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ABSTRACT

Closure of the Neo-Tethyan Ocean in the Turkish sector of the Alpine-Himalayan
orogen by ca. 12 Ma was succeeded by deformation of a domain between the Eurasia
plate, presently bounded by the North Anatolian fault, and the Arabian indenter.
Facets of this deformation comprise the crustal thickening and uplift that produced
the Anatolian plateau, the establishment of transform faults, and tectonic escape as
Arabia has continued to impinge into the collage of Anatolian terranes accreted by clo-
sure of the Neo-Tethys. We have compiled a database of neotectonic paleomagnetic re-
sults from Anatolia to analyze this deformation. Large rotations (up to 5°/10,000 yr)
of small fault blocks along the intracontinental transform faults but do not extend
away from these zones and show that seismogenic upper crust is decoupled from lower
continental lithosphere undergoing continuum deformation. Between the transforms,
large fault blocks exhibit slower rotation rates (mostly <1°/100,000 yr), varying sys-
tematically across Anatolia. Large counterclockwise rotations near the Arabian in-
denter diminish westward, becoming zero and then move clockwise near the limit of
tectonic escape. The view that the collage has rotated counterclockwise as a single
plate, either uniformly or episodically, during the Neotectonic era is refuted. Instead,
deformation has been distributed and differential as the collage adapted to changing
tectonic regimes. Crustal extrusion to the west and south has expanded the curvature
of the Tauride arc and combined with back-roll on the Hellenic arc to produce the ex-
tensional horst and graben province in western Turkey. The latitudinal motions are
close to confidence limits but consistent with ~800 km of northward motion of Anato-
lian terranes over 40 m.y., a figure including up to a few hundred kilometers of closure
linked to crustal thickening since the demise of the Neo-Tethys.
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INTRODUCTION

Present-day Anatolia is part of the Alpine-Himalayan oro-
genic belt and has formed by the collision of terranes with the
Eurasian margin accompanying closure of the Tethys Ocean and
by ongoing convergence between the Eurasia and Afro-Arabia
plates. The accretionary zone comprises a collage of continen-
tal fragments that moved across the ocean from former sites at
the northern margin of Gondwana (Robertson et al., 1996). Con-
sumption of the Tethys Ocean occurred in two phases collec-
tively referred to as the Paleotectonic era. Closure of the
Paleo-Tethys Ocean was complete by Middle Jurassic times and
accompanied deformation of the Pontide orogen now sited in
northern Turkey. This region, assigned to the “Cimmerian” con-
tinent (Sengor and Yilmaz, 1981), was already located close to
Eurasia by Jurassic times (Channell et al., 1996). New ocean
basins, collectively comprising the Neo-Tethys, opened in the
wake of the accretion of crust to the Pontide orogenic margin
(Fig. 1, inset) during Late Permian, Triassic, and Early Creta-
ceous times (Sengor and Yilmaz, 1981; Robertson et al., 1996).
Later in the Mesozoic, two microcontinents, the Sakarya and
Kirsehir, were separated by a branch of the Neo-Tethys and
drifted northward from equatorial latitudes to amalgamate along
the Izmir-Ankara-Erzincan suture zone (IAESZ, Fig. 1) in Late
Cretaceous and Early Tertiary times. Ocean closure commenced
during the Late Cretaceous, with subduction-related volcanism
particularly important in Eocene and Oligocene times as the
Kirsehir block impinged into the Sakarya microcontinent
(Yilmaz, 1990a). The Cappadoccian ignimbrite succession
records the last pulses of subduction-related magmatism, and by
middle Miocene times the major tectonic elements of present-
day Anatolia were in place following the collision of Arabia with
this terrane collage along the Bitlis suture zone.

The succeeding postcollisional regime of crustal thickening
and tectonic escape is referred to as the Neotectonic era and has
been driven by continued northward motion of Afro-Arabia and
differential slippage between the African and Arabian sectors
along the Dead Sea fault zone (DSFZ, Fig. 1). A feature of this
regime has been the concentration of strike-slip motions along
intracontinental transforms including the right lateral North
Anatolian fault zone (NAF, Fig. 1) and the left lateral East Ana-
tolian fault zone (EAF, Fig. 1). These fault systems now com-
prise the main tectonic boundaries of a broad zone of distributed
deformation within Anatolia.

Methods for quantifying neotectonic crustal deformation
apply to three contrasting timescales: for the short term (10-10?
yr), kinematics may be resolved from GPS and ground survey-
ing (Barka and Reilinger, 1997). On Holocene timescales (~103—
10 yr), deformation can be evaluated by geomorphic study of
features such as stream offsets and changing elevations of ero-
sion and depositional surfaces. For the longer term (>10°-10°
yr), recovery of paleomagnetic directions is usually required to
quantify the deformation. This latter application has already
been effectively used over much of Anatolia due to the wide-
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spread preservation of young volcanic rocks, which tend to be
good recorders of the paleofield direction (Piper et al., 2002).
The paleomagnetic method aims to resolve cumulative motions
by comparing ancient directions of magnetization with refer-
ence directions of the same age predicted from the paleomag-
netic records from the adjoining major continental plates acting
as orogenic forelands, in this case Eurasia and Africa. In this ar-
ticle, we compile and update the database of neotectonic paleo-
magnetic results from the Anatolian region and evaluate the
implications of these data for the neotectonic deformation in this
sector of the orogen over approximately the last 12 m.y. of its
history.

GEOTECTONIC AND GEOLOGICAL FRAMEWORK

Consumption of the Neo-Tethys Ocean along the Izmir-
Ankara-Erzincan suture zone and collision along the Bitlis
suture in southeastern Anatolia (Fig. 1) produced the major
Cenozoic environmental change recorded throughout Anatolia
at ca. 11.8 Ma during late Serravallian—earliest Tortonian times.
Shallow-water Seravallian sediments are the last marine record
and were succeeded by terrestrial sediments as central Anatolia
became an upland region characterized by horsts and fault-
bounded alluvial depressions (“ovas”). Quasi-continuous vol-
canism has recorded the waning stages of subduction and
subsequent neotectonic fault movements permitting access to
asthenosphere melts. It falls into three (western, central, and
eastern) provinces, each exhibiting a changing balance of calc-
alkaline to alkaline lava compositions that are presumably re-
lated to the transition from collisional to strike-slip tectonic
regimes (Yilmaz 1990b).

A facet of neotectonic deformation that is poorly under-
stood in this region is orogenic collapse and associated lateral
spreading of the crust. Proponents of the mechanism (Dewey
et al., 1986; Seyitoglu and Scott 1996) have predicted that the
onset of horst-graben formation in western Anatolia com-
menced during the late Oligocene—early Miocene following
cessation of Paleocene-Eocene collision along the Izmir-
Ankara-Erzincan suture zone and associated shortening and
overthickening of Aegean-Anatolian crust. Although a genetic
link between orogenic collapse and graben formation would im-
ply that the latter has been continuous since the late Oligocene—
early Miocene, ground studies show that graben evolution in
Anatolia has had a complex history in which back-arc spread-
ing, orogenic collapse, tectonic escape, and roll-back processes
have all operated successively or in tandem to form the horst-
graben systems (Kogyigit et al., 1999, 2000). Rift infills in west-
ern Anatolia were deposited in extensional regimes mostly
during early-middle Miocene and Pliocene—Recent times and
were interrupted by an episode of late Miocene—early Pliocene
compression. The earlier phase of graben infill reflects deposi-
tion temporally related to orogenic collapse along the izmir-
Ankara-Erzincan suture zone (Dewey et al., 1986; Seyitoglu and
Scott, 1996). The earlier extensional phase is separated from
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later extension by an ENE-WSW-directed compression that
prevailed during late Miocene times (Kocyigit et al., 1999) con-
temporaneous with collision along the Bitlis suture zone be-
tween the Arabia plate and the Anatolian collage (Fig. 1). This
collision initiated the crustal thickening and uplift responsible
for producing the Anatolian plateau. By early Pliocene times,
seafloor spreading had commenced along the axis of the Red Sea
and the differential northward movement of Arabia had initiated
the westward extrusion of the terrane collage (Hempton 1987);
these events were contemporaneous with the last phase of ex-
tension in western Anatolia.

In addition to motions on the transforms delineating the
present plate boundaries, deformation within the terrane collage
is taken up along second-order faults. These cut the terrane col-
lage and have unclear lateral extents due to Pleistocene cover
and limited seismic evidence, although they are probably linked
together as an anastomosing network within the Anatolian up-
per crust. They comprise two sets. The first includes northeast-
southwest fractures that splay off from the North Anatolian fault
zone into the Anatolian collage; the largest examples are the
Kirikkale-Erbaa and Almus fault zones shown in Figure 1 (KEF
and AFZ, respectively). Members of this system can display
both right and left lateral strike-slip movements plus normal or
reverse-slip components, where there are variations from this
general trend (Kogyigit and Beyhan, 1998) but left lateral strike-
slip motions are dominant in eastern Anatolia. A second set of
faults has northwest-southeast trends and oblique slip motions,
usually with a dominant right lateral motion. Members of this
latter set divide the western half of central Anatolia into horsts
and grabens bounded by active faults. They are concentrated
within a transitional tectonic zone between the strike-slip
regime of eastern Anatolia and the extensional regime in the
Aegean and western Anatolia (Yilmaz et al., 1987; Fig. 1).

Paleomagnetic studies in the eastern part of Anatolia have
demonstrated that block rotations are common throughout Ana-
tolia (Giirsoy et al., 1997, 1998, 1999, 2003b; Kissel et al., 2003;
Piper et al., 1996, 1997, 2002; Platzman et al. 1994, 1998; Tatar
et al. 1996, 2000, 2002). Two contrasting interpretations have
been given to these data. Platzman et al. (1998) and Kissel et al.
(2003) interpret them in terms of uniform rotation of a coherent
Anatolia plate delimited by the intracontinental transforms in
northern, eastern, and southern Anatolia and by the extensional
province in western Turkey. We refer to this as the “Anatolia
plate model,” and it is supported for the short term by GPS evi-
dence (McClusky et al., 2000; Reilinger and McClusky, 2001).
In contrast, Giirsoy et al. (1999), Piper et al. (2002), and Tatar
et al. (2002) identify a differential character of paleomagnetic
rotations and conclude that an Anatolia plate, sensu stricto, does
not exist. We refer to this as the “distributed deformation
model.” Specifically, we note a regional variation of declina-
tions illustrated by a general westward decrease in the amount
of counterclockwise rotation across Anatolia toward the horst
and graben province of western Turkey. West of the longitude of
Ankara, the rotations are variable, but the declinations recov-
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ered to date tend to be clockwise from the Galatean region
north of Ankara to the Isparta angle close to Afyon in the south
(Giirsoy et al., 1999, 2003b; Tatar et al., 2002). The Isparta an-
gle (Fig. 1) is a tectonic bend formed by the interference of verg-
ing allochthonous units emplaced during culminating stages of
Tethyan convergence (Kissel et al., 1993; Robertson et al.,
1996).

A resolution between the Anatolia plate model and the dif-
ferential deformation model depends in part on the time frame
of the rotations. If rotations of similar age are divergent from
block to block, the latter model is supported. If older rotations
are systematically larger than the younger ones, there is support
for rotation of a coherent plate. Giirsoy et al. (1997), Piper et al.
(2002), and Tatar et al. (2002) compare rotations in rocks of dif-
ferent age to argue that most, if not all, of this deformation is a
late facet of the neotectonic history imparted after crustal thick-
ening. Platzman et al. (1994, 1998) have dated numerous indi-
vidual lava flows in order to help evaluate this question, but
interpret their data in the context of episodic rotation of an inte-
gral Anatolia plate.

Results from the Global Positioning System (GPS) show
that surface motions in Anatolia on a decade timescale can be
approximated by uniform counterclockwise rotation about a
Eulerian pole in northern Egypt (Barka and Reilinger, 1997;
McClusky et al., 2000). A long-term extension of this solution
would support the Anatolia plate model of Platzman et al. (1998)
and Kissel et al. (2003). It is compatible with the westward ex-
trusion of the crust by tectonic escape and is expressed by dom-
inant strike-slip motions within a broad sector of central
Anatolia between the North Anatolian fault zone and the East
Anatolian fault zone, extending westward from the triple junc-
tion at Karliova where these transforms meet (Fig. 1). Currently
central Anatolia is moving westward relative to Eurasia at a rate
of ~15 mm/yr, while Anatolia west of the Isparta angle is mov-
ing southwest at ~30 mm/yr. The nearly static behavior of the
region close to the Isparta angle (Barka et al., 1999) separates
an eastern sector dominated by a regime of Pliocene and later
compression and strike-slip from a dominantly extensional
regime within the eastern part of the Aegean province (Fig. 1).
The extensional regime in western Turkey is probably driven
predominantly by roll-back on the Hellenic arc (Le Pichon et al.,
1995) that has progressively expanded the curvature of this arc
during the last 5 m.y. (Kissel et al., 1989). Neotectonic defor-
mation in the Isparta angle is controlled by the interaction of
back-arc processes associated with outward motion of the Hel-
lenic arc in the west and extrusion of Anatolian crust by tectonic
escape from the east.

PALEOMAGNETIC ANALYSIS
OF NEOTECTONIC DEFORMATION

The bulk of the paleomagnetic database from Anatolia sum-
marized in Table 1 is based on studies of volcanic rocks that are
typically high-quality recorders of the magnetic field direction
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at the time of eruption. Rapid cooling and weak fabrics will usu-
ally mean that a geomagnetic field direction is accurately
recorded, although this is instantaneous in geological terms and
therefore a component of the secular variation; sampling of a
number of flows is always required to yield a mean direction of
paleomagnetic rather than virtual geomagnetic significance.
While the orientation of the flows may usually be inferred from
pseudo-bedding in lavas, layering in pyroclastic units, or bed-
ding within intralava sediments, the application of tilt adjust-
ment to these data is often unclear because the volcanic units
have flowed down primary slopes. When this is the case, most
or all of the measured tilt is primary and tilt adjustment is not
relevant. Fortunately, this has not proved to be an important
problem with volcanic rocks emplaced during the neotectonic
era because the topography is young and little affected by later
deformation. It is a more serious difficulty in the paleotectonic
domains where outcrops are poorer, more degraded, and highly
faulted; these factors no doubt contribute to the dispersion of
paleomagnetic directions within these older units.

Treatment of all rock collections considered here has
followed standard procedures of alternating field or thermal de-
magnetization. This has normally been accompanied by projec-
tion of the demagnetized vector onto orthogonal projections,
resolution of component structures, and calculation of equiva-
lent component directions by principal component analysis.
Thermal demagnetization is generally considered preferable for
resolving component structures in old rocks because this proce-
dure is able to completely unravel the magnetization and the
secondary components are often acquired by a thermal mecha-
nism. However, in young volcanic rocks emplaced in the Neo-
tectonic era, secondary components are usually small, and no
significant differences have typically been noted between com-
ponents resolved from application of the two methods. The
Paleomagnetic results summarized in Table 1 are derived from
Late Cretaceous and younger rocks, and the older units embrace
the latter part of the paleotectonic as well as the neotectonic his-
tory. The paleotectonic units may have a multiple deformational
history incorporating both pre- and postcollisional events.

Some of the sampling is distributed over a large area. The
study of Sartbudak (1989, result 7), for example, covers sam-
pling sites between 31.5°E-37°E and 41°N—42°N. In these
cases, the mean site location is listed in Table 1 and the mean di-
rection plotted at this point in Figure 5.

THE PALEOMAGNETIC RECORD
OF CRUSTAL DEFORMATION IN ANATOLIA

There are two scales of block rotation resolved from pale-
omagnetic studies in Turkey. In the vicinity of the intraconti-
nental transform faults, large rotations, sometimes >180° over a
time interval of 0.5-2.0 m.y., are observed. This has been rec-
ognized with the most important ramifications in the vicinity of
the North Anatolian fault zone by the studies of Saribudak et al.
(1990), Michel et al. (1995), Tatar et al. (1995), and Piper et al.
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(1997). In the western sector, Saribudak et al. (1990) considered
that a ~15 km—wide block (Almacik) had undergone a large
clockwise rotation as a consequence of ongoing dextral slip be-
tween master faults. Michel et al. (1995) were unable to repli-
cate this result and concluded that no such large coherent fault
block is present here, although they did observe some large ro-
tations recorded in Palaecogene rocks close to major faults and
assigned these rotations to much smaller fault blocks. These
large local rotations about both horizontal and vertical axes are
superimposed on a general counterclockwise rotation of
10°-20° across the fault zone. Michel et al. (1995) were unable
to relate the observed rotations to changes in the stretching di-
rection in these relatively old rocks and concluded that they
were the cumulative result of a complex deformational history.
Farther east in the North Anatolian fault zone, large clockwise
rotations between dextral master faults, locally up to 250°, are
recorded by lavas emplaced in the Niksar pull-apart and are only
ca. 500 Ka in age (Piper et al., 1997; Fig. 2). These results show
that the rotations are more recent than the initiation of the con-
temporary strike-slip regime along the North Anatolian fault
zone and imply that small blocks are rotating in ball bearing
fashion between the dextral master faults (Beck, 1976).

Recent road construction south of the town of Niksar has
exposed new sections through these lavas, where they have been
sampled at three additional locations (in Fig. 2) for which we
note data here (Table 2). Demagnetization defines single-
component behaviors (Fig. 3) and magnetization directions that
are either unrotated or rotated by small amounts clockwise from
the present field direction. These data contrast with much larger
rotations recorded immediately to the south and east in the same
volcanic episode (Fig. 2) and imply that the rotating blocks are
a few kilometers or less in size. Three high-precision K-Ar age
determinations of 461 = 7, 523 + 4, and 568 *+ 3 Ka have been
obtained from these lavas (Tatar et al., 2004b), and highly vari-
able rotations at rates of up to 5°/10,000 yr during the Brunhes
chron are indicated. Comparable rotations recorded in both
young (Piper et al., 1997) and much older (Michel et al., 1995)
Paleogene volcanic rocks appear to reflect the short life span
(~late Pliocene—recent) of the North Anatolian fault zone (e.g.,
Barka and Hancock,1984; Barka and Giilen, 1989) as the south-
ern boundary of the Eurasia plate in the Anatolian sector.

Fault block deformation across the North Anatolian fault
zone has been studied in smaller numbers of lava units else-
where. Variable and sometime large clockwise rotations are
recorded by sporadic Pliocene—Quaternary volcanic units in the
Ilgaz and Gerede regions within the northern convex extension
of the North Anatolian fault zone between the longitudes 32°E
and 34°E (Fig. 1; Piper et al., 1997). In each case, the magnitude
of rotation diminishes rapidly away from the fault system and
may be entirely confined to small fault blocks between the in-
tracontinental master faults. Thus, the most important geotec-
tonic conclusion to emerge from these results is that intense
deformation within a narrow zone of the seismogenic upper
crust is decoupled from viscous sheet continuum deformation in
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TABLE 1. SUMMARY OF PALEOTECTONIC AND NEOTECTONIC (LATE CRETACEOUS- PRESENT)

PALEOMAGNETIC RESULTS FROM CENTRAL ANATOLIA

Location/unit Age Location
Block/region Stratigraphic Ma °E °N N D/I(°) 0s()*

References

Results from rock units emplaced during the
Paleotectonic regime North of the NAF

1 Gumushane? E (M) 39.5 40.4 9 165.3/-34.6 6.3

2 Mesudiye (Group 1) E (N) 37.7 40.6 7 165.9/-50.4 6.7

3 Mesudiye (Group 2) E (R) 37.7 40.6 8 185.6/-45.1 15.1

4 North of Niksar? E (R) 41.8-43.5 37.0 40.7 17 150.4/-44.9 9.4

5 Erbaa E (R) 36.3 40.8 7 194.6/-48.8 15.3

6 Mesudiye E (N) 37.7 40.5 7 166.8/-49.9 9.6

7 Central Pontides® Cu (M) 34.0 41.8 8 172.1/-38.6 10.8

8 Kastamonu E? (R) 33.7 41.2 3 164.2/-31.7 10.6
South of the North Anatolian

fault zone

9 Imranli E (R) 38.4 39.8 10 146.0/-34.2 6.3
10 Almus? E (R) 45.3 36.9 40.4 1 146.0/-46.8 6.9
11 SW Amasya* E (M) 35.2 40.6 12 168.8/-45.4 12.4
12 Gankiri basin® O (M) 34.1 40.2 6 168.6/-30.7 17.4
13 Akdagmadeni E (N) 35.8 39.7 3 113.9/-43.5 5.2
14 Yozgat® E (R) 34.7 39.8 5 159.0/-43.3 14.2
15 Kaman (i) Pa (R) 33.9 39.2 10 148.0/-61.0 8.7
16 Kaman (i) Pa (N) 33.9 39.2 3 132.9/-48.4 16.0
17 Bayat E (R) 34.5 40.8 7 172.1/-47 1 7.6
18 Akseki thrust belt Pa-E (M) 31.8 37.3 9 219.9/-34.7 11.6
19 Sariz E (R) 36.5 38.5 3 140.3/-38.0 10.0
20 Central Anatolian thrust belt” C-E (M) 36.5 39.9 7 166.9/-42.6 13.5
21 Sivas basin® C-E (M) 36.9 39.8 8 155.3/-56.0 14.1
22 Tunceli E(R) 39.6 39.4 4 152.5/-48.0 16.0
Results from rock units emplaced

during the Neotectonic regime

23 Galatean province M (M) 31.8 40.6 15 196.8/-56.5 6.9
24 Gankiri basin® My,_y (R) 34.3 40.3 3 185.8/-42.3 33.0
25 Sivas basin'® M-PI (R) 13.8-13.1 36.2 39.4 5 148.3/-41.8 18.8
26 Sarkisla block M-PI (M) 36.8 39.4 16 150.2/-56.6 12.9
27 Kormac Dag block™ M-PI (M) 5.8-5.2 36.9 39.2 10 156.0/-47.6 19.0
28 Gurun block? M-PI (M) 24.0-4.0 37.2 38.7 14 163.8/-51.8 12.2
29 Gemerek, R M (R) 15.2-14.8 36.0 39.2 35 111.9/-60.8 9.6
30 Gemerek, N M (N) 15.2-14.8 36.0 39.2 41 127.9/-32.2 6.7
31 Inkonak, R M (R) 25.8-25.1 37.0 39.4 30 129.8/-37.3 7.7
32 Inkonak, N M (N) 25.8-25.1 37.0 39.4 30 127.1/-49.6 10.0
33 Yenikdy, R M (R) 30.4-28.4 36.4 39.1 49 126.3/-33.3 8.8
34 Yenikdy, N M (N) 30.4-28.4 36.4 39.1 32 149.6/-47.7 7.2
35 Haramikoy, R M (R) 23.0-21.8 31.8 38.5 37 190.1/-40.9 5.3
36 Haramikdy, N M (N) 23.0-21.8 31.8 38.5 45 182.4/-37.2 4.3
37 Kesekdy M (N) 21.3-18.3 32.9 40.7 20 189.9/-47.4 5.8
38 Afyon (north)'3 M (M) 21.0-9.3 30.7 39.2 42 201.1/-46.9 5.7
39 Afyon (south)'® M (M) 14.8-8.0 29.9 38.7 20 206.3/-49.7 9.7
40 Sille volcanics M (M) 11.6 32.4 37.8 4 149.5/-51.8 1.3
41 Erenlerdag (i)'* M (M) 9.9 32.1 37.6 12 181.3/-46.4 8.6
42 Kutahya (i)$ M (R) 29.9 39.6 5 205.4/-54.6 13.0
43 Kutahya (ii)$ M (R) 29.9 39.6 6 205.3/-39.8 11.8
44 Erenlerdag (ii)$ M-P (M) 6.9-3.5 32.0 375 5 179.0/-50.8 13.4
45 Hasandag M (M) 13.1 34.2 38.0 7 170.1/-57.6 10.9

Kissel et al. (2003)
Baydemir (1990)
Baydemir (1990)
Tatar et al. (1995);
Platzman et al.
(1994)2
Piper et al. (1996)
Orbay and Bayburdi
(1979)
Saribudak (1989)
Piper et al. (1996)

Baydemir (1990)
Tatar et al. (1995);
Platzman et al.
(1994) 2
This article*
Kaymakei et al. (2003)
Tatar et al. (1996)
Tatar et al. (1996);
Kissel et al (2003)¢
Sanver and Ponat
(1980)
Kissel et al. (2003)
Piper et al. (1997)
Kissel et al. (1993)
Kissel et al. (2003)
Gursoy et al. (1997)
Gursoy et al. (1997)
Van der Voo (1968)

Gursoy et al. (1999)
Kaymakei et al. (2003)
Gursoy et al. (1997)1°
Gursoy et al. (1997)"
Gursoy et al. (1997)12
Gursoy et al. (1997)
Krijgsman et al. (1996)
Krijgsman et al. ( )
Krijgsman et al. ( )
Krijgsman et al. ( )
Krijgsman et al. (1996)
Krijgsman et al. ( )
Krijgsman et al. ( )
Krijgsman et al. ( )
Krijgsman et al. (1996)
Gursoy et al. (2003b)
Gursoy et al. (2003b)
Tatar et al. (2002)
Tatar et al. (2002)'4
Authors in preparation
Authors in preparation
Tatar et al. (2002)
Gursoy et al. (1998)
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TABLE 1. Continued

Location/unit Age Location

Block/region Stratigraphic Ma °E °N N D/I(°) Oo(?)* References

46 Cappadocian ignimbrites M-P (M) 11.0-1.1 34.8 38.6 10 174.0/-51.1 6.6 Piper et al. (2002)

47 Ermenek basin M, (N) 33.0 36.7 3 179.0/53.0 8.4 Kissel et al. (1993)

48 Antakya region marls M (M) 36.2 36.1 13 168.0/-43.9 6.9 Kissel et al. (2003)

49 Karacadag's My 6.9-4.7 33.8 37.7 18 175.5/-57.0 5.7 Gursoy et al. (1998)15
50 Karaman (Karadag)'® M-P 1.8-21 332 37.4 15 177.3/-51.3 7.9 Gursoy et al. (1998)16
51 Isparta P (M) 47-40 30.8 37.8 15 185.8/-52.6 6.1 Tatar et al. (2002)

52 Kutahya (iii) P (N) 29.9 39.6 9 205.4/-53.1 6.1 Authors in preparation
53 Kutahya (iv) P (N) 29.9 39.6 6 161.6/-41.5 9.1 Authors in preparation
54 Karapinar volcanic field PI (N) 33.6 37.6 5 156.9/-42.2 14.9 Grsoy et al. (1998)
55 Nevsehir volcanic field'” PI (M) 9.0-0.0 347 38.8 11 182.7/-52.3 10.2 Tatar et al. (2000)'”
56 Erciyes volcano'® Pl (M) <1.1-0.0 35.8 38.9 24 178.4/-53.0 5.6 Tatar et al. (2000)

57 Osmaniye volcanics PI (N) 0.0-0.8 36.0 37.0 8 191.3/-44.6 12.6 Grsoy et al. (2003a)
58 Karasu rift volcanics PI (M) 0.6-0.3 36.3 36.8 51 188.8/-54.7 4.0 Tatar et al. (2004a)

Notes: Directions given are reversed paleofield directions, and locations are the center of the study area. Nis the number of separate units (sites
are not flow units or dikes but individual samples in the study of Krijgsman et al. (1996) included in the calculated mean), and oy, is the radius of
the cone of 95% confidence about the mean direction. Rock ages are C—Cretaceous; Pa—Paleocene; E—Eocene; O—Oligocene; M—Miocene;

P—Pliocene and Pl—Pleistocene. CATB—Central Anatolian thrust belt.
*The radius of the cone of confidence about the mean direction.
§The small roman numerals refer to successive volcanic formations.

1The mean of results for nine sites between TK148 and TK164 of Kissel et al. (2003).
2The mean direction from north of the North Anatolian fault zone at Niksar is calculated from sites TV6, TV8—10, TV13, TV14, and TV16 of Platz-
man et al. (1994) and sites 33—42 of Tatar et al. (1995). The mean direction south of the North Anatolian fault zone is calculated from sites TVO1,

02, and 11 of Platzman et al. (1994) and sites 50-61 of Tatar et al. (1995).

3The mean for Pontide Cretaceous and Eocene sites G001, Gl001, BAO1, ER01, DEO1, S101, S102, and BFO1.
4The mean for Eocene volcanic succession SW of Amasya (the east continuation of the Cankiri basin) calculated from data in Table 2 plus sites

11-14 and 18 of Piper et al. (1996).

5The mean of sites KAL, DAW, GUV, HAM3, INC3, and HAM4 of Kaymakgi et al. (2003).
8The mean result for the Yozgat volcanic-sedimentary succession calculated from data for sites 156—160 of Tatar et al. (1996) and sites TK109,

TK115, and TK117 of Kissel et al. (2003).

“The result for rock units above the Central Anatolian thrust belt includes sites C1-3 and C199-201 of Glrsoy et al. (1997) and sites TK100 and

TK104 of Kissel et al. (2003).

8The result for units between the Central Anatolian thrust belt and the Sivas thrust calculated from sites C240 and E72-75, E127-131, and E241

of Glrsoy et al (1997).
9The mean of sites KUC, HAL1, and UR of Kaymakgi et al. (2003).

10The neotectonic units between the Central Anatolian thrust belt and Sivas thrust include sites Q14—18 of Glrsoy et al. (1997) and sites S10

and S11 of Platzman et al. (1998).

""The units used to calculate a mean for the Kormac Dag Block are Q6-8, Q21, Q22, Q69, Q70, PL23, and M76-78 of Gursoy et al. (1997) and

sites S2 and S4 of Platzman et al. (1998).

12The Gurun block includes sites Q65—68 and PL25 and PL26 of Glrsoy et al. (1997) and sites S3, S5, S7, S8, and S9 of Platzman et al. (1998).

13The Afyon South result is calculated from sites 2, 3, 6-11, 13-19, 22, 76, 77 80, and 81, and the Afyon North result is based on sites 25-29,
31, 34-51, 53, 55-64, 6775, 78, and 79 of Girsoy et al. (2003a). These groups are separated by the Afyon-Aksehir graben (Fig. 1).

14The Erenlerdag group mean includes sites K1 and K2 of Platzman et al. (1998).

15The mean for the Karacadag volcanic complex includes sites K3, K4, K5, K9, and K10 of Platzman et al. (1998).

16The mean for the Karadag volcano includes sites K6 and K7 of Platzman et al. (1998).

17The mean calculated for the Nevsehir volcanic field comprises sites 20 and 22—26 of Tatar et al. (2000) and sites N1-3, N5, and N6 of Platz-

man et al. (1998).

8 To derive an overall mean for the Erciyes volcano and the surrounding volcanic field sited within the Erciyes pull-apart basin, we have meaned
sites 1-4, 7, 9-13, 15-19, 28, 29, and 31-37 from the study of Tatar et al. (2000).

lower crust and continental lithosphere (Piper et al., 1997; c.f.
England and McKenzie, 1982). Giirsoy et al. (2003a) also iden-
tify large rotations in young lavas close to the Karatas-Osmaniye
fault (KOF, Fig. 1), a continuation of the East Anatolian fault
zone into the Gulf of Iskenderun in southern Turkey; these lat-
ter data imply block rotations at rates of ~1°/10,000 yr within
this left lateral system.

The second scale of block rotation resolved from paleo-
magnetism is typically an order of magnitude less than these ro-
tations determined near the transforms. It appears to apply to the
weak crust in Anatolia between the North Anatolian fault zone
and the East Anatolian fault zone, but prior to the Pliocene es-
tablishment of the North Anatolian fault zone it probably also
included terranes within the Pontides north of the North Anato-
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Figure 2. Magnetic declinations (normal polarity) derived from Eocene- and Pleistocene-age lava flows in the Niksar sector of the North Anato-
lian fault zone after Piper et al. (1997), supplemented by three additional sites (Table 2) in the Brunhes-age lavas emplaced in the Niksar pull-
apart basin. Sites 1-3 refer to data included in this article (Table 2), and sites 29, 43—49, 57, and 58 refer to the study of Piper et al. (1997).

lian fault zone (Saribudak, 1989; Piper et al., 1996; Kissel et al.,
2003). In the example shown in Figure 2, comparable counter-
clockwise rotations are recorded in the Eocene volcanic succes-
sions north and south of the North Anatolian fault zone
investigated by Platzman et al. (1994) and Tatar et al. (1995) fol-
lowing an early study by Van der Voo (1968). In Table 1, mean
results are calculated for Eocene volcanic sequences north and
south of the North Anatolian fault zone by combining data from
these two studies. On the north side of the fault zone, mean di-
rections of D/I = 147/-48° (7 sites, 0,45 = 19°) and D/I =
152/-43° (10 sites, 0.5 = 11°) are yielded by the data of Platz-
man et al. (1994) and Tatar et al. (1995), respectively (D/I—
declination [°E] and inclination [positive down, negative up];
0lys—95% cone of confidence). There is probably some dupli-
cation between these sites, although it is not obvious from the
site mean data, probably because of differing field assessments
of lava orientation. Data from eight of nine Eocene flows stud-

ied by Tatar et al. (1995) supplement data from three sites of
Platzman et al. (1994) on the south side of the fault zone to yield
a mean of D/I = 146/—47° (11 sites, o, = 7°, Fig. 2). Age de-
terminations from the Eocene volcanic rocks on each side of the
North Anatolian fault zone are marginally different (Platzman et
al., 1994), although these differences are within error limits and,
because polarities are uniformly reversed, it seems likely that
they record a volcanic episode confined to a single chron. Po-
larity chrons ranged from 1.01 to 2.48 million years in duration,
with the longest reversed episode at 46.3—43.8 Ma (Cande and
Kent, 1995) during the interval embracing age determinations
on these volcanics (Platzman et al., 1994)

The revised group means calculated by incorporating the
collective data identify 30° of counterclockwise rotation from
the present field on the north side of the fault zone and 34° on
the south side in the Niksar sector since the Eocene. Farther to
the east, Baydemir (1990, results 2 and 9 in Table 1) used vol-
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TABLE 2. SITE AND GROUP MEAN DIRECTIONS OF MAGNETIZATION
FROM ADDITIONAL PALEOMAGNETIC STUDY OF VOLCANIC
UNITS IN CENTRAL-NORTHERN ANATOLIA

Site D, | Dy, lie N/n R Olgg k
Brunhes chron lavas, Niksar pull-apart basin
1 47.3 60.1 33.5 55.1 3/3 2.96 18.3 46.4
2 22.3 37.2 223 37.2 717 6.93 6.5 88.2
3 3.5 48.0 3.5 48.0 717 6.93 6.7 83.2
Eocene volcanics, SW Asmaya region
4 196.9 -56.9 137.2 -58.4 7/3 2.96 16.6 15.0
6 168.7 -72.9 187.8 -43.6 5/4 3.98 8.0 138.4
7 177.4 -78.6 184.4 -54.7 7/5 4.54 27.2 8.7
8 205.2 -63.9 220.1 -39.2 8/7 7.73 11.0 26.0
9 172.5 -63.7 184.7 -39.3 6/5 4.97 6.2 154.3
10 3.7 61.1 10.4 35.7 3/3 3.00 5.9 442.3
11 67.6 6.0 69.3 0.0 8/7 6.89 8.3 54.2
12 153.8 -48.2 151.4 -23.4 7/4 3.92 15.0 38.5
Mean** 168.8 -45.4 12 11.17 12.4 13.2
Notes: D, |, Dtc’ and |, are the declination and inclination of the mean remanence direction—in

situ and tilt-adjusted, respectively—derived from n samples out of a site population of N. R is the re-
sultant vector, 0:95 the radius of the cone of confidence about the mean direction, and k the Fisher pre-

cision parameter.
*Site excluded from mean calculation.

**Includes sites 11-14 and 18 of Piper et al. (1996).

canic rocks, also of Eocene age, to demonstrate counterclock-
wise rotations, in this case 44° on the north side and 53° on the
south side of the fault zone. This differential counterclockwise
rotation is possibly an expression of rotation on the second-or-
der faults splaying westward from the North Anatolian fault
zone into the Anatolian collage in this sector (Fig. 1). Although
the differences are too small to establish with confidence by pa-
leomagnetism, they are consistent with the GPS evidence if the
North Anatolian fault zone is a major locus of differential
rotation of Anatolian terranes in this region: the contemporary
rotation rate of 1.3° £ 0.1° per million years deduced from the
latter evidence (Reilinger and McClusky, 2001) would be equiv-
alent to ~5° of rotation during the life span of the North Anato-
lian fault zone and compatible with the differences in magnetic
declination.

The southern margin of the North Anatolian fault zone has
also been studied farther west in the Gerede region, where the
fault zone changes to an ENE-WSW trend (Fig. 1), by Platzman
et al. (1994) and Piper et al. (1997), and in the Ilgaz-Bayat re-
gion by the latter authors. In the former area, these investiga-
tions show declinations with large amounts of both clockwise
and counterclockwise rotation, which is probably a result of dis-
section of this zone into numerous small fault blocks; no repre-
sentative regional direction can be calculated here. In the latter
area (result 17 in Table 1), a small amount of coherent counter-
clockwise rotation is present farther away from the North Ana-
tolian fault zone.

Kaymakei et al. (2003) use paleomagnetic data to develop
a model for the indentation of the Cankir1 basin at the northern

perimeter of the Kirsehir block accompanying collisional im-
pingement into the Sakarya microcontinent. Oroclinal bending
appears to have been in progress here during the Eocene and
probably into the Oligocene (contributing to the distribution of
declinations in result 12 in Table 1) but was complete prior to
middle Miocene times (result 24).

Second-order strike-slip faults with east-west to ENE-SSW
trend splaying westward from the North Anatolian fault zone
distribute deformation from right lateral strike slip on the trans-
form fault zone into the Anatolian collage and, as noted in the
Niksar-Almus and Mesudiye examples mentioned earlier, are an
important facet of the late neotectonic framework (Fig. 1). A
member of this system, the Sungurlu-Ezinepazari fault zone
(SEFZ, Figs. 1 and 4), cuts the southern margin of the Cankir1
basin (Fig. 4). Piper et al. (1996) report results from five sites in
an Eocene volcano-sedimentary succession on the southeast
side of this fault, yielding a group mean rotated counterclock-
wise. To improve the definition of this result, we have sampled
a further eight volcanic units in this region; the site locations are
shown in Figure 4 together with the sites of the previous study.
Following progressive thermal demagnetization, some samples
at all sites yielded stable vectors with significant group means
of which six are of reversed, one is of normal polarity, and one
has an intermediate direction (Table 2); a typical vector plot is
illustrated in Figure 3B. When seven additional sites (1N, 6R)
are included with the five sites of reversed magnetization of
Piper et al. (1996), a mean for the block south of the Sungurlu-
Ezinepazar fault zone of D/I = 169/-45° yields result 11 in
Table 1. The Eocene declination here is close to the Oligocene
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declination derived from data of Kaymakg¢1 et al. (2003) in the
Cankuri basin to the west (result 12 in Table 1).

Both Tatar et al. (1996) and Kissel et al. (2003) have stud-
ied Eocene volcanic-sedimentary successions west of the town
of Yozgat, where the Almus-Tokat block is overthrust to the
north by the Central Anatolian thrust belt (CATB, Fig. 1). Uni-
form reversed polarity with a S-SSE declination is identified in
each case. A mean result for five sites from the former study and
three sites from the latter is summarized as result 14 in Table 2;
four sites with anomalously shallow inclination (<10°) from the
latter study may represent imperfect tilt adjustments and are ex-
cluded. A similar Eocene volcanic-sedimentary succession 100
km to the east in the vicinity of Akdagmadeni is of normal po-
larity and rotated more strongly counterclockwise (Tatar et al.,
1996, result 13 in Table 1).

The Sivas basin to the east and south of this latter region
(Fig. 1) comprises a thick sequence of sediments and volcanics
laid down on ophiolite sheets emplaced during later stages of the
basin’s paleotectonic history and on the Akdagmadeni meta-
morphic complex. It is now considered essentially a postcolli-
sional tectonic element (Yilmaz, 1994). Deformation has been
dominated by north-south to northwest-southeast compressive
regimes. The infilling succession is undeformed in the central
part of the basin near the town of Sivas but becomes progres-
sively incorporated into southward-migrating folds and thrusts
toward the north (including the Central Anatolian thrust belt,
Fig. 1) and into northward-migrating thrusts toward the south
(Guezou et al., 1996). Subsequently, strike-slip deformation on
ENE-WSW faults has dissected the region into a number of ma-
jor blocks accommodating the tectonic escape of Anatolia. Ex-
tensive paleomagnetic study of this region by Giirsoy et al.
(1997) has been supplemented by study of nine sites (with the
latter including K-Ar age data) by Platzman et al. (1998) and of
two sites by Kissel et al. (2003). The directions summarized by
results 21 and 22 in Table 1 separate the results from above and
below the Central Anatolian thrust belt from the results from
Late Cretaceous to Eocene units. Both data sets show counter-

zontal plane are shown as solid symbols,
and those onto the vertical plane are
shown as open symbols. The figures
against the axes refer to demagnetizing
alternating fields in mT or °C. The figures
on the axes are intensities in 10> Am?>/kg.

W, Down

clockwise rotation, but because some of these magnetizations
appear to be overprints (Giirsoy et al., 1997), they may be rep-
resentative of the neotectonic deformation only.

Results from south of the Central Anatolian thrust belt are
separated into data sets from fault blocks delineated by the ma-
jor strike-slip faults. Result 25 incorporates the central part of
the Sivas basin between the Central Anatolian thrust belt and the
northward-directed Sivas thrust. Results 26-28 embrace neo-
tectonic units in blocks emplaced successively to the southeast
between the Sivas thrust, the Deliler fault, the Sariz-Kangal
fault, and an area south of this latter fault system, respectively
(see Fig. 3 of Giirsoy et al., 1997). The rotations identified by
results 25-28 are uniformly counterclockwise and diminish in
magnitude from north to south (Fig. 5). This latter observation
suggests that neotectonic deformation resulting from ongoing
impingement of Arabia into the Anatolian collage has been con-
centrated in the vicinity of the Sivas basin and the southwest
continuation of this region into the Ecemis or Central Anatolian
fault zone (EFZ or CAF, Fig. 1). The Central Anatolian fault
zone currently exhibits lower levels of seismic activity than the
East Anatolian fault zone (Demirtas and Yilmaz, 1996) but is in-
terpreted by Kogyigit and Beyhan (1998) to be a major left lat-
eral intracontinental transform. In support of this we note that
cumulative rotations on the west side of the Central Anatolian
fault zone from Cappadocia to Erenlerdag: are lower in magni-
tude than on the east side (Fig. 5). However Jaffey and Robert-
son (2001) found that Plio-Quaternary motion across the Central
Anatolian fault zone has been mainly extensional, and they
speculate that counterclockwise rotation in this sector has ro-
tated the fault zone away from an optimal orientation for ac-
commodating strike-slip motions during tectonic escape. This
interpretation predicts that in this part of Anatolia left lateral mo-
tion has now largely transferred to the southeast to become fo-
cused along the East Anatolian fault zone.

Group mean paleomagnetic directions from the region in-
corporating the Central Anatolian thrust belt and the Sivas basin
embrace rock units with a wide age range, and because the mean
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Figure 4. Outline geological map of the eastern part of the Cankir1 basin (see Fig. 1), west-southwest of the town of Amasya, showing sampling
sites and magnetic declinations derived from paleomagnetic study of Eocene-age volcanic units. The boxed site 11 is included in the results of
this study (Table 2), and the circled site 11 and sites 12—14 and 18 are the results of Piper et al. (1996). The inset map shows the relationship of
this region to the second-order strike-slip faults side splaying from the North Anatolian fault zone. KEF (SEFZ)—Kirikkale-Erbaa fault zone (be-
coming the Sungurlu-Ezinepazar: fault zone, or SEFZ, to the west); LKFZ—Lagin-Kizilirmak fault zone.

rotations appear to be rather uniform across this zone (results
25-28 in Table 2), they provide an opportunity to evaluate the
temporal development of the regional rotation. Most age as-
signments are based on a broad allocation to the Miocene,
Pliocene, or Pleistocene periods based on stratigraphic and mor-
phological criteria; just six of the studied units are directly
linked to age dates (Platzman et al., 1998). The units assigned
to the Pliocene are too few to yield a result significantly removed
from the present dipole field (N =5, D/I = 164/-52°, Olys = 26°),
but the Miocene and Pleistocene units, of obviously different
age, yield similar directions of magnetization of D/I = 151/-54°
(N =27, 0y5 =9.6°) and D/ = 156/-47° (N = 12, 0,55 = 13.0°).
These are not significantly different; together with a compara-
ble mean derived from Paleotectonic units covering the same re-
gion (D/I=166/-53°, 0,y =7°), they indicate that most, possibly
all, of the block rotations in this region are young and confined
to the last 2-3 m.y. (Fig. 6).

Results 36 and 37 summarize data from a large paleo-
magnetic collection (Giirsoy et al., 2003b) on an ~120 km
north-south transect spanning the Afyon-Aksehir graben, a
northwest-southeast-trending neotectonic feature showing
strong contemporary seismic activity near the southwest limit of
the zone of strike-slip terranes (Fig. 1). Rotation of blocks de-
fined by faults paralleling this system certainly influence these
data but are evidently minor, because a small amount of uniform
clockwise rotation is observed on both sides of the fault zone.
In Table 1, two mean directions are calculated, one for sites
south of the Afyon-Aksehir graben and the other for sites to the
north; the northern result is rotated, possibly around the arcuate
form of the graben, marginally less than the result to the south.
Current age determinations from this middle—late Miocene vol-
canic province are fairly dispersed, and it is also possible that
the volcanic events in the south are more recent than those in the
north (Table 1).
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Figure 6. Mean reversed directions of mag-
netization with 95% confidence cones de-
rived from rocks of the Sivas basin and
adjoining blocks to the south-southeast.
The paleomagnetic results from the region
are grouped into site mean data of Late Cre-
taceous—Oligocene, Miocene, and Pleis-
tocene age, and the squares indicate the

Paleogene

Pleistocene

E Miocene

} 90°

direction of the present mean dipole field in
this region. R is the magnitude of the re-
sultant vector derived from N studies, and
Oy is the radius of the cone of 95% confi-
dence about the mean direction, expressed
in terms of declination (oE) and inclination
(positive down, negative up).

180°
Age D | N R Olog
Plio-Pleistocene | 156 | -47 | 12| 11.10| 13.0
Miocene 151 | -54 | 27 | 24.21 9.6
Paleogene 166 | -53 | 11 | 10.72| 71

REGIONAL ROTATIONS DEDUCED
FROM PALEOMAGNETIC STUDY

In deformed terranes, tectonic rotation (R”) is determined
by comparison of the mean directions with the predicted pale-
ofield axis at the study location derived from the adjoining sta-
ble plate. The Anatolian terranes were accreted by closure of the
Paleo-Tethys and the Neo-Tethys against the margin of Eurasia,
and the latter continent is the appropriate comparator. Both ob-
served and reference directions have confidence limits (AD and
AD,_;, respectively). Beck (1980) proposed a confidence limit
on R’ defined by

AR’ =V(AD? + AD, ?).

Demarest (1983) concluded that this value overestimates the
errors and showed that, provided 0.y is small and preferably less

than 10°, a standard correction factor is applicable. For n > 6,
the correction factor lies between 0.78 and 0.80. AR’ is then de-
rived from the equation

AR’ = 0.82(AD? + AD__?).

Only if R’ > AR’ can a rotation be regarded as significant at
a 95% confidence level. The paleofield directions predicted at
the location of each data compilation in Table 1 have been cal-
culated from the updated Eurasian apparent polar wander path
(APWP) of Besse and Courtillot (2002) to determine the cumu-
lative rotation at each location since the time of magnetization.
Rotations with errors determined from the previous equation are
summarized in Table 3.

In principle, contrasts in magnetic inclination (following
adjustment for any tectonic tilt) are the signature of relative lat-
itudinal movement. In practice, these latter differences have
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TABLE 3. TECTONIC ROTATIONS OF PALEOMAGNETIC RESULTS FROM ANATOLIA DETERMINED
BY COMPARISON WITH THE EURASIAN APWP OF BESSE AND COURTILLOT (2002)

Result Age Rotation Result Age Rotation Result Age Rotation
1 E -23.7+5.7 21 C-E -33.0+11.6 41 M -3.0+7A1
2 E —-22.9+6.0 22 E -36.0 £ 13.1 42 M 20.1 +£10.5
3 E -3.2+t124 23 M 10.5+5.6 43 M-P 20+£9.6
4 E -38.3+8.0 24 M 1.2+26.5 44 M -4.5+10.8
5 E 6+125 25 M—PI -36.3 £ 15.1 45 M-P -14.3+8.9
6 E —-22+8.1 26 M-PI -34.4+10.4 46 M -19.4+55
7 Cu -16.3+8.9 27 M-PI -28.6 +15.3 47 M -5.3+6.9
8 E —24.2+8.9 28 M—PI —20.8+9.9 48 M -16.4£5.7
9 E —-42.8+5.7 29 M -72.7+8.0 49 M-P -8.9+t4.8
10 E -42.7 £ 6.1 30 M -56.7 +5.8 50 P -7.1+£6.6
iR E -19.7+£10.3 31 M -56.8 £ 6.5 51 P 21+52
12 (0] -18.8+14.2 32 M -59.5+8.3 52 P 21.8+5.2
13 E -746+4.6 33 M -61.2+7.4 53 PI -22.0+75
14 E —29.3+11.7 34 M -37.9+6.2 54 PI —26.8 +12.1
15 Pa -402+75 35 M 3.9+48 55 PI -1.4+8.4
16 Pa -55.3+13.1 36 M -3.8+t4.1 56 PI -5.5+4.8
17 E -16.3+6.6 37 M 35+5.1 57 PI 72+10.2
18 Pa—-E 32.1+9.6 38 M 15+4.8 58 PI 5.7+3.7
19 E -48.2+8.4 39 M 221+7.9
20 C-E -216+11.1 40 M -34.8+9.2

Notes: Rock ages are C—Cretaceous; Cu—Upper Cretaceous; Pa—Paleocene; E—Eocene; O—Oligocene; M—

Miocene; P—Pliocene; and Pl—Pleistocene.

proved difficult to apply on the neotectonic timescale, because
in the majority of cases geomagnetic inclination along the
Alpine-Himalayan orogen has been found to be too shallow to
be accommodated by actual northward latitudinal movement
(Cogné et al., 1999; Beck et al., 2001; Piper et al., 2002).
Platzman et al. (1998) and Kissel et al. (2003) conclude that
the Anatolian region is rotating either uniformly (Kissel et al.,
2003) or episodically (Platzman et al., 1998) as a coherent plate.
Unfortunately, the former analysis excludes or dismisses a large
fraction of the data, and the latter analysis is based on age dates
from individual volcanic units that record stages in the secular
variation and are unlikely to represent satisfactory time averages
of the geomagnetic field. In conflict with these interpretations,
the distribution of group mean declinations is found to change
systematically across Anatolia (Fig. 5) in a way that shows that
this region is not a coherent plate but is instead subject to dis-
tributed deformation. In central northern Anatolia, magnetic
declinations in Eocene units within the Pontides are rotated
counterclockwise on both sides of the right lateral North Anato-
lian fault zone (Fig. 2 and section headed “Crustal Deformation
in Anatolia”), and most regional rotation in this area must there-
fore have predated initiation of the transform in late Pliocene
times. Although the bulk of these rotations in northern Anatolia
probably occurred before initiation of the North Anatolian fault
zone (cf. Fig. 2), farther to the south comparable rotations are
found in both Paleotectonic and Neotectonic units and support
the observation from the Sivas basin and adjoining blocks (Fig.

6) that most regional rotations have occurred during the last few
million years. In the Cappadocian ignimbrite succession, for ex-
ample, a low rate of counterclockwise rotation averaging
~1°/m.y. is identified between 8.2 and 1.1 Ma, which subse-
quently accelerated after the last ignimbrite eruption at ca. 1.1
Ma (Piper et al., 2002). The cumulative rotation diminishes pro-
gressively to the west from the Sivas basin (Giirsoy et al., 1997)
to Cappadocia (Piper et al., 2002) and on to the Karaman,
Hasandag1 (Giirsoy et al., 1998), and Erenlerdagi regions, where
no significant rotation is evident (Tatar et al., 2002; see Fig. 1
for regional locations). Farther to the west, in the Isparta and
Afyon areas near the western perimeter of extruded terranes, the
declinations become slightly clockwise (Giirsoy et al., 2003b).
Thus, the declinations south of latitude 40°N (all but one in neo-
tectonic units younger than ca. 12 Ma) radiate around the Tau-
ride arc, implying that crustal extrusion has had the net effect of
expanding the perimeter of this arc (Fig. 7 ).

The distribution of tectonic rotations as a function of age
(Fig. 8) confirms that the older Paleotectonic units are not ro-
tated substantially more than the Neotectonic units. Hence rota-
tions, at least within the Anatolian collage (the studied units in
the north are mostly of Paleotectonic age), were concentrated
within the latter part of the Neotectonic era. Also, the lower, and
sometimes the clockwise, rotations are found within the west-
ern half of the Tauride arc (i.e., west of longitude ~33°E; see
Fig. 8). Thus, the general picture to emerge from rotation of the
paleomagnetic vectors from the present geomagnetic field di-
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Paleogene Miocene
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-60° — -

Plio-Pleistocene

Extensional
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Figure 8. Frequency distribution of tectonic rotations derived from paleomagnetic studies in Late Cretaceous—
Oligocene, Miocene, and Pleistocene rock units. The shaded areas are results from rock units sited in the western
part of the zone of Anatolian extruded terranes (west of the longitude at 33°E, a line bisecting the Tauride arc; see

Fig. 1).

rection as shown in Figure 7 is supported by calculated rotations
(Table 3) and temporal variations (Fig. 8).

In summary, the case refuting the Anatolian plate model

(Kissel et al. 2003) is based on five observations:

1.

Although the paleomagnetic declinations come from rock
suites with a range of ages, there is no apparent tendency
for the rocks of older age to be systematically rotated more
than younger rocks (Figs. 6 and 8).

. Where it is possible to compare rotations in rocks of differ-

ent ages from the same or adjoining tectonic blocks, as in
Figure 6, they show little or no tendency to be larger in older
rocks than in younger rocks prior to the Pliocene. Specifi-
cally, Paleogene rotations are typically no larger than Neo-
gene rotations (Fig. 8)

. In other regions such as Cappadoccia (Piper et al., 2002),

where there is evidence for small amounts of uniform rota-
tion since Miocene times, the rotation rate differs from ro-
tation rates identified to the east (Fig. 6) and the west (Fig.
6 and Table 3).

The cumulative rotations determined from paleomagnetism
are in any case unlikely to have resulted from a uniform
stress regime of long continuity, because progressive clock-
wise rotation of the regional stress field appears to have oc-
curred across Anatolia since Pliocene times. This is evident,
for example, in the Ankara area, where regional compres-
sion moved from northwest-southeast before late Pliocene

times to north-south during Pleistocene times (Kogyigit,
1991), and in western Anatolia, where regional extension
moved from north-south to northeast-southwest over
broadly the same period (Glover and Robertson, 1998).

5. Magnetic directions have rotated across the area of Anato-
lia in the way predicted from westward extrusion of an up-
per brittle crust to the west and south by the indentation of
Arabia in the east (Fig.7). While the limitations of model-
ing mean that the character of this distributed deformation
is not well reproduced in small-scale experiments (Hubert-
Ferrari et al., 2003), it is expected from the temporal
changes in the tectonic regimes (Kogyigit, 1991; Westaway,
2003) and from the presence of numerous crustal disloca-
tions, such as terrane boundaries inherited from the paleo-
tectonic collisional history.

The sizes of the blocks involved in these differential rota-
tions are not usually well defined by surface outcrop due to se-
lective erosion and burial beneath Pleistocene to recent infill.
Figure 5 suggests that they are on a 10-100 km scale. The Cap-
padocian region, for example, could be rotating largely as a sin-
gle ~100 km block bounded by the Central Anatolian and Salt
Lake faults (Fig. 5). The Sivas basin on the east side of the Cen-
tral Anatolian fault zone is dissected by major faults strike-slip
spaced on a ~50 km scale that probably define the block bound-
aries, although their similar northeast-southwest trend provides
little scope for differential rotation.
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INTERPRETATION OF NEOTECTONIC
MAGNETIC INCLINATIONS

Magnetic inclinations are more difficult to use for neotec-
tonic analysis than declinations because they are often, although
not exclusively, shallower than inclinations predicted from the
geocentric axial dipole (GAD) assumption by amounts usually
considered tectonically unreasonable. This is in part because
they are recording a global phenomenon that produces far-sided
paleomagnetic poles and requires a geomagnetic field during the
late Tertiary, with time-averaged properties including nondipole
components (Wilson, 1971). However, inclination shallowing
by amounts greater than an amount attributable to this geomag-
netic cause has been widely recorded within the Tethyan realm,
specifically within the terranes of central Asia (e.g., Thomas et
al., 1992; Cogné et al., 1999; Gilder et al., 2003). Of the possi-
ble causes of this phenomenon cited by Cogné et al. (1999),
three are relevant to the discussion here: (1) a magnetic field
anomaly, (2) compaction-induced shallowing of magnetiza-
tions, and (3) tectonic movements between Eurasia and the oro-
genic terranes. Although inclination shallowing tends to be
slighter in igneous units than in sedimentary ones (Bazhenov
and Mikolaichuk, 2002), it is often present. Volcanic formations,
which predominate in the collections considered here, are iden-
tified as accurate recorders of the field direction during rapid
cooling and do not invariably show inclination shallowing
(Tatar et al., 2004a). When erroneously applied, tilt adjustments
can produce inclination shallowing. Adjustments for tilt are not
usually relevant to data from the Neotectonic domains, because
any dip in volcanic units here is considered essentially primary;
it could be the case with results from Paleotectonic units where
tilt adjustment is considered a key part of the analysis. Hence,
compaction-induced effects do not appear to be an adequate ex-
planation, at least for the Miocene and younger data.

A departure from the GAD is recorded by an axial quadru-
pole during the last few million years, and this complexity must
contribute to the data used to calculate reference paths for the
major plates (Beck et al., 2001). Cogné et al. (1999) suggest that
the reference APWP could itself be the cause of the large amount
of inclination shallowing observed in central Asia due to inter-
nal deformation of the Eurasia plate. It remains possible, then,
that residual inclination differences observed within the Tethyan
region could be the expression of either a regional anomaly, im-
perfections in the reference path, or northward transport of ter-
ranes or a combination of more than one of these causes.

To evaluate the possible tectonic significance of inclination
differences in Anatolia, we have undertaken an inclination-only
analysis (Kono, 1980) of the data of Table 1 within latitude win-
dows of 2° over successive steps of 1° across Anatolia. The re-
sults are summarized in Figure 9. Palaeolatitudes computed
from the Eurasian master curve (Besse and Courtillot, 2002) for
the region of central Anatolia (longitude 33° is used here) at
0 Ma lie between 2° and 3° south of the present-day latitude
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and are probably a reflection of the small long-term axial oc-
topolar contribution to the magnetic field source. The paleo-
latitudes computed from Eocene—Oligocene, Miocene, and Plio-
Pleistocene paleolatitudes plot a farther 2°-6° south of the lati-
tudes predicted from the Eurasian path. The Eocene results (em-
bracing results from Late Cretaceous to Oligocene units) are
compatible with 600-800 km of northward transport of these
terranes relative to Eurasia during the last ~40 m.y. Specific in-
terest attaches to the Miocene results, because these data are
contemporaneous with the final closure of the Neo-Tethys, they
include rock suites recording the last pulses of subduction, and
they date the initiation of uplift of the Anatolian plateau. Esti-
mates of northward movement of between 200 and 800 km rel-
ative to Eurasia are possible here, and the anomaly declines from
north to south (Fig. 9). We do not know the width of the crust
bordering Eurasia that might have accommodated this conver-
gence, but an ~2 km uplift of the ~600 km—wide Anatolide-Pon-
tide region with compensating crustal thickening of ~10 km at
depth would be compatible with the lower estimate. From these
data we also favor a conservative estimate of northward trans-
port of the Anatolian terranes, because the Plio-Pleistocene re-
sults continue to resolve paleolatitudes placing them 200-400
km south of the Eurasian prediction (Fig. 5). These results in-
clude data from Brunhes epoch volcanic fields, which, although
not obviously differentiated from older Pliocene data (see Table
1), are unlikely to record northward movement discernible by
paleomagnetism. It is therefore possible that internal deforma-
tion of the Eurasia plate is responsible for this anomaly (Cogné
et al., 1999).

If latitudinal movement of terranes can be identified from
the paleomagnetic data through the complexities introduced by
the addition of long-term nondipole components (and possibly
a regional anomaly), we would expect to see a contrasting pic-
ture emerging from the Aegean extensional province in western
Turkey and the Aegean Sea. The tectonics of the Aegean region
is driven predominantly by roll-back of the Hellenic arc, a
process that is expanding the curvature of the arc and producing
in its wake one of the most rapidly extending regions on the
globe. Considerable uncertainty surrounds the duration of this
extensional regime (Meulenkamp et al., 1988; Le Pichon et al.,
1995; Kondopoulou, 2000), but we might expect to observe that
younger Neotectonic terranes show less northward motion
than their counterparts in Anatolia or even show indications of
southward motion.

Unfortunately, the database from the Aegean extensional
province (considered here to be between 23°E-30°E and 35°N—
42°N), although comparable in size to that from Anatolia (Table
4), has poor latitudinal distribution: only results of Miocene age
are satisfactory for this test. Paleocene—Oligocene results are
concentrated in the Greek and Bulgarian Rhodopes beyond the
northern limit of the extensional domain and identify a similar
latitudinal difference to units in Anatolia of equivalent age, with
~900 km of northward motion relative to Eurasia implied (Fig.
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Figure 9. Distributions of mean paleolatitudes averaged in overlapping 2° windows of latitude incremented in steps of 1° as derived from
inclination-only analysis of paleomagnetic studies in Late Cretaceous—Oligocene, Miocene, and Pliocene—Pleistocene rock units (Tables 1 and
3). The bands are 95% confidence limits, and the numbers in boxes refer to the number of studies. The sloping lines in (A) are paleolatitudes pre-
dicted at the latitude of central Anatolia at 10 Ma intervals from Eocene time to the present as derived from the apparent polar wander path of

Eurasia (Besse and Courtillot, 2002).

9). The Miocene paleolatitudes are not systematically different
from the Anatolian paleolatitudes. Only data at 39°N and 40°N
might indicate southward transport by the crustal extension; the
result at 38°N has anomalously shallow inclination. The Plio-
Pleistocene mean for the Aegean in Figure 7 excludes an anom-
alously shallow inclination recorded by Lgvlie et al. (1989) and
shows ~3° divergence from the predicted field inclination,
which is very similar to the Anatolian results of this age. Thus,
at present there seems to be no distinction in paleolatitude be-
tween the Anatolian strike-slip and the Aegean extensional
provinces, although both regions show a regional discrepancy
from the field predicted from the Eurasian APWP. We conclude
that either the APWP is an inadequate comparator due to a rea-
son such as internal deformation of this major plate or that a
regional anomaly is present within the Tethyan realm.

SUMMARY AND CONCLUSIONS

In spite of the obvious limitations imposed by the number
of samples and the lack of structural and temporal control of

many of the individual studies summarized in Table 1, the over-
all pattern of regional declinations in remarkably consistent.
Away from the immediate vicinity of the intracontinental trans-
forms, the largest rotations are concentrated near the pincer
zone, where the northern perimeter of the Arabian indenter has
impinged into the Anatolian collage. Rotation diminishes rap-
idly into the broader lower-strain region of accreted terranes to
the west. The radial pattern of neotectonic declinations follows
the curvature of the Tauride arc, changing from counterclock-
wise in Cappadocia and Karaman to near zero in Erenlerdagi,
then clockwise into the Isparta angle and the Afyon region near
the western extremity of the zone of extruded terranes. The tem-
poral control, albeit weak, implies that this rotation was con-
centrated in Plio-Pleistocene times. This interval incorporates
the time frame within which the intracontinental transforms
were established to delineate the main zone of neotectonic de-
formation (Barka and Hancock, 1984; Barka and Giilen, 1989;
Westaway, 2003), and slippage along these transforms has no
doubt accommodated much of the westward extrusion of crust.

This pattern of rotations would be consistent with an ex-



TABLE 4. SUMMARY OF PALEOGENE AND NEOGENE PALEOMAGNETIC RESULTS FROM THE
AEGEAN EXTENSIONAL DOMAIN BETWEEN 23° AND 17°E AND 35° AND 42°N

Age
Rock unit Stratigraphic Ma °E °N D/l Olgs™ References
1 Arnea and Gomati intrusives E-O 40.5-30.5 23.8 402 217.0/-31.0 9.0 Kondopoulou and Westphal (1986)
2 Chalkidik batholith P-O 50-30 238 40.2 217.0/-28.0 9.0 Kondopoulou and Westphal (1986)
3  Thrace volcanics E-O 45-36.6 26.0 41.0 187.0/-46.5 7.5 Kissel et al. (1986b)
4 Thrace volcanics E-O 35-25 259 411 182.0/~-52.0 6 Spais (1987)
5  Thrace intrusions E-O 35-25 259 411 203.0/-46.0 5 Spais (1987)
6  Biga region volcanics O 26.5 38.9 188.2/-42.2 9.8 Tapirdamaz and Yaltirak (1995)"
7  Elatia volcanics (0] 243 415 194.5/-385 12.0 Atzemoglou et al. (1994)
8  Elatia intrusions E-O 47-39 243 415 202.0~-39.0 11.0 Atzemoglou et al. (1994)°
9  Medousa ignimbrites O 30 249 412 197.0/-46.0 5.4 Haubold et al. (1997)
10  Zagradenia volcanics (0] 244 415 199.0/-49.0 4.5 Haubold et al. (1997)
11 Bulgarian volcanics O-M 34-23 25.8 42.0 180.6/-54.8 16.3 Nozharov et al. (1977)
12 Canakkale volcanics 265 40.0 185.9/-54.0 4.3 Kissel et al. (1987)
13 Rhodope massif volcanics E-M 33-18 242 413 208.7/-49.1 7.5 Atzemoglou et al. (1994)
14 Strymonikos lavas M-0 30-20 23.0 4141 206.0/-47.0 —* Westphal et al. (1991)
15  Xanthi intrusions (0] 28 249 411  208.0/-53.5 9.5 Atzemoglou et al. (1994)
16  Kavala intrusions M 18 240 409 204.3-53.0 M Atzemoglou et al. (1994)
17  Lemnos volcanics M 21-17 252 39.8 214.0/-48.0 15.0 Westphal and Konopoulou (1993)
18  Karaburum volcanics M 21.3-17.0 26,5 39.5 229.0/-51.0 16.4 Kissel etal. (1987)
19  Biga region volcanics (i)S M 265 39.8 141.2/-56.6 15.3 Tapirdamaz and Yaltirak (1995)?
20  Biga region volcanics (ii)$ M 26.5 39.9 207.2/-58.0 15.5 Tapirdamaz and Yaltirak (1995)3
21 Bergama volcanics M 17.5 27.0 38.8 202.0/-39.0 20.2 Kisseletal. (1987)
22  Izmir-Bergana volcanics M 18.2-7.0 27.0 39.0 147.0/-52.0 8.7 Kissel et al. (1987)
23  Izmir-Foca lavas and sediments M 18.5-15.0 27.0 38.3 151.0/-49.0 11.2 Kissel et al. (1986b)
24  Chios sediments M 17-15 26.1 38.3 155.0/-45.0 12.0 Kondopoulou et al. (1993a)
25  Lesbos volcanics M 18-15 26.4 39.3 192.0/-49.0 15.0 Kondopoulou (2001)
26  Lesbos volcanics M 22-16 26.2 38.3 184.3/-48.5 6.9 Becketal. (2001)
27  Lesbos volcanics M 18.0-15.5 26.2 39.2 186.0/-49.5 6.8 Kissel et al. (1987)
28  Skyros volcanics M 15 245 389 206.0/-45.0 7.7 Kissel et al. (1986a)
29  Volos volcanics 219 39.0 178.0/-59.0 7.6 Kissel et al. (1986a)
30 Chios lavas M 15-14 26.1 38.2 155.0/-45.0 16 Kondopoulou et al. (1993b)
31  Kalamos M 14.8-13.2 206.1/-51.8 4.2 Morris (1995)
32  Naxos granodiorite M 13-11 254 37.0 153.4/-37.6 8.6  Morris and Anderson (1996)
33 Tinosllsland M 12.3-11 207.8/-41.9 9.9 Avigad et al. (1998)
34  Seres intrusions M 15-10 238 412 190.0/-52.0 7.6 Kondopoulou (1986)*
35  Evia volcanics M 14-2 240 38.6 228.7/-45.8 6.6 Kissel et al. (1986a)
36  Kimi (Evia) andesites M 15-13 241 38.6 231.0/-40.0 12,5 Morris (1995)
37 Eviamarls M 241 38.6 199.0/—42.0 11.7 Morris (1995)
38  Kythira M 171.9/-39.4 8.1 Duermeijer et al. (2000)
39  Mykonos island M 13-9 253 37.5 218.4/-23.0 7.3 Morris and Anderson (1996)°
40 Crete sediments M 13-7 25.0 350 176.5/-45.0 5 Laj et al. (1982)
41  Kastellios sediments, Crete M 11-10 245 353 172.0/-52.0 45 Senetal. (1986)
42  Tinos intrusions M 11.5 252 376 207.8/-41.9 9.9 Avigad et al. (1998)
43  West Crete M 9.7-6.7 240 354 166.5-45.9 7.4  Duermeijer et al. (1998)
44 Central Crete M 9.7-6.7 25.0 352 145.3/-45.9 8.6  Duermeijer et al. (1998)
45  East Crete M 9.7-6.7 256 35.1 167.9/-48.7 2.9 Duermeijer et al. (1998)
46  Kassos M 27.0 354 157.3/-48.1 7.7 Duermeijer et al. (2000)
47  Kimi (Evia) Mu-P 241 38.6 230.8/-40.3 12.5 Morris (1995)
48  Samos sediments M 6 26.8 37.8 174.0/-51.0 4.7  Sen and Valet (1986)
49  Milos volcanics P-PI 3-1 244 36.1 169.0/-50.0 9 Kondopoulou and Pavlides (1990)
50 Crete sediments P 6-2 250 35.0 180.1/-46.0 7 Laj et al. (1982)
51 Rhodes sediments P-PI 28.0 36.2 162.5/-46.8 8.3 Duermeijer et al. (2000)
52  Rhodes sediments Mu-PI 6-2 28.0 36.2 180.9/-46.9 8.2 Lajetal (1982)
53  Rhodes sediments P—PI 0.5-3.5 28.0 36.2 181.7/-35.6 13.7 Lovlie etal. (1989)
54  Karpathos P 272 355 162.0/-55.9 7.5 Duermeijer et al. (2000)

Notes: Rock ages are C—Cretaceous; Cu—Upper Cretaceous; Pa—Paleocene; E—Eocene; O—Oligocene; M—Miocene; Mu—upper Miocene;
P—Pliocene; and PI—Pleistocene.

*Radius of the cone of confidence about the mean direction.

§The small roman numerals refer to successive volcanic formations.

*Denotes error not quoted in original.

10ligocene result based on sites TR10, TR11, and TR19 of Tapirdamaz and Yaltirak (1995) and sites TH290 and TH300 of Kissel et al. (1986b).

2Miocene (i) result based on sites BA5, BA6, B2, and B10 of Orbay et al. (1995) and site TR21 of Tapirdamaz and Yaltirak (1995).

3Miocene (ii) result based on sites BA4, BA7, and B4 of Kissel et al. (1989) and sites 1253, 1250, TR08, and TR13 of Tapirdamaz and Yaltirak
(1995).

4Includes data from Atzemoglou et al. (1994). SIncludes the results of Haubold et al. (1997).
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pansion of the extruded terrane perimeter to the west and am-
plification of curvature in the Tauride arc to the south. It further
implies that tectonic escape contributes to producing the exten-
sional regime in the west by expanding this perimeter of the do-
main. The present velocity of the crust in central Anatolia
deduced from GPS is ~2 cm/yr to the WSW relative to Eurasia
and suggests counterclockwise motion about a remote pole of
rotation in the southeast Mediterranean region (McClusky et al.,
2000). This analysis of contemporary motions from GPS clearly
contrasts with the long-term distribution of rotations about local
axes deduced from paleomagnetism. The deduced rates of rota-
tion are also significantly larger than the rate of contemporary
rotation of 1.3 £ 0.1°/m.y. deduced from GPS coverage of Ana-
tolia (with the exception of the central part of the Tauride arc,
where rotation has been near zero). The discrepancy between the
short-term assessment derived from GPS and the long-term as-
sessment deduced from paleomagnetism has several possible
explanations. It could reflect long-term temporal changes in the
regional stress field such as those highlighted in Section 2, or it
could arise because the GPS results do not accommodate longer-
term internal deformation of the rotating blocks or embrace suf-
ficiently long periods to be representative of geological time.
Furthermore, although the directions of motion deduced from
GPS appear to be consistent, the rates of movement are variable,
and a longer timespan of observation is probably required to
clarify this point.

Although the regional coverage of neotectonic rotations is
still incomplete (and is indeed largely constrained by the distri-
bution of young volcanic rocks), the picture emerging is one of
distributed crustal deformation with considerable regional vari-
ation (Fig. 7). Most rotation probably occurred in the south later
than in the north, both because the effects of collision were re-
alized earlier in the north and because the bulk of rotation
demonstrably predates initiation of the North Anatolian fault
zone here. In the south, most rotation has occurred during the
last few m.y. and presumably succeeded the crustal thickening
that followed late Miocene collision with Arabia along the Bitlis
suture zone.

The conclusions derived from neotectonic magnetic incli-
nations are less clear, because the differences are within or close
to 95% confidence levels and must be separated from the
regional effects of inclination shallowing. They are compatible
with up to 1000 km of northward movement of Anatolian ter-
ranes since ca. 40 Ma and during later stages of NeoTethyan
closure, with up to a few hundred kilometers of this northward
motion linked to crustal thickening since Miocene times.
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