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ABSTRACT

Cosmic ray exposure dates (based on in
situ—produced 1°Be), in combination with mea-
sured heights of fault scarps that cut three
abandoned fans, imply a dip rate of lessthan
~2mm/yr on thebounding thrust fault alonga
segment of the southern flank of the Tien Shan
of central Asia. Thisrate, somewhat lower than
those for the segment farther west and for the
northern margin of the belt, impliesthat the
distribution of shortening acrosstheTien Shan
must changemarkedly alongthebet. Thedate
of abandonment of the smallest of the three
fansis consistent with fan formation sincethe
last glacial maximum, but the other two fans
appear to have been formed and abandoned
prior tothat time. Theseand other resultssug-
gest that advances and retreats of alpine glac-
iersmay not be synchronized with continental
ice sheetsand that not all prominent geomor -
phological featuresin arid Asian regions have
formed sincethelast glacial maximum.

In thisstudy we have assessed therelation-
ship between cosmogenic nuclide content of
individual clastsand thetime sincetheir dep-
osition on a surface. Cosmogenic nuclide ac-
cumulation represents the integrated total
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surface exposure of rocksin source regions
during transport and since deposition. Post-
depositional processes (erosion, burial, bio-
turbation, and cryoturbation), all of which
decrease the quantity of cosmogenic nuclides
produced in arock in agiven time and hence
the apparent exposure age, also cause signifi-
cant scatter among apparent ages of samples
from the surfaces. Very low 1°Be concentr a-
tionsin material from active streambeds and
at depth below one of the fan surfacesindi-
cate that exposure prior to deposition onto
fan surfaces was minimal (<~2000 yr); it fol-
lows that the dates for individual clastsare
lower limitsfor the time since abandonment
of the fans. Because such dates place lower
bounds on the time sinceinitiation of scarp
preservation, the associated dlip rates should
represent upper limits.

INTRODUCTION

Among active intracontinental mountain
belts, the Tien Shan of central Asiaisthe highest
and most active. This east-west—trending belt is
nearly 2000 km long and consists of high ranges
separated by linear sedimentary basins filled
with asmuch as 1-2 km of Cenozoic debris (Fig.
1) (Sadybakasov, 1990). Thrust or reversedlip on
faults dipping from the edges of the basins be-
neath the ranges has created the basin-and-range
landscape (Makarov, 1977; Sadybakasov, 1990).
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Fault-plane solutions of virtualy all earthquakes
demonstrate such faulting, and locations of
earthquakes confirm that deformation occurs
throughout the range. Theregion has high relief;
both the highest mountain outside the Himalaya-
Karakorum region (Peak Pobedy, 7439 m, onthe
border of Kyrgyzstan and Xinjiang) and the sec-
ond lowest region in the world (the Turfan de-
pression, —154 m) are within the Tien Shan.
Three earthquakes in this century were assigned
magnitudes greater than 8, and at |east two from
the previous century demonstrated a high level
of seismicity (e.g., Molnar and Deng, 1984;
Richter, 1958).

The simple aspects of the topography and the
style of deformation reveal alinear character, sug-
gesting the creation of aclassical two-dimensional
mountain belt, but there are obscure marked varia:
tions along the belt. The underlying upper mantle
structure, inferred from gravity anomalies (Burov
et a., 1990), seismic anisotropy (Makeyevaet d.,
1992), and P-wave traveltimes (Roecker et a.,
1993), suggests that there is as much variation
along the belt as acrossit. Mgjor strike-dip faults
obliquely cross the Tien Shan and divide the belt
into segmentsof different widths. Moreover, some
segments of the Tien Shan are bounded by clearly
active fold-and-thrust belts, where sedimentary
rock has been detached from the underlying base-
ment (e.g., Avouac et d., 1993; Burchfidl, et d. in
press; Feng et d., 1991; Molnar et d., 1994).
Along other parts, however, the mountains rise



abruptly from the edges of the neighboring Tarim
and Dzhungarian basins, indicating active thrust
faulting of the range over the adjacent areas. Asa
result of thisvariety, the Tien Shan hasaspectrum
of structuresthat individually are worthy of study.

Therapid deformation and variety of structure
and style of deformation of the Tien Shan makeit
the outstanding laboratory for the study of intra-
continental mountain building and for the study
of seismic hazardsin such settings. A major mo-
tivation for our work in the Tien Shan derives
from its similarity in style and rate of deforma-
tion to the Transverse Ranges of California. This
study was conceived both asapart of alarger en-
deavor to congtrain the overall rate of shortening
across the belt and as a study of active reverse
faulting along its margin.

Both the fault-plane solutions of earthquakes
and the surface geology at the margins of the Tien
Shan suggest that fault planes dip at roughly
15°-45° beneath the range. In general, active
faultsdo not mark the contact of the pre-Cenozoic
rock with thelate Cenozoic sedimentsin the adja-
cent basins. Where we have seen pre-Cenozoic
rock, both on the northern and southern sides of
the range, it dips steeply (30°—40°) toward the
adjacent Tarim, or Dzhungarian, basin. Thus, this
pre-Cenozoic rock seemsto have been folded over
aramp anticline and is above the segment of the
thrust fault that dips gently beneath the edge of the
belt (Fig. 2). In two places, one on the north side
and the other on the south side of the Tien Shan,
Burchfiel et al. (in press) mapped inactive but
young faultsat the contacts between pre-Cenozoic
and older Quaternary rocks at the range fronts. In
both places the fault dips about 40° beneath the
range. Where afold and thrust belt bounds the
range, dip on theflat part of the thrust fault has
detached the sedimentary cover from the basement
of the Tarim (or Dzhungarian) basin (e.g., Avouac
etal., 1993; Burchfie et d., in press). Thewidth of
the belt where Mesozoic and Cenozoic sedimen-
tary rocks have been detached and folded is com-
monly 20-40 km. Wherenofold-and-thrust beltis
present, an active scarp crops out near the edge of
the pre-Cenozoic rock, 1-2 km fromiit, but not at
the contact between them.

We concentrated on asegment of the southern
edge of the Tien Shan where prominent scarps
cross fans that show evidence of deposition by
both alluvial and debris-flow processes (Figs. 3
and 4) but little evidence of deposition of eolian
silt. We saw only one fresh scarp throughout the
length of this segment, indicating that the main
thrust fault beneath the edge of the belt has
reached the surface as a single fault surface, and
not asaset of splays. Thus, aquantification of the
rate of offset on the fault provides aconstraint on
therate at which the Tarim basin is being under-
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thrust beneath the southern margin of the Tien
Shan at thislocality.

SAMPLING AND ANALYSES

The steps toward estimating a rate of under-
thrusting, and hence afraction of the overall con-
vergencerate, consist of (1) quantifying the verti-
ca component of displacement, (2) dating aluvia
fans that have been offset by faults, and (3) esti-
mating thedip of thefault for calculation of ahor-

50°N 3 70°E

35

30'N

70°E

izontal rate from the vertical rate. The first of
theseisrelatively straightforward. Dating thefans
requires quantification of a number of uncertain-
tiesand considerabl e attention. Much of thisstudy
examinesresidencetimes of cobblesand boulders
in high-energy environments before deposition
into thefans, and erosonrates of fansin desert en-
vironments. Uncertainties in the dip of the faults
responsible for the scarps we measured result in
an uncertainty of afactor of at least twointherate
of underthrusting.
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Figure 1. Map of central Asia showing the Tien Shan and itssurroundings.

Fold-and-Thrust Belt

Figure 2. Sketch contrasting the situation of our field sitewith that of a fold-and-thrust belt.
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Figure 3. Topographical map of theregion of thisstudy. The areas of the three fans surveyed are outlined.

Total Station M easurements

Heights of Scarps. We constructed topo-
graphic maps and profiles of portions of three
fans cut by fault scarps (Figs. 5A, 6A, and 7A).
All threefans arelargely inactive; mgjor streams
have incised into them and isolated the fan sur-
faces from active stream erosion and deposition.
We used atota station, acombination of theodo-
lite and distance ranging device, to map the fans
and scarps. Uncertaintiesin horizontal positions
and heights of surveyed pointsareafew centime-
ters, negligible compared with small-scale relief
onthefans.

We concentrated our efforts on one fan (the
central fan), the largest of the three we studied
(Fig. 5). At this site we constructed two long,
paralel profiles from the range front to the
southern edge of the inactive fan. We also
mapped in detail a section approximately 250 m
by 500 m, in order to define the variation in
topography on both the fan and the scarp (Fig. 5,
B and C). We then constructed anumber of short
profiles acrossthe scarp to definethe trace of the
fault, which is not linear. Active streams cur-
rently erode the regions east and west of the sec-
tions mapped in Figure 5A.

We mapped two other abandoned fans, one ap-
proximately 600 m to the east (Fig. 6), and the
other (Fig. 7) approximately 5 km west of the cen-
tra fan. We noted in thefield that the character of

the surface of the eastern fan differed from that of
the central fan; its rougher texture suggests that
thissmaller fanisyounger. Thewesternfan (Figs.
2 and 7) probably represents only asmall fraction
of what may have been amuch larger fan. For the
eastern and western fans, and for the areas outside
of the detailed survey in Figure 5C, we did not
make an effort to define relief on the fans except
at the scarp. Instead, we measured heightsonly on
broad crests of the low, flat ridges between the
gulliesthat have cut into the fans. The aress en-
compassed by the latter two surveys cover essen-
tially the entire remnants of the fans, so that the
boundaries of the mapped areas mark the edges of
the areas not eroded by active streams.

To estimate vertical components of offset, we
constructed profiles perpendicular to the scarps
for dl threefans. Long profiles across the central
fan reveal somerelief onthefan aboveand below
the fault scarp (Fig. 5B). Nevertheless, the verti-
cal offset of 23 (x2 m) iswell constrained. Relief
islarge at the scarp, because of both the offset
and significant erosion of the fan (Fig. 5, B and
C). Thetopography of thisfan commonly varies
by 24 m over distances of 50 m; gullies are as
deep as 10 m near the scarp. Hence, dthough ac-
tive streams do not crossthe segments of fansthat
we mapped, there must have been someincision
of the fans by ephemeral streams after the major
streams emanating from the adjacent mountains
abandoned the fans. The morphology of the
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scarps shows no indication of evolution toward a
smooth profile by gradua transfer of material at
rates proportional to local slope, and therefore
obeys the diffusion equation (e.g., Hanks et al.,
1984). For thisreason we made no effort to apply
error-function solutionsto topographic profilesto
estimate rates of scarp evolution or dates of initi-
ation of faulting. Profiles across the eastern fan
demonstrate a vertical component of displace-
ment of 8.2 (+0.5) m (Fig. 6B). The surface of the
western fan dips in a direction oblique to the
trend of its scarp, and its northwestern and south-
eastern margins have been destroyed by erosion.
A profile, nevertheless, yields a vertical offset of
38 (+2) m (Fig. 6C).

Dips of Faults. Inferring either a horizontal
component of displacement, or acomponent par-
allel tothedip of thefault, requiresan estimate of
thedip of thefault near the surface. Theavailable
data may be used to place bounds on, but not
make accurate estimates of, such dips. In princi-
ple, if aplanar fault surface intersects the irregu-
lar surface of the Earth, the trace of the scarp can
define the orientation of the plane. Specificaly, a
planar fault dipping northward beneath land-
formshaving aregiona dip to the south will pro-
duce a scalloped surface trace that curves south-
ward over the highest terrain and northward into
the lowest terrain.

The trace of the scarp we studied isirregular
and clearly does not display such characteristics.
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The fault crosses arelatively low-lying region
between the central and eastern fan segments
(Fig. 5A). Within that region we mapped an area
(x=1460 m, y = 1000 m, in Fig. 5A) where we
recognized a small fragment of the ~8 m scarp
associated with the eastern fan. At thislow point
no curvature to the north could be seen. Thus, we
conclude that, at |east near the surface, the fault
trace cannot be planar. If the fault surface were
corrugated, and slip were parallel to the corruga-
tions, the intersection of the fault with the
Earth’'s surface could form the irregular trace
that we observe. However, justifying such an as-
sumption would be difficult, and determining the
slip vector would be virtually impossible.

Other facts constrain possible dips of thefault.
Fault-plane solutions of earthquakes in the Tien
Shan show typical dips, 8, of ~15°-45° (Ekstrom,
1987; Nelson et al., 1987; Ni, 1978; Shirokova,
1967, 1974; Tapponnier and Molnar, 1979). Nel-
sonetal. (1987) inferred 6 = 41° for an event ~75
km west of our study area, the only earthquake
within 100 km for which we have found areli-
able solution. Moderate and large earthquakes
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apparently occur beneath the pre-Cenozoic rock
of the Tien Shan, and the faults activated by such
earthquakes appear to dip more steeply beneath
the mountains than near the edge of the ranges
(e.g., Avouac et a., 1993; Burchfiel et d., in
press). Thus, the faultsthat have created scarps at
the surface should dip more gently than 45°.

In fold-and-thrust belts, thrust faults com-
monly are parallel to bedding planes, which in
turn have been flexed down toward therange. On
the north side of the Tien Shan, balanced cross
sections across the range suggest dips of the
basement of about 5° (Burchfidl et al., in press).
In the parts of the south side where no fold-and-
thrust belt has developed, but the basement has
been flexed down 6-8 km (Terman et d., 1967),
the basement must dip at least as steeply as 5°,
and any fault emanating from that surface must
dip more steeply.

Thus, given an absolute lower bound of 5°
and an upper bound of 45°, we assumed an av-
erage value of & = 14.5° with arange of 9.5° to
30°; this makes calculations simple, because
(snd)t=4=+2

Geological Society of AmericaBulletin, March 1998

Figure 4. Photographs of the three scarps. (A) Thelargest of the
fans, the central fan, looking eastward along the 23 m offset scarp.
Large (~2m) bouldersarevisibleon thescarp or in activegullies, but
not at the broad flat relicts of the fan surface. (B) The eastern fan,
viewed from the south, showing the 8 m scarp. The broad surfaces
between the erosional gullies were targeted for sampling. (C) The
western fan, viewed from the southeast, showing the 38 m scarp. In
theforeground, rounded cobblesand bouldersof the currently active
streambed arevisible.

Cosmic Ray Exposure Dates

Theory. On Earth, cosmogenic nuclides (in-
cluding ®He, 19Be, 14C, ZNe, A, 36Cl) are pro-
duced by nuclear reactions induced by interac-
tion of high energy cosmic rays and terrestrial
meatter. Such reactions occur not only in the at-
mosphere but also in situ within mineral lattices
of rock exposed at the Earth’s surface. Quartzisa
particularly appropriate mineral for cosmic ray
exposure dating using 1°Be and 28A\l. It is abun-
dant, easily isolated and dissolved in the labora-
tory, and is a compositionally simple mineral
with aminimal number of targets for spallation
reactions (Lal and Arnold, 1985; Yiou et al.,
1984). The exponential attenuation of cosmic ray
neutrons by matter essentialy limitsin situ pro-
duction of these nuclidesto athin skin (afew me-
ters) of the Earth’s crust. The accumulation of
these nuclides may thus be used for quantitative
examination of near-surface exposure histories.
In specific cases cosmogenic nuclide concentra-
tions may be used to date events that have
brought material to the surface from significant
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depths underground (see Cerling and Craig
[1994] for areview of thistechnique).

In generdl, the concentration of a cosmogenic
nuclide, N (atom g %), at depth x (g cm) below a
rock surface asafunction of time (t), may berep-
resented by

Pe Xt a _ e(sL‘1+A)[

N(t) =
U= i F

+N(0)e

where e isamasserosion rate (g cm—2yr 1), Pis
the production rate (atom g1 yr?) at the altitude
and latitude of the exposed surface, L is the ef-
fective attenuation length of cosmicrays(~150g
cm2 for production of 1°Be [Brown et al.,
1992]), A isthe radioactive decay constant (per
year), and N(0) is the cosmogenic nuclide con-
centration at the initiation of the present episode
of surface exposure. Depths and lengths are ex-
pressed in terms of overlying mass per unit area
to eliminate dependence on rock or soil density.
This equation assumes constant rates of produc-
tion and of erosion. Equation 1 has three un-
knowns: €, t, and N(0). If one assumesthat € is
negligible, one may calculate a lower limit for
the exposure age of a surface, but only if expo-
sure prior to the present episode was minimal
[N(0) = Q]. Assessments of prior exposureto cos-
mic rays and of erosional processes are critical
for quantitative application of this technique.

Strategy for 1°Be Sampling. We collected
samplesfor cosmic ray exposure dating from the
surfaces of the three abandoned fans. Our work-
ing assumption is that when the fan surfaces
were active, offsets resulting from movement
aong the fault were rapidly eliminated by ero-
sion on the upper block and deposition on the
lower one. Scarp preservation would have begun
with abandonment and incision of fans, presum-
ably due to decreased sediment load and/or in-
cressed stream power.

Through our sample collection strategy, we at-
tempted to minimize the effects of postdeposi-
tional erosion on the fan surfaces. We sampled
quartz-rich rocks at locd (on the scale of 5to 10
m) flat topographic highs where patinas of desert

Figure 5. Maps of the central fan. (A) Topo-
graphic map of the central fan including the
eastern fan and the small rdict fragment of it
within the active streambed between the two
systems. Areas without measurements have
been left blank. Asterisks represent individual
triangulation points; circlesmark sites of sam-
ple collection for 1°Be analyses. (B) Two long
profilesacrossthescarp used for etimatingthe
total vertical offset of 23 m for the central fan.
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Figureb. (C) Detailed map of a portion of thescarp in the central fan.

varnish had developed on rock surfaces;, we
avoided steep slopes adjacent to gullies or fault
scarps. Although large (2 m) boulders are ex-
posed midslopein the scarpsand gullies, they are
no longer present at fan surfaces. Discrete areas
of rubble (mostly feldspar phenocrysts) from de-
graded individual boulderswerevisibleat flat ar-
eas of ridge crests between the gullies. At such
locations physical erosional processes apparently
do not efficiently remove materia larger than ~1
or 2 cm. We preferred to sample larger rocks, but
the scarcity of quartz-rich rocks with diameters
of more than 10 cm meant that most samples
were pebblesand cobbles5to 10 cmin diameter.

To evaluate the extent of exposure to cosmic
rays in the source regions and during transport,
we collected samples from the seasondly active
streambeds of the rivers that formerly fed the
abandoned fans. These samples do not necessar-
ily reflect the erosiona conditionsat thetimethat
thefanswere active, because present-day erosion
in source regions may be less intense than at the
time of fan deposition. To assess this possibility
we also collected samples at approximately 5 m
subsurface depth from the walls of the canyon
cutting through the central fan. Thismateria was
deposited while the fan was active; assuming
rapid subsequent burial, it may yield amore réli-
able estimate of the duration of prior exposure of
our samples.

10BeAnalyses. We prepared samples of quartz
for determination of %Be (t,,, = 1.5 m.y.). This
nuclideisgood for dating studiesbecauseits pro-
duction in near-surface quartz is essentialy lim-
ited to neutron-induced spallation; it does not
suffer from loss by diffusion; and °Be, the stable
isotope, is present at extremely low concentra-
tions. Quartz-rich samples were crushed and
sieved (0.25-1.0 mm). Other mineral phases
were eliminated by selective etching in H,SIF,
HCl, and HF. This also eliminated potential sur-

382

face contamination by 1°Be produced in the at-
mosphere. The cleaned quartz grains (typicaly
10-20 g) were then completely dissolved in HF.
After addition of 300 pg of Be carrier, targets of
purified Be were prepared for accel erator mass
spectrometric (AMS) analyses. M easurements of
10Be were undertaken at the Tandétron AMS Fa-
cility at Gif-sur-Yvette, France (Raisbeck et al.,
1987, 1994). Analytical uncertainties (reported
throughout as 1s) are based on counting statistics
and conservative assumptions of 5% variability
in machine response, and a 50% uncertainty in
the correction for laboratory and carrier blanks
(Be:®Be = 6 x 10719). Because of the nature of
this study, our strategy, particularly for the low-
level samples from active stream beds, was to
give priority to analysis of more samples rather
than to minimization of analytical uncertainties.
Samples from active stream beds had low 1°Be
contents, al lessthan 70 x 103 atom g (Table 1),
in contrast to measured 1°Be concentrations of
samplesfrom the three fan surfaces, which range
from 234 x 10° to 634 x 10° atom g (Table 2).

To cal culate ages from 19Be concentrationswe
used production rates of 15.4 and of 13.8 atoms
glyr?, for the central and eastern fans and for
the western fan, respectively. These rates are
based on rates representing ~10 k.y. exposure in
the western United States (Nishiizumi et a.,
1989) and are normalized to the latitude and al-
titude of our sites (Lal, 1991). The uncertainties
in these production rates may be as great as
15%-20% (Brook and Kurz, 1993; Clark et al.,
1995). To afirst approximation, uncertaintiesin
production ratesresult in systematic errorsin cal-
culated ages. Rigorous age cal culationswould re-
quire consideration of the temporal variability of
production rates; the errorsinduced in calculated
ages by the use of a constant production rate can
vary with the age of the surface. For interna
comparison of the results from the three surfaces
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we utilize ages with uncertainties based only on
anaytical considerations in terms of 1°Be-years.
We also do this to emphasize that, analogous to
uncalibrated radiocarbon years, our dates do not
represent absol ute ages. However, unlikethe case
of radiocarbon, temporal and spatia variationsin
10Be production rates mean that the relationship
between 1°Be years and calendar years will vary
from one siteto another. Thismust be considered
when comparing cosmic ray exposure datesfrom
different locations. To cd culate absolute ages, re-
ported in calendar years, we include a 20% un-
certainty in the production rate.

DISCUSSION

Prior Exposure and Postdepositional
Processes

The cosmogenic nuclide content of a given
rock (Table 2) reflects the rock’s entire surface
exposure history, integrating its exposure in
source regions and during transport, its exposure
in the depositional fan and inits current position,
and any losses due to radioactive decay (minimal
for 1°Be becauseitshalf-lifeislong relativeto the
rates of processes occurring at this site). All of
these processes must be considered in interpreta
tion of cosmogenic nuclide concentrations.

Exposure prior to deposition can be evaluated
through the concentrationsin clasts within active
streambeds (Table 1). The low levels of 1°Be
(070 x 103 atom g%) in these “geological
blanks” indicate that, under current erosional
conditions, exposure to cosmic raysin sourcere-
gions and during transport corresponds to <4.5
k.y. of exposure at the dtitude of the fans. Com-
parably low 1°Be concentrations (<3 and 24 x 103
atom g1) from the samples taken from the walls
of the canyon cutting through the central fan and
at depths of ~5 m below the surface similarly in-
dicate minimal exposure prior to deposition onto
the active fan and rapid burial after deposition.
The relatively smooth convex shapes of the fans
suggest that deposition onto each of the fan sur-
faceswas fairly uniform until abandonment, and
that abandonment occurred rapidly. These obser-
vations imply that the 1°Be that accumulated in
the samples from the fan surfaces was produced
largely after abandonment of the fans, indicating
that the term N(0) from equation 1 is small or
negligible, andimplying that 1°Be concentrations
may be used at this site to place lower limitson
exposure ages.

An aternative approach to the problem of us-
ing exposure histories of individual claststo de-
fine the timing of deposition and abandonment
of adepositiona surface utilizes amalgamations
of numerous cobbles from the surface to be
dated, and of cobblesfrom depth within that sur-
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Figure 6. Maps of the eastern fan. (A) Topographic map of the eastern fan. Areas without
measurements have been left blank. Asterisksrepresent individual triangulation points; circles
mark sitesof samplecollection for 1°Be analyses. Thelinerepresentstheaxisof theprofileshown
in B. (B) Profile acrossthe eastern fan constraining offset of the scarp at 8 m.

face (Anderson et a., 1996). The samples taken
a depth are analogous to our geological blanks.
The amalgamation approach is appropriate for
geological settings in which the scatter in cos-
mogenic nuclide concentrations of rocks on a
surface is primarily associated with predeposi-
tional processes (variations in total exposure

during exhumation and transport from sourcere-
gions). However, at locations where postdeposi-
tional processes (e.g., burial, erosion, bioturba-
tion, cryoturbation) occur, amalgamation of
samples may be inappropriate. All postdeposi-
tional processes decrease the quantities of cos-
mogenic nuclides that accumulate in a surface
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rock during a given exposure period. Individual
clastsarelikely to have been affected differently
by these processes. At our sites, where prior ex-
posure makes arelatively small contribution to
total cosmogenic nuclide content, the mean age
calculated from an amalgamated sample could
underestimate the time since fan abandonment,
leading to slip rates on the faults that would be
too high.

Estimation of Agesand Slip Rates

Our 19Be results show considerable scatter for
samplesfrom each of the three fan surfaces. The
low values and narrow absolute range of °Bein
the geological blanks relative to these samples
(Tables 1 and 2) imply that the scatter observed
for each of thefan surfacesis not associated with
variable durations of prior exposure, but instead
resultsfrom postdepositiona processesthat were
not uniform acrossfan surfaces. Thelow concen-
trations in the geological blanks also imply that
the exposure ages represent lower limits. It fol-
lows that the apparent age of the sample with the
highest 1°Be concentration most closely ap-
proaches the depositional age of the surface. As-
suming a geological blank of 25 (x21) x 103
atom gt (the mean concentration and standard
deviation of the 12 measured samples; equivalent
to ~2 k.y. exposure on the fans), samples with
maximum concentrations give minimum ages of
22 (+3), 40 (+3), and 35 (+3) x 10% 1%Be yr! for
abandonment of the fans and formation of the
scarps,; these ages in turn correspond to maxi-
mum vertical components of dlip rates of 0.37
(+0.11), 0.58 (+0.07), and 1.09 (+0.11) mm 1°Be
yrfor the eastern, central, and western fans, re-
spectively. Assuming that the fault dips at 14.5°,
these values correspond to maximum total rates
of dip of 1.5 (+0.4), 2.3 (+0.3), and 4.4 (x0.4)
mm 1%Be yr1, respectively. The differences
among the cal culated dip ratesfor thefanscan be
reconciled by four linesof reasoning, all of which
could be significant at our site.

1. The apparently low age of the western fan
(considering the large vertical offset of its scarp)
could be explained by more rapid erosion of that
surface relative to the other fans. The mean
dopes of al three fans, however, are comparable
(~7%) and therefore give no evidence of adiffer-
ent process at the western fan.

2. The effects of postdepositional erosional
processes on accumulation of cosmogenic nu-
clides generally increase with the age of a sur-
face. Thisimpliesthat in agiven erosional regime
the likelihood that cosmic ray exposure ages un-
derestimate deposition ages increases with the
age of the surface. Where prior exposureis mini-
mal, the youngest surface should yield the most
accuratedip rate.
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Figure 7. Maps of the western fan. (A) Topographic map of the western fan. Areas without
measurements have been left blank. Asterisksrepresent individual triangulation points; circles
mark sitesof samplecollection for 1°Be analyses. Thelinerepresentstheaxisof theprofileshown
in B. (B) Profile acrossthe western fan constraining offset of the scarp at 38 m.

3. The higher apparent vertical dip rate at the
western site could also result from a steeper dip
of the fault at the western fan than at the central
and eastern fans. For a given convergencerate, a
steeper fault correspondsto amore rapid vertical
component. Our maps of the traces of the scarps
suggest that thedip isnot constant along the fault
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segment we studied. Furthermore, the dip is not
well constrained. Inclusion of arange of dip,
which wetaketo be9.5° to 30°, in our error prop-
agation yields values of 1.5 (x0.9), 2.3 (£1.2),
and 4.4 (x2.2) mm 1°Beyr for the net dip rates
at thethreefans. Taking the extreme exampl e that
the dip of the fault was 9.5°, 14.5° and 30° at the
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eastern, central and western fans would yield to-
tal dlip rates of 2.3 (0.6), 2.3 (+0.3), and 2.2
(+0.2) mm 19Beyr, respectively.

4. Theinterplay of the timing of earthquakes
and of fan abandonment could also cause some
apparent variability in dip rates. Scarps ranging
from 1 mto as high as 5 m have formed in asso-
ciation with roughly half of the major earth-
guakes in the Tien Shan: the 1812 Nilk earth-
quake, M ~ 8 (Feng, 1987; Yang et d., 1985); the
1842 earthquake, M ~ 7.5 (Feng Xianyue, 1985,
personal commun.); the 1911 Chon-Kemin (or
Kehin) earthquake, M =8.7 (Bogdanovitchetd.,
1914; Kuchai, 1969); the 1914 Barkdl (Balikan
He) earthquake, M = 7.5 (Feng Xianyue, 1985,
personal commun.); and the 1992 Suusamyr
earthquake, M = 7.4 (Ghose et a., 1997). Al-
though much lower scarps, or none at al, have
been assigned to other major earthquakes, we
consider it reasonable that the scarps that we
studied grow by jumpsof 2to4 min mgjor earth-
quakes. If in the next few hundred years amajor
earthquake with avertical component of dip of 3
m occurred, rates of dip deduced from the new
scarps heightswould be greater than those cal cu-
lated here. The dip rate at the eastern fan would
increase by 38% (t0 0.51+ 0.11 mm %Beyrfor
the vertical component), but those of the centra
and western fans would increase by only 13%
and 8%, respectively (to 0.65+ 0.08 and 1.18 +
0.12 mm 1%Be yr, for the vertical component),
reducing the differences among the rates at the
three sites.

At our site, because the geological blanksindi-
cate relatively minor prior exposure, the oldest
age from a given surface is likely to be the most
accurate. We believe that the youngest surface,
being the least affected by postdepositional
processes, yields the best estimate for dip total
rate: an upper limit of ~2 mm1°BeyrL,

SUMMARY AND CONCLUSIONS

We have demonstrated an approach for evalu-
ating the extent of exposure to cosmic rays prior
to deposition of material onto fans. At our study
site, examination of rockscarried by currently ac-
tive streams, and of material deposited on and
buried in fansthat were subsequently abandoned,
indicates that surface exposure in source regions
and during transport is limited to the equivalent
of afew thousand years of 19Be accumulation.
Thisis small relative to the apparent ages of the
fans, which range from 25 to 40 ka. These obser-
vations imply that the scatter in the cosmogenic
nuclide contents of rocks at our study siteis pri-
marily dueto postdepositional processes (erosion
and burial) and that the calculated ages are lower
limits. Accordingly, the sample with the oldest
agefor agiven fan surface placesalower limit on
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TABLE 1. 1°Be CONCENTRATIONS
OF GEOLOGICAL BLANKS

Sample 10ge
identification (108 atom g %)
Central fan

Canyon walls
TS93-29B <2.8
TS93-29C 241+9.0

Active stream
TS93-30C 16.8+9.5
TS93-30D 31.8+33.9
TS93-30F 141+8.1
Western fan

Active stream
TS93-70B 69.6 +22.2
TS93-70D 57.7+19.9
TS93-70F 155+11.1
Eastern fan

Active stream
TS93-71B 31.6+17.0
TS93-71C <10.3
TS93-71E 28.5+9.6

the age of abandonment and an upper limit onthe
dip rate of the fault that cuts the fan. Averaging
ages from a collection of samples would under-
estimate the age of abandonment of the fan and
overestimate the dlip rate.

The oldest ages, 22 (+5), 40 (x9), and 35 (x8)
x 103 calendar yr, for samplestaken from each of
the three fans provide lower limits for the time
since abandonment of the surfaces. In central
Asia, geomorphological events such asthe depo-
sition and subsequent abandonment of riverine
fans have often been assumed to have occurred in
conjunction with the termination of the last
glacial maximum, ca. 10 to 15 ka; glacial melt-
water was the source of the enhanced stream
power necessary for incision and abandonment
of fan surfaces. Assuming that fan abandonment
was associated with incision due to enhanced
stream power, these dates suggest that there may
have been significant regional climatic events
that did not occur synchronously with global
glacial-interglacid cycles, consistent with obser-
vationsthat local apine glaciersdo not necessar-
ily expand and retreat concurrently with global
climatic cycles (Gillespie and Molnar, 1995).
Furthermore, our results indicate that the aban-
donment of two of the three fans probably oc-
curred during thelast glacial period, and certainly
occurred beforeitstermination, supporting recent
suggestions that not all prominent geomorpho-
logical featuresin arid Asian regions formed af-
ter thelast glacia maximum (Molnar eta., 1994,
Ritzet d., 1995).

The cosmic ray exposure dates provide lower
limits for the time since abandonment of the fan
surfaces and yield an upper limit of ~0.4 mm/yr
for the rate of the vertical component of dip on
the fault underlying the fans. This rate corre-
spondsto an upper limit of ~2 mm/yr for thetotal
dlip rate at our site on the southern flank of the
Tien Shan. Thisvalue is consistent with the low

TABLE 2. 1°BE CONCENTRATIONS AND APPARENT EXPOSURE AGES
OF SAMPLES FROM THE THREE FANS

Sample 10ge Apparent age* Position on
identification (103 atomg1) (108 °Be-yr) East (m) North (m)
Eastern fan

TS93-37 355+35 21.5+2.7" 1835 823
TS93-40 344 + 29 208+24 1823 786
TS93-41 253+ 23 148+2.1 1823 787
TS93-44 234 +42 13.6+3.1 1914 945
TS93-45 239+19 139+19 1916 954
TS93-48 313+24 18.8+2.2 1945 934
Central fan

TS93-21 281 +55 16.6 +3.9 667 1274
TS93-22 634 + 47 399+34 659 1315
TS93-23 535 + 40 33.4+3.0 698 1466
TS93-25 369 + 28 224+23 599 1615
TS93-33 390 + 63 23.8+43 543 999
TS93-34 434 + 45 26.7+3.3 613 993
Western fan

TS93-51 250 £ 34 16.3+2.7 130 127
TS93-54 332+40 223+34 142 119
TS93-55 357 +32 242+238 180 139
TS93-56 498 + 40 345+34 316 238
TS93-58 372+33 253+29 321 367
TS93-64 323+ 36 21.7+3.1 459 569
TS93-67 503 + 38 349+3.2 271 694
TS93-68 353 +40 239+34 346 578
TS93-69 344 + 24 23.2+24 346 580

*Corrected for exposure prior to deposition using the mean of the geological

blanks (25 + 21 x 10° atom g™1).

TUncertainties are based only on analytical errors.

end of the range (3 £ 1.5 mm/yr) inferred by
Avouac et a. (1993) for the northern flank of the
Tien Shan, and assumed by them to apply the
south flank.

Although therate of shortening acrossthe Tien
Shanin most areasisonly poorly constrained, the
sum of 3 + 1.5 mm/yr for the northern flank and
2 mm/yr onthe southern flank, ~5+ 2 mm/yr, ap-
pears to be too small. Recent geodetic measure-
ments using Global Positioning System (GPS)
satellitesand receivers show 13+ 2 mm/yr across
~70% of the belt ~1000 km to the west; extrapo-
lation across the entire belt implies a current rate
of ~20 mm/yr (Abdrakhmatov et al., 1996). The
decreasing width of the Tien Shan from west to
east and small paleomagnetic declination differ-
ences between the Tarim basin and Eurasiaimply
that the rate of convergence decreases eastward
(Avouac et a., 1993). However, mapping of Qua-
ternary deformation by Burchfiel et a. (in press)
roughly 200 km west of where we worked indi-
cates that there is between 4.5 and 14 mm/yr of
shortening across the south flank of the Tien
Shan. Although this 4.5 to 14 mm/yr rate is
clearly less than 20 mm/yr , because it applies
only to the southern margin of the Tien Shan, itis
an underestimate for the entire cross section.
Thus, the rate of 5 (+2) mm/yr must underesti-
mate shortening across the portion of the Tien
Shan where we worked.

Such an inference follows from two other ob-
servations. First, active faults can be seen at the
bases of individual ranges within the Tien Shan
100-200 farther east of where we worked,
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though we are aware of no estimates of rates of
dip for any of them. Second, the 1812 Nilk
earthquake, which was assigned a magnitude of
8 and produced a high fresh scarp (Feng, 1987;
Yang et al., 1985), occurred within the Tien Shan
west of where we worked. Moreover, farther
west, where GPS measurements have been
made, deformation occurs throughout the Tien
Shan (Abdrakhmatov et a., 1996; Makarov,
1977; Sadybakasov, 1990). Thus, athough we
are aware of no definitive evidence for late Qua-
ternary deformation within the interior of the
Tien Shan between where we and Avouac et al.
(1993) worked, the evidence from elsewherein
the belt makes such an inference sensible.
These qualitative arguments for shortening
within the Tien Shan north of the terracesthat we
studied obscure a second aspect of deformation
along the belt. The upper bound on the rate that
we obtained for the southern margin of the Tien
Shan is half the lower bound (4.5 mm/yr) that
Burchfiel et a. (in press) inferred for the area
200-300 km west, where a fold-and-thrust belt
has absorbed Quaternary convergence. Because
the two studies consider very different intervals
of time, less than 100 k.y. in this study and 2-3
m.y. by Burchfiel et al., part of the large differ-
ence might result from temporal changesin local
rates of slip. Nevertheless, we suspect that the
difference reflects rea variationsin the distribu-
tion of convergence along the belt. Whereas we
studied faults bounding therange front, the north-
ern flank of the Tien Shan north of where we
worked is bounded by afold-and-thrust belt, that
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studied by Avouac et al. (1993) and aso by
Burchfid et al. (in press). In contrast, 200 km to
the west, the southern margin is bounded by a
fold and thrust belt (where Burchfiel et a. [in
press| estimated shortening to be 4.5 to 14
mm/yr), but the northern flank of the Tien Shan
drops directly to the Dzhungarian basin, without
such abdlt. Thus, both the differencesin ratesand
thedifferencesin styleimply that the distribution
of convergence across cross sectionsvariesaong
the Tien Shan; in some areas a large fraction of
convergenceis absorbed on one side or the other,
and the importance of internal deformation
within the belt also varies along it. Although the
overall rate of shortening does not vary markedly
from placeto place, thedistribution of shortening
does, and this variation must reflect deeper
processes that we do not yet understand.
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