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University of Washington
Abstract
Active tectonics in the central Tien Shan, Kyrgyz Republic
Stephen C. Thompson

Chair of the Supervisory Committee:
Professor Alan R. Gillespie
Department of Earth and Space Sciences

Fault slip rates show that late Quaternary contraction is distributed across the Kyrgyz central Tien
Shan, and not concentrated at its margins. Nearly every intermontane basin contains Neogene
and Quaternary syntectonic strata deformed by Holocene north-south shortening on thrust and
reverse faults. In a region that spans almost two-thirds of the north-south width of the central

Tien Shan, slip rates on eight faults in five basins range from ~0.1 to ~3 mm/yr. Fault slip rates
come from faulted and folded river terraces and from trench-wall exposures. Radiocarbon,
infrared-stimulated luminescemce, and thermoluminescence ages limit ages of terraces and aid in
their regional correlation. A major episode of regional river incision occurred ~13.5-15.7 x 10°
cal yr B.P., coincident with abrupt warming of global climate at the end of the last glacial period.
The penultimate major river incision occurred ~141 ka, coincident with the end of the
penultimate glacial period. T he sum of late Quaternary rates of shortening resembles current
rates of north-south shortening measured using Global Positioning System (GPS) geodesy since
1992. This similarity suggests that deformation is concentrated along major fault zones near
range-basin margins. Such faults, separated by essentially rigid blocks, accommodate most of the

shortening in the upper crust.

Paleoseismic data from offset river terraces and trench exposures of faults in the northern
foreland and intermontane basins provide evidence ~2—4 m of displacement during earthquakes,
and include a ~3.5 m displacerment from the 1885 M = 6.9 Byelovoda earthquake. The range of
displacement is similar to the observed surface displacement after the 1992 M, = 7.3 Suusamyr

earthquake. A preliminary source map of high slip-rate faults across the Kyrgyz central Tien
Shan indicates that a 2—4 m event should occur every ~60-70 years. This result is generally

consistent with the historical record.
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Chapter 1

Introduction

This thesis describes late Quaternary deformation across the Tien Shan, a mountain belt in
central Asia (Figure 1.1). The research, funded by the Continental D-ynamics program at the
National Science Foundation, is part of a multidisciplinary project that uses the central Tien Shan
to learn about intracontinental deformation (Hager et al., 1996). The geological component of
the project focuses on the late Cenozoic kinematics of the central portion of the belt (Figure 1.2):
when and where deformation initiated, how the deformation progressed through time, how much
shortening has occurred, and how geologic shortening was distributed in the late Quaternary. My

thesis addresses the last question.

A major goal is to provide a snapshot in geologic time of how stra.in rates are partitioned
across the belt. This snapshot, which spans several earthquake cycles, consists of late
Quaternary slip rates on the most active faults. Iestimate late Quaternary slip rates across the

northern two-thirds of the central Tien Shan, within the Kyrgyz Republic (Figures 1.2 and 1.3).

A secondary focus is the paleoseismic behavior of the faults. I estimate the displacement,
recurrence, and magnitude of prehistoric ground-rupturing events fromn three sites. The
paleoseismic data provide a link between the geologic slip rates, which measure displacement
over several earthquake cycles, and geodetic rates of shortening, which have measured

interseismic strain since 1992 (Abdrakhmatov et al., 1996).

Together, the slip-rate and paleoseismic data provide a description of how strain is partitioned
across the belt. The distribution and partitioning of strain across active faults provide a test for
simulations of intra-plate mountain building as well as fundamental data for seismic hazard

evaluation in the central Tien Shan.

The study of active tectonics in this thesis covers a north-south tramsect through the northern

two-thirds of the central Tien Shan, within the borders of the Kyrgyz Republic (Figure 1.3). The



[}

field data presented here were collected over three summers—1997, 1998, and 1999—and
involved numerous collaborators who are listed individually in the Acknowledgments. Many
project members shared in the collection of field data on every aspect of the geologic research.
For this reason I commonly use the first person plural where referring to the collection of field

data.

Because river terraces provide the best markers of late Quaternary deformation in the
intermontane basins of the Tien Shan, and their ages allow deformation rates to be quantified,
Chapter 2 focuses on the terrace stratigraphy in the central Tien Shan. The chapter presents the
existing stratigraphic system used to correlate terraces, the radiocarbon and luminescence results
that limit the timing of formation of prominent river terraces, and the inferred process of terrace
formation. Chapter 3 presents methods used to measure and quantify uncertainties in slip rates.
These include Monte Carlo simulations of uncertainties to allow each input variable to have a
range of normal and discrete probability distributions. Chapter 4 presents evidence for late
Quaternary slip rates, and Chapter 5 compares geologic slip rates with present-day geodetic
shortening rates inferred from global positioning system (GPS) geodesy. In this preliminary
comparison [ rely on geometric conversion of slip rates to obtain geologic shortening rates.
Chapter 6 presents paleoseismic evidence from three sites for the displacement and recurrence of
large earthquakes. The data are combined with the results of Chapter 4 to estimate the
recurrence rate of large earthquakes in the central Tien Shan. Chapter 7 provides a brief

summary discussion and conclusions.

The rest of this first chapter lays out my reasons for examining geologic slip rates in the

central Kyrgyz Tien Shan, and describes the tectonic setting of the belt.

1.1 Motivation

How is strain partitioned during the growth of mountain beits? Many convergent belts,
particularly in plate boundary settings, have a dominant vergence and also show a unidirectional
propagation of major faults (Dahistrom, 1970; Le Fort, 1975; Mattauer, 1975; Royse et al., 1975;
Bally et al., 1986; Butler, 1986). These characteristics are generally associated with simple shear

on a gently dipping fault that underlies the belt (Cook et al., 1979; Mugnier et al., 1990; Nelson



and others, 1996). At first, the shortening rate across these thrust belts was believed to be
localized at the frontal fault (Dahlstrom, 1970; Boyer and Elliott, 1982), and field studies show
that this condition does exist in nature, at least at one prominent belt (L.avé and Avouac, 2000).
Geologic (Boyer, 1992), analog (Koyi et al., 2000), and numerical (Davis et al., 1983; Dahlen.
1984; Willett, 1999) studies, however, show that strain rates not only can be concentrated at a

frontal fault, but also can be distributed across the entire deforming orogen.

Other convergent mountain belts have formed far from plate boundaries. Many of these—
commonly called “thick-skinned” belts—Ilack a dominant direction of vergence, tend to contain
widely spaced, fault-bounded ranges and basins, and lack clear association with an underlying
low-angle fault (Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1979; Gries, 1983;
Jordan and Allmendinger, 1986; Rodgers, 1987). Although Earth scientists have long recognized
differences among convergent mountain belts, inferences about the partitioning of strain rate
across thick-skinned belts have been based on geological and geophysical observations with
mostly qualitative results. This thesis offers a quantitative measure of the partitioning of strain

across one of the most active thick-skinned mountain belts on Earth.

The Tien Shan of central Asia, a product of continuing India-Eurasia plate convergence,
exemplifies late Cenozoic mountain building by distributed deformation (Schulz, 1948;
Sadybakasov, 1972; Makarov, 1977; Tapponnier and Molnar, 1979; Sadybakasov, 1990;
Cobbold et al., 1994; Burbank et al., 1999) (Figure 1.1). Most investigations of active tectonics
in the Tien Shan thus far have focused on the timing and rates of slip on thrust fault systems that
bound the northern and southern margins (Avouac et al., 1993; Brown et al., 1998; Yin et al.,
1998; Burchfiel et al., 1999). This thesis examines the partitioning of late Quaternary slip rates
between the northern margin and the interior of the belt, using river terraces and alluvial fans as
strain markers. Some of the motivating questions include: Do faults at the margins of the
mountain belt accommodate more strain rate than do faults of the interior? In comparisons
between geologic and geodetic rates of deformation, does slip on major faults account for ail or

most of the total strain-rate field?



1.2 Tectonic and geologic setting

The central and eastern Tien Shan forms an elongate deforming region between two generally
stable crustal elements: the Kazakh platform to the north and the Tarim basin to the south (Figure
1.1). Though ~1000-1500 km north of the Indo-Eurasian plate boundary, the central Tien Shan
presently absorbs nearly one-half of the total relative plate convergence of ~45 mm/yr (DeMets
etal., 1994; Abdrakhmatov et al., 1996; Holt et al., 2000).

The central Tien Shan displays a basin-and-range topography with late Cenozoic relief caused
by distributed reverse faulting and folding (Schulz, 1948; Sadybakasov, 1972; Makarov, 1977;
Tapponnier and Molnar, 1979; Chediya, 1986; Sadybakasov, 1990) (Figures 1.2 and 1.3). The
generally east-west trending ranges define folded and fault-bounded blocks of previously
deformed Paleozoic rocks (Burtman, 1975; Knauf, 1976). Between the blocks are basins of
syntectonic Cenozoic deposits. A widespread, originally sub-planar unconformity of Mesozoic
and early Cenozoic age shows >5 km of structural relief across several intermontane basin

margins (Makarov, 1977; Sadybakasov, 1990; Burbank et al., 1999).

Stratigraphic studies and cooling ages have been interpreted to suggest a wide variety of ages
for the initiation of late Cenozoic mountain building in the Tien Shan. Continental strata low in
the Tertiary section have been interpreted to date from the Oligocene (e.g., Makarov, 1977) to
middle Miocene (Gould et al., 2000; Weberling et al., 2000; Bullen et al., in press). Fission
tracks in detrital apatite grains indicate cooling of source rock ~14 Ma near the southern margin
of the central Tien Shan (Sobel and Dumitru, 1997), and combined fission track and U-Th-He
analyses from the northern margin are consistent with rapid exhumation beginning ~11 Ma
(Bullen et al., in press). In the eastern Tien Shan, exhumation (and inferred relief production)
occurred in early Miocene time (~20-24 Ma), as indicated by apatite and Ar/Ar cooling ages
(Hendrix et al., 1994; Sobel and Dumitru, 1997; Yin et al., 1998) and stratigraphic and structural
studies (Yin et al., 1998; Burchfiel et al., 1999). Burchfiel et al. (1999) argued, however, that

most of the deformation where they worked occurred in late Pliocene or Quaternary time.

Geodesy and historical seismicity provide clues about the present-day deformation field

across the central Tien Shan. The north-south shortening rate measured by a GPS network, ~20



mm/yr, is evenly distributed across the central Tien Shan (Abdrakhmatov et al., 1996; Dang et
al., 2001). Focal mechanismns from moderate and large earthquakes show primarily thrust and
reverse faulting with P-axes close to north-south, consistent with the geodetically measured
maximum shortening direction and the overall direction of Indo-Eurasian plate convergence
(Shirokova, 1974; Ni, 1978; Tapponnier and Molnar, 1979; Nelson et al., 1987: Ghose et al.,
1998). Historical seismic-moment release across the central Tien Shan is consistent with the rate
of shortening measured by GPS, although uncertainties are large, and most of this moment was

released near the margins of the belt (Molnar and Ghose, 2000).

1.3 Distribution and character of late Quaternary faulting and folding

Basins in the central Tien Shan share general similarities in active fault location, length,
orientation, and sense of displacement (Figure 1.3). Holocene and late Pleistocene thrust faults
commonly lie within the basin interiors, kilometers or tens of kilometers from the range-basin
margins, and slip at higher rates than thrust and reverse faults that mark range-basin margins.
The hanging walls of faults within the basins have deformed strata from fault-related folding and
shallow flat-and-ramp-style thrust faulting (Suppe, 1983). Narrow bands of hills within the
basins overlie active thrust ramps. The fault geometry implies a transfer of displacement at depth
from a steep crustal ramp that underlies the basin margin to a shallow fauit that extends into the
basin (e.g., Ikeda, 1983). This kinematic relationship is common in the Tien Shan (Avouac et al.,
1993; Molnar et al., 1994; Brown et al., 1998; Burchfiel et al., 1999) and other convergent
orogens (e.g., Gries, 1983; Ikeda, 1983; Yeats and Lillie, 1991; Benedetti et al., 2000). Most
Holocene and late Pleistocene fault traces are discontinuous, with alternating buried and exposed
fault tip lines, and many fault lengths are shorter than the basins and ranges they occupy or
bound. Most faults strike east-west to east-northeast, following the ancient structural grain of
Paleozoic rocks in the ranges. Although several faults show evidence for dextral or sinistral
components of motion, as revealed by fault-plane striae or laterally deflected landforms
(Makarov, 1977; Cobbold et al., 1994; Abdrakhmatov et al., 2001), most of the late Quaternary
faults indicate dominantly dip-slip motion. The right-lateral strike-slip Talas-Ferghana fault
(Burtman, 1964; Trifonov et al., 1992; Burtman et al., 1996), west of our study area, is a notable

exception.
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Figure 1.2: Landsat mosaic covering the central Tien Shan. Red, green. and blue are MSS bands 7. 5. and
4. Area is the same as in Figure 1.3.
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Figure [.3: Preliminary map of active faults and folds in the central Tien Shan. Major intermontane
basins and lakes, and selected ranges, are labeled. Thick lines are faults and folds for whiich we have
determined late Quaternary slip rates. The mapped fault and fold traces are from a comprilation of
satellite and air photo interpretation, field observations, and unpublished data by K. Abdrakhmatov.



Chapter 2

Stratigraphy of late Quaternary river terraces

In the central Tien Shan, where crystalline ranges and sediment-filled basins strike
approximately east-west, the river network comprises lower-order north- and south-flowing
rivers that drain the ranges and higher-order east-west flowing rivers that drain the intermontane
basins (Figure 2.1). Late Quaternary river terraces, representing ancient floodplains, occur along
many of these river valleys and record the deformation of east-west trending faults and fault-

related folds.

Because they have potentially datable surfaces with a readily inferred initial geometry, river
terraces serve as strain markers for the study of rates and kinematics of fauit deformation
(Weldon and Sieh, 1985; Rockwell et al., 1988; Avouac et al., 1993; Molnar et al., 1994:; Lavé
and Avouac, 2000). River terraces, which represent ancient floodplains, form in response to
changes in a river’s sediment supply, transport capacity, or base level (Bull, 1991; Merritts et al.,
1994). The lower reaches of rivers in coastal areas incise and aggrade in response to changes in
sea level (e.g., Rockwell et al., 1988; Merritts et al., 1994). Rivers in continental interiors, on the
other hand, lack a well known record and mechanism of base-level change. Thus, inferences
about the paleohydrologic record of river aggradation and incision in continental regions may be
problematic. While terrace formation is clearly related to changes in climate in many continental
regions (e.g., Porter et al., 1992), precise timing of river incision and aggradation is often

lacking, and is often assumed (e.g., Peltzer et al., 1989; Avouac et al., 1993).

Before terraces are used as strain markers to measure rates of tectonic deformation, it is
important to test two common assumptions: that rapid river incision forms terraces, and that the
river incision correlates with global climate change. For example, sediment in small river
catchments draining the San Gabriel Range in southern California aggraded and incised over
several thousands of years, indicating that fill terraces did not have time-synchronous surfaces

(Weldon, 1986; Bull, 1991). Also, the asynchronous timing and extent of alpine glaciers
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globally demonstrates that changes in global climate can result in different local manifestations

and geomorphic responses (Gillespie and Molnar, 1995).

To explore the genesis of the river terraces in the intermontane Tien Shan, I discuss their
stratigraphy, age, and inferred origin. Radiocarbon and luminescence ages suggest that two
prominent river terrace levels formed at similar time intervals across several basins in the Kyrgyz
Tien Shan. The data collected so far suggest that rivers aggraded slowly, on average, during
global glacial periods, and incised rapidly during the transition between global glacial-to-

interglacial periods.

2.1 Lithostratigraphy

The stratigraphic record of fluvial erosion and sedimentation on a terrace integrates past
spatial and temporal variations in river sediment supply, river transport capacity, and vertical
movement of the underlying bedrock. The stratigraphic elements of the terraces that lie within
the Cenozoic basins of the Tien Shan consist of an eroded bedrock surface (typically carved in
weakly cemented Tertiary sandstone or siltstone), a few to tens of meters of cobble to boulder
gravel, and a few centimeters to several meters of silt, sand, and minor gravel. The presence,
thickness, and composition of these three elements vary along and among river valleys (Figure
2.2). Thin gravel deposits commonly overlie eroded bedrock surfaces on structural highs, such
as fold crests. Thick gravel commonly accumulates in structural lows, such as synclines and
footwalls of faults (e.g., Molnar et al., 1994). Thus, a continuous terrace surface that crosses an
active zone of faulting and folding does not conform to classic definitions of strath terraces or fill
terraces, but rather varies according to local relative rates of rock uplift to gravel aggradation.
The thickness and composition of the silt and sand deposits capping the terraces differ depending
on distance from adjacent terrace risers or valley walls (colluvial deposition), and local history of

flood overbank and loess deposition.

Reaches of modern rivers that flow through valleys with broadly preserved terraces have
braided to meandering channel forms with a cobble and boulder bed. The upper reaches of most

major tributary rivers lie in recently glaciated catchments or contain small cirque glaciers.
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The late Quaternary stratigraphy and paleoclimate record of the Tien Shan region was
developed in the major low-lying basins in Central Asia: the Chu, Ferghana, and Tajik basins (as
described by K. Abdrakhmatov, personal communication, 2000, based on Grigorienko, 1961).
Deposits associated with terrace fill contain pollen of grassy plants and subordinate coniferous
and small-leafed trees, all suggestive of cold and dry conditions. Where pollen has been sampled
between episodes of terrace aggradation (from soils or continuous depositional sequences
correlated to lie between terrace fill), it contains more trees and broad-leafed plants, indicating a
warmer and wetter climate (Grigina and Fortuna. 1981). The stratigraphic scheme originally
developed for the low-lying basins marginal to the major mountain belts has been applied to the
terrace surfaces that lie within most intermontane basins (Turbin et al., 1966; Kadirov, 1968;
Chediya et al., 1976), and even has been carried to surfaces carved on bedrock in many major

ranges (Chediya, 1986).

2.2 Regional sequence of terraces

Nested terraces occupy most intermontane basins in the Tien Shan, and certain major terrace
levels have been identified and correlated from basin to basin based on geomorphology,
Quaternary stratigraphy, pollen and other paleontology, soils, a few numerical dates, and
correlation to global climate change (e.g., Grigorienko, 1970). This stratigraphic scheme, which
allows preliminary correlation of terraces from basin to basin, has been used in nearly every
previously published paper and field map about the Quaternary of the Tien Shan (e.g., Makarov,
1977; Abdrakhmatov, unpublished data).

The regional terrace sequence consists of four main divisions: Q, = early Pleistocene, Q; =
middle Pleistocene, Qy = late Pleistocene, and Q;v = Holocene. Major divisions contain one to
several sub-divisions, defined by a superscript, e.g., Q. Like the major divisions, younger
subdivisions within each main division have greater numbers. For ease of formatting, I omit
superscripts and subscripts in the text, replacing them by writing the subdivision number in
parentheses (e.g., QI(2)). Although the exact number of terraces within each subdivision can
vary locally, certain prominent terraces recur from basin to basin and drainage to drainage. From
youngest to oldest, these are the QIV(1), QII(2), QII(1), and QII(2). The QIV terraces are

typically low, inset terraces that commonly lie in an “inner gorge” set within the prominent
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QII(2) terraces (Figure 2.2). QIV terraces in the intermontane basins are typically cut or strath
terraces, but can be fill terraces, especially in the larger basins. QIV terraces are commonly
unpaired, although the QIV(1) in many places appears to be a paired terrace. The QIV(1) terrace
is the most prominent of the post-QIII(2) terraces and is typically half the height of the QIII(2)
terrace above the modern river. QIV(2) and QIV(3) terraces are less common than QIV(1)
terraces, and commonly form straths within rivers deeply incised into the QIII(2) terrace, in the

hanging walls of faults.

QIII terraces contain the broad, often extensive QII(2) terrace that can be 10 to 100 m above
the active stream (Figure 2.2). The terrace is paired, and can either appear as a fill terrace in
fault footwalls, or as a strath in the hanging walls of active faults or in the cores of anticlines.
Commonly, it is the most densely inhabited land, and is cultivated, because of its width, lack of
dissection, and thick (~1-2 m), fine-grained eolian and colluvial cover. The QIII(3) terrace is not
as common as the QII(2) or QII(1) terrace, and it appears as a narrow terrace cut into the riser
of the QIII(2) terrace. It is typically less than a third the height of the QIII(2) terrace above the
modern river, much higher than the QIV(1) terrace, but part of the “inner gorge” in areas of deep

river incision.

The QIII(1) terrace, though the first prominent terrace above QIII(2), is neither as broad nor
as extensive as the QIII(2) or older QII(2) terraces (Figure 2.3). It typically is cut into the riser of
the QII(2) terrace in the hanging walls of faults or in the cores of anticlines. Gravel is commonly
several meters thick above a rock-carved strath, and the terraces are covered with thick fine-
grained sediment caps, mainly cotluvium derived from the adjacent QII(2) terrace. Rilling and
dissection of the surface are usually prominent and serve as a relative age indicator where

compared with the lesser degradation of the younger QII(2) terraces.

The QII(2) terrace is the most prominent of the QII terraces, and commonly occupies the
margins of the river valley. In places it forms the drainage divide, and in others it is cut into
higher hills of Tertiary strata (Figure 2.2). The QII(2) terrace is commonly a strath with a few to
about ten meters of gravel, although it can be a fill terrace in structural lows such as synclines or

fault footwalls. It commonly has several meters of fine-grained material overlying gravel: this
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can range from thick deposits of poorly sorted colluvium, where the terraces are adjacent to
valley walls, to thick accumulations of loess, particularly at the northern Chu basin. In some
places the loess cover is absent or is mantled by small boulders. The geomorphic surface in
places is dissected and eroded to the level of the Tertiary rock. The narrow QII(1) and QII(3)
terraces, where present, are within a few to tens of meters above and below the QII(2) terrace,

respectively (Figure 2.2d).

2.3 Chronology

2.3.1 Radiocarbon ages

Calibrated radiocarbon ages of charcoal samples support the correlation of the broad, paired
QIII(2) terrace and immediately inset QII(3) terrace in four drainage basis and three
intermontane basins (Figure 2.3 and Table 2.1). These correlations show that river incision and
terrace formation occurred widely during the global glacial-interglacial transition, which is dated
to ~15 x 10° cal yr B.P. (Imbrie et al., 1984; Broecker et al., 1988; Fairbanks, 1989). Detrital
charcoal samples collected from QIV(1) terraces indicate another period of terrace formation

during the early to middle Holocene (Table 2.1).

Most detrital charcoal samples were collected from fine-grained sediments overlying the river
gravel (Table 2.1). If the contact between gravel and fine-grained sediment that contains
overbank deposits, eolian silt, and colluvium represents floodplain abandonment and river
incision, then the first sediments deposited above the contact closely date or postdate the terrace
formation (e.g., Merritts et al., 1994; Lavé and Avouac, 2000). Detrital charcoal, however, pre-
dates the deposit from which it was collected because of a non-zero inherited age (a combination
of an age of the plant and age of sediment reworking). This inherited age could be significant if
the charcoal was stored for a long duration on a hillslope or higher terrace. In a few cases,
reddish-colored soil was present near or within the sample horizon, suggesting that charcoal
formed during a fire close to the sample location. For other samples, aside from after-the-fact

consideration of the combined results, I simply assume that the inherited ages are small.
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The calibrated age distributions of charcoal samples collected close to the QIII(2) and QII(3)
terrace gravel contacts overlap, with ~98% of the probability distribution between 13.5-15.7 x
10 cal yr B.P. (Figure 2.3a; Table 2.1). This result suggests that the radiocarbon ages sample the
same event, even though these samples came from terraces in different drainage basins. Other
factors, such as the time of incision of the QII(2) to the QII(3) terraces, the time of initial
aggradation of fine-grained material after formation of the terraces, and the inherited age of
charcoal fragments, appear small compared to the uncertainty in the age distribution. The similar
ages from drainages with different-sized catchments and the dissimilar distances from major
confluences (that may affect local base level) indicate that paleo-river incision occurred rapidly

along the reaches we sampled.

The possible exception to the similar age of QIII(2) terrace formation comes from the Sokuluk
River drainage, in the northern Chu basin (Figure 2.1). There, an infrared-stimulated
luminescence age of fine-grained sediment covering a QII(2) alluvial fan surface suggests that
the fan may have been abandoned ~22 ka, or several thousand years earlier than ~13.5-15.7 x 10°

cal yr B.P. I discuss that specific result in Chapter 4.

At the Kadjerty River in Naryn basin, three detrital charcoal samples collected from above
and below the gravel-to-fine-grained sediment contact provide an opportunity to constrain the
timing of local paleo-river incision and QIII(2) terrace formation (Figures 2.1, 2.3, and 2.4). Two
charcoal samples (CAMS #51037 and 51038) were collected in sandy silt 10 and 30 cm above
the contact between gravel and fine-grained sediments in a gully exposure ~2 km south of the
fault scarp (Figure 2.4b; Table 2.1). The pooled mean radiocarbon age of the samples
corresponds to 13.5~14.1 x 10° cal yr B.P. A charcoal sample (CAMS #51036) collected 10 cm
below the upper gravel contact in an exposure across the fault scarp has an age of ~14.1-15.4 x
10° cal yr B.P. (Figure 2.4; Table 2.1). If the charcoal samples closely date the deposits (i.e.,
their inherited age is smaller than other uncertainties in their age measurement), and if the
contact between the gravel and overlying sandy silt represents the incision of the paleo-river and
formation of the QIII(2) terrace, stratigraphic superposition places constraints on the probability

distribution of the age of the contact (Figure 2.3b) (Biasi and Weldon, 1994; Ramsey, 1998).
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The calculated age distribution suggests river incision occurred between 13.6 and 15.2 x 10> cal

yr B.P., with the most probable date of river incision around 4.1 x 10 cal yr B.P.

Radiocarbon ages of 47.9 + 2.6 and 43.2 + 3.3 x 10’ "*C yr B.P. show that the ancient
floodplain of the Kadjerty River beneath the QIII(2) terrace aggraded slowly on average (Table
2.1). The samples of finely disseminated charcoal were collected about half-way up a ~60 m-
thick exposure of river gravel in the footwall of the Kadjerty fault, from a lens of fine sand
(Figure 2.5). The ages suggest an average gravel aggradation rate of ~1 mm/yr during the last
glacial period. The >30 m of gravel below the sample site, if a constant sedimentation rate is
extrapolated down, implies aggradation since at least ~60 ka to construct the QIII(2) terrace.

However, it is possible that aggradation was highly episodic during the last glacial period.

2.3.2 Luminescence ages, QII(2) terrace

Silt overlying river gravel was collected for thermoluminescence (TL) and infrared-stimulated
luminescence (IRSL) dating from four QII(2) terraces along three drainages in different
intermontane basins (Figures 2.1 and 2.6; Table 2.2). Fora TL or IRSL age to represent the time
of deposition, silt grains within a sample must be sufficiently “bleached” by sunlight so as to

empty heat- and light-sensitive electron traps (e.g. Aitken, 1985, 1998).

All the samples consist of silt to sandy silt from deposits 2—30 m thick that overlie fluvial
gravel, and are interpreted to be a combination of flood overbank deposits, loess, and minor
colluvium. For sample collection, pits were excavated at least I m into the fine-grained deposits
at the terrace risers, close to the gravel contact (Figure 2.6). Luminescence samples were
collected with two 8 oz light-tight aluminum tins spaced ~15 cm apart and at least 40 cm above
the gravel contact (Figure 2.6b). Four 3 oz sample tins spaced ~30 cm above, below, and to the
sides of the 8 oz tins collected extra material for determination of K, U, and Th, which affect the
0., B, and y radiation dose rates for the luminescence samples. Pedestals slightly higher and
larger than the sample tins were carved into the back wall of the pit, and the sample tins were
shoved over the pedestals, scraping off excess debris in the process. By this sample method only

the material at the top and bottom of the tins was exposed briefly to sunlight, and this material
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was removed in the laboratory prior to sample preparation. Brief notes on the analyses,
performed by Glenn Berger at the Desert Research Institute, Reno, Nevada, are presented in
Table 2.2. Details of the analyses are contained in a separate report (G. Berger, written

communication, 2000).

Although the TL and IRSL ages of the QII(2) terraces have large uncertainties (Figure 2.6 and
Table 2.2), and the samples collected from fine-grained sediments overlying river gravel
represent minimum ages for the terraces, statistical tests of significance (Ward and Wilson, 1978)
reject the hypothesis that the QII(2) ages come from different populations (test statistic T =2.51;
xl(0.0S) = 7.81) (see section 3.4 for a description of the test). To increase the precision for the
slip-rate calculations based on deformed QII(2) terraces, I use the pooled mean age (140.7 ka)
and standard deviation (square root of the variance of the pooled ages, 8.5 ka) of the TL/IRSL
analyses. In Chapter 4 I report the mean and ~95% confidence interval as 141 + 17 ka. This
result indicates that the QII(2) terrace formed during the penultimate global glacial-to-interglacial
transition, which U-Th dating and orbital tuning of Oxygen isotopes have dated to ~128-140 ka
(Imbrie et al., 1984; Henderson and Slowey, 2000; Shackleton, 2000). Global mean temperature
may have risen several thousand years before major changes in ice volume occurred during the

penultimate glacial-to-interglacial transition (Shackleton, 2000).

2.4 Inferred process of terrace formation

Where rivers cross active faults and folds, changes in rates of rock uplift are reflected in
patterns of erosion and deposition along a river profile: bedrock straths are prevalent in hanging
walls and in the cores of anticlines (e.g., Figures 2.2¢,d), and thick gravel fills are present in
footwalls and synclines (Figures 2.2b and 2.5). The lateral variation in gravel thickness under
the Kadjerty River QIII(2) terrace shows that during times of strath formation in the hanging
walls of the faults, gravel accumulated over a strath on the flanks of hanging-wall anticline
(Figure 2.5 and Figure 4.9¢c). This stratigraphic relationship, and the ~45 x 10° "*C yr B.P. ages
from within the gravel fill in the footwall of the Kadjerty fault, suggest that aggradation, on
average, was slow during glacial times. Thus the strath is less likely to be of a similar age along
a river that crosses an active structure than is the overlying contact between river gravel and fine-

grained sediments. The recurring ~13.5-15.7 x 10’ cal yr B.P. ages of detrital charcoal from near
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the gravel-fine-grained sediment contact indicate that the rivers incised their floodplains rapidly.
A rapid change from aggradation or planation to incision suggests that the terrace surfaces were

originally flat.

The aggradation and incision of a river that crosses an active fault or fold depend on changes
in space and time in the local rock uplift rate, the transport capacity and sediment supply of a
river, and the local river baselevel (Figure 2.7). A near-equilibrium condition occurs if a river’s
sediment supply approximately equals transport capacity (Figures 2.7a,b). Lateral instabilities in
this river system create meanders that will dissipate energy into meander channel walls and
broaden a floodplain. With spatial differences in vertical crustal movement, and different
positions of the river’s baselevel, erosion and deposition will vary along the axis of the river
valley. Excess shear stress at the base of a river will erode a strath terrace in the regions where
vertical crustal movement exceeds base-level rise (Figure 2.7a,b); gravel deposition and

aggradation will occur where crustal movement is less than base-level rise (Figure 2.7b).

If climatic conditions cause sediment supply to exceed the net transport capacity for the entire
river, aggradation will raise the local baselevel and the river profile will rise as well (Figure
2.7¢c). If instead, climatic conditions cause net transport capacity to exceed sediment supply, a
drop in local baselevel or adjustment to a new equilibrium elevation profile causes the river to
incise into sediment or bedrock (Figure 2.7d). A change from near-stable conditions or
aggradation to vertical incision causes floodplain abandonment and the formation of a paired
river terrace. The rate of incision influences lateral and vertical river instabilities and hence the
rate of lateral river migration, which determine a pattern of cut terraces in a newly created river

valley (Figure 2.7d).

Once an incising river nears a new equilibrium elevation profile, in which vertical incision is
small with respect to lateral migration, a new floodplain will begin to broaden (i.e., a return to
Figures 2.7a—). The relative heights of major terraces depend on 1) the vertical tectonic
movement of an older terrace since its time of formation, and 2) the change in elevation of the
river profile between the times the older terrace and the younger terrace formed. The

preservation of older terraces depends in part on the amount of lateral river migration and
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floodplain widening after the terrace is formed. This description is similar to explanations of
preserved marine terraces (e.g., Lajoie et al., 1979) and coastal river terraces (e.g., Merritts et al.,
1994), but differs in that the hydrologic balance between sediment supply and transport capacity

of the regional river network, and not sea level, determines the rise and fall of baselevel.

The widespread incision of the QIII(2) terrace began ~13.5-15.7 x 10’ cal yr B.P., similar to
the ~14.7 x 10’ cal yr B.P. date of an abrupt change in northern Hemispheric temperatures
(Severinghaus and Brook, 1999), and clearly during the transition between full glacial and
interglacial conditions (Broecker et al., 1988; Fairbanks, 1989). The coincidence suggests that
the warming of the northern hemisphere resulted in the incision of rivers in the Tien Shan.
Incision occurs when transport capacity exceeds sediment supply. Although glaciers occupied
most high-elevation catchments, and warmer temperatures may have produced a greater melt-
water discharge, it is probable that a sustained increase in transport capacity required more
precipitation to fall across the entire drainage network. This is broadly consistent with pollen
data that indicate cold and dry glacial periods and warm and wet interglacial periods in central

Asia (Grigina and Fortuna, 1981), and Europe (Guiot et al., 1989).

Over many parts of southern and eastern Asia, the strength of the moisture-laden summer
monsoons determines precipitation (e.g., An et al., 1991; Porter et al., 1992). The Indian and
East Asian monsoons do not appear to affect the Tien Shan, however, as the Himalaya-Pamir belt
and the Tibetan Plateau form a topographic barrier to precipitation. Under current conditions,
the central Tien Shan derives most of its moisture from westerly storms during the spring and
summer months (Atlas of Kyrgyz SSR, 1987). A change in surface temperature alone may have
sufficed to change the amount of moisture carried by the westerly winds. Holding other
atmospheric factors constant, a 10° C increase in air temperature at Earth’s surface results in a
doubling of the saturation vapor pressure (Peixoto and Oort, 1992). As saturation vapor pressure
scales with the moisture capacity of an overlying atmospheric column, this translates to an
approximate doubling of precipitation. A 5-10° C increase in temperature during the spring and
summer months may be higher than expected for mid-latitude regions (e.g., p. 51-53, Crowley
and North, 1991). Nevertheless, the zero-order effect of warming surface temperatures from

glacial to interglacial conditions predicts additional precipitation over the Tien Shan. The
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additional precipitation may have increased river discharge and transport capacity enough for
rivers to incise their floodplains. Alternative mechanisms may involve latitudinal displacement
of storm tracks during glacial periods due to the size of the Fennoscandian ice sheet or sea-ice

extent in the North Atlantic (Kutzbach et al., 1993; Porter and An, 1995).

The *“rapid”™ propagation of incision inferred from our radiocarbon ages—within a few
thousand years—is much faster than the several thousand year duration of river incision along
Cajon Creek in the San Gabriel Mountains of southern California (Weldon, 1986). The
difference in the propagation of incision may be attributed to either the rate of sediment delivery
to the river system, or to higher discharge and transport capacity of the rivers in the Tien Shan

compared to Cajon Creek (Bull, 1991).
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Figure 2.1: Drainage network of the central Kyrgyz Tien Shan. Basin names are in large font. Circles
show locations of radiocarbon and luminescence samples that constrain the timing of river incision and
terrace formation. Stratigraphic level of the terrace is indicated adjacent to the symbol. Ages are reported
in Tables 2.1, 2.2, 6.1, and 6.2.
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Figure 2.2: Terrace stratigraphy along the Kadjerty River, Naryn basin. (a) View north of terraces inset to
the QIII(2) terrace. Note the thick gravel fill beneath the QIII(2) terrace, and the tilted Neogene strata
beneath the QIV(2) terrace. Fine-grained sediment overlying gravel is visible in the left foreground. Photo
by J. Lave, 1998. (b) View south from the Moldo-Too range front at the Kadjerty River terraces. Gravel fill
beneath the QII(2) terrace is greater than 100 m here. The Akchatash fault, visible on the right side of the
photo, places Paleozoic limestone (Pz) on Quaternary gravel (Q) along a steeply dipping reverse fault.
Photo by M. Miller, 1998.
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Figure 2.2 continued: (c) Broad tread of the Kadjerty River QIII(2) terrace. The sharp tonal contrast seen
in the foreground indicates the limits of irrigation of the field. Note the tilted Neogene strata and ~10 m-
thick gravel beneath the terrace exposed in the river bank. Arrow marks the charcoal sample site shown in
Figure 2.4. (d) Southeast view of the Djuanarik River strath terraces, Kochkor basin. Tilted Neogene strata
underlying the QII(2) and QII(3) terraces reveal the core of the hanging-wall anticline of the Akchop Hills
fault. Gravel overlying the strath terraces is ~1-2 m thick. Note the thick colluvium overlying the QIII(1)
and QIII(2) terraces that are inset to the QII terraces. Photo by M. Miller, 1997.



Sample name

Age (4C yr B.P. +10) Probability distribution Unit
AlamedinR_1 _.AA Ql”(3)
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Age (10° cal yr B.P)

“Test statistic T = 0.80; x2 (0.05) = 3.84

Figure 2.3: (a) Radiocarbon calibrated age probability distributions for eight detrital charcoal samples
collected from the Quii2) and QIii(3) river terraces (Table 2.1). Sample locations are shown in Figure 2.1.
The similar calibrated age ranges suggest that river incision and river terrace formation occurred during a
short time interval around 13.5-15.7 x 103 cal yr B.P. in several intermontane basins. Calibration plots
generated by Oxcal v. 3.5 (Ramsay, 1998) with the calibration data from Stuiver et al. (1998): horizontal
bars beneath distributions indicate 95% confidence intervals. (b) Age analysis of the QIil(2) terrace at the
Kadjerty River, Naryn basin. using OxCal. The goal is to describe statistically the age distribution of the
terrace forming "event.” which is represented by the contact between coarse gravel and overlying silt and
fine sand. Samples KadjertyR_1 and _2 overlie the "event" contact. The calibrated age distribution of the
pooled mean radiocarbon age of these two samples is indicated by the black line (similarity test described
in Ward and Wilson (1978)). Sample KadjertyR_3 underlies the "event” contact. [ts calibrated age
distribution is indicated by a black line. The age analysis of the "event" uses Bayesian statistical methods
described in Ramsey (1998). The grey areas indicate the reweighted age distribution based on the
additional constraint of stratigraphic order. The a posteriori age distribution of the "event” contact is
determined from the reweighted distributions of the sample ages and an unconstrained a priori distribution
of the "event." The agreement index indicates the extent to which the final (a posteriori) sample age
distribution overlaps with the original (a priori) sample distribution. [ndex values below 60% are
questionable (this level of disagreement is very similar to that for the 5% level chi-squared test). The
overall agreement index A exceeds the critical agreement A'c.
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Figure 2.4: Locations of detrital charcoal samples that constrain the age of the QI1I(2) terrace along the
Kadjerty River in Naryn basin. (a) Northeast view of gully in the QIil(2) terrace between the Kadjerty and
Central Naryn faults exposes fluvial gravel and overlying fine-grained sediments. The fine-grained
sediments are ~2 m thick here. (b) Sample site for Kadjerty_1 and Kadjerty_2, located just to the right of
(a). Handle of tool is about 30 cm long. and is resting on the gravel contact. Samples were collected 30
and 10 cm above the contact, below the lens of pea gravel next to the tool. (c) North view of gully and
trench across the QIti(2) fault scarp near the QI1(2) terrace riser exposes terrace gravel and charcoal. (d) Log
of east wall of trench exposing the gravel contact and location of sample 98/Kft/11.
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Sample name
method Probability distribution Unit
Alamedin 17025 ka
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Figure 2.6: Details of luminescence dating. (a) TL and IRSL age distributions (16 shown) of silt
collected from fine-grained sediments covering Qi1(2) terraces (Table 2.2). Sample locations are on Figure
2.1. The Djergetal River samples were collected from terrace treads correlated across a fault. and are about
5 km apart. The pooled mean age and standard distribution (square root of variance) of the four ages is
shown below the individual age distributions; [ use the pooled distribution for the age of the Q!I(2) terrace
in the slip-rate calculations (Chapter 4). (b) Sketch of sampling method. (c) Alamedin River (Chu basin)
QII(2) terrace sample site (location shown on Figure 4.2). Sample pit was located ~2.5 m above the gravel
contact. Person is next to the pit for scale. Total height of silt is about 30 m. (d) Djuanarik River
(Kochkor basin) QII(2) terrace sample site. Pit was excavated close to the gravel contact. People at the

top of the ~4-m-high silt cap provide a scale.
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Figure 2.7: I[nferred formation of river terraces across active faults in the intermontane basins of the Tien
Shan. This sequence is modeled on the Kadjerty River in Naryn basin (Figure 2.5). [ assume that these
general relationships among transport capacity, sediment supply. uplift rate. U(x). and local baselevel. B(t).
apply to all the terraces we have studied.
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Chapter 3

Methods for calculating slip rate

Although the slip-rate equation—displacement, s, divided by time, r —appears
straightforward, investigators are obligated to agonize over details encountered in each particular
situation. The study of active faults in the Tien Shan is facilitated by a combination of high rates
of fault-related fold deformation, extensive preservation of terraces, and often continuous
exposure of deformed Neogene strata. Based on the available data, [ have used some new
approaches (as far as I know) to calculate fault slip rates using deformed terraces. Sections 3.2
and 3.3 illustrate methods for calculating slip rates for an offset river terrace and for terraces
deforming in response to fault-bend folding. The fault-bend folding analysis presented in section
3.3 has proven useful in cases where river aggradation has buried the correlative surface in the
footwall of the fault, because slip rate may be calculated based on fold growth within the hanging
wall only, and does not require an assumption about changes in river elevation through time (e.g..

Lavé and Avouac, 2000).

Frustrations with the subjective nature of evaluating and propagating uncertainties in field
data (e.g., the commonly used “best estimate™ and “estimated uncertainties™) have led to a
different approach that cleverly hides the unavoidable use of “expert opinion” in field work.
Field measurements commonly have uncertainties that are described by a combination of
normally distributed and asymmetric probability distributions. Radiocarbon age calibrations have
probability functions that are complicated (Stuiver and Reimer, 1986). Section 3.4 describes a
method for evaluating uncertainties though Monte-Carlo simulations that allow different
probability distributions for each variable in the slip-rate equation. I use this method for
calculating slip rates in Chapter 4 and for converting slip rates to north-south shortening rates in
Chapter 5. Results are presented graphically with a histogram, and described in the text by the
most probable value and 95% confidence limits. The histograms show that in many situations
slip-rate uncertainties are highly asymmetric, indicating that structure in the uncertainty

distribution may be lost if all variables and outcomes are forced to fit a gaussian distribution.



3.1 Collection of field data

Profiles of deformed river terraces, trench walls, natural exposures of faults, and radiocarbon
and luminescence ages all provide data for measuring fault slip rates. We surveyed river terrace
treads and fault scarps with a laser-distance theodolite (total station) and with pairs of GPS
receivers set up to allow differences in position to be measured. Uncertainties in relative
positions made with these instruments are less than a few decimeters and are less than the local
variability in the position of the geologic contacts or geomorphic surfaces that we measured. For
river terraces covered with thick or variable deposits of loess or colluvium, we surveyed the
contact between fluvial gravel and overlying fine-grained deposits. This contact surpasses the
strath as a strain marker because 1) the strath appears to have formed at different times along the
terrace profile, particularly depending on the local vertical componert of slip, and 2) the samples
collected for dating constrain the age of the contact between gravel and overlying fine-grained
sediments. The age of this contact approximates the onset of river incision, which results in the
abandonment of the floodplain and thereby the formation of a terrace (Chapter 2). The
assumption is that the terraces originated as planar surfaces over distances of several hundred

meters to a few kilometers.

Geologic mapping at each site provides data to infer the fault geometry and to relate the
terrace deformation to fault slip. Because most late Quaternary faults we examined lie within the
well bedded Cenozoic strata of intermontane basins, mapped bedding dips and fault traces
allowed us to draw preliminary cross-sections that use simplified fault-related fold geometries
(Suppe, 1983; Suppe and Medwedeff, 1990) and predict subsurface fault geometry in the absence
of subsurface data. The terraces that cross these active faults have been deformed less than the
Cenozoic strata. Similar to growth strata (Suppe et al., 1992; Suppe et al., 1997), the terraces can
be used to test the geometric and kinematic predictions of fault-related fold deformation (e.g.,
Lavé and Avouac, 2000; Pinter, 2001).

3.2 Slip rate calculation for an offset river terrace

Consider a fault that has cut an originally planar river terrace. The measurements are points

surveyed along the terrace surface and across the fault. To calculate the amount of fault slip that
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has offset the terrace, I first rotate and project all field data onto a vertical plane normal to the
strike of the fault. Surveyed points from the river terrace treads define the strain markers for
hanging-wall and footwall deformation. Least-squares linear regressions of these points in an x-y
coordinate system give the mean and standard error of both the slope and the intercept of lines

that represent the hanging wall (y,=m, x + b;) and footwall (y/=msx + by), where the tangent of

the terrace dip, tan o= m (Figure 3.1).

Fault dip, ¢, is determined by direct measurement, by surveying the position of the fault scarp
across at least two nested terraces, or by estimation based on geomorphic expression (section
3.4). For parallel strain markers in the hanging wall and footwall, the vertical separation is v =

bp—bf, and the dip-slip component s is

v

s=
sind +mcosd

or

5= VCosSax (l)
sin( + &)

If the hanging-wall and footwall strain-marker surfaces are not parallel (m, # my), the

calculated vertical separation is a function of horizontal distance

v (x) = x(m;—myg)+b;~by. (2)

and the dip-slip calculation requires a knowledge of the position (or projection) P(x,y) of the
fault tip onto the scarp (Figure 3.2). A line between the top and bottom of the scarp y = m;, x + by
contains all possible points P. I divide the amount of dip slip into two parts: the distance from
the footwall projection up to P,

x(m, —m,)+b, —bf
5, =

3)

sin5+mf coso

and the distance from the hanging wall down to point P,
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_x(m, —m,)+b, —-b

- =. C))
sind +m, cosd

h

Therefore,

S=5Sp+ 5y . 5

Assuming that the terraces have deformed by incremental slip during earthquakes, I
incorporate an additional uncertainty in slip rate due to the earthquake cycle (Sieh and Jahns.
1984). Paleoseismic data from trench excavations suggest that major ground-rupturing
earthquakes on individual faults recur on the order of one to several (~1-5) thousands of years
(Chapter 6). Hence, deformation of a ~15 ka terrace may have occurred during a few
earthquakes. To incorporate uncertainty due to the earthquake cycle, I follow Lavé and Avouac

(2000) and consider that some elastically stored slip As may be presently stored, and some

elastically stored slip As,, may have been stored at the time of terrace formation. In the Monte

Carlo simulations, I add the additional terms As — As,, to s.

Datable material collected from fine-grained sediments covering river-terrace gravel or from
within a confined deposit offset by a fault provides a measure of the time since formation of the
strain marker, 7. Hence, the dip-slip rate, «, for the case of an offset terrace is:
_s+As—As,
==

(6)

U

3.3 Measuring slip rate with fault-bend folding of terraces

Consider a terrace that has been deformed by fault-related folding, whereby the terrace’s
surface is folded in the hanging wall of the fault but is buried by aggradation in the footwall. I
propose a method to calculate the amount of fault slip from profiles of deformed terrace treads
and measurements of deformed strata exposed in terrace risers beneath them. A valid geometric
and kinematic interpretation of the fault-related folding must be compatible with both the terrace

deformation and the underlying geologic structure.
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Observations in the field indicate that attitudes of Tertiary beds are well approximated by
kink-style geometry, with sections of relatively constant dip (dip panels) separated by narrow
axial surfaces. Fault-bend fold theory states that bedding-parallel slip accommodates the folding
of hanging-wall strata across abrupt fault bends to produce a series of dip panels separated by
narrow axial surfaces (Suppe, 1983). If an unconformity (e.g., terrace) crosses a series of dip
panels and axial surfaces, the unconformity will deform across active axial surfaces that project
to bends in active faults, but will not deform across inactive axial surfaces that indicate finite
fault displacement or project to inactive fault bends (Figure 3.3). Under idealized conditions of
planar fault sections and a planar axial surface, slip across a fault bend will create two bends in
an overlying unconformity that form a fold limb: one bend coincides with the active axial
surface (e.g., axial surfaces A and B in Figure 3.3), and another occurs across an inactive axial
surface that marks the amount of rock that has passed through the fault bend (e.g., A” and B” in
Figure 3.3b). This inactive axial surface is not present in the underlying strata. The prediction
for “kink-band migration” is that nested terraces will show progressively longer fold limbs, with
a shared active axial surface that projects to an active fault bend, and separate inactive axial
surfaces that each mark the amount of displacement on the underlying fault (Figure 3.3c). Note
in Figure 3.3 that the angles of the fold limbs are predicted to remain constant. Other fault-
related fold geometries, such as décollement folds and folds above curved faults, would predict
deformation of the unconformity that appears as limb rotation as opposed to kink-band migration
(e.g., Erslev, 1986; Rockwell et al., 1988; Pinter, 2001).

In the evaluation of folded terraces in the Tien Shan, the first step is to rotate the terrace
profile in the vertical plane so that axes are parallel and perpendicular to the present down-valley
gradient, which is assumed to be close to the original gradient at the time of terrace formation (I
use the term down-valley gradient, which is measured along a straight line, in contrast to the
river-channel gradient, which is measured along a curved line following a channel thalweg). I
assume that the angle between the down-valley gradient and the fault, , and the angle between
the down-valley gradient and the hanging wall strata, ¢, are equal. In other words, the fault cuts
parallel to the hanging-wall strata, which implies that slip on a fault, s, before and after a bend is

equal (Suppe, 1983). The difference in height of a terrace across a fold backlimb (4;~#5) and the
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fault dip beneath the terrace sections after and before the fault bend (J,~a; and §,~a5) constrains

the amount of fault dip slip (Figure 3.4):

<= h, —h, 7
sind, —sind,

The 95% confidence minimum and maximum, and the most probable value of slip rate are

calculated using equation 6 and the Monte Carlo simulations described in section 3.4.

A test of the fold model is possible from measurements of the dip of the terrace backlimb, .

defined in Figure 3.4, which is predicted by applying fault-bend fold theory to an unconformity:

sind, —sind,

2

w = arctan (8)

cosd, +sind, tan(

In the field, we have observed that the backlimbs of progressively deformed terraces grow by a
combination of limb rotation and kink-band migration (for example, the Djuanarik River terraces
in section 4.4). I suggest that this is because the axial surfaces have finite widths, possibly due to
curved fault bends that adjoin planar fault sections (Figure 3.5). For equation 8 to provide a
valid test of the fault-bed fold geometry, total displacement must be greater than the width of the

active axial surface. Furthermore, measurements of ¥ should be considered minimum values.

The fold-growth analysis also predicts the change in river height since initial floodplain
abandonment and terrace formation. Figure 3.4 also shows that the equation for a change in river

height relative to the modern river, A, is

h, = s*sin o —hy. €)

Calculations from the Djuanarik, Kadjerty, and Alamedin Rivers indicate that 4,, and rates of
river aggradation A/r, vary through time, and that estimates of slip rate or ages of undated
terraces based only on terrace height above the modern river may be significantly in error.
Predicted river aggradation rates provide a means of estimating ages of undated terraces, and can

help evaluate a result if the predicted aggradation rates can be compared to aggradation rates in
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basins measured using a paleomagnetic stratigraphy (e.g., Gould et al., 2000; Weberling et al..
2000).

3.4 Representation and calculation of uncertainties

Monte-Carlo simulations generate uncertainties in slip rate (Chapter 4) and shortening rate
(Chapter 5). Ten-thousand calculations sample a variety of probability distributions for each
variable (Figure 3.6). Frequency peaks define the most probable slip rate, and the 2.5% and
97.5% tails in the histograms bound the 95% confidence limits. These simulations take into
account the standard errors associated with linear regressions of profile data (m, b), errors
associated with measuring fault dip (), fault location across a scarp (P(x,y)), elastic strain
accumulated during the earthquake cycle (As and As,), and age (¢). Because the shape of the
probability density function for many of the measured parameters is complicated (e.g., calibrated
age distributions of charcoal samples (Stuiver et al., 1998)) or poorly known (e.g., P(x,v)), [ use
several methods to describe uncertainty distributions. Normal distributions describe parameters
characterized by a measurable mean and standard error (e.g., m and b). For parameters with
either complicated (e.g., £) or otherwise asymmetric uncertainties, I use empirical probability

distributions, which I will explain below.

The equations for calculating slip rate assume that strain markers that are offset by a fault, or
that mark growth of a fold in a hanging wall, are planar surfaces. For deformed terraces, linear
regressions of surveyed points oriented normal to fault strike provide a mean and standard error
for m and b that define the strain markers. In trench exposures, linear regressions of points that

are digitized from trench logs define mean and standard error of displaced strata.

Fault dip is either calculated by direct measurement, determined by cross-section geometry, or
estimated based on geomorphic expression. For instances where the fault surface can be
measured directly from natural and artificial exposures with an inclinometer or from a trench log,
a “best estimate” and ~95% confidence values are considered to equal a mean and 26 with a
gaussian probability distribution if the uncertainty is symmetric about the best estimate. If

uncertainties are asymmetric about a best estimate, the best estimate carries the maximum
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probability in a triangular distribution with diminishing probabilities towards the ~95%

minimum and maximum values (Humphreys and Weldon, 1994).

In cases for which a fault is not directly exposed, surveying the positions of fault scarps
across successive inset terraces allows calculation of planar fault geometry with a probability

distribution based on linear regression of surveyed points.

For faults that are blind or buried, and fault slip is manifested by growth of a fold, fault dip is
derived from measurements of strata exposed within the hanging wall, based on fault-related fold
models of fold growth (section 3.3). The measurements of hanging-wall strata (¢, the angle
between the strata and the modern river profile) determine the mean and standard deviation of

the fault angle (4, the angle between the fault and the modern river profile).

In cases for which direct measurement of the fault dip was not possible or hanging wall strata
were unexposed or ambiguously related to fault orientation, I estimate fault dip based on
topographic expression and by analogy with other faults in similar physiographic settings. Faults
that appear to dip steeply are represented by a trapezoidal probability distribution, with an equal
and maximum likelihood between 30-70°, and probabilities diminishing linearly to zero at 0°
and 90° dips. Faults that appear to dip shallowly have a trapezoidal distribution with equal and
maximum likelihood between 20—40°, and probabilities diminishing linearly to zero at 0° and 9C°

dips.

If the position (or projection) of the fault within the fault scarp (P(x,y)) is unknown, [ use a
trapezoidal probability distribution to represent x in equations 2—4 (section 3.2). Based on
exposures of thrust faults in our study area and reviews in the literature (Carver and McCalpin,
1996), I give a maximum probability to a fault that projects to 1/3 — 1/2 the distance along the
scarp face measured from the base of the fault scarp, and a likelihood diminishing to zero at the

top and base of the scarp.

For uncertainties associated with the earthquake cycle, I follow Lavé and Avouac (2000) and

consider that some elastically stored slip As may be presently stored, and some elastically stored
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slip As, may have been stored at the time of terrace formation. In the Monte-Carlo simulations,

the values As and As, range uniformly between zero and a maximum of 5 m, a value slightly
greater than the maximum 4.2 m surface fault slip caused by the 1992 Ms 7.3 Suusamyr
earthquake (Ghose et al., 1997). In instances where a scarp appears to have formed in a single

earthquake, As and As,, vary between zero and the calculated value of s.

A variety of methods generate probability distributions for the ages of strain markers (terraces
or layers in a trench exposure). Because of fluctuations in cosmogenically produced atmospheric
"*C through time, radiocarbon ages of organic material that incorporate atmospheric "*C require
calibration in order to be compared to the calendric time scale (Stuiver and Reimer, 1986; Stuiver
et al., 1998). Calibrated (approximately calendric) radiocarbon dates have complicated
probability distributions (Figures 3.6 and 2.3). Although detrital charcoal within a deposit has an
inherited age that is older than the age of deposition (section 2.3.1), [ assume that this inherited
age is small compared to the analytical uncertainty of the radiocarbon age (typically 40-80 "*C yr
for our samples, see Table 2.1). In cases where the age of a deposit is constrained by a single
radiocarbon sample (e.g., a charcoal sample collected from an offset layer in a trench), the slip-
rate calculations sample from the discrete probability distribution of the calibrated radiocarbon
age (Figure 3.6). If more than one sample is collected from a deposit, a significance test and
geologic judgment determine whether the pooled mean radiocarbon age is calibrated to
determine the unit age (Stuiver and Reimer, 1986) (e.g., Table 2.1). In the case of the Kadjerty
River QIII(2) terrace, where radiocarbon samples above and below the upper gravel contact
constrain the timing of river incision, the slip-rate calculations sample a model age distribution of

the gravel contact (section 2.3).

Although the TL and IRSL ages of the QII(2) terraces have large uncertainties (Figure 2.6;
Table 2.2), and the samples represent minimum ages, the area of overlap in the probability
distributions suggest that the terraces may have formed during a narrow interval of time, similar
to the QIII(2) terraces. To evaluate the hypothesis that the sample ages date the same event. [
used a significance test that compares measurements with analytical uncertainties (Ward and
Wilson, 1978). Each measurement has a preferred age and standard error, A; = E;. The test starts

with the determination of the pooled mean age, A,, whereby
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A, =(§":A,./Efj/(il/15}) (10)
1 1

and the test statistic, T, is
T=Y(A-A,)/E} (11)
I

which has a chi-squared distribution on n—1 degrees of freedom under the null hypothesis. For
the four QII(2) samples, A, = 140.7 ka, and the test statistic 7 =2.51, falls below the chi-squared
statistic forn =4 (xz(0.0S) =7.81), indicating that the four samples are not statistically different.

The variance of the pooled age is given by
n -1
V(Ap)=(ZI/E,.2J (12)
1

and equals 8.5 ka for the four QII(2) samples.

To increase the precision for the slip-rate calculations based on deformed QII(2) terraces, I
use the pooled mean age and standard deviation (square root of the variance of the pooled ages)
of the statistically similar TL/IRSL analyses (Figure 2.6). In the text of Chapter 4, [ report the

mean and ~95% confidence interval as 141 = 17 ka.

For the study sites that lack local age control (e.g., in the southernmost Aksay basin), [ use
geomorphic criteria and correlation to estimate terrace ages. For terraces mapped as QII(2) or
QIII(2), I use the pooled mean age of the terrace determined at other sites. For other terraces [
estimate an age distribution based on the stratigraphic relationship between the terrace and other

terraces or landforms.
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Figure 3.1: Analysis of a faulted river terrace. The figure shows surveyed points along a terrace tread that
has been cut by a fault. The dashed thin gray lines indicate the hanging wall. footwall, and scarp surfaces
that are represented by linear equations of the form y = mx-+b. in a horizontal-vertical reference frame.
The thick gray line represents the fault and has a dashed projection up-dip. The scarp face and fault dip. 5.
are measured positive in opposite directions. Figure 3.2 explains the calculations for vertical separation

and dip slip.
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Figure 3.2: Dip-slip calculation for a faulted river terrace. (a) Equations for vertical separation. v. and dip
slip. s. for terraces with the same hanging wall and footwall slopes. (b) Equations for vertical separation
and dip slip for terraces with different hanging wall and footwall slopes. Fault dip slip. s. depends on the
position or projection of the fault within the scarp. P(x.y). s can be expressed as the sum of slip above (s;,)
and below (sy) point P. The components of slip s, and sy can be calculated from the lines expressing the
hanging wall (v, = m;, x + b), footwall (vy = myx + by and scarp surface (s = mgx + by). and the vertical
distances from P to lines expressing the hanging wall (& = h;+ h2) and footwall (f = f7 + f5).
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Figure 3.3: Deformation of unconformities in response to idealized fault-bend folding (Suppe. 1983). (a)
A horizontal terrace forms across a growing fault-bend fold. Active axial surfaces A and B are fixed to
bends in the fault; inactive axial surfaces A' and B' indicate the amount of rock to pass through the active
axial surface, indicated by the slip vector. [n this example, bedding angles o, and ¢, are parallel to the
fault dips &; and 8, in the backlimb. (b) Deformation of the terrace in response to an increment of fault-
bend folding. New inactive axial surfaces A" and B" at the bends in the terrace indicate the amount of fault
slip since formation of the river terrace. Note that this axial surface is not visible in the underlying strata.
Lower horizontal line indicates formation of another, inset river terrace. (c¢) Continued fault-bend fold
deformation. Notice the terrace fold limbs are parallel but have different lengths. indicating the different
amounts of displacement on the underlying fault.
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Figure 3.4: Schematic illustration of terrace deformation predicted by fauit-bend fold theory. Terrace Qt
has been deformed as a result of a constant magnitude of slip. s, occuring across a fault that steepens from a
dip 9, to &, across an angular bend. The profile of the river terrace at its time of formation. r(to). is
indicated by the dashed line. This figure indicates a relative rise in river level since the time of terrace
formation. Equation 7 shows the calculation of displacement from the change in terrace height across the
fault bend and the dips of the underlying fault. Equation 8 is the relationship between the angle of the
backlimb of the terrace, ¥, and the fault dips &, and 8,. Equation 9 is used to calculate the amount of
relative vertical change of the river, h,, since the terrace was formed.
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Figure 3.5: Progressive deformation of unconformities in response to displacement across a curved fault
bend. Material passes through entry (Ai) and exit (Ae) axial surfaces that are fixed to the fault (Suppe et
al.. 1997). (a) Black horizontal line indicates a newly formed river terrace. (b) Terrace deformed by an
amount of slip. Grey line beneath the black terrace shows the predicted deformation for a perfectly
angular fault bend and axial surface. (c) Nested terraces deformed by continued fault slip. Notice the
prediction for both progressive limb rotation and kink-band migration shown. Unlike the angular fault
bend example in Figure 3.3, the lengths and angles of the back limbs for small amounts of slip do not
represent the fault displacement and underlying fault dip.
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Figure 3.6: Calculation of uncertainties from measurements of slip-rate variables. Column [ indicates
measurements made in the field or laboratory. and Column 2 shows the probability representations of the
different variables that go into the Monte Carlo simulation. (a) Linear regression of survey points on a
terrace represents a hanging wall or footwall. Solid line indicates least-squares fit and dashed curved lines
represent 95% confidence ranges given standard errors in slope. m. and intercept. b. (b) Measurements or
constrains on the dip. &, and location of a fault projecting onto a scarp. x. are represented by normal.
uniform. or discrete distributions. A trapezoidal distribution is shown here. Elastic strain accumulation.
As. is represented by a uniform distribution. (c) Calibration of a radiocarbon age, showing probability
density of calibrated ages. The probability density of the calibrated age is represented in the error analysis
if the offset unit is constrained by one radiocarbon age. Column 3 shows an example of a histogram of
slip rate. The slip-rate numbers that correspond to black histogram bars are midpoints for bins. and
indicate the most probable value and 95% confidence limits.
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Chapter 4

Late Quaternary slip rates

This chapter presents the slip-rate determinations of the most active fault (or faults) in each of
five basins (Figure 1.3). All these fault zones show signs of Holocene activity, and of multiple
slip events since ~140 ka. Unless specified otherwise, all uncertainties represent the 2G or 95%

confidence interval.

4.1 Issyk-Ata fault, Chu basin

The Issyk-Ata fault defines the northern deformation front for the central Tien Shan between
~74° and ~75° E longitude (Figures 1.2 and 4.1a), and extends at least 120 km from the Aksu
River east to its surface termination near the Shamsi River (Abdrakhmatov, 1988). As a
moderately south-dipping thrust to reverse fault at the surface, the Issyk-Ata fault places
Neogene sandstone and siltstone over Quaternary gravel. The Issyk-Ata fault merges at its
western terminus with the Chonkurchak fault, which marks the boundary between pre-Cenozoic
basement at the Kyrgyz Range front and late Cenozoic deposits in the western Chu basin (Figure
4.1a). Farther east, between the Ala-Archa and Alamedin Rivers, the Chonkurchak fault steps
north and its eastward continuation is called the Shamsi-Tunduk fault. Late Pleistocene terraces
near the Alamedin River are folded along portions of the Shamsi-Tunduk fault, although the
amplitude of folding indicates minor late Quaternary surface shortening compared with the
folded and faulted terraces above the Issyk-Ata fault. [ interpret the Issyk-Ata fault as a splay
from the Shamsi-Tunduk / Chonkurchak fault beneath the southern margin of the Chu basin. I
estimated a slip rate for the Issyk-Ata fault at two locations: on its central portion, where it
crosses the Alamedin River (Figure 4.1b), and on its western portion, where it crosses the

Sokuluk River (Figure 4.1c).

4.1.1 Alamedin River site

Nested river terraces can be traced along the Alamedin River for about 12 km from within the

Kyrgyz Range front to the Issyk-Ata fault, just south of Bishkek (Figure 4.1b). Starting about 3
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km south of the Issyk-Ata fault, between the Alammedin and Ala-Archa Rivers, river terraces
cover a prominent row of hills underlain by south -dipping Neogene strata (Figures 4.1b and 4.2)
(Chediya, 1986; Abdrakhmatov, 1988). Terrace risers along the Alamedin River provide a
continuous exposure of Neogene sedimentary rock dipping nearly uniformly at ~34 +2° S
beneath the uplifted terrace section (Figures 4.2a and 4.3). We did not find Neogene strata
outcropping south of the elevated portion of the terrace. North of the Issyk-Ata fault, in the

footwall, coalescing alluvial fans show that the AJamedin River is aggrading there.

A profile of the contact between a thin layer of fluvial gravel (deposited on the Tertiary
bedrock strath) and overlying fine-grained sedime=nts for the QII(2) terrace shows a back-tilted
section along the southern edge, particularly if rotated to remove the ~1.7° modern river gradient
(Figure 4.3). The back-tilted segment, which I interpret as a growing backlimb of a fault-bend
fold, rises to 103 = I m for 1.7 km approximately parallel to the modern river profile. The top of
the backlimb and the northern end, close to the fault, are higher. This variation in height could
be due to steep faults or fault-related folding that we did not detect in our mapping of Neogene
strata, or it could mean that an older terrace, ~125 m above modern river level, was inset by a
terrace ~103 m above modern river level. The silt on top of the terrace gravel and bedrock strath,
up to 30 m thick, obscures the variation in height of the gravel contact in distant views of the

terrace (Figure 4.2).

I analyzed the QII(2) terrace deformation usings simple fault-bend fold models of structural
growth (Section 3.3). To test the geometry and kimematics of a structural interpretation, I
compared the terrace profile to predictions of the deformation of a flat unconformity (river

terrace) due to slip on an inferred fault (Figures 3.3 and 3.4).

A lack of structural data south of the high secti-on of the QII(2) terrace along the Alamedin
River hinders analysis of fold growth. A more cornplete analysis of fold growth is possible for
the Akchop Hills fault in Kochkor basin, described below. Nevertheless, the amount of fault slip
may be calculated from the difference in heights o f the QII(2) terrace across the fold backlimb

(h=h3), from i, the angle between the slope of the terrace backlimb and the stream gradient, and
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from &,, the angle between the fault and the stream gradient, which is assumed to be equivalent

to the angle between the bedding and the stream, ¢; (section 3.3, Figure 3.3).

The ~36 £ 2° difference between the dips of Tertiary strata under the elevated terrace and the
present gradient of the river provides §;. To estimate & (the angle of the fault south of the
backlimb), I searched equation 8 iteratively for values consistent with measurements of &; and .

A line fit to three surveyed points that define the QII(2) terrace backlimb makes an angle of =
9.5 £ 1.5° S with the surface, but one pair of these points yields 17° (Figure 4.3). Because most
violations of the ideal fault-bend-fold geometry will reduce measured values of ¥ (e.g., Figure
3.5), [ use a range of backlimb angles of = 8—17°S in the error analysis. The change in height
of the terrace across the backlimb of the fold, #,~h,, is given by the difference between the
height of the flat middle section of the uplifted terrace, /; (103 £ | m), and the height of a point
surveyed south of the growing backlimb (with an assigned uncertainty twice the value of the

measured one), h; (24 £ 2 m).

An IRSL age of 170 £ 50 ka gives a limiting minimum age of the QII(2) terrace along the
Alamedin River (Figure 2.6 and Table 2.2). The IRSL age was measured on silt sampled from
~2.5 m above an exposed contact between river gravel and ~30 m of overlying fine-grained
material (Figures 2.6c and 4.2). The fine-grained deposit is mostly loess, although overbank
sediment may be preserved or mixed with loess near the base of the sediment. To improve
precision, I use the pooled age of 141 + 17 ka for the QII(2) terrace in the calculation (section

3.4).

Solving equation 8 for &, yields a value for fault dip south of the fold of 18 +6° S, and

equation 7 yields 290 +230/-20 m of fault slip. The slip rate on the Issyk-Ata fault at the
Alamedin River is calculated to be 2.1 +1.7/-0.3 mm/yr (Figure 4.3).

Equation 9 predicts that the modern Alamedin River has risen 53 +128/-17 m since QII(2)
formation, which corresponds to a minimum footwall aggradation rate of 0.5 +1.0/=0.1 mm/yr.

This rate is consistent with the 0.5-1.5 mm/yr aggradation rate of Plio-Pleistocene gravel
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measured near the Noruz River, about 15 km east of the Alamedin River (Figure 4.1) (Bullen et

al., in press).

4.1.2 Sokuluk River site

A single, sharply defined scarp trending N64°E marks the Issyk-Ata fault across a broad fan
in the Sokuluk River valley (Figures 4.1c and 4.4). Ignatiev (1886) reported a 1-2 meter-high
scarp along this section of the fault that he associated with the Byelovoda earthquake of 1885. In
Chapter 6, [ discuss paleoseismic results from a trench and profiles along the faulted QIII(2) fan
and inset terraces. In this section, I limit discussion to the Issyk-Ata fault slip rate, using profiles

of the QIII(2) fan across the scarp and fault-dip information from the trench.

Profiles of the faulted QIII(2) fan surface show a vertical separation of 6.3 +0.1/~0.2 m
(Figure 4.4). The trench wall exposes a single fault trace dipping 25-26°S that places gently
folded alluvial gravel in the hanging wall over a series of fine-grained colluvial and gravelly
alluvial units in the footwall (Chapter 6; Figure 6.4). Alluvium and colluvium overlying original
fan gravel in the footwall is ~0.6 m thicker than the fine-grained sediment overlying the fan
gravel contact in the hanging wall (Chapter 6). [ assume that the difference in thickness
diminishes away from the footwall, so that the vertical separation across the scarp determined
from a long profile represents total fault displacement (Figure 4.4). The flat surface of the
QII(2) fan in the hanging wall, shown by the long profile measured adjacent to the trench,
indicates an underlying planar fault (e.g., Arrowsmith and Strecker, 1999). The dips of
imbricated gravel beds measured in the trench within the hanging wall range from about 3° to
about 15° adjacent to the fault (Figure 6.4). Because the fault is planar in the trench exposure,
this folding probably reflects drag folding of the hanging wall and is not related to a fault bend. [
cannot preclude, however, that the difference between the ~3°S dip of gravel beds measured in
the hanging wall in the trench and the 1.6° dip of the fan surface is due to a change in fault dip
beneath our trench exposure. This change in dip would occur below the rounded top of the fault
scarp and would not be detectable in the long profiles. Fault-bend fold theory predicts that the

~1.5° dip change corresponds to a ~1° increase in fault dip. I incorporate this possibility in the

fault dip estimate of 26 + 2°.
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Radiocarbon ages of snail shells and an IRSL age of silt capping the fan on the hanging wall
provide minimum limiting ages of the QIII(2) surface near the Sokuluk River (Chapter 6).
Although the calibrated radiocarbon age of the oldest shell (14.4-15.8 x 10’ cal yr B.P.) is
consistent with the ~13.5-15.7 x 10° cal yr B.P. age of QIII(2) terrace formation dated elsewhere.
the shells do not show stratigraphic consistency. Also, an IRSL age of silt from the fine-grained
sediments in the hanging wall of the trench is 21.6 £ 0.9 ka (Table 6.2), which is ~6—8 thousand
years older than the radiocarbon ages. [ discuss potential problems with the radiocarbon and
IRSL ages in Chapter 6, and for the slip-rate calculation consider two possibilities. The first
accepts the IRSL age as the true age of the fan. The second assumes that the shell and IRSL ages
overestimate the true date of fan formation, and that the combined ~13.5-15.7 x 10° cal yr B.P.

age of the QIII(2) surface is correct.

The parameters discussed above and inserted into equations 1-5 yield a slip rate of 0.6 £ 0.2
mm/yr using a 21.6 ka age and 0.9 + 0.3 mm/yr using a 13.5-15.7 x 10’ cal yr B.P. age (Figure
4.4). This rate is less than half the slip rate of the Issyk-Ata fault calculated at the Alamedin
River, 35 km east. An increase in shortening rate from the west end of the Kyrgyz range to the
central portion of the Kyrgyz Range is consistent with a component of anti-clockwise rotation
seen in the GPS geodesy data (B. Meade, personal communication, 2000). Nevertheless, [ hope
that more detailed mapping and profiling of the QIII(2) terrace near the Alamedin River improves

the slip-rate calculation there.

4.2 Akchop Hills and South Kochkor faults, Kochkor Basin

Active faults and folds deform the southern margin of the Kochkor basin, an east-west-
trending intermontane basin south of the Kyrgyz Range (Figures 1.2 and 4.5). The South
Kochkor fault follows the southern margin of the basin, placing Paleozoic metamorphic and
igneous rock of the Terskey Ala-Too over weakly cemented Neogene sedimentary rocks
(Fedorovich, 1935; Schulz, 1948; Tarasov, 1970; Sadybakasov, 1972). Although this fault and
proximal splays cut late Quaternary river terraces and alluvial fans, most of the late Quaternary
surface deformation occurs several kilometers to the north, within the basin, where it is

expressed by a band of hills of folded Miocene to Pliocene Djuanarik Formation sandstone and
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siltstone (Figure 4.5b). Erosion and deposition by the Djuanarik River, which flows northward
across the southern margin of Kochkor basin, has produced multiple, nested river terraces that
are progressively deformed across the growing Akchop Hills (Fedorovich, 1935) (Figure 4.6).
We surveyed profiles along five river terraces and mapped the underlying strata on the west side
of the Djuanarik River to evaluate the subsurface geometry and rates of slip on faults along the
southern margin of Kochkor basin (Figures 4.5b and 4.7). The presence of an abrupt topographic
front at the northern edge of the Akchop hills and the south-dipping strata underlying the hills
indicate that the Akchop Hills overlie a south-dipping thrust fault (the Akchop Hills fault). I
interpret the gently dipping Akchop Hills fault to connect south of the range front with the South
Kochkor fault.

I have calculated slip rates for both faults from measurements of the deformed QII(2) terrace;

and will start with the faster-slipping Akchop Hills fault.

4.2.1 Akchop Hills fault

Profiles of three river terraces along the west side of the Djuanarik River, rotated to remove
the ~0.7° modem river gradient, show progressive vertical movement and development of back-
tilted sections (Figure 4.7). Because the structure resembles a kink fold, fault-bend fold theory
can predict the geometry and kinematics of fault slip at depth (section 3.3). Two synclinal axial
surfaces in the Neogene stratigraphy in the back limb of the fold (Figure 4.5b) also mark bends in
the QII(2) and QIII(1) river terraces (Figures 4.6 and 4.7a), indicating that the axial surfaces are

presently active.

[ infer that the southern synclinal bend (axial surface (i)) results from fault-bend folding
above a thrust ramp that steepens from 8,=9 +2°S to §; = 18 = 2° S (Figure 4.7b). The thrust
fault geometry is supported by the agreement between the predicted backlimb angle (9 +4/-5°,
from equation 8) and the measured backlimb angle (9°) (Figure 4.7b). The dip information and
the difference in height of the QII(2) terrace across axial surface (i), inserted into equation 7,

give the amount of fault slip (section 3.3).
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TL and IRSL analyses of massive silt from the base of a ~4 m thick deposit overlying the
fluvial gravel of the QII(2) terrace yielded an age of 128 + 26 ka since last exposure to light
and/or heat (Table 2.2 and Figures 2.5 and 4.6). In the slip-rate calculation, I use the pooled age
of the four QII(2) terraces, 141 + 17 ka, as the age of terrace formation (section 3.4). The dip-
slip rate, using parameters described above and inserted into equations 7 and 6, is 2.9 +1.6/-0.7

mm/yr (Figure 4.7c¢).

4.2.2 South Kochkor fault

The offset QII(2) terrace at the range front provides data to calculate a slip rate for the South
Kochkor fault (Figures 4.5 and 4.8). A profile of the QII(2) terrace across the fault extends 2.5
km south of the range front and a similar distance north. This profile has an abrupt bend (axial
surface (iii) in Figure 4.5b) and a back-tilted section beginning ~600 m south of the fault (Figures
4.8b and ¢). Within ~100 m of the fault, the gravel contact of the QII(2) terrace folds into an
anticline next to the fault scarp. In the footwall, the QII(2) terrace and the inset QIII(1) terrace
tilt to the south for a distance of ~1 km. I interpret the back-tilting of the terrace in the hanging
wall to be the result of rotation by a curved fault. The footwall tilt is due to either footwall fault-
related folding of the South Kochkor fault or a gradual change in dip of the Akchop Hills fault

underlying the terraces.

The 26 + 3 m difference in height between six surveyed points in the hanging wall and one
surveyed point in the footwall that is closest to the fault scarp provide data to calculate a slip
rate. The active trace of the South Kochkor fault is not exposed at the range front. An older
trace exposed in the hanging wall dips ~45°S and juxtaposes granite against Neogene sandstone
(Sadybakasov, 1972). Based on the map pattern of the fault, which suggests a moderate to steep
dip, the dip is represented by a trapezoidal probability distribution with a maximum likelihood of
30-70°S (section 3.4). The slip rate of the South Kochkor fault is 0.2 +0.9/-0.03 mm/yr (Figure
4.8d).
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4.3 Kadjerty and Central Naryn faults, Naryn basin

The Naryn Valley, which occupies one of the largest intermontane basins in the Kyrgyz Tien
Shan, contains abundant evidence for Quaternary shortening (Schulz, 1948; Makarov, 1977;
Sadybakasov, 1990; Burbank et al., 1999). The Akchatash fault and associated folds separate the
northern margin of Naryn basin from the Moldo-Too Range (Makarov, 1977) (Figures 4.9 and
2.2b). In several locations the Akchatash fault cuts a Plio-Pleistocene conglomerate, but in
others the basin boundary is marked by monoclinal folding of the pre-orogenic erosion surface
and by an unconformable contact between pre-Cenozoic “basement” and Cenozoic strata. The
monoclinal folding at the basin margin may indicate a transfer of fault slip from a north-dipping
crustal ramp underlying the Moldo-Too to the gently north-dipping Kadjerty and Central Naryn
faults that penetrate the northern Naryn basin. Late Quaternary terraces that cross the boundary

between basin and range do not seem deformed.

Much of the late Quaternary shortening across the northern and eastern Naryn basin occurs by
slip on the Central Naryn and Kadjerty faults (Figures 1.2 and 4.9). Anticlinal folding and the
preservation of hanging-wall cut-offs mapped along the fault traces indicate that total
displacement on either fault is less than a few kilometers (Figure 4.9b). I calculated late
Quaternary slip rates for the Kadjerty and Central Naryn faults along the south flowing Kadjerty
River, a tributary to the west-flowing Naryn River. [ also calculated a slip rate for the Kadjerty

fault 50 km west, where it crosses the Kurtka River.

4.3.1 Kadjerty fault, Kadjerty River site

On the east side of the Kadjerty River, the Kadjerty fault cuts as many as five terrace levels
by progressively greater amounts. The lowest of these terraces—a QIV(4) terrace—adjoins to
the modern floodplain, while the highest of these—a QII(2) terrace—marks the divide with the
adjacent drainage (Figures 4.9 and 4.10). Profiles across the fault scarp that crosses the broad
QIII(2) terrace east of the Kadjerty River show vertical separations that increase from ~8 m at the
east end to ~12 m near the west edge of the tread. A profile at the west end of the terrace tread
provides data to calculate the slip rate of the Kadjerty fault (Figure 4.10). Because the fault

plane is not exposed in either valley wall of the Kadjerty River, [ determined the fault dip from
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measurements of the scarp locations on the QIII(2) terrace and on the adjacent QIV(2) terrace
(Figure 4.10a). Using the average trend of the QIII(2) terrace scarp (N66°E) and the QIV(2)
terrace scarp (N71°E) to constrain the strike of the fault, the fault dips 29 + 5°N at the
QII(2)/QIV(2) terrace riser. The uncertainty in the dip incorporates the 5° difference in strike
above and below the riser and the uncertainties in locating the fault within the scarps on the
upper and lower terrace surfaces. Because the fault dip was determined from local offset
terraces, [ use surveyed points close to the fault scarp to calculate slip rate (Figure 4.10c).
Changes in the height and slope of the terrace above and below the surveyed points are probably
due to fault-related folding. The decrease in the height of the terrace above the river at the north
end of the profile is consistent with a fault dip decreasing from 29°N at the surface to ~10°N
beneath the north end of the profile (Figure 10c). Along strike, the decrease in vertical
separation across the fault scarp from ~12 m to ~8 m is consistent with a fault dip that decreases
from 29°N at the west end of the terrace tread to ~19°N at the east end of the terrace tread, at the

base of the riser to the QII(2) terrace.

Three radiocarbon analyses on detrital charcoal constrain the timing of river incision,
floodplain abandonment, and formation of the QIII(2) terrace along the Kadjerty River (section
2.3.1; Table 2.1). The three samples together give a 13.7-15.3 x 10° cal yr B.P. age range for the
QII(2) terrace gravel contact (Figure 2.3b). Using the parameters outlined above, equations 3-6
yield a slip rate of 1.8 0.4 mm/yr (Figure 4.10c). The vertical separation of the ~141 ka QII(2)
terrace is 65-90 m (Figure 4.10a). Given the estimated ~19°N dip of the fault near the riser
between the QII(2) and QII(2) terraces, the displacement of the QII(2) terrace yields a slip rate
of ~1.4-2.0 mm/yr, similar to the QIII(2) terrace slip rate.

4.3.2 Kadjerty fault, Kurtka River site

The Kadjerty fault offsets the broad QIII(2) terrace and other inset terraces at the Kurtka
River in north-central Naryn basin (Figure 4.9). On the west side of the river, the scarp trends
~NB89°E across the QII(2) terrace tread to the valley wall. East of the river, the scarp diminishes
in height to the valley wall, and the buried continuation of the fault is indicated by a prominent

topographic front that coincides with a synclinal axial surface. Although we have not mapped
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the fault between the Kurtka River and the Kadjerty River 50 km east, I infer that it is the same
fault based on its similar distance (~7 km) south of the Moldo-Too Range front, and the similar

amount of total shortening indicated by mapped Tertiary strata in the hanging wall of the fault.

A profile of the contact between gravel and fine-grained sediments on the QIII(2) terrace west
of the Kurtka River shows a vertical separation of 6 + 3 m (Figure 4.11). Two locations of the
fault surveyed along the west riverbank constrain the fault dip. The scarp on the QIII(2) terrace
clearly constrains the fault position at the top of the riverbank. Within the riverbank, the fault
must lie north of flat-lying layers of Quaternary gravel that outcrop below the QIII(2) scarp,
indicating that the fault must dip less than 40°N. A 2 m, north-side up difference in the elevation
of an inset strath terrace may indicate the fault location (Figure 4.11), which would imply a dip
of 20 £ 5°N. Although the river may have cut the straths at different times in the Holocene,
numerous springs and small landslides suggest that displacement of the Kadjerty fault caused the

change in strath height.

Two charcoal samples collected from the same outcrop ~5—10 c¢cm above the gravel contact of
the QIII(3) terrace on the east side of the river have statistically similar radiocarbon ages (Figure
4.11 and Table 2.1). The calibrated age of the pooled radiocarbon age is 13.8—15.4 x 10° cal yr
B.P. (Table 2.1). Profiles of the QIII(2) and QIII(3) terraces on the east side of the river show
similar vertical separations, indicating that they were displaced during the same earthquakes.
Because of this observation, and because the QITI(3) age is similar to the calibrated radiocarbon
ages collected from the QII(2) terrace at the Kadjerty River (Figure 2.3), [ infer that the
formation of the inset QIII(3) terrace closely approximates the timing of incision and

abandonment of the QIII(2) terrace at the Kurtka River (section 2.3).

The mean vertical separation of the fault scarp on the west side of the river, the 20 £ 5° dip of
the fault, and the minimum terrace age of 13.8—15.4 x 10’ cal yr B.P. inserted into equations 3-6
yields a slip rate of 1.2 +0.8/—0.7 mm/yr (Figure 4.11). There was no clear indication of the fault
position within the east bank of the river, but a ~13° dip is permissible. This dip and the ~4 m

vertical separation of the QIII(2) and QIII(3) terraces east of the river results in a similar slip rate.
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The ~1.2 mm/yr slip rate is comparable to the rate measured for the fault at the Kadjerty River,

50 km west.

4.3.3 Central Naryn fault

Two splays of the Central Naryn fault that cut QIII terraces west of the Kadjerty River merge
into a single fault trace near the west river bank (Figure 4.9), where the Central Naryn fault dips
37 £2° Nin a ~40 m-high exposure (Figure 4.12). A profile of the top of fluvial gravel on the
QIII(2) terrace shows a small anticline near the fault scarp and an abrupt bend ~750 m north of
the scarp. North of the bend, the terrace slopes 0.9° S, as does the floodplain of the modern river
(Figure 4.12). South of the bend, the sub-horizontal terrace surface indicates a back-rotation
caused by changes in underlying fault dip. The change in terrace height, with the assumption of

constant fault dip and the recognized ~37°N dip at the surface, is consistent with a fault dip of

~12° N at depth.

The vertical separation of the QIII(2) terrace, using points surveyed close to the scarp, is 20.6
+ 1.0 m (Figure 4.12). A point surveyed on the fault plane constrains the location of the fault
(point P in section 3.2). Given the known fault location, the 37 + 2° dip, and the age distribution
described in section 2.3.1, the rate of dip slip for the Central Naryn fault is calculated to be 2.3
+0.3/-0.4 mm/yr (Figure 4.12).

4.4 Oinak-Djar fault, At-Bashi basin

The south-vergent Oinak-Djar fault (“Quaternary fault” of Makarov (1977)) apparently
accommodates most of the late Quaternary shortening across the western and central At-Bashi
basin (Figures 1.2 and 4.13). For most of its 80-km strike length, the fault separates hills
composed of steeply dipping Tertiary sediments and late Quaternary fans (Figure 4.13).
Although for ~35 km a well-defined scarp indicates that the Oinak-Djar fault reaches the ground
surface, the thrust fault is concealed along its eastern portion, where slip is transferred into a
fault-propagation fold. Right-stepping en-echelon fold axes in the hanging wall of the fault and
deflected drainages indicate a minor component of left-lateral shear (Makarov, 1977) (Figure

4.13).
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We excavated a 20-m-long tremch across the Oinak-Djar fault where the fault has offset the
head of an alluvial fan repeatedly during the late Quaternary Period (Figures 4.13 and 4.14). [
limit the discussion in this section to estimations of slip rate; details of the trench-wall

stratigraphy and evidence for palecearthquakes appear in Chapter 6.

Two deposits that extend across the fault zone provide data to calculate slip rate (Figure
4.14). The older of these (unit 20 in Figures 4.14 and 6.7) is the lower of two layers of silty sand
interstratified with coarse sand and fine gravel alluvium, while the younger (unit 60 in Figures
4.14 and 6.7) contains sandy and pebbly alluvium with a laminated silt layer at its base. In order
to restore the anticlinal folding of wnits 20 and 60 in the hanging wall, the contacts projected into
the fault zone dip 8.4°S, similar to the terrace surface immediately north of the trench (Figure
4.14). Vertical separations of layexs 20 and 60 are 4.2 +0.5/-0.3 m and 4.0 +0.4/-0.3 m,
respectively. Radiocarbon ages of detrital charcoal fragments indicate that unit 20 was deposited
~9.6-10.5 x 10’ cal yr B.P. and the: laminar silt at the base of unit 60 was deposited ~9.0-9.3 x
10° cal yr B.P. (Figure 6.7 and Table 6.1). This yields a slip rate of 0.9 + 0.4 mm/yr for unit 20
and a 0.9 +0.5/-0.4 mm/yr slip rate for unit 60. The pooled slip rate is 0.9 + 0.3 mm/yr for the
Oinak-Djar fault (Figure 4.14).

4.5 North and South Kyrkungey faults, Aksay basin

Only two faults appear to have significant late Quaternary slip rates in the eastern Aksay
basin. The North and South Kyrkungey faults are part of a ~40 km-long system of folded hills
that trends about 10 km southeast of and parallel to the southeastern At-Bashi Range front
(Makarov, 1977) (Figures 1.2 and 4.5). Our reconnaissance suggests that this fault system within
the Aksay basin is more active than the North Aksay fault that defines the northern margin of the
basin. Moraines, formed during the last glacial period, are offset less than one meter along the
North Aksay fault. Inset, younger imoraines do not appear displaced. The North and South
Kyrkungey faults cut alluvial terraces downstream of the range front, and show abrupt fault
scarps and offset gullies in several locations. Both the North and South Kyrkungey faults dip
south, in a direction opposite of the North Aksay fault that marks the southern boundary of the
At-Bashi Range. Perhaps the southr-dipping faults form a structural wedge (Narr and Suppe,
1994) that extends into basement rock and connects to the north-dipping North Aksay fault at
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depth. We know little about the Kyrkungey faults because we spent little time on them and
because late Cenozoic strata are poorly exposed. Despite the imprecision, the estimated slip

rates of these faults are low compared to those discussed above.

4.5.1 North Kyrkungey fault

The North Kyrkungey fault displaces the heads of small Holocene fans and terraces southeast-
side up between the Djolbogoshtu and Kashkasu rivers (Figures 4.15 and 4.16). Elsewhere along
the fault trace, evidence for recent surface faulting is absent or unclear; either the fault does not
reach the surface in all locations, or it consists of several short segments. An aligned row of
folds to the northeast, however, shows that late Quaternary deformation continues along strike.
With a hand level, we measured a scarp 1 = 0.5 m high across a low terrace ~2 m above the
Kashkasu River at bank-full (Figures 4.16b,c). The age of the terrace and the dip of the fault are
uncertain. Because the offset terrace is below and between terraces that aggrade to moraines of
the last glacial period upstream, I consider it to be postglacial in age, and assume it formed 6—12
ka. The fault has a sinuous trace that suggests a shallow dip. A trapezoidal probability
distribution for the dip, with maximum probability between 20—40°S (section 3.4), gives a dip-
slip rate of 0.1 +1.1/-0.07 mm/yr for the North Kyrkungey fault (Figure 4.16d). Although we
saw evidence for recent surface ruptures along the fault trace, small cumulative displacement of
less than a few meters across older late Quaternary surfaces (such as the terraces in the

background of Figure 4.16b) suggests that the late Quaternary slip rate is low.

4.5.2 South Kyrkungey fault

The South Kyrkungey fault lies 2—3 km south of the North Kyrkungey fault and strikes
parallel to it (Figure 4.15). The fault has displaced, southeast-side up, a broad terrace ~40 to 75
m above the modern Kashkasu and Bogoshti-Kakasu rivers (Figure 4.17a). A profile across the
fault scarp shows a vertical separation of 24 + 5 m (Figure 4.17b). Many gullies along the scarp
face are deflected left-laterally about 1-2 m—evidence for a component of sinistral slip. The
straight map trace implies that the fault has a steep dip; I use a trapezoidal probability

distribution with maximum likelihood between 30-70°S in the slip-rate calculations (section 3.4).
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[ estimate the age of the displaced terrace from stratigraphic relationships and correlation to
dated terraces in other intermontane basins. Air-photo analysis and field observations show that
moraines inferred to be from the last glacial period cover a terrace that correlates to the one we
measured. The stratigraphic relationship and the height and prominence of this terrace indicate it
is the QII(2) terrace (K. Abdrakhmatov, unpublished data). Assuming that major terraces
aggraded and incised synchronously, I assign it an age of 141 + 17 ka (Chapter 2, Figure 2.6).
The parameters described above yield a rate of dip slip for South Kyrkungey fault of 0.2 +0.9/—
0.1 mm/yr (Figure 4.17b). The eastward continuation of the fault into the Kashkasu River valley
does not appear to offset an inset terrace, nor does it interrupt the same low terrace that is cut by

the North Kyrkungey fault. This negative evidence supports the low slip rate.

4.6 Summary of slip rates

We identified eight faults that appear to have the highest late Quaternary slip rates along an
approximately north-south transect that crosses the northern two-thirds of the central Tien Shan
(Figure 4.18). The rates of dip-slip faulting on individual faults range from ~0.1 mm/yr to ~2.9
mm/yr. Most of this slip accommodates shortening in a north-south direction. The high slip
rates of faults within the intermontane Kochkor and Naryn basins show that late Quaternary

shortening was distributed across the belt.

The most active faults lie in the major Cenozoic basins. Both mapping of their surface traces
and measurements of terrace deformation indicate that they splay from faults that dip beneath
five mountain ranges. The upper crust probably consists of fault-bounded blocks with a spacing
of ~35 to 80 km. While the dominant motion of these blocks is north-south shortening, the factor
of two or more change in slip rate along the Issyk-Ata fault may be evidence for vertical axis
rotation (e.g., Cobbold et al., 1994). Other evidence for block rotation may come from the
southern At-Bashi and Aksay basins, where active faulting appears restricted to the western and
eastern portions of those basins, respectively. However, the change in fault activity along strike
may only be apparent, and instead reflect changes from localized and easily detectable faults
accommodating shortening to more distributed displacement near the surface or longer-

wavelength fault-related folds.
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Because several faults within the ranges displace an early Cenozoic erosion surface (Figure
1.3), some late Quaternary deformation probably took place there. However, these faults transect
areas of high relief with eroding hillslopes and steep, bedrock-floored channels. Deposits and
landforms that could record late Quaternary fault slip are consequently rare. For example,
although the 1911 M = 8 Chon-Kemin earthquake produced surface rupture in the steep-sided
Chon-Kemin valley (Bogdanovitch et al., 1914; Kuchai, 1969) (Figure 4.18), landslides and
aggrading debris-flow fans have covered much of the evidence for prior events along this portion

of the fault trace (Delvaux et al., in review).

In the next chapter, I attempt to address the question of how much of the shortening occurs by
slip on the major faults described above, by comparing late Quaternary slip rates to current

geodetic shortening rates.
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Figure 4.1: Maps of the Issyk-Ata fault, Chu basin. (a) Tectonic map of the southern Chu basin,
showing major faults, geologic units, and rivers on a shaded-relief digital topographic base. (b)
Geologic map of the Alamedin River site, showing terraces, differential GPS survey points, and
strikes and dips of Tertiary strata. (c) Geologic map of the Sokuluk River site, showing QIII(2) fan,
QII(2) terrace, and profile line for Figure 4.4.
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Figure 4.3: Slip-rate evaluation for the [ssyk-Ata fault at the Alamedin River. (a) Alamedin River profile.
showing the deformed Q!1(2) terrace west of the river, the location and age of the sample collected for
luminescence dating. and the apparent dips of Neogene strata exposed below the terraces. Points along
the QM(2) terrace are from differential GPS surveying. Points along the Alamedin River are from
1:25.000-scale topographic maps with a 5-m contour interval (gray) and differential GPS (black). The
modermn river gradient was removed by rotating the data about a horizontal axis so that the x-axis is
parallel to the gradient of the river. Apparent dips of strata were similarly rotated. Solid black lines
connect surveyed points with continuous exposure: black dashed line indicates our interpretation of a
hinge and secondary folding near the top of the hinge and at the northern front. The dashed gray line
schematically illustrates the simplification of the geometry of the terrace: this line is constrained by the
black points that define the terrace south and north of the fault bend. We base the slip-rate calculation on
this simplified geometry with the values of 4. 4, ¥, and &, indicated on the figure. The method for
calculating slip rate is described in Appendix B. (b) Histogram showing the predicted value of 3>, based
on equation B2 in Appendix B. The black bars indicate the 95% confidence minimum and maximum.
and the most probable value. (c) Histogram showing the predicted amount of dip slip on the [ssyk-Ata
fault since formation of the QI1(2) terrace. (d) Histogram showing the probability distribution of slip rate.
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Figure 4.4: Profile of the QIl1(2) fan surface across the Issyk-Ata fault west of the Sokuluk River: location
of the profiles is shown on Figure 6.2. Black diamonds indicate the points used to define the surfaces on
the hanging wall, and footwall. The outline of the trench and location of the fault are projected onto the
scarp. The pit excavated in the hanging wall for IRSL sample collection is indicated with the triangle.
Inset histograms show the slip rate distributions using the 21.6 ka IRSL age and the ~14.5 ka combined age
for the QIII(2) terrace dated elsewhere (Chapter 2). The mnost probable slip rates and the 95% confidence
limits are indicated by the black bars and corresponding values.
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Figure 4.5: Maps showing active deformation in the southern Kochkor basin. (a) Simplified geologic map.
The Akchop Hills consist of folded Tertiary strata in the hanging wall of the Akchop Hills fault. (b)
Geologic map of the Djuanarik River area, showing nested terraces along the west bank of the Djuanarik
River and strikes and dips of underlying strata. Axial surfaces labeled (i), (ii), and (iii) are discussed in the
text and in later figures. Surveyed points along the extensive QIl(2) terrace constrain our analyses of slip
rate for the Akchop Hills fault (profile line A-A') and South Kochkor fault (profile line B-B').
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Figure 4.7: Slip-rate determination of the Akchop Hills fault from the Djuanarik river terraces. (a) River
terrace profiles were rotated counter clock-wise 0.7° so the horizontal axis would parallel the modern river.
Note the progressive limb rotation and kink-band migration recorded by the backlimbs of the Qili(1) and
QII(2) terraces off of active axial surfaces (i) and (ii): | infer a back limb for the QI11(2) terrace but did not
sample enough points to measure it. The black squares on the QIi(2) terrace were used to define the heights
of the terrace across axial surface (i). (b) Cross-section across axial surface (i). showing apparent dips of
Pliocene Djuanarik Formation strata and surveyed points along the terraces and modern river. Thick gray
lines schematically illustrate dipping strata across the fold. Thin black lines show the predicted terrace
profiles assuming that the terraces are deformed by ideal fault-related folding (see Chapter 3). Inset box
shows the predicted backlimb angle (equation 8 in section 3.3). Horizontal dashed line shows inferred
position of the river at the time of Q11(2) terrace formation. (c) Histogram showing slip-rate probability
distribution for the Akchop Hills fault based on equation 7 in section 3.3.
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Figure 4.8: Slip rate of the South Kochkor fault. (a) View south from the QII(2) terrace towards the range
front. Arrow points to the fault scarp across the QII(2) terrace. (b) View northwest from the range looking
towards the range front. Lower silt-covered terrace on the opposite side of the river is the QII([): the QII(2)
terrace is on the east side of the river below the photographer. The gulley is the approximate location of
axial surface (iii). Wide silt-covered terrace at the range front is the QII(2) terrace. (c) Profile of river
terraces across the South Kochkor fault, showing terrace correlation, and folding in the hanging wall across
axial surface (iii). Black points and horizontal dashed lines indicate the vertical separation used in the slip
rate calculation. (d) Histogram showing slip rate calculation for the South Kochkor fault. The 0.2 mm/yr
bin contains the minimum slip rate (2.5% tail). Adding another significant digit to the histogram bins
yields a 0.17 mm/yr minimum slip rate.
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Figure 4.9: Maps of the northern Naryn basin. (a) Simplified geologic map of northeastern Naryn basin.
The Kadjerty and Central Naryn faults appear to accommodate most of the shortening at the surface across
the northern Naryn basin margin. Boxes show the areas of (b) and (c¢). (b) Geologic map along the Kurtka

River, showing dips of Tertiary strata, trace of the Kadjerty fault, and river terraces. Red line indicates the
profile in Figure 4.11.
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Figure 4.9 (continued): (c) Geologic map along the Kadjerty River, showing dips of Tertiary strata. fault
and fold traces. and river terraces. Red lines show locations of the profiles of the QIII(2) terrace across the
Kadjerty and Central Naryn faults (Figures 4.10 and 4.12).
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Figure 4.10: Kadjerty fault in the Kadjerty River valley. (a) View east of the Kadjerty fault cutting nested
terraces. Black arrows indicate the position of the fault scarp. The scarp across the QII(2) teerrace in the
distance is ~80 m high. (b) View west from the QII(2) terrace looking across the faulted QIIII(2) terrace.
Location of the profile in (c) is approximated by the black line. (c) Profile of the QIII(2) terr~ace across the
Kadjerty fault. Large black diamonds indicate the points used to define the surfaces on the Imanging wall
and footwall; small black diamonds indicate the top and bottom of the fault scarp. Inset histeogram shows

the slip rate distribution.
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Figure 4.11: Kadjerty fault in the Kurtka River valley. (a) View west of the Kadjerty fault cutting the
QIIi(2) and QI1I(3) terraces. White arrow indicates the fault scarp west of the river. The person in the
foreground is on the QIII(2) fault scarp east of the river. (b) Querried dashed line indicates the location of
the Kadjerty fault in the west river bank, as suggested by the change in height of the inset strath terrace.
Scarp is about 2 m high. (c) View northeast of the QI11(2) and slightly inset QIlI(3) terraces east of the
Kurtka River. Arrow shows the outcrop where charcaol was collected. (d) Profile of the upper gravel
contact of the QI11(2) terrace across the Kadjerty fault on the west side of the Kurtka River. Large black
diamonds indicate the points used to define the surfaces on the hanging wall and footwall: small black
diamonds indicate the top and bottom of the fault scarp. Inset histogram shows the slip rate distribution.
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Figure 4.12: Central Naryn fault near the Kadjerty River. (a) Profile of the upper gravel contact of the
QUir2) terrace across the Central Naryn fault: profile is located on Figure 4.9b. The gradient of the QIli2)
terrace and the modern river are similar north of the labeled "hinge," but south of the hinge the terrace
surface is subhorizontal, indicating that it has been rotated due to slip on the Central Naryn fault. (b)
Central Naryn fault dipping 37%2°N is exposed along the west bank of the Kadjerty River. View is to the
southwest. Neogene strata in the hanging wall dip ~11-15°N. Notice the thick accumulation of late
Quaternary gravel in the footwall of the fault compared to the gravel in the hanging wall. (c) Profile across
the fault scarp. showing the surveyed points used to define the hanging wall and footwall and the dips of
those surfaces. A single point surveyed on the exposed fault surface and the measured dip are used to
constrain the fault location in the slip rate calculation. The inset box shows the probability distribution of

slip rate.
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Figurc 4.13: Map and photos of the Oinak-Djar fault, At-Bashi basin. (a) Simplified geologic map of the
western At-Bashi basin. The Oinak-Djar fault marks the boundary between Tertiary strata and late
Quaternary deposits, and defines the southeast margin of deformation for the larger structure that separates
the Naryn and At-Bashi basins. The Oinak-Djar fault reaches the surface along the western half of the
mapped trace; to the east the fault is blind, and the surface expression is a fault-propagation fold with a
sharp synclinal axial surface. Trench site is indicated by the boxed area. (b) View north of the Oinak-Djar
fault (between horizontal arrows) and the trench site. The trench site is on the eastern side of a broad wash

that has several progressively offset terraces.
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Figure 4.15: Simplified geologic map of the eastern Aksay basin. The North and South Kyrkungey faults
are part of a zone of late Quaternary folds within the northeastern Aksay basin. and appear to
accommodate most of the shortening across the basin. Late Quaternary deposits include large amounts
of glacial till and outwash: large moraines from the last glacial period are preserved along the southern
At-Bashi Range front and are not offset by more than ~1 m by the North Aksay fault. Locations of
photos in Figure 4.16 and profile line in Figure 4.17 are shown.
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Figure 4.16: Slip rate of the North Kyrkungey fault. (a) View to the south of the North Kyrkungey fault
scarp. The fault separates hills of Tertiary strata in the hanging wall from aggrading alluvial fans in the
footwall. Although the fresh scarp morphology (between arrows) indicates recent activity. the muted
morphology of the hills in the hanging wall and the lack of well-developed facets in the interfluves suggest
that the fault docs not have a high slip rate rclative to Holocene-active faults in the intermontane basins to
the south. (b) View to the northeast of the contrasting vegetation and ground wetness that marks the North
Kyrkungey fault (between arrows) where it crosses the floodplain of the southeastward flowing Kashkasu
River. The southeast side of the fault is uplifted relative to the northwest side. (c) View to the northeast
along the fault scarp (marked by the fault line) across the floodplain of the Kashkasu River. Hand-level
measurements across the scarp suggest a height of 1 £ 0.5 m. (d) Histogram showing probability
distribution of slip rate for the North Kyrkungey fault. Minimum rate is shown with an extra significant
figure to distinguish it from zero.
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small fans and the modern floodplain of the Bogoshti-Kakasu River. which lies west of the Kashkasu
River. East of the photo the older terrace is preserved in the footwall of the fault. which is the location of
the topographic profile shown in (b) (see also Figure 4.15). (b) Profile of the Qli(2) terrace surface across
the south-dipping South Kyrkungey fault. [nset histogram shows the probability distribution of slip rate for

the fault.

79



74° 75° ZG°

43°4

42° 4 o~

41°4°F

0 . 1('IJO km

Fault

[ssyk-Ata
Alamedin site
Sokuluk site

Akchop Hills
South Kochkor

Kadjerty
Kadjerty site
Kurtka site

Central Naryn

Oinak-Djar

+ N. Kyrkungey

S. Kvrkungey

S -1

d”

80

Slip rate
(mm/yr)

21%17/ 453
09x0.3

2.9 +1 .6/_0_7
0.2*0:3/ 503

1.8+x04
1.2 -(~0.8/_0.7

2.3 +O.3/_0_4
09+0.3

0.1 *11/ 507
0.2 +0.9/ 4 4

Faults and folds with known
Holocene activity

Faults with calculated
late Quaternary slip rates

A GPS station

Figure 4.18: Recently active faults and fault slip rates. Gray-scale changes indicate 1500. 2500. 3500. and
4500 m contours. Vertical arrow in lower left comer represents 5 mm/yr slip rate. The arrows point in the
up-dip direction and are oriented perpendicular to local fault strike, to emphasize that the data represent the
dip-slip portion of fault slip only. The slip rate values and 95% confidence intervals are shown on the right.
The north-south components of the shortening rates are projected along fault strike to profile line A-B.
Triangles show GPS stations used to compare north-south shortening rate in Figure 5.3. The north
component of velocity at each GPS site was measured relative to station AZOK, which lies north of this

map.
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Chapter 5

Converting slip rates to geologic shortening rates

To evaluate whether the faults we identified account for the total crustal shortening along a
transect across the Kyrgyz central Tien Shan, I converted the calculated fault slip rates into
crustal shortening rates, which I then compared with modern crustal velocities measured by GPS
(T. Herring, written communication, 2001) (Figure 4.18). North velocities determined at GPS
sites were projected normal to a north-south transect line, while geologic slip rates were
projected along fault strike. As some of our study sites are tens of kilometers away from the
transect line, I treat fault slip as constant along strike, recognizing that such an assumption

cannot be correct everywhere (section 4.6).

5.1 Fault geometry in the upper crust of the Tien Shan

Our mapping indicates that the faults with high slip rates in the intermontane basins are splays
that connect at shallow depths with faults with lower slip rates that occur along the margins of
the basins. Thus, slip rates determined for two faults at the surface within the same intermontane
basin (i.e., at Kochkor, Naryn, and Aksay basins) likely combine to represent slip on a single
crustal-scale ramp at depth. How the geometry and displacement along a fault change between
the point of measurement at the surface and at ~2—20 km depth affects the comparison between

slip rates and horizontal velocities measured by geodesy across a region.

A cross-section of the southern Kochkor basin, based on the mapping and terrace profiling in
Figures 4.5-4.8, provides a typical example of how I interpret the fault geometry across the basin
margins (Figure 5.1). The thrust ramp beneath the Akchop Hills must shallow south of the fold
to account for the change in vertical height of the terraces. This low dip angle, which I infer
from dips of Tertiary strata is ~8° or less, projects beneath the Tersky Ala-Too range front. The
South Kochkor fault dips south at a higher angle, and unless the fault shallows to a similar ~8°S
dip, it will intersect the Akchop Hills fault. The profile of the QII(2) terrace south of the range

front implies that the dip of the fault system is shallow for at least two kilometers south of the



range front (Figures 4.8 and 5.1). The ~3 km length of the gently dipping fault that places
Paleozoic rock on Tertiary rock reflects the approximate amount of shortening inferred across the

Akchop Hills fault.

The ~4-5 km of structural relief on the pre-Cenozoic unconformity across the southern
Kochkor basin margin implies that a crustal-scale ramp underlies the Tersky Ala-Too. Althomigh
the dip of the crustal-scale ramp is uncertain, the intermediate dip shown in Figure 5.1 is likeEy
based on focal mechanisms of moderate-sized earthquakes and the 50 + 13° dip of the fault pEane
that ruptured during the 1992 Suusamyr earthquake (Mellors et al., 1997; Ghose et al., 1998).
Faults beneath the ranges in the Tien Shan may dip closer to ~30°, however, if the faults are

similar to those imaged beneath the Rocky Mountain foreland (Gries, 1983; Stone, 1993).

The cross-section geometry proposed in Figure 5.1 is partially supported by a high-resolutdon
magnetotellurics (MT) experiment across the southern margin of Kochkor Basin, located alomg
the Ukok River valley 15 km east of the Djuanarik River (Figure 4.5a). The MT profile show s a
~2-km-thick layer of low-resistivity material underlying high-resistivity material at ~1 km depth
along a low-angle contact. The low-resistivity layer—inferred to be Tertiary sediments thrust
under Paleozoic igneous rock—extends for ~ 2 km south of the range-front. The southern end of
the low-resistivity layer ends by a south-dipping contact determined to be of intermediate dip (S.

Park, written communication, 2001).

5.2 Method to convert slip rate to north-south shortening rate

To convert a fault’s slip rate measured at the surface into its shortening rate across a region,
one cannot simply assume that slip on the crustal-scale ramp equals that on the fault segments at
shallow crustal depths. Most of the faults that we have examined in this study dip ~ 20-40° at
the surface and appear to flatten to dips of ~ 5-20° at depths of less than a few kilometers, within
Tertiary sedimentary rock (e.g., Figures 5.1 and 5.2; Table 5.1). Fault-bend fold theory predicts
that—in layered strata at least, where shear can occur parallel to bedding—slip remains
approximately constant on consecutive fault segments with dips that steepen upwards (see p. 699

in Suppe (1983)).
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The shallow faults that lie at a few kilometers depth appear to intersect more steeply dipping
faults that underlie the mountain ranges and involve much of the previously deformed basement
rock in the upper crust (Figure 5.1). Strain must occur in the hanging wall to absorb the
movement in different directions of the portions adjacent to segments with different dips. The
fraction of slip, s, transferred from a deeper, steeper fault (dip = §,) to a more gently dipping,
shallower fault (dip = &,) is approximately equal to cosd,/cosd, (see the Fault-bend Anticline
example in Narr and Suppe (1994), p. 814, and Figure 5.2). If deformation of the hanging wall
occurs only by shear on vertical planes, the approximate equality becomes exact. In the case
where shear occurs on planes with a non-zero angle 3; the equation for the shortening rate u,

derived in Figure 5.2, is

_ u, cos6,(l—tand, tan f3;)

u, = 13
g l—tan ¢, tan S, ()

Values of u, are derived from the slip-rate calculations, and I estimate (or infer) 8, from cross-
sections and terrace profiles (Table 5.1). If there are no constraints on 9, based on mapping, &,
varies between the dip of the fault measured or estimated at the surface and 0°. The dip of the
crustal scale ramp, 8,, varies between 30° and 55°. The angle of hanging-wall shear, B3, varies

between O and 5° in the direction of fault vergence.

In order to compare the late Quaternary shortening rates to the north component of GPS
shortening rates, I determine the N-S component of slip on faults that do not strike normal to this
direction (Figure 4.18). Simple end-member cases are to assume pure dip slip on each fault (N-S
component < calculated dip slip), or to assume that oblique slip occurs such that maximum
shortening is oriented N-S (N-S component > calculated dip slip). [ incorporate this uncertainty

by defining ¢ as the angle between the strike-normal direction of the fault and north (Figure 5.2b)

and assuming:

1, cos O < ttpns < wy/cos §. (14)
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5.3 Results of the shortening rate comparison

Cumulative geologic shortening rate plotted against distance southward shows an
approximately linear trend across the northern two-thirds of the belt, with a total rate of 11.5
+2.8/-1.5 mm/yr (Table 5.1 and Figure 5.3). The geologic shortening rates are comparable to the
dip-slip rates. This is primarily due to the inference that the horizontal component of slip on a
deep crustal ramp is transferred to a gently dipping fault at shallow depths, and that slip is
transferred up-dip to a shallow ramp (Figure 5.2). The most probable cumulative rate of 11.5
mm/yr is larger than the sum of the most probable dip-slip rates, 10.5 mmy/yr. The broader
uncertainty on the side of the maximum slip rate for the Issyk-Ata and Akchop Hills faults

explains much of this difference.

The cumulative geologic rates and current GPS rates are indistinguishable at a 95%
confidence level (Figure 5.3). If the total convergence rate across this area has remained
constant over the past ~10°-10° years, and if the GPS rates across the belt match far-field
(measured across thousands of km) convergence rates (cf. Hager et al., 1999), slip on the faults
we studied account for nearly all of the crustal shortening. This result suggests that only minor
deformation occurs within blocks bounded by major fault zones. The faulting and folding that do
occur presently within the blocks likely amount to minor adjustments within hanging walls at

fault bends.



Table 5.1 Parameters used to calculate geologic shortening rate and results.
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Fault name, Site, Dip-slip rate Dip Shallow dip”, Cumulative
basin marker used in direction”, ¢ S, shortening rate”
analysis {(mm/yr) (degrees) (degrees) (mm/yr)
Issyk-Ata, Sokuluk R., 09+03o0r
Chu QIII(2) fan 0.6 +0.2%
Alamedin R., 2.1 g5 0-10 5-24 22%97,,
QII(2) terrace
Akchop Hills, Djuanarik R., 2.9%%/ 4, 0-5 0-10
Kochkor QII(2) terrace
S. Kochkor, Djuanarik R., 0.2%%% 403 0-5 0-10 6.0 "3
Kochkor QII(2) terrace
Kadjerty Kurtka R., 1.2%9%,,°
Naryn QUI(2) terrace
Kadjerty R., 1.8+04 20-30 0-15
QIII(2) terrace
Central Naryn,  Kadjerty R., 2.3%%% 04 0-10 0-15 102 %%, 5
Naryn QIII(2) terrace
Oinak-Djar, '98 trench site, 0.9+0.3 15-25 10-25 [1.0 %%,
At-Bashi units 40, 70
N. Kyrkungey,  Kulakashu R., 0.1 Y 507 55-65 f
Aksay QIV(1) terrace
S. Kyrkungey,  Kulakashu R., 0.2, 25-35 f 11.5 %28/, 5
Aksay QII(2) terrace

? Angle is measured from the normal to fault strike to north.

® Dip of shallow décollement inferred frorn geologic mapping, analysis of terrace profiles. and cross-sections.
¢ Dip of crustal ramp assumed to be 30-55°, angle of hanging-wall shear 0-5°. The cumulative rates are inferred to

represent shortening at each major range front, and are generated by summing probability distributions. Most probable
value and 95% confidence limits are showmn.

4 The two rates assume either a ~14 or ~21 ka age of the QIII(2) fan at the Sokuluk River.

¢ Slip rate at this site was not used in the shortening-rate analysis.

! Dip of shallow décollement assumed to wary between 0 and 20° less than the dip estimated for the surface fault trace.
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vectors: [
o~ (modified from Narr and Suppe, 1994)
51 B3
Sy s 2 X1 =X2+ X3
3 3 X2 = S2C0S 82
52 x3=2z3tanP3
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82 X5 X3 Z3=21-22
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X1 =52 €0S 82 S,€0s 8, (1-tan 8, tan B )

1-tand,tan B4

\
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u COS(I) <Upsgs< W N

Figure 5.2: Conversion from fault dip slip to horizontal shortening. (a) Relationship between amount of
horizontal shortening x, and slip s, on a shallow fault that dips at an angle 8,. (b) North component of
shortening rate u,_g constrained to between the pure dip-slip direction and due north-south.
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Figure 5.3: Comparison of geologic and geadetic shortening rates. Figure 4.18 shows the location of the
profile line. GPS stations, and slip-rate sites. (a) Cumulative late Quaternary geologic shortening rates and
current geodetic shortening rates (relative to station AZOK) along a north-south transect through the
Kyrgyz Central Tien Shan. GPS velocities, showing 26 ranges, are projected normal to the profile line A-
B (data are courtesy of T. Herring, written communication, 2001). Shortening rates of faults inferred to
intersect at shallow depths (for example, the Akchop Hills and South Kochkor faults) are combined, and
are plotted at the appropriate range-front. The geologic data are projected along fault strike to line A-B.
Dashed lines show the 95% minimum and maximum cumulative geologic shortening rate. with vertical
jumps at the data points to indicate rigid blocks between fault zones. The two data sets show similar north
velocities along the transect. (b) Vertically exaggerated topography across the transect. GPS sites
projected onto the transect are shown to lie on the topographic profile. Major basins are labeled. The
topography highlights the gradual southward increase in basin elevation and mean topography on the
northern side of the belt, and the steeper topographic slope on the southern side of the belt.
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Chapter 6

Paleoseismic evidence for average displacement and recurrence interval
for faults in the central Tien Shan

6.1 Introduction

The rapidly deforming central Tien Shan offers an opportunity to examine the occurrence of
large-magnitude earthquakes across a convergent mountain belt in a continental interior. The
Tien Shan has experienced numerous M > 7 earthquakes in the 19" and 20" centuries (Figure
6.1) (summarized in Molnar and Ghose, 2000). Although some of the earthquakes occurred in
intermontane basins, most events occurred near or along the northern and southern margins of the
belt. Based on the historic distribution of large earthquakes, seismic hazard maps have assigned
a greater hazard to the margins, despite the widespread late Cenozoic deformation (Medvedev,

1976; Kalmurzaev, 1979; Zonenshain and Savostin, 1979).

The distribution of late Quaternary slip rates shows that most shortening across the central
Kyrgyz Tien Shan occurs on faults within the intermontane basins, and not near the northern
margin (Chapter 4). These data suggest that the historical distribution of large earthquakes does
not represent longer-term deformation, and that reliance on the historic earthquake record to
assess earthquake hazard may be misleading. One possibility is that the intermontane regions
were not densely populated during much of the last two centuries, and therefore large
earthquakes that may have occurred were not recorded. Within uncertainties, however, the
moment release during the historical large events is consistent with the ~20 mm/yr of shortening

measured by GPS (Molnar and Ghose, 2000).

This chapter examines paleoseismic evidence for repeated earthquakes on three faults within
the central Tien Shan, in order to estimate displacements and recurrence intervals. The data
provide a kinematic description of how deformation may occur at timescales between the late
Quaternary (10° to 108 yr) and present-day (10" yr, as measured by GPS). A more accurate

description of the earthquake cycle on individual faults improves the ability to simulate the
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relationship between permanent strain—measured by geology—and interseismic strain—
measured by GPS (e.g., Hager et al., 1999). A secondary goal of this chapter is to estimate the
recurrence rate for large earthquakes in the central Kyrgyz Tien Shan. The preliminary
estimate—based on paleoseismic and slip-rate data—provides a framework for assessing
earthquake hazards to the region as well as a measure of expected frequency of large earthquakes

to compare with the historical record.

Paleoseismic evidence comes from trenching and profiling across the Issyk-Ata fault at the
seismically active northern front and across the Kadjerty and Oinak-Djar faults within the
interior of the belt. Each of the sites has been introduced previously in Chapter 4. Trenches
excavated across the Issyk-Ata fault at the Sokuluk River valley and across the Oinak-Djar fault
in At-Bashi basin were strung with a | m grid and logged on gridded mylar at a scale close to

1:20 (I inch = 50 cm).

6.2 Sokuluk fan trench site, Chu basin

The north-vergent Issyk-Ata fault defines the northern deformation front of the Kyrgyz Tien
Shan along the central and western portion of its length (section 4.1). The western portion of the
fault, extending from the Aksu River to the east side of the Sokuluk River valley, is associated
with a clear fault scarp and absence of a hanging-wall syncline (Figure 4.1). The 1885 M = 6.9
Byelovoda earthquake ruptured the surface for 20 km along the western portion of the fault, and
reportedly formed a 1-2 m-high scarp across the Sokuluk River QIII(2) fan (Ignatiev, 1886).
Prior events are clearly implied by the > 6 m height of the scarp across the alluvial fan (section
4.1.2). We investigated the displacement and timing of surface-rupture events on the Issyk-Ata
fault with a topographic survey of the mouth of a small drainage that has developed within the

uplifted hanging wall, and an excavation across the fault scarp adjacent to the mouth.

6.2.1 Topographic profiles

A detailed topographic map of the site shows the displaced QII(2) fan surface, a broad
drainage floor, and narrow inset terraces close to the fault scarp (Figure 6.2). A topographic

profile along the faulted QIII(2) fan surface shows a total vertical separation of ~6.3 m (Profile A
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in Figure 6.3). A profile of the drainage floor (Profile D) and the most narrow inset terrace
(Profile C) shows 1.5 m of vertical separation between the hanging wall and a small fan in the
footwall near the scarp (Figures 6.2 and 6.3). I presume that the 1.5 m vertical separation formed
during the 1885 event (Ignatiev, 1886). The “1885” terrace merges the drainage floor about 20 m

upstream (Figure 6.2).

The next-highest inset terrace in the hanging wall above the drainage floor has a vertical
separation of ~3.0 m above the QIII(2) fan surface in the footwall (Profile B, Figures 6.2 and
6.3). This offset probably records the 1885 earthquake and the penultimate event. Although the
“penultimate event” terrace tread is limited to ~20 m in length, the terrace surface projects to the
drainage floor about 50 m south of the fault scarp, implying a continuous drainage floor prior to
the penultimate event. Thus the steps in the profile of the present drainage floor apparently
represent headward migration of a knickpoint related to discrete earthquakes. The height of the
knickpoint step between the 1885 drainage floor and the penultimate event drainage floor,
however, is less than the inferred ~1.5 m vertical offset during the penultimate event. To be
internally consistent, these observations require that the small fan north of the drainage floor was

constructed after the penultimate event but before the 1885 event.

A narrow, inset “QIV(1)” terrace located ~ 50 m south of the fault is about half the distance
between the present drainage floor and the QIII(2) fan surface (Figures 6.2 and 6.3). It is not
clear whether this terrace records the ante-penultimate event, or its formation (i.e., past incision
of the ephemeral stream) was influenced by past climatic changes. The vertical separation of the
QIV(1) terrace above the fan footwall is ~4.5 m, thus suggesting another ~1.5 m vertical

displacement.

6.2.2 Trench structure and stratigraphy

The trench was excavated across the margin of the small fan north of the internal drainage
(Figure 6.2). The trench wall exposes a single fault trace dipping 25-26°S that places gently
folded alluvial gravel in the hanging wall over a series of fine-grained colluvial and gravelly
alluvial units in the footwall (Figure 6.4). As the trench did not cross the entire scarp of the

QIII(2) fan, the trench wall does not record the total displacement of the QIII(2) fan. I will next



describe the units in the trench before addressing the age control and evidence for paleo

earthquakes.

The oldest exposed stratigraphic unit is a stratified and locally imbricated, pebble- to cobble-
size gravel with a coarse sand matrix (Figure 6.4, unit 10). Cobble imbrication suggest a
northerly flow of the river, indicating that the sediments were deposited during aggradation of

the QII(2) fan. Unit [0 was exposed in the hanging wall and the footwall.

A ~25 cm-thick silt to silty-sand deposit overlies unit 10 in the footwall (unit 20, Figure 6.4).
The unit contains rare rounded pebbles that are more abundant in the lower ~10 cm. Ped faces
and pores have CaCOj; coatings. A silt to fine-sand deposit with similar clast content and CaCO,
coatings is mapped in the hanging wall of the trench as unit 20. Because the hanging wall
exposes the scarp face, however, this part of unit 20 may have been partially reworked. In a
sample pit excavated ~20 m southwest of the northern end of the trench, on the fan surface, ~1.6
m of silt and fine sand with minor clasts and coarse sand overlies river terrace gravel (Figure
6.4b). Sediments in the pit showed evidence of bioturbation, particularly in the upper ~70 cm.
Unit 20 probably comprises overbank deposits associated with the original QIII(2) fan

construction, overlain by loess, and locally stirred by bioturbation.

Four alluvial units (units 30, 50, 53 and 55) exposed in the footwall reflect deposition from
the ephemeral drainage adjacent to the trench (Figure 6.4). These alluvial deposits are
supported by pebble- to cobble-sized clasts with coarse sand matrix. Wavy lower contacts show
evidence for channel scour. The reddish hue (iron oxide stains?) of the matrix and the lack of
well imbricated gravel distinguishes the four units from the gray sand in the matrix of unit 10.
Unit 70 similarly has abundant gravel and a wavy lower contact, although the unit is supported

by a silt to coarse sand matrix.

The trench wall exposes two similar colluvial deposits consisting of sand and silt colluvium
with rare gravel clasts and coarse sand lenses (units 40 and 60, Figure 6.4). The units form a

single, massive colluvial deposit close to the scarp. We did not detect the presence of former
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long-lived land surfaces within either unit. The matrix of both deposits reacts mildly to dilute

HCI, possibly indicating buried calcium carbonate (Bk) soil horizons.

Colluvium of unit 80 (Figure 6.4) can be distinguished from the older overlying units 60 and
70 by differences in matrix color (unit 80 = brown; unit 60, 70 = yellowish brown) and a
difference in carbonate content (unit 80 does not effervesce with dilute HCI: unit 60 is
moderately reactive). The uppermost part of unit 60 lacks a noticeable change in color or
consistency that would indicate soil formation below a former land surface. Unit 80 contains a
soil consisting of an A/Bw/Cox profile that is buried at its southern end by colluvium (units 100
and [10, Figure 6.4). Unit 100 contains mostly gravel with a coarse sand matrix, but has minor
silt and sand matrix, unlike underlying unit 10. Unit 110 is distinguishable from the laterally
continuous and underlying unit 20 because it has a looser, more friable consistency and it does

not react strongly to HCI, indicating less CaCQs.

6.2.3 Age control

Radiocarbon ages of snail shells and bone, and an IRSL age of silt capping the fan on the
hanging wall, limit the age of the QIII(2) surface and younger deposits in the trench (Figure 6.4
and Table 6.1). No charcoal was found in the trench walls or in a pit excavated 20 m southwest
of the trench. The broad spectrum of shell ages, from ~15.8 to ~3.3 x 10° cal yr B.P (Figure 6.4
and Table 6.1) does not show stratigraphic consistency, presumably because 1) land-snail shells
burrow during winter hibernation (Zhou, 1999), incorporating younger snails in older deposits,
and 2) shells in fine-grained scarp-derived colluvium may survive reworking after earthquake
rupture (Lozek, 1990). Other potential problems with radiocarbon dating of snail shells include
incorporation of inorganic carbon during shell growth (Goodfriend, 1987) and post-depositional
mineral alteration. Although carbonate rock is absent in the Sokuluk River drainage, XRD
analysis of the silt in unit 20 indicates abundant calcite, probably due to carbonate source regions
of loess (J. Hinthorne, written communication, 2000). Ingestion of ancient carbon can produce
anomalously old shell ages by several thousand years (Zhou, 1999 #184; Goodfriend, 1987
#182). Prior to radiocarbon dating, I mechanically cleaned the shells and lightly leached them in
acid to remove exotic carbonate. XRD analyses of the cleaned snail shells indicate aragonite

composition (J. Hinthorne, written communication, 2000). Although none was apparent, Calcite
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present in the shell material would indicate secondary alteration of primary aragonite and

possible incorporation of young or old carbon.

If there is no contamination by ancient carbon in the shells, the oldest shell age provides a
minimum age for abandonment of the fan surface. The oldest shell, collected from near the top
of unit 60, has a calibrated radiocarbon age of 14.4-15.8 x 10 cal yr B.P. (Figure 6.4 and Table
6.1). This age is consistent with the assumption that terraces designated QIII(2) regionally

formed between 13.5-15.7 x 10° cal yr B.P. (Chapter 2; Figure 2.4).

Samples for IRSL dating were collected from the pit excavated in the hanging wall of the
terrace (Figure 6.4b). Silt from ~50 cm above the contact with river gravel yielded an IRSL age
21.6 £ 0.9 ka (Table 6.2), ~6000 years older than the radiocarbon ages. The sample material—a
mixture of eolian and fluvial deposits—may not have been completely “bleached” by exposure to
sunlight prior to deposition; such partial bleaching would result in an anomalously old age (Little
etal., 1998). Alternatively, the IRSL age may date the QIII(2) alluvial fan in the Sokuluk River
drainage, in which case the fan was abandoned several thousand years before the QITI(2) and

QII(3) terraces were incised elsewhere (Figure 2.3).

A mammal bone in unit 70 gave a calibrated radiocarbon age of 2.3-2.7 x 10° cal yr B.P.
(Table 6.1), which provides a maximum age for overlying unit 80 (Figure 6.4). Two shell ages at
the base of unit 80, however, date to 3.3-3.9 x 10’ cal yr B.P. These shells may have been
reworked, similar to the shells in unit 60. If the two shells at the base of unit 80 formed early in
the deposition of unit 80, however, they must have incorporated enough ancient carbon to make
them at least 600—1600 yr older than the unit. This discordance resembles the age offset found
elsewhere in shells (Goodfriend, 1987; Zhou, 1999).

6.2.4 Evidence for earthquakes

Offset terraces in the small drainage are consistent with four events each producing a vertical
offset of ~1.5 m (Figure 6.3). The trench stratigraphy reveals evidence for at least three events,
based on the number of individual scarp-derived colluvial wedges (e.g., Carver and McCalpin,

1996; Rubin et al., 1998). Burial of the Bw soil horizon on unit 80 by reworked alluvium and
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colluvium in units 100 and 110 presumably resulted from scarp collapse during or soon after the
1885 earthquake (Figure 6.4). I restore 3.5 m of displacement from the 1885 event, based on the
1.5 m-high scarp and the 25° fault dip (Figure 6.5b and Figure 6.3). Although no buried soil was
detected in unit 60, overlying unit 80 seems to represent scarp-derived colluvium generated from
fault displacement during the penultimate event. The lack of a coarse facies close to the fault is
curious and indicates that perhaps most scarp-derived material consisted of the overlying
colluvium. An alternative possibility is that fine-grained eolian deposits accumulated against the
scarp (R. Weldon, written communication, 2001). The scarp-derived colluvium from the 1885
event also lacks a gravel facies in the footwall projection of the fault. If deposition of unit 80
coincided with the penultimate earthquake, the earthquake would post-date the bone deposited in
unit 70, or ~2.3-2.7 x 10 cal yr B.P. Figure 6.5c¢ restores another 3.5 m of displacement, equal
to the amount of slip during the 1885 event and consistent with the interpretation of the terrace

profiles (Figure 6.3).

Evidence for prior events is less clear, as no clear unconformity is visible within the footwall
stratigraphy to separate discrete scarp-derived deposits. At least one prior event must have
occurred in order to create the relief necessary to deposit units 30-70. If so, this event had ~7-8
m of displacement in order to account for the total ~6.3 m vertical separation across the QIII(2)
fan—perhaps an unreasonably large amount of displacement. The inset QIV(1) terrace. which
may have formed as a result of base-level change following an earthquake, suggests there were

two events prior to the penultimate event.

6.2.5 Summary

The profile and trench data indicate that two earthquakes with a similar ~3.5 m of
displacement occurred within the last ~2.3-2.7 x 10° cal yr B.P. Although less clear, the vertical
separation of the QIII(2) fan surface and the QIV(1) terrace suggest that there were a total of four
events of similar displacement since ~15-21 ka. However, the data are consistent with only three
earthquakes, and there is no evidence to rule out more than four earthquakes. Although the
repeat time between the penultimate event and most recent event was ~2.5 ka, the average

recurrence interval for four events is ~3.8-5.3 ka.
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6.3 Oinak-Djar fault, At-Bashi basin

We excavated a trench across the Oinak-Djar fault in the western At-Bashi basin (Figure
4.13). Progressively offset fan surfaces in the hanging wall lie within a broad, grass-covered
wash occupied by an ephemeral stream that begins in Tertiary siltstone, sandstone, and
conglomerate. The trench extends across the fault scarp to the southern edge of a small, inset
Holocene terrace in the hanging wall, and into an aggrading, lobate fan in the footwall (Figure
6.6).

6.3.1 Trench stratigraphy and radiocarbon dating

The trench exposed a well-bedded sequence of alluvium and collvium that record Holocene
aggradation of the alluvial fan and occasional deformation by four faults (Figures 6.6 and 6.7).
The oldest unit in the trench, exposed in the hanging wall, contains bedded, clast-supported
alluvium with alternating coarse-sand and pea-gravel layers and cobble and small boulder layers
(unit 10, Figure 6.7). Within the unit are discontinuous lenses of matrix-supported silty sand
with cobble clasts. Overlying the alluvium are two massive fine-sand layers ~15-30 cm thick
with rare cobble clasts (units 20 and 40), interstratified with a ~15 cm-thick coarse sand to
cobble alluvium (unit 30). The units are clearly exposed in the hanging wall and are correlated
to a similar sequence in the footwall, revealed in pits excavated into the trench floor (meter 7-8
and meter 10—-11, Figure 6.7). Two charcoal samples collected from unit 20 in the hanging wall
are dated at 9.6-10.2 and 10.2-10.5 x 10° cal yr B.P (Figure 6.7 and Table 6.1). A 1.2—1.5 m-

thick unit of imbricated coarse-sand to cobble alluvium overlies unit 40 (unit 50).

The contact between unit 50 and the overlying unit 60 is marked by a ~5 cm-thick laminated
silt that is continuous in the hanging wall but discontinuous in the footwall (Figure 6.7). The rest
of unit 60 is a coarse sand and pea-gravel alluvium with cobble clasts, similar to some beds in
underlying units 10 and 50. A charcoal sample collected from the basal laminar silt within the
fault zone gave a calibrated radiocarbon date of 9.0-9.3 x 10° cal yr B.P (Figure 6.7 and Table
6.1). The basal laminar silt of unit 60 pinches out in the footwall, and because unit 60 is
otherwise indistinguishable from unit 50, I draw the entire unit to terminate as well (meter 9,

Figure 6.7). Overlying unit 60 is a poorly-sorted, matrix-supported, silt to medium-sand
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colluvium with some pea-gravel clasts (unit 70, Figure 6.7). Cobble clasts are present within the
lower ~15 cm of unit 70 across the fault zone, and the unit locally contains a cobble-rich layer
(unit 75). Overlying unit 70 is a coarse sand to cobble alluvium with discontinuous ~2—-5 cm-
thick laminated silt layers (unit 80, Figure 6.7). Two charcoal samples collected from a layer of
charcoal and reddish soil within a laminar silt at the base of unit 80 gave identical radiocarbon
ages, which together correspond to 7.8-7.9 x 10° cal yr B.P (Figure 6.7 and Table 6.1). Unit 80 is

absent in the hanging wall.

Overlying unit 80 is massive, wedge-shaped silt and fine- to medium-sand colluvium of unit
90 (Figure 6.7). Unit 90 contains ~20% pea gravel and rare cobbles. Two radiocarbon samples
collected from the base and top of unit 90 indicate that this unit aggraded during the middle
Holocene (Figure 6.7). The lower sample gave an age of 7.0-7.3 x 10° cal yr B.P. and the upper
sample, collected 30 cm below the upper contact, gave an age of 3.5-3.7 x 10° cal yr B.P (Table
6.1). Because it is wedge-shaped and lacks overlying sandy gravel alluvium, unit 90 probably
formed as the adjacent ephemeral stream incised unit 80. A stone line, mapped on the east trench
wall, extends for at least 1.5 m south of the northernmost fault trace (Figure 6.7b). This stone
line—which probably indicates a land surface (Ruhe, 1959)—marks the lower contact of unit 93,
a colluvium that is otherwise identical to unit 90. The gently dipping lower contact of unit 93 is
inferred on the western trench wall. Unit 100, the youngest deposit in the trench, extends across
the scarp face. This unit is a fine-sand to silt colluvium with local coarse sand. The deposit is
more friable, and contains more pea-gravel and small cobble clasts, than do underlying units 70,
90, and 95. Unit 100 coincides with an Ac soil horizon (R. Burke, personal communication,

1998).

6.3.2 Trench structure

The trench reveals evidence for multiple ruptures along four thrust faults (Figure 6.6b and
Figure 6.7). Most displacement has occurred on the northern fault, labeled “D” in Figure 6.7,
which dips 29°N. A wedge-shaped deposit of clast-supported sand, granule, and cobble gravel
coinciding with fault D on the east wall (unit 95, Figure 6.7b) appears to be an injection feature
(see, for example, Weber and Cotton, 1980, plate XIV, reproduced in Carver and McCalpin,
1996).
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Although long profiles of the older terraces in the hanging wall show a ~6° S surface dip, a
small terrace that ends at the north end of the trench has a flat 8.4° S dip, which I infer was close
to the original depositional slope for units in the hanging wall (Figure 4.14). Close to fault D
these units presently dip 16° S, indicating gentle anticlinal folding. Clast orientations and the
upper and lower contacts of units 40 and 20 show evidence for drag folding within ~1 m of fault
D. The footwall of fault D contains a syncline that has overturned units 60, 70. and 80 close to
the fault. Thin seams of colluvium continuous with layer 20, and seams of alluvium and
laminated silt associated with layer 60, are sheared beside traces of the fault in the hanging wall
and footwall, respectively. The combination of brittle and ductile deformation is similar to that
found in excavations across other thrust faults (Beanland and Barrow-Hurlbert, 1988; Meghraoui

et al., 1988).

The three other faults in the footwall (faults A, B, and C) dip less steeply than fault D and
have less total displacement (Figure 6.7). These faults displace units 50—-80, and cut the lower
part unit 90. Faults A—C show greater amounts of displacement across the bottom contact of unit
70 than the bottom contact of unit 80 (Figure 6.8). The greater displacement of the older unit
suggests that faults A—C ruptured during at least two events, although it is possible that there was
a large component of strike slip to the faults and the progressive offset is only apparent. For
example, the apparent normal offset of the base of unit 80 across fault C may be due to oblique
slip. Although most displacement has occurred by discrete slip on fault planes, steep or curved

unit contacts between faults indicate a component of tilting and/or folding by distributed shear.

6.3.3 Evidence for earthquakes

The trench reveals evidence for two to four separate earthquakes, although more events are
permissible. The most recent event likely cccurred on fault D, which cuts unit 93 and produced
the wedge-shaped unit 95 on the east trench wall (Figure 6.7). This event occurred after ~3.6 ka.
Coarse material from unit 95 appears to reach the ground surface, although roots and a friable
consistence indicate that unit 10O is an Ac horizon here. As the east wall of the trench is close to
a wash that is heavily used by local herdsmen, I infer that most of the unit 100 has been eroded
on the east side of the trench (Figure 6.6a). A line of stones at the base of unit 100 on the west

wall is not cut by the fault (Figure 6.6b).
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At least one prior event is suggested for fault D. If the lowver contact of unit 93—defined by
the stone line on the east trench wall—unconfomably overlies the overturned syncline in the
footwall of fault D—uvisible on the west wall—then unit 93 likkely represents a scarp-derived
colluvial wedge deposited after an event that folded the footwzall units (Figure 6.7).
Unfortunately, the cross-cutting relationship for the two event:s before the most-recent event is
not apparent on one trench wall. Evidence for the overturned : syncline was ambiguous on the
east trench wall, as we did not have time to carefully map it. L_arge channel-filled alluvial
deposits cut out most of unit 70 in the footwall of fault D, whi.ch prevented a simple comparison
of deformation across the trench. If the footwall syncline never occurred on the east trench wall
(i.e., deformation was dramatically different along strike), it is= permissible that no events prior to

the most-recent event occurred on fault D.

The western trench wall contains evidence for two events con faults A—C (Figures 6.7 and 6.8).
Each fault displaces the bottom of unit 70 more than the bottomm of unit 80. Unless large amounts
of lateral displacement produced the apparent offsets, the diffesrences in offset require at least
two distinct events. The earlier of these events occurred after deposition of unit 60, or after 9.0—
9.3 x 10° cal yr B.P., and before deposition of unit 80, or before 7.7-7.9 x 10° cal yr B.P (Figure
6.7 and Table 6.1). The similar thickness of strata between un: it 20 and the base of unit 60 in
both the hanging wall and the footwall indicates that no eventss occurred during deposition of

these units, or between ~10 and ~9 x 10° cal yr B.P.

The later event on faults A—C occurred after 7.7-7.9 x 10° cal yr B.P (Table 6.1). The faults
offset the base of unit 80 about as much as they displace the base of unit 90 (Figure 6.8). Faults
A-C could not be traced into unit 90 above the fault contacts wwith unit 80. The apparent upward
termination of displacement may not indicate that most of unit 90 post-dates the later event on
these faults, however, as fault displacement can terminate belo-w the land surface (e.g., Bonilla
and Lienkaemper, 1990). The evidence in the trench cannot pl_ace a firm upper bound on the

timing of the later displacement episode on faults A-C.

The restorations of the Oinak-Djar fault trench illustrate int-erpretations of deformational style

and magnitude of displacement along separate faults (Figure 6._9). They are not intended to
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completely recreate rupture during distinct paleo-earthquakes. The first restoration considers the
total deformation due to fault D (Figure 6.9a). The folding and displacement of the units across
fault D are restored to an 8.4°S dip. consistent with the slope of a small inset terrace directly
above the trench (Figures 4.14 and 6.6a). This restoration suggests ~4 m of fault displacement
and hanging-wall folding. As discussed above, I infer that this slip occurred during one to three

events.

Figure 6.9b restores the inferred depositional slope of unit 80, and requires ~3 m of slip along
faults A~C. The original depositional slope is inferred to change from ~8° in the hanging wall to
5° in the footwall, which is the current slope of the fan surface and units in the footwall. The thin
layer of unit 90 is a supposition, and represents a minimum thickness. The restoration shows
units 70 and 80 changing thickness to smooth topography over a pre-existing scarp, seen in

underlying unit 60.

The final restoration to pre-earthquake form of units 20-70 requires ~2 m of displacement on
faults A-C (Figure 6.9c). The restored depositional slope of units 20 and 40 has a slightly
steeper gradient than units 60 and 70. This difference is not enough to require a third event on

faults A-C.

6.3.4 Summary

The Oinak-Djar fault trench shows evidence for at least two, and perhaps three or four
earthquakes in the last ~10* cal yr B.P. Two unique events probably occurred on faults A—C.
The minimum number of events—two—requires that the inferred contact between units 93 and
the underlying overturned syncline is false, and restorations “a” and “b” in Figure 6.9 represent
the same event. Three events, as illustrated in the three restorations of Figure 6.9, are also
permissible if the cross-cutting relationship is false. If the inferred cross-cutting relationship is
correct, two unique events occurred on fault D, and three or four events are likely. Three events

are possible if fault D slipped after restorations “a” and “b”, or “a” and “c”, in Figure 6.9.
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The total displacement across the trench is 9 m. The restorations of faults A-C suggest a
minimum of 2-3 m of displacement per event. The range of average displacement per event,

considering two and four events, is 4.5 to 2.3 m, respectively.

6.4 Kadjerty River, Naryn basin

The south-vergent Kadjerty fault parallels the northern margin of the Naryn basin and is one
of two active faults that are inferred to intersect the Akchatash fault beneath the Moldo-Too
Range (Figure 4.9). The fault can be traced almost continuously across river terraces from its
eastern termination at the northeastern margin of the Naryn basin east of the Ottuk River to just
west of the Kadjerty River. The Kadjerty fault probably continues at least 50 km farther west,
although its trace is not apparent from remotely sensed images west of the Kadjerty River valley

(section 4.3).

The Kadjerty fault has left a remarkable record of repeated late Quaternary earthquakes near
the Kadjerty River, where it has displaced a series of river terraces that range in age from ~141
ka to late Holocene (Figures 6.10 and 6.11). The oldest terrace—unit QII(2)—has a vertical
separation of ~65-90 m. The ~141 ka age of the QII(2) terrace is limited by four luminescence
analyses on correlative terraces at other sites; two of the ages are from the QII(2) terrace at the
Djergetal River, located ~13 km east (Figures 2.1 and 2.6; Table 2.2). To the west, the fault
trace crosses the broad QIII(2) terrace, and is marked by a scarp that increases in height from 8 to
12 m from east to west (section 4.3.1). Detrital charcoal collected from the uppermost gravel and
overlying silt and sand constrain the age of the QIII(2) terrace to ~ 14.1 x 10’ cal yr B.P (Figure
2.3 and Table 2.1). Evidence for earthquake displacements come from vertical separations of

faulted Holocene terraces inset to the QII(2) terrace and estimates of the fault’s dip.

The modern Kadjerty River has incised ~60—-70 m into the paired QIII(2) terrace (Figure
6.11). Atleast two inset Holocene terraces—the QIV(2) and QIV(3) terraces—are cut by the
Kadjerty fault (Figures 6.10 and 6.11). Two scarps cross the QIV(2) terrace that trend
subparallel to the fault. I infer that both are fault scarps, one from each of two fault splays. A

shallow trench excavated across the upper scarp, which strikes N63°E, exposed a single fault



plane that dips 13°N. Across the riser between the QIII(2) and QIV(2) terraces, however, the
fault dips ~29 + 5°N (section 4.3.1). The vertical separation across the upper and lower scarps.
measured at the west end of the terrace tread where the scarps converge, is 5.5 + 0.3 m (Figure
6.11). The location of the upper QIV(2) terrace scarp and the scarp across the inset QIV(3)
terrace suggests a dip, indistinguishable from the dip determined at the riser between the QIV(2)

and QIII(2) terraces.

The two youngest Holocene terraces within the nested sequence provide maximum estimates
of displacement during individual earthquakes. The vertical separation across the QIV(3) terrace
is 1.9 + 0.2/-0.1 m (Figure 6.11). The 31 +4°N dip of the fault beneath the QIV(3) terrace was
estimated from the locations of the fault scarps above and below the riser between the QIV(2)
and QIV(3) terraces. The apparent vertical separation across the QIV(4) terrace is ~0.9 m. It is
possible that the scarp across the QIV(4) terrace is a terrace riser and is not a fault scarp. The
grassy surface of the QIV(4) terrace in the hanging wall clearly distinguishes it from the active
floodplain of the Kadjerty River. The inferred QIV(4) terrace in the footwall, however, has a
height and cobbly surface that are similar to gravel bars within the active floodplain (Figure
6.10a). Although the location of the inferred QIV(4) terrace fault scarp is close to that of the
QIV(3) terrace fault scarp, their relative locations require a ~2—-5°N dip of the fault near the
surface and an abrupt ~15° change in fault strike. Thus, the ~1.9 m-high scarp across the QIV(3)
terrace provides an upper bound on the maximum displacement during the most recent
earthquake. The ~0.9 m-high scarp across the QIV(4) terrace, however, may have formed in the

most recent event, and the scarp may have been modified by the river.

The estimated ~31°N fault dip and the ~1.9 m-high scarp across the QIV(3) terrace suggest
3.7 £ 0.5 m of dip-slip displacement. Kf the QIV(4) terrace is cut by the fault, this displacement
may have been produced by a maximuimn of two events. The ~31°N dip and the ~5.5 m-high
scarp across the QIV(2) scarp suggest a 11.1 +1.7/-1.3 m displacement, corresponding to three
earthquakes each with ~3.7 m of displacement. The 12 m-high QIII(2) scarp was produced by
~24.5 m displacement, which implies six or seven such events since the terrace formed ~14.1 x
10° cal yr B.P. These arguments, which assume characteristic earthquake behavior as defined by

Schwartz and Coppersmith (1984), imply a maximum average recurrence interval of ~2000-2400
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years. If the QIV(3) scarp was instead produced by two events with ~1.9 m of displacement,
about thirteen such characteristic events would have deformed the QIII(2) terrace with an

average recurrence of ~1100 years.

6.5 Summary of average displacement, recurrence interval, and magnitude for large
earthquakes.

The paleoseismic data from the Issyk-Ata, Oinak-Djar, and Kadjerty faults are consistent with
periodic ground-rupturing events with ~2—4 m of displacement, and an average recurrence
interval of about 1000 to 5000 years. However, the data permit both smaller and larger events,
and obviously are incapable of discriminating paleoearthquakes that did not produce surface
rupture. The stratigraphic evidence used to identify separate earthquakes would not distinguish
events that are either small or recur over a short time interval. Many historic large thrust and
reverse fault earthquakes in the Tien Shan did not rupture the ground surface, or produced
surface rupture that was much shorter than the subsurface rupture length (Ghose et al., 1997;
Molnar and Ghose, 2000). Although the earthquake record is preserved inadequately in the
trench and terrace stratigraphy, the evidence in the paleoseismic and the historic records for ~2—4

m events justifies exploring the hypothesis that such events recurred characteristically.

6.5.1 Comparison with historical events

The trench across the Issyk-Ata fault in the Sokuluk River valley revealed evidence for 3.5 m
of displacement during the 1885 Byelovoda earthquake, which produced a ~20 km-long surface
rupture (Ignatiev, 1886). The estimated magnitude for this event—based on intensity—is M =
6.9 = 0.5 (Kondorskaya and Shebalin, 1977). The ~3.5 m displacement measured at the trench
may indicate that previous workers underestimated the magnitude of this event, or that the

displacement measured at this point was much greater than the average displacement on the fault.

The 1992 M, = 7.3 Suusamyr earthquake was the most recent large earthquake to occur in the
Kyrgyz Tien Shan (Ghose et al., 1997; Mellors et al., 1997). The aftershock distributions
suggests that an area ~23 km wide and ~50 km long ruptured along a fault dipping ~50°S

(Mellors et al., 1997). However, only ~4 km of total surface rupture occurred during the event,
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indicating that most of the fault displacement, at least locally, transferred into growth of the
Chet-Korumdy ridge (Ghose et al., 1997). The maximum displacement measured along the
shorter “eastern” surface rupture was 4.2 m. The ~3.4 km-long “western” surface rupture

consisted of three distinct sections that indicated vertical offsets of ~1.8 to 0.8 m.

6.5.2 Estimated magnitudes of paleo-earthquakes

The maximum displacement and the scarp heights produced during the 1992 Suusamyr
earthquake are similar to the estimates and observations for past events inferred on the Issyk-Ata,
Kadjerty, and Oinak-Djar faults. Thus, analogy indicates that M = 7.3 events occurred in the past

on each of these faults.

Paleo-earthquake magnitudes are frequently estimated by comparing inferred rupture
parameters—surface rupture length, maximum and average surface displacement—to measured
rupture parameters after historical ground-rupturing earthquakes of known magnitude (e.g.,
Wells and Coppersmith, 1994). Although I do it anyway, the application of these empirical
regressions to the data collected in this study is problematic for several reasons. First, although
the data presented above estimate paleo-earthquake displacement, magnitude-displacement
regressions using the subset of reverse faults in the Wells and Coppersmith compilation are nor
significant at the 95% confidence level (Wells and Coppersmith, 1994). Second, only a single
location on each fault has an estimate of displacement. As shown from the Suusamyr event
(Ghose et al., 1997), displacement frequently varies by a factor of two or greater along a surface
rupture length (see also Carver and McCalpin, 1996; McGill and Rubin, 1999), and five to ten
measurements of surface displacement are required to get good precision from empirical
regressions (Hempbhill-Haley and Weldon, 1999). Third, although the regression between surface
rupture length and magnitude is significant at the 95% confidence level (Wells and Coppersmith,
1994), I lack appropriate data for paleo-earthquake rupture lengths. Although discontinuities in
fault trace, changes in fault orientation, and intersections of active folds or faults may act as
potential barriers to earthquake rupture, growing evidence shows that estimations of paleo-
rupture lengths based on “geologic™ or “geometric” segments are unreliable (e.g., McCalpin,
1996; Rubin, 1996; Hemphill-Haley and Weldon, 1999).
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Caveats notwithstanding, the empirical regression using the entire Wells and Coppersmith
(1994) catalog suggests that an average surface displacement of 2—4 m is consistent with M,, =
7.2-7 .4 events, and a maximum surface displacement of 2—4 m is consistent with M,. = 6.9-7.1
events. Previous investigations indicate that paleoseismic investigations are more likely to select
from sites that are close to average or maximum displacement, where features of the events are
preserved (Carver and McCalpin, 1996; Hemphill-Haley and Weldon, 1999). The M,. = 6.9-7.4
range encompasses the moment magnitudes estimated by Molnar and Ghose (2000) for the 1885

Byelovoda and 1992 Suusamyr earthquakes.

6.6 Recurrence interval of M ~6.9-7.4 earthquakes in the Central Tien Shan

To estimate the average repeat time of large earthquakes in the central Kyrgyz Tien Shan. [
assume that the active faults such as those studied in Chapter 4 follow a characteristic
earthquake distribution (e.g., Wesnousky, 1994), and assume that most elastic strain in the
upper crust is released during 2-4 m events of M = 6.9-7.4. I do not consider larger events in
this estimation, even though the 1911 M = 7.8 Chon-Kemin earthquake clearly showed that
they do occur in the central Tien Shan. I restrict the analysis to the faults shown on Figure
4.18. Empirical relations between rupture length and moment magnitude, using the Wells and
Coppersmith (1994) catalog of reverse-slip events, suggests that M = 6.9—7.4 events produce
subsurface rupture lengths of 49—-65 km. This regression predicts that M = 7.3 events produce
61 km-long subsurface ruptures, which is close to the ~50 km-long subsurface rupture length
estimated for the 1992 Suusamyr event (Mellors et al., 1997), and is certainly sufficient for

this simple exercise.

[ divided the lengths of the faults shown in Figure 4.18 into 16 sections between ~50—-65 km
long (Figure 6.12), and assume that each section ruptures independently. A single section
covers most surface traces of faults within the intermontane region. For longer faults, [ chose
section boundaries based on distances from fault ends or based on changes in structural style.
Rupture sources include the faults that broke during the 1992 Suusamyr and 1911 Chon-Kemin
earthquakes, although the ruptures from those events extended outside the study area. I assigned
each fault section a slip rate, u. For fault sections with a measured slip rate, the slip-rate

probability distribution from Chapter 4 describes «. For other fault sections I assumed a value
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for « based on slip rates along strike and = I mm/yr uncertainty (Figure 6.12). For a section of
the Talas-Ferghana fault I assumed a slip rate of 5-10 mm/yr, based on previous work (Trifonov
etal., 1992; Burtman et al., 1996) and recent geodetic estimates (B. Meade, personal
communication, 2000). Along each of the n fault sections, [ assumed that all slip occurs in

earthquakes with a displacement s: 2 m <s <4 m. The earthquake recurrence, R, is

n

R=Y% (15)

i=t §;

and the recurrence interval T is simply 1/R. A Monte Carlo simulation determined uncertainties.
Slip-rate probability distributions are either empirical (i.e., from Chapter 4), gaussian (the
assumed values of « = | mm/yr) or uniformly distributed (for the Talas-Ferghana fault). Values

of displacement were drawn from a uniform probability distribution.

The result predicts that an event of M = 6.9-7.4 occurs every 60-70 years in the study area
(Figure 6.12). Historically, three ground-rupturing events have occurred in the study area since
1885, and no prior major events are reported for the area during the 19" century. Thus, at first
glance, the predicted recurrence rate of large earthquakes appears compatible with the historical
seismicity. However, the sparsely populated intermontane region suggests that the written record
there is probably much shorter and less complete than the record along the more densely

populated northern margin.
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Figure 6.2: Topographic map of the Sokuluk River paleoseismic site on the Issykata fault. Location of
the site is indicated in Figure 4.1. The map shows the trench, profile lines, IRSL sample pit. and terraces
within the internal drainage of the QIII(2) fan. Profiles A-D appear in Figure 6.3. Grey dots indicate
surveyed points using kinematic differential GPS. Contour interval is 0.5 m.
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(locations of profiles are shown in Figure 6.2). The 1.5 m-high scarp across the youngest inset terrace was

produced by the 1885 earthquake. A higher inset terrace preserved close to the scarp is offset by 3.0 m
above the QIII(2) fan surface; this terrace projects to the floor of the drainage ~50 m south of the scarp.

indicating a possible paleo- drainage floor prior to the penultimate event. Total vertical separation of 6.3 m

of the QIII(2) fan was perhaps caused by four "1885-type" events that produced 1.5 m-high scarps. (b)

Photo looking east across the internal drainage in the QIII(2) fan. Person holding GPS antenna is at the top

of the fault scarp on the "penultimate event” terrace.
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Figure 6.4: Trench and soil-pit logs at the Sokuluk River site. (a) Generalized map of the east wall,
Sokuluk trench, showing the Issyk-Ata fault, key stratigraphic units, and calibrated radiocarbon ages.
Scale is shown in meters, with no vertical exaggeration. Calibrated age ranges represent the 95%
confidence interval, in cal yr B.P. (b) Log of pit on the QILI(2) fan. 20 m southwest of the trench
(Figure 6.2). Solil profile interpretation and the location of the IRSL samples shown.
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Figure 6.5: Restorations of the Sokuluk trench. (a) Trench wall outline, stratigraphic contacts. and the
Issyk-Ata fault. (b) Restoration of slip and inferred location of the paleo-surface prior to the 1885
earthquake. The restoration is based on the 1.5 m-high scarp shown in Figure 6.3 and the 25° fault dip. (c)
Restoration of the penultimate event and inferred location of the paleo-surface. The restoration is based on
the 3.0 m-high scarp shown in Figure 6.3 and the fault dip. Horizontal scale is in meters. with no vertical
exaggeration. Stratigraphic units are the same as in Figure 6.4.
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inset terrace

Figure 6.6: Photos of the Oinak-Djar fault trench. (a) View to the west along the Oinak-Djar fault scarp.
Inset terrace in the hanging wall above the trench and the path adjacent to the trench are labeled. The spoil
pile is about 2m high. The mounds on the fan surface in the middle left and the mound on the terrace in the
upper right of the photo are cultural sites ot unknown purpose. (b) Photo of the upper-north part of the
west wall of the trench, showing part of the fault zone. Faults C and D, and selected units are labeled (see
Figures 6.7 and 6.8). Colluvial units are reddish brown in the photo; coarse sand and gravel alluvium units
are grey. Small pink flags on the trench wall mark fault traces.
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Figure 6.9: Restoration of slip for the Oinak-Djar fault trench. a) Restoration of slip on fault D.
Restoration involves translation and rotation of hanging wall units so they have a gradient similar to the
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adjacent terrace tread. The amount of displacement is indicated by the black arrow. b) Second restoration
involves translation of blocks along faults A, B. and C so that the top of unit 80 has a a gradient similar to
the presumed original depositional slope (shown by the black dashed lines). Note the thickening of units
70 and 80 smoothing out the inferred paleo scarp. ¢) Third restoration involves translation of blocks along

faults A, B, and C so that the laminar silt at the base of unit 60 has an smooth profile.
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Figure 6.10: Kadjerty River terraces near the Kadjerty fault. Airphoto (above) and interpretation (below).
White is Neogene, and Figure 4.9(c) shows strikes and dips of strata along the Kadjerty River.
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Figure 6.11: Nested terraces progressively offset by the Kadjerty fault, Kadjerty River. (a) View east
across the Kadjerty River at the offset QII(2), QIII(2). QIV(2), QIV(3), and QIV(4) terraces. Arrows point
to the inferred fault scarps. The QII(2) fault scarp has a vertical separation of 65-90 m. (b) Profiles of the
offset QIII(2) and younger terraces, projected on a vertical plane normal to fault strike. The scarp across
the youngest inset terrace, labeled QIV(4), may have been formed or modified by fluvial processes.
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projections of fault areas that would hypothetically rupture during large earthquakes (see text for further
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R rupture areas. Thick outline =
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explanation). Boxes with thick outlines mark rupture sources of faults examined in this study. The numbers

inside the boxes show values of slip rate. u; whole numbers in boxes with thin outlines indicate estimated
slip rates on faults we have not studied in this project. The 5-10 mm/yr rate on a section of the Talas-

Ferghana fault is based on geologic estimates of Trifonov et al. (1992) and Burtman et al. (1996).

Earthquakes on each fault section are assumed to produce a displacement, d, of 2-4 m. The sum of the
ratios u/d for each rupture source provides an estimate of recurrence rate, R, of large earthquakes in the

region. The inferred rupture areas and magnitudes of the 1885, 1911, and 1992 earthquakes that lie within

this map are indicted by grey rectangles. The analysis predicts a recurrence interval, 7= 100-150 yr for

faults measured in this study (thick lines) and 7= 60-70 yr for all of the sources shown on the map.



Chapter 7

Discussion and Conclusions

This thesis provides a quantitative description of deformation across a contractional
intracontinental mountain belt—the Tien Shan. Such mounta.in belts are common features on
Earth (Rodgers, 1987), and an understanding of the forces and processes that cause
intracontinental deformation is fundamental to plate tectonic theory (Molnar, 1988). A
kinematic description of mountain building across the central Tien Shan places constraints on the
properties of, and the processes operating on, the deforming lithosphere. This chapter
summarizes my results that pertain to the geometry and kinematics of late Quaternary
deformation in the upper crust across the northern 2/3 of the central Tien Shan. I will also
present a brief discussion of end-member forces that may drive continental deformation here, and

how my results place limits (however few) on deeper processes of deformation.

7.1 Kinematics

7.1.1 Style, distribution, and geometry of active faulting

Active north- and south-dipping thrust and reverse faults underlie virtually every
intermontane basin across the central Tien Shan (Figure 1.3). Although strike-slip components
are apparent on some of the east-west- to east-northeast-trending faults, the components likely
accommodate north-south shortening: the active faulting does not suggest a major transpressive
component (cf. Cobbold et al., 1994). The slip rates estimated on individual faults demonstrate
that deformation is distributed across several faults that span the mountain belt, and that the
faults underlying the basins have higher slip rates than faults that mark adjacent range-basin

boundaries (Figure 4.18).

Faulting and fault-related folding of river terraces within the late Cenozoic intermontane

basins indicate that faults dip ~20-40° at the surface, and dip ~5-15° towards the basin margins
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at shallow crustal depths, within Tertiary basin strata (Figures 4.7 and 5.1). The patterns of
folded terraces and underlying strata suggest that fault-related folding within the basins occurs by
kink-band migration, as predicted by fault-bend fold theory (Suppe, 1983) (Figures 3.3-3.5 and
4.7). The high slip-rate faults within the basins are probably splays that intersect with
moderately-dipping (30-50°), crustal-scale thrust ramps that underlie the mountain ranges.
Although most papers by Russian and Kyrgyz authors suggest that steeply dipping faults
penetrate the upper crust (e.g., Chediya, 1986; Sadybakasov, 1990), subsurface data across
several range fronts of the Laramide orogeny—perhaps an analogous thick-skinned mountain
belt—show shallow to moderate fault dips within the crystalline basement (Gries, 1983; Stone,

1993).

The inferred migration of active faulting from moderately dipping faults at the range fronts to
shallow flat-and-ramp faulting in the basins appears prevalent in the Tien Shan (Avouac et al.,
1993; Burchfiel et al., 1999), and likely occurred, at least locally, during the 1992 Suusamyr
earthquake (Ghose et al., 1997). Although this style of deformation has been documented in
other areas of thick-skinned deformation (Ikeda, 1983), it does not appear prevalent in the Sierras
Pampeanas, where most Holocene faults lie at the range fronts (Costa and Vita-Finzi, 1996), and
underthrusting of syntectonic sediment does not appear widespread during the Laramide orogeny

(Gries, 1983; Erslev, 1986; Stone, 1993).

The fault geometry underlying the range-basin margins has several implications. First, the
geometry predicts that slip on a ramp beneath the mountain ranges can contribute to further
crustal thickening there, while most of the active shortening seen at the surface is expressed by a
narrow row of hills within the basin interior. Second, knowledge of the fault geometry is
required to convert fault slip rates to crustal shortening rates (Figure 5.2). If geodetic shortening
measures interseismic strain accumulation across the locked portion of a fault, adequate
prediction of interseismic strain must consider the location of the locked zone of the fault in the
upper crust as well as the location of the fault at the surface. Third, separate faults at the surface
within an intermontane basin may share a deeper crustal ramp, and therefore have a common

seismic source. Areas of high shaking intensity may be offset from zones of surface rupture



hazard. Future work on subsurface fault geometry would greatly improve estimates of late

Quaternary shortening rate, and total late Cenozoic shortening across range-basin margins.
7.1.2 Strain partitioning in the upper crust

Estimated rates of late Quaternary north-south shortening across major thrust and reverse
fault zones are consistent with the pattern and rates of geodetic shortening, and indicate that
deformation is distributed across a relatively few faults in the upper crust (Figure 5.3). The
upper crust of the Kyrgyz central Tien Shan can be described as a series of ~30-70 km wide,
fault-bounded blocks, with little internal deformation. Late Cenozoic faults and folds within the
range blocks likely accommodate the movement of hanging-wall material across deeper fault
bends, similar to the pattern inferred for the Laramide Rocky Mountain foreland (Narr and

Suppe, 1994).

The slip rates and geodetic shortening rates indicate lower rates of near-surface deformation
in the southern region, which has the highest topography and thickest crust (Figures 4.18 and 5.3)
(S. Roecker, written communication, 2001). One possible explanation for this is that the crust
continues to thicken beneath the high region in the south, by either ductile flow or faulting at
depth. If the lack of horizontal shortening also indicates a similar slowing of crustal thickening,
the southern region may be forming a nascent plateau. To further thicken already-thick crust
requires more work than to thicken areas of lower mean topography, thinner crust, and lesser
gravitational potential energy (e.g., Molnar and Lyon-Caen, 1988). Alternatively, a layered
crustal rheology with a low viscosity lower layer may also limit crustal thickening (Royden,

1996).

The wide (~30-70 km wavelength) basin-and-range topography through our transect stands in
contrast to the more narrow (~15-30 km wavelength) and higher elevation valleys to the east

(Figures 1.2 and 1.3). It is unclear how well the pattern of distributed shortening across our
transect (~75-76° longitude) describes deformation along a transect through Issyk-Kul basin

(~77° longitude). It is possible that deformation there is more localized across the Issyk-Kul
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basin and the northern and southern margins, if higher mean elevations coincide with lesser rates
of shortening. The narrower ranges may indicate a closing of formerly broad basins by greater
amounts of shortening, or this part of the belt may consist of more narrowly spaced fault-
bounded blocks.

The pattern of distributed shortening across the Kyrgyz central Tien Shan stands in contrast to
the shortening documented across the central portion of southern Tibet and the Himalaya. There,
GPS measurements of interseismic strain accumulation are consistent with ~20 mm/yr slip rate
on the gently dipping Main Himalaya thrust (Bilham et al., 1997). A Holocene slip rate of ~21
mm/yr is estimated for the Main Frontal thrust—the southernmost splay of the Main Himalaya
thrust—indicating that almost all of the strain accumulating beneath the Himalaya is released at
the southern deformation front (Lavé and Avouac, 2000). Shortening across the rest of the
Tibetan plateau, however, appears distributed (Bendick et al., 2000). It is possible that the
central Tien Shan is analogous to the central Himalaya and Tibetan Plateau, although on a
smaller scale. While deformation across the northern 2/3 of the Tien Shan is distributed,
shortening across the southern margin of the Tien Shan may be localized on one or two high slip-
rate faults that define the southern deformational front (Rubin et al., 2000; Scharer et al., 2000;
Dang et al., 2001). Possible underthrusting of the rigid Tarim block (Mattauer, 1986) may act in

a similar manner as underthrusting of the India subcontinent.

7.1.3 Coseismic deformation

Paleoseismic evidence from three faults across the central Tien Shan show evidence for 2-4 m
displacements at the surface. The paleoseismic data include evidence for 3.5 m of displacement
during the 1885 M = 6.9 Byelovoda earthquake and appear similar to displacement during the
1992 M = 7.3 Suusamyr earthquake. Earthquakes of M = 6.9-~7.4 probably occurred on faults
across the Kyrgyz central Tien Shan. Although the data do not prove *“characteristic™ behavior at
any site, a simple analysis that assumes recurring 2—4 m events along 50-65 km-long rupture
sources predicts a 60-70 year recurrence interval for earthquakes of this size across the study

area.



7.2 Dynamics

The degree to which mountain belts deform by localized or distributed strain ought to be
predicted by mechanical and dynamic descriptions of mountain building processes. For
mountain belts at plate margins, and for most “thin-skinned” fold-thrust belts, a gently-dipping
fault underlying the belt provides a clear boundary condition that is appropriate for the use of the
basal-traction driven critical-wedge model (e.g., Davis et al., 1983). In basement-involved
mountain belts distant from plate boundaries, however, appropriate boundary conditions for
deformation are less clear. Horizontal forces applied from afar may push lithospheric blocks
together, causing either pure shear thickening (England and McKenzie, 1982; Houseman and
England, 1986) or lithospheric buckling (Martinod and Davy, 1992, 1994). Alternatively, local
mantle processes may cause subduction of continental mantle lithosphere, which could apply a
basal traction, or shear stress, to the overlying crust (Willett et al., 1993; Royden, 1996). The
anticipated patterns of deformation from modeling studies depend largely on the prescribed
strength profile of continental lithosphere (e.g., Molnar, 1988; Willett, 1999). I briefly discuss
two forces that may act on the Tien Shan lithosphere to drive deformation—horizontal forces and
basal traction forces—and state the predicted strain-rate field based on different model

parameterizations.

7.2.2 Horizontal forces at the margins

Horizontal forces applied to the margins of the Tien Shan may be manifested in at least two
ways: pure-shear thickening of the lithosphere, or folding. Most of the literature exploring pure-
shear thickening of continental lithosphere uses the thin viscous sheet approximation (e.g.,
England and McKenzie, 1982; Houseman and England, 1986). Although the thin-sheet
approximation—which applies to regions that are many times wider than the thickness of the
sheet— is not well suited at the scale of the Tien Shan, other numerical simulations of pure-shear
thickening of a layered continental lithosphere predict distributed deformation (L. Royden and S.

Willett, personal communication, 2001).

Horizontal forces may also result in folding of the lithosphere (Martinod and Davy, 1992;

Burov et al., 1993; Martinod and Davy, 1994). The regular spacing of major crustal blocks seen



in the Tien Shan (mentioned above, and explored by Burov et al., 1993) and in other thick-
skinned belts (Jordan and Allmendinger, 1986; Erslev and Rogers, 1993) is perhaps explained by
folding instabilities within a brittle upper crust. Folding of the lithosphere also predicts

distributed crustal deformation (Martinod and Davy, 1994).

7.2.1 Basal traction

Local mantle processes beneath the Tien Shan may apply a shear stress to the base of the
crust. Critical-wedge theory has advanced the understanding of mountain building processes for
conditions in which deformation by simple shear characterizes a basal boundary condition
(Chapple, 1978; Dahlen, 1984). The characteristic polarity of many belts in contractional
settings, with a vergence and propagation of new faults in the direction of the underthrust plate
[Bally, 1966 #258; Boyer, 1982 #260; Dahlstrom, 1970 #259, has been replicated in laboratory
experiments employing basal traction boundary conditions (e.g., Liu et al., 1992). In analog
(Koyi et al., 2000) and numerical (Willett, 1999) simulations of the critical wedge, basal
boundary conditions with high friction or high viscosity décollement lead to both a localization
of high strain rate at the leading edge of deformation and a dominant polarity to the belt.
Deformation above décollement with lower values of friction or viscosity results in a similar
unidirectional propagation of new structures, but shortening and strain rate are partitioned over a
broader area (compare figures 10 and 13 in Willett, 1999). If a basal traction drives the central
Tien Shan, the zone of lithospheric décollement, assumed to be in the lower crust, must be weak

compared to the strength of the upper crust.

7.3 Concluding remarks

The central Tien Shan offers an exceptional opportunity to explore the active kinematics of
intracontinental mountain building. The work presented in this thesis represents only a
preliminary effort to characterize the styles and rates of late Quaternary faulting along a narrow
transect that crosses the northern 2/3 of the belt. This research contributes a more quantitative
measure of the distributed shortening that has been observed and documented by previous

workers for over half a century (Schulz, 1948).
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