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Abstract—The paper continues a cycle of petromagnetic investigations of epicontinental deposits at the Meso-
zoic—Cenozoic (K/T) boundary and is devoted to the study of the Gams section (Austria). Using thermomag-
netic analysis, the following magnetic phases are identified: goethite (7 = 90-150°C), hemoilmenite (7 =
200-300°C), metallic nickel (T~ = 350-360°C), magnetite and titanomagnetite (7~ = 550-610°C), Fe—Ni alloy
(Tc = 640-660°C), and metallic iron (7 = 740-770°C). Their concentrations are determined from M(7). In all
samples, ensembles of magnetic grains have similar coercivity spectra and are characterized by a high coerciv-
ity. An exception is the lower coercivity of the boundary clay layer due to grains of metallic nickel and iron.
With rare exceptions, the studied sediments are anisotropic and generally possess a magnetic foliation, which
indicates a terrigenous accumulation of magnetic minerals. Many samples of sandy—clayey rocks have an
inverse magnetic fabric associated with the presence of acicular goethite. The values of paramagnetic and dia-
magnetic components in the deposits are calculated. According to the results obtained, the K/T boundary is
marked by a sharp increase in the concentration of Fe hydroxides. The distribution of titanomagnetite reflects
its dispersal during eruptive activity, which is better expressed in the Maastrichtian and at the base of the layer
J. The along-section distribution of metallic iron, most likely of cosmic origin, is rather uniformly chaotic. The
presence of nickel, most probably of impact origin, is a particularly local phenomenon as yet. The K/T bound-

ary is not directly related to an impact event.
PACS numbers: 91.30.Za
DOI: 10.1134/S1069351308050054

INTRODUCTION

According to numerous data, the Mesozoic—Ceno-
zoic (K/T) boundary is fixed by an increased magnetic
susceptibility of oceanic and marine deposits. Analysis
of continuous sections of oceanic sediments encom-
passing the K/T boundary [Pechersky and Garbuzenko,
2005] showed that the K/T boundary is often (in 30%
of the studied sections) marked by a peak of the mag-
netic susceptibility 7y, although this is not its typical fea-
ture. High values of the % peak are confined to epicen-
ters of active plumes but are also observed far from
plumes. The process of accumulation of magnetic sub-
stance in sediments can continue for from a few tens of
thousands (more often) to hundreds of thousands of
years. Many researchers relate the susceptibility
increase to the influx of terrigenous material from con-
tinents into oceanic sediments; i.e., higher values of the
magnetic susceptibility in oceanic sediments should
naturally be expected near continents. However, a
% peak is often altogether absent in sedimentary cores
closest to continents. Moreover, the biostratigraphic
K/T boundary is not synchronous: its positions in vari-
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ous parts of the ocean can differ by 0.7 Myr [Pechersky
and Garbuzenko, 2005]. These data indicate that the
K/T boundary and the accumulation of magnetic min-
erals cannot be related to a single impact event.

Until recently, only the behavior of the magnetic
susceptibility in sediments at boundaries of eras has
been analyzed, and their other magnetic properties have
not been studied. Therefore, we know virtually nothing
about the nature of ¥ peaks at era boundaries. The rela-
tions of compositions and other characteristics of mag-
netic minerals in sediments to magmatic activity of
plumes have not been studied at all. We attempt to com-
pensate for these substantial drawbacks by comprehen-
sive magnetolithologic and magnetomineralogical
investigations of epicontinental deposits at the K/T
boundary that are presently exposed on land and are
accessible for direct studies. In particular, this paper is
devoted to such a study of the Gams section (Austria).
Similar investigations were undertaken in relation to
the Koshak section (Mangyshlak) [Pechersky et al.,
2006a], where a detailed petromagnetic study of depos-
its encompassing the K/T boundary was performed. As
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aresult, it was found that two thin clayey interbeds (one
of them is located at the K/T boundary) are distin-
guished among the Chalk deposits by a relatively
increased magnetization, which is due to a relatively
higher concentration of paramagnetic minerals, Fe
hydroxides (up to 0.3%), hemoilmenite (up to 0.2%),
and magnetite (up to 0.01%) in these interbeds, imply-
ing that the distributions of the aforementioned mag-
netic, paramagnetic, and diamagnetic minerals in the
sediments are controlled lithologically. Insignificant
concentrations of titanomagnetite grains, apparently of
volcanic origin, are found only in the Maastrichtian
deposits. Rare grains of metallic iron, probably of cos-
mic origin, are met everywhere.

The Gams “section” in the form of a plate 6 cm thick
and 46 cm high was kindly placed at our disposal for
investigations by the management of the National
Museum of Natural History in Vienna. The area where
the plate was taken was additionally sampled by
A.F. Grachev and O.A. Korchagin in a wider depth
interval (£1 m around the boundary layer) [Grachev
et al., 2005].

The section, belonging to the Nierntal formation, is
a continuous succession of deposits including the K/T
boundary [Lahodynsky, 1988; Grachev et al., 2005].
Deposits of the formation are weakly lithified and occur
monoclinally. The part of the section below the K/T
transition layer is represented by alternating calcareous
marl and marly limestone, while clays with different
amounts of calcium carbonate and interbeds enriched
in quartz and/or carbonates are predominantly devel-
oped above the transition clay layer. The transition
layer, enriched in the smectite component, is character-
ized by increased concentrations of Ir (up to 10 ppb),
Cr, Co, Ni, MgO, Al,O;, and TiO,. Enrichment in Fe
hydroxides is noted in the lower part of the transition
layer, and balls of metallic nickel are found in the upper
part. The section under study is located within the
reversed-polarity magnetic chron C29R [Mauritsch,
1986]. The total thickness of the C29R interval in the
section is 20.5 m, and its time equivalent is 0.83 Myr
[Cande and Kent, 1995]. Consequently, the average
accumulation rate of sediments in the Gams section is
247 cm/1000 yr. On the geomagnetic polarity scale
[Cande and Kent, 1995], the C29R chron occupies the
interval from 65.58 to 64.75 Ma. The K/T boundary is
located higher than the C29R lower boundary by 12.5 m
(0.506 Myr). Consequently, the age of the K/T bound-
ary is 65.07 Ma. The K/T boundary occupies approxi-
mately the same position in the Gubbio (Italy) [Rocchia
et al., 1990] and Tetritskaro (Georgia) [Adamia et al.,
1993] continuous sections.

Biostratigraphic, lithologic, geochemical, petro-
magnetic, and other detailed studies of the deposits of
the Gams section were performed at different laborato-
ries, both in Russia and abroad [Grachev et al., 2005].
Petromagnetic studies were carried out at the IPE Lab-
oratory of Geomagnetism and at the Paleomagnetic
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Laboratory, KSU Geological Faculty. Electron micro-
probe analysis was performed at the Borok Geophysi-
cal Observatory.

TECHNIQUE OF PETROMAGNETIC STUDIES

The petromagnetic studies included measurements
of the specific magnetic susceptibility y, specific satu-
ration magnetization, saturation remanence, COercivity,
remanent coercivity, and A, and A, anisotropy. The
magnetic susceptibility was measured with a KLY-2 kap-
pabridge, and the remanent magnetization, with a JR-4
magnetometer. Hysteretic characteristics of samples
were examined with the use of a coercive spectrometer
[Burov et al., 1986; Yasonov et al., 1998], measuring
curves of isothermal magnetization up to 0.5 T in an
automatic mode. The magnetization curves were used
to determine the specific saturation remanence M,,,
specific saturation magnetization M, with removed
paramagnetic and diamagnetic components, coerciv-
ity H, with the removed influence of paramagnetic and
diamagnetic components, and remanent coercivity
H

cr

The magnetization of paramagnetic and diamag-
netic components was estimated from the curves of iso-
thermal magnetization in fields exceeding the satura-
tion field of magnetic components of samples. If the
saturation field of magnetic components was not
achieved, the resulting estimate of the paramagnetic
magnetization can be overestimated [Richter and van
der Pluijm, 1994].

The ensemble of magnetic minerals present in
samples has been analyzed with the use of coercivity
spectra of the normal remanent magnetization
[Sholpo, 1977; Robertson and France, 1994; Egli,
2003].

The thermomagnetic analysis of rock samples was
performed with the use of the Curie balance designed
by Burov et al. [1986], which measures the temperature
dependence of the inductive magnetization at a heating
rate of 100°C/min. Such a high heating rate is attained
due to the high sensitivity of the instrument, enabling
the use of very small samples (less than 10 mm? in vol-
ume). The temperature difference across such a sample
does not exceed 10°C. The thermomagnetic analysis
was performed in a constant magnetic field of 200 or
500 mT. Since the saturation fields of some samples are
higher than these values, we actually measured a cer-
tain inductive magnetization M(T) that is the sum of the
saturation (M), paramagnetic (M,), and diamagnetic
(M,) magnetizations for such magnetic minerals as
magnetite, titanomagnetite, hemoilmenite, and iron. A
high magnetic saturation field is probably due to
hemoilmenite grains and ferromagnetic Fe hydroxides.
The M{(T) curves of the first and second heatings to
800°C were obtained for all samples.

No. 5 2008
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Table 1. Magnetic properties of rocks of the Gams section
samplel d: |y LA |y | Ay | By | M, [MEOOMQO)| M, | M, | H, | H. |HJH|MJM|MT,|MTM,
127 93 (109 0.442 1.89 1 69 |[31.8 |343|-1.2 122 |22.5]|5.41 [0.234
126 87 | 9.15 0.905 37 | 59 |31 34.6|-3.6 109 |25.1 | 4.33 |0.245
125 82 |12 1.333 4.63 | 5.85 |28.4 |31.1 |-2.7 114 |26.3| 4.32 |0.288
124 77 | 8.62 0.823 324 | 6.1 |27.8 {299 |-2.1|112 | 259 4.34 |10.254
123 72 (117 0.962 374 | 64 |31.3 [343|-3 [108 |25.6|4.2 |[0.257
122 67 |10.8 0.759 3.58 | 6.7 |30.1 |32.2-2.1|107 |23.8|4.48 0212
21 62 |[11.1 0.865 489|173 (276 |28 |-04 (101 |20 | 5.03|0.178
120 57 | 725 0.292 136 | 695 (17.7 | 148 | 29| 93.3|22.5| 4.14 |0.215
t19 52 | 529 0.615 1.74 | 415 [21.8 | 243 |-2.5| 97.2| 25.3 | 3.84 | 0.353
118 47 110.8 0.594 1.95] 6.75 (309 |33.3|-2.4| 99.7| 22.6 | 4.41 |0.305
17 42 110.5 0.625 2.88| 6.65 (313 |34 |-2.7|103 |22.7]|4.53 |0.217
116 37 (124
116 37 | 3.22
115 32 |10.8 0.82 3.28 | 6.65 |30.5 |32.9-2.4(102 |23.3|4.38 |0.25
114 27 | 9.71 0.576 3.17 | 6.03 (274 {294 |-2 |102 |18 | 5.65|0.176
W9-1 |26 (134 |1.14|1.24 |1.31 | 1.24 I I
W9-2 |26 |[16.5 1.23 |1.34 | 1.32 | 2.05 1
Vo-1 |24 |12.5 | 1.08 |1.14 |1.32 | 1.31 I I
V9-2 |24 |144 1.11 |1.24 | 1.16 | 1.79 1
113 23 |11.6 1.01 563 | 68 (303 |324|-23|101 [19 | 5.33]0.179
U3-1 (22 |11 1.21 |0.85 [1.355| 1.23 N N
U3-2 (22 (11.1 | 1.12]0.78 |1.306| 1.17 | 3.72 | 0.55 [{26.9 |352|-8.3|102 | 19.7|5.18 |0.21 | N N
U3-3 (22 | 9.89 0.75 |1.284| 1.15 N
73-1 |20 | 3.49 0.282|1.131| 1.05 | 0.45 ? N
73-2 |20 | 3.78 0.411|1.127| 1.11 ? N
73-3 |20 | 3.64 0.223|1.096| 1.07 | 0.5 973/ 16.2 | -6.5 | 93.4|35.1 | 2.66 |0.442| ? N
t12 19 | 3.69
S7-1 |18 | 3.99 0.422|1.306| 1.24 ? N
S7-2 |18 | 4.15 0.463|1.173| 1.17 ? N
11 17 {13.3 0.717 3.69 | 8.05 (37.2 [40.2|-3 |101 |19.2|5.25|0.194
R2-1 |16 |11.7 04 |1.186| 1.12 | 2.06 | 423 (35.1 |42.5|-7.4 104 |17 | 6.13 |0.193 N
R2-2 |16 (119 | 1.08 |0.493|1.164]| 1.11 N
R2-3 |16 |[11.5 | 1.02|0.443|1.219] 1.11 | 1.9 I
110 15 |12 0.694 33 | 75 353 [383|-3 959|154 | 6.23 |0.21
9 14.5]14.6 0.985 465| 8.1 (384 [41.8|-34 (101 |18 | 5.59 |0.21
Q1-1 |14 |109 | 1.06 [0.391]1.197| 1.2 I 1
Q12 |14 |116 |1 046 |1.162| 1.16 I
18 13 (157 1.112 54 |79 [404 |44.8|-441103 |19.2| 5.37 |0.206
P1-1 |12 |124 |1.02 |{0.383|1.011| 1.01 | 2.14 | 3.72 (349 |43 |-81|106 |15 |7.1 |0.179| N N
P1-2 |12 |123 0.491|1.063| 1.06 1
17 11 | 4.07 0.354 1.05| 1.8 [109 | 12.5|-1.6 | 82.2|26.2 | 3.15 |0.337
0o1-1 |10 |12.7 0.382(1.149| 1.13 | 2.1 | 4.82 |36.2 [43.3|-7.1 |113 |17.5| 6.48 |0.182 I
o1-2 (10 |12.6 0.536|1.158| 1.12 I
01-3 |10 |12.1 | 1.03 |0.514|1.148] 1.09 | 1.69 29 N N
16 9 |12.1 0.434 321 7.7 |347 |37.2|-2.5] 93.6| 133 | 7.04 [0.135
15 8.5(12.8 0.478 41879 (362 |39 |-2.8]| 84.2|11.2| 752 |0.114
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Table 1. (Contd.)
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Si‘lgf’le C‘fi’l X | A | S | As | Es | M, [MBOO)\MQ0) M, | My | H, | H. |H,/H|MJ/M|MT,|MTM,

Ni-1 | 8 [123 0.724(1.074| 1.06 1|1

N1-2 | 8 [12.3 |1.050.63 |1.175] 1.03 1

N1-3 | 8 [12.1 | 1.1 [0.591|1.156| 1.12 | 2.25 | 3.58 | 35.8 | 44.4 | -8.6 [118 |23 | 511 |0263| I | I

14 7 (119 0.515 2.15 | 7.79 | 36.6 | 39.7 | -3.1 |108 [16.7 | 6.48 |0.24

M1-1 | 6 [12.1 |1.03 |0.501{1.188] 1.19 1| 1

M12 | 6 [11.9 0.737(1.148| 0.9 | 1.62 1| 1

M6-1 | 6 124 |1  |0.748(1.02 | 0.99

3 5 (107 0.411 2.55 | 7.05 | 32.5|35.1 | 2.6 [103 [16.9 | 6.09 |0.161

L1-1 | 4 [103 0.7231.162| 1.04 | 3.09 | 328 [29 [35.5|-6.5 113 |19.2 | 5.88 |0.234 N

[2-1 | 4 [112 | 1.07 [0.694]1.166| 1.07 | 2.56 | 3.25 | 31.8 [39.3 | -7.5 [129 (273 | 471 (0271| I | I

I8-1 | 4 [13.4 [1.02]0.698[12 |1.19 N

182 | 4 [132 0.621[1.21 | 1.08 N

T2 3 (119 0.559 2.83 | 7.3 [34.8(37.9|-3.1 117 [19.1 | 6.15 [0.198

K2-1 | 2 | 431 0.3 [1.082] 1.08 2| N

K2-2 | 2 | 4.02]1.09 [0.347(1.013| 1.01 | 0.53 2| N

K2-3 | 2 | 437 0.409(1.05 | 1.03 2| N

K2-4 | 2 |53 0.476(1.093| 0.93 | 1.29 13.5 [ 187 |52 91 [353 |2.58 (0368 2 | N

1 1 |633 0.386 154 [ 36 |19 |21.2]-22|96.1]21.5 | 4.47 |0.251

Jop | 0 |11 0.339 329 (3290903 |38 |40 |2 | 67.9] 92 |7.38(0.103

J6-6 | 1.6 24

J6-5 | 1.2 36

J6-4 | 0.9 32

J6-3 | 0.6 30

J62 | 03 49

J6-1 | 0 60

J7-1 | 0 [154 |1.03 [0.415[1.019] 0.98 N

J1-2 | 0 [157 042 [1.142] 1.09 | 2.1 N

J3-1 | 0 [155 | 1.04 |0.676 1.65 | 5.5 |42.6|51.1|-85| 67.6[10.9 | 6.22 |0.232

32 | 0 |16 0.317(1.308| 1.29 | 1.6 N

Ja-1 | 0 |156 0.391[1.314| 1.3 | 1.56 | 7.62 | 44.6 | 50.9 | -6.4 | 66.3|13.1 | 5.06 |0.25 N

J42 | 0 |156 0.302(1.311] 1.27 | 2.01 | 7.72 |42 |47.2|-52 | 50.6| 9.43| 5.37 |0.15 N

J5-1 | 0 [15.1 |1.04 [0.407[1.289| 1.19 N

J52 | 0 [155 0.419(1.277| 1.24 N

41 |2 | 6.65|1.04(0.229[1.157| 1.13 | 0.78 1| 1

142 |2 | 5.68]1.010.1951.125| 1.07 1

43 |2 | 558

H4-1 |-4 | 578 0.219]1.062 1 N

H42 |-4 | 5.05 0.078/1.095 0.36 147 | 21.1 | -6.5| 76.2[16.4 | 4.66 [0.217 N

H6-1 |-4 | 498 0.087(1.202| 0.96 N

H6-2 |-4 | 5.14|1.02(0.097(1.189| 0.99 N| N

H6-3 |-4 | 5.12 0.094(1.067| 0.98 N

kI |-5 | 485 0.162 113 29 |154 172 |-1.8| 87.7|13.7 | 6.4 |0.143

G3-1 |-6 | 5.05 0.094|1.236| 0.84 N

G3-2 |-6 | 4.87 0.093|1.151| 1.01 N

G3-3 |-6 | 49 0.085(1.182| 1 | 0.72 N

G6-1 |-6 | 5.19] 1.01 [0.097|1.204| 1.06 N

G6-2 |-6 | 5.1 0.089(1.218| 1.04 N

G6-3 |6 | 4.97 0.075|1.183| 1.08 | 0.55 149207 | -5.7| 97.6(13.3 | 7.32 |0.137 N
IZVESTIYA, PHYSICS OF THE SOLID EARTH Vol 44 No.5 2008
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Table 1. (Contd.)

Salll’g@e C‘fil X | Ay | Iy | Ay | Ey | M, |MEBOO)MQ0) M, | My | H, | H, |H,/H|MJM|MT, \MTM,
Fo6-1 -8| 4.74 0.088|1.219| 1.04 N
F6-2 -8| 4.68 0.089|1.245| 1.04 | 0.66 N
F6-3 -8/ 4.7 |1.030.088(1.201| 1.02 N
E6-1 -10| 4.64 0.072|1.224| 1.03 | 0.68 13.6 | 19.1 | -5.5| 92.7| 15.7 | 5.92 |0.107 N
E6-2 -10| 4.63 0.095|1.194| 1.03 N
E6-3 —10{ 4.62 | 1.02 {0.098|1.153] 1 N
D6-1 -12] 4.8 0.113|1.144| 1 0.92 139198 |-59| 783| 11.8 | 6.64 |0.123 N
D6-2 | —-12|4.93 0.143|1.134| 1.03 N
D6-3 | —-1214.19 | 1.03 {0.124(1.15 | 1.03 N
C6-1 —14]5.23 0.135|1.17 | 0.98 | 0.73 14.6 | 20.7 | -6.1 |102 | 18 5.65 |0.184 N
C6-2 | —1414.96|1.03 [0.201|1.182| 0.99 N
C6-3 —14{5.02 0.214|1.145]| 1.05 N
k2 -15] 491 0.158 1.19 | 2.6 13.7 153 | -1.6 | 80.8| 12.6 | 6.41 |0.133

B6-1 -16|4.06 | 1.02 |0.17 |1.132] 0.98 N
B6-2 -16| 3.93 0.172|1.174| 0.95 N
B6-3 -16| 4.18 0.123|1.168| 1.02 | 0.48 | 0.84 | 11.7 | 149 | -3.3 | 94.7| 28.2 | 3.35 | 0.254 N
A6-1 —18| 4.87 0.167(1.22 | 1.14 | 0.65 0.257 N
A6-2 —18] 4.62 0.16 |1.12 | 1.04 N
A6-3 —18| 4.84 0.18 [1.09 | 1.05 N
A6-4 —-18| 4.76 0.184|1.17 | 1.13 N
A6-5 —18| 4.8 0.163|1.23 | 1.09 N
k3 =221 4.17 0.104 0.86 | 2.6 135115 |-1.5] 70.1| 12.4 | 5.65 |0.121

k5/1 -33]3.67 0.119 0.62 ] 2.1 12 13.6 | -1.6 | 66.6| 15.3 | 4.35 |0.192

k572 -37{3.94

k6/1 —40| 4.42

k6/2 —45| 4.95 0.103 09 |29 155174 |-19| 653 11.8 | 5.53 |0.114

k71 —481 4.55 0.083 0.82 | 2.7 151 17.1 =2 79.7| 12.8 | 6.23 |0.101

k8 -52{5.72 0.11 1.02 | 3.7 176 | 19.2 | -1.6 | 82.6| 11.3 | 7.31 |0.108

k9/1 —541 6.68

k8 -60] 6.1

k10/1 | —63|5.48

k1072 | =70| 4.99 0.089 1.05| 2.8 154|174 | =2 77.3] 10.5 | 7.36 | 0.085

k10/3 | -78]5.31 0.141 1.53 | 3.2 1621179 |-2.7| 87.21 109 | 8 0.092

k10/4 | -85|5.34 0.14 1.37| 3.1 16 178 | -1.8 | 85 |12 7.08 10.102

k11 -90] 3.14

k12/1 | -95| 6.48

k12/2 |-100| 8.67

k13 -102]| 3.55

k1472 |-110| 8.57

k14/3 |-115| 4.93

k14/4 |-120| 4.15 0.369 1.16 | 2.2 127 | 145 -1.8| 93.1| 274 | 3.4 |0.318

Note: Samples collected in 2000 and 2005 are designated by capital and lowercase letters, respectively. The value d is the along-section dis-

tance measured from the boundary layer J; 7 is the specific magnetic susceptibility (107 m3/kg); Ay = Xmax/Xmin 1s the anisotropy of

the magnetic susceptibility; M, is the specific saturation remanence (1073 A m2/kg); A=M, /M, isthe anisotropy of the sat-

rSm

uration remanence; E, = M, /M, M, >1and <1 correspond to magnetic foliation and linear magnetic fabric, respectively;
Sin “max Smin

M is the specific saturation magnetization (10’3 A mszg); M(800) and M(20) are magnetizations measured at 800 and 20°C; and M,

is the paramagnetic magnetization (103 A mzlkg). Sample J6 1.7 cm in height was divided along the vertical into six pieces and M,, values

for each piece are presented. M is the diamagnetic magnetization; H,, is the remanent coercivity (mT); H.. is the coercivity (mT); MT), is
the magnetic fabric determined from the remanent magnetization; and N and / are normal and inverse fabric, respectively.
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The concentrations of magnetite, titanomagnetite,
iron, hemoilmenite, and goethite in samples were esti-
mated. For this purpose, the contribution of a given
magnetic mineral to M; was determined from the M(T)
curve, and its value was divided by the specific satura-
tion magnetization of this mineral. According to
[Nagata, 1961], the following M, values were
accepted: ~90 A m?/kg for magnetite and titanomag-
netite; ~200 A m*kg for iron; and 4 and 10 A m*kg for
hemoilmenites with T higher than 300°C and 7. =
250-260°C, respectively. The specific saturation mag-
netization of goethite varies from 0.02 to 0.5 A m%*/kg,
depending on its aggregate state [Bagin et al., 1988].
For calculation of the goethite concentration, we
accepted the average value M, = 0.25 A m?/kg. Judging
from the ratio of the saturation magnetization M, of all
magnetic minerals present in the studied sediments to
their paramagnetic magnetization M, (Table 1), the
concentration of magnetic minerals must be five to ten
times smaller than the total Fe concentration (in the
form Fe,0;) estimated from chemical analysis data.
Examination of thin sections and the magnetic fraction
showed that grains of ilmenite, which is paramagnetic
at room temperature, are present in the samples. There-
fore, the resulting estimate of the hemoilmenite con-
centration is the lower bound for the concentration of
hemoilmenite and ilmenite in the samples studied. The
obtained estimates of the concentrations of magnetic
minerals are somewhat tentative, but their relative
changes are authentic.

The data of magnetic measurements provide con-
straints on the concentrations of paramagnetic (para-
magnetic Fe hydroxides, clays, etc.) and diamagnetic
(carbonates and quartz) components in the sediments.
The paramagnetism of samples is virtually controlled
by the iron content in paramagnetic minerals. Conse-
quently, the total iron concentration in rocks can be
estimated from the paramagnetic magnetization value.
If the latter is known at room temperature, the paramag-
netic magnetization at 800°C can be calculated from
the Curie—Weiss law. The diamagnetic magnetization is
virtually independent of temperature [Vonsovskii,
1971]. Taking into account that all measurements are
conducted in the same external magnetic field or
reduced to one field (in this case, we assume a linear
dependence of the paramagnetic and diamagnetic mag-
netization values on the field), the diamagnetic and
paramagnetic magnetization components at room tem-
perature can be calculated from the following simple
equations:

M, + M, = My,
Mp/3.644 + Md = Mgoo,

where M, is the paramagnetic + diamagnetic magneti-
zation determined from the curve of isothermal magne-
tization at room temperature above the saturation field
of magnetically ordered (magnetic) minerals present in

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 44
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a sample, and My, is the magnetization of the sample
at 800°C measured in the same field. The divisor of M,
(3.644) is the ratio of temperatures 1075 K/295 K. We
obtain from these equations

Mp = 1378(M20 - MSOO)'

The results of these calculations are presented in
Table 1.

We obtained the thermomagnetic curves during suc-
cessive heatings of samples to different temperatures,
which allowed us to distinguish heating-related
changes that occur in samples from Curie points.

Along with the petromagnetic studies, we per-
formed microprobe analysis of the magnetic fraction of
several samples using a Camebax microanalyzer. The
material of the fraction extracted by a strong permanent
magnet was placed onto a conducting film with sticky
layers on both sides of it; the resulting specimen had the
shape of a disk 26 mm in diameter. The microprobe
measurements were performed with an accelerating
voltage of 20 kV and a beam current of 10 nA. The
effective diameter of the probe was 2-3 um. The con-
centrations of TiO,, FeO, MgO, MnO, Cr,0;, Al,O3,
Si0,, Ca0, Ni, and Cu were measured. On the whole,
the results of microprobe and thermomagnetic analyses
complement each other.

RESULTS OF PETROMAGNETIC STUDIES

The specific magnetic susceptibility, saturation
magnetization, and saturation remanence of rocks of
the Gams section vary within wide limits and generally
reflect the main lithologic characteristics of rocks, such
as the contributions of diamagnetic material (calcite
and quartz), paramagnetic material (Fe-bearing clays
and Fe hydroxides), and magnetic minerals. Therefore,
the magnetization is at minimum in the Maastrichtian
marls and in a series of interbeds of Danian sediments
enriched in diamagnetic calcite and quartz (in particu-
lar, these are the K lens and the S, T, #-16, and 7-19 lay-
ers). The Danian sandy—clayey deposits in a 4-25 cm
interval of the section are most magnetic (Table 1, Fig. 1).
In general, the patterns of the y, M,, and M, along-sec-
tion distributions, controlled lithologically, are very
similar. Against this “background,” the J layer is
sharply distinguished by its increased magnetic suscep-
tibility but has no signatures in M, and M,,, which we
explain by the fact that the main contribution to % is
made by paramagnetic material. The role of paramag-
netic material, whose magnetization is 5-20 times
higher than the total saturation magnetization M, of
magnetic minerals, is significant in all rocks (Table 1).
The amount of paramagnetic material in the sandy—
clayey deposits is about twice as large as in the marls
and limestones (Table 1). A positive correlation
between M, and M, (Fig. 2a) points to a decisive role of
the concentration and composition of magnetic miner-
als in both. Some deviations from this correlation are
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Fig. 1. Along-section distribution of (a, b) specific magnetic susceptibility y, (c, d) specific saturation magnetization M, and
(e, f) specific saturation remanence M,; (a, c, e) along the entire section; (b, d, f) along the 10 cm interval. In this and other figures,
the horizontal thick line marks the boundary clay layer (K/T boundary).

attributable to a significant role of structural factors (in
particular, the size of magnetic grains) in M,,. On the
one hand, the presence of fine single-domain (SD)
grains leads to underestimation of M, compared to M,.;
on the other hand, the presence of superparamagnetic
grains leads to overestimation of M, compared to M,
The correlation of M, and M,  with 7y is weaker
(Figs. 2b, 2¢), evidently because of an appreciable con-
tribution made to the latter by paramagnetic, diamag-
netic (divergences in the weakly magnetic range), and
superparamagnetic (divergences in the highly magnetic
range) materials, whose effects are mostly eliminated
in M, and absent in M,,. The points of the M, versus ¥
diagram in Fig. 2b form two groups: the first reflects the
correlation between these characteristics due to an

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 44

appreciable contribution of magnetic minerals to the
susceptibility, and no correlation is observed in the sec-
ond group, which can be due to the fact that only para-
magnetic materials contribute to the susceptibility. All
points of the second group are obtained solely from the
Danian sandy—clayey deposits (Table 1). A strong pos-
itive correlation between ¥ and M, indicates that the
susceptibility is associated with paramagnetic material
(Fig. 2d).

Composition of magnetic minerals. Analysis of
the M(T) curves and their derivatives revealed the pres-

ence of the following nine magnetic phases [Pechersky
et al., 2006b].

No. 5 2008
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Fig. 2. Correlation between (a) M, and My, (b) M and ), (¢) M, and ¥, and (d) M, and X.

(1) T = 60-140°C. This magnetic phase is masked
in the first heating curves of the thermomagnetic analy-
sis (TMA) by magnetic hydroxides (goethite) and the
hyperbolic shape of the TMA curve; it is better seen in
differential TMA curves, particularly those of second-

(a) (b)
100, 10~ .
8OF . ¢ *s
60F, N
- 5+ -
40 - '. .o
20 —0’00: ¢, ¢
. Y ‘.’. * *
g 0 L ee 1 ¥ 00 o | ¢ 1 L |
° R 12 3
—201 "% Goethite, % Goethite, %
—40f °, .
* . 5+ .
_60 L
—80F ¢
~100 F —10L
—120L.

Fig. 3. Goethite concentration determined from data of ther-
momagnetic analysis: (a) along the entire section; (b) in the
+10 cm interval.
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ary heating. The contribution of this phase to M; does
not exceed 10%. The phase is stable during heating to
800°C and probably arises as a result of such heating.
This is possibly ferrospinel fixed in a number of exper-
iments [Bagin et al., 1976, 1977; Gapeev et al., 1986;
Lykov and Pechersky, 1976, 1977]. No relation of this
mineral to lithologic characteristics or mineral compo-
sition has been noted (Table 2).

(2) T =90-150°C. This phase is present in all sam-
ples under study, and its contribution to M; is 10-20%
(Table 2). After heating, this phase disappears. Most
likely, it consists of Fe hydroxides of the goethite type.
If we assume that this phase is goethite with M, =
0.25 A m%kg, its concentration should vary from 0.2—
0.6% in the Maastrichtian marls, K lens, and weakly
magnetic interbeds of the Danian sediments to 1-2.5%
in the sandy—clayey sediments, attaining a maximum
(2.5%) in the boundary layer J (Fig. 3).

(3) T = 180-300°C. This phase is present in sam-
ples collected near the boundary layer J (20 cm). Its
contribution to M; is 0—40% (Table 2). Upon heating to
800°C, the fraction of this phase in many samples
increases to 30-90% (an appreciable increase in mag-
netization) and the Curie point often decreases (Table 2).
After heating of the samples to 750°C, the magnetiza-
tion does not increase. This is supported by successive
heatings of samples (e.g., K2-4, Fig. 4). Judging from

No. 5 2008
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an increase in M; with decreasing T, this phase is
hemoilmenite. During heating, it partially homoge-
nizes, which results in a noticeably convex shape of the
curve M(T). The control heating of some samples to
1000°C removes the convexity of this curve, and the
M{(T) value additionally increases by two to three times
as compared with the results of heating to 800°C
(Fig. 5). This corresponds to the diagram of state of
hemoilmenite of an intermediate composition whose
range of homogeneous states lies above 900°C [Nagata,
1961]. The hemoilmenite concentration varies from
<0.0001 to 0.08% (Fig. 6). Large amounts of ilmenite
grains (fragments) are present in magnetic fractions of
all samples examined with the microprobe. The grains
often have the shape of relatively large (more than 50 um)
plates. Their concentration in the sediments is from a
few tenths of percent to a few percent, and they are
close in composition to pure ilmenite (Table 3). None
of hemoilmenite grains has a composition correspond-
ing to a Curie point of 200-300°C. Evidently, the
majority of hemoilmenite grains are very fine, smaller
than the probe size, which is indicated by their high
coercivity, and the concentration of hemoilmenite with
T- = 180-300°C is one to two orders of magnitude
lower than the concentration of ilmenite. Very thin
lamellae of hemoilmenite similar to hematite (tenths or
hundredths of a micrometer) are recognizable in
ilmenite grains. Their composition cannot be measured
with a probe 2-3 um in size. However, their presence is
confirmed by the fact that ilmenite is well extracted by
a magnet, apparently due to hemoilmenite inclusions,
because pure ilmenite at room temperature is paramag-
netic. Thus, the along-section distribution of hemoil-
menite reflects the degree of heterophase oxidation of
ilmenite rather than its total concentration.

Mg-Al ferrospinels with similar Curie points (200—
300°C) can also form during laboratory heatings. To
obtain this phase, Fe-, Mg-, and Al-bearing silicates
decomposing at high temperatures must be present in
rocks [Bagin et al., 1976, 1977; Gapeev et al., 1986].
However, there is no correlation between the amount of
this magnetic phase and the Fe, Mg, and Al concentra-
tions [Grachev et al., 2005]. Thermomagnetic analysis
of the magnetic fraction extracted by a permanent mag-
net and the nonmagnetic residue from samples col-
lected from the L and W layers provides another argu-
ment: as seen from Fig. 7a, the phase with a Curie point
of about 250°C is fixed precisely in the magnetic frac-
tion. The curves M(T) of the second and third heatings
lie well below the curve of the first heating because
nearly half of magnetite disappears, apparently due to
its oxidation to hematite during heating. The largest
amount of Mg—Al ferrospinels might be expected to
form from the nonmagnetic fraction, but its heatings do
not lead to any changes (Fig. 7b).

(4) T = 200-370°C. This magnetic phase is
observed in most samples of the section and, as seen
from data of successive heatings, is destroyed upon
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Fig. 4. Results of successive heatings of samples J3-1 (a)
and K2-4 (b).

heating to 300°C (Table 2); i.e., in the vast majority of
cases, this is not a Curie point but the ordinary process
of maghemite-to-hematite transformation.

(5) T¢ = 360°C. This magnetic phase is discovered
in samples from the J layer (samples J6-4, J6-6, and J3-2).
The microprobe analysis revealed metallic nickel in
sample J6-6 from the upper part of the J layer and in
sample J6-4 from its middle part (in two fragments less
than 3 mm in size) [Gracheyv et al., 2005]. In all remain-
ing samples of the section, including samples J6-1, 2, 3,
and 5, metallic nickel was not detected from the curves
M{(T) (Table 2). The average concentration of nickel
grains in the J layer is apparently less than 0.001%
(~0.01, ~0.1, and ~0.02% in small fragments from sam-
ples J6-4, J6-6, and J3-2, respectively). The detection of
metallic nickel only in a few tiny specimens points to its
local and very nonuniform distribution in the J layer.
Apart from the J layer, the microprobe detected an
intergrowth of pure nickel and copper in sample L6.
The thermomagnetic analysis did not reveal nickel in
the L layer, which confirms its extremely nonuniform
distribution. The presence of a few nickel grains in the
L layer possibly results from denudation of the upper-
most part of the J layer and redeposition of nickel par-
ticles that precipitated mainly during the sedimentation
of the uppermost part of the J layer.

(6) T = 510-610°C. This magnetic phase is present
in all studied samples of the section, and its contribu-
tion to M, varies from 5 to 40% (Table 2). This phase is,
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Fig. 6. Hemoilmenite concentration determined from data of thermomagnetic analysis: (a) along the entire section; (b) in the
+20 cm interval.
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Table 3. Composition of minerals from magnetic fractions of sediments of the Gams section (data of microprobe analysis)

Sample, mineral TiO, FeO MgO MnO Al,O4 Cr,0; |Grain size, pm
L6, pt.1, ilmenite 40.2 51.9 0.9 0.1 0.3 0.0 20 x 20
pt.2, ilmenite 45.4 52.9 0.8 0.0 0.2 0.1 50 x 60
pt.3, ilmenite 46.1 52.2 0.6 0.1 0.2 0.1 10x 10
pt.4, ilmenite 40.5 56.6 0.4 0.0 0.6 0.1 10x 15
pt.5, ilmenite 45.5 51.2 0.2 0.0 0.2 0.1 20 x 25
pt.6, ilmenite 44.5 53.2 0.1 0.1 0.2 0.2 20 x 30
pt.7, magnetite 0.0 93.8 0.1 0.2 0.1 0.0 30x30
pt.8, magnetite 0.0 93.8 0.2 0.1 0.1 0.1 20 x 20
L7, pt.1, magnetite 0.0 93.9 0.0 0.0 0.5 0.1 15%x15
pt.2, ilmenite 47.4 50.2 0.5 0.1 0.2 0.0 10 x 10
pt.4, ilmenite—rutile 81.0 15.9 0.0 0.0 0.3 0.0 10 x 25
M4, pt.1, magnetite 0.0 93.1 0.0 0.1 0.1 0.0 40 x 40
pt.2, magnetite 0.0 95.2 0.0 0.2 0.2 0.0 50 x 50
pt.3, ilmenite 47.2 51.2 0.2 0.1 0.2 0.1 20 x 20
pt.4, magnetite 0.0 93.9 0.1 0.1 0.1 0.0 50 x 50
pt.5, magnetite with clay 0.0 82.8 0.9 0.3 2.2 0.1 6x6
pt.6, magnetite with clay 0.0 84.6 2.2 0.3 3.0 0.1 10x 20
04/5, pt.1, magnetite 0.0 94.1 0.0 0.0 0.2 0.1 20 % 20
pt.2, magnetite 0.0 95.2 0.0 0.2 0.2 0.0 30x30
pt.3, ilmenite 46.1 52.2 0.6 0.2 0.2 0.0 10x 10
pt.4, ilmenite—rutile 80.5 17.9 0.0 0.0 0.3 0.0 10 x 20
pt.5, magnetite 0.0 93.6 0.0 0.1 0.1 0.1 30x30
pt.6, magnetite with clay 0.0 88.8 0.7 0.1 0.2 0.1 4 x4
pt.7, magnetite 0.0 94.6 0.2 0.0 0.2 0.1 40 x 50
pt.8, ilmenite—rutile 82.4 14.2 0.2 0.0 0.1 0.2 20 x 30
pt.8a, rutile lamellae 94.5 0.0 0.0 0.0 0.1 0.1
PS5, 6, pt.1, ilmenite 46.0 53.9 0.1 0.0 0.2 0.0 20 x 25
pt.2, magnetite 0.0 94.2 0.2 0.1 0.1 0.0 25 %25
pt.3, magnetite 0.0 93.9 0.0 0.2 0.3 0.1 25 %25
pt.4, rutile 98.8 0.6 0.1 0.1 0.1 0.0 10 x 25
pt.4a, ilmenite 45.4 49.2 0.2 0.1 0.5 0.1 3x5
W, upper part
pt.1, ilmenite 43.0 54.9 0.1 0.0 0.1 0.0 10x 10
pt.2, ilmenite 45.2 47.2 0.2 0.1 0.6 0.1 15x15
pt.3, rutile 98.8 0.6 0.1 0.1 0.1 0.0 10 x 25
W, lower part
pt.4, ilmenite 45.5 53.9 0.0 0.0 0.3 0.0 20 x 20
pt.5, ilmenite 46.3 49.2 0.1 0.1 04 0.1 15%x15
pt.6, rutile 96.8 1.6 0.0 0.0 0.0 0.0 10 x 25

as a rule, preserved after heating, but its amount usu-
ally decreases and, in some samples, T shifts toward
lower temperatures. This is titanomagnetite trans-
formed into magnetite due to heterophase oxidation;
magnetite in turn often experiences single-phase oxida-
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tion (T > 580°C). As a result of laboratory heating to
800°C, titanomagnetite grains partially homogenize
and 7 shifts toward lower temperatures. This feature is
possible evidence for the presence of titanomagnetite in
many samples of the section; its concentration varies
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Fig. 7. Results of the first, second, and third heatings of a sample from the layer W: (a) magnetic fraction of the sample; (b) non-

magnetic residue. m is the magnetic moment (10”7 A m?).

mainly from 0.001 to 0.01%, and its distribution does
not depend on the rock composition (Fig. 8). The pres-
ence of titanomagnetite in the J layer is confirmed by
data of microprobe analysis: its grains are close in com-
position to titanomagnetites typical of basalts (~20—
25%Ti0,) [Grachev et al., 2005]. As distinct from tita-
nomagnetite, magnetite is subject to lithologic control,
and its concentration increases from zero in the J layer
to 0.017% in the O layer (Fig. 8). The absence of tita-
nomagnetite in this interval is confirmed by microprobe
data: only magnetite that does not contain titanium is
discovered in the K, L, M, O, and P layers (Table 3).
There is no correlation between the presence of titano-
magnetite and the concentration of magnetite and tita-
nomagnetite; i.e., their sources are different (Fig. 8).
Well-preserved single crystals are very often met
among magnetite fragments in magnetic fractions,
which points to a nearby provenance or in situ crystal-
lization of magnetite. Such crystals of pure magnetite
are evidently of nonmagmatic origin. The amount of
magnetite in samples from the K and T layers increases

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 44

upon heating, which is accompanied by a more than
threefold increase in M; (Table 2).

(7) T = 650—660°C. This phase is reliably fixed in
samples from the J layer (Table 2) and is possibly
present in samples t14 (27 cm), k1 (-5 cm), and k2
(=15 cm). The contribution of this phase to M; is 5—
20%. Upon heating to 800°C, this phase almost com-
pletely disappears; i.e., it is not hematite. Given that
nickel is present in samples of the J layer, we may sug-
gest that this phase is an alloy of iron and nickel. A sim-
ple calculation with the use of the T- and M, values of
iron and nickel shows that possibly this is Fe;Ni, which
is confirmed by microprobe data [Grachev et al., 2005];
its concentration is about 0.005%.

(8) T = 660-680°C. This phase forms, exists, and
is preserved in some samples upon heating to 800°C
(Table 2). This is evidently hematite. Its contribution to
M is usually less than 10%.
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(9) T = 740-770°C. This phase is present in many
samples, and its contribution to M, is 0-30% (Table 2).
Upon heating to 800°C, it partially or completely dis-
appears. Evidently, this phase is metallic iron with
minor admixtures that oxidizes upon heating to 800°C.
A few balls of pure iron are detected with the micro-
probe in samples J2 and M4 [Gracheyv et al., 2005]; its
concentration is less than 0.002%. The along-section
distribution of metallic iron is rather uniform (Fig. 9).

Coercivity of magnetic minerals. As seen from
coercivity spectra [Pechersky et al., 2006b], ensembles
of magnetic grains are similar in all samples except
samples from the J layer. The coercivity spectra reveal
a smooth increase to a maximum at 100—-140 mT, fol-
lowed by a drop to a minimum at ~400 mT with a sub-
sequent rise to 500 mT. Against this background, the
coercivity spectra of J samples are sharply distin-
guished by a maximum or a flat inflection in the low
coercivity range at 25-40 mT. In the remaining part,
their spectra are similar to those of samples of the
sandy—clayey deposits.

IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 44

There is no correlation of the coercivity of rocks
with the concentration and composition of rocks and
minerals (Table 1; Figs. 3, 6, 8, 9); only a general ten-
dency toward a concurrent increase in the coercivity
and goethite concentration in rocks can be noted. Con-
sequently, the coercivity of rocks is primarily con-
trolled by the structural state of magnetic grains rather
than by their composition and concentration. The coer-
civity drop in the J layer is clearly seen from both H,,
(Table 1) and the coercivity spectrum.

Judging from the H,, and M, /M, values (Table 1),
coarser pseudo-single-domain (close to multidomain)
magnetic grains prevail in the Maastrichtian lime-
stones, whereas hard fine SD grains (and close to them
in size) are distributed in the sandy—clayey deposits.
The finest SD magnetic grains are present in the K lens
and T layer. The smallest value of H., in samples from
the J layer (Table 1) has no signatures in M, /M, and
H,/H., which confirms that H., is unrelated to the size
of magnetic grains and is controlled by the presence of
magnetically soft nickel.
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Fig. 8. Concentrations of (a, b) magnetite and (c, d) titano-
magnetite determined from data of thermomagnetic anal-
ysis: (a, ¢) along the entire section; (b, d) in the £20 cm
interval.

Anisotropy. The anisotropy of the magnetic suscep-
tibility (A,) and saturation remanence (A,,) was mea-
sured. The A, values of the main group lie within 1-1.1,
and only four samples have A, > 1.1, whereas the A,
values of this group lie within 1.12-1.36 and only four
samples have A, < 1.11 (Table 1). Apparently, this is
due to the fact that the paramagnetic and diamagnetic
parts of the studied sediments are generally isotropic,
and the distributions of their symmetry axes are nearly
chaotic, although calcite and clayey minerals are aniso-
tropic (A, is 1.13 for calcite and 1.2-1.35 for clays;
quartz is isotropic [Rochette et al., 1992]). In the layers
from A to R, the anisotropy A,, varies within similar
limits. An exception is the boundary clay interbed,
where the anisotropy has a large scatter (from 1.02 to
1.32).
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Fig. 9. Concentration of metallic iron determined from data
of thermomagnetic analysis: (a) along the entire section;
(b) in the £20 cm interval.

The vast majority of sediments of the section have a
magnetic foliation (£ = Mfs(_” IM,, xM,, >1), and

only some horizons are characterized by either £ ~ 1 or
very weak linearity (the B, C, G, and H samples of the
Maastrichtian section interval) (Table 1). All the afore-
said can be accounted for by the presence of elongated
grains of magnetic minerals, compaction of the sedi-
ments, a certain role of flows, etc. The presence of
anisotropy and a magnetic fabric points to the terrige-
nous origin of the accumulation of magnetic minerals.

Apart from the normal magnetic fabric, with the
minimum susceptibility perpendicular to the bedding
plane, there are present intervals of an inverse fabric,
with the maximum susceptibility perpendicular to the
bedding plane (the I, L, M, N, O, P, Q, V, and W hori-
zons). Samples with the normal fabric are also met in
these horizons (Table 1). Such an inverse magnetic fab-
ric is inherent in acicular goethite, whose easy magne-
tization axis is perpendicular to the axis of grain elon-
gation [Rochette et al., 1992; Bagin et al., 1988]. The
magnetic anisotropy value and specific features of the
magnetic fabric do not correlate with the composition
and concentration of magnetic minerals, but the follow-
ing general tendency is noted: only the normal mag-
netic fabric characterizes the marls, where the goethite
concentration is much lower than in the sandy—clayey
sediments (Table 1); therefore, the inverse fabric is evi-
dently associated with the presence of acicular goethite.

Paramagnetic magnetization. The paramagnetic
magnetization is actually controlled by the total iron
content in rocks, as is seen from the positive correlation
of this magnetization, first, with the total iron concen-
tration in rocks obtained from chemical analysis data;
second, with the goethite concentration; and, third, with
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[Grachev et al., 2005].

the magnetic susceptibility (Figs. 1, 3, 10). Therefore,
Fig. 10 reflects the iron distribution in the sediments
studied; in general, this is also observable in Figs. la
and 1b. Thus, the Maastrichtian and Danian deposits
sharply differ in paramagnetic magnetization and mag-
netic susceptibility, i.e., in iron concentration, and the
largest values of M, are fixed in the interval 0-20 cm.
The highest goethite concentrations (Fig. 3) are also
obtained in this interval (in particular, in the J layer).
Inside the J layer, the total iron concentration is highest
at its base and decreases upward by a factor of ~2.5
(Table 1). Against the background of large values of M,
in the Danian rocks, the boundary layer J is distin-
guished by maximum values of M, and  and a series of
interbeds have minimum values of M, and ¥ (1-2 cm
(K lens and t1), 11 cm (t7), 18-20 cm (S, T, and t12),
37 cm (t16), 57 cm (t20), and 77 cm (t24)). This sug-
gests a certain rhythmicity (with a 10- and/or 20-cm
periodicity) of drops in the iron accumulation in sedi-
ments. In the Maastrichtian deposits, where iron is dis-
tributed rather uniformly, the rhythmicity noted in the
Danian layers is much more weakly expressed (Figs. 1,
10, 11).

Discussion of petromagnetic results. The follow-
ing two levels of x, M,,, and M, are well fixed in the sec-
tion: (1) the weakly magnetic Maastrichtian marls
underlying the J layer and the K lens and a series of
interbeds in the Danian deposits and (2) more magnetic
sandy—clayey deposits of the Danian (Table 1, Fig. 1).
These two levels are generally consistent with the
along-section distributions of magnetite (Fig. 8), goet-
hite (Fig. 3), and paramagnetic magnetization (Fig. 10),
1.e., with the total iron content in the rocks. This ten-
dency is expressed to a lesser degree in the distribution
of hemoilmenite (Fig. 6) and is absent in the distribu-
tions of titanomagnetite (Fig. 8) and metallic iron
(Fig. 9). The aforementioned levels, primarily in the
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Danian part of the section, exhibit drops in the total iron
content (expressed in the paramagnetic magnetization
and magnetic susceptibility) that recur every ~10-
and/or ~20-cm interval (Figs. 1, 10, 11). These intervals
correspond to periods of ~10 and ~20 kyr, which is

cm
100

80

60

40|

20+

0

=20

40

-60

-80

100

120+

Fig. 11. Drops in the total iron concentration rhythmically
recurring at approximately 10 and/or 18-20 cm periodicity
that are expressed in terms of the magnetic susceptibility

(1072 m¥/kg).
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close to the average precession period of the Earth’s
rotation axis and the main periods of the geodynamo
[Merrill et al., 1996]. In the Maastrichtian part of the
section, this rhythmicity is much less pronounced,
which is apparently due to a very weak magnetization
of the limestones.

With rare exceptions, the sediments under study are
anisotropic and generally have a magnetic foliation,
which points to a terrigenous nature of magnetic miner-
als. Many samples of the sandy—clayey rocks have an
inverse magnetic fabric, with the maximum remanence
or susceptibility perpendicular to the bedding plane.
This is primarily associated with the presence of acicu-
lar goethite, in which an inverse magnetic fabric is
inherent. Samples from the interbeds with small values
of ) and M, (in particular, from the K, S, and T layers)
differ from the remaining samples by isotropy and a
substantial increase in the amount of secondary magne-
tite appearing due to laboratory heating (Table 2). This
means that such samples contain authigenic (isotropic)
magnetic and paramagnetic minerals oxidizing upon
heating, forming magnetite. Such a mineral can be, for
example, pyrite. This pattern of layers with small val-
ues of y and M, emphasizes the cyclicity of the sedi-
mentation process.

Judging from the coercivity spectra, the ensembles
of magnetic grains are similar in all samples, somewhat
differing in marls and sandy—clayey deposits, and are
characterized by high coercivity values. An exception is
the J layer, containing not only an ensemble of mag-
netic grains similar to that in high coercivity samples of
sandy—clayey deposits but also magnetic grains with a
lower coercivity (the maximum of the coercivity spec-
trum at 25-40 mT). The coercivity spectra of the stud-
ied rocks are primarily controlled by goethite grains.
The low coercivity part of the spectrum for the layer J
is most likely caused by grains of metallic nickel and an
iron—nickel alloy.

The along-section distributions of goethite and mag-
netite are generally similar and mainly reflect a concur-
rent accumulation of these minerals that occurred under
lithologic control. As noted above, the goethite concen-
tration increases in a jumpwise manner, beginning with
the layer J, whereas the magnetite concentration “lags
behind” lithology variations: it is very low or vanishes
in the Maastrichtian marls, and very small values are
also observed in the J layer, t1, and the K lens; only
beginning with the L layer, i.e., above the K/T bound-
ary by 4 cm (later by about 4000 yr), does the magnetite
concentration substantially increase, continuing to
increase up to the O layer (Fig. 8).

The hemoilmenite concentration appreciably
increases above the J layer, where the magnetite and
goethite concentrations also increase but, higher along
the section, the hemoilmenite concentration abruptly
drops, as in the Maastrichtian limestones (Fig. 6),
marking the zone of higher oxidation of ilmenite grains
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in the sediments. This is a zone of higher accumulation
of goethite and magnetite.

The chaotic distribution of titanomagnetite is unre-
lated to both lithologic characteristics of the section and
the K/T boundary (Fig. 8). Rather the titanomagnetite
composition typical of basalts is associated with volca-
nic eruptive activity and eolian dispersal of titanomag-
netite.

The along-section distribution of metallic iron is
monotonically chaotic, and the scatter in its concentra-
tion, varying from 0.001 to 0.0015%, is within the
uncertainty of the estimation of its magnetization con-
tribution from the TMA curve. We relate the origin of
metallic iron to cosmic meteoritic dust.

Against this general background, the J layer is
sharply distinguished by anomalously high peaks of the
paramagnetic magnetization and magnetic susceptibil-
ity. These peaks are caused by an anomalously high
total iron content, first of all, in hydroxides, both para-
magnetic and ferromagnetic (goethite); i.e., beginning
with the J layer, accumulation of iron in the form of
hydroxides increased in a jumpwise manner. This jump
is confined to the base of the J layer (the first millime-
ters of its thickness). The concentration of hydroxides
in the upper part of this layer decreases by about
2.5 times. However, the total content of magnetic min-
erals in the J horizon is similar to that in other horizons
of the section (Fig. 1). The J layer differs from the
remaining layers by the presence of nickel and an iron—
nickel alloy. Their average concentration in the J layer
does not exceed 0.005%. As noted above, metallic
nickel and its alloy with iron are locally and very non-
uniformly distributed across the J layer.

As noted in the Introduction, many researchers fixed
the magnetic susceptibility peak at or near the K/T
boundary in both epicontinental and marine—oceanic
sediments. This peak occurs in two variants, depending
on the lithologic type of the section: (1) if Maastrichtian
carbonate deposits are overlain by Danian sandy-—
clayey sediments, a sharp peak of the susceptibility is
observed in the boundary layer, whereas the suscepti-
bility insignificantly decreases in the Danian sediments
but still exceeds its value in the Maastrichtian layers
(for example, this pattern is observed in the sections
Gams (Austria), Teplovka (Volga region) [Molostovsky
etal., 2006], and Kubalach (Crimea) [Yampolskaya
et al., 2004], and (2) a sharp peak of susceptibility con-
fined to the boundary clay layer is observed in carbon-
ate deposits near the K/T boundary including a thin
clayey interbed (the sections Koshak (Mangyshlak)
[Pechersky et al., 2006], Tetritskaro (Georgia) [Adamia
et al., 1993], and Abat (Oman) [Ellwood et al., 2003]).
The majority of researchers are inclined to explain the
% peak as a result of terrigenous accumulation of mag-
netic minerals [Molostovsky, 1986; Ellwood et al.,
2003; Yampolskaya et al., 2004; and others]. However,
judging from the results of a comprehensive study of
the Gams section presented in our paper, the main con-
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tribution to the susceptibility is made by the paramag-
netic magnetization, and this is characteristic of all
aforementioned sections. Thus, an abrupt increase in
the paramagnetic magnetization, primarily controlled
by the content of iron hydroxides, is obviously common
for the K/T boundary layers of all of the above sections.
The paramagnetic magnetization in the boundary
layer itself is highest in its lower part, where it
attains 0.06 A m?/kg (the Gams and Tetritskaro sec-
tions), and drops in its upper part by a factor of 2.5-3.

In all sections, goethite varies in nearly the same
way as the paramagnetic magnetization. We may state
that the goethite concentration and paramagnetic mag-
netization value were determined independently; there-
fore, such a correlation confirms the fact that the para-
magnetic material primarily consists of iron hydrox-
ides. Consequently, the enrichment in iron hydroxides,
in both paramagnetic and weakly ferromagnetic forms,
is a feature typical of the K/T boundary. Thus, only the
enrichment in iron hydroxides can be considered as a
global regular phenomenon associated with the K/T
boundary. This phenomenon resembles the formation
process of metal-bearing sediments and ferruginous
micronodules as a result of volcanic and hydrothermal
activities [Gurvich, 1998]. This process differs signifi-
cantly from terrigenous accumulation of magnetic min-
erals. All remaining magnetic minerals reflect either the
origin of these minerals (for example, cosmogenic balls
of metallic iron and nickel or volcanogenic grains of
titanomagnetite and ilmenite) or local conditions of
accumulation of terrigenous material (for example,
magnetite and ilmenite). A foliated magnetic fabric of
sediments points to a detrital origin of both iron
hydroxides and other magnetic minerals.

CONCLUSIONS

(1) Accumulation of iron hydroxides sharply
increases at the K/T boundary, and this is most likely a
global phenomenon unrelated to local physiographic
conditions of accumulation of terrigenous material in
sediments. The term “global” does not mean that iron
hydroxides are everywhere accumulated at the K/T
boundary. It means a widespread occurrence of this
effect, both on land and in the ocean. This pattern is not
inherent in the K/T boundary alone: iron hydroxides are
accumulated in sediments not only at boundaries of
geological eras; however, at the boundaries of geologi-
cal eras, this phenomenon is regular.

(2) As distinct from iron hydroxides, other magnetic
minerals accumulate variously, apparently depending
on the origin of these minerals (for example, cos-
mogenic balls of iron and nickel or volcanogenic grains
of titanomagnetite and ilmenite). The magnetic folia-
tion of sediments is evidence for the detrital origin of
iron hydroxides and other magnetic minerals.

(3) The base of the boundary layer J is enriched in
titanomagnetite grains of volcanic origin. Coincidence
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of accumulation times of titanomagnetite and iron
hydroxides possibly points to their common source;
namely, titanomagnetite formed due to eolian dispersal
and precipitation of products of volcanic eruptions,
whereas iron hydroxides are products of the hydrother-
mal activity associated with the same volcanism. Note
that an interval of eruptive activity is short, while the
accumulation of iron hydroxides is a somewhat longer
process.

(4) The jump in the accumulation of iron hydroxides
in the boundary layer is unrelated to impact events.
Thus, in the Gams section, indicators of an impact
event (the presence of metallic nickel and its alloy with
iron and an anomalous iridium concentration) are con-
fined to the upper part of the J layer, whereas the jump
in the accumulation of iron hydroxides and titanomag-
netite is fixed at the base of this layer. Moreover, a sharp
increase in the concentration of iron hydroxides is
observed in all sections mentioned above, whereas
metallic nickel is found in the Gams section alone.
Enrichment in balls of cosmogenic metallic iron at the
K/T boundary has been noted in none of the studied
sections. Thus, direct indicators of an impact event at
the K/T boundary are absent.
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