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Abstract

The Caucasus is very impottant for our understanding of tectonic evolution of the Alpine belt, but only a few reliable
paleomagnetic results were reported from this region so far. We studied a collection of more than 300 samples of middle
BEocene volcanics and volcano-sedimentary rocks from 10 localities in the Adjaro—Trialet tectonic zone (ATZ) in the western
part of the Caucasus, Stepwise thermal demagnetization isolates a characteristic remanent magnetization {ChRM) in 19 sites
out of 31 studied. ChRM reversed directions prevail, and a few vectors of normal polarity are antipodal to the reversed ones
after tilt correction. The fold test is positive too, and we consider the ChRM primary. Analysis of Tertiary dechinations and
strikes of Alpine folds in the Adjaro-Trialet zone and the Pontides in Northern Turkey shows a large data scatter; Tate
Cretaceous data from the same region, however, reveal good correlation between paleomagnetic and structural data. Combining
Late Cretaceous and Tertiary dats indicates oroclinal bending of the Alpine structures which are locally complicated with
different deformation. The overall mean Tertiary inclination is slightly shallower than the reference Eurasian inclination
recaleulated from one apparent polar wander path (APWP), but agrees with other. This finding is in accord with geological
evidence on moderate post-Eocene shortening across the Caucasus. We did not find any indication of long-lived paleomagnetic
anomalies, such as to Cenozoic anomalously shallow inclinations further to the east in Central Asia. © 2002 Elsevier Science
B.V. All rights reserved. :
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1. Introduction in particular was the target of many works and is by

now the most thoroughly investigated fold belt (c.g.,

Our understanding of tectonic evolution of mobile
zones of the Earth greatly benefited from spatial and
temporal constraints imposed by palcomagnetic data.
It is not surprising that about half of paleomagnetic
studies performed worldwide during the last two
decades was dedicated to tectonics. The Alpine belt
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Van der Voo, 1993). There are, however, still many
areas nearly devoid of paleomagnetic data even this
belt. Not only the data density is important; of still
larger importance is the quality of the results. Many
paleomagnetic data more than a decade old do not
satisfy the modern reliability standard anymore; that is
why paleomagnetic re-visits of many areas are so
common.

The Caucasus occupying the isthmus between the
Black and Caspian Seas is just an example. Many
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studies of Cenozoic and Mesozoic rocks were per-
formed here; enough to say that more than a score of
Paleogene palcomagnctic results from different tec-
tonic units of the Caucasus are available. Almost all of
them, however, arc decades old, are based on very
poor cleaning or NRM values and are published only
in paleomagnetic databases (e.g., Khramov, 1984). In
general, quite a few reliable paleomagnetic data from
the Caucasus have been reported up to date.

We had contributed to the Caucasus data set, too;
in particular, paleomagnetic data on Eocene rocks
from southwest Georgia based on thermal cleaning
to not more than 380° and somewhat subjective
selection of the results were published (Bazhenov
and Burtman, 1990). Here, we would like to present
a re-study of this collection from southwest Georgia
and to discuss tectonic and geophysical implications
of the results.

2. Geological setting and sampling

Tectonic zones of the Alpine belt from the Arabian
syntax to the north of the Arabian platform. The
syntax consists of scveral arcuate belts delineated by
Cenozoic folds (Burtman, 1989, 1994) and is divided
into northern and southern domains by the North
Anatolian (NA) strike-slip fault (Fig. 1a). The East
Taurides (ET) arc in the southern domain cnvelopes
the northemn part of the Arabian platform, whilc
several conjugated arcs are recognized in the northern
domain, The concave-south Lesser Caucasus (LC) arc
passcs into the concave-north Alborz (AL) and Trab-
zon (TR) arcs to the east and west, respectively (Fig,
1a). The Pont-Caspian fault separates the LC from the
Rioni—Shirvan massif that is covered by weakly
deformed Cretaceous and Paleogene sediments (Fig.

1b). This massif in turn separates arcuate structures of
the Lesser Caucasus from rectilinear structures of the
Greater Caucasus (Fig, la-b).

The northwestern part of the Lesser Caucasus is
occupied by the Adjaro—Trialet tectonic zone (ATZ)
(Fig. Ib—c) which comprises a more than 5000-m
thick pile of volcanics and volcano-sedimentary rocks.
In the west, alkali basalt and tholeiites prevail at the
section base and top, whereas the section middle is
intercalating basic, alkali intermediate and acid volca-
noclastic and tuffaceous rocks with sedimentary inter-
beds. Eastward, the thickness of the sequence
decreases, and calc-alkali volcanics prevail. Nommu-
lites in volcano-sedimentary rocks point to a middle
Eocene age of the sequence, but the section top may
be of a late Eocene age in the east (Gamkrelidze,
1949; Adamia et al., 1974b; Mrevlishvili, 1974). The
ATZ is regarded as an Eocene rift (Adamia et al.,
1974a,b; Lordkipanidze, 1980). The Eocene rocks
conformably overlie Cretaceous—Paleocene series
which outcrop in the cores of some anticlines (Fig.
1¢).

Fold axes are of E-W strike in the eastem and
central parts of the ATZ and of NE—SW strike in the
west (Fig. 1c). Further to the west, the ATZ structures
are traced to the East Pontides in Turkey which also
comprise of Upper Cretaceous to Eocene volcanic and
sedimentary rocks and is thus an extension of the ATZ
(Bingol, 1989).

The northern boundary of the ATZ passes along the
Surami—Gokishuri Fault (Fig. 1¢), which is the western
part of the Pont-Caspian fault. This fault is a thrust as
evidenced by field observations and borehole data
(Basheilishvili et al,, 1982; Basheleishvili, 1989; Baz-
henov and Burtman, 1990); the maguitude of north-
ward thrusting outo the Rioni—Shirvan massif is about
15 km. The thrust pilc about three to 4 km in thickness

Fig. 1. {a} Structural arcs of the Arabian syntax: AL, Alborz arc; ET, East Taurus arg; LC, Lesser Caucasus arc; TR, Trabzon arc. Thin dashed
lines are the strikes of Cenozoic fotds. Thick toothed lines are major thrusts: PC, Pont-Caspian Fault. Thick solid lines are major strike-siip
faults: NA, North Anatolian Fault; small solid arrows denote the sense of displacement, Large open amows show motion of a point {star} on the
Arabian plate with respect to Eurasia for the last 30 My (after Savostin et al., 1986), (b) Schematic tectonic map of the Caucasus region and
palcomagnetic sampling localities. MT, Main Thrust of the Great Caucasus, TF—Thrust Front of the southemn slope of the Great Caucasus.
Solid eircles and squares, Late Cretaccous and Paleogene sampling loealitics, respectively: A, E1-E5—front Bazhenov and Bustrman (1989);
AD—from Adamia et al. {1979); BS—from Bolshakov and Soledovnikov (1981); C5 and C8 9 from Channell et al, (1996); NA and TB—
this paper; TA—fbom Tatar et al. (1995); V1 and V2—from Van der Voo {1968). Other notatian as in panel (a). (c) Structural scheme of the
central and western parts of the Adjaro -Trialet zone (whitc) and paleamagnetic sampling localities (open rectangles); locaiities NA and TB in
the eastern part of the zone arc shown in panel {b). Thick solid lncs are the axes of unticline folds. Thick dashed line is the Surami—Gokishuri

Thrust.
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is divided into several sheets. The youngest rocks in the in other parts of the Adjaro - Trialet zone. Judging from
footwall of the thrust are of late Miocene to Pliocene these facts folding is likely to have taken place afier, or
age. The hanging wall of the thrust is gently folded. synchronously with, thrusting. The Pliocene age of
whereas the folds are much tighter further to the south deformation is confirmed by angular unconformity
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between folded lower Pliocene and weakly deformed
upper Pliocene strata in the eastern part of the Adjaro—
Trialet zone.

‘We sampled middle Eocene volcanics and volcano-
sedimentary rocks from 10 localities (31 sites) from
different parts of the zone (Fig. 1b—c). The study area
has subtropical humid climate, and all mountains are
covered by thick vegetation. Hence, the number and
dimensions of outcrops are limited, and many expo-
sures of voleanics were rejected because of the lack of
stratification. As a result, basalt flows could only be
sampled from locality SR. The true thickness studied
at each site varies from several meters to several tens
of meters. One hand-sample oriented with a magnetic
compass was taken at each stratigraphic level, samples
being spaced more or less uniformly across the
sampled outcrops. In total, more than 300 hand
samples of mostly tuffacecus sandstones and silt-
stones were taken.

3. Methods

One cubic specimen from cach hand-sample was
subjected to progressive thermal demagnetization in
12— 18 steps up to 610 °C in a home-made oven with
internal residual ficlds of about 10 nT and measured
with a JR-4 spinner magnetometer with a noise level of
0.05 mA/m. Basalt samples from site SR1 were also
subjected to alternating fields up to 80 mT in a home-
made device. Demagnetization results were plotted on
orthogonal vector diagrams (Zijderveld, 1967), and
directions of magnetic components and orientation of
remagnetization circles were determined by a least
squares fit comprising three measurements or more
(Kirschvink, 1980). The characteristic remanent mag-
netization (ChRM) was determined without anchoring
the final linear segments to the origin of the vector
diagrams. Paleomagnetic software for IBM PC by
Randy Enkin and Stanislav Shipunov and for Macin-
tosh by Jean-Pascal Cogné was used for analysis.

4, Results

NRM intensities in tuffaceous sediments vary from
nearly 1 to 0.01 A/m. No correlation was found
between the NRM intensity and demagnetization char-

acteristics or component directions, whereas distinct
corrclation was observed between the NRM drop after
heating to 100° or 200° and the quality of demagneti-
zation data. A well-defined ChRM was easily isolated
above 250° or 300° from samples where this drop is
less than, or comparable to, a more stable part of NRM
(Fig. 2a—b).

Demagnetization data are more noisy, and several
linear segments are common in the samples where the
NRM initial drop is more prominent (Fig. 2c—e).
Site-mean directions of a low-temperature component
isolated from 100° to 250° or 300° (Fig. 2¢) are much
better clustered in situ than after tilt correction,
concentration parameter &£ being equal to 104 and 4,
respectively. The overall mean of the low-temperature
component in situ {(D=11°, 1=59° a45=5.5%) is
close to the present-day field (D=0°, =61, indi-
cating a recent post-folding age of this remanence.
Compoenents corresponding to linear segments at
intermediate temperatures from 200° or 250° to
400° to 450°, sometimes 5(0)°, are very scattered in
both coordinates. Also scattered are directions of a
high-temperature component in multi-component
samples {Fig. 2d-e). In addition, no consistent pat-
tern was found in many samples after initial sharp
drop in NRM intensity; because of this, several sites
from localities MH, and MC, all but one site from
locality KIN, and all sites from locality TB were
discarded.

We think that two components are present in this
rocks. The first component is a recent post-folding
overprint of ubiquitously normal polarity. The sec-
ond component is the ChRM in the samples with
small iniial NRM drop. High dispersal of inter-
mediate-and high-temperature components in sam-
ples with large initial NRM drop is due to strong
overlapping of unblocking temperature spectra of
the overprint and ChRM; hence a method of com-
bining direct observations and remagnetization
circles was used for computation of site-mean
directions (McFadden and McElhinny, 1988). Even
with the aid of this method, no acceptable grouping
of direct observations and remagnetization circles is
achieved at sites MC2, MH4 and MH6, which are
rejected.

NRM intensities in basalt samples from sites SR1
are above 10 A/m. Both thermal and altermating field
demagnetization revealed a well-definéd ChRM in
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Fig. 2. Representative thermal (a—f) and altemating field (g) demagnetization plots of Eocene rocks from the Adjaro—Trialet zone in
stratigraphic coordinatcs. Full (open) dots represent vector endpuints projected onto the horizontal (vertical) plane. Temperatures arc in *Celsius;
atternating fields are in milliteslas. Magnetization intensities are in mA/m.

some samples (Fig. 2f—g), while other basalt samples
gave no consistent results above 250° to 300° and
were discarded.

Sampling localities are distributed over an area
about 300 km in length, i.e., less than 3° of great
circle (Fig. lb—c), and variance in declination
between locality means is not large. For the most
separated localities NA and SR, the “recalculation

errors” (Van der Voo, 1993} do not exceed 1° either in
declination or inclination and are thus negligible. So
all paleomagnetic directions were combined as they
are for further analysis.

Nineteen sitc-mean directions from nine localities
are much better clustered after tilt correction than in
situ (Fig. 3; Table 1). At the same time, some smeat-
ing of the tilt-corrected data is evident (Fig. 3b), and a
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Fig. 3. Fqual-arca projection of site-mean ChRM directions (dots) (a b) together with associated confidence circles (thin lines) in situ (a) and
after tilt correction (b). Smatl solid dots in (b} are unit ChRM ditections from sites NA2, KN3 and MHS5. Star and diamond are overall means
with associated confidence circles (thick dashed line) for the main data set and the site with northwestern declinations, respectively (see tex{ [or
explanations). Thick and thin dotted lines are mean inclinations obtained by the inclination-only statistics and their confidence limits, _
respectively. Open (solid) symbols and dashed and dotted (solid) lines are projected onto upper (lower) hemisphere.

closer inspection reveals that two localities from the
southwestern part of the ATZ (MC and SR) yield
more westerly declinations than the main data set.
While mean inclinations of these two groups differ by
just 4.8+£10.6° the difference in declination of
33.4+15.2° is statistically significant (Table 1). The
fold test is positive for the main set of 15 sites, and
the best data grouping is achieved after tilt correc-
tion. The fold test for four sites with westerly dec-
linations is inconclusive because of similar bedding
attitudes. Mean inclination was calculated for the
entire data set with the aid of inclination-only statis-
tics at the site-mocan level (McFadden and Reid, 1982);
the inclination-only fold test is positive for the entire
set.

After tilt correction, almost all ChRM directions
are reversed; tew normally magnetized samples
from sites NA2, KN3, and MHS5 are antipodal to
reversed site-means (Fig. 3b). The presence of two
polarities and the positive fold test indicate that the
remanence of the rocks studied is likely to be

primary. Geological data indicate middle Eocene age
for the volcanic series (Adamia et al., 1974b; Mrev-
lishvili, 1974}, and the ChRM is likely to be 43 £6 Ma
old.

5. Analysis of declination data

Paleomagnetic declinations are analyzed with the
aid of plots of declination vs. strike of folds (D-§
plots). On such plots, a regression line paraliel to the
strike axis corresponds to originally curved structure
(no rotations), while a line inclined at 45° to the
same axis stands for oroclinal bending of an origi-
nally rectilinear structure. Paleomagnetic directions
together with confidence limits for declination are
taken from this study and published data; our data
were used at the locality-mean level. The strikes of
folds are read from detailed geological maps, and
the error bars of +35° are assigned to all strike va-
lues.
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Table 1
Site-mean and locality-mean palcomagnctic results for ChRM
S&L Data N B In situ TILT-corrected

D° I k {JQSO D F k ag5u

NAIL m 18/14 168/46 180.4 - 70 20 92 187.9 510 23 8.6
NA2 m 15/9 185777 188.0 247 22 11.4 189.3 —524 22 1.2
NA 33/23 183.6 6.3 i2 9.1 188.6 —5k6 24 6.3
HAL " m 12/12 11721 157.1 -62.8 I3 128 170.2 —437 13 12.8
HA2 m 13/10 16/80 29.1 5.7 28 9.4 186.4 —437 28 9.4
HA 25022 88.6 75.5 6 12.3 177.7 —44.0 13 8.1
ARB1 aih 12/11 341/28 176.5 —62.5 11 14.1 169.9 - 350 14 12.9
AB2 f 12/12 222/12 192.9 —41.2 17 10.8 185.8 —51.6 17 10.8
AB 24/23 187.0 il 12 8.3 177.1 —44.0 13 8.1
KU £ 18/11 191/78 181.2 30.1 17 1.3 178.7 —46.35 20 10.5
CHI f 137 322177 291.6 —307 26 12.0 194.8 —56.6 .25 12.3
CI2 f 14/13 321/73 293.6 —334 16 10.7 192.2 —60.3 18 10.0,
CH 27720 292.7 =325 21 6.9 193.2 —59.0 21 6.9
KN3 f 15/6 319/46 229.6 — 724 16 17.0 163.2 —41.6 20 15.3
MHI1 m 9/6 147760 163.1 6.7 44 1£.4 172.6 —50.3 76 8.6
MH2 m 14/12 158/60 171.1 10.7 44 7.0 177.2 —-47.4 27 8.9
MH3 m 15/11 315/33 2109 —-72.9 34 8.2 i6l.5 —49.8 42 73
MHS5 m 9/7 34111 188.6 —574 28 12.4 182.8 —47.7 27 12.6
MH?7 f 14/14 82/10 1800.5 —63.2 208 2.8 197.9 —60.2 162 3l
MH 61/50 177.6 —41.0 4 9.4 178.6 -52.6 29 37
MAIN (i5) 192.2 —45.6 <3 299 179.6 - 497 67 4.7
MCIL m 76 339/35 145.0 - 674 43 10.8 154.3 - 328 48 10.1
MC3 f 11/8 325/45 100.2 — K7.6 40 8.9 143.0 —43.0 44 8.4
MC 18/14 143.7 —-793 27 7.2 148.2 — 388 36 6.2
SR1 m 919 023 117.6 —-62.0 25 10.6 142.7 —46.4 22 11.2
SR2 f 95 20 110.2 —69.3 20 8.1 1427 —56.9 20 8.1
SR 18/14 152.9 -31.6 27 7.3 142.7 —50.2 28 7.0
DEV 4 124.4 =23 41 14.5 146.2 —44.9 56 124
INC (19 — 485 17.2 —48.3 44

S&L, sites and localities; localities are labeled as in the text and Fig. 1 (locality TB is not included as no meaningful results was obtain here);
MAIN and DEV, mean directions for the main group of sites and sites with deviating northwesterly declinations from localities MC and SR,

respectively (see text for explanation).

INC, inclination-only statistics (McFadden and Reid, 1982). Data, the type of dala used (for sile-means only): [, mean vector for direct
observations (Fisher, 1953), m, mixed direct observations and remagnetizations circles (McFadden and McElhinny, 1988). &, number of
samples studied/accepted (only samples from the sites which gave acceptable date are included); number of sites is in brackets. B, azimuth of
dip/dip angle; D, dectination; 7, inclination; &, precision paramcter (Fisher, 1953); dqs, radius of confidence circle, All locality-mcans are

calculated at the sample-mean level.

The D—S plots of Paleogene data shows large
scatter of the data from the ATZ (Fig. 4a). One can
cither exclude entries CH, KN and MH and conclude
that the ATZ is an orocline; alternatively, exclusion of
entries SR and MC indicates an originally curved
structure with non-systematic local rotations of both
senses.

We attempted to reinforce our analysis by other
Tertiary and Late Cretaceous data from the Lesser
Caucasus and Pontides. Such an extension of the area
under consideration is justified by the fact that the

present-day tectonic pattern in the Pontides and
Lesser Caucasus was formed during major deforma-
tion of late Cenozoic age. Further justification is the
similanity of Tertiary and Late Cretaceous Eurasian
expected declinations for this region (Besse and
Courtillot, 1991; Van der Voo, 1993). These two
observations allow us to combine Tertiary and Late
Cretaccous paleomagnetic results to the north of the
North Anatolian Fault for analysis of rotations. A
brief overview of published data, however, is re-
quired.
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Everywhere, we excluded all results based on inad-
cquate statistics; in particular, Tertiary and Late Creta-
ceous results based on just two or three sites from the
Pontides were excluded because adequate averaging of
secular variation is not achieved in these cases. Also
excluded were the results from structurally disturbed
areas and those whose structural settings cannot be
determined. Most results from the Lesser Caucasus are
based on very poor demagnetization (Khramov, 1984)
and do not merit further consideration. Paleomagnetic
directions obtained during paleointensity studies of
Armenian Paleogene volcanics are based on thermally
demagnetized data (Solodovnikov, 1998, 1999); all
data, however, are n situ, and no information for tilt-
correction is provided thus precluding the use of these
data, too. Pechersky and Nguen (1978) reported mod-
crately well demagnetized data from a limited part of
the Lesser Caucasus which show a clear banana-typc
distnbution. This distribution is likety to have resuited
from local rotations {MacDonald, 1980), and the use of
these results for our regional analysis is not justified.
Adamia et al. (1979) and Bazhenov and Burtman
(1989) reported Late Cretaceous data based on clean-
ing up to 500° and confirmed by positive fold and
reversal tests; despite incomplete demagnetization,
these results arc used (A, AD, E1-ES; Fig. 1b). Also
used is the result (BS; Fig. 1b) obtained during pale-
ointensity studies (Bolshakov and Solodovnikov,
1981). From the Eastern Pontides, two Paleogene
results, V1 of Van der Voo (1968) and TA of Tatar et
al. (1995), and three Late Cretaceous data, V2, C5 and
C8-9 from (Van der Voo, 1968; Channell et al., 1996)
were used.

The addition of Paleogene resuits (V1 and TA)
from the Pontides to the declination-vs,-strike plot
does not make the pattern clearer (Fig. 4a). In contrast,
the linear regression for the Late Cretaceous data is

Fig. 4. Plots of declination D vs. strike of folds § for Paleogene (a),
Late Cretaceous (b) and combined (c) data (ogether with the error
limits for the both variables. Dots, our data; squares, published results
(see Fig. la—b [or location ol sampled areas): AD, Adamia et al.
(1979); A and El to ES, Bazhenov and Burtman (1989); BS
Bolshakov and Solodovnikov (1981); C—35 and CE+9, group-
means from Channell etal. (1996); TA, Tataretal. (1993), V1 and V2,
Van der Voo {1968). Solid and dashed lines are calculated regressions
and theoretical plots for eriginally rectilinear structure, respectively.
Thick dotted lines denote expected declinalions for the study area (see
text).
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very close to the theoreticat line for an orocline with
the moderate data scatter (Fig. 4b), Late Cenozoic age
of major deformation in the Lesser Caucasus and the
Pontides allow us to pool the data. After pooling,
oroclinal bending of the Lesser Caucasus and Pontides
becomes evident (Fig. 4¢). Also clear is that the
results from localities CH, KN and MH are anom-
alous. These three results from the northwestern part
of the ATZ are from structures of NE-SW strike,
similarly with results from localities SR and MC (Fig.
Ic). The KN result is poorly defined, while the CH
and especially MH are of better quality. Very impor-
tant is that the CH, KN and MH mean directions agree
with the other data from the central and eastern parts
of the ATZ (Fig. 3b; Table 1), and their anomalous
position on the £-S plot cannot be blamed on
paleomagnetic reasons. We conclude that these struc-
tures of simmlar strike have divergent paleomagnetic
directions and, therefore, regional oroclinal bending

of the Pontides and Lesser Caucasus is locally com-
plicated by deformation of different type(s).

Note that the regression is somewhat steeper than
the theoretical line for an originally rectilinear struc-
ture (Fig. 4c). The statistical significance of this
difference is difficult to evaluate, and it may be due
to random errors. We cannot, however, exclude a
possibility that the Lesser Caucasus—Pontides arc
had originally been slightly curved in the opposite
direction.

During oroclinal bending all parts of a structure
rotate through different angles except for a limited
translated part provided that there is no net rotation of
the entire structure. (There is no geological data which
indicate arotation of the Lesser Caucasus - Pontides arc
as the whole, and we do not consider this casc any-
more.} On the D—S§ plot, the translated segment can be
found as an intersection of the regression line with the
reference declination (Fig. 4c). The latter are similar in

Translated part of the
ATZ Lasser Caucuses arc

-
unacceptable scenario acceptable scenario
38°E 42°E =
T~
40°
40°N

Fig. 5. (a—b) Cartoons illustrating oroclinal bending of the Lesser Caucasus arc: (a) unacceptable scenario; (b} acceptable scenario. Thin solid
line is the present-day arc. Thick dashed line is this arc before bending assuming no gencral northward translation (see text). Open arrows denote
landmasses motion on the limbs of the orocline. Solid double-pointed arrow is the maximum displacement. {c). Application of the scenario (b}
to the Lesser Caucasus. Dashed line (I-T) comesponds to otiginal position and orienlation of the arc without its displacement. Other notation as

in Figs. la and (b).
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the Eurasian frame for both APWPs used, and hence
the non-rotated part of the Lesser Caucasus -Pontides
arc has strikes of about 100—110° (Fig. 4¢). Thus, ithad
originally been a rectilinear or slightly northward
concave structure of nearly E—W strike.

The convergence of the Eurasian and African plates
was generally in a south-to-north direction (Savostin et
al., 1986; Van der Voo, 1993). Hence, any part of the
arc could hardly move southward (Fig. 5a); instead,
northward motion of landmasses is strongly indicated
by all available data (Fig. Sb) A schematic reconstruc-
tion of oroclinal bending (Fig. 5¢) allows us to evaluate
the magnilude of displacement along the Lesser Cau-
casus—Pontides arc. This displacement amounts to
about 250 km in the central part of the arc assuming
an onginally rectilinear form (line I-1 in Fig. 5bh—c).
As the ATZ is close to the arc apex, its displacement
was similar to the above value. It should be stressed
that this value of displacement 1s the lower limit as the
entire structure could move as the whole; we cannot,
however, estimate the general displacement from avail-
able data.

6. Analysis of inclination data

An apparent pelar wander path (APWP) of a plate
can be constructed either using paleomagnetic poles
only from this plate {e.g., Van der Voo, 1993), or
‘combining coeval data from all continents restored to
their correct positions with the aid of plate kinematics
(Besse and Courtillot, 1991). Note that the APWPs
derived by each method show general and disagree in
detail. Each approach has its pros and cons, and we
would not like to delve into an analysis here. We
simply compare our results with the two APWPs for
the Eurasian and African plates from the above cited
publications. All reference directions were calculated
for a common point at 41.8°N, 42.5°E. The 40- and
50-Ma mean poles from the master APWP of Besse
and Courtillot (1991) were interpolated to obtain the
45-Ma mean pole.

The African and Eurasian Tertiary expected incli-
nations agree recalculated from the APWP of Van der
Voo (1993), and the F value of 4.0£5.0° is statisti-
cally insignificant with respect to the Eurasian direc-
tion, In contrast, the reference inclination plots for
Eurasia and Africa (Besse and Courtillot, 1991)

steadily diverge with time (Fig. 6a). The observed
Eocene inclination of 48.3 £4.4° is significantly shal-
lower than the Eurasian direction and closely matches
the African one; the values of flattening F'= 1., — fope,
where subscripts exp and obs refer to expected and
observed values, respectively, are 9.7+5.0° and
3.0+5.0° respectively. Thus, definite conclusions
cannot be reached because of inconsistency of refer-
ence data.

At the same time, the measured inclination is some-
what lower than all reference data. There are three
reasons why the observed inclination from the ATZ
may be shallower than the Eurasian reference value: (i)
most results are derived from sediments, and inclina-
tion shallowing may bias the mean inclination; (ii) the
study area belongs to the Alpine fold belt, and all
geologic data from the Caucasus region indicate north-
ward transport of land masses during Cenozoic defor-
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Fig. 6. Plots of inclination F° vs. age for the overall mean of the
ChRM from the Adjaro—Trialet zone (star) with confidence limits
and the reference data for the African (open circles) and Eurasian
(solid squares) plates from (2) Besse and Courtillot (1991) and (b)
Van der Voo (1993). In panel (b), error limits arc shown as solid and
dashed lines for the Eurasian and African data, respectively.



M.L. Bazhenov, V.S. Burtman / Tectonophysics 344 (2002) 247-259 257

mation of the region (Savostin et al., 1986; Van der
Voo, 1993); (iii} systematically low Cenozoi¢ inclina-
tions were observed in mid-northern latitudes of the
northern hemisphere (Westphal et al., 1986), the origin
of this Cenozoic inclination anomaly (CIA), being
unknown, The problem is how these three sources of
inclination shallowing are partitioned in our case.

No anisotropy measurements could be performed
due to the lack of unhecated samples. Note, however,
that the mean inclination of 46.4° from the only basalt
site studied (SR1) is close to the overall mean incli-
nation of 48.3° (Table 1, Fig. 3b). Thus, there is no
reason to suspect large inclination shallowing in our
data.

The convergence of the Eurasian and African plates
was generally to the north in the late Cenozoic (c.g.,
Savostin et al., 1986). In the Caucasian region, the last
ocean was closed in the Cenomanian--Coniacian
(Knipper, 1975), and the northward displacement of
the study area could only have been accommodated by
deformation of the continental crust. In the previous
chapter, it was shown that the Late Cretaccous and
Paleogene paleomagnetic data from the Lesser Cauca-
sus indicate an oroclinal bending of the entire belt
which took place in post-Eocene time. From dimen-
sions of the bent structures, the amount of northward
displacement of the are apex cannot be less than 250
km (Fig. 5b—c).

Unwrapping of alpine folds of the Great Caucasus
indicate shortening of about 0—120 km (Dotduev,
1986). Metamorphic rocks of this range are thrust about
20 km southward over the Flysch Zone and other
tectonic units of southem slope of the Great Caucasus
along the Main Great Caucasus Thrust (Fig. 1b). In
turn, the Flysch Zone is cut by numerous thrusts of
southern vergence and, as the whole, is thrust over the
Rioni - Shirvan massif (Gamkrelidze and Gamkrelidze,
1977; Dotducv, 1986); the shortening of this zone is
about 60 km The total shortening across the Great
Caucasus is at.least 200 km and probably more, as
evidenced by sharp contrasts between Jurassic forma-
tions in the different tectonic units of this range and the
'Rioni—Shirvan massif {Dotduev, 1989; Bazhenov and
Burtman, 1990), Moreover, tectonic units of the Great
Caucasus completely overlap the central part of the
Rioni—Shirvan massif, whose width to the east and
west is more than 100 km, and the eastern part of the
ATZ (Fig. 1b) (Krasovsky et al., 1990). Northward

thrusting of about 15 km was established along the
northern margin of the ATZ (Basheilishvili et al., 1982;
Basheleishvili, 1989); folding in the ATZ contributed
to shortening, too.

Taken together, geological data and unbending of
the Lesser Caucasus—Pontides arc indicate shortening
of at Jeast 400 km in the Caucasus region. It should be
stressed that this value is the lower limit of conver-
gence, and its true magnitude may be larger. This
estimate of shortening corresponds o an inclination
difference of about 5°. Subtracting this value makes
the F parameter insignificant for the both APWPs
(Besse and Courtillot, 1991; Van der Voo, 1993).
Hence, the sum of inclination shallowing and CIA
becomes insignificant, too.

Anomalously low Tertiary inclinations were re-
ported from the central Mediterranean to Turkey and
Iran to the Pamirs (Westphal et al., 1986; Westphal,
1993); similar resulis were reported {rom China, too
(Huang and Opdyke, 1992; Gilder et al,, 1996; Cogne
et al., 1999). The ongin of this phenomenon remains
enigmatic despite quite a number of disparate hypothe-
ses suggested (see Cogne et al., 1999, for review). The
Lesser Caucasus falls into the CIA too, and, according
to a general CIA map (Chauvin et al., 1996), its
magnitude of about 10° may be expected here. We
showed, however, that this anomaly should be less than
5° that is within the error limits of available data.
Taking into account that we could determine only the
minimal shortening and a possibility of inclination
shallowing leaves no “room™ for the CIA. Therefore,
in contrast to Central Asia, no considerable inclination
anomaly exists in the Caucasus, '
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