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RESEARCH

MOTIVATION

The rates and distribution of slip on Asian strike-slip faults, both 
ancient and modern, play a central role in conceptual models of the way 
in which continental lithosphere deforms in response to continental colli-
sion. Early recognition of the scale and extent of recent activity along these 
structures (Tapponnier and Molnar, 1977) led to models that considered 
eastward displacement of internally rigid blocks of Tibetan lithosphere 
to be the primary means by which ongoing convergence of India with 
Eurasia was accommodated (e.g., Molnar and Tapponnier, 1975; Tappon-
nier et al., 1982). An alternative view, that these faults represent slip along 
preexisting anisotropy in a continuously deforming medium, arose out of 
considerations of the strength of common constituents of continental lith-
osphere and the forces generated during crustal thickening (e.g., England 
and McKenzie, 1982; Houseman and England, 1993).

This debate has stimulated numerous investigations into displacement 
rates along active faults in Asia, including the Altyn Tagh (e.g., Cowgill, 
2007; Gold et al., 2009; Mériaux et al., 2004, 2005; Zhang and Molnar, 
2007), Haiyuan (e.g., Lasserre et al., 2002, 1999; Ruddiman and Kutz-
bach, 1989; Zhang et al., 1990), Kunlun (e.g., Li et al., 2005; Van der 
Woerd et al., 2000, 2002b), and Karakorum faults (e.g., Brown et al., 
2002; Chevalier et al., 2005) (Fig. 1). The results of these studies have 
implications for whether recent displacement represents a large or small 
fraction of the total convergence rate between India and Eurasia. Other 

works help to constrain the total amount of displacement and long-term 
kinematic histories of these structures (e.g., Cowgill et al., 2004; Fu and 
Awata, 2007; Kidd and Molnar, 1988; Murphy et al., 2000; Robinson, 
2009; Yin and Harrison, 2000), and therefore have similar implications 
for the role of these fault zones in the long-term tectonic evolution of the 
Tibetan Plateau. The relatively low total displacements and slow displace-
ment rates interpreted along Tibetan strike-slip faults by the majority of 
these studies favor the continuum models of plateau deformation. Despite 
these fi ndings, however, and the coincidental advent of geodetic technolo-
gies to measure rates of interseismic deformation, recent geodynamic 
modeling has shown that these rates can still be placed within a block 
displacement framework (cf. Meade, 2007; Thatcher, 2007; Wang et al., 
2001; Zhang et al., 2004). Thus, fundamental differences between these 
views of active deformation in Eurasia still exist.

The nature of deformation at or near a fault tip is sensitive to both the 
bulk rheologic properties of the crust (e.g., Barr and Houseman, 1996) and 
to the external forces driving fault slip (e.g., Burchfi el et al., 2008). As a 
result, a kinematic and mechanical analysis of the way in which a major 
fault zone terminates within the Tibetan Plateau may carry additional, 
unique constraints on the mechanical properties of the associated litho-
sphere. Major faults such as the Altyn Tagh and Haiyuan faults separate 
actively deforming regions of the Tibetan Plateau from its undeformed 
foreland, and thus the termination of these structures is easily understood 
by displacement transfer into regions of active shortening in the Qilian 
Shan and Liupan Shan, respectively (Burchfi el et al., 1989; Tapponnier 
et al., 1990; Zhang et al., 1990). The Kunlun fault, another major Tibetan 
strike-slip fault zone, is somewhat distinct from these other fault zones 
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because it is embedded within actively deforming regions of the Tibetan 
Plateau. In the west, the fault terminates in a series of active N-S–striking 
normal faults and NW-striking thrusts in the Qimen Tagh range (e.g., Yin, 
2000; Yin et al., 2007). Indeed, Yin (2000) cited these and other normal 
faults in a discussion on the strength of the Tibetan lithosphere and geo-
dynamic architecture of extension in the central Tibetan Plateau. The east-
ern termination of the Kunlun fault, however, lacks obvious evidence of 
similar accommodation features and has therefore been interpreted under 
a variety of geodynamic models.

Spatially uniform slip rates along the central ~600 km of the fault 
system (e.g., Van der Woerd et al., 2000, 2002b) have been cited as evi-
dence that this fault system accomplishes eastward extrusion of Tibetan 
lithosphere via linked structures in the Qilian Shan (e.g., Peltzer et al., 
1985; Van der Woerd et al., 2002b). However, recent studies of slip rates 
along the eastern ~200 km of the Kunlun fault suggest that rates decrease 
systematically to less than ~1 mm/yr, challenging the assumption of a 
continuous fault system across the eastern margin of the Tibetan Plateau 
(Harkins and Kirby, 2008; Kirby et al., 2007).

In this paper, we evaluate the hypothesis of Kirby et al. (2007) that 
the fault terminates within the plateau. We utilized displaced geomor-
phic features at four new localities along the easternmost segments of the 
Kunlun fault to determine slip rates. Our additional chronology allows 
us to bolster the interpretations at sites previously published by Kirby et 
al. (2007) and Harkins and Kirby (2008). Collectively, our results con-
fi rm the presence of a displacement rate gradient near the eastern fault tip 
and refi ne the shape of this gradient. Observations on other faults in the 
region suggest that these structures do not transfer signifi cant displace-
ment away from the primary Kunlun fault system. Importantly, the magni-
tude of the gradient (the change in slip rate over a strike distance) and any 
along-strike changes in this gradient may provide additional constraints on 
the mechanical properties of the lithosphere. Thus, the characteristics of 
recent strain along the easternmost Kunlun fault, whether it is transferred 
beyond the plateau margin or is absorbed within the plateau itself, and the 
ways in which either of these behaviors are mechanically accommodated 
are two parts of a growing quantitative description of active deformation 
within the Tibetan Plateau.
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Figure 1. (A) Shaded relief map of the northern Tibetan Plateau with some of the major strike-slip faults labeled. The Kunlun 

fault is highlighted in bold, and millennial slip rates from previous works are shown. White circles are from Van der Woerd 

et al. (2002b), black box is from Li et al. (2005), and white boxes are from Kirby et al. (2007). Fault segments are labeled 

in bold italics. Epicentral locations and focal mechanisms of recent seismicity along the Kunlun fault are compiled from 

U.S. Geological Survey (USGS; http://earthquake.usgs.gov/earthquakes/eqarchives/epic/), Harvard Centroid Mean Tensor 

(CMT) catalog (http://www.globalcmt.org/CMTsearch.html), and Molnar and Lyon-Caen (1989). Index map displays all of 

Tibet, shaded regions are above 2000 m in elevation, and area covered by Figure 1A is shown. (B) Landsat mosaic of the 

easternmost Kunlun fault. Geomorphic character of the fault is highlighted, along with the locations of the eight slip-rate 

sites discussed in the text. The four new sites presented in this work (sites 1, 2, 3, and 6) are labeled in black with outlined 

boxes, and previously published sites are labeled in gray.
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BACKGROUND AND APPROACH

The Kunlun fault system extends E-W across ~1200 km of the north-
ern Tibetan Plateau between 34°N and 36°N latitude (Fig. 1). The western 
portions of the fault system occur in the high ranges that mark the southern 
boundary of the Qiadam Basin, whereas the eastern portions of the fault 
system follow the Anyemaqen suture, a major lithospheric boundary that 
marks the northern extent of the Songpan-Garzi terrane (e.g., Zhou and 
Graham, 1996), and extend into the high topography of the Anyemaqen 
Shan. Because the Kunlun fault is parallel to primary ancient geologic 
structures, little is known about the total displacement. A recent study by 
Fu and Awata (2007) correlated Jurassic plutons and suggested that dis-
placement may be on the order of ~100 km, although the portion of this 
that is Cenozoic in age remains an open question. Likewise, the onset 
timing of left-lateral faulting along the Kunlun fault is uncertain. The best 
estimate derives from the age of volcanism and associated extensional 
deformation near 90°E at ca. 15 Ma (Jolivet et al., 2003).

Signifi cantly more information is available for the rate of slip along the 
Kunlun fault during Quaternary time. Kidd and Molnar (1988) fi rst sug-
gested that the Quaternary slip rate along the central (Xidatan) segment 
of the fault was on the order of 10–15 mm/yr, based on the provenance of 
moraines that had been displaced left-laterally. In a seminal study, Van der 
Woerd and colleagues determined slip rates at six sites along the central 
~600 km of the fault system, and determined that slip rates were relatively 
uniform at 10–12 mm/yr (Van der Woerd et al., 1998, 2000, 2002b). Li 
et al. (2005) determined slip rates along the Kunlun fault farther west, 
such that slip rates during the late Pleistocene and Holocene appear to be 
spatially uniform along the Kunlun fault between ~92°E and ~101°E. In 
contrast, as noted above, slip rates along the eastern segments of the fault 
system (between ~101°E and ~103°E) appear to decrease systematically 
from >5 mm/yr to <1 mm/yr.

The central and western segments of the Kunlun fault have experienced 
several large-magnitude seismic events that produced left-lateral surface 
ruptures in the twentieth century (Fig. 1). Events in 1937 and 1963 (at 
~98°E and 96.5°E, respectively) in the Dongxi Co and Alag Hu segments 
were estimated to have M

w
 ~7.0 and resulted in over 100 km of along-strike 

rupture extent each (Fitch, 1970; Li and Jia, 1981). A M
w
 = 6.4 event in 

1971 at ~98.6°E, also in the Dongxi Co segment, did not produce a surface 
rupture, but represents the easternmost large event that has been recorded 
along the Kunlun fault (Tapponnier and Molnar, 1977). A M

w
 = 7.6 event 

in 1997 (epicenter at ~35.1°N, 87.3°E) produced an ~170 km strike length 
of surface rupture along the Manyi fault (Peltzer et al., 1999), an E-W–
striking fault zone to the south and west of the main trace of the Kunlun 
fault. Most recently, the M

w
 = 7.8 Kokoxili event in 2001 ruptured over 

400 km of strike length between ~90°E to 95°E along the westernmost 
segments of the Kunlun fault (Lasserre et al., 2005). The locations of these 
events highlight a sharp contrast between the central extent of the Kunlun 
fault and eastern extent between ~101°E and ~103°E, where there is no his-
toric seismicity. Recent investigations of the paleoseismic record along this 
segment of the fault (Lin and Guo, 2008) suggest that the most recent event 
occurred ca. 1500 ka, consistent with a relatively slow slip rate (~3 mm/yr).

Determining Slip Rates from Displaced Geomorphic Markers

In this study, we utilized geomorphic features as markers of displace-
ment along the Kunlun fault, including both glacial moraines and fl uvial 
terraces. Each of these markers is subject to a suite of uncertainties that 
refl ect the dynamic evolution of the landforms in response to continuing 
erosion, and the manner in which these changes impact the various chron-
ologic systems that are used to date the landforms themselves.

Where the Kunlun fault crosses high topography in the Anyemaqen 
Shan, recent advances of glaciers deposited a series of sublinear moraines 
across the trace of the fault that allow fairly precise reconstruction of fault 
slip. Establishing age control for these moraines, however, is a diffi cult 
task, and we follow an extensive body of work that employs exposure dat-
ing of large (>1-m-diameter) boulders atop moraine crests based on accu-
mulations of cosmogenic radionuclides (CRN) (e.g., Gosse and Phillips, 
2001; Owen et al., 2003; Phillips et al., 1997), specifi cally 10Be. These 
methods are subject to uncertainties that arise from the degradation of the 
moraine and from weathering of the boulders themselves (e.g., Putkonen 
and O’Neal, 2006), as well as uncertainties in the initial distribution of iso-
tope concentrations (typically referred to as “inheritance”). Consequently, 
the interpretation of the age of a moraine from a distribution of individual 
exposure ages can lead to widely varying slip-rate estimates (cf. Brown 
et al., 2002; Chevalier et al., 2005). In this study, we adopted a relatively 
conservative approach of taking the maximum and minimum ages from 
the distribution as a measure of the range of allowable ages, and thus slip 
rates. All samples were subjected to preprocessing at either the (former) 
Dartmouth College CRN laboratory or the Purdue Rare Isotopes Measure-
ment (PRIME) laboratory that included separation of pure quartz, extrac-
tion of 10Be, and preparation of accelerator mass spectroscopy (AMS) tar-
gets. AMS analysis of all samples was conducted at the PRIME laboratory.

Fluvial terrace risers provide a particularly useful marker for recon-
structing lateral slip along a fault because the intersection between the ter-
race tread and riser provides a linear marker (e.g., Lensen, 1964a, 1964b), 
and terrace treads typically incorporate datable material, such as detrital 
charcoal. However, the relationship of ages from a terrace tread to the 
“age” of the riser that separates them is inherently uncertain and depends 
on a set of assumptions about the degree of lateral erosion by an incis-
ing stream. Although most workers have simply assumed that the riser is 
actively undercut by the stream until abandonment of the lower bound-
ing terrace tread (e.g., Berryman, 1993; Bull, 1991; Grapes et al., 1993; 
Knuepher et al., 1987; Mériaux et al., 2004, 2005; Van der Woerd et al., 
1998, 2002b), recent work has shown that this is not always a reasonable 
assumption (Cowgill, 2007) and that signifi cant slip can accrue during 
occupation of the lower tread (e.g., Harkins and Kirby, 2008). Thus, we 
take a more conservative approach to assigning slip rates that considers 
the upper and lower terrace tread ages as maximum and minimum bounds 
on the age of the riser (e.g., Kirby et al., 2007; Zhang et al., 1990).

Chronology of Late Pleistocene Deposits along the Kunlun Fault

Copious amounts of existing data on the timing of terrace formation at 
locations along the eastern Kunlun fault (e.g., Harkins and Kirby, 2008; 
Kirby et al., 2007; Van der Woerd et al., 2002b), as well as a study of gla-
cial moraines in the Anyemaqen Shan (Owen et al., 2003), provide a chro-
nostratigraphic framework for late Pleistocene through Holocene alluvial 
and glacial deposits in our study area. As recognized by Van der Woerd 
et al. (2002b), these deposits cluster in age and likely refl ect a profound 
climatic control on the synchronicity of fl uvial incision and deposition in 
northern Tibet. Here, we briefl y review these data to establish a foundation 
for our new chronology at sites along the eastern Kunlun fault.

Along the central Kunlun fault, most of the terraces dated by Van der 
Woerd et al. (1998, 2000, 2002b) were formed between ca. 5 ka and 13 ka 
and postdate the warming that occurred following the Last Glacial Maxi-
mum (LGM) (Thompson et al., 1997). This time period is coincident with 
slightly increased precipitation in northern Tibet that appears to have been 
responsible for variations in fl uvial incision (Poisson and Avouac, 2004). 
Terraces younger than 5 ka are rare and may refl ect increasing aridity dur-
ing the late Holocene (Gasse et al., 1991). Likewise, older alluvial deposits 
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are rare along the central Kunlun fault and are apparently confi ned to the 
Dongxi Co segment (Fig. 1A) (Van der Woerd et al., 2002b).

This basic chronology appears to exist along the eastern Kunlun fault 
as well, where fl uvial incision along the Yellow River has sustained rela-
tive base-level fall along tributaries that cross the eastern segments of the 
fault system between Dawu and Maqu (Fig. 1) (Harkins et al., 2007; Kirby 
et al., 2007). In this region, the oldest deposits occur as a broad fan-terrace 
complex that appears to be a relict piedmont surface. Radiocarbon ages 
from overlying loess deposits constrain this alluvial deposit to be older 
than ca. 22–28 ka in age, consistent with development during the LGM. 
Fluvial incision appears to have initiated by ca. 15 ka and was respon-
sible for abandonment of the highest terraces observed along the eastern 
Kunlun fault. Subsequent terrace formation and abandonment appear to 
have occurred between 9 and 10 ka, 7 and 9 ka, and 5 and 7 ka. Similar to 
western sites, few terraces younger than 5 ka are present.

Glacial advances in the Anyemaqen Shan refl ect similar variations 
in climate. Based on cosmogenic radionuclide (CRN) concentrations in 
boulders on moraines located on the northeastern side of the massif, Owen 
et al. (2003) determined that the most recent glacial advance (termed the 
Hailong glacial by these authors) occurred at 9 ± 3 ka. Older moraines 
record advances between 10 and 20 ka (Qiemuqu glacial) and between 30 
and 50 ka (Anyemaqen glacial). A single moraine along the Kunlun fault, 
east of Dawu (at the Kending Na site; Fig. 1), was constrained by Van der 
Woerd (2002b) and others to be older than 12 ka, consistent with either 
glacial advance.

Slip Rates along the Eastern Kunlun Fault

The regional chronology places direct constraints on the ages of 
deformed landforms used to constrain slip rates along the eastern seg-
ment of the Kunlun fault. Previous work has been conducted at four sites 
along the trace of the fault, and at one site along structures farther east 
(Fig. 1). The westernmost of these sites, described as the Kending Na 
locality by Van der Woerd et al. (2002b), preserves a moraine ridge that 
is offset across the trace of the Kunlun fault. These authors interpreted an 
approximate moraine age of ca. 12 ka to estimate a maximum slip rate 
of 12.5 ± 2.5 m/k.y. at this site. Approximately 75 km east of Kending 
Na, two sites are proximally spaced to one another along adjacent tribu-
taries of the Yellow River, locally referred to as Deng Qin and Ken Mu 
Da (Fig. 2A) (Kirby et al., 2007). Both of these channel valleys preserve 
a suite of fl uvial terraces characterized by risers that are progressively 
displaced along the Kunlun fault (Figs. 2B and 2C). Terraces at both of 
these sites are strath terraces that are all cut into the old, relict piedmont 
surface described in the previous section. Progressive offset of the ris-
ers between the T1 through T4 surfaces records left-lateral geologic slip 
rates of 2.7–9.7 m/k.y. at Deng Qin, and 4–6 m/k.y. at Ken Mu Da since 
the latest Pleistocene. Harkins and Kirby (2008) used a calibrated scarp 
degradation model to more tightly constrain riser ages at Deng Qin, and 
they argued for a narrower the range of allowable slip rates at this site of 
3.7–7.3 m/k.y. It is worth emphasizing the similarity in both ages of ter-
races between sites (Fig. 2E), and that the ages independently yield similar 
results for the slip rate.

At the easternmost site described by Kirby et al. (2007), located 
where the fault crosses the Ouarr Goth Qu (river), a fl ight of three exten-
sive terrace surfaces (T1–T3) is preserved on the east side of the channel 
(Fig. 2D). Here, again, these terraces are straths cut into a relict piedmont 
surface of the same age as that described at Ken Mu Da and Deng Qin. All 
terraces are underlain by, and cut into, well-indurated gravels with similar 
characteristics to the strath gravels described at Deng Qin and Ken Mu Da. 
A single well-preserved offset of the local T2/T3 riser records a maximum 

range of slip rates of 1.6–2.4 m/k.y. at this site since ca. 10 ka. Kirby et al. 
(2007) also investigated terraces formed across the Tazang fault (Fig. 1), a 
potentially active structure along the eastern margin of the Roergai Basin 
that has been suggested to be an extension of the Kunlun fault (Van der 
Woerd et al., 2002b). Terraces as old as ca. 9 ka are not displaced by the 
Tazang fault, and thus slip rates here are likely <1 mm/yr.

Overall, slip rates along the eastern Kunlun fault appear to decrease 
systematically from west to east between ~100.5°E and 103°E. Impor-
tantly, this decrease in slip rate is apparent in modern geodetic data (Zhang 
et al., 2004), where the component of velocity parallel to the Kunlun fault 
also decreases toward the east (cf. Kirby et al., 2007). We view the Deng 
Qin and Ken Mu Da sites together as a single well-described slip-rate 
determination due to their the spatial proximity and similar slip rate. 
Therefore, slip rates are presently described at effectively only three loca-
tions along the eastern segment of the Kunlun fault. Moreover, in order 
to consider the regional geodynamic implications of slip rates along the 
Kunlun fault, the fact that any one site may record only some fraction of 
the total displacement budget across the entire Kunlun fault zone must 
be addressed. As a result, our primary goal in the research that follows 
is to present additional data from four new slip-rate sites along this same 
segment of the Kunlun fault that confi rm this slip-rate gradient and refi ne 
the extent over which displacement decreases at the eastern tip of the 
fault. The new slip-rate determinations are at the Anyemaqen Massif, East 
Kending Na, Ola Xu Ma, and Qi Er Er sites. We also provide additional, 
previously unpublished geochronologic data on the ages of offset terraces 
at the Ken Mu Da site described in Kirby et al. (2007) and Harkins and 
Kirby (2008). Finally, we discuss observations from other structures in 
the region that may interact with the Kunlun and consider some of the 
mechanical implications of our results.

NEW SLIP-RATE SITES

Anyemaqen Massif

The Kunlun fault passes through a restraining bend between 99.2°E and 
99.6°E, resulting in local contraction that is responsible for the high topog-
raphy of Anyemaqen Massif. The most obvious active strand of the Kunlun 
fault occupies the valley that skirts the northern side of the massif, although 
some authors (e.g., Van der Woerd et al., 2002b) interpret an additional 
active strand of the Kunlun on the south side of the massif. The massif hosts 
a modern ice cap, and it has provided the source area for late Pleistocene 
and Holocene glaciers that deposited extensive moraine complexes across 
the trace of the Kunlun fault (Owen et al., 2003). We studied moraines in 
a small catchment located at ~99.6°E, along the eastern edge of the massif 
(Fig. 3A). To reconstruct displacement of these features, we conducted a 
topographic survey using a differential Global Positioning System (GPS) 
system and mapped individual moraine crests atop this topographic base 
(Fig. 3C). We augmented these data with color satellite imagery (Quick-
bird platform, Fig. 3B) of these moraines and collected samples of moraine 
boulders for cosmogenic nuclide exposure age analysis.

Moraines at this site consist of a nested series of lateral moraines of 
relatively subdued relief that appear to have been deposited on the north-
western margin of the glacier (supplemental Fig. DR1).1 The geometry 
of the preserved moraines suggests that the glacier fl owed northeast 
from its accumulation zone high in the massif and turned abruptly to the 
southeast when it reached the valley hosting the Kunlun fault. The fault 

1GSA Data Repository Item 2010214, Figures DR1–DR11, is available at www.
geosociety.org/pubs/ft2010.htm, or on request from editing@geosociety.org, Doc-
uments Secretary, GSA, P.O. Box 9140, Boulder, CO 80301-9140, USA.
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itself follows a single trace through the northeast-trending moraines and 
forms a series of north-facing scarps. The gently curving map trace of 
the fault over topography suggests a relatively steep (>60°) fault dip to 
the southwest. Although much of the survey area has been modifi ed by 
postdepositional fl uvial erosion, several moraine ridges are preserved 
well enough to facilitate reconstruction of fault slip. Intact moraines are 
mantled with up to 1 m of loess, and sporadic meter-sized boulders pro-
trude through the loess cover. A steep, tall (>20 m), and boulder-rich 
moraine that lacks a loess mantle is located ~600 m southwest (up val-
ley) from the survey area and is apparently much younger than the sur-

veyed moraines. This moraine does not cross the Kunlun fault, however, 
and we did not investigate it further.

Within the survey area, moraine crests are consistently displaced in a 
left-lateral sense across the trace of the fault. Individual crests of moraine 
ridges were mapped in the fi eld and subsequently identifi ed on a topo-
graphic base developed from a differential GPS survey. Transects parallel 
to the fault reveal fi ve moraine crests that can be matched across the fault 
based on their height and position (Fig. 3D). Horizontal offsets measured 
from four moraine crests cluster tightly between 51 and 54 m, while a fi fth 
reconstruction yields a somewhat lower value of 35 m. The latter value 
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is based on the offset of a moraine that is directly adjacent to an actively 
eroding stream channel. Lateral erosion of the stream has likely modifi ed 
the morphology of this moraine ridge on the SW side of the fault, result-
ing in a lower magnitude of apparent offset in this particular feature. As a 
result, we consider the 51–54 m reconstruction to be more representative 
of actual fault displacement since moraine deposition.

The fault trace is marked by 10–20 m of disrupted till, imparting a 
degree of uncertainty in offset determinations from the projection of 
moraine ridge crests across this zone. To account for this uncertainty, we 
derived a full range of allowable crest positions for each moraine ridge 
given 0.5 m of observed surface roughness. Under this treatment, we con-
sidered any position on a moraine crest within 0.5 m of the mapped crest 
elevation to be allowable. This approach expanded the range of allowable 
offsets to 45–59 m.

The fault at this site appears to have a systematic component of south-
side-up displacement. Although all moraine crests are higher on the south 
side of the fault, the hummocky topography along the moraine crest imparts 
signifi cant uncertainty in the projection of moraine crests. As a result, we 
estimated vertical displacement by taking the elevation difference between 
points on intact moraine crests directly adjacent to either side of the fault 
zone. Since all moraine crests exhibit a net slope to the northeast (across 
the fault zone), the reported vertical offsets of 3.9–8.3 m are likely overes-
timates of actual vertical offset magnitudes. Preserved scarps in adjacent 
moraine troughs are ~3–4 m in height, suggesting that vertical offset since 
the time of moraine deposition is actually of that magnitude.

Moraine Ages and Slip Rates

We sampled the largest protruding boulders on moraine crests for 
CRN exposure age determination (Table 1). All boulders are composed of 
a silicic metaconglomerate that is rich in quartz. We sampled only boul-
ders of suffi cient height (>1 m) to minimize the possibility of burial dur-
ing eolian deposition of loess (supplemental Fig. DR2 [see footnote 1]). 

Unfortunately, boulders of this size are rare, and we were only able to 
sample eight individual boulders.

Of these eight samples, four yielded ages that cluster between 7.9 
and 9.3 ka (ca. 8 ka), three samples returned younger ages (between 2.5 
and 5 ka), and a single sample returned a much older age of 15 ± 1.5 ka. 
This range of sample ages does not exhibit any consistent age differences 
between separate moraine crests in our survey area. However, two of the 
samples with ages younger than 5 ka were extracted from the smallest 
boulders in our study area, suggesting the possibility that these boulders 
may have been buried and subsequently exhumed since deposition. We 
think this is a reasonable explanation for these young ages, given that 
regional studies (e.g., Owen et al., 2003) suggest that glaciers in north-
eastern Tibet were retreating throughout the middle and late Holocene. We 
are unable, with the sparse sample set available, to discern whether exhu-
mation may have infl uenced our other samples as well. It is possible that 
our oldest sample is most refl ective of the age of deposition at ca. 15 ka. 
However, we think that the cluster of ages between 7.9 and 9.3 ka suggests 
that these moraines are associated with the Hailong advance recognized 
by Owen et al. (2003) in valleys ~20 km to the northwest of our site. This 
age range, in combination with displacements between 45 and 59 m, sug-
gests that lateral slip rates at this site are in the range of 4.8–7.4 m/k.y. We 
regard this as a minimum bound on the slip rate across the Anyemaqen 
Shan, given the fact that we do not account for the minor component of dip 
slip observed at this site and the possibility of additional structures along 
the southwestern margin of the massif.

East Kending Na Site

East of the Anyemaqen massif site, the Kunlun fault follows a series 
of broad valleys for ~100 km along a strike of ~110°. East of the town 
of Dawu (Figs. 1 and 4A), the fault forms a linear trace along the foot of 
an ~4000-m-high range. We explored a site near ~100.6°E, at the small 

TABLE 1. SAMPLE 10Be EXPOSURE AGE ANALYSIS RESULTS

Sample site Elevation
(m)

Context 10Be
(atoms/g qtz)

Error† Production rate
(atoms 10Be 
per g qtz/yr)§

Exposure age
(yr B.P.)

Error

Qi Er Er

NH-KCOS-04-C1 3459 T4 691,527 36,367 49 14,015 1557
NH-KCOS-04-CHR3 3460 T4b 867,744 25,714 49 17,533 1550

East Kending Na

NH-KCOS-04-VD1 4255 M.C.* 892,681 33,809 76 11,814 1140
NH-KCOS-04-VD2 4270 M.C. 1,102,379 38,145 76 14,477 1350
NH-KCOS-04-VD3 4262 M.C. 1,228,596 56,779 76 16,211 1698
NH-KCOS-04-VD5 4204 M.C. 1,548,691 58,196 74 21,027 2023

Anyemaqen Massif

NH-KCOS-05-MM1 4474 M.C. 227,347 27,226 91 2490 299
NH-KCOS-05-MM2 4507 M.C. 294,876 13,576 93 3180 146
NH-KCOS-05-MM3 4500 M.C. 452,416 60,363 92 4910 656
NH-KCOS-05-MM5 4430 M.C. 735,490 29,605 89 8264 333
NHMM06-2 4491 M.C. 806,120 21,771 92 8762 237
NHMM06-6 4458 M.C. 794,948 19,281 89 8932 217
NHMM06-7 4467 M.C. 811,618 26,026 90 9018 289
NHMM06-9 4410 M.C. 1,313,565 130,857 86 15,200 1522

Note:  Samples from East Kending Na were processed and analyzed at the Purdue Rare Isotopes Measurement (PRIME) 
laboratory. All other samples were processed at the (former) Dartmouth cosmogenic laboratory and analyzed at the PRIME 
laboratory.

*Moraine crest.
†Reported errors refl ect analytical uncertainties only.
§10Be production rates were calculated as the low-latitude production rate of Lal (1991) corrected for latitude, altitude, and 

topographic shielding following Stone (2000).
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watershed of Kending Na. We refer to this site as East Kending Na, to 
distinguish it from the site ~2 km west discussed by Van der Woerd et 
al. (2002b). East Kending Na is located at high elevation (~4270 m), and 
glaciers fl owing from the northern ranges deposited moraine complexes 
across the active trace of the Kunlun fault. Modern glaciers are not present 
in the range.

The character and distribution of the deposits along the mouth of 
East Kending Na suggest the presence of two moraine groups of differ-
ent age. Moraine ridges on both sides of the host channel were identifi ed 
on remotely sensed images and surveyed with differential GPS (Figs. 4B 
and 4C). The fi rst group of moraines exhibits relatively subdued topogra-
phy and surfaces that are largely devoid of boulders and is only preserved 
southeast of the valley mouth. We did not fi nd any correlative deposits 
west of the present-day drainage. Although it appears that these moraines 
may have been displaced to the east by slip along the fault, the absence 
of correlative deposits north of the fault precludes their use as a pierc-
ing point. A younger group of moraines, however, is preserved in a more 
proximal position to the valley mouth, and these deposits appear to cor-
relate to moraines preserved along the inner valley walls. These moraines 

are characterized by relatively sharp crests and more abundant boulders 
exposed at the surface.

Within the younger, sharp-crested moraines, a pair of parallel ridges, 
spaced ~30 m apart on the west side of the active drainage are identifi ed 
on both sides of the fault. Due to the similarity of this spacing and moraine 
morphology, as well as the lack of other moraine ridges on this side of the 
host channel, reconstruction of these features across the fault suggests ~45 
± 5 m of left-lateral offset since deposition. Similarly, two ridges on the 
east side of the host channel also appear to correlate across the fault trace. 
These features suggest a similar magnitude of left-lateral displacement 
along the fault of ~50 ± 10 m. Reported error ranges in offset magnitudes 
refl ect uncertainties associated with projecting the subtle moraine topog-
raphy across the fault zone at this site. Here, we take the same approach to 
quantifying uncertainty in moraine ridge crest position as was described 
for the Anyemaqen Massif site. Although these correlations are tentative, 
the similar magnitudes of displacement suggested by four independent 
markers suggest that slip at this site since emplacement of the moraines 
is 45–50 m. We note that lateral erosion by the modern fl uvial channel 
makes it extremely unlikely that ridges east of the channel have been 
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displaced across the watershed mouth (supplemental Fig. DR4 [see foot-
note 1]). This inference constrains displacements to less than ~60 m, and 
we therefore reason that fault displacement at this site is 50 ± 10 m since 
emplacement of the moraine complex.

Moraine Ages and Slip Rates

Similar to the Anyemaqen site, we were unable to fi nd a large number 
of boulders of suffi cient size to be suitable for sampling (>1 m). Conse-
quently, we determined 10Be exposure ages from only four boulders at this 
site. These were all taken from granite boulders exposed on the younger 
moraines, three of which were from the north side of the fault. On the 
north side of the fault, all samples were taken from boulders, 2+ m in size, 
located on or near the crest of the lateral moraine ridge on the west side 
of the source valley (Fig. 4C). Two of these samples yielded overlapping 
ranges of exposure ages of 14.5 ± 1.4 ka (Table 1, sample -VD2) and 16.2 
± 1.7 ka (-VD3), whereas the third sample (-VD1) returned a younger 
exposure age of 11.8 ± 1.1 ka. The sample from the south side of the 
fault was extracted from an ~1-m-sized boulder located on the crest of a 
small moraine at the eastern edge of the younger moraines (-VD5). This 
sample returned a somewhat older exposure age of 21 ± 2.0 ka. As at the 
Anyemaqen site, the sparse data set and relatively large degree of scatter 
preclude a precise age determination for these moraines. However, the 
data clearly indicate that these moraines were deposited pre-Holocene, 
and we consider that the most likely age range is between ca. 12 and 20 ka, 
within the range of the Qiemuqu glacial (Owen et al., 2003).

Taking into account both uncertainties associated with the reconstruc-
tion of moraines and exposure ages, slip rates of 1.7–5.6 m/k.y. are per-
missible at the East Kending Na site. Despite the fairly wide range of 
allowable rates, even the maximum slip rate is considerably slower than 
the 12.5 ± 2.5 m/k.y. slip rate interpreted at the adjacent Kending Na site 
by Van der Woerd et al. (2002b). Given the similarity in interpreted ages of 
the moraines used to constrain fault rates at the two Kending Na sites, this 
striking difference in slip rates between locations is diffi cult to reconcile. 
We note, however, that the ca. 12 ka age constraint cited by Van der Woerd 
et al. (2002b) does not refl ect actual offset moraine ages, but rather the 
age of a terrace generated sometime after moraine deposition. As a result, 
there exists the possibility that the offset moraines at the Kending Na site 
of Van der Woerd et al. (2002b) are signifi cantly older than 12 ka and thus 
slip rates recorded by these features are actually somewhat slower.

Ola Xu Ma Site

Our third new slip-rate site is near the town of Ola Xu Ma, ~40 km east 
of the Kending Na site (Fig. 1B). Thirty km west of the Ola Xu Ma site, the 
Kunlun fault splays into at least two parallel strands as it passes through a 
high topographic divide. East of the divide, the fault zone follows a single 
nearly E-W–striking strand that follows the linear range front on the south 
side of a strike-parallel valley for ~15 km. Approximately 3 km west of the 
Ola Xu Ma site, the range front beds to the south, away from the fault zone 
(Fig. 5A). The Ola Xu Ma site is located ~1 km north of the range front at 
~101°E, along a large tributary to the Yellow River that fl ows northward, 
orthogonally across the trace of the Kunlun fault.

At this location, a fl ight of four extensive fi ll terraces (T1–T4) and 
two less extensive inset terraces (T2b and T3b) is preserved on the west 
side of the tributary (Fig. 5B and 5C). The T4 surface is the most spatially 
extensive and coalesces with the uppermost surfaces of other alluvial fans 
emerging from the bedrock highlands to the south. These terraces and 
associated risers are left-laterally offset across the trace of the fault. The 
T2, T3, and T4 terrace treads are preserved at 5.5, 7, and 9 m above the 
modern fl ood plain, respectively (supplemental Figs. DR5 and DR6 [see 

footnote 1]). Lacking a wealth of radiometric age control at this site, the 
geologic relationships described here are critical to our interpretation of 
local terrace surface abandonment chronology. The T1 through T3b sur-
faces are capped by ~0.5 m of loess that is underlain by a 0.2–0.5-m-thick 
mixed sand and gravel layer. Clasts within this layer do not possess pedo-
genic carbonate rinds. A 0.1-m-thick layer of centimeter-sized gravel at the 
base of the mixed layer is observed to have a distinctive rusty color within 
a soil pit excavated into the T2 surface (sample site WOX-1, Fig. 5C; sup-
plemental Fig. DR7 [see footnote 1]). Within the soil pit, this “rusty” layer 
is in turn underlain by coarse gravel with rare intercalated sand lenses that 
extends to the base of the pit. The undersides of clasts within this gravel 
possess well-developed pedogenic carbonate accumulations. In addition 
to the T2 surface, this coarse gravel is also observed in natural exposures 
under the T1, T3, and T3b surfaces below the loess-gravel contact.

We used the horizontal offset of terrace risers and the abandonment 
age of an associated terrace tread to place bounds on millennial slip rates 
at this site. Riser offsets were determined based on the positions of sur-
veyed slope breaks at riser toes. Because risers follow a complex path in 
map view and are disrupted within the fault zone, we estimated conser-
vative uncertainties in measured offsets associated with the projection of 
risers up to the fault plane. The T2/T3 and T3/T4 risers record left-lateral 
offsets of 30 ± 5 m and 48 ± 5 m, respectively. Since the T2/T3 riser must 
be older than the T1/T2 riser, the observed difference in offset magnitudes 
between the two riser faces is internally consistent. There is little differ-
ence in the elevations of terrace surfaces across the fault zone, indicating 
that the dip-slip component of fault displacement is small at this site. We 
note, however, that the broader fault zone is structurally complex at this 
location. The main trace of the fault divides into a number of splays imme-
diately east of this site, and the linear range fronts to the south and north 
may host unidentifi ed fault zones with signifi cant dip-slip components of 
motion. As a result, this site is likely to record only part of the total dis-
placement across the fault zone, and we interpret the slip rate here as a 
minimum bound on the total displacement rate budget at this location.

Age of the T4 Terrace and Slip Rates

Two samples of in situ, depositional organic material extracted from 
beneath the T2 and T3b terrace surfaces were subjected to 14C age analysis 
(supplemental Fig. DR6 [see footnote 1]; Table 2). A snail shell extracted 
from a sand lens within the coarse gravel in a soil pit ~1 m below the loess-
gravel contact in the T2 surface yielded an age of 15,196 ± 741 cal yr B.P. 
A second snail shell extracted from the base of the mixed sand and gravel 
layer within the T3b deposit yielded an age of 14,853 ± 656 cal yr B.P. 
Terrace ages at this site are diffi cult to interpret in light of the overlapping 
ages of these two samples. If these samples recorded terrace abandonment 
ages, the sample extracted from the T2 surface would be expected to be 
younger than the T3b sample. Additionally, if the ca. 15 ka sample age 
represents an abandonment age of the T2 surface at this site, then age-
equivalent examples of the multiple younger terrace surfaces observed at 
sites to the east (Deng Qin and Ken Mu Da) are not preserved at this loca-
tion. Alternatively, since total riser relief is small and gravels at depth are 
outwardly similar under all terraces at this site, we interpret the T1–T3b 
surfaces here as cut terraces inset into a single ca. 15 ka gravel fi ll. Under 
this interpretation, abandonment of the T4 surface would have initiated 
sometime between ca. 15 and ca. 14 ka, consistent with the abandonment 
age of the extensive T4 surface at Deng Qin and Ken Mu Da.

Although we possess little direct age control at this site, we proceed 
with the interpretation that terrace abandonment events were climatically 
moderated and roughly synchronous with dated terrace abandonment 
events at Deng Qin and Ken Mu Da. Abandonment of the T4 surface at 
14–15 ka and the 42 ± 5 m offset of the T3/T4 riser defi nes a range of 
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minimum allowable slip rates at this site of 2.5–3.4 m/k.y. (Fig. 6). Addi-
tionally, if the abandonment ages of the T3 and T2 surfaces at this site are 
similar to those at Ken Mu Da (9–10.6 and 6–7 ka, respectively), then the 
32 ± 5 m offset of the T2/T3 riser records a slip rate range of 2.6–6.2 m/k.y. 
The minimum slip rate of this range is corroborated by the minimum rate 
recorded by the T3/T4 riser dated by the 14C samples at this site, suggest-
ing that our interpretations of terrace ages and fault slip rates are valid. 
We therefore interpret a likely range of rates at this site of 2.5–6.2 m/k.y.

Additional Constraint at the Ken Mu Da and Deng Qin Sites

Between the Ola Xu Ma site, at ~101° E, and the Roergai Basin, at 
~102° E, the trace of the fault shares a broad, strike-parallel valley with 
the Yellow River (Fig. 5A). Immediately east of the Ola Xu Ma site, the 
Kunlun fault splays into multiple strands and is distributed throughout a 
complex of low-relief bedrock hills. A distinct trace of the fault is absent 
between these bedrock hills and the town of Ola Xu Ma, which lies ~5 km 
east of the hills. Near the town of Ola Xu Ma, a distinct strike-slip trace 
of the Kunlun fault is observable in remotely sensed images that strikes 

~100°. This trace of the fault extends eastward for ~30 km across a series 
of bajadas that head into bedrock highlands to the south. Running roughly 
parallel with this trace of the fault, a series of kilometer-length, right-
stepping normal fault scarps trends along the base of the highlands to the 
south. Uplifted fl uvial terraces in the footwalls of these faults (within the 
bedrock range) display several meters of vertical displacement. Several 
gullies and rills that are obliquely offset by these faults record primarily 
vertical displacement and little accompanying horizontal component. At 
~101.3°E, the normal fault scarps abut against bedrock hills that extend 
northward into the Yellow River valley. From this location eastward to the 
slip-rate sites at Deng Qin and Ken Mu Da, at ~101.4°E, the Kunlun fault 
assumes a single distinct trace at the northern foot of these hills.

Two radiocarbon samples exist in addition to those reported in Kirby 
et al. (2007) and Harkins and Kirby (2008) that further support the inter-
preted age of the T4 terrace at Deng Qin and Ken Mu Da (Table 2). At 
Deng Qin, snail shells extracted from the gravel capping the T4 surface 
(sample AA60726) returned an age of 16,484 ± 471 cal yr B.P. Since the 
associated gravel must have been deposited just prior to abandonment of 
the T4 surface, this sample age further constrains a 14–15 ka timing of 

Figure 5. (A) Landsat image of the portion of the Kunlun fault hosting the Ola Xu Ma site. The town of Ola Xu Ma, the Deng 

Qin site, and the Ken Mu Da site are also identifi ed. (B–C) Quickbird satellite image and interpreted map of offset terraces and 

risers at the Ola Xu Ma site. Global Positioning System (GPS) survey points along riser toes are delineated, offsets of these 

risers are labeled, and sample locations are identifi ed.
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TABLE 2. SAMPLE RADIOCARBON AGE ANALYSIS RESULTS

Sample site Lab 
number*

Terrace 
surface

Stratigraphic 
context

Type† δ13C 14C age Calendar age§

(yr B.P.) Error (yr B.P.) Error

Tazang

TZ1 AA60729 – Base of soil C –26.82 8133 48 9173 111
TZ1 AA60730 – Soil P –29.02 4168 50 4752 137

Ouarr Goth Qu

OGC1 AA45225 T2 T2 gravel S –7.7 10527 77 12175 75
OGC1 AA60722 T2 T2 gravel C –23.1 8661 49 9668 71
OGC1 AA62942 T2 T2 gravel C –25.47 9600 1500 9171 1862
OGC1 AA62943 T2 T2 gravel S –5.62 11808 66 11831 280
OGC2 AA65886 T1 T1 gravel/loess S –9 5827 69 6673 173
OGC2 AA65887 T1 T1 gravel/loess C –24.8 6345 53 7311 159
OGC2 AA65888 T1 T1 gravel S –8.2 6343 49 7310 157

Qi Er Er

QHR3 AA65892 T2 T2 gravel C –23.4 8806 53 9956 244

Ken Mu Da

KMD3 AA72498 T1 Soil atop T1 S –6.5 3060 120 3270 330
KMD3 AA45224 T1 Soil atop T1 C –22.7 4497 51 5142 167
KMD2 AA45223 T3 T3 gravel P –16.3 10660 120 12565 435
KMD4 AA74003 T4 T4 loess cap S –6.2 11930 59 14002 317
KMD1 AA56951 T4 T4 gravel S –7.05 13024 75 15382 742

Deng Qin

DQ4 AA45219 T2 Soil atop T2 S –25.1 3166 38 3370 100
DQ3 AA72500 T4 T4 gravel/loess S –5.6 12325 87 14515 581
DQ2 AA60720 T4 T4 gravel S –6.31 13788 67 15138 697
DQ2 AA60726 T4 T4 gravel/loess S –6.365 13682 66 16484 471
DQ1 AA56950 T5 T5 loess cap S –5.74 28470 300 N.D. N.D.

Ola Xhu Ma

OX1 AA65883 T2 T2 gravel S –6.3 12819 69 15196 741
OX2 AA65884 T2 T2 gravel S –6.4 12364 86 14852 695

North  Anyemaqen

NA1 AA74009 – Gravel C –27.1 R.D.# – – –
NA1 AA74010 – Gravel S –1.9 28460 300 N.D. N.D.

   *All samples were analyzed at the University of Arizona Accelerator Mass Spectroscopy Laboratory.
   †Refers to the organic material dated: C—charcoal, P—peat, S—gastropod shell.
   §Sample calibration was conducted using Calib 4.3 (Stuiver et al., 1998). N.D.—calendar ages not determined due to advanced 
sample ages; yr B.P.—years before present.
   #Radiocarbon dead.
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abandonment for this surface. At Ken Mu Da, a snail shell extracted from 
the base of the loess capping the T4 surface (sample AA74003) yielded 
an age of 14,002 ± 317 cal yr B.P. Since this material must have been 
deposited shortly after abandonment of the T4 surface, this age confi rms 
the younger limit at 14 ka for abandonment of the T4 terrace.

Qi Er Er Site

The Kunlun fault is expressed as a single trace between the Ken Mu 
Da site and the next slip-rate site to the east, along the Qi Er Er River 
(Fig. 2A). Along the 15 km of strike length that separates the two sites, 
the fault strikes ~110° and cuts through a series of bajadas that head into 
bedrock highlands to the south. To the east, the trace of the fault is pro-
gressively further removed from the range front of these highlands. The 
north-fl owing Qi Er Er River orthogonally crosses the active trace of the 
Kunlun fault at ~101.57°E, where the trace of the fault is separated from 
the range front to the south by ~2 km.

At Qi Er Er, fl ights of terraces preserve left-lateral offset risers on 
both sides of the host channel, although several subsidiary terrace lev-
els are locally preserved on the east side of the channel immediately 
upstream of the fault intersection (Fig. 7). Slope breaks at riser toes 
were surveyed on both sides of the channel, and a high-resolution GPS 
survey was conducted on the offset risers on the east side of the chan-
nel (Fig. 7B). Five terrace levels identifi ed based on elevation and tread 
surface morphology were surveyed on the east side of the channel at 
this site, T1, T2, T2b, T3, and T4. Immediately north of the fault, these 
terrace treads are ~2, 14, 16, 19, and 22 m above the modern fl oodplain, 
respectively (supplemental Fig. DR8 [see footnote 1]). Immediately 
south of the fault, these treads are ~2, 13, 15, 16.5, and 18 m above the 
fl oodplain, respectively. A north-side-up fault scarp is developed in the 
T2, T3, and T4 terraces, with vertical separations across the fault zone of 

1, 2.5, and 4 m between the treads, respectively. No scarp is developed 
in the T1 surface. As a result, we take the differences in tread elevations 
to be the result of a systematic vertical, north-side-up component of fault 
motion since the time of T5 abandonment. North-side-up scarps are also 
developed in the T2b and T4 treads on the west side of the host channel. 
Tread elevations and scarp heights on the west side of the channel are 
approximately equivalent to those on the east.

Most of the terrace treads at this site exhibit subdued bar and swale 
topography that is relict from fl uvial deposition and burial by ~1–2 m of 
loess. The lowest surface, T1, displays pronounced bar and swale topogra-
phy, with only thin loess accumulations confi ned to swales. Clasts within 
terrace and modern channel gravels are almost exclusively granitic in com-
position, and originated from a Mesozoic intrusive complex in the Qi Er 
Er headwaters. Granite clasts observed in natural exposures and soil pits 
appear unweathered, even on the highest terraces, suggesting a relatively 
young age. Terrace and modern gravels are composed of mostly cobble-
sized to ~1-m-scale boulder-sized clasts with occasional 3+ m boulders. 
The largest of these boulders protrude from the loess accumulations on 
terrace treads. Notably, we did not observe “older” gravel deposits that 
make up terrace straths at sites to the west. However, thick accumulations 
of the “older” gravel deposits are observed in extensive exposures farther 
downstream, at the confl uence of the Qi Er Er and Yellow Rivers.

On the east side of the channel, the T3/T4 riser and a boulder levee 
preserved on the T3 tread are left-laterally offset by 39 ± 5 m and 35 
± 5 m, respectively. The riser above the T2 surface, which is horizontally 
offset by 22 ± 5 m (Fig. 8), lies at the base of the T3 tread north of the fault 
trace, and at the base of the T2b tread south of the fault trace. Since this 
riser must have been refreshed during or after the abandonment of the T2b 
surface, the maximum age of this riser must therefore be equivalent to the 
abandonment age of the T2b surface, and the minimum age should be the 
abandonment of the T2 tread itself. No apparent offset is observed in the 
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T1T1
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T4T4
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35 ± 5 m
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Figure 7. Corona satellite image and interpreted map of offset ter-

races, risers, and boulder levee at the Qi Er Er site. Interpreted map 

is drawn over a topographic base compiled from a kinematic Global 

Positioning System (GPS) survey of the site. Sample locations are 

shown on both the corona image and the interpreted map.
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T1/T2 riser, and we take this as an indication of relatively recent lateral 
erosion during fl uvial occupation of the T1 tread.

On the west side of the valley, ongoing lateral erosion by the modern 
channel has obliterated most of the terrace risers (Fig. 7), leaving only the 
highest unmodifi ed. We measured the lateral displacement of the T2b/T4 
riser using a handheld laser rangefi nder and determined a displacement of 
36 ± 5 m. The similarity of this measurement to displacements observed 
east of the valley gives confi dence that this is a reliable estimate of fault 
displacement subsequent to development of the T2b terrace surface.

Terrace Ages and Slip Rates

Constraints on terrace abandonment age at this site are provided by 
both 14C and CRN analysis of terrace gravel material. The 14C analysis of 
a single piece of charcoal extracted from within fl uvial gravels ~20 cm 
below the gravel-loess contact on the T2 surface yielded an age of 9956 
± 244 cal yr B.P. (Table 2). Because this sample was extracted from very 
near the top of the gravel capping the T2 surface, we take this sample age 
to closely approximate the abandonment age of the T2 surface. From a 
regional standpoint, this date suggests that the terrace is broadly equiva-
lent to early Holocene terraces at Ken Mu Da (locally, T3) and at Ouarr 
Goth Qu (locally, T2).

In addition, two boulders exposed on terrace treads were sampled for 
CRN exposure age analysis (Table 1). Sampling strategy and processing 
of these samples were the same as the moraine boulder samples described 
at the Anyemaqen and East Kending Na sites. Both sampled boulders were 
granitic in composition and protruded more than 0.5 m above the terrace 
tread (supplemental Fig. DR9 [see footnote 1]). The fi rst boulder (CHR-
1), located on the intact T4 surface on the west side of the channel ~400 m 
south of the fault trace, yielded an exposure age of 14.0 ± 1.6 ka. The sec-
ond sampled boulder (CHR-2), located on a small inset surface in the T4 
tread on the east side of the channel ~200 m from the fault trace, yielded an 
age of 17.5 ± 1.6 ka. Because the base of the CHR-2 boulder is broad and 
the top extends well above the T4 surface, it is unlikely that the sampled 
portion of this boulder was ever buried after deposition of the T4 surface. 
Thus, although we only have two CRN ages here, they are consistent with 
occupation of the T4 surface sometime between ca. 12.4 and 19.1 ka.

Although two exposure ages are, in isolation, not suffi cient to reli-
ably date abandonment of the T4 tread, three lines of argument suggest 
that these ages provide a reasonable approximation. First, the morpho-
logic character and landscape position of the T4 terrace as an extensive, 
broad surface suggest correlation with the highest terraces at Deng Qin 
and Ken Mu Da (T4) and at Ouarr Goth Qu (T3). Second, the CRN ages 
overlap with these well-dated surfaces (T4 at Deng Qin and Ken Mu Da 
ca. 15 ka, and T2 at Ola Xu Ma ca. 15 ka). Thus, we consider it likely 
that these surfaces were abandoned nearly synchronously, probably in 
response to deglaciation of their headwaters during the latest Pleisto-
cene. Third, the charcoal from the inset T2 surface places a minimum 
constraint on the abandonment of T4 of ca. 10 ka. Thus, the CRN ages 
are not unreasonably old, as might be the case if inheritance were a sig-
nifi cant component of 10Be concentrations.

Given that the range of displaced markers at this site (T3/T4 riser, 
39 ± 5 m; T2b/T4 riser, 36 ± 5 m; and T3 boulder levee, 35 ± 5 m) 
suggests 30–45 m of displacement, we can be reasonably confi dent 
of the minimum slip rate. If the oldest CRN age (ca. 19 ka) is taken 
as a measure of T4 abandonment, then the slip rate must be at least 
~1.6–2.4 m/k.y. (Fig. 9). If, however, the T4 terrace was abandoned 
closer to ca. 15 ka, as suggested by the regional correlation with well-
dated sites, then the corresponding minimum slip rate is a bit higher, 
between 2.0 and 3.0 m/k.y.

Estimating the maximum allowable slip rate at this site is a bit more 
uncertain, and relies heavily on the radiocarbon age from T2. If the 22 
± 5 m of displacement of the T2/T2b riser accumulated after abandon-
ment of the T2 tread, this suggests that maximum allowable slip rates 
over the past 10 k.y. have been between 1.7 and 2.7 m/k.y., similar to 
the minimum rates discussed previously. However, the T2/T3 riser north 
of the fault is strongly curved, suggesting that it may have been eroded 
somewhat during development of the T2 tread (Fig. 7). If this was the 
case, the true offset could be somewhat greater, implying correspond-
ingly greater slip rates. Displacements of markers associated with T3 
and T4, however, allow us to estimate an absolute maximum slip rate. 

Figure 8. Interpreted fi eld photograph of the 22 ± 5 m offset of the T2/

T2b-T3 riser at the Qi Er Er site. View is to the NW across the trace of the 

fault zone.
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It is clear that the entirety of 30–45 m displacement observed from the 
T3/T4 features must have accumulated subsequent to abandonment of 
T2. Thus, slip rates over the past 10 k.y. could not have been greater 
than 3.0–4.5 m/k.y. at this site. Our preferred correlations (T4 with the 
regional ~14–15 ka terrace abandonment event) lead us to argue that the 
most likely slip rate at this site is 2.3–4.4 m/k.y.

SUMMARY OF MILLENNIAL SLIP RATES

In this work, we discuss all slip rates as the range of allowable rates 
rather than the more commonly reported mean value with an uncertainty 
range. Lacking additional geologic constraint, we regard all rates within 
reported ranges to be equally likely. Our new results are consistent with 
previous studies of Kirby et al. (2007) and show that millennial slip rates 
along the eastern Kunlun fault generally decrease eastward, decreasing 
to ~1 mm/yr near ~102°E (Fig. 10). Thus, the primary implication of our 
results is that the slip rate along the Kunlun fault during the latest Pleis-
tocene and Holocene varies strongly over the eastern 200–300 km of the 

fault system. It appears that most of the modern slip along the Kunlun fault 
system terminates near the town of Maqu, well west of the eastern margin 
of the Tibetan Plateau.

The median values of the slip-rate ranges at the East Kending Na and 
Ola Xu Ma sites are low when compared to the slip rates at Deng Qin and 
Ken Mu Da. We emphasize that this may in part be due to the large range 
of allowable ages of offset features at these sites, rather than actual likeli-
hood of slower rates. Geometric complexity and the presence of multiple 
fault strands near Ola Xu Ma, however, may also explain why slip rates at 
this site are low relative to sites farther east (Fig. 10); additional displace-
ment may be present on additional fault strands within the Kunlun fault 
zone. Similarly, East Kending Na is located just west of an area where 
the trace of the Kunlun fault becomes obscure, implying that slip may 
be distributed over a wider zone of faults rather than along a single fault 
plane. Although second order to the overall trend of decreasing slip rates 
to the east, these effects refl ect the kinematic complexity of the eastern 
Kunlun fault and caution against characterizing fault-zone displacement 
rates based on a single location.
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Figure 10. Plots of millennial slip rates versus distance along the Kunlun fault. Rate estimates in panels A, B, and C are symbol-

keyed to their sources; black boxes are rates reported in Van der Woerd et al. (2002b) and Li et al. (2005), gray boxes are from 
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Lin et al., 2002; Tapponnier and Molnar, 1977; Van der Woerd et al., 2002a). (B) Slip-rate estimates determined along the eastern 

Kunlun fault. (C) Shaded relief map of the locations and associated slip rates at sites along the eastern Kunlun fault. Sites dis-
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STRUCTURES PROXIMAL TO THE EASTERN KUNLUN FAULT

Termination of a major, rapidly slipping strike-slip fault requires that 
displacement somehow be absorbed by deformation of the crust adjacent 
to the fault system. Such deformation might be expressed as distributed 
deformation in the crust surrounding the leading fault tip, or it could be 
taken up by slip on subsidiary structures adjacent to the primary fault 
strand. This explanation is typically considered a means by which slip 
along the Kunlun fault can be transferred to the edge of the Tibetan Pla-
teau, via faults along the valley of the Bailong Jiang (river) (e.g., Van der 
Woerd et al., 2002b). In this section, we present observations that place 
constraints on the degree of Quaternary activity along these structures.

Duo Song Valley

North of the Kunlun fault, the Duo Song River valley (Fig. 11) is 
bounded on the north side by a linear range front that trends subparallel to 
the strike of the Kunlun fault. Faceted bedrock spurs suggest that the range 
front is bounded by a fault zone with some degree of Quaternary dip slip 
(supplemental Fig. DR10 [see footnote 1]). Geomorphic evidence of slip 
on the fault dies out at the eastern head of the valley, and it appears that the 
fault terminates at this pass. We were unable to observe defi nitive evidence 
of lateral slip. However, folded pre-Mesozoic strata exhibit an apparent 
left-lateral separation of ~10 km across the valley, although the planar con-
tacts do not form precise piercing points. If this separation is indicative 
of lateral slip, it must be a relatively ancient feature; at the eastern end of 
the valley, the fault is overlapped by Cretaceous–early Tertiary terrestrial 
sediments that are continuous across the fault. Thus, we consider the Duo 
Song structure to be primarily a pre-Tertiary fault that may have undergone 
slight reactivation during recent deformation. It does not appear to transfer 
a signifi cant amount of left-lateral slip from the main Kunlun fault system.

North Anyemaqen Structure

One candidate structure that appears prominently on regional maps of 
Tibetan faults (e.g., Yin and Harrison, 2000) occurs ~50–100 km north of 
the Kunlun fault, between ~99°E and ~101°E. This structure is mapped 
primarily along a series of linear, E-W valleys (Fig. 11). We explored the 

easternmost of these valleys and discovered north-facing scarps and fac-
eted bedrock interfl uves developed along the southern margin of the val-
ley (supplemental Fig. DR11 [see footnote 1]). These landforms suggest 
recent activity along a range-bounding fault.

Two 14C samples were extracted from a terrace surface along a chan-
nel that crosses the range front at ~100.74°E. This terrace tread makes a 
broad alluvial surface across the projected trend of the range front and 
does not display scarps or other evidence of active faulting. Similarly, soil 
horizons developed in this terrace surface show no evidence of disruption 
across the trend of the range front. This channel is one of several channels 
that cross the range front in the vicinity of 100.7°E, all of which have 
similar terrace surfaces that do not show signs of active faulting. One of 
the samples, consisting of charcoal extracted from fl uvial gravels ~10 cm 
below the 2-m-thick loess cap, did not contain enough 14C for age analysis 
(Table 2). The second sample, consisting of snail shells extracted from the 
base of the overlying loess cap, yielded an uncalibrated 14C age of 28,460 
± 300 yr B.P. Thus, alluvial terraces in this region appear to be quite old, 
>25–30 ka, and constrain the most recent event on this fault to sometime 
in the Pleistocene. Thus, the fault appears to be a rather minor structure 
and does not apparently transfer a signifi cant amount of slip away from the 
primary trace of the Kunlun fault.

Awoncong Fault

South of the Kunlun fault, there are two parallel valleys that trend 
NW-SE (~140°) (Fig. 11). The linearity of mountain fronts along the 
southwestern valley walls suggests that recently active faults occupy 
the valleys (e.g., Van der Woerd et al., 2002b, their Fig. 27). In order to 
determine the possibility of fault activity and associated sense of slip, we 
explored both valleys. The eastern valley exhibits a sharp, linear range 
front along the western valley wall. Numerous faceted spurs, displaced 
bedrock interfl uves, and scarps along the range front imply Quaternary 
activity along a fault zone with left-lateral displacement. We informally 
refer to this fault as the Awoncong fault, named for a nearby town.

Where we observed truncated and displaced bedrock interfl uves, they 
appear to consistently be displaced in a left-lateral sense (Fig. 12). How-
ever, the majority of alluvial deposits do not appear to be cut by the fault; 
we only observed scarps in the highest deposits. Thus, we tentatively 

Figure 11. Simplifi ed geologic 

map of the region around the 

easternmost Kunlun fault. Major 

structural features discussed in 

the text are labeled.
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consider that this structure is also a minor fault, one that does not currently 
transfer a signifi cant amount of slip from the Kunlun fault. Regardless 
of the slip rate, the geomorphic expression of the Awoncong fault sug-
gests a north-side-down component of displacement. The Yellow River is 
entrenched in a narrow canyon in the mountains south of the fault, whereas 
it develops a broad fl oodplain with multiple threaded channels north of the 
fault that we interpret to refl ect long-term relative subsidence of the north-
ern fault block. Toward the northwest, the fault trace becomes indistinct 
in high, mountainous topography near the Kunlun fault; likewise, toward 
the southeast, the fault trace becomes indistinct and obscured by alluvium 
associated with the margin of the Roergai Basin. Thus, although the slip 
rate of this structure is uncertain, it probably does not act to transfer slip 
from the Kunlun fault to other structures. Rather, it appears to refl ect 
deformation and perhaps NE-directed shortening surrounding the eastern 
tip of the Kunlun fault.

West of this structure, there is a second, northwest-trending valley that 
intersects the Yellow River at the small town of Muxi He. Fault-related 
offsets of Quaternary landforms are not observable in remotely sensed 
images of the Muxi He valley (both Landsat and Corona imagery). In 
addition, the Muxi He valley structure has a limited strike extent and does 
not appear to directly link up to Kunlun fault to the north. Thus, this struc-
ture does not appear likely to absorb a signifi cant amount of lateral slip 
from the Kunlun fault.

DISCUSSION

Constraints on Total Displacement along the Eastern Kunlun Fault

The Kunlun fault is clearly associated with the Early Jurassic Any-
emaqen-Kunlun-Muztagh suture (Dewey et al., 1988). However, the his-
tory of slip along this lithospheric boundary remains unclear largely due 
to the lack of any well-determined estimates of total displacement along 
the system during the Cenozoic. Although Fu and Awata (2007) argued 
for correlations among Jurassic plutons and Cretaceous basins and 
inferred ~120 km of displacement along the eastern Kunlun fault, the 
timing of this movement is highly uncertain and could have even been 

associated with the development of the basins themselves. Crosscutting 
relationships between the eastern end of the Duo Song Valley fault and 
an undeformed package of Cretaceous–early Tertiary sediments implies 
that this structure has been inactive since that time (Fig. 11). This rela-
tionship suggests at least two temporally distinct episodes of left-lateral 
shear: an early event that predates the early Cenozoic, and a later event 
that continues to the present. This history signifi cantly complicates the 
interpretation of displacements inferred from displaced bedrock fea-
tures, and deconvolving the Cenozoic history of slip along the Kunlun 
fault remains a challenge.

Seismotectonics along the Eastern Kunlun Fault

Our new results confi rm earlier interpretations of along-strike varia-
tions in slip rate along the eastern segment of the Kunlun fault (e.g., Kirby 
et al., 2007). Slip rates over the past 10–20 k.y. decrease systematically 
along the Kunlun fault between ~100°E and ~102°E (Fig. 10). Because 
our study utilizes geomorphic markers, each of which is displaced by 
20 m or more, these results represent the average rate of slip along the 
fault. A recent paleosesimic study along the segment of the fault near 
Maqu (Lin and Guo, 2008) revealed evidence for up to nine individual 
events during the past 10 k.y. These authors also argued from offset gul-
lies that the lateral component of slip during the most recent event was 
~2–3 m. Both of these observations are entirely compatible with slip rates 
of ~2 m/k.y. at the easternmost site along the Kunlun fault (Ouarr Goth 
Qu). More importantly, these results suggest that our slip-rate estimates 
are not strongly biased by seismic cycle effects. That is, low slip rates 
inferred at our easternmost sites still represent multiple events and are not 
an artifact of single- or double-event rates.

Our results thus raise the question of how such spatial variations 
in co-seismic strain release are accomplished. Do the higher slip rates 
along the Kunlun fault between Maqu and Dawu (Fig. 10) refl ect more 
frequent earthquakes during the past 20 k.y., larger events with greater 
displacement, or, potentially, a greater fraction of aseismic slip? We 
cannot satisfactorily answer these questions at this time. However, we 
believe they provide strong motivation for additional paleoseismic stud-
ies along the Kunlun fault.

Kinematic and Geometric Complexity of the Eastern Kunlun Fault

Between ~100.5°E and 101.3°E, the Kunlun fault assumes a generally 
releasing-bend geometry relative to the trace of the fault east and west of 
this zone. Between Ola Xu Ma and Deng Qin, the trace of the Kunlun fault 
makes a prominent left step within a distinctly wide portion of its hosting 
valley. The southern side of this valley bears evidence of north-side-down 
extensional faulting in the form of normal fault scarps and a prominent 
linear contact between valley fl oor alluvium and the bedrock range front. 
Thus, we interpret this part of the Kunlun fault as an active pull-apart basin 
within a zone of transtension.

Interestingly, displacement along this portion of the Kunlun fault 
appears to be partitioned between predominantly strike- and dip-slip 
structures. Because there appears to be only a small amount of strike-slip 
on the normal faults active along the southern side of the valley, these 
normal faults thus accommodate extension associated with the pull-apart 
geometry. Several kilometers north of the normal-faulted range front, a 
discontinuous fault trace exhibits only evidence of left-lateral strike slip 
within the valley fi ll alluvium. This structure is therefore interpreted to 
accommodate primarily lateral slip, albeit at a slower slip rate than pure 
strike-slip segments of the Kunlun fault zone. Although not directly dated, 
the normal-faulted and uplifted fl uvial terraces in the bedrock range likely 

Figure 12. Field photograph from the Awoncong fault. Left-lateral and 

northeast-side-down bedrock offsets are apparent, although obvious off-

set of valley fl oor alluvium is lacking.
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have a similar formation age to the strike-slip offset terraces at Ola Xu Ma 
and elsewhere. As a result, strike- and dip-slip events partitioned from the 
total strain budget within the releasing bend appear to be coeval, at least at 
timescales of thousands of years and longer.

We also note that this releasing bend in the Kunlun fault zone is devel-
oped such that the fault steps to the north of an extensive suite of granite 
plutons exposed at ~101.5°E (Fig. 11). Because these plutons are likely 
to be both mechanically stronger than the fl ysch country rock and more 
extensive in the subsurface than in outcrop, we suggest that the releas-
ing bend is developed where shear along the Kunlun fault zone is accom-
modated at the edges of this granite body. This relationship implies an 
upper-crustal control on regional fault kinematics. Conversely, along the 
transpressional extent of the Kunlun fault zone, where the restraining bend 
has driven uplift of the Anyemaqen Massif, we do not observe evidence of 
this kind of dip- and strike-slip partitioning. Rather, both the contractional 
and horizontal shear components of fault slip appear to be accommodated 
by oblique motion on a single main fault trace.

Finally, we note that a geometric restoration across the releasing bend 
provides a crude estimate of total amount of displacement across the pres-
ent trace of the Kunlun fault zone (e.g., Fu and Awata, 2007). The topog-
raphy of the pull-apart restores with ~30 km of right-lateral strike-slip 
along an azimuth of 110°, corresponding to the trend of the adjacent pure 
strike-slip portions of the fault zone. Thus, the actual amount of left-lateral 
shear along the Kunlun fault zone associated with the formation of this 
pull-apart must be less than this amount. Although speculative, we note 
that the Kunlun fault slip rate at Deng Qin and Ken Mu Da of ~5 m/k.y. 
could accommodate this maximum of 30 km of displacement in ~6 m.y.

Possible Modes of Fault Termination

The strong similarity between the slip-rate gradient that our results 
reveal along the eastern Kunlun fault and displacement-length variations 
observed for non–plate boundary faults (e.g., Schlische et al., 1996) 
invites comparison between these data. Globally, isolated, noninteract-
ing fault systems exhibit a systematic scaling relationship between fault 
length and total displacement (global average ~0.03; Schlische et al., 
1996) that evolves as a competition between fault growth and accumu-
lated displacement (cf. Cowie and Scholz, 1992; Walsh et al., 2002). 
Departures from this global average are easily understood as a conse-
quence of fault interaction (e.g., Gupta and Scholz, 2000) that may drive 
temporal changes in fault slip rate (e.g., Gupta et al., 1998; Roberts and 
Michetti, 2004)

Because the evolution of crustal-scale strike-slip fault systems is dif-
fi cult to characterize, there are relatively few studies that pertain directly 
to this class of faults. Much of the thinking about strike-slip faults derives 
from the work of Wesnousky (1998), who argued that the complexity of 
strike-slip faults (their segmentation) scales inversely with the total dis-
placement. This model implicitly assumes that the surface expression 
of a strike-slip fault directly mirrors a localized shear zone at depth, and 
one would not expect strong spatial variations in slip rate across seg-
ment boundaries unless the boundary conditions on the shear zone also 
changed. Cowie et al. (2007), however, recently argued that when one 
looks closely at displacement-length scaling from strike-slip faults (Stir-
ling et al., 1996), they are indistinguishable from the global average. This 
suggests that processes in the brittle crust may also control the growth and 
evolution of strike-slip faults, and thus it is possible that the displacement-
rate gradient observed along the eastern Kunlun fault refl ects the recent 
growth of the fault system.

Within this context, we consider four potential scenarios that may 
explain the slip-rate gradient and apparent termination of the Kunlun fault. 

We evaluate the likelihood of different modes of fault termination based 
on regional geologic observations in the context of millennial slip rates 
along the eastern Kunlun fault.

1. Left-Lateral Displacement along the Central Kunlun Fault Is 

Transferred to Adjacent Strike-Slip Faults

This is the primary mechanism by which slip along the Kunlun fault 
could be linked to either shortening along the margin of the plateau adja-
cent to the Sichuan Basin (e.g., Chen and Yang, 2004; Van der Woerd 
et al., 2002b) or transmitted to strike-slip faults in the western Qinling 
Shan (Peltzer and Saucier, 1996; Van der Woerd et al., 2002b; Zhang et 
al., 1998). Our observations, however, suggest that this mechanism plays 
a relatively minor role. First, we were unable to identify any signifi cant 
structures north or south of the primary trace of the Kunlun fault that 
could transfer slip (and thus account for the slip-rate gradient). Faults in 
the northern Anyemaqen Shan either appear to predate the early Ceno-
zoic (Duo Song fault) or to have minor displacement (North Anyemaqen 
and Awoncong faults). Second, the West Qinling fault system, consid-
ered a prime candidate to transfer slip toward the West Qinling Shan 
(Van der Woerd et al., 2002b), does not exhibit a geomorphic expres-
sion until ~103°E, nearly ~100 km east of the termination of the Kunlun 
fault. Moreover, recent work suggests that the slip rate along the West 
Qinling fault is modest, ~2–3 m/k.y. (Yuan et al., 2007). Third, faults 
south of the Kunlun fault appear to also die out toward the east, into the 
Roergai Basin. Thus, these are not obvious candidates to pass lateral slip 
farther east, and we are forced to consider other mechanisms that may 
absorb slip along the eastern Kunlun fault.

2. Displacement along the Kunlun Fault Is Absorbed by Crustal 

Thickening

The slip-rate gradient along the Kunlun fault could be accommo-
dated by crustal thinning on the north side of the fault and/or thickening 
on the south side, assuming that the region east of the fault is acting as a 
fi xed “backstop” relative to the fault. If crustal thickening or thinning is 
absorbing the entirety of ~10 m/k.y. of shear inferred along the central 
Kunlun fault, then we might expect relatively rapid changes in crustal 
thickness adjacent to the slip-rate gradient. Although the topography 
itself suggests the possibility of ongoing deformation (e.g., Harkins et 
al., 2007), there is little evidence for major shortening, such as that asso-
ciated with the terminus of the Altyn Tagh or Haiyuan fault zones. Thus, 
although we cannot rule out the possibility of distributed rock uplift 
around the eastern fault termination, it seems unlikely that this accom-
modates all of the displacement along the Kunlun fault.

3. The Kunlun Fault Is Relatively Young and Propagating Eastward

If displacement-length scaling provides insight into fault growth, we 
might expect that the Kunlun fault is currently propagating eastward. 
Fractures in brittle solids are expected to extend their strike lengths, or 
outwardly propagate their tips, as some power-law function of displace-
ment (e.g., Lawn, 1975). Although application of these simple models to 
a crustal-scale fault zone is certainly an oversimplifi cation, the similar-
ity between the observed displacement gradient and the global data set 
(Schlische et al., 1996) is striking. Unfortunately, the absence of defi ni-
tive markers of intermediate age along this section of the Kunlun fault 
precludes a quantitative evaluation of the ways in which slip accumulated 
during fault growth. We note that the higher geometric complexity of the 
eastern Kunlun fault zone and the reconstruction of <30 km of strike slip 
across the releasing bend at Ola Xu Ma imply that the total amount of 
displacement here is relatively low. If the eastern segment of the Kunlun 
fault is relatively young, or has not experienced large magnitudes of total 
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strain, then the growth and outward expansion of the Tibetan Plateau is 
not driven by propagation of strike-slip faults (Tapponnier et al., 2001), 
but rather preceded development of the Kunlun fault.

4. Left-Lateral Slip along the Central Kunlun Fault Is Absorbed Via 

Interaction with Regional Clockwise Rotation or Distributed Shear

While geodetic data from the region east of the Kunlun fault are incon-
sistent with shear across E-W planes (e.g., Kirby et al., 2007), geodetic 
velocities reveal the presence of a distributed, dextral shear zone that 
trends NE-SW, i.e., nearly orthogonal to the strike of the eastern Kunlun 
fault (e.g., Burchfi el et al., 2008; Zhang et al., 2004). As noted previously 
(Kirby et al., 2007), shear in this orientation could drive a clockwise rota-
tion of the fault that may be, in part, responsible for the displacement-
rate gradient (England and Molnar, 1990). The scenario would effectively 
result in spatial variations in the regional strain pattern that drives fault 
slip, and thus could support the observed slip-rate gradient at a relatively 
steady-state fault strike length. There is geologic evidence that other por-
tions of the Kunlun fault zone have experienced a signifi cant amount of 
clockwise rotation as well. Yin et al. (2008) cited varying amounts of 
N-S–directed contraction across the Qaidam Basin as evidence of rela-
tive clockwise rotation of the Kunlun Shan, which hosts the western Kun-
lun fault, since the Paleogene. In light of the corroborating geodetic and 
geologic evidence, we consider it likely that interaction with a regional 
rotation or right-lateral, N-S–oriented shear zone accommodated some 
amount of the observed slip-rate gradient. Given the fault slip rates and 
the relatively small amount of total displacement in the vicinity of the Ola 
Xu Ma releasing bend (~5 m/k.y. and <30 km, respectively), either this 
scenario is a relatively young feature or slip rates have recently accelerated 
to their current magnitudes.

Implications for the Dynamics of Tibetan Deformation

At a basic level, the observation that slip rates decrease to near zero at 
the eastern end of the fault implies that slip along the fault system does 
not accomplish extrusion of a central Tibetan lithospheric block relative 
to a northern one (e.g., Kirby et al., 2007). Lithospheric block extru-
sion–type models have driven a great deal of thinking about Tibetan geo-
dynamics (Avouac and Tapponnier, 1993; Tapponnier et al., 1982) and 
still infl uence interpretations of present-day velocity fi elds (e.g., Meade, 
2007; Thatcher, 2007). Both of the latter studies predict that ~6–7 mm/
yr of shear passes between Maqu and the topographic margin of the 
Tibetan Plateau along the Kunlun fault (Fig. 1). However, the apparent 
decrease in slip rates along the primary trace of the Kunlun fault and the 
absence of rapidly slipping structures that could transfer displacement 
away from the primary fault argue that shear associated with the Kunlun 
system dies out by ~102°E.

It is important to note that the termination of the fault system does not 
simply refl ect differences in geodetic strain rates and geologic displace-
ment rates. Although this argument has arisen for other intracontinental 
faults in Asia (e.g., Mériaux et al., 2004), geologically determined slip 
rates and geodetic velocities along the Kunlun fault yield similar estimates 
(cf. Van der Woerd et al., 2002b; Zhang et al., 2004). Strikingly, in detail, 
the geodetic data east of ~102°E (Shen et al., 2005) do not require any left-
lateral shear along the projection of the Kunlun fault (see Fig. 6 of Kirby et 
al., 2007). That is, both geologic slip rates and geodetic data indicate that 
shear associated with the Kunlun fault decreases from west to east. As a 
result, these fi ndings directly contradict block models that predict a con-
tinuous boundary between quasi-rigid blocks east of ~102°E (cf. Meade, 
2007; Thatcher, 2007), and it appears that the deformation fi eld in this 
region is not well described by rigid block–type displacements.

Although we cannot rule out that the Kunlun fault is still lengthen-
ing and propagating eastward, the spatial change in the geodetic velocity 
fi eld along strike of the fault system suggests that the boundary conditions 
driving fault slip are, in part, responsible for variations in slip rate. This 
could refl ect differences in the rheology of Tibetan crust (e.g., Hilley et 
al., 2009). Alternatively, this could refl ect changes in the far-fi eld stress 
along the fault zone, as would be the case if the slip-rate gradient were 
accommodated by regional rotation of the Kunlun fault zone. Regardless, 
the termination of such a major fault system within an active orogen is 
unusual and challenges some of our simple models of intracontinental 
deformation. Currently, we consider shortening within the surrounding 
crust or regional rotation of the fault zone as equally likely accommoda-
tion mechanisms for the slip-rate gradient along the eastern Kunlun fault. 
Potentially, both of these mechanisms could be active together, whereby 
the N-S–oriented dextral shear associated with the rotation is also respon-
sible for distributed shortening in the crust surrounding the fault. Finally, 
we reemphasize that the detailed description of the distribution of shear 
along the eastern Kunlun fault provided herein could be compared to 
mechanical models to provide more quantitative constraint on both local 
lithospheric and crustal rheology and regional kinematics.

CONCLUSIONS

We used displaced Pleistocene to Holocene geomorphic features to 
determine slip rates at four new localities (at the Anyemaqen Massif, East 
Kending Na, Ola Xu Ma, and Qi Er Er sites). When considered in concert 
with four previously published slip rates along the eastern ~250 km of the 
Kunlun fault system and investigations of adjacent faults, these new slip-
rates constraints allow us to draw the following conclusions:

1. Slip rates along the eastern Kunlun fault systematically decrease east-
ward, from >7 m/k.y. at ~99.5°E to <2 m/k.y. at ~102°E. These rates refl ect 
averages of many earthquake cycles and appear to represent the macro-
scopic behavior of the Kunlun fault since at least late Pleistocene time.

2. Strain partitioning is evident within a geometrically complex, trans-
tensional portion of the fault zone, but it is not observed within a zone of 
transpression. The development of a releasing bend adjacent to a large 
suite of granite plutons implies a degree of upper-crustal mechanical con-
trol on Kunlun fault kinematics.

3. Adjacent secondary fault zones do not appear to transfer slip away 
from the primary trace of the Kunlun fault system. Rather, these faults 
likely refl ect distributed deformation in the crust surrounding the tip of 
the Kunlun fault.

4. The slip-rate gradient near the tip of the eastern Kunlun fault zone may 
indicate that the eastern segment of the fault is relatively young. Alterna-
tively, interaction of the Kunlun fault with a zone of regional clockwise rota-
tion and/or distributed shortening may absorb displacement along the fault.

5. Deformation in the region around the eastern Kunlun fault is poorly 
described by “rigid-block” style kinematic models, which predict the 
transfer of shear along the Kunlun fault to be accommodated outside of the 
Tibetan Plateau. Instead, shear along the Kunlun fault is accommodated or 
absorbed internal to the Tibetan Plateau.
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