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Abstract

The Altay Mountains of Western Mongolia accommodate 10-20% of the current shortening
of the India-Asia collision in a transpressive regime. Kinematic models of the Altay require
faults to rotate anticlockwise about a vertical axis in order to accommodate compressional
deformation on the major strike slip faults that cross the region. Such rotations should be
detectable by palaeomagnetic data. Previous estimates from the one existing palaeomagnetic
study from the Altay, on Oligocene and younger sediments from the Chuya Basin in the
Siberian Altay, indicate that at least some parts of the Altay have experienced up to 39 + 8° of
anticlockwise rotation. Here, we present new palaeomagnetic results from samples collected
in Cretaceous and younger sediments in the Zereg Basin along the Har-Us-Nuur fault in the
eastern Altay Mountains, Mongolia. Our new palaeomagnetic results from the Zereg Basin
provide reliable declinations, with palaeomagnetic directions from 10 sites that pass a fold
test and include magnetic reversals. The declinations are not significantly rotated with respect
to the directions expected from Cretaceous and younger virtual geomagnetic poles,
suggesting that faults in the eastern Altay have not experienced a large degree of vertical axis
rotation and cannot have rotated more than 7° in the past 5 m.y. The lack of rotation along

the Har-Us-Nuur fault combined with a large amount of rotation in the northern Altay fits
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with a kinematic model for transpressional deformation in which faults in the Altay have
rotated to an orientation that favours the development of flower structures and building of
mountainous topography, while at the same time the range widens at the edges as strain is
transferred to better oriented structures. Thus the Har-Us-Nuur fault is a relatively young fault

in the Altay, and has not yet accommodated significant rotation.

Key Words

Vertical axis rotation, strike slip faults, active faulting, palaeomagnetism, central Asian

tectonics

1. Introduction

Where continental crust has structural fabric inherited from previous tectonic regimes,
intracontinental mountain building is often accomplished by transpressional or transtensional

deformation on structures that are not optimally oriented with respect to the regional stress

field {Cowgill et al., 2004}|Cunningham, 2005}[Scholz et al., 2010}|Walker and Jackson, 2004

Weil and Sussman, 2004). This occurs where pre-existing and un-favourably oriented

structures are preferentially reactivated instead of developing new, optimally oriented faults.
Vertical axis rotations (VAR) combined with strike-slip or oblique faulting plays an important

role in accommodating the regional strain field in these intracontinental settings

(e.g|Campbell et al., 2013} [Cunningham, 2005} |England and Molnar, 1990 |Walker and

Jackson, 2002). Investigating the kinematics of transpressional or transtensional mountain

ranges is important for testing different models of continental deformation, such as whether

deformation is distributed throughout the lithosphere or localised on major fault zones, and

in understanding how large-scale continental strain is accommodated seismically {(England

and Molnar, 1990}|Meade, 2007}|(Zuza and Yin, 2016). Quantifying the fault kinematics and

the crustal rotations in these regions is crucial for reconciling modern-day strain rates derived

from geodesy with Quaternary and longer fault slip rates.

The India-Eurasia collision provides an excellent natural laboratory for investigating
distributed continental deformation. The Asian continent between the Siberian craton and

the Indian plate was amalgamated in a series of collisions of microcontinents and fragmented

arc complexes over hundreds of millions of years since the late Proterozoic (Badarch et al,,
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1998j|Badarch et al., 2002{|Briggs et al., 2009}[Cunningham et al., 2003b}{Cunningham, 1998

Sengor et al., 1993). This long history has left several geologically complicated zones with

strong inherited structural grain, which have been reactivated during the most recent collision
with the Indian plate (Figure 1). These zones include the Kunlun, Qilian Shan, Tien Shan, Gobi

Altay, Altay, Hanguy, and the Sayan mountain ranges.

The Altay Mountains of western Mongolia are located ~2500 km from the India-Asia suture
(Figure 1). Despite being at the edge of the actively deforming regions, the Altay region

accommodates 10 to 20% of the total shortening from the motion of India based on GPS

velocities [Calais et al., 2006}|Calais et al., 2003|Gan et al., 2007}[Lukhnev et al., 2010[|Wang

et al., 2001j|Yang et al., 2008}|Zhang et al., 2004; Figures 1, 2). In contrast to the Himalaya and

Tien Shan ranges further south, where shortening is predominantly accommodated by thrust

faults oriented perpendicular and sub-perpendicular to the convergence direction

Abdrakhmatov et al., 1996{|Molnar and Ghose, 2000), much of the deformation in the Altay

is accommodated in a transpressive regime through slip on a rotating array of strike-slip faults

Baljinnyam et al., 1993}|Bayasgalan et al., 2005}|Walker et al., 2006).

A tenet of the style of deformation of the Altay is that the region rotates about a vertical axis

in order to accommodate NNE—SSW directed shortening along right-lateral strike-slip faults

that strike NNW—SSE (Baljinnyam et al., 1993}|Bayasgalan et al., 2005). Figure 2b shows a

schematic block diagram for rotation in the Altay, though in reality active deformation is
distributed across the region on a complicated network of anastomosing faults mapped on
Figures 1a and 3. Regional anticlockwise rotation is evident in the comparison between well-
defined earthquake slip vectors and the direction of maximum horizontal strain vectors

derived from GPS velocities across the mountains: slip vector azimuths are generally oblique

to the principal strain axes and parallel to the NNW-striking active faults (Figure 3;|Bayasgalan

et al.,, 2005} |Kreemer et al., 2014). While vertical axis rotation is a mechanism that can

reconcile the geodetic and seismic data, few observations have been made on the longer term
geological record of rotation in the region. Evidence of tectonic rotation on a geological time
scale, including the amount and time-averaged rates of rotation, can be found by comparing
palaeomagnetic declinations in older rocks to the predicted declination of the
palaeomagnetic field at the time of deposition of those rocks. There is, however, only one

previous study of Cenozoic palaeomagnetic directions in the Altay, conducted by Thomas et

3
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al. (2002) on samples collected from the Chuya Basin in the Siberian Altay. Their results from
Oligocene to Pleistocene clays and sandstones indicated significant anticlockwise rotations of
39 + 8° over the past 40 Ma relative to a reference virtual geomagnetic pole (VGP) for Eurasia
(Figure 3). Their study found dual-polarity and stable chemical remanent magnetisations,
carried by magnetite, which are deviated with respect to the reference pole. They suggested
that the measured rotation arises from left-lateral shear along the faults surrounding the

Chuya Basin. Recent studies, however, have shown that these faults are, in fact, dextral

strike-slip faults, as evidenced by the right-lateral 2003 My, 7.2 Chuya earthquake [Nissen et

al., 2007; Figure 1}, indicating that the rotations result from the regional kinematics.

In order to contribute to the database of tectonic rotations in the Altay and to investigate the
continuity of rotation across the region, we sampled Cretaceous to Pliocene sediments from
the Zereg Basin for palaeomagnetic investigation (Figure 3). The Zereg Basin is formed in a
transtensional bend in the Har-Us-Nuur fault, and is surrounded by several mountain ranges
formed along restraining bends in the fault system (Figures 3 & 4). The relief surrounding the

Zereg Basin is relatively young, uplifted only within the last 3—8 Ma on the basis of low-

temperature thermochronology studies {Jolivet et al., 2007). There are several motivations

for selecting the Zereg Basin as a palaeomagnetic study locality. Appropriate material for

palaeomagnetic study is limited in the Altay, and the Zereg Basin is a locality where extensive

uplifted Jurassic and younger-aged sediments are preserved {Howard et al., 2003). Good age

constraints are also required to interpret palaeomagnetic directions, and in the Zereg Basin

stratigraphic ages have previously been determined by several authors (Devyatkin et al.,

1975}|Howard et al., 2003}(Khosbayar, 1973}|Shuvalov, 1968}[1969}|Sjostrom et al., 2001).

Whilst local basin-scale rotations can often overprint the regional rotations that are the focus
of this study, the structural evolution of the Zereg Basin is well known based on the excellent
exposure of active faults, folds, and uplifted stratigraphic units, and can therefore be
corrected for in palaesomagnetic data by restoring sample directions to their tilt-corrected

orientations.

The degree of Cenozoic rotation along the Har-Us-Nuur fault in the Zereg Basin can also be
used to test the age of initiation of faulting and mountain building, given assumptions about
how these rates relate to rotation. For example, if the fault bounding the Zereg Basin is

relatively young, small amounts of rotation may be expected. Finally we discuss these results

4
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in the context of an actively evolving transpressional mountain range and the hazard

presented by the strike slip faults.

2. Geological Background

2.1 Regional setting

Deformation in the Altay is accommodated primarily on a distributed network of long strike-
slip faults oriented NNW-SEE, which is oblique to the NNE-SSW oriented maximum
shortening direction (Figure 3). Faults follow the dominant structural grain imposed by

Palaeozoic deformation during the assembly of central Asia, during which the Altay region

was a continental arc setting accreted on the margins of the Siberian craton (Badarch et al.,

1998||Badarch et al., 2002[|Briggs et al., 2009}[Cunningham et al., 2003b}{Cunningham, 1998

Sengodr et al.,, 1993). These faults have accumulated several kilometres of right-lateral

displacement and are capable of producing up to My, 8 earthquakes, as shown by historic and

prehistoric examples (Baljinnyam et al., 1993}|Klinger et al., 2011; Figure 1). A limited number

of Quaternary fault slip rates have been determined for the major Altay faults and they range

between 0.5-2.5 mm yr?, with the most rapid rates found on the eastern-most structure: the

Har-Us-Nuur fault (Figure 3;|Frankel et al., 2010j|Gregory et al., 2014||Nissen et al., 2009a

Nissen et al., 2009b). Given the slow time-averaged rate of slip on faults in the Altay, large

earthquakes have long recurrence intervals, and any individual fault may have over 1000

years between significant events.

The cold arid climate of Mongolia allows for good preservation of faulting and deformation

features in the landscape, such as pre-historic earthquake ruptures and cumulative

Quaternary fault displacements {Baljinnyam et al., 1993}|Nissen et al., 2009bj|Walker et al.,

2006). Also, the high topographic relief of the Altay potentially preserves the total vertical

uplift due to Cenozoic deformation, based on the assumption that ancient planation surfaces

have been uplifted and preserved without significant erosion on the tops of many mountains

e.g. Jolivet et al., 2007). The highest mountain peaks in the Altay reach over 4000 m, and the

region has a high average elevation {~2300 m, Baljinnyam et al., 1993). This is in part due to

the elevation of the intervening basins, which are between 1500 and 2500 m in elevation, and

thus the overall topographic relief in the range is generally on the order of 2000 m.
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Conflicting low temperature thermochronology results suggest that the western Altay may

have experienced tectonic activity from the early Miocene {~25-20 Ma, Yuan et al., 2006),

while workers in the eastern Altay and the Siberian Altay suggest that the full onset of

Cenozoic deformation, which has produced the present-day relief in the Altay, did not begin

until more recently (having been initiated within the last 8 Myr;|De Grave and Van den haute,

2002}|De Grave et al., 2008}|Glorie et al., 2012aj|Glorie et al., 2012bj|Jolivet et al., 2007

Vassallo, 2006}(Vassallo et al., 2007). These authors suggest that the modelled cooling ages

from low-temperature chronology is evidence of the onset of the currently active
deformation regime due to the preservation of peneplain surfaces on average ~2000 m above
the valley floors, which represents the total uplift in the region due to compression from the
India-Asia collision. Sedimentation records in the basins surrounding the Altay are consistent
with some regional uplift following at least the Oligocene, or ~23 Mya. Sedimentary basins on

the eastern margin of the Altay have an Oligocene unconformity, which is overlain by Miocene

aged debris-rich fluvial sedimentary units (Cunningham et al., 2003a}[Cunningham, 2011

Howard et al., 2003). An increase in conglomeritic deposits in the Plio-Pleistocene in the

eastern Altay basins suggest an overall increase in tectonism or that uplift is more proximal

to the eastern Altay during the past 5 Myr.

The right-lateral faulting in the Altay is in contrast to the faulting directly east of the Altay in
the Gobi Altay and along the Bulnay fault zone, where GPS vectors are directed east-west and
parallel to the large sinistral faults, requiring no rotation (Figures 1 & 2). The generally NNW—
SSE trend of the structural grain in the Mongolian Altay gradually bends to strike E-W in the

Gobi-Altay, parallel to the Bulnay fault to the north. The E-W faults are suggested to

accommodate the space problem created by rotation in the Altay (Figure 2b; Bayasgalan et

al., 2005) as well as a switch to left-lateral shear and eastward motion of central Mongolia

with respect to stable Eurasia {Walker et al., 2007).
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Figure 1: (a) SRTM shaded relief image of the Altay and (b) the India-Asia collision zone,

produced using the Generic Mapping Tools software (GMT, Wessel et al.,, 2013

. In (a)

earthquake focal mechanisms are from Sloan et al. (2011), Nissen et al. (2007), and

Bayasgalan et al. (2005, other references within), with My, > 7 events indicated. Active faults

are plotted in black

Baljinnyam et al., 1993

Gregory, 2012). (b) SRTM topography and major

tectonic boundaries of the India-Eurasia collision.
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Figure 2: (a) SRTM shaded relief image of the Altay. GPS velocities are relative to stable
Eurasia and suggest ~7 mm yr! of northeast-directed shortening across the Altay |Ca|ais et

al., 2006j|Yang et al., 2008). Active faults are plotted in grey (Baljinnyam et al., 1993||Gregory,

2012). (b) Schematic diagram for deformation in Mongolia, with rotation on dextral faults in

the Altay (W Mongolia), and non-rotational shear required across the Gobi Altay and central
Mongolia, following the pattern of GPS-derived velocity vectors plotted in (a). In this
kinematic model, w indicates the average spacing between faults and 8 is the degree of
rotation for an amount d of fault displacement after Walker and Jackson (2004) and described

in section 5.2.
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Figure 3: Map of the Altay Mountains and active strike-slip faults. Black strain crosses show

the principal strain axes (compressional arrows point in, extensional arrows point out) from

Kreemer et al. (2014). Quaternary slip rates are noted in blue from

Frankel et al. (2010)

Gregory et al. (2014)

Nissen et al. (2009a)||Nissen et al. (2009b)}{and Vassallo (2006)| Rotation

estimates are plotted as rotational wedges in radians from north (white) with uncertainties

(grey) for the Chuya Basin

Thomas et al., 2002

and Zereg Basin (this study, each wedge

division is 2 radians). Coloured dots (earthquake locations) and arrows (earthquake slip

vectors) are for first-motion mechanisms

therein

, waveform-modelled solutions

yellow; Bayasgalan et al., 2005, and references

red; Sloan et al., 2011, and references therein

, and

from the Global CMT Catalogue (orange). Earthquake slip vectors are only plotted where the

fault plane is reliably established by field or remote mapping of the active trace. Where

discrimination between the fault and auxiliary plane is not possible, no slip vector is plotted.
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2.2 Stratigraphy and structural geology of the Zereg Basin

The Zereg Basin lies between transpressional massifs formed along the Har-Us-Nuur fault,
which is the easternmost of the major faults in the Altay (Figure 3). The bedrock exposed in

the surrounding mountains comprises Vendian and Palaeozoic metasedimentary and volcanic

basement that was intruded by granitic plutons in the Palaeozoic {Devyatkin, 1981}|Howard

et al., 2003). The Zereg Basin was initially formed as an extensional half-graben during the

Jurassic-Cretaceous, and was later reactivated as a transpressional basin in the current

tectonic regime [see Figure 15 in Howard et al., 2003). The basin is approximately 140 km long

and ranges from 20 to 30 km wide. The Zereg Basin and surrounding mountains are the site
of several key studies in the Altay, including Quaternary slip rate studies in Nissen et al.

(2009a) and Nissen et al. (2009b), and investigations of the Mesozoic and Cenozoic

stratigraphy and structure of the basin and active faults {Cunningham, 2007{[Cunningham et

al., 1996{|Howard et al., 2003}[Sjostrom et al., 2001). Continuous outcrops of Mesozoic and

Cenozoic strata are exposed in incised drainages along the range fronts of the Jargalant,

Bumbat, and Baatar Hyarhan mountains, uplifted by active thrust faults that have propagated

into the basin (e.g. Nissen et al., 2009a).

10
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Figure 4: (a) Landsat image (RGB = 741) of the Zereg Basin, with the three different sampling
localities indicated (North, North east, and South west). Figure 4 is indicated by dashed box.
Abbreviations are BHU: Baatar Hyarhan Uul, BU: Bumbat Uul, HF: Hovd Fault, HUN: Har-Us-
Nuur, HUNF: Har-Us-Nuur Fault, and JU: Jargalant Uul. The town of Zereg is indicated. (b) and

(c) are ASTER images of the northern and south-western sampling localities, with sample sites

labelled.
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Figure 5: ASTER imagery (15 m/pixel) of the sampling sites from the northeast side of the

Zereg Basin. The lower panel shows a geological map of the area modified from Howard et al.

(2003) and

Nissen et al., 2009a

, with the ages of the units mapped labelled and sampling

localities indicated. The region includes a syncline-anticline pair.
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We briefly summarise the stratigraphy of the sampled sections summarised here based on
our observations and previous work. Sjostrom et al. (2001) investigated the sedimentology
and provenance of Mesozoic strata and Howard et al. (2003) describe the stratigraphic and
structural evolution of the Zereg Basin, both based on extensive field work and previously

published palaeontologic work from the Russian literature for the relative dating of

sedimentary units (Devyatkin, 1981}|Devyatkin et al., 1975}|Khosbayar, 1973}|Shuvalov, 1968

1969). We targeted units in the Zereg Basin that had been previously investigated in order to

have sufficient age control for our palaeomagnetic analyses.

The oldest sediments in the Zereg Basin are Jurassic red conglomeritic sandstones, which
underlie the sequence and are exposed at the Oshin Nuruu site described by Sjostrom et al.
(2001). These are overlain by the oldest named unit in the sequence, the Yellow Sandstone

Unit, which is early Cretaceous in age on the basis of fossils belonging to phylum Mollusca,

class Ostracoda, fishes, and a small ornithischian dinosaur {Devyatkin et al., 1975}|Howard et

al., 2003}|Khosbayar, 1973). The Yellow Sandstone Unit is 150 m thick and comprises red

pebbly conglomerates below interbedded grey siltstone and buff-coloured sandstone with
typically erosive bed bases. Howard et al. (2003) interpreted the unit to represent at the base
a lacustrine setting overlain by a succession of sheet floods. They suggest that the top of the
unit represents a shallow sand-bed river system deposited in an alluvial setting during a drop
in lake level. This unit is exposed on the southwest flanks of Jargalant Mountain, uplifted along
two thrust faults developed in the flower structure associated with the restraining bend in
the Har-Us-Nuur fault (Figure 4a ‘North’ box shown in detail in Figure 4b, sampling localities
1-7). The Yellow Sandstones are overlain by the up to 450 m thick Lower Red Bed Unit, which

is also early Cretaceous (Albian-Aptian) in age on the basis of Mollusca, Ostracoda, and Insecta

fossil assemblages (Devyatkin et al., 1975). This unit is characterised by alternating red and

grey siltstones with red sandstones. The Lower Red Bed environment is interpreted as

periodic inundation of a floodplain or distal alluvial fan setting, deposited from suspension in

standing water {Howard et al., 2003). Palaeomagnetic sites 1-7 were sampled from both the

buff-coloured sandstones and finer grained layers in the red conglomeritic sandstone in the

Jurassic-Cretaceous succession at Oshin Nuruu (Figure 4b).

There is an angular unconformity between the Lower Red Beds and the ~140 m thick

Oligocene Oasis Unit {Howard et al., 2003). The prevalence of micromammalia establish the

13
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Oligocene age of the unit {Devyatkin, 1981). This unit consists of interbedded sandstones and

siltstones, with frequent calcium carbonate concretions near the top of the sequence. The
unconformity at the base of the Oasis Unit is thought to represent a period of tectonic
qguiescence and the formation of the early Cenozoic planation surface preserved across the
eastern Altay and Gobi Altay. This unit is also thought to originate as part of a distal alluvial

fan system that had plenty of accommodation space, based on the lack of evidence for

aggradation in channels {Howard et al., 2003). The carbonate concretions may represent

extensive caliche development associated with alluvial fan abandonment. We collected sites

11-12 from the Oasis unit in fine sandstones and red siltstones, location shown in Figure 5.

Miocene-aged sediments are present in the Zereg Basin, but these were too coarse grained
for palaeomagnetic analyses and we do not describe them in detail. The overlying sequence

comprises the Pliocene —Lower Pleistocene Upper Red Bed, Upper Yellow Conglomerate, and

Grey Conglomerate units (Howard et al., 2003). The Pliocene Upper Red Beds are conformable

with the Miocene sequence, and mostly comprise interbedded, fining-upwards and red-
stained conglomerates and siltstones. This unit is exposed on the northeast and southern
sides of the basin, though on the southern side it is referred to as the Upper Yellow
Conglomerate Unit by Howard et al. (2003). The Plio-Pleistocene sequence is coarser than
underlying sequences, and represents the most recent phase of tectonism in the surrounding
mountains. Massive beds with vertical grading indicate the sequence was deposited in a

braided stream fluvial or alluvial environment, and evidence of debris flow flooding is

occasionally present in clast-supported conglomerate layers (Howard et al., 2003). The Upper

Red Beds/Yellow Conglomerate Units are dated as Pliocene based on mammal fossils and

fresh water molluscs {Devyatkin, 1981j|Howard et al., 2003). Sites 8-10, and 13 on the north

east site of the basin and sites 14-16 on the south side of the basin are collected from the
most consolidated and fine grained layers within Upper Red Beds (locations indicated on

Figures 4a, c, and 5).

14
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Figure 6: Photos of the exposures of Cenozoic and Mesozoic sediments in the northeast and
southeast Zereg Basin. (a) Outcrop of the upper red-bed unit, with strata uplifted by
southwest-dipping thrust faults (site 8). (b) Upper Red Bed Plio-Pleistocene sediments
uplifted on the flanks of Baatar Hyarhan Mountain, dipping SW towards the peaks of Baatar
Hyarhan in the background (sites 14-16). (c) Cretaceous sandstones with palaeomagnetic drill
holes at site 6. (d) Oligocene Oasis Unit, with interbedded red sandstones (sampled, site 12)

and yellow sandstones with cross bedding.
Palaeomagnetic methods
3.1 Sampling strategy

Oriented palaeomagnetic cores were collected from 16 sites in three different regions of the
basin (Figure 4, 6). The three stratigraphic sections sampled are uplifted along different
strands of the faults surrounding the Zereg Basin, and as a result, have distinguishable
tectonic orientations. Sampling from the same units over a variety of structural orientations
adds confidence to the palaeomagnetic results, not only by producing duplicate samples of

the same unit in different areas, but also because the sampling strategy helps to determine
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whether local, fault-related rotations have affected the results. If local rotations have
occurred, corrected sample directions from sites of the same age will not necessarily agree
across the different sampling localities. The three sampling localities cover the length and
width of the basin, and were specifically chosen because each locality has well-constrained

Cretaceous and younger stratigraphy.

The Jurassic-Cretaceous Oshin Nuruu site on the southwest flanks of Jargalant Mountain was
targeted for the northern-most palaeomagnetic sampling site in this study (sites 1—7 in Table
1, Figures 4b, 6¢). There are two separate exposures uplifted on what were suggested by
Cunningham et al. (1996) to be two splay thrust faults related to the main Jargalant faults.
The palaeomagnetic sites for analysis were collected from stratigraphically above the Jurassic
sections in Jurassic to Cretaceous aged red conglomeratic sandstone units and grey to yellow
coarse-grained sandstone units. Sites 1—5 were collected from the sediments uplifted by the
western-most thrust fault, and sites 6 and 7 from the units uplifted by the eastern thrust
(Figure 4b). Samples were collected from finer grained mudstone and siltstone units
interbedded with the conglomerates. Sediments on the eastern ridge are coarser grained,
including 1—2 mm sized pebbles within much of the sandstone and mudstone units, and were

less consolidated than those from the western ridge.

Sites 8 through 13 were collected from Cenozoic strata uplifted in the range front of Bumbat
Mountain (Figure 5, 6a). The sites are part of a thrust fault driven syncline-anticline pair that
has folded Upper Jurassic to Plio-Pleistocene sediments, which are unconformably overlain
by Quaternary alluvial fans. A similar sedimentary sequence is also uplifted on the opposite
side of the Zereg Basin, where sites 14—16 were collected (Figure 4a, 4c, 6b). No major folds
were identified where we sampled on the southwest side of the Zereg Basin, and the

succession consistently dips southwest towards Baatar Hyarhan Mountain.

The Cretaceous and younger stratigraphy is divided into four groups: the Cretaceous Lower

Red Beds, the Oligocene Oasis Unit, the Miocene Tan Conglomerates, and the Pliocene Upper

Red Bed/Pleistocene Conglomerates {Howard et al., 2003; Figure 5b). Two palaeomagnetic

sites were collected from the Oasis Unit (sites 11-12), stratigraphically above the
unconformable boundary with the Cretaceous Lower Red Beds (Figure 6d). Several sites were

sampled from the Pliocene Upper Red Bed Unit on both the north-eastern and south-eastern
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side of the Zereg Basin. The sediments sampled on the south-eastern side of Zereg (sites 14-
16) were similar in colour, sorting, grain size, and stratigraphic relationships between
interbedded layers to those sampled on the north-eastern side of the basin (sites 8-10 and
13) in the Upper Red Bed Unit, confirming that the same unit is represented on both sides of
the basin. All sites were sampled in finer grained and more consolidated layers as these are
more reliable for palaeomagnetic analyses. We collected samples from specific localities that

had previously determined age constraints as described in section 2.2 and published in

Devyatkin (1981)}|Howard et al. (2003)}[and Sjostrom et al. (2001)

3.2 Palaeomagnetic sampling techniques and experiments

Samples were collected in the field using a gasoline powered hand drill, and were oriented
with a magnetic compass. Due to the low magnetic intensity of the sediments, no correction
for magnetic interference from the outcrop was necessary. Over 160 core samples were
collected from 16 sites in three different regions of the Zereg Basin (Figure 4, Table 1).
Samples were carefully wrapped in the field and further processing was done at the University
of Oxford palaeomagnetic laboratory. Core samples were cut into standard sized specimens
using a custom saw, and a few delicate samples were cut by hand with a utility knife and then
sanded to remove any possible metal contamination from the knife. Samples were stored and
measured in a magnetically shielded room, with an internal field <200 nT. A pilot batch of 1-
2 specimens from each site was thermally step-wise demagnetised at temperature intervals
of 50°C steps up to 500°C, followed by 20°C steps to 620°C, and then by 10°C steps until
demagnetised (up to about 700°C). After analysing the preliminary samples, a series of
thermal steps up to 700°C were chosen for demagnetisation of the remaining samples
(generally at 60°C steps to 540°C, followed by 20°C steps to 700°C). Magnetic measurements
were made on samples in between each heating step, on the Oxford 2-G enterprises Model
755 3-axis cryogenic magnetometer. Best-fit magnetic components found during
demagnetisation were determined for linear segments on orthogonal plots, using the least-
square  regression analysis implemented in the Super IAPD  program
(http://www.geodynamics.no/software.htm). The orthogonal plot is a display of the

horizontal and vertical (declination and inclination) projection of the magnetisation scaled

with intensity at each temperature step {Figure 7; Zijderveld, 1967).
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3.2 Rock magnetic experiments

In order to better characterise the carriers of magnetisation in samples, magnetic tests were
performed on samples. Initial susceptibility was measured for all samples, and Curie
temperature measurements were carried out on a select group of powdered samples
(representing the variety in age and composition in the sampling sites) using a KLY-2
susceptibility bridge with a CS2 heating unit (Figure 8). In these experiments, the susceptibility
of a finely crushed sample is incrementally measured during heating and cooling. The
magnetic carrier can be determined from the change in magnetic susceptibility with

temperature, in particular the value for the Curie temperature of the sample, which occurs

when the magnetic ordering is destroyed with an accompanying loss of susceptibility (e.g.

Merrill et al., 1998).

4. Results
4.1 Palaeomagnetic data

Palaeomagnetic data from sites that have consistent and stable remanent magnetisations are
listed in Table 2. Representative orthogonal plots and thermal demagnetisation paths are
displayed in Figures 6a, b, and c from the three different regions of the Zereg Basin shown in
Figure 4. The intensities of natural remanent magnetisations (NRM) range from around 1 to
44 mA/m, with generally lower intensities in samples that had less stable directions. Site
averaged NRM intensities for sites used in our analyses are listed in Table 2. The highest
intensities were found from a site that yielded inconsistent directions and has not been
included in the analysis (site 9). A low coercivity component was frequently removed from
samples at lower temperatures (up to ~250°C), which can generally be attributed to the
present day field (north and steep, e.g. Figure 7), possibly as a result of recent weathering.
Many samples lost a significant percentage of intensity at temperatures up to approximately
120°C, which may be indicative of the presence of goethite imparting a chemical remanent
magnetisation (CRM, e.g. sample M912-1, Figure 7). However, once this low coercivity
component was removed, a stable magnetic direction could generally be found from the
higher temperature measurements (e.g. sample M916-3, Figure 7). Samples were fully
demagnetised when the intensity of magnetisation is less than 10% of the NRM. Full

demagnetisation occurred at high temperatures between 560—700°C, indicating that both
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magnetite and hematite may be contributing to the primary magnetisation in the samples

that did not fully demagnetise at 580°C, as the Curie temperatures are 580°C for magnetite

and between 675° to 725°C for hematite {Merrill et al., 1998).

Both in-situ and tilt-corrected directions for the stable high coercivity components are listed
in Table 2 and shown in Figure 9. The tilt correction was made for each site based on the strike
and dip of the strata sampled (Table 1). In order to test for tectonic rotation of the samples
as well as inclination flattening during compaction, the tilt-corrected directions can be
compared to the expected VGP (virtual geomagnetic pole) for the time of deposition. VGPs
were calculated from the apparent polar wander path (APWP) for Eurasia catalogued by
Torsvik et al. (2012) for the Zereg Basin using the GMAP2003 program (available at
http://www.geodynamics.no/software.htm). The degree of rotation for each site is the
difference between the measured tectonic corrected declination (D«) and the expected
declination for a given stratigraphic age based on the VGP. The flattening of a site is the

difference between the expected inclination and tilt-corrected, measured inclination (lx).

Uncertainties at the 95% confidence level for the rotation and flattening were determined
following methods in Demarest (1983). Uncertainties are based in part on classic Fisher (1953)
statistics for the probability distribution of a two dimensional cone of 95% confidence (as).
A small correction factor is added to the uncertainty, in line with Demarest (1983), which
takes into account the precision of the results as well as the inclination of samples. The
uncertainties for rotation of declinations increase as inclinations steepen, and as inclination

approaches 90°, a range of 0—360° for declination is possible.
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(all plots are tilt-corrected)

Figure 7: Example thermal demagnetisation Zijderveld diagrams from each rock unit sampled.

Plots are shown tilt-corrected with a tectonic correction for the orientation of the strata

sampled. Open points indicate the inclination, and closed points are the sample declination.
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North is to the right of the plot, and magnetic declinations are fit as vectors through

measurements from high to low temperature.

Rotations of individual sites from the expected VGP declination are between 22° clockwise to
6° anticlockwise. The site rotations are combined into groups based on their stratigraphic age.
The majority of samples yield inclinations that are shallower than those predicted from the
reference poles by >10°, and have likely experienced inclination flattening. This shallowing
phenomenon is common amongst sedimentary rocks due to compaction, particularly in

Cenozoic sediments in central Asia, where sedimentary samples are reported to have

inclinations that are 20° shallower than expected {Dupont-Nivet et al., 2002}[Tauxe and Kent,

2004} |Thomas et al., 1993). The majority of sites in the Zereg Basin have experienced

inclination shallowing of approximately equal to or less than 20°. The exceptions to this are
sites 1, 11, and 12, which have experienced significantly more flattening. However, the
shallowing of inclinations does not affect the sample declination, and shallowing may also

support a primary magnetisation because it is suggested to be acquired during and

immediately following sedimentary deposition {Tauxe and Kent, 2004).

4.2 Magnetic tests

The results of susceptibility tests are shown in Figure 8, for select sites that have stable
demagnetisation vectors as well as one site with inconsistent directions (site 9). Samples from
sites 3, 9, and 11 display a characteristic Hopkinson effect, which is an increase in

susceptibility just before the Curie temperature drop in susceptibility, and is often associated

with the unblocking temperature of the magnetisation {e.g. Tauxe, 2010). The loss of

susceptibility around 560°C is characteristic of magnetite being the primary carrier of
magnetisation, and most samples display a drop in susceptibility in this range. Some samples
also lose the remaining susceptibility around 680—700°C, suggesting that haematite is also

present in those samples.

In some cases, the statistics of the mean directions from a site are quite poor, with high ags

values and low k (kappa) values. Whilst there is no specific acceptable standard for ags and k,

values of ags< 16 and k > 10 are considered to be typical for good quality studies {e.g. Van der

Voo, 1989). Two sites yielded ags values > 16: sites 3 & 6. At site 3 the high ass can be

attributed to the low number of specimens, and they yield a perfectly acceptable value of k.
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At site 6 both the ags value and k lie marginally outside the Van der Voo (1989) criteria, due

to the low magnetic intensity of the specimens. Site 14 yield too few stable directions to

calculate statistics, but the mean direction nonetheless agrees with that from other sites at

that locality.

Figure 8
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Figure 8: Results from Curie temperature tests on four example samples. TcH indicates the

Curie temperature when heating, which is indicated by a sharp drop in susceptibility. TcC is

the Curie temperature during cooling, and is the end of the steep increase in susceptibility

during cooling. Most samples show some alteration during heating, evidenced by the higher

susceptibility during cooling than heating, although this is not observed in site 1. Samples

have Curie temperatures around 560 — 580°C, indicating that magnetite is the primary

magnetic carrier. Site 3 shows a steepening in slope at around 650°C, which may indicate the

presence of hematite.

5. Discussion
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5.1 Reliability of data

Each palaeomagnetic site in the Zereg Basin was collected where the stratigraphy had been

previously determined and described in the literature {Devyatkin, 1981j|Howard et al., 2003

Khosbayar, 1973||Shuva|ov, 1968 1969||Sjostrom et al., 2001). Whilst we cannot place precise

age constraint on each locality, we can assign a geological period or epoch on the basis of the
previous work and sampling the same sections that other authors have documented. This
precision is sufficient for comparison with palaeomagnetic poles in the next section, which

are limited to the same level of precision as our lithostratigraphy.

Tilt correction of the sites results in better grouping of the mean directions, and directions
from all of the sites can be combined into a statistically significant fold test, positive at the
95% confidence level, using the classic McElhinny (1964) approach (Figure 9). During the fold
test site directions are incrementally restored back to horizontal from the stratigraphic
orientations, and ags and K values are calculated for each 10% increment. If magnetic
directions in the samples have been reset since deposition and subsequent folding, the
scatter of the results (ags) is predicted to worsen and the precision (k: essentially a measure
of the grouping of the data) will decrease, due to overprinting of the magnetisation on the
structure of the fold. If the directions are primary, the measures of precision and grouping

will improve, because the samples migrate to the ‘true’, tilt-corrected site mean.
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Figure 9: In-situ and tilt corrected site means and ags cones of uncertainty are shown on the
stereoplots (lower hemisphere projection) for all stable and consistent sites (site numbers
are labelled). Closed circles indicate positive directions and open circles indicate negative
directions, and all sites are plotted as a single (normal) polarity. The lower panel shows the
results of the fold test that includes all sites, with a higher K value, indicating greater

precision, with 90-100% unfolding.

Unfolding of the Zereg Basin sites by up to 90% results in a higher k value for the mean of all
sites, which would not be the case if samples were remagnetised during or after tectonic
tilting occurred. This positive fold test confirms that the isolated magnetic components are
primary. Fold tests were also performed on groupings of the sites by age, but none of the

groups produced a statistically significant fold test. This is likely because there is little
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variability in bedding orientations within each age group, and the fold tests would be

improved by sampling from units of the same age, but from strata with variable orientations.

Also attesting to primary magnetisation are several sites that have reversed polarity,
exhibited in the Cenozoic sequences (Figure 9). While this is not necessarily confirmation of
primary magnetisation, it does add confidence to the reliability of the directions because if
overprinted, generally all samples will have the same polarity. Tilt-corrected directions are
distinct from the present day field in the region, which has a north declination and a steep
inclination of approximately 65°, suggesting that the measured directions are not the result
of a present-day overprint. A steeply dipping, northerly overprint was found at low
temperatures in several sites, but this component was removed by stepwise heading (e.g.
sample M912-1, Figure 7, Oligocene group). Finally, the presence of significant shallowing of
the inclinations is also supportive of a primary origin for the magnetization, because such
shallowing occurs shortly after deposition during compaction and consolidation of the

sediments.
5.2 Lack of rotation of the Zereg Basin

The mean palaeomagnetic directions measured from each of the Jurassic-Cretaceous,
Oligocene, and Plio-Pleistocene sediments are displayed in Figure 10. The predicted
declination and inclination for the samples, based on VGPs for stable Eurasia transformed to
the Zereg basin locality, calculated from Torsvik et al. (2012), are also shown as squares on
the same figure with dashed lines indicating the predicted declination. The mean inclinations
are shallower than what is expected from the VGPs, confirming that some degree of flattening
has occurred, probably as a result of compaction. The mean declinations are similar to those
predicted by the VGPs, and even the oldest group is well within the 95% cone of uncertainty
of the expected declination (Jurassic/Cretaceous D=40.6° * 15.4°, compared to the VGP
D=30.4° + 3.0°). The Plio-Pleistocene grouping has the lowest uncertainty, and the mean
declination is not rotated with respect to the expected declination (Pliocene D=003.4° + 7.1°,

compared to a VGP D=003.5° + 3°).

The results from the Zereg Basin suggest that the region has not undergone a measurable
amount of palaeomagnetic rotation since the deposition of the Jurassic/Cretaceous

sediments. The results are of high quality, and pass several field tests that attest to primary
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magnetisation, including reversal and fold tests. The ages of the strata are generally well

defined, based on paleontological work, geologic mapping, and stratigraphy {Devyatkin et al.,

1975}|Howard et al., 2003}|Sjostrom et al., 2001). The lack of rotation in the Zereg Basin is in

strong contrast with both the existing palaeomagnetic results from the Chuya Basin in the

Siberian Altay {Thomas et al., 2002), and with the anticlockwise rotations predicted by

geodetic data and the pattern of faulting in the Altay (Bayasgalan et al., 2005}|Cunningham,

2005). In the Chuya Basin, anticlockwise rotations of 39° + 8° have been suggested on the

basis of palaeomagnetic data from Oligocene and younger aged sediments, with reasonable
tests of reliability. Even if a proportion of the rotation in the Chuya Basin is due to local basin-
scale rotations, the contrast between palaeomagnetic results from the two localities in the

Altay is significant.

Figure 10

Mean directions
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Figure 10: Age mean palaeomagnetic directions compared to the reference VGP poles we

calculated for Mongolia (Torsvik et al., 2012). Our directions reflect some inclination

shallowing but no rotation of the declination, within the error of the measurements.

Using the kinematic relationship in Walker and Jackson (2004), we can calculate a rotation
rate for the Altay of 1.9° to 3.8° per million years, assuming that the faults slip on average 1-
2 mm yr!and are spaced on average 30 km apart (w and d in figure 2, respectively). We also
calculate the rotation rate in the Chuya Basin using the total rotation reported and the age
(mid-Miocene and younger) of the sampled sediments. This is a minimum rate calculated with
the assumption that rotation was ongoing as the sediments were deposited (e.g. if rotation

initiated sometime after deposition, this would require the rotation rate to be faster).
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Assuming a rotation of 39° and sediment age of 14 Ma, the rotation rate in Chuya would have
to be nearly 3° per million years, which agrees with the kinematic rotation rate of 1.9° to 3.8’
calculated on the basis of the rate of fault slip and fault spacing. For comparison, we estimate
a maximum rate of rotation for the Zereg basin permissible by the resolution of our
palaeomagnetic data. The best-resolved mean direction comes from the Plio-Pliocene age
group, which has a 95% confidence window of 7° ((D=003.4° + 7.1°, Figure 10). Therefore, the
Zereg basin must have rotated less than 7° since ~5 Ma, and the averaged rotation rate must
not exceed 1.4° degrees per Ma over that period. This can be accommodated either by having
a very young fault (less than 2.5 Ma) and rates comparable to those measured elsewhere in
the Altay (3° per million year as in the Chuya Basin), a significantly slower rate of rotation over

the time the fault is active, or some combination of these two scenarios.

Nissen et al. (2009b) estimate that the initiation age of the Har-Us-Nuur fault is 1.7-2.4 Ma
based on the Quaternary vertical displacement rate of 0.8-1.2 mm yr'! and the vertical height
(2000 m) of the fault-bounded Jargalant Mountain, which is topped by a peneplain surface.
They assume that the initiation of faulting coincides with the onset of mountain building, as
the mountains are formed along restraining bends in the fault. Given the total offset-
constraints on the age of the fault, we favour the ‘young fault’ explanation for the lack of
observable rotation in the Zereg Basin, and therefore suggest this is indicative of the
expansion of the region of active faulting eastwards from the central Altay through time.
Using an initiation age of 1.7-2.4 Ma, we can infer a rate of anticlockwise rotation not

exceeding 2.9 — 4 degrees/Ma, with no lower bound.

The strike of the Har-Us-Nuur fault compared to other faults within the Altay is also indicative
of a shorter duration of activity and widening of the mountain range. The transpressional
Altay faults are characterised by anastomosing segments that on average strike NNW — SSE
(Figure 3). In general, fault segments that strike more northerly are dominated by strike-slip

motion. Segments that strike towards the west have a greater reverse component of slip, or

have at least developed branching reverse faults and flower structures (Figure 3;

Cunningham, 2005). Faults in the interior parts of the range trend more towards the west

(~314 —330°), due to having a longer history of activity during which they accumulated more

anticlockwise rotation than the Har-Us-Nuur fault, which has a strike of 330 — 347°.
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5.3 Implications for the timing and evolution of deformation in the Altay and central Asia

Thermochronologic studies from across the Altay are not in agreement on the initiation age

of deformation in the region, and this has implications for the northwards propagation of the

India-Asia collision. Many authors (e.g.|Buslov et al., 2008}(De Grave et al., 2007}|Yin, 2010

reference young thermochronologic ages from the Altay and nearby Gobi Altay to imply that
deformation has propagated over time and space northwards, through the Tien Shan and only
recently into the Altay and Siberian plate margin. Apatite fission track (AFT) results from the
Zereg Basin, some parts of the Siberian Altay, and the Gobi Altay place the initiation of
deformation around 5 Ma, assuming that modelled cooling ages represent the onset of uplift

of a widespread Jurassic planation surface preserved at the tops of mountains in these areas

De Grave et al., 2007}|Jolivet et al., 2007}|Vassallo, 2006). However both AFT and U-Th/He

data from the Siberian part and central spine of the Altay hint at a longer-lived history of

deformation, initiating sometime in the Oligocene to early Miocene {De Grave et al., 2007

Glorie et al., 2012af|Glorie et al., 2012b}|Yuan et al., 2006). The central spine of the Altay also

lacks a widespread planation surface, also suggesting that uplift may be more long-lived in

this region, allowing more time for slow erosive processes to degrade the peneplain.

The lack of rotation measured in this study combined with the more recent

thermochronologic data {Glorie et al., 2012aj|Glorie et al., 2012b) supports a long-lived

history of deformation in the Altay, with progressive widening of the range through time. This
was first hypothesised by Nissen et al. (2009b), who suggested that older faults in the interior
of the Altay rotate to less-favourable orientations and strain migrates outwards towards more
favourably oriented structures and areas of lower topography to minimise the work done
against gravity. Both the Har-Us-Nuur fault on the eastern margin of the range and the Fu Yun
fault on the western margin strike more northerly (330 — 347°) and are thus inferred to be
younger than faults in the high and compact central Altay mountains which on average strike
more towards the west (~314 —330°). Our palaeomagnetic data from the exterior of the range
are in agreement with the hypotheses in Nissen et al. (2009b). It is likely that the major faults
in the Altay have initiated as nearly pure strike slip faults, with a more northerly strike that
followed the regional structural fabric and was not optimally-oriented with respect to the
regional SHmax of the India-Asia collision. New faults were prone to anticlockwise rotation to

accommodate the regional strain field, which placed them at a higher angle to SHmax as
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rotation progressed. This encouraged the development of the flower structures present
across the central Altay which have branching reverse faults (e.g. Figure 3), because steeply
dipping strike-slip faults do not accommodate significant uplift. The evolving process of
deformation in the Altay has led to continuous mountain topography in the oldest parts of
the mountain range as structures coalesced. Strain partitioning in the Altay has not advanced
to the point such that the original generation of strike-slip faults have become inactive,

because there is clear evidence for neotectonic activity on strike-slip faults in the central part

of the mountain range (Frankel et al., 2010}|Gregory et al., 2014), many of which do strike

more towards the north due to the anastomosing pattern of fault traces (Figure 3).

Other authors have used the lack of rotation measured on faults in central Asia to discuss
fault strength. van Hinsbergen et al. (2008) used the lack of rotation measured very close to
the Bogd fault in the Gobi Altay to suggest that the fault is weak, allowing strain to be localised
onto the fault, as otherwise they would have observed at least some local rotation. They also
suggest that strike-slip faulting in the range is subordinate to thrust faulting, despite the M
8.3 left-lateral strike slip earthquake that occurred in 1957 (see Figure 1 for the location of
the Bogd fault). However, in the case of the Bogd fault, rotation is simply not required by the
kinematics of faulting in the Gobi Altay, where fault strikes are aligned with the regional GPS
velocities (Figure 2), and so the lack of rotation cannot be used to infer fault strength.
Similarly, the lack of rotation we measure in this study cannot be used to comment on fault
strength because the lack of rotation on the Har-Us-Nuur fault is due to its young age of
initiation, and it has not been active for a sufficiently long time (e.g. > 5 m.y.) to have

accumulated measureable palaeomagnetic rotation.

6. Conclusions

We present the second palaeomagnetic study from Cenozoic rocks conducted in the Altay.
Samples collected from the Zereg Basin in the eastern Altay provide reliable palaeomagnetic
directions that pass a fold test and include a magnetic reversal. The declinations are not
significantly rotated with respect to the expected directions, which is in contrast with anti-
clockwise rotations of 39 + 8° estimated from the Chuya Basin in the Siberian Altay. The lack
of palaeomagnetic rotations on the Har-Us-Nuur fault suggest that this fault is significantly

younger than the faults surrounding the Chuya Basin in the central Altay, and cannot have
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rotated more than 7° in the past 5 m.y. Our work is in agreement with the young age of
initiation inferred by Nissen et al. (2009b; 1.7 - 2.4 Ma), and fits with the model of deformation
in the Altay where strike-slip faults progressively rotate as they accumulate displacement,
forming flower structures. Generally straight pure strike-slip faults striking closer to N-S are
younger than those with a more NW-SE orientation. This model is the result of strain being
accommodated on a pre-existing structural grain and rotating to accommodate regional
SHmax. The style of mountain building in the Altay is in contrast with compressional
deformation regimes across central Asia where thrust faulting dominates some mountain
belts (e.g. the Tien Shan), and left-lateral non-rotational shear arises elsewhere (e.g. the Gobi
Altay). More work is needed to unravel the relationship between the complexity of the
surface trace of faults where they have rotated, and how vertical axis rotation in general

influences the evolving pattern of deformation in an active transpressional mountain range.
Tables

Table 1: Palaeomagnetic sampling site localities, ages, and bedding orientations

Table 2: Site-averaged palaeomagnetic data and VGP comparisons (attached).

Figures

Figure 1: (a) SRTM shaded relief image of the Altay and (b) the India-Asia collision zone,

produced using the Generic Mapping Tools software {GMT, Wessel et al.,, 2013). In (a)

earthquake focal mechanisms are from Sloan et al. (2011), Nissen et al. (2007), and

Bayasgalan et al. (2005, other references within), with My > 7 events indicated. Active faults

are plotted in black {Baljinnyam et al., 1993}|Gregory, 2012). (b) SRTM topography and major

tectonic boundaries of the India-Eurasia collision.

Figure 2: (a) SRTM shaded relief image of the Altay. GPS velocities are relative to stable
Eurasia and suggest ~7 mm yr! of northeast-directed shortening across the Altay ICaIais et

al., 2006j|Yang et al., 2008). Active faults are plotted in grey (Baljinnyam et al., 1993||Gregory,

2012). (b) Schematic diagram for deformation in Mongolia, with rotation on dextral faults in

the Altay (W Mongolia), and non-rotational shear required across the Gobi Altay and central
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Mongolia, following the pattern of GPS-derived velocity vectors plotted in (a). In this
kinematic model, w indicates the average spacing between faults and O is the degree of
rotation for an amount d of fault displacement after Walker and Jackson (2004) and described

in section 5.2.

Figure 3: Map of the Altay Mountains and active strike-slip faults. Black strain crosses show

the principal strain axes (compressional arrows point in, extensional arrows point out) from

Kreemer et al. (2014). Quaternary slip rates are noted in blue from|Frankel et al. (2010)

Gregory et al. (2014)[|Nissen et al. (2009a)||Nissen et al. (2009b)jland Vassallo (2006)| Rotation

estimates are plotted as rotational wedges in radians from north (white) with uncertainties

(grey) for the Chuya Basin {Thomas et al.,, 2002) and Zereg Basin (this study, each wedge

division is 2 radians). Coloured dots (earthquake locations) and arrows (earthquake slip

vectors) are for first-motion mechanisms (yellow; Bayasgalan et al., 2005, and references

therein), waveform-modelled solutions {red; Sloan et al., 2011, and references therein), and

from the Global CMT Catalogue (orange). Earthquake slip vectors are only plotted where the
fault plane is reliably established by field or remote mapping of the active trace. Where

discrimination between the fault and auxiliary plane is not possible, no slip vector is plotted.

Figure 4: (a) Landsat image (RGB = 741) of the Zereg Basin, with the three different sampling
localities indicated (North, North east, and South west). Figure 4 is indicated by dashed box.
Abbreviations are BHU: Baatar Hyarhan Uul, BU: Bumbat Uul, HF: Hovd Fault, HUN: Har-Us-
Nuur, HUNF: Har-Us-Nuur Fault, and JU: Jargalant Uul. The town of Zereg is indicated. (b) and
(c) are ASTER images of the northern and south-western sampling localities, with sample sites

labelled.

Figure 5: ASTER imagery (15 m/pixel) of the sampling sites from the northeast side of the

Zereg Basin. The lower panel shows a geological map of the area modified from Howard et al.

(2003) and {Nissen et al., 2009a), with the ages of the units mapped labelled and sampling

localities indicated. The region includes a syncline-anticline pair.

Figure 6: Photos of the exposures of Cenozoic and Mesozoic sediments in the northeast and
southeast Zereg Basin. (a) Outcrop of the upper red-bed unit, with strata uplifted by
southwest-dipping thrust faults (site 8). (b) Upper Red Bed Plio-Pleistocene sediments

uplifted on the flanks of Baatar Hyarhan Mountain, dipping SW towards the peaks of Baatar
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Hyarhan in the background (sites 14-16). (c) Cretaceous sandstones with palaeomagnetic drill
holes at site 6. (d) Oligocene Oasis Unit, with interbedded red sandstones (sampled, site 12)

and yellow sandstones with cross bedding.

Figure 7: Example thermal demagnetisation Zijderveld diagrams from each rock unit sampled.
Plots are shown tilt-corrected with a tectonic correction for the orientation of the strata
sampled. Open points indicate the inclination, and closed points are the sample declination.
North is to the right of the plot, and magnetic declinations are fit as vectors through

measurements from high to low temperature.

Figure 8: Results from Curie temperature tests on four example samples. TcH indicates the
Curie temperature when heating, which is indicated by a sharp drop in susceptibility. TcC is
the Curie temperature during cooling, and is the end of the steep increase in susceptibility
during cooling. Most samples show some alteration during heating, evidenced by the higher
susceptibility during cooling than heating, although this is not observed in site 1. Samples
have Curie temperatures around 560 — 580°C, indicating that magnetite is the primary
magnetic carrier. Site 3 shows a steepening in slope at around 650°C, which may indicate the

presence of hematite.

Figure 9: In-situ and tilt corrected site means and ags cones of uncertainty are shown on the
stereoplots (lower hemisphere projection) for all stable and consistent sites (site numbers
are labelled). Closed circles indicate positive directions and open circles indicate negative
directions, and all sites are plotted as a single (normal) polarity. The lower panel shows the
results of the fold test that includes all sites, with a higher K value, indicating greater

precision, with 90-100% unfolding.

Figure 10: Age mean palaeomagnetic directions compared to the reference VGP poles we

calculated for Mongolia (Torsvik et al., 2012). Our directions reflect some inclination

shallowing but no rotation of the declination, within the error of the measurements.
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