Dogari, is similar in strike to the Tibrikot Segment.

Dogari Strike-Slip Segment

Inside the Dogari Block the trace is lost for an ~2 km-long stretch. The trace
resumes on the south side of the river and crests the ridge between south Dogari Valley
and Kape Valley to the east. The fault trace strikes ~N50W as it reaches the ridge
(28°40'9.13"N, 83° 5'19.11"E). Satellite imagery shows several possible bifurcations of
the fault. However, other faults were difficult to observe on the ground. Although we
interpret traces to continue through this region they are not exposed because of heavy
monsoon and glacial related erosion along the Dhaulagiri Front, a low slip magnitude
making identification difficult, or older activations. The system is treated as primarily a
single trace from Dogari Valley southward but further field mapping in the region
northeast of the main observed trace is necessary to establish the presence of secondary
features.

Atop the ridge where the main trace is visible above tree line are three subparallel

valleys draining north to south with sharp ridges between them (Figure 15). They are
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interpreted to be glacially derived due to the presence of extensive basal scoured
lineations observed through grassy plain, poorly sorted angular boulders with glacial
scouring on individual surfaces, distinct moraine deposits along the length of the valleys,
and the glacial cirques at the apex of each of the valleys. Periglacial loess deposits
blanket these valleys growing fine grasses intermingled with the rock debris.

These three valleys are crosscut by the fault, generating a number of Quaternary
geomorphic features (Figure 15). The most striking features are two ponds, Pond 1 in the
west is 380 meters at its widest and Pond 2 in the east is 420 meters. These ponds have
developed along the scarp face due to dammed drainages. These ponds are ~5-10 m
deep. The third valley has no standing water due to a developed drainage outlet through
the raised scarp.

The primary fresh scarp obliquely cuts across LHC foliation at ~20° (Figure 16).
The primary scarp dips ~50°-60° to the NE, steeper than the foliation, with grasses
growing on the surface and small debris exposures.

The scarp crest, throughout the area, is sharp with little to no erosion, even in the
base of the glacial valley. Secondary scarp faces can be seen only on the high edges of
the valley with changes in grass growth, boulder deposits, and crest erosion. They also
exhibit a difference in strike from foliation but have a lower dip. Tertiary scarp faces, of
similar strike but steeper dip, are possibly present, but difficult to map due to heavy

erosion and debris coverage (Figure 16).
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Figure 16. Field photo of Pond 1 in the Dogari region. Fault trace in
red against interpreted scarp surfaces. 1-Primary scarp, 2-secondary
scarp, 3-tertiary scarp, FOL-foliation layers with 20°-25° difference in
strike from foliation. Glaciation would have travelled from left to right.
Note: sharp scarp crest and differential height of scarp, higher on the

margins of the valley, lower in the middle.
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Surfaces separated by the fault trace were correlated on the basis of debris type
and offset scouring marks within the valley base. The height of the primary scarp is 31 m
at the valley edges and 6 m adjacent to the ponds.

A high water mark is observed 1.5 m above the surface of the eastern pond during
field work in early June (Figure 17). No grasses grow below this high water line though
several loess deposits exist on the now exposed banks. No growth on this highly fertile
loess, while it is carpeted by fine grass everywhere else, suggests that this high water
mark is attained at regular intervals due to insufficient drainage. Sustained ponding due
to poor drainage incision is corroborated by large quantities of green algae growing in
both lakes, suggesting that these ponds do not dry often or have never dried completely.
This implies that stream incision through the scarp is still developing, not allowing for
complete drainage. Sustained ponding, low incision in an area hit regularly by the
monsoon, sharp scarp crests, and fault-controlled primary scarp faces all point to
Quaternary activity along this fault segment.

Dextral separation of the primary ridges bounding the glacial valleys is observed
in satellite imagery (Figure 15). Correlation of the ridges shows a dextral offsets (Ridge
A-C respectively) at 152 m, 180 m, and 163 m. These values are obtained by
extrapolation of straight ridge lines to the interpreted fault trace. In this extrapolation we
disregard the possibility of previous bends in the ridge lines. By again utilizing the
minimum and maximum of the averaged values we provide an average dextral offset of

165 + 15 meters in the Dogari region.
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Figure 17. Field photo along the shore of Pond 2. High water mark of
pond is noted in white. Shore is made up of gravely deposit and
periglacial loess with no growth. Scarp 1 (30 m in height) and 3 are
visible in the background though no scarp 2 is observed on the Pond 2

valley.
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With this dextral value in mind it is possible to make other, though less conservative,
correlations.

In the footwall between the two ponding valleys a secondary ridge is present and
strikes subparallel to those used for the primary correlation above. This ridge sits atop a
shoulder of rock which protrudes into the glacial valley (Figure 15). A similar shoulder
of protruding rock is present on the eastern ridge as well, though the secondary ridge here
is less distinct.

If these shoulders are a result of dextral motion, as is suggested by the secondary
ridges, we can reconstruct these ridge lines to obtain offsets of ~464 m and ~414 m
respectively. This would be a maximum measureable dextral offset of 439 + 25 meters
(Figure 18). The dip-slip distance between these hanging wall and footwall ridge features
is less than 100 m and can be attributed to apparent slip of the protrusion of the valley
sides, as well as erosion. This suggests Dogari to be a primarily strike-slip system with
the exception of the primary scarp visible in the valley base.

The range of strike-slip offsets observed in the Dogari region can be attributed to
a number of different processes. The most likely is that fault motion initiated prior to
glaciation. The shoulders show glacial rounding on the leading edges suggesting dextral
movement while a glacier was present. However, moraines draping both wings appear to
be normally offset by the primary scarp with little to no significant dextral component to

the separation (Figure 18).
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Secondary
Ridges

Figure 18. Satellite imagery of dextral shoulders protruding into the valleys
associated with Pond 1 and 2. Offset of ridges B and C can be interpreted differently

by using the secondary ridges for correlation. Moraine deposits drape both dextral

wings.
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Normal slip prior to or during glaciation would effectively erase scarp evidence in
the valleys. The presence of the relatively uneroded 6 m primary scarp in the base of the
glacial valley suggests motion since glaciation was last active (Figure 16). Six m of dip
slip activity post glaciation is corroborated by the normally separated glacial moraine
deposits next to Pond 1, Pond 2, and in the eastern valley (Figure 18). This attests to
recent normal offset in this region since the last glacial maximum at 18 ka (Khule et al.,
2005) but potentially much younger.

The trace continues N50W across Kape Valley to the ridge west of Dhaula
Valley. The scarps mapped in Kape Valley are the northern most extent of the previously
recognized Dhaulagiri Southwest Fault (Nakata 1989, 1990). The Dogari Oblique trace
is interpreted to link directly to the DSWF which continues southeast with unverified
kinematics. The village of Gurjagoan was the south and eastern most extent of the fault
trace mapped in the field for this study.

The Dhaulagiri Transtensional Zone

In summary, the DTZ is an active fault system striking ~N50W across the
Dhaulagiri Himalaya linking the Tibrikot Fault to the Dhaulagiri Southwest Fault.
Dextral maotion is transferred southward from the subvertical Tibrikot fault across a
distributed N-S oriented, E-dipping extensional step over zone to an ~N50W striking,
NE-dipping oblique fault (Figure 2 and 19). The DTZ exhibits a diffuse accommodation
zone with decreasing dextral slip and increasing normal slip from NW to SE. Quaternary
activity is interpreted via the faults crosscutting relationships with Quaternary features

throughout its 80 km extent.
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DISCUSSIONS
DLPO GPS Arc-parallel Vector Decompositions

GPS data from station DLPO, 2 km south of Tibrikot and 11 km northwest of
Gumbagoan, yields a Himalaya arc-parallel (N57W) velocity of 5.71 + 2.25 mm yr™ as
presented in Styron et al. (2011). This study found the geodetic motion to be subparallel
to the previously mentioned Tibrikot Fault. The Tibrikot Fault was thus interpreted to
primarily accommodate arc-parallel motion via dextral slip on a subvertical surface as is
suggested of the arc-parallel system as a whole, from the Karakoram Fault southward.
The Gumbagoan Extensional Step-over links to Tibrikot and in-turn also accommodates
arc-parallel motion. The orientation of the Gumbagoan system, N10-20E, in relation to
the geodetic station at Tibrikot, geometrically suggests three times more dip-slip
movement than dextral motion for this fault segment (Figure 19). This supports the
observations and interpretation of a normal fault system with little dextral slip observed
on visible traces acting as an extensional step-over in a larger regional strike-slip fault
system.

Due to linkage between the Jangla Oblique Segment to the Gumbagoan
Extensional Step-over it is possible to do a vector decomposition of the GPS data from

DLPO.
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Figure 19. Regional satellite imagery of the DTZ with the four neotectonic segments
simplified geometry. Geodetic station DLPO (Styron et al., 2011) resides near the
villages of Tibrikot and Juphal. Decompositions of this vector have been shown for
all four locations. Note: pure dextral slip is predicted at the Dogari Segment;

however, a decrease in dextral slip is seen as well as a prominent normal slip motion.
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Here (striking N20W), dextral strike-slip motion and dip slip motion are
approximately one-to-one with dextral motion being slightly more dominant. The
observed dip-slip magnitude is ambiguous in the Jangla region as previously stated, but
the resumption of significant dextral motion is indicated by our field measurements.

The Dogari Oblique Segment has a fault orientation subparallel to Tibrikot.
Dextral motion is expected on a fault oriented similar to Tibrikot, but the magnitude of
dextral slip observed at Dogari is less. The presence of a recent dip-slip scarp is not
observed at Tibrikot as is seen at Dogari. This suggests that the majority of motion in
Dogari can be attributed to the DLPO arc-parallel vector, but that a slight arc-normal
component is also present in this region.

The change from little to no dip slip and 649 + 219 m dextral slip at the Tibrikot
Fault to 165-450 m dextral slip and minor dip slip at Dogari is predicted by perfect
transfer of arc-parallel motion with the slight inclusion of arc-normal kinematics in the
southwest. The difference in kinematics and magnitude of slip across the DTZ indicates
a decrease in arc-parallel motion from west to east across the fault. An increase in dip
slip activity is observed which may correlate to an increase in arc-normal strain near the
southern extent of the DTZ.

Structural Linkages

The previously mentioned system of structures linking the Karakoram Fault Zone
to the Tibrikot Fault shows a decrease in arc-parallel slip from northwest to southeast. As
stated above the DTZ continues this trend as it transfers slip further southeast to the

Central Himalaya.
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The DTZ is interpreted to link with the Dhaulagiri Southwest Fault (Nakata 1989,
1990). The DSWEF likely accommodates oblique slip similar to that seen in the Dogari
Segment and subsequently transfers this movement into the region south of Thakkhola
Graben which is characterized by arc-normal strain (Hurtado et al., 2001; Wobus et al.,
2003, 2005; Hodges et al., 2004; McDermott et al., 2009).

Similarities and linkages between the Dhaulagiri Himalaya and Central Himalaya
have been established in previous studies. The westernmost structure previously assessed
in the Thakkhola region is the Larjung Detachment (McDermott et al., 2009) which is
interpreted to accommodate some amount of dextral slip and lies structurally ~2 km
above the STDS. Hurtado et al. (2001) interpreted a link between the active Dhumpu
Detachment and the DSWF at its eastern end. If the DTZ links with the DSWF at its
western end this would effectively tie the DTZ, and the chain of arc-parallel structures,
with a modern STDS activation.

These geometrically and kinematically similar faults sit at a similar structural
level, suggesting a 350 km long right slip system linking the Karakoram Fault Zone to the
Central Himalaya.

Western Nepal Kinematic Transition

Based on the structural linkages interpreted in this study and others, the
Dhaulagiri Transtensional Zone can be considered as a transitional system linking arc-
parallel strain in northwest Nepal and the arc-parallel and arc-normal strain in the Central

Himalaya.
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The DTZ is indicative of the most recent deformation processes in the western
Nepal High Himalaya. Likely postdating all active structures in the region, the DTZ is a
factor in understanding orogenic behavior in the High Himalaya of Nepal at a local and
regional scale.

Development of this modern system speaks to the active and significant nature of
the differing structures bounding it to the east and west. Primary accommodation of
dextral motion, as well as the minor presence of dip-slip activity, implies arc-parallel
stresses are acting on the system as a majority with some component of arc-normal stress
being worked in either synkinematically or cyclically at this stage in the growth of the
Himalaya Orogen.

Strain Partitioning in Convergent Orogens

While the DTZ likely acts as a transition between differing kinematics to the west
and east, the regional right-slip system, from the Karakoram Fault Zone to the DSWF,
lies between active N-S compression along the MFT/MBT and E-W extension of Tibet.
Thus this regional system acts as a margin between these two developmental processes of
orogenic growth, acting as a buffer between both styles of deformation along a regionally
extensive zone of oblique faulting.

This partitioning of deformation is observed at obliquely convergent margins,
both continental and oceanic.

Global corollaries exhibit similar faulting morphology to the Himalaya’s strike-
slip faults. A developing example, the Zagros Mountains transfers dextral slip from the

northwestern Main Recent Fault to the more modernly initiated Kazerun Fault which
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links to the Mountain Flexural Front, similar to the MBT of the Himalaya (Authemayou
et al., 2006; Hessami et al., 2007). This suggests the Karakoram Fault Zone links to the
Himalaya’s thrust front via the arc-parallel system.

Conversely, a more mature system, the Longitudinal Valley Fault of Taiwan is
suggested to accommodate all strain generated by oblique convergence between the
Philippines Sea Plate and Eurasia. This sub-discrete sinistral structure acts seemingly
independent of the rest of the convergent margin in Taiwan (Lee et al., 1998; Beih et al.,
1990; Yu and Kuo, 2001; Shyu et al., 2006; Shyu et al., 2008).

With this in mind, the right-slip system as a whole could be a short lived
distributed fault zone which will eventually evolve into some through going discrete
system cutting across Western Nepal and the Dhaulagiri Himalaya. It could directly link
arc-parallel strain with arc-normal strain. However, the through-going structure could
continue toward the MFT/MBT, thus generating a distinct fore-arc sliver (e.g. Beck,
1983, 1986, 1991, Jarrad, 1986; Kimura, 1986; Apel et al., 1998; Chemenda et al., 2000;
Upton et al., 2003; McClay et al., 2004; Haqg and Davis, 2010). Fore-arc slivers separate
from the arc along vertical strike-slip faults at convergent margins. This sliver separation
allows for the accommodation of oblique motion of convergence with minimal friction
while detachment and thrust horizons, higher in surface area and prevalent in the

Himalaya, move in a purely dip slip fashion (Michael, 1990).
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CONCLUSIONS

The primary results of this study are:

1. Two strike-slip segments are linked by an extensional step over in the high
Dhaulagiri Himalaya, termed the DTZ.

2. Fault scarp morphology, geomorphology, and Quaternary offsets suggest the
fault is younger than the last glacial maximum.

3. A decrease in dextral slip and an increase in normal slip is observed from NW
to SE across the fault’s extent.

4. This recent fault system can be correlated with strike-slip structures in SW
Nepal to the central Himalaya; thus, suggesting a regionally extensive right-
slip system.

5. We speculate that this system, as a whole, acts as a buffer zone between N-S
strain in the Himalayan front and E-W extension within the Tibetan Plateau.

6. This suggests the presence of an “isolated” structural block (forearc sliver)

within the Nepal Himalaya.
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