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Abstract—The Cenomanian—Campanian deposits of Tuarkyr (northwestern Turkmenistan) are studied magne-
tostratigraphically with a reliable paleontological control. Turonian—Campanian rocks possess a high paleo-
magnetic stability. The existence of areversed polarity subzonein the middle Cenomanian and several reversals
in the Turonian—Coniacian is confirmed. The Santonian—Campanian of the section is dominated by a reversed
polarity. The results of the study point to an intricate magnetic zonation of the Cenomanian—Campanian and,
together with the analysis of data on the Upper Cretaceous of other regions, suggest the necessity of revising
the Cenomanian—Campanian interval of the magnetostratigraphic time scale, which has been traditionally con-
sidered as an interval of a predominantly normal polarity. New data on the Cenomanian—Campanian geomag-
netic field regime al so suggest that geodynamic models relating the epoch of the quiet Cretaceous field to var-
ious geological events should possibly be reexamined.

INTRODUCTION

The Upper Cretaceousinterval of the paleomagnetic
time scale, except for the Maestrichtian, has been tradi-
tionally regarded as an interval of a predominantly nor-
mal (N, or n) polarity. In the magnetochronological
time scales, the upper part of the C34 chron, character-
ized solely by the N polarity, corresponds to the Cen-
omanian—Santonian. The C33 chron, comprising an
anomaly of the reversed (R, or r) polarity, corresponds
to the Campanian stage; in the recent variants of rever-
sal time scales [Gradstein and Ogg, 1996; Shreider,
1998], the C32 and partialy the C31 chrons are
assigned to the Campanian, which caused the upper
part of the stage to appear as an aternating (N/R) polar-

ity interval. The Dzhalal Nr hyperzone1 in the magne-
tostratigraphic time scale of the Phanerozoic of the
USSR [Molostovskii and Khramov, 1984] is equival ent
to the Aptian—Campanian; the hyperzone is compli-
cated in its Upper Cretaceous part by two magnetic R
zones. Kul'dzhinskaya at the Santonian—Campanian
boundary (analogue of anomaly 33r) and Klyuevskaya
in the Coniacian.

TDeceased.

The stratigraphic volume of a hyperzone is comparable with a
division, that of an orthozone with a substage or stage, and that
of a subzone with a zone of the General stratigraphic time scale
[Sratigraficheskii kodeks, 1992].

New data from the North Caucasus and western
Kopet Dagh [Fomin and Eremin, 1993, 1999; Eremin
et al., 1995; Fomin, 2000; Fomin and Molostovskii,
2001], southern England [Montgomery et al., 1998],
and Germany [Hambach and Krumsiek, 1989] indicate
that, compared to the generally accepted ideas, the
regime of the geomagnetic field was more complicated
in the Cenomanian—Campanian time. Previously
unknown R subzones of the middle Cenomanian and
lower Turonian have been reveal ed, the existence of the
Coniacian Klyuevskaya R subzone has been confirmed,
and the stratigraphic volume of the Kul’dzhinskaya R
orthozone (analogue of the 33r anomaly) has been
extended to the mgjor part of the Santonian and to the
entire lower Campanian. In addition, the presence of
numerous microzones of opposite polarities has been
established within both N and R zones.

Unlike earlier works by Pergament et al. [1971],
Vandenberg and Wonders [1980], Krumsiek [1982],
and others, who also note repeated reversalsin the Cen-
omanian—Campanian, new polarity determinations
have been reliably correlated with zonal units of the
General stratigraphic time scale on the basis of macro-
and microfauna determinations collected along with
paleomagnetic samples. This made it possible to esti-
mate the duration of the C33r chron (the Kul’dzhin-
skaya zone) at 8 Myr and the duration of the Cenoma-
nian, Turonian, and Coniacian R subzones at 0.4-0.5to
1 Myr each.
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Fig. 1. Topographic (a) and geological (b) schemesof the study region: (1) natural exposures studied and observation point numbers;

(2) escarpments; (3) highway.

Disagreement between the new data and the tradi-
tional concepts of the Upper Cretaceous scale zonation
isof basic importance for elucidating the actual regime
of the Late Cretaceous geomagnetic field. Reliable
additional information from other regions is necessary
for solving this problem. Such a region could well be
the Turan plate, where, as distinct from orogens of the
Caucasus and Kopet Dagh, Cretaceous deposits have
remained virtually undeformed by the Alpine folding
(which increases the probability of regional remagneti-
zation of rocks) and are represented by typical plat-
form, rather than geosynclinal, formations. A reference
section belonging to the Upper Cretaceous of Tuarkyr
was chosen as an object of study. It is characterized by
a sufficient stratigraphic completeness and, as is evi-
dent from the results of reconnai ssance studies reported
in[Nazarov, 1987], by a high paleomagnetic stability of
rocks. The magnetostratigraphic data on the Turonian—
Campanian obtained from in situ studies of the Upper
Cretaceous Tuarkyr section carried out in 1996 were
summarized in [Guzhikov et al., 1998]. The magneto-
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stratigraphic data on Coniacian—Campanian deposits of
southern England [Montgomery et al., 1998] are well
consistent with the Tuarkyr data. Structurally, southern
England and Tuarkyr belong to young epi-Hercynian
platforms; however, as regards their facial characteris-
tics, the Upper Cretaceous sectionsin these regions are
somewhat different.

CHARACTERIZATION OF THE SECTION

The paleomagnetic investigations were carried out
within the southwestern flank of the Tuarkyr anticline
(Fig. 1), where all stages of the Upper Cretaceous,
except for the Maestrichtian, are represented. The bed-
ding is subhorizontal, with dip angles of no more than 2°.
We examined natural exposures near the Kemal’ well
and Akkyr Range 150 and 160 km from the Turkmen-
bashi—Kizil-Kaya highway (Fig. 1a). Cenomanian
deposits are exposed in a number of gullies on the
southern side of the highway in the Kemal’ well area.
Turonian—Campanian deposits are fully exposed on the
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northern side of the highway in the scarps of the Akkyr
Range (Mount Kyr; Figs. 1a, 1b).

E.Yu. Baraboshkin comprehensively described the
section and performed determinations of macrofauna;
in particular, he substantiated the presence of the mid-
dle Cenomanian ammonitic zone of Acanthoceras
(Alternacanthoceras) jukesbrownei. L.F. Kopaevich
determined foraminiferal complexes of the Turonian—
Campanian, which has made it possible to refine the
zoning scheme of the Upper Cretaceous Tuarkyr depos-
its previously developed in [Kuznetsov and Titova,
1961; Tverskaya, 1963; Aliev et al., 1970].

The upper Albian sandstones unconformably over-
lain by the Upper Cretaceous sequence (Fig. 2) outcrop
near the Kemal’ well. Here, phosphorite conglomerate
with numerous redeposited relicts of upper Albian
ammonites and aucellas of the Soliczkaia dispar zone
is present at the Cenomanian base. The overlying part
of the Cenomanian, represented by alternating loose
and dense glauconite-quartz fine- to medium-grained
bioturbated sandstones (members I-1), was observed
in aseries of gullieslocated 2—3 km westward. The top
of member Il represents a“ solid bottom” surface with
numerous semidissolved nuclei of large (up to 20—
30 cm) Acanthocer as (Alternacanthoceras) jukesbrow-
nei, which gives grounds for dating the deposits of this
member at the middle Cenomanian zone of the same
name, whereas the underlying member | is tentatively
assigned to the middle Cenomanian due to the absence
of obvious evidence of large gaps. Sandstones of mem-
ber 111 and marls of member 1V (arenaceous at the base)
are tentatively assigned to the Turonian because Turo-
nian deposits in this region immediately overlie sand-
stones containing A. jukesbrownel [Kuznetsov and
Titova, 1961; Aliev et al., 1970]. Deposits of the upper
Cenomanian are apparently absent in the Tuarkyr sec-
tion.

The overlying Turonian—Campanian deposits were
studied at the foot and on slopes of the Akkyr Range
(the Mount Kyr area). They are represented by alternat-
ing variegated marls, limestones, and cal careous clays,
the marls being predominant (Fig. 2). The presence of
solid-bottom (SB) surfaces, the predominant type and
color of rocks, and the presence of macrofaunal relicts
(inocerams, urchins, and nautiloids) are used as the
main criteria for dividing the Turonian—-Campanian
sequence into members. The age of the members was
established from complexes of plankton and benthic
foraminifera. Member V (the upper Turonian) is com-
posed of rhythmically alternating light gray marls and
pinkish limestones separated by SB surfaces. MembersVI
and VII (the upper Turonian—the base(?) of the lower
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Coniacian) are represented by rhythmically alternating
greenish gray marls and white and pinkish limestones.
A mature, phosphatized and ocherous, SB surface that
serves as amarker horizon is present at the top of mem-
ber VI. MembersVIII and I X (the upper Coniacian) are
composed of aternating brown, green, and red marls
and brick-red limestones. The variegated members X—
XII (the lower Santonian) are represented by interbed-
ded green, brown, red, pink, white, and mottled marls
and dense pink, white, and grayish white limestones.
Members XI11 (densered and pink limestoneswith clay
interbeds), X1V (aternation of red and mottled marls
with pink (up to red) limestones), and XV (alternation
of white, greenish, and pink marls with white and pink
limestones) correlate with the upper Santonian. The
upper part of member XV; member XVI, of dense
white and light gray limestones that form a charac-
teristic bench on the Akkyr Range slopes; and mem-
ber XVII, represented by interbedded white limestones
and gray-green marls are assigned to the lower Campa-
nian. Members XVII1-XXII (alternating pink marls;
pinkish, light gray and white limestones; and greenish
calcareous clays) belong to the upper Campanian. They
are overlain by Pliocene marls. The total thickness of
the section is about 170 m.

The problems of zona differentiation of the Turo-
nian—Campanian deposits in this region and a compre-
hensive geological description of the section are the
subject of aspecia paper.

EXPERIMENTAL POCEDURE

Paleomagnetic samples were taken from 32 strati-
graphic levels in the Kemal’ well area and from
118 stratigraphic levels of an outcrop in the Akkyr
Range (Mount Kyr). The sampling interval varied from
0.5to 1 m for the Kemal’ section and from 1to 1.2 m
for the Akkyr section (Fig. 2). This sampling was com-
plemented by the geological description of the section
and the collection of paleontologica samples. One
pal eomagnetic hand sample was taken from each level.
Each hand sample was sawn into three or four 20-mm
cubes. The magnetic susceptibility (K) wasmeasuredin
detail onthe Akkyr Range outcrop (the Turonian—Cam-
panian) at a step of 20 cm (five K measurements per
level).

Inlaboratory conditions, the pal eomagnetic samples
were studied with the standard complex of procedures
[Khramov, 1982; Molostovskii and Khramov, 1997]: K
and the natural remanent magnetization (NRM, or J,)
measurements, temporal and thermal demagnetiza-
tions, measurements of normal magnetization curves

Fig. 2. Magnetostratigraphic Tuarkyr section of the Cenomanian-Santonian. The members are enumerated in accordance with the
description of E.Yu. Baraboshkin: (1) normal polarity; (2) reversed polarity; (3) “transitional” zones corresponding to anomalous
directions; (4) absence of data on polarity; (5) “solid bottom” surfaces; (6) washout surfaces; (7) phosphorites; (8) shelly detritus;
(9) bioturbations; (10) inclined bedding; (11) loose sandstone; (12) dense sandstone; (13) carbonate clay; (14) marl; (15) sandy marl;
(16) limestone; (17) findings of ammonites; (18) microfauna samples.
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Fig. 3. Results of magnetic—mineralogical and component analyses. () Stratigraphic image of NRM vectors after temporal (1, I11)
and thermal (11, 1) demagnetizations of samples from the exposure of the Akkyr Range (1, 1) and Kemal’ well (111, 1V): (1)—(4)

vector projectionsin the (1) horizontal and (2) vertical planes and onto the (3) lower and (4) upper hemispheres; (5) direction of the
present geomagnetic field (“remagnetization cross’). (b) Magnetic saturation curves. (¢) TMA and DTMA curves. (d) Zijderveld

diagrams.
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and the remanent saturation magnetization (J,.), deter-
mination of the saturation fields (Hy) and coercivity
(H), and thermomagnetic and differential thermomag-
netic analyses (TMA and DTMA).

The remanent magnetization was measured with a
JR-4 spinning magnetometer; the magnetic susceptibil-
ity was measured with IMV-2 (in the laboratory) and
KT-5 (in situ) instruments. The TMA curves were con-
structed from the inductive magnetization (J;), mea-
sured with a“magnetic balance” at the RIG SSU labo-
ratory (using magnetic extractsin afield of 70 mT) and
at Borok Geophysical Observatory, Schmidt United
Institute of Physics of the Earth, Russian Academy of
Sciences (using nonseparated samples in a field of
400 mT).

The temporal demagnetization consisted in keeping
all sampleswithin three-layer Permalloy containers for
one month. The therma demagnetization was per-
formed in akiln designed by V.P. Aparin. All samples
were heated successively to temperatures changing
from 100 to 350-550°C at astep of 50°C over 1-2 h. To
account for a possible magnetic bias, two cubes from
each hand sample having opposite orientations in two
components of the vector J,, were placed into the kiln.
If the remanent magneti zation became comparable with
the threshold sensitivity of the instrument, further heat-
ings were not applied. Results of the paleomagnetic
measurements were rejected from the subsequent anal-
ysis, if heatings failed to remove, at least partialy, the
secondary J,, component coinciding in direction with
the present geomagnetic field or if laboratory magnetic
bias was observed. (In the latter case, the paleomag-
netic vector trgjectories in stereographic projections
measured in duplicate cubes differed substantially and
the NRM value generally increased by a few times.)
Determinations from 7 Kemal’ hand samples and 11
Akkyr hand samples were rejected for these reasons.

The component analysis was performed by using
Zijderveld diagrams and stereographic images of the J,,
trajectories obtained during demagnetization proce-
dures. Paleomagnetic directions, whose projections
after the series of demagnetizations formed two iso-
lated sets, in northern bearings on the lower hemisphere
and in southern bearings on the upper hemisphere
(Fig. 3a), were interpreted in terms of N and R polari-
ties, respectively. Vectors with anomalous directions
wereinterpreted as belonging to transition zonesif they
lay near the boundaries of magnetic zones of opposite
polarities or to excursions if they were within asingle-
polarity zone, provided that all NRM components
except for the stable one were completely removed,
which was established from the Zijderveld diagrams.
The anomal ous directions were ignored in the statisti-
cal calculations, accomplished separately for the N and
R samplings. For the resulting sampling, we took one
paleomagnetic vector from each stratigraphic level,
obtained by averaging over duplicate cubesif their final
demagnetization results were similar. Otherwise, we
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took the result from a cube with better quality of the
Zijderveld diagrams.

The samplings of the resulting NRM vectors were
tested for their correspondence to the Fisher distribu-
tion by using the procedure proposed by Bazhenov and
Ryabushkin [1978]. The conformity to the Fisher distri-
bution is evidence for a one-component magnetization
with random deviations of its directions from the aver-
age. The procedures of calculating the concentration
and the confidence oval around the average, testing the
hypotheses on coincidence of average directions or
concentrations, etc., are correct only if the initial setis
consistent with the Fisher distribution [Bazhenov and
Ryabushkin, 1978; Khramov, 1982].

Thestandard in situ folding and pebble testsfor sub-
stantiating the ancient nature (primary origin) of the
identified magneti zation components were inapplicable
due to lacking a priori information. Therefore, we
focused on the analysis of paleomagnetic characteris-
tics as a function of lithological, mineralogical, and
petromagnetic evidence and on the traditional magne-
tostratigraphic criterion of the external convergence.

EXPERIMENTAL RESULTS

The study rocks possess a weak magnetic suscepti-
bility (424 x 10~ Sl units). The J, values measured
after the temporal demagnetization vary within awider
range. from 0.04 x 103 to 22.8 x 103 A/m. The
Koenigsberger parameter (Q factor) calculated from
these values varies from 0.01 to 2.85 (Fig. 2).

The thermomagnetic analysis was applied to ten
sampleswith different polarities of J,,, representing var-
ious lithologies. The TMA and DTMA results point to
the presence of Fe;0,, determined from the magnetiza-
tion decay near 550°C (Fig. 3c). Natura magnetites
usually do not have the Curie point (T¢) of pure Fe;O,
(578 K). Typically, their T values are appreciably
lower dueto variousisomorphic admixturesin the mag-
netite crystal structure. Thefine structure of the mineral
and its weathering are responsible for a magnetization
decrease within a wide range of temperatures. Weath-
ered magnetite is often accompanied by maghemite,
and the presence of this secondary ferromagnetic min-
eral isresponsible for anoticeable drop of magnetiza-
tion in the region of 400-500°C [Burov and Yasonov,
1979]. Therefore, the peak observed near 400°C
(Fig. 3c) inthe DTMA curve obtained from the mag-
netic extract of sample 2108-39 can be related to
maghemite.

Samples from 115 stratigraphic levels were sub-
jected to magnetic saturation. The artificial magnetiza-
tion data (Fig. 3b) indicate the ubiquitous presence in
the rocks of a phase generally characterized by the val-
ues Hy = 200400 mT and H,, = 40-150 mT. Such val-
ues of saturation parameters are typical of finely dis-
persed or partially oxidized magnetite [ Tretyak, 1983],
although they can be met in other minerals as well.

No. 9 2003
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Tablel
Lithological members and their ages
-1 IV-VI VIIHX|  X=XII XHI=XV [ XVI=XVIH] XVIT=-XXIT | IV=IX|  X=XXII
Sta2 t—Cny cn sty st—kmy kmy km, t—cn st—km
N R N R N N R N R R N R N R N
D, |356.3 |193.2 | 11.7 |1858| 23 | 40|1971 | 7.6 |1944 | 1870 | 152 |1924| 06 (1879 | 9.9
deg
I, 57.0 |-29.1 | 564 |-39.4| 48.6 | 499 |-26.6 | 491 |-45.8 | —-43.2 | 535 |-34.8| 482 |-465 [49.8
deg
k 131 | 34 |243 70[604 | 950 | 192 | 442 | 139 | 178 |34.1 | 135/ 44.0 | 400 |474
ags, | 107 | 219|107 | 305| 47 | 72| 89| 80 8.4 82 76 | 155/ 80 43 | 59
deg
n 13 12 7 3 |15 4 13 7 20 16 10 6 7 26 |12
S 149.7 162.6 154.6 174.3 161.2 176.4
deg
Vopy | 123| 208 1.48 0.81 0.88 092| 107) 103 | 112 0.82| 0.84| 0.96
Vo 0.56| 0.30] 0.39 0.55 0.01 0.78| 0.01] 001 | 065 0.77| 0.04| 0.87
Hg = 40.4-141.0mT

Note: N and R, normal and reversed polarities, (D°, 1°), average paleomagnetic direction; k, interbed precision parameter; agg , 95% con-
fidence interval; n, number of samples; S, distance between the N and R vector averages; Vyypy and Vi), respective criteriafor esti-

mating the correspondence of the azimuthal and radia distributions to the Fisher distribution [Bazhenov and Ryabushkin, 1976];
H¢, coercive force; s, Cenomanian; t, Turonian; cn, Coniacian; st, Santonian; km, Campanian.

However, the fact that the stable component of magne-
tization persists to 550°C invalidates the assumption
that iron hydroxide, maghemite, and other ferromag-
netic species are carriers of the stable component of
magnetization. The presence of hematite was not fixed
inany of the DTMA curves. Therefore, the joint results
of the normal magnetization experiments and thermo-
magnetic analysis indicate that magnetite should be
recognized as the most probable carrier of the stable
component of magnetization.

Paleomagnetically, the Upper Cretaceous Tuarkyr
section is distinctly subdivided into two nonequivalent
parts coinciding with its lithological differentiation;
these are intervals of low-stability magnetization
(sandy members 1111, of Cenomanian (+ Turonian?)
age) and of high-stability magnetization (carbonate—
clayey members IV-XXII, of the Turonian—Campa-
nian). Inthe majority of Zijderveld diagramsfrom sam-
ples of the Cenomanian sandstones, the lines fixing the
high-temperature vector variations do not tend toward
the center of coordinates (Fig. 3d, sample 2110-22b).
Such asituation can be due to an incomplete removal of
the secondary (low-temperature) component of J,,
which isthe reason why the resulting samplings of vec-
tors are characterized by low interbed concentrations
and poor agreement with the hypothesis on the Fisher
distribution, wheresas the difference between the aver-
ages of paleomagnetic R and N polarity directions dif-
fers significantly from 180° (Table 1). The carbonate-

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 39

clayey Turonian—Campanian deposits (observation
point 2108) are characterized by a better quality of the
paleomagnetic signal. They generally record a two-
component NRM: its first component is completely
removed at temperatures of 150-200°C and, judging
from its closeness to the direction of remagnetization
by the present field, is associated with products of oxi-
dation of magnetite grains; the second, stable compo-
nent persists up to 550°C and is likely to be of ancient
origin (Fig. 3d). The Turonian-Campanian interbed
precision parameters are 3-5 times higher than the Cen-
omanian values, and the average Turonian—Campanian
paleomagnetic directions of the N and R polarities are
nearly antiparalel (Table 1).

Taking into account large distinctions in the degree
of paleomagnetic reiability, different approaches were
applied to constrain the origin of theresulting J,, vectors
from the sandy (Cenomanian) and carbonate—clayey
(Turonian—-Campanian) parts of the section. Only the
polarity sign independence of lithological, mineralogi-
cal, and petromagnetic characteristics was checked in
the Cenomanian interval, and the criterion of the exter-
nal convergencewas applied. In addition to this, the preci-
son parameters (K), pdeomagnetic inclinations (1), and
distances between the paleomagnetic vector and the
direction of remagnetization by the present field (A)
were examined as a function of petromagnetic charac-
teristics (k, J.., and H) in the Turonian—~Campanian
interval.

No. 9 2003
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The paleomagnetic statistics was calculated sepa-
rately for sets of members characterized by similar
lithologies and ages (Table 1). Seven anomalous direc-
tions were excluded from the sets analyzed (six of them
are confined to the boundaries of magnetic zones, and
one lies inside the R zone; Fig. 2). Explicit depen-
dences of paleomagnetic characteristics on the age of
deposits and their lithology are not observed within
members | V-XXII (the Turonian—Campanian).

The Turonian—Campanian rocks (members 1V—
XXI1I) cannot be correctly divided into separate litho-
logical groups (carbonate clays, marls, and limestones)
without an expensive chemical analysis. This circum-
stance makes it impossible to analyze the dependence
of paleomagnetic precision parameters and inclinations
on the concentrations of terrigenous (carbonate) mate-
rial in the rocks. However, the comparison of paleo-
magnetic precision parameters with the coercive force
values revedled evident regular patterns (Fig. 44): the
maximum precision parameters? for the R directions
(38.044.9) correlate with minimum values of H,
whereas k minimums (10.0-13.4) correlate with H,
maximums. The coefficients of linear correlation
between the precision parameters and the H, values
(for both R and N polarities) are significant at alevel of
0.01 (Table 2). It is noteworthy that the precision
parameter values for vectors of opposite polarities vir-
tually coincide in the region of smal H, values
(Fig. 44). The stereographic image of the vectors corre-
sponding to thisregion (outlined in Fig. 4a) is presented
in Fig. 4b.

The coercivity H,, increases with increasing inten-
Sity of oxidation (martitization) of magnetic grains
and/or with decrease in their size. Under conditions of
the arid climate of Turkmenistan, al particles of Fe,O,
in natural exposures are, to an extent, oxidized, so that
asecondary chemical component (J,.) ispresent in each
sample. A regular decrease in the concentrations of R
vectors associated with high H,, valuesis dueto amore
substantial contribution of J,. to thetotal NRM as com-
pared with small values of H,. On the contrary, the con-
centration of paleomagnetic directions in normally
magnetized samplesincreases at high H,, values dueto
the prevalence of J,., because the directions of J, coin-
ciding with the present field and of the stable N-polarity
component J,, are similar, which prevents their separa-
tion by component anaysis. If this model is valid, a
direct correlation must take place between the parame-
tersH., and |, and an inverse correlation, between H,
and A, for both polarities, and thisis precisely what is

2 The procedure of calculating the paleomagnetic precision param-
eter was performed in the following way: all paleomagnetic
directions were grouped in ascending order of their correspond-
ing He, values. The precision parameters were calculated with a
moving window of 15 samplesin size at a one-sample step. Since
the number of samples subjected to the experiments of normal
saturation was limited, not all paleomagnetic directions were
involved in thisanalysis.
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Fig. 4. (8) The H., dependence of concentrations of paleo-
magnetic vectors (open and solid circles refer to the R and
N polarities, respectively). Outlined is the region where the
concentrations of R and N vectors are similar (38.0-44.9).
(b) Stereograms of the NRM vectors corresponding to the
range of low H, valuesfor the (1) Turonian—Coniacian and
(2) Santonian—Campanian.

observed in redlity (Table 2). Evidently, the “purest”
pal eomagnetic vectors of either polarity concentrate in
the region of low H, values, where the corresponding
paleomagnetic concentrations are nearly the same
(from 38.0 to 44.9; Fig. 4a). The paleomagnetic statis-
tics calculated for these vectors is presented in the last
three right-hand columns of Table 1. The J, averages
for groups of opposite polaritiesin the Santonian—Cam-
panian interval (members X—XXII1) are virtualy anti-
parallel because the averages of the N sampling and of
R vectorsrotated through 180° are statistically indistin-
guishable. The test of Shipunov [1993] for the coinci-
dence of average directions of the two setsis positive at
asignificance level (p) of 0.01 (the statisticF, =0.121is
smaller than the criterion (1/p)/N-2 — 1 = 0.14). Pre-
liminarily, we checked whether the precision parame-
ters of these sets coincide at p = 0.01 (the statistic is
k,/k, = 1.18) [Shipunov, 1993].

Analysis of the dependences of K, I, and A on K and
Jis shows that, in the case of R directions, a significant
negative correlation is observed for the pairs K-A, J <A,
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Table?2
R polarity N polarity
Paleomag- — —
netic coefficient coefficient
parameters n of linear n of linear
correlation correlation
He—K 32 -0.87 13 0.89
He—l 46 0.31 27 0.40
He—A 46 —0.40 27 -0.34
K—k 44 -0.32 31 0.80
gk 32 -0.42 13 0.92
K- 56 0.32 44 -0.24
N 46 0.30 27 -0.13
K-A 56 -0.34 44 —0.06
Jsh 46 -0.30 27 -0.07

Note: k, interbed precision parameter; A, distance between the
paleomagnetic vector and the direction of remagnetization
by the present field; |, paleomagnetic inclination; K, mag-
netic susceptibility; J,s, remanent saturation magnetization;
H, coercive force; n, number of samples.

K-k, and J,-k, whereas a significant positive correla-
tion takes place for the pairs K-l and J,I (Table 2).
The value of the remanent saturation magnetization is
mainly controlled by the concentration of the ferromag-
netic fraction. Given magnetic susceptibilities of up to
20 x 10> Sl units (which are actually observed in the
study section), the contribution of paramagnetic species
to the K value can be appreciable. However, if it were
predominant, the relationships of paleomagnetic char-
acteristics with K and J,; would be dissimilar, which is
not the case (Table 2). This can be regarded as evidence
that variationsin the magnetic susceptibility are mainly
dueto variationsin the concentrations of ferromagnetic
material contents. The fact that the highest precision
parameters of the R direction are observed in the range
of minimum values of K and J, implies that the “pur-
est” stable NRM components are confined to weakly
magnetic samples (mostly limestones, as is evident
from visual examination). Probably, magnetite grains
in dense limestones are least subjected to oxidation.
Moreover, Bazhenov [1983] showed that the paleomag-
netic inclination in limestones is virtually not underes-
timated, because they did not experience any noticeable
compaction at the stage of diagenesis. It is reasonable
to suggest that the martitization of magnetite grainswas
moreintensein terrigenous, rather than carbonate, vari-
eties. Although the oxidation of the ferromagnetic frac-
tion decreases the K and J,, values insignificantly, it
results in the formation of a hard chemical component
of magnetization. In this context, low concentrations of
R directions observed in more magnetic marls and
clays are natural. On the other hand, the concentrations
of N vectors must rise with an increasein K and J, due
to a stronger influence of J,.. The actual data corrobo-
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rate the presence of astrong positive correlation for the
pairs K-k and J,sk in the set of N vectors (Table 2).
However, the coefficients of linear correlation for the
pairsK-A, J. A, K-k, J.<k, K-I, and J,I areinsignif-
icant (even at asignificance level of 0.10; see Table 2).
The insensitivity of the correlation test in this case is
probably connected with the small difference between
the paleomagnetic direction and the vector of the
present geomagnetic field, which is comparable to
the determination uncertainty of the stable component
of J,.

Based on the results of our studies, we summarize
the experimental evidence consistent with the hypothe-
sis on the ancient age of J,.

(1) The geomagnetic field reversal is a phenomenon
of planetary scale. The probability of the coincidence of
pal eomagnetic boundaries with borderlines constrained
by local and regional evidenceisnot very highin strati-
graphically complete sections, provided that the mag-
netization is primary. Therefore, the fact that magnetic
zones are independent of lithological and mineralogical
features is more favorable for the hypothesis relating
the sign of J,, to an ancient field regime than the coinci-
dence of lithology and polarity changes. The absence of
any correlation of the polarity sign with boundaries of
lithological members and other features characterizing
the material composition (the carbonate content, color
of rocks, petromagnetic parameters, etc.) is evident in
the section studied (Fig. 2).

(2) The substantiation of a detrital (postdetrital)
nature of magnetization is equivalent to the substan-
tiation of the primary origin of the latter. The follow-
ing regular patterns, more characteristic of the detri-
tal NRM rather than J,., are observed in the section
studied:

(a) The values of the factor Q aretypically small in
the rocks (hundredths and tenths of fractions of unity).
The Q values are, as arule, close to or dightly higher
than unity in rocks in which the authigenic genesis of
minerals responsible for magnetization is reliably
established [Tretyak, 1983; Molostovskii and Khra-
mov, 1997; Grishanov, 1996]. In the section studied, the
values Q > 1 are recorded only at 15 levels and can,
with equal probability, characterize both N and R polar-
ities. Even if the paleomagnetic determinations with
Q > larergjected, thiswill not change the general pale-
omagnetic structure of the section.

(b) The paleomagnetic interbed precision parame-
ters are relatively small, amounting to a few tens
(Table 1).

(c) The observed dependences of k, |, and A on H,
(Fig. 4a; Table 2) can be interpreted in terms of the
presence of either the primary component of J, or a
metachronous bipolar component of magnetization
whose direction is distorted in samples with intensely
2003
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oxidized magnetite grains due to an incomplete
removal of Ji..

(d) The most satisfactory paleomagnetic results are
related to weakly magnetic limestones, which is in
good agreement with the model of postdetrital (diage-
netic) formation of the magnetization.

(3) The difference between the average directions of
the paleomagnetic normal- and reversed-polarity vec-
torsis close to 180° in both the entire section (except
for members |11, where the removal of stable compo-
nentsis obviously incomplete) and individual intervals.
The average directions are virtually antiparallel for the
sets of the* purest” components. The presence of direc-
tions of two polarities in the section, a 180° difference
(within the determination uncertainty) between these
directions, and the coinciding precision parameters of
the N and R sets are traditionally regarded as weighty
argumentsin favor of both the quality of paleomagnetic
determinations and the primary nature of magnetization
(reversal test) [Molostovskii and Khramov, 1997; Van
der Voo, 1993].

Each of the above features, when taken alone, does
not prove the primary origin of magnetization; how-
ever, considered together, they are more consistent with
the hypothesis of primary magnetization than with any
other assumption, for example, the hypothesis of a
bipolar metachronous NRM.

The criterion of external convergence, i.e., the coin-
cidence of paleomagnetic structures in coeval deposits
of various (preferably widely separated) sections is
very important evidence of an ancient nature of magne-
tization. Larger differences between the compared sec-
tionsin their lithological, facial, and structural charac-
teristics increase the value of the external convergence
factor as a proof of the primary nature of J,. On the
whole, the paleomagnetic structure of the Tuarkyr sec-
tion is in good agreement with the data on the Upper
Cretaceousin other regions (Fig. 5), which is discussed
in the next section.

DISCUSSION OF RESULTS

The paleomagnetic column is subdivided into a
reversed polarity subzone Rs, associated with the mid-
die(?) Cenomanian (members I-11) and three ortho-
zones. lower, with a predominantly normal polarity
(NrK,t—cn); middle, with a prevailing reversed polarity
(RnK,st-km,); and upper, with a variable polarity
(NRK,km,). These orthozones correspond to the
upper(?) Turonian—Coniacian (members I11-1X), San-
tonianHower Campanian (members X—XVII), and
upper Campanian (members XVII1-XXII). The mag-
netostratigraphic comparison of the Upper Cretaceous
of various regions (Fig. 5) presented below makes it
possible to identify severa magnetic zones discovered
in the Tuarkyr section with the known paleomagnetic
units and to refine the stratification of the section and
the amount of sedimentation breaks.
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The subzone Rs, is evidently an analogue of the
middle Cenomanian R subzone, previously established
within the A. rhotomagense zone in the North Caucasus
(Fig. 5-V) and Kopet Dagh (Fig. 5-VI). The norma
polarity of members I1l and 1V is likely evidence of
their upper Turonian age, because the lower Turonianis
characterized by alarge R subzone (Fig. 5-V). Thetwo
closely spaced thin zones of opposite polarities within
member 1V possibly correspond to the upper Turonian
r microzone and/or the lower Coniacian R subzone that
were revealed in Dagestan (Fig. 5-VI). The last variant
of correlation seems preferable, because R intervals are
also recorded in the lower Coniacian of southern
England (Fig. 5-1V). From this standpoint, Tuarkyr
membersVI-VII must be assigned to the lower Conia
cian. Analogues of the upper Coniacian (Klyuevskaya)
R subzone are unambiguously absent in the study sec-
tion, as is evident from the washout of the I. labiatus
and partialy the |I. mantelly inoceram zones. The
RnK,st-km, orthozone undoubtedly correlates with
anomaly 33 (the Kul’dzhinskaya R orthozone; Figs. 51,
I1), because no evidence on other large R intervals in
the Santonian—Campanian is available. Asis generaly
acknowledged at present, the reversed polarity is char-
acteristic of both the lower Campanian and the upper
Santonian. Thisfact is corroborated by data from Can-
ada (Fig. 5-VI1) and European Russia (Fig. 5-V1I1) and
isreflected in the recent versions of magnetochronolog-
ical scales (Fig. 5-11). The data on the predominance of
R polarity in the lower Santonian contradict the well-
known magnetostratigraphic evidence from North
Mediterranean sections (Fig. 5-1X—XI) but basically
agree with the polarity zonation of the lower Santonian of
England, the Caucasus, and Kopet Dagh (Fig. 5-1V-V1).
The correlation of the NRK,km, orthozone presents no
difficulties. The upper Campanian is everywhere char-
acterized by an intricate paleomagnetic zonation. Com-
parison of the upper Campanian sections of Tuarkyr
and southern England (Fig. 5-111, IV) reveals an obvi-
ous similarity between their paleomagnetic columns.
Chrons C32 and partially C31 (Fig. 5-11) are probable
analogues of NRK,km, in the magnetochronological
scale.

Therefore, the magnetostratigraphic evidence for
the Turonian—-Campanian of Tuarkyr is in good agree-
ment with data on deposits of the same age in the Kopet
Dagh, the North Caucasus, and southern England. The
presence of reversalsin the Cenomanian, Turonian, and
Coniacian is also supported by data from the Chukot
Peninsula, Germany, the southern Alps, and North
Africa (Fig. 5-X11-XV).

Substantial divergences between the ideas of the
paleomagnetic structure of the Cenomanian—Campa:
nian section interval arise when the Tuarkyr section is
compared with North Mediterranean sections; the cali-
bration of the latter with the use of the sequence of lin-
ear anomalies underlies the present magnetochronol og-
ica scales. The normal polarity alone characterizes the
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Cenomanian-Santonian of these scales (Fig. 5-I1X—XI).
However, the “standard” sections are located in the
zone of intense tectonic deformations and have features
indicating metamorphization of rocks, which increases
the probability of their regiona overprinting. More-
over, the foraminiferal and nannoplanktonic scales are
mainly used for their differentiation, whereas these
scales are not always unambiguously correlated with
the ammonitic and belemnitic scales. Lack of space
prevents us from discussing the reasons why linear
anomalies can fail to records some of the Cenomanian—
Santonian reversals; however, thisis analyzed in suffi-
cient detail in [Gorodnitskii, 1996, 1998; Gordin,
2000].

CONCLUSION

The main result of our work isthe inference that the
paleomagnetic structure of the Cenomanian—Campa:
nian interval of the time scale is more complicated as
compared with the traditional ideas. The existence of
the middle Cenomanian R subzone, the presence of
reversals in the Coniacian, and the prevalence of
reversed polarity in the Santonian—Campanian have
been confirmed. In this connection, the concepts of a
predominant single-polarity regime of the Cenoma-
nian—Campanian field and the structure of the Creta-
ceous paleomagnetic time scale need revision. The
upper boundary of the Dzhalal hyperzone and the top of
the C34 chron should be lowered to approximately the
base of the Santonian. The evidence presented in this
paper, of course, needs further verification and refine-
ment. If it is corroborated, the problem of revising the
geodynamic models accounting for the coincidence of
the “Cretaceous superchron of normal polarity” with
various global geological events will naturally arise
[Didenko, 1998; Milanovskii, 1996; Larson and Olson,
1991; and others]
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