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Neogene transpression in the Gobi-Altai (Southern Mongolia)
did not involve significant rotations: no deviation from the ref-
erence APWP
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Orogenic Processes Group, University of Leicester
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Abstract

A paleomagnetic study has been carried out to discriminate between two end-member scenarios on
the intra-continental, transpressional strike-slip system in the Gobi-Altai, southern Mongolia. The
first suggests that these strike-slip faults utilise obliquely oriented weak Paleozoic or Mesozoic zones
in the basement. The second scenario suggests that initial strike-slip faults become transpressional as
a result of vertical axis rotations, caused by increased shortening from east to west. We sampled low-
er Cretaceous basalts, and some younger lavas and basalt plugs. Approximately 1040 samples were
drilled in 17 localities in lower Cretaceous and Cenozoic lavas, each subdivided into 4-15 sites of 7
samples each. These were then demagnetised using alternating field (AF) and thermal demagnetisa-
tion techniques. Rock magnetic analysis includes determination of Curie temperatures (560- 580°C)
and indicates magnetite as the main carrier of the magnetic signal. Three positive foldtests give us
confidence that our high temperature-component is the primary magnetisation. The results show a
mean direction of declination/inclination (D/T) = 12.3/66.5 (a95=2.3; k=43.4), which does not statisti-
cally deviate from the published average Eurasian paleomagnetic direction for this time window (D1
=13.6/63.0; a95 = 1.7, from Besse and Courtillot, 2002). We thus conclude that Neogene transpres-
sional mountain building in the Gobi Altai of southern Mongolia was not associated with rotation of
strike-slip faults. Moreover, we show that southern Mongolia has belonged to the Eurasian continent

since at least the early Cretaceous.



Introduction

Active intracontinental strike-slip deforma-
tion is often associated with transpression and
is one of the major mountain building proc-
esses. Examples are formed by the Chaman &
Ornach-Nal faults in the Middle East (Vernant et
al., 2004), the northern South Island of New Zea-
land (Collot et al., 1996), the Coastal Cordillera
Fault Zone in Chile (Taylor et al., 1998), the San
Andreas fault system in western North America
(Wesnousky, 2005) and the Western Altai and
Gobi-Altai in Central Asia (Tapponnier and Mol-
nar, 1979; Cunningham, 2005). The concept of
discrete block rotations within a distributed fault
system is commonly applied to most intraconti-
nental strike-slip settings. Garfunkel (1988) and
Nur et al. (1988) proposed a rigid block rotational

model where rotations are explained in associa-
tion with strike-slip movement along major fault
zones.

This study concerns the vertical axis rota-
tions associated with transpressional mountain
building in the Gobi-Altia, Central Asia (Figure
1). Following the closure of the last intra-Asian
“Mongol-Okhotsk” ocean, in the late Jurassic
(Tapponnier and Molnar, 1979; Zhao et al.,, 1990;
Enkin et al., 1992; Cogne et al., 2005), the Ceno-
zoic India-Asia collision led to the formation
of intracontinental deformation in Central Asia
(Tapponnier and Molnar, 1979). The stress-field
derived from the collision extends progressively
through Tibet and the Tien Shan into southern
Mongolia where transpressional strike-slip faults
comprise far-field deformational response to the

Figure 1: Topographic map of Western Altai and Gobi-Altai. Big white arrow indicates the direction of maximum stress,
the dark arrows indicate the sence off rotation according to the model of Schlupp (1996); obtained from Baasgalan,

1999).



collision (Cunningham et al., 1996; Cunningham,
2005). The NNE directed maximum stress meets
the Hangay Dome, a Precambrian rigid block
in central Mongolia, which directs deformation
west and south of the craton forming the Western
Altai and the Gobi-Altai mountain ranges respec-
tivily (Cunningham, 1998, 2005). To achieve
shortening in the direction of maximum stress,
Schlupp (1996) suggested a rotational model in
which the Western Altai rotate counterclockwise
and the Gobi-Altai rotate clockwise. In this way,
both ranges rotate towards a direction more or-
thogonal to the direction of maximum stress
(Figurel).

The Gobi-Altai fault system, also called
Bogd Fault, is a left-lateral, E-W trending strike-
slip fault system with restraining bends forming
the highest mountain ranges (Cunningham et
al., 1996). Different scenarios explain the origin
of the transpressional strike-slip in this system,
including those which suggest that pre-existing
weakness zones, related to e.g. Mesozoic exten-
sion or Paleozoic terrane accretion reactivated as
oblique strike-slip faults (Cunningham, 1998),
and others that make use of vertical axis rotations
causing strike-slip faults to become transpres-
sional (Bayasgalan and Jackson, 1999).

The aim of this study is to provide con-
straints on the model for generation of transpres-
sional strike-slip deformation in the Gobi-Altai.
This will be done by analysing paleomagnetic
data from Gobi-Altai volcanic rocks which are
collected on both sides of the faults to detect ro-
tation differences. From the obtained paleomag-
netic directions an apparent polar wander path
(APWP) will be created and compared to the
reference APWP of Eurasia. Results of previous
studies reveal a rigid behaviour of Mongolia with
respect to Eurasia since the early Cretaceous e.g.
(Zonenshain et al., 1990; Enkin et al., 1992). Any
discrepancy of the polar wander path would thus
imply local deformation in the Bogd Fault. We
interpret any present rotations in terms of the
proposed mechanisms for restraining bend for-
mation and strike-slip fault connectivity.

The Gobi Altai fault system is very suitable
for a paleomagnetic study of this purpose be-
cause its structure is well known (Cunningham
et al, 1996) and the stratigraphy in boundary
basins contains well exposed, extensive lavas
and shallow intrusives of Cretaceous to Neogene
age (Traynor and Sladen, 1995; Barry, 1999).
Figure 2 summarises the configuration of Asian
blocks during the Mesozoic, after Enkin et al.

Middle to Late Triassic

Early Jurassic

Early Cretaceous

Figure 2: Mesozoic reconstruction of Asian blocks of Enkin et al. (1992). The Early Cretaceous configuration shows the
final configuration before the India-Eurasia collision started in the Cenozoic. The Mongolia block (MON) and the North
China Block (NCB) followed the same path during the Mesozoic. The Mongol-Okhotsk suture zone is located between
the Mongolia block and Siberia. White star indicates the study site.



(1992). After the Mongolian tectonic unit joined
the North China Block in the Permian (Zhao et
al., 1990; Enkin et al., 1992; Pruner, 1992) they
amalgamated with Eurasia. Studies in the Mon-
gol-Okhotsk Suture belt have shown that the clo-
sure of the Mongol-Okhotsk ocean was finished
in the early Cretaceous (Cogné et al., 2005),
although the exact timing is still under debate
(Zhao et al., 1990; Enkin et al., 1992; Cogné et
al., 2005). Because the position of Mongolia ap-
pears to have been relatively stable since the mid
Mesozoic, early Cretaceous deposits are suitable
to study recent deformational features.

Regional Geological Setting

The Asian continent consists of an assem-
blage of accreted terranes that amalgamated dur-
ing Pre-Mesozoic times (Sengdr et al, 1993).
The terrane distribution of Mongolia is defined
in more detail by Badarch et al. (2002) and Helo
et al. (2006). The accretion of Paleozoic terranes
has led to a well defined structural grain around
the Hangay region (Cunningham, 1998, Figure
2), which in the Gobi-Altai region has a WNW-
ESE trend.

A period of crustal extension started in the
Mid-Jurassic and continued during the Cre-
taceous, leading to the formation of a belt of
Mesozoic basins throughout Mongolia (Traynor
and Sladen, 1995). The basins are organised
along an E-W general trend, subparallel to the
Paleozoic structural grain, The sedimentary se-
quences within the basins are characterised by
syn-rift, continental deposits unconformable on
the basement. The stratigraphy shows lithologi-
cal variations from basin to basin, but generally,
syn-rift volcanic rocks alternate with alluvial and
flyvial clastic sediments or lacustrine mudstones
(Traynor and Sladen, 1995; Johnson et al,, 2001;
Howard et al., 2006).

During the mid Cretaceous, the southern
Mongolian basins experienced uplift caused by
transpression and thrusting. Widespread post-rift

alluvial and fluvial sedimentation occurred from
the late Cretaceous onwards during which the to-
pography was reduced. This left the Gobi-Altai
with erosional surfaces and thin sedimentary se-
quences (Traynor and Sladen, 1995).

The stressfield induced by the India-Eur-
asia collision led to northward propagating de-
formation (Tapponnier and Molnar, 1979). This
resulted in transpressional mountain building in
two zones around the Hangay Dome (Cunning-
ham, 1998, 2005), in the Western Altai since the
Oligocene and in the Gobi-Altai since the late
Miocene (Howard et al., 2003; Vassallo et al,
2006). The tops of the current mountain ranges
are formed by the erosional surfaces of the upper
and post Cretaceous (Berkey and Morris, 1927,
Devyatkin and Smelov, 1980). The basins in
between contain upper Cretaceous and Tertiary
sediments flanking and unconformably overlying
the Paleozoic basement and deformed Jurassic-
lower Cretaceous basin fill within and adjacent
to the restraining bend mountains (Cunningham
et al., 1996).

Structure and Stratigraphy of the
Gobi-Altai

Cenozoic deformation in southern
Mongolia caused right-lateral transpressional
strike-slip deformation in the Western Altai and
left-lateral transpression in the Gobi-Altai (Cun-
ningham, 1998, 2005). The studied area com-
prises the transpressional mountain ranges of Ih
Bogd, Baga Bogd and Artz Bogd in the eastern
Gobi-Altai, southern Mongolia (100°-102°E,
44°-45°N, Figure 1) which is characterised by
cast-west trending, left-lateral strike-slip seg-
ments. These segments are connected by restrain-
ing bends with elevations upto £1500 m with re-
spect to the surrounding basins (Cunningham et
al., 1996; Cunningham et al., 1997). The restrain-
ing bends developed progressively eastward with
time, creating flower structures (Cunningham et
al., 1996), and the driving faults are still active, as
revealed by recent seismic activity (Baljinnyam
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Figure 3: EarthSat Image of the fieldwork area showing the geographical distribution of the sampling localities. T} he

main faults are indicated. Sample codes according to Table 1.
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Locality N-sites age ref Field relations remarks

Dulaan Bogd (DR) Jurassic 10 JU Ficld Relations  Steeply dipping, folded lavas.

Jaran Bogd (JI) 27 110-90 Ma Field Relations  Continuous stratigraphy of alternating lavas and mudrocks, south dipping with a The base of the section is close to the Jaran Bogd

monocline folding the top flows. volcano. At the top, the stratigraphy is unconformably
overlain by sediments of late and post Cretaceous times.

Dulaan Bogd (DR} Crctaceous 7 110 Ma Ficld Relations  Continuous stratigraphy of lavas interbedded by red, clastic sediments, Lateral equivalent of the lower part of the Jaran Bogd
stratigraphy.

Jaran Platcau (JP) 10 30 Ma Ficld Relations  Elevated, subhorizontal volcanic plateau. Sites arc spread out over the plateau. The entire locality
might be build up out of one lava.

Jaran Bogd Neogcene (JN) 7 5Ma Field Relations  Lavas filling the topography eroded into the Cretaceous section. Three lavas were sampled at 7 sites in total. The lavas
orginatc from the Jaran Bogd volcano

Baga Bogd (BA) 7 130 Ma Russian map Continuous sequences of lavas on the southern flanks of Baga Bogd Sampling took place in a dry river bed.

Bulgantiin Uul (BL) 15 130 Ma Russian map Section of successive lava flows. After the first 10, the lavas are interbedded by sand- Lateral equivalent of BA. Sampling took place in a dry

clay deposits. river bed.

Baga Bogd North (BN) 7 EC Field Relations  Steeply dipping lavas sticking out of recent sedimentary deposits creating lense-shaped North of Baga Bogd. Probably latcrally equivalent to BL.

outcrops.

Kbalzan Khairkhan (KK) 7 EC Field Relations A topographic high formed by a stack of lavas, subhorizontally overlying sediments.  This locality probably forms the top of the BL section, but
the section is not continuous due to little exposure in
between.

Uncgt Khairkhan (UK) 7 EC Field Relations  Steeply dipping lavas forming a ridge-like morphology. The tilt is a consequence of thrusting in the arca between
Baga Bogd and Artz Bopd.

Bogd Platean (BP) 14 30.46+0.09 Ma (Barry, 1999) Elevated, subhorizontal voleanic platcau, consisting of a northern and a southern part 7 sites were collected on cach side of the fault, equally

split by a fault. spread around the platcau. This locality might consist of a
few lavas only.

Tsagaanbotga (TB) 4 PC Field Relations  Rhyolitic plug on the southern flank of Baga Bogd. No bedding identified. Only 4 sites, due to the poor
quality of the outcrops.

Tsagaan Tsav (TT) 10 117.4-119.3+0.36 Ma {Barry, 1999) Continuous scries of south-east dipping lavas. Sampling took place in a dry river bed.

Kharaat Uul (KU) 10 120 Ma Field Relations  Long stratigraphy of southdipping lavas crosscut by 2 horsetail splay halfway the Lateral equivalent of TT. 7 Sites were collected at the

section. base of the section, one in the monocline and one at the
top of the section. From the rest of the lavas we collected
one sample cach which form onc site. Iu total, we
sampled 73 separate flows.

Khatavch (KH) 7 115.4+0.36 Ma (Barry, 1999) continuous horizontal section of lavas on top of poorly exposed sediments Top of the TT-section.

Tsost Magmatic Field (TS) 10 102.9-103.7+0.3 Ma Barry '99 Basaltic plugs rising up to 200 m above the surrounding region. They arc intruded in  The basalts are determined to be intrusive on the basis of

poorly cxposed subhorizontal lavas, mudstones, sandstones and conglomcrates. large scale colurnnar jointing, the abscuce of acrial
volcanic features and a baked margin around the plugs
(Barry, 1999).
Khatan Suudal (KS) 7 57£2.3 Ma (Devyatkinand A basaltic plug rising ~100 m above the surrounding pencplain, containing well- The body is determined to be intrusive on the basis of the

Smclov, 1980)

developed columnar joints, columnar joints and the abscnce of flow patterns. No
contact with the country rock was exposed and its
bedding is unconstrained, but most likely subhorizontal.

Its stratigraphic position is unknown.

Table 1: Characteristics and short description of all localities. JU=Jurassic, EC=Early Cretaceous, PC=Post Cretaceous. Italic: ages are estimates, Ar/Ar dating in
progress. GPS coordinates of the localities are listed in Table 2



etal., 1993; Vassallo et al., 2005). The restraining
bends seem to follow the E-W trending basement
grain (Traynor and Sladen, 1995; Cunningham et
al,, 1996).

In the eastern Gobi-Altai, the stratigraphy
is formed by Paleozoic basement which is un-
conformably covered by extensive Mesozoic
and some Cenozoic mafic lavas and continental
sediments (Devyatkin and Smelov, 1980; Barry,
1999; Johnson et al., 2001). The Mesozoic depos-
its comprise some Jurassic lavas (unpubl. map),
but the bulk of the stratigraphy is characterised
by lower Cretaceous lavas and fluvio-lacustrine
deposits. At the Tsost magmatic field, south of
Artz Bogd, this stratigraphy is cross-cut by ba-
saltic intrusions of early Cretaceous age (Barry,
1999; Hankard et al.,, 2006). These sequences
are unconformably overlain by upper Creta-
ceous and Tertiary sediments. Cenozoic forma-
tions comprise a rhyolitic plug of unknown age,
a basaltic intrusive plug of +57 Ma (Devyatkin
and Smelov, 1980), two lava plateaux of which
one is dated at £30 Ma (Barry, 1999) and a set of
Neogene lavas (age dating in progress) filling in
Cenozoic topography (Figure 3).

The field area emcompasses three restrain-
ing bend uplifts and a stratigraphic column for
bounding sequences is given in Figure 4. The
stratigraphic position of each locality is indicated
and field descriptions for site geology are listed in
Table 1. The most complete stratigraphy is found
in the Th Bogd region where Jurassic lavas occur
at Dulaan Bogd (DR-Jurassic). Directly to the
south, a continuous section of lower Cretaceous
lavas and sediments can be traced laterally from
Dulaan Bogd to Jaran Bogd (Figure 3) with the
base of the Jaran Bogd section (JI) being lateral-
ly equivalent to Dulaan Bogd (DR-Cretaceous).
This sequence is tilted to the south (12° at Dulaan
Bogd, up to 60° at Jaran Bogd) and is unconform-
ably onverlain by alluvial and fluvial sediments
of late and post-Cretaceous age which are found
at the top of the sections (but were not sampled).
West of the Jaran Bogd section, the Paleogene
Jaran Plateau (JP) was sampled. Around Jaran

Bogd, several lavas infill a Cenozoic topography
(Jaran Bogd Neogene (JN) locality), originating
from the Jaran Bogd Volcano. The uplift leading
to this topography is started in the late Miocene
(Howard et al., 2003; Vassallo et al., 2006). The
region east of Baga Bogd comprises a stratigra-
phy of Cretaceous lavas and sediments which is
sampled at five localities (Figure 4). The Cenozo-
ic formations sampled in this region comprise the
Tsagaanbotga (TB) rhyolitic plug on the southern
flanks of Baga Bogd and the 30 Ma Bogd Plateau
(BP) (Barry, 1999) east of Baga Bogd. South of
Artz Bogd, lower Cretaceous lavas were sampled
at the base of the continuous 119-117 Ma Tsa-
gaan Tsav (TT) section (Barry, 1999), its lateral
equivalent to the east Kharaat Uul (KU) and some
flows in the top of the stratigraphy Khatavch
(KH) (115 Ma, Barry, 1999). West of these sec-
tions, we sampled a field of basaltic intrusions of
103 Ma in the Tsost Magmatic Field (TS) (Barry,
1999). Finally, south of Baga Bogd, we sampled
a 57 Ma (Devyatkin and Smelov, 1980) basaltic
intrusion called Khatan Suudal (KS).

In total, we sampled 17 localities (Figure 3).
Each locality consists of a minimum of 7 lavas
except the Tsagaanbotga locality where we only
collected 4 sites, and the Jaran Bogd Neogene lo-
cality where we took 7 sites in 3 separate lavas.
In the case of successive lavas, we took one site
per individual lava. Individual lavas were distin-
guished based on colour variation, crystal size
and weathering profile. For each site, we drilled
7 cores except for the KU-section were we took
one sample out of each of £65 successive lavas.
Exact ages of the localities are not always known
but good approximations can be made, based on
field observations and on an unpublished Russian
geological map (anonymous author).

Paleomagnetic Methods

Sampling took place using a water-cooled,
gasoline powered motor drill. The orientation of
all samples was measured with both a magnetic
and a sun compass. To exclude any local mag-



50

Sample: BP66
SE: 5

40

—_ N W
(= A =

Hu (mTesla)
=3

20 40 60 80 100 120

Hc (mTesla)

40 ) Sample: J1292
SFE: 4

—_—
<

Hu (mTesla)
[==1

20 40 60 80 100 120
Hc (mTesla)
C
50
40 Sample: JP60
20 SF: 3
20

Hu (mTesla)
o o

1
—
[=1

60 80 100 120

Hc (mTesla)
Figure 5: First order reversal curve (F ORC) diagrams for three samples (details in text). SF = Smoothing factor which
is determined based on the signal/noise ratio. The converging contours indicate the presence of pseudo-single-domain

grains.

20 40

10



A JP60
A BP66

A JI1292
0.1

Mr/ Ms

Pseudo-SingIe-
Domain

Multidomai

0.01

1 2

Her / He
Figure 6: Day-plot of the hysteresis parameters of the studied samples

(after Dunlop, 2002).

interfaced with in-home developed
robot-assisted protocols.

To identify the magnetic carriers
and their characteristics, acquisition
of isothermal remanent magnetiza-
tion (IRM) was carried out. Sam-
ples were carefully selected based
on the demagnetisation diagrams.
They served as being representative
for lightning struck samples (JP60),
samples that were entirely demag-
netised at +£580 °C (BP66) and at
+560 °C (J1292). Additionally, hys-
teresis loops were determined, as
well as first order reversal curves
(FORC). FORC diagrams can iden-
tify the contributions of superpara-
magnetic (SP), single-domain (SD)
and multidomain (MD) grains Rob-
erts et al. (2000). The converging
contours near the origin (Figure 5)
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netic deviations, all paleomagnetic
interpretations are based on the solar
azimuths. The samples were demag-
netised using either thermal (TH) or
alternating field (AF) progressive
demagnetisation. Heating took place
in a magnetically shielded, labora-
tory-built furnace using small tem-
perature increments of 20 — 80 °C
up to temperatures of 640 °C. The
AF demagnetisation was carried out
with 5 — 20 mT increments up to 120
mT. For all samples, the natural re-
manent magnetisation (NRM) of the
specimens was measured on a 2G
Enterprises horizontal DC SQUID
cryogenic magnetometer (noise level
3%10-12Am2). For AF demagneti-
sation, the instrument was
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Figure 7: Rock magnetic properties are presented by hysteresis loops and thermomagnetic curves of three different sam-
ples. The thin shape of the hysteresis loops indicates the pressence of (pseudo-)single-domain grains. The loops closing at

or below 0.3 Tesla in b ans ¢ indicates (titano-)magnetite to be the main c

arrier. The thermomagnetic curves of the three

samples reveal blocking temperatures of 560-580°C which is indicative for (titano-)magnetite to be the main magnetic

carrier.
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indicate the presence of pseudo-single-domain  ingtemperatures of 560—580 °C (Figure 7). These
(PSD) grains in all three samples. This is con- Curie temperatures, together with the hysteresis
firmed by plotting Mr/Ms against Hhe/He ina loops closing at or below ~0.3 Tesla, indicate
Day-plot (Day et al., 1977); (Figure 6). Curie (Ti-poor) magnetite to be the main carrier of the
temperatures were determined using a modified natural remanent magnetisation (NRM). Finally,
horizontal translation type Curie balance that these rock magnetic experiments give us confi-
applies a cycling field (Mullender et al., 1993). dence that we measure a stable NRM.

Stepwise increasing temperatures of 450°, 5509,

600°, 650° and 700°C were used revealing block- The demagnetisation diagrams of the NRM
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Figure 9: Equal area projections of site and locality mean directions. Closed (open) circles represent normal (reversed)
polarities. Onl localities that are used for the analysis have been plotted.

were plotted in orthogonal vector diagrams (Zi-
jderveld, 1967). In addition, a number of multi-
component samples were plotted on equal-area
projections. Representative examples are given
in Figure 8. Identification of the characteris-
tic remanent magnetisation (ChRM) was done
by principal component analysis (Kirschvink,
1980). When vector end points showed a trend
towards the origin of the diagram, we determined
this component to be the ChRM. The resulting
directions and statistics from the analysis can be
found in Table 2 and Figure 9.

Initially, we demagnetised one sample of
every site by thermal demagnetisation. The re-
maining samples of the sites were either demag-
netised on a robotised alternating field demagnet-
iser or demagnetised thermally, resulting in 492
AF demagnetisation diagrams and 728 TH de-
magnetisation diagrams. Initial intensities range
typically from 0.5-2.0 A/m. The AF demagnet-

13

ised samples show good agreement with the TH
samples of the same site (Figure 8c and 8d).Ina
number of sites, the ChRM was not recognised
in the TH demagnetisation but could clearly be
determined in the AF demagnetisation (Figure 8k
and 81).

Samples were rejected from calculating the
mean direction if the maximum angular deviation
(mad) exceeded 15°. Lava sites were rejected in
case of a complete remagnetisation (e.g. caused
by lightning) or by exceeding the maximum cut-
off angle determined by Vandamme (Vandamme,
1994). These rejected sites are indicated in Ta-
ble2.

Complete remagnetisation of sites was rec-
ognised in 15 cases. The declinations of the low-
ermost sites of section JI show remarkable de-
viations from the north after tectonic correction,
These sites show consistent reversed directions



Locality Tilt In Situ Tilt Corrected
Sites lat lon Type Na Nc q strike/dip D, deg |, deg D, deg |, deg [ 95 pol rol sense

Cenozoic Sites

Jaran Bogd Neogene 3 3 2 356,2 60,1 51,3 174 nir 4 cew
JNlavat (JNI) 44,8697  100,7193 77 1 000/00 . . 1739 64,8 196,8 43 r

JN lava 2 4 4 1 8,2 499 104,7 90 n

IN It 44,8342 100,8868 77 1 000/00 - - 7.7 417 103,1 60 n

NI 44,8343 100,8860 7 7 1 000/00 . - 227 51,1 87,7 65 n

NIV 44,8350  100,8864 77 1 000/00 . - 42 436 304,3 35 n

NV 44,8344 100,8875 7 7 1 000/00 . - 24 562 451,3 28 n

JNiava 3 5 5 1 - - 3394 63,7 858,7 26 n

JNVI 44,8258  100,7902 77 1 000/00 334,41 643 311,7 34 n

JN VI 44,8261  100,7901 77 1 000/00 - . 3378 614 11033 18 n

NI 44,8263  100,7899 7 7 1 000/00 - . 339,3 638 494,7 27 n

IN X 44,8266  100,7896 77 1 000/00 . - 3451 66,7 666,8 23 n

IN X 44,8342  100,7896 7 6 1 000/00 - . 3414 62,0 963,9 24 n

Jaran Plateau Oligocene 0 8 1 1650 -654 168,7 -67,7 36,4 01 r 9 cw
JPl 44,8414  100,6847 7 7 1 06502 1562 -59,1 156,3 61,1 216,6 41 r

JP I 44,8419 100,6847 7 7 1 085/02 1737 -62,6 1750 -64,5 877,6 20 r

JP AN 44,8433  100,6843 go 7 7 1 06502 1173 -73,5 12,7 -75,0 - 49 r

JP IV 44,8506 1006764 gc 6 6 2 06502 1439 661 1430 68,1 - 10 r

JPV 44,8430  100,6735 7 4 1 08502 172,22 -738 1745 755 88,5 98 r

JPVI 44,8425  100,6707 7 6 2 06502 2039 -650 2073 -663 41,3 105 r

JP VI 44,8412 100,6715 7 6 1 065/02 1839 -553 1854 -57,0 144,3 56 r

JP VI 44,8396 100,6730 g 7 7 2 06502 1539 -497 1638 -51,7 - 147 r

JPIX 44,8391  100,6746 7 7 3 08502 2357 -20,2 2364 -20,5 25 480 L

JP X 44,8375 100,6845 g 7 7 vd 08502 1517 752 1524 73,2 - 131 n

Bogd Plateau 14 11 1 1834 50,0 186,8 -51,0 114,5 43 r T ow
BP I-VII 7 6 1 1842 49,5 187,6 -50,3 387,5 34 r 8 ow
BPI 44,7517 102,3084 7 0 3 02203 - - - - - - L

BPII 44,7526 102,3068 707 1 022/03 1854 -459 1884 -46,7 176,0 46 r

BP i 44,7529  102,3044 7 6 1 022003 1804 -54,0 1844 -55,0 437,14 32 r

BP IV 44,7524  102,3024 77 1 02203 1810 -483 184,22 -49,3 871,5 20 r

BPV 44,7524 102,2930 7 7 1 022103 1894 -52,3 1933 529 125,1 54 r

BP VI 44,7520 102,2905 7 5 1 022003 1838 50,8 187,2 -51,7 10016 24 ¢

BP VI 44,7517 102,2883 77 1 02203 1850 -45.2 1880 -46,0 136,0 52 r

BP VIIl-XIV 7 5 1 182,4  -50,7 1859 -51,8 54,8 104 r 6 ow
BP VHI 44,6860  102,2733 7 0 3 02703 - - - - - -t

BP IX 44,6861 1022709 g¢ 7 7 1 027/03 183, -46,7 186,14 -47,8 - 38 r

BP X 44,6863  102,2689 7 6 1 027/03 1933 -58,4 1984 -59,0 335,1 37 r

BP X 446853 102,2670 go 7 7 1 027/03 1840 -52,0 187,7 -531 - 43 r

BP XII 44,6848  102,2584 7 7 1 027/03 1943 -544 1985 55,0 109,9 58 r

8P Xl 446854 102,2559 gc 7 5 vd 027003 1544 -390 1560 -414 - 149 r

BP XIV 44,6845 102,2550 ge 7 6 1 02703 1642 -394 166,14 -41,1 - 34 r

Khatan Suudal 7 6 1 192,5 -54,6 34,6 123 r 13 cow
KS| 44,4899 101,330 gc 7 6 3  000/0C - - 2006 -559 - 158 1

KS 1 44,4931  101,3376 7 7 1 000/00 - - 1679 -56,3 474,4 28 r

KS It 44,5001 101,3375 7 8 1 000/00 - - 197,3 81,1 119,2 62 r

KS IV 44,5008  101,3371 77 1 000/00 - - 1948 56,8 184,1 45 r

KSV 44,5011  101,3364 g 7 6 2  000/00 - - 1926 -24,7 - 83 r

KSWVI 44,5025  101,3375 77 1 000/00 - - 210,2 -49,7 22619 13 1

KS Vil 44,5034  101,3377 7 6 1 000/00 - - 1895 -59,5 572,7 28 r
Tsagaanbotga 4 2 3 134,6 -46,3 - - r - -
TB1 44,7424 101,72424 gc 7 6 1 000/00 - - 1546 -49,9 - 64 r

TB Il 44,7423 101,72404 7 6 3  000/00 - - 1633 -43,2 12,4 200 r

T8 it 44,7424 101,72386 7 6 3 000/00 - - 2252 54,1 6,8 278 r

TBIV 44,7421 101,72395 7 6 1 000/00 - - 1179 -39,7 555 91 r

Cretaceous Sites

Jaran Bogd Cretaceous 27 16 1 80 126 84 623 40,0 60 n 8 cw
J1 44,8383  100,7260 7 6 3 062/50 1852  -66 307,1 -58,0 442,86 32 o

Jl 44,8679  100,7255 7 7 3 06250 1802 -61,5 3027 -625 394,6 30 o

Jn 44,8678  100,7258 7 6 3 04022 1741 628 2226 725 448,7 32 o

JIv 44,8763  100,7253 77 3 040/22 1882 -345 2048 -43,5 35,5 10,3 o

Jv 44,8596  100,7258 7 6 3 04022 1968 -382 2156 -438 52,3 83 o

Table 2: Site & Locality mean directions after NRM analysis of all samples. Type=type of identification of ChRM, only
great circle method is indicated (gc), Na=number of analised samples, Ne=number of conclusive samples, q=quality fac-
tor based on the k-value (1=conclusive, 2= indicative, 3 =rejected, for criteria see text), k=Fisher s precision parameter
(Fisher, 1953), 095=95% cone of confidence, pol=polarity (n=normal, r=reversed, o=completeremagnetised, L=lightning
induced magnetisation), rot=amount of rotation, sense=sense of rotation (cw=clockwise, ccw=counterclockwise).
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Table 2: continued

Locality Tilt in Situ Tilt Corrected

Sites lat lon Type Na Nc q strike/dip D, deg |, deg D, deg |, deg K a95 pol rot sense
Jvi 44,8596  100,7261 7 6 3 040/22 1808 -403 2009 -51,3 346,2 36 o
JViE 44,8595  100,7263 7 5 3 03234 1908 365 2190 41,0 80,9 86 o
Jivin 44,8595  100,7265 7 0 3 03234 - - - - - - o
JIX 44,8595  100,7334 7 0 3 03234 - - - - - - o
JIX 44,8591 100,7266 7 0 3 03234 - - - - - -0
JIXL 44,8581  100,7406 7 4 1 045115 3499 544 80 654 58,9 121 n
JX 44,8504  100,7418 7 0 3 040116 - - - - - -0
JIXIH 44,8407  100,7394 7 5 4 110/88 3554 -364 3516 453 74,7 89 nir
HXIV 44,8387 100,744 g¢ 7 7 1 050116 3425 40,1 3502 54,5 - 43 n
JIXV 44,8369 100,7422 77 1 08219 156 39,1 256 559 271,4 37 n
JUXVI 44,8339  100,7584 gc 7 6 1 100/40 11,9 232 138 632 - 37 n
JiXxvit 44,8256 100,7686 77 1 069/30 3517 307 08 595 5104 27 n
JUXVIIE 44,8204  100,7915 7 6 1 112064 16,2 19 79 653 884,0 23 n
JIXIX 44,8202 100,7916 77 1 113/60 13,8 4,7 72 542 241,9 39 n
XX 44,8201  100,7916 7 7 2 11360 17,8 -86 14,8 51,1 32,4 10,8 n
JIXXI 44,8200  100,7916 7 8 1 113/60 104 17,2 3373 726 82,8 74 n
JIEXXIE 44,8198 100,7917 707 1 113/60 141  -82 9,0 509 297,0 35 n
JEXXHI 44,8199 100,7915 7 4 1 113/60 11,2  -55 34 527 126,9 82 n
JIXXIV 44,8197  100,7915 7 7 1 112060 186 1,6 14,9 614 167,4 47 n
JIXXV 44,8194  100,7917 7 6 1 11270 165 1,3 257 708 302,4 39 n
XXV 44,8192 100,7911 77 1 1270 285 118 771 722 10732 1,8 n
JEXXVI 44,8168  100,7858 77 1 08340 3552 388 48 787 491,8 27 n
Dulaan Bogd Cretaceous 7 7 1 11,0 47,6 12,7 59,5 87,6 65 n 13 ow
DR XI 44,9090  101,0416 7 5 1 096/12 269 506 33,1 616 1274 68 n
DR XII 44,9088  101,0407 77 1 096/12 10,0 457 11,2 57,7 99,0 61 n
DR X1t 44,9087  101,0401 7 4 1 09612 0,3 485 3583 604 80,9 103 n
DR XIV 44,0085  101,0386 7 5 1 09612 63 51,6 64 636 201,0 64 n
DR XV 44,9059  101,0384 77 1 096/12 179 57,0 239 686 79,9 68 n
DR XVI 44,9057  101,0395 7 5 1 096/12 12,1 40,2 136 52,1 68,9 93 n
DR XVII 44,8061  101,0419 77 1 09612 74 37,8 74 498 504,0 27 n
Baga Bogd 7 6 1 12,8 527 16,8 62,4 122,0 61 n 17 cw
BAI 44,7705  101,8514 7 5 1 090/10 180 54,4 240 63,8 408,2 38 n
BAII 44,7693  101,8512 7 7 1 090110 227 507 20,0 59,7 108,0 58 n
BA N 44,7686  101,8508 7 8 1 09010 3549 483 3535 582 103,2 66 n
BAIV 44,7673 101,8502 7 6 1 090/10 53 54,8 72 647 140,1 57 n
BAV 44,7672 101,8416 707 1 09010 14,6 50,8 188 604 138,1 52 n
BAVI 44,7672 101,8376 7 8 1 090/10 22,7 548 301 636 189,7 152 n
BA VI 44,7673 101,8361 7 6 3 08010 68 331 7.8 430 21,8 14,8 n
Bulgantiin Uul 15 13 2 49 586 17,7 658 27,5 80 nir 18 cw
base 10 9 1 358,5 57,2 42 685 30,8 9,4 nir
8L 44,7924 101,9531 7 8 1 073112 3473 354 348,2 474 134,1 58 n
BLII 447912 1019525 gc 7 8 1 073112 3332 436 3305 554 - 38 n
BL NI 44,7905  101,9522 7 8 1 07312 230 525 363 608 330,8 37 n
BLIV 44,7896 101,9507 7 0 3 07710 - - - - - - o
BLV 44,7758 101,8523 7 8 1 077110 60 628 158 72,0 233,5 44 n
BLWI 44,7741 1019530 gc 7 7 1 077110 3571 464 3596 56,2 - 77 n
BL VIl 447730  101,9527 7 6 4 077110 13,9 552 22,7 638 7749 24 n
BL VI 44,7720  101,8536 77 1 077110 182 721 466 794 572,6 25 n
BL IX 44,7695 101,9538 gc 7 6 1 090/15 1768 -70,5 1865 -80,2 - 56 r
BLX 44,7683 101,853 gc 7 6 1 Q77/09 1681 -66,9 168,8 75,9 - 42 r
section 5 4 1 22,5 60,5 41,4 588 233,7 68 n
BLXI 44,7676 101,9383 7 0 3 09411 - - - - - - o
BL XIi 44,7552 102,005 7 6 1 03112 31,7 581 50,1 56,0 268,3 41 n
BL X1l 44,7538 102,0086 7 5 2 02513 14,6 53,9 32,7 542 39,0 124 n
BLXIV 44,7520 102,0247 77 1 03010 18,7 62,3 380 626 247,8 38 n
BL XV 44,7539 102,0347 77 1 0071 20,8 64,0 398 598 356,1 32 n
Bulgantiin Uul North 7 7 1 2116 43,8 13,0 63,2 32,8 11,2 n 13 ow
BN 44,8096  102,0090 7 6 1 11670 1969 4777 388 613 93,1 70 n
BNII 448170 10200072 gc 7 5 1 11870 1893 569 40,5 51,1 - 69 n
BNIN 44,8472 102,0067 g¢ 7 7 1 1670 2228 435 3588 626 - 65 n
BN IV 44,8173 1020059 go 7 7 1 116/70 2267 43,2 3539 61,0 - 39 n
BNV 448177 1020046 gc 7 6 1 11870 2190 27,0 3287 762 - 40 n
BN VI 44,8179 102,003 gc 7 6 2 11080 197,9 37,8 236 62,1 - 88 n
BN VII 44,8187 1020019 gc 7 6 1 110/80 2136 42,8 25 551 - 63 n
Khalzan Khairkhan 7 5 1 3508 66,0 358,7 69,9 107,3 81 n 1 cow
KK 44,7208  102,0697 7 7 3 045005 2027 775 2794 819 15,7 157 n
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Table 2: continued

Locality Tilt In Situ Tlit Corrected

Sites lat fon Type Na Nc q strike/dlp D, deg |, deg D, deg 1, deg k a95 pol rot sense

KK Il 44,7204 102,0688 go 7 5 1 045/05 3391 647 3444 69,2 - 70 n

KK It 44,7199 102,0687 7 6 2 045/05 3450 615 3505 657 30,8 123 n

KK IV 44,7185  102,0680 7 7 1 045/05 214 69,1 345 706 253,9 38 n

KKV 44,7181 102,0682 7 0 3 045/05 - - - - - - L

KK VI 44,7185  102,0688 7 7 1 045/05 3494 67,5 3577 714 221,0 41 n

KK VIl 44,7188 102,0695 7 6 1 045/05 3432 616 3484 659 790,1 24 n

Unegt Khairkhan 7 2 1 738 670 48,3 553 - - n - -

UK 44,6563  102,1002 7 0 3 322140 - - - - - - L

UK Il 446574 102,0926 go 7 7 3 322140 2548 226 263,7 14,8 - 143 L

UK il 44,6588  102,0914 7 6 vd 322140 2388 46 2415 442 55,1 91 n

UK IV 44,6839 1020567 gc 7 6 1 322/40 735 -889 514 510 - 94 n

uKv 44,6764  102,0583 7 6 vd 322140 177,89 748 753 570 197,7 48 n

UK VI 44,8753 1020881 go 7 6 1 322/40 2534 795 445 596 - 82 n

UK VI 44,6897  102,0185 7 0 3 12040 - - - - - - L

Tsagaan Tsav 10 9 1 29 651 13,7 744 128,2 46 n 14 cow

TTH 44,4021 102,4217 7 7 1 075110 23 539 80 633 218,7 41 n

TTH 44,4018 102,4221 7 6 1 07510 95 69,1 281 77,5 134,7 58 n

T 44,4017 1024221 gc 7 7 3 075/10 321,89 752 287,3 832 - 31,2 o

TTIV 44,4008 102,4224 7 7 1 07510 3339 659 3265 756 692,3 23 n

TV 44,4005 102,4223 go 7 5 1 075/10 3563 675 48 772 - 34 n

TV 44,3927 102,4219 7 5 1 075110 12,7 650 27,9 732 1237 60 n

TT VI 44,3923 102,4212 7 7 1 075110 152 626 29,3 706 168,4 47 n

TTVill 44,3913 102,4207 gc 7 7 1 07510 3572 639 42 735 - 52 n

TTIX 44,3906 102,421 7 6 1 07510 104 635 234 720 1290,6 19 n

TT X 44,3889 102,4204 7 7 1 075110 69 707 266 793 630,5 24 n

Khatavch 7 7 1 3558 71,2 599,0 25 n 4 cew

KH I 44,3030  102,4035 7 6 1 000/00 - - 3554 728 108,8 65 n

KHII 44,3023 102,4035 7 6 1 000/00 - - 356,6 66,0 554,2 28 n

KH W 44,3019 102,4035 7 7 1 000/00 - - 3470 706 437,6 28 n

KH IV 44,3008  102,4035 7 7 1 000/00 - - 3522 70,7 245,3 39 n

KHV 44,2933 102,4038 7 7 1 000/00 - - 357,0 754 292,4 27 n

KH VI 44,2929  102,4038 77 1 000/00 - - 38 707 756,7 22 n

KH VIl 44,2926 102,4030 7 7 1 000/00 - - 3586 718 294,4 35 n

Tsost Magmatic Field 0 7 1 65 662 41,7 95 n 7 ow

181 44,2884  102,3413 7 7 1 000/00 - - 265 683 200,3 54 n

TS 44,2860  102,3225 7 5 1 000/00 - - 451 74,0 579,5 3,2

TSl 44,2568  102,1693 gc 7 8 1 000/00 - - 193 734 - 54 n()

TSIV 44,2574 102,1842 7 0 3  000/00 - - - - - -t

TSV 44,2546 102,861 7 0 3  000/00 - - - - - - L

TS VI 442715 1022012  gc 7 ? 1 000/00 - - 3456 68,3 - 6,2 n (L)

TS VI 44,2718 102,2013 7 6 1 000/00 - - 96 582 23542 14 n

TS VI 44,2742 102,927 gc 7 6 1 000/00 - - 3388 51,0 - 4,0 n(L)

TS IX 44,2762 102,1903 7 6 1 000/00 - - 1,1 60,1 159,4 53 n

TS X 44,2838 102,1895 7 6 vd  000/00 - - 33,9 -257 285,0 40 r

Kharaat Uul 9 9 1 229 71,0 184 73,6 60,3 67 n 18 ow

KUl 44,4538 102,6255 7 6 1 11010 10,6 69,7 20 794 439,4 37 n

KU il 44,4526  102,6254 7 5 1 110110 83 695 357,9 79,1 1337 66 n

KUl 44,4519 102,6252 7 7 1 11010 27,0 757 424 855 551,5 26 n

KU vV 44,4514 102,6248 7 7 1 13511 37,7 601 338 71,0 624,3 24 n

KUV 44,4504  102,6222 7 [ 1 110/08 36,8 67,3 451 74,8 431,6 32 n

KU VI 44,4379 102,6208 7 7 1 110/08 434 643 526 714 81,1 87 n

KU Vi 44,4354 1026230 go 7 5 1 125/08 10,5 539 64 59,3 - 46 n

KU Vil 44,4034 102,6097 7 7 1 100/50 20,3 581 3520 705 377,9 31 n

KU IX 44,2764  102,7864 7 7 1 085/05 10,6 57,5 131 623 262,8 37 n

KU section - - 65 59 3 - - - 373 69,1 19,1 44 n
Jurassic Sites

Dulaan Bogd Jurassic 10 8 3 182,1 -10,5 213,7 756 53 266 nfr - -

DRI 44,9253  101,0585 7 7 1 095/45  197,0 -6,284 203,7 499 205,6 42 r

DRIl 44,9253  101,0586 7 6 1 09575 2013 -141 2738 74,2 287,2 36 r

DRIl 44,9250 101,0586 7 0 3 09575 - - - - - - o

DRIV 44,9244  101,0591 7 7 1 095/75 2009 -8,348 2536 -73,1 710,14 23 r

DRV 44,9234 101,0597 7 7 1 095/75 41,2 22,761 1134 550 110,9 58 n

DR Vi 44,9232 101,0599 7 7 1 055/55 45,2 61,605 1102 34,8 385,9 31 n

DR VIt 44,9230  101,0670 7 [ 1 060/70 1343 252 1307 -42,3 127,0 60 r

DRVIN 44,9230 10,0673 7 6 1 060/70  149,8 2,2092 1495 -87,7 51,6 94 r

DRIX 44,9229 101,0678 7 6 1 070/65 1450 9,6454 1353 52,4 298,5 39 r

DR X 44,9226 101,0684 7 6 3 070/65  129,0 21,119 1241 -34,9 19,5 156 1
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before tectonic correction and we interpreted
this as a post-folding obtained NRM, which is
confirmed by the negative result of the foldtest
sensu Tauxe and Watson (1994); (Figure 10a).
The overprint is probably related to post-tilting
volcanism of the Jaran Bogd volcano (Figure
3). Nine sites show complete remagnetisation
caused by lightning. Lightning has a strong influ-
ence on the magnetisation of rocks: the NRM of
rocks struck by lightning can be entirely or part-
ly overprinted (Hallimond and Herroun, 1933).
The identification of lightning-induced NRM has
been based on the high intensities found in these
samples. No clear correlation could be shown
between the intensity decay of lightning struck
rocks and rocks unaffected by lightning as has
been suggested by Strik (2004). Rejection of sites
was thus based on the unusually high intensities
together with the within-site randomness of the
NRM directions (Figure 8i). In some cases, an

overprint caused by lightning or gyroremanent
remagnetisation could be identified and eliminat-
ed. This was done using the great circle method:
great cicles were drawn when clearly recognised,
setpoints were determined when possible (repre-
sentative examples in Figure 8). Common true
mean directions (ctmd) were tested using the re-
versal test of McFadden and McElhinny (1988),
based on the statistics of McFadden and Lowes
(1981).

A quality measure was used for sites that
showed a low coherency to reject them from the
calculation of the mean direction of the locality,
which is indicated by a quality factor (q) of 1 to 3
(indicated in Table 2). We rejected lava sites with
k-values < 30 (q = 3) and weighted the sites at
50% when 30 <k < 50 (q=2). Four sites showed
a k-value below 30 (or a95 > 15°) and were
therefore rejected, eight sites are weighted for
50%. To calculate a site mean
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L Y

Tectonic Correction

direction, multiple samples
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Figure 10: Results from the foldtests of Tauxe and Watson (1994). Equal area projcetions show the site mean directions
before and after unfolding of a) the bottom 7 sites of the JI locality (negative) b) the top 135 sites of the JI sections (posi-
tive) c) the localitites BL and BN (positive) d) the KU locality (positive).
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tal, five sites were rejected when they exceeded
this angle (Table 2).

To test whether the ChRM is the original
NRM obtained before folding, 4 foldtests were
carried out in 3 different regions. The top of the
31 section, the localities BL and BN and the sites
of the KU locality pass the foldtests of both Mc-
Fadden (1990) and Tauxe and Watson (1994},
(Figure 10b-d). The best results are with 95%
confidence between 90-114, 81-102 and -60-
101 percent of unfolding for the JI, BL-BN and
the KU localities respectively. As can be seen
from Figure 10, the foldtest in the KU locality
is highly dominated by one site. Still it can be
concluded that the NRM of each area tested is
obtained prior to folding. Because the sampled
Cretaceous lavas were almost all deposited dur-
ing the Cretaceous Normal Superchon, we could
not carry out a reversal test.

To investigate the similarity between Creta-
ceous localities, 11 tests were applied to deter-
mine whether they contain a ctmd. Localities
of the same area were tested as well as (sets of)
localities of different areas (Table 3). The tests
used the McFadden and McElhinny (1990) clas-
sification of the reversal test where we made one
locality to be reversed each time. With 10 tests,
the angle between the means of the (sets of) lo-
calities is below the critical angle indicating that
they passed the test and show a ctmd. The last
test is negative which means that areas a&b do
not have a ctmd with area c. This indicates that
we should evaluate these areas seperately. How-
ever, untill we have better age determinations we
assume that the Cretaceous directions are undis-
tinguishable and we calculate a mean ChRM-di-
rection and its corresponding pole for all locali-
ties.

In addition to the Cretaceous direction, we
calculated Cenozoic mean directions for the lo-
calities TN, JP, BP and KS. We adopted the cri-
terion that a minimum of seven sites is required
to calculate a pole. Because of the small amount
of individual lavas, it is not possible to calculate
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Y Y c Classification

area a (SE of Ih Bogd):

Jl-section JI-top 7.5 12.1 B

i DR 32 8.5 A
area b (S+SE of Baga Bosd)!

BA BL 74 1.1 B

BA BN 1.6 11.6 A

BL BN 59 13.6 B

BA&BL&BN KK&UK 7.0 83 B
area c (S of Artz Bogd):

TT TS 8.5 9.9 B

TT&TS KH 4.6 54 A

TT&TS&KH KU 4.6 1.5 A
all:

a b 45 6.0 A

a&b c 8.2 43 NEG

Table 3: Cretaceous localities are tested for a common
true mean direction, after the statistics of McFadden and
Lowes (1981).

a reliable pole for the locality JN. The localities
JP and BP, which are supposed to be of the same
age beceause of their field appearence, share a
common true mean direction. The paleo-poles of
this study are plotted together with the reference
apparent polar wander paths of Besse and Cour-
tillot (2002), Schettino and Scotese (2005) and
Torsvik et al. (2006); (Figure 11).

Analysis

Quality control

The interpretations of our data are hampered
by limited age constraints on the sampled lavas
because 40Ar/39Ar dating has not yet been fi-
nalised. At five localities, the published rock age
is within a narrow range of 1 Myr which is ac-
curate enough for a paleomagnetic analysis ac-
cording to the reliability criteria assigned by Van
der Voo (1990). The other ages are to be obtained
but field-based estimates will be used until that
time. From the applied foldtests, it can be con-
cluded that the ChRM is the original NRM and
was acquired before tilting, and most probably
acquired during formation of the rock. Prelimi-
nary palynologic results from Dulaan Bogd and
Jaran Bogd suggest a timespan from Hauterivian
to late Albian (van Hinsbergen et al., in prep.). In
the volcanic deposits, single lavas represent spot
readings of the earth magnetic field. The pres-
ence of a reversed direction in the Bulgantiin Uul
(BL) section and the intercalated clay-layers in
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Figure 11: Paleopoles obtained from this study are plotted together with the averaged reference APWPs of Besse and

courtillot (2002), Schettino and Scotese (2003)
taceous (a) and the Cenozoic (b). a: the BC02 path
Ma and the TOO6 path is averaged for 130-90 Ma.
with the reference poles for equivalent ages.

the Cretaceous dataset indicate that enough time
has elapsed for secular variation to be averaged
(Van der Voo, 1990). For the Cretaceous series
the angular standard deviation of all 88 sites is
SA=18.0° (Sl=16.5°, Su=19.8°) which corre-
sponds to the scatter modelled by McFadden et
al. (1991) of SA=16.9° (S1=14.9°, Su=19.5°) for
40-50° latitude for the 80-110 Ma period (Figure
12). Our data do not fit the 110-195 Ma curve,
but they plot at the intersection of the 0-5 Ma and
the 80-110 Ma curves. Hence, our data do not
indicate any difference in paleosecular variation
during the Cretaceous normal superchron (CNS)
with respect to the last 5 Myr.

Cretaceous Pole

The ctmd for the Cretaceous localities leads
to a polar wander path for the Gobi-Altai for the
timespan 130-95 Ma. This period falls within
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the Cretaceous standstill reported by Besse and
Courtillot (2002) and our data constrain this by
showing that no significant plate motion has oc-
curred during this period. From the 88 remaining
Cretaceous sites a mean direction of D=12.3° and
1=66.5° (k=43.4 095=2.3) is obtained which cor-
responds to a paleo-pole of A=80.6°N, ¢=160.0°E
(095=2.3). This Cretaceous Gobi-Altai pole coin-
cides with the reference APWP’s for the continent
of Eurasia of Besse and Courtillot, 2002 (BC02),
Schettino and Scotese, 2005 (SC05) and Torsvik
et al., 2006 (TO06); (Figure 11). Our pole is plot-
ted together with the mean pole of the reference
path for a 130-95 age window and shows good
correspondence (AXA=0.3°, AA=1.4° and AA=1.2°
with BC02, SCO05 and TOO06 respectively.

The early Cretaceous APWP constrains the
path of Mongolia (Enkin et al., 1992). Figure 13
shows that our Cretaceous pole corresponds well
with the previously published data for Mongo-
lia and with the path of the North China Block.
This confirms that Mongolia joined the North
and South China terranes during pre-Cretaceous
times (Enkin et al., 1992; Pruner, 1992) and con-
sequently followed the same path since.

The fact that our early Cretaceous APWP for
Mongolia coincides with the reference path for
Eurasia means that the Gobi-Altai region was
connected to the Eurasian plate and acted as a
rigid plate since the late Cretaceous. This con-
firms that the Mongol-Ochotsk ocean was closed
by the end of the Jurassic and Mongolia followed
the Eurasian polar wander since late Jurassic
(Zonenshain et al., 1990; Enkin et al., 1992; Van
der Voo et al., 1999). Our results reject any sug-
gestion for post Cretaceous large scale relative
motion between Mongolia and Siberia postulated
by Cogné et al. (2005, 1999) and Hankard et al.
(2005).

Cenozoic Poles

The directions of the two plateaux, near
Jaran Bogd (JP) and Baga Bogd (BP), combine
into one reversed common true mean direction of
D=180° and I=-55.9° (k=38.6 095=5.5); (Figure
11) which shows there has been no rotation since
deposition. The inclination is 10°+7.6 lower when
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Figure 13: The Cretaceous paleopole obtained fiom this
study is plotted together with the APWPs of Mongolia
and the North China Block (NCB) with their 095 elipses
of confidence obtained from Enkin et al. (1992). Ages are
indicated: C=Carboniferous, P=Permian, T=Triassic,
J=Jurassic, K=Cretaceous.

compared to the expected inclination obtained
from the reference APWP of Besse and Coutrtillot
(2002). Accordingly, the resulting paleopole of
the plateaux shows no correspondence with the
reference pole of 30 Ma. This may indicate that
the localities contain too few lavas to average out
paleosecular variation. The 95% confidence cone
of the 57 Ma (Devyatkin and Smelov, 1980) KS
locality overlaps the cones of the reference poles
for this age (Figure 11). The poles show a devia-
tion of the longitude which is probably caused by
the few constraints we have on possible bedding
tilt.

Implications for regional tectonics

The average declination found in the area of
12.3°42.3%is undistinguishable from 13.6°£2.4°,
11.0° £8.9° and 14.9° £3.4° predicted by the ref-
erence paths of BC02, SC0S5 and TO06 respec-
tively. Schiupp (1996) suggested a specific tec-
tonic setting to accommodate N-S shortening in
western Mongolia. This model indicates clock-
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Figure 14: Schematic representation of the Schlupp
(1996) rotation model to accomodate shortening in the
Mongolian altai. This geometry shows that with the accu-
racy of the data, a shortening up to a maximum of 100km
could be undetectable.

Direction of shortening

wise rotation in the Gobi-Altai in a left-lateral
fault system (Figure 1). Taking the Gobi-Altai
to be rotating in a clockwise sense as a discrete
block of 600 km long, we calculated the amount
of shortening that can be present and undetect-
able within the error margins of our data (Figure
14). For this experiment we used the reference
declination of Schettino and Scotese (2005) be-
cause it allows the biggest, undetectable rotation.
If we calculate the A declination with SC05 we
come up with 1.3£9.2° which means we have a
maximum of 10.5° of undetectable, clockwise
rotation. A rotation like this would result in £110
km of shortening southwest of the Hangay Dome.
To create the topography of the Gobi-Altai this
amount of shortening would largely be enough.
We cannot prove nor disprove this model with
our result.

To create the restraining bends, Bayasgalan
(1999) suggested a model involving vertical axis
rotations of rigid slats (Figure 15). The end of the
oblique strike slip faults is marked by thrust faults
(Figure 3). The amount of thrusting decreases
with increasing distance from the strike-slip fault
which implies a rotation of the thrusting unit, in
this case a clockwise rotation (Figure 15). The
units affected by strike-slip and thrusting should
show changes in rotation with respect to the rigid
unit/footwall. This postulated change in rotation
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QJP

Direction of shortening

Figure 15: Cartoon to illustrate the aveas of transpres-
sional strike-slip and thrusting in a mechanism for the
Gobi-Altai as proposed by Bayasgalan (1999), showing
(a) before rotation and (b) after rotation. The scale is
indicative.

of a few degrees lies well outside the accuracy
limits of our paleomagnetic analysis, Comparing
rotations of localities on both sides of the strike-
slip faults did not reveal significant difference in
rotation.

The concept of discrete slat rotation would
cause initial strike-slip faults to rotate into orien-
tations favourable for thrust displacements and
restraining bend development. Newly developed
strike-slip faults connect the original segments
creating step-wise, en echelon strike-slip and
thrust faults. The rotation associated with this
kind of deformation can be inferred from the cur-
rent geometry assuming that the direction of pure
strike-slip did not change. This is the angle be-
tween the strike-slip and the oblique faults which
in our case is ca 30° (Figure 3). Our results con-
strain this rotation to a maximum of 10.5° Ac-
cordingly we exclude this rotational model for
the northeastern Gobi-Altai.

The absence of significant local rotations
means our data support the ‘reactivaton’ model.
The direction of maximum stress makes an angle
with the Paleozoic basement grain of the Gobi-
Altai. Strike-slip faults develop in a segmented
manner and their interconnection is by reactiva-
tion of former structures parallel to the basement
grain, accommodating shortening. This may in-
clude the inversion of Mesozoic normal faults.



Inclination shallowing

The accretion of microplates and terranes to
form Central Asian continent finished in pre-Cre-
taceous times and our Cretaceous data show that
therc has been no resolvable relative movement
between central Asia and Europe since. Look-
ing at the Cenozoic data, it is interesting to see if
they confirm the rigid behaviour of central Asia
with respect to the European Continent. Previous
studies indicate that when comparing Cretaceous
with Cenozoic data there is a “shallow inclina-
tion problem” (e.g. Westphal, 1993 and Chauvin
et al., 1996). Cenozoic Paleomagnetic data sys-
tematically show inclinations that are shallower
than inclinations calculated from the reference
APWP, the amount of inclination shallowing
ranging 15-30°. Supposed mechanisms explain-
ing the contradiction are non-rigid behaviour
of the Eurasian plate, syn- or post-depositional
flattening, badly constrained reference path, non-
dipolar geomagnetic field geometry and tectonic
shortening (Westphal, 1993; Chauvin et al,, 1996;
Cogne et al., 1999; Tan et al., 2003).

In most studies, the inclination shallowing
is found in red bed sedimentary rocks and ex-
plained in terms of a depositional or compaction-
induced shallowing (Tan et al.,, 2003; Dupont-
Nivet et al., 2004; Yan et al., 2005, Narumoto et
al., 2006). To test whether the discrepancy in the
data is real, one should compare results from the
red bed sediments with volcanic deposits since
the last are not affected by shallowing process-
es. This has been done several times for Creta-
ceous to Cenozoic deposits (Otofuji et al., 1995;
Bazhenov and Mikolaichuk, 2002; Gilder et al.,
2003). They show an inclination shallowing in
red beds, but paleolatitudes of volcanic rocks
coincide well with the latitudes predicted by the
reference APWP. This implies that the shallow-
ing is caused by syn- or post-sedimentary proc-
esses like compaction or initial shallow detrital
remanent magnetisation.

Our Cretaceous data show good agreement with
the synthetic reference poles obtained from Besse
and Courtillot (2002). Our Cenozoic poles show
a small but discernible offset with respect to the
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reference poles. We see that the inclinations of
30 Ma and 57 Ma are 10.0°£7.6 and 10.7°£13.0
less, respectivily, when compared with the incli-
nations predicted by the reference path of Besse
and Courtillot (2002). This indicates the pres-
ence of a shallow inclination during Paleogene
times which cannot be explained by syn- or post-
sedimentary processes since the data come from
volcanic rocks. The discrepancy can be caused
by a primary dip during rock formation (for the
plateaux) or a “missing” tectonic correction (for
Khatan Suudal). Alternatively, our results could
support the hypothesis of a non-dipolar geo-
magnetic field geometry during Cenozoic times
(Westphal, 1993; Chauvin et al,, 1996; Van der
Voo and Torsvik, 2001). The shallowing (£10°) is
less than most studies that include red beds (15°-
30°, Cogné et al., 1999) and is probably partially
caused by red beds compaction-induced shallow-
ing.
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