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1 INTRODUCTION

SUMMARY

During the Miocene—Pliocene, the Carpathian region represented the westernmost part of the
so-called Eastern Paratethys, a palaeobioprovince that covered central and eastern Europe
as well as parts of southwest Asia. Previous palacomagnetic investigations provide a high-
resolution magnetochronology for the sedimentary sequences of the Carpathian foredeep and
indicate a marked transition in magnetic carriers from iron oxides to iron sulphides, in Chron
C3r. Here, we demonstrate using detailed rock magnetic investigations and scanning electron
microscope (SEM) analyses that the major magnetic iron sulphide mineral is greigite (Fe3S4).
Thermomagnetic runs indicate an irreversible decrease in magnetization with increasing tem-
perature up to 400 °C and SEM observations indicate octahedral grain morphologies and Fe:S
ratios that are indicative of greigite. Hysteresis loops have ‘rectangular’ shapes, which are
typical of single domain behaviour, with coercivity and coercivity of remanence at values of
B, = 3545 mT and B, = 52-67 mT, respectively. First-order reversal curve diagrams have
contours that close around single domain peaks with B, values of 45-90 mT. Isothermal rema-
nent magnetization component analysis reveals a small dispersion for the greigite component
(dispersion parameter, DP ~ 0.15 log units) indicating a narrow grain size distribution. A pos-
itive fold test, inclination shallowing and two positive reversal tests are additional arguments
for the syn-depositional formation of this greigite. We thus argue that (most of) the greigite was
formed under early diagenetic conditions, that is, within 1000 yr of deposition of the sediment
in this setting, and that it thus can be considered as a reliable recorder of the palacomagnetic
signal in this situation. The appearance of greigite during Chron C3r (between 6.0 and 5.5 Ma)
in the Carpathian foredeep is most likely related to regional tectonic and/or climatic events
that reshaped the basin configuration and changed the palaeoenvironmental conditions.

Key words: Carpathian foredeep, early diagenesis, greigite, iron sulphides, Paratethys,
palacomagnetism.

the timing and magnitude of vertical axis rotation (Dupont-Nivet
et al. 2005).

Numerical age control of the Miocene—Pliocene sedimentary se-
quences of the Carpathian foredeep in Romania is mainly pro-
vided by magnetostratigraphic records (e.g. Vasiliev et al. 2004).
Magnetostratigraphic chronologies allow age correlations between
the south and east Carpathians and with Mediterranean sequences
(Vasiliev et al. 2005). The palacomagnetic records also indicate
that a major change in magnetic properties, from mainly iron ox-
ides to dominantly iron sulphides, took place in Chron C3r during
the Lower Pontian. Palacomagnetic directions from both types of
minerals have consequently been used to better constrain the geo-
dynamic evolution of the Carpathian arc system by determining
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In an attempt to characterize the type of magnetic iron sulphide
in the Carpathian sedimentary sequences, rock magnetic biplots
[SIRM/x versus coercivity for magnetic minerals and M /M s ver-
sus (Bo)../(Bo).] (Peters & Dekkers 2003) were used, which indi-
cated that monoclinic pyrrhotite is the dominant magnetic mineral
(Vasiliev et al. 2004). Pyrrhotite would not be expected to grow dur-
ing early diagenesis (Horng & Roberts 2006), which would ques-
tion the reliability of the Romanian magnetostratigraphic records
for detailed age correlations if the pyrrhotite had an authigenic
rather than detritial origin. The magnetic properties of pyrrhotite
and greigite are similar; therefore, these biplots should be used with
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vigilance. Detailed rock magnetic investigations are necessary to
positively identify which magnetic iron sulphide is carrying the
palacomagnetic signal in the sedimentary rocks of the Carpathian
foredeep.

We present hysteresis loops, first-order reversal curve (FORC) di-
agrams, isothermal remanent magnetization (IRM) acquisition and
backfield curves of samples from the iron sulphide-bearing rocks of
the Romanian sequence in order to determine the mineral responsi-
ble for the palaeomagnetic record in these sedimentary rocks. In ad-
dition, polished sections and magnetic extracts were analysed with
a scanning electron microscope (SEM). For comparison, we also
investigated iron sulphide concentrates from Pliocene—Pleistocene
sedimentary rocks from Taiwan whose mineralogy was previously
determined by X-ray diffraction (Horng ef al. 1992a,b, 1998). We
also discuss the environmental changes that may have caused the
change in magnetic mineralogy from iron oxides to iron sulphides
in the Carpathian foredeep.

2 BACKGROUND

Most sediments and sedimentary rocks contain at least traces of
pyrite (FeS;) because the bulk of the world’s mud is and was buried
under anoxic, sulphate-reducing conditions (Berner 1984). In ad-
dition to pyrite, greigite (Fe;Sy) is a frequent product of early di-
agenesis in anoxic conditions. Greigite forms in association with
biogeochemical processes related to organic matter decomposi-
tion and bacterial sulphate reduction (Berner 1984; Horng et al.
1998). From a mass-balance viewpoint, pyrite is dominant but greig-
ite is increasingly documented as a trace constituent in sedimen-
tary settings (Snowball 1991; Roberts & Turner 1993; Hallam &
Maher 1994; Reynolds et al. 1994; Roberts & Weaver 2005;
Sagnotti et al. 2005; Rowan & Roberts 2006). Greigite and
pyrrhotite are both strongly magnetic and are able to carry a stable
magnetization, which makes them potentially important for palaeo-
magnetic studies.

The occurrence of greigite and pyrrhotite in sedimentary rocks
has provoked research into their formation pathways and preserva-
tion potential. Kao et al. (2004) found that, compared to pyrrhotite-
dominated sediments, greigite-dominated sediments have more clay,
higher concentrations of reactive (cold 1 N HCI extractable) iron,
higher total organic carbon (TOC) content and lower total sulphur
(TS) content. Diagenetic conditions with higher Eh favour forma-
tion of greigite compared to conditions that give rise to formation
of pyrrhotite (Kao et al. 2004). Pyrrhotite formation in sediments is
less common because it is predicted to occur at pH > 11 (Hallam
& Maher 1994; Weaver et al. 2002), which is well above the pH
range expected for sedimentary pore waters. Clear documentation
of the presence of monoclinic pyrrhotite in sediments suggests
that these conditions have occasionally been met (Linssen 1988;
Dinares-Turell & Dekkers 1999; Weaver ef al. 2002). In some of
these studies, it has been demonstrated that authigenic pyrrhotite is
late diagenetic in origin, which complicates inferences that can be
made concerning its occurrence (Dinares-Turell & Dekkers 1999;
Weaver et al. 2002). Monoclinic pyrrhotite, however, can also record
stable detrital magnetizations (Horng & Roberts 2006).

Many studies plead for early diagenetic formation of greigite
(Tric et al. 1991; Horng et al. 1992b; Mary et al. 1993; Roberts &
Turner 1993; Hallam & Maher 1994; Maher & Hallam 2005), but
many others argue that caution must be exercised when considering
greigite as a reliable palaecomagnetic recorder because it frequently
grows during later diagenesis (Horng et al. 1998; Dekkers et al.

2000; Jiang er al. 2001; Roberts & Weaver 2005; Sagnotti ef al.
2005; Rowan & Roberts 2006). Empirical observations suggest that
while greigite often forms during early diagenesis, it can also form
at any time during diagenesis if the necessary reactants are present
(Roberts & Weaver 2005), while monoclinic pyrrhotite is generally
a product of later diagenesis (Horng & Roberts 2006).

When palacomagnetism is used to provide age constraints, that
is, through magnetostratigraphy, it is of crucial importance to know
whether the magnetic signal is carried by early diagenetic greigite
or by late diagenetic iron sulphides. Greigite-bearing rocks could
thus provide a reliable recording of the field while pyrrhotite-bearing
rocks would be less prone to record an early magnetization, unless
the pyrrhotite is detrital in origin.

3 GEOLOGICAL SETTING
AND SECTIONS

The Carpathian foredeep of Romania formed in the Miocene in re-
sponse to collision processes (Sandulescu 1988; Cloetingh et al.
2005). Thick sedimentary sequences were deposited in marginal
basins with frequently changing environments, from marine to
brackish and freshwater conditions. These fluctuations were prob-
ably imposed by changes in climate coupled with the ongoing tec-
tonics that affected the Carpathian mountain chain. In the Miocene,
the Carpathian region was the westernmost part of the Eastern
Paratethys, which was an ancient bioprovince that covered central
and eastern Europe plus important parts of southwest Asia. The
Black Sea, Caspian Sea and Aral Lake are present-day remnants of
this Paratethys water mass. Among these, the Black Sea is anoma-
lous in the sense that it has a completely stratified water mass: it
is now the largest ‘poisoned’ anoxic basin on Earth where, below
~150 m, only extremophile organisms are able to live by using sul-
phate to oxidize organic matter (Ross & Degens 1974; Jorgensen
et al. 2003).

The eastern Carpathian foredeep, which is located approximately
250 km west of the Black Sea (Fig. 1), contains more than 10 km
of Late Miocene—Pliocene sedimentary rocks that were deposited
in lacustrine to deltaic environments (Matenco 1997; Grasu et al.
1999; Tarapoanca 2003). Magnetostratigraphic studies of two com-
posite sections (Putna Valley and Rimnicu Sarat Valley) span more
than 5 Myr, starting in the Upper Sarmatian (~8 Ma) and ending
in the Upper Romanian (~2.5 Ma). The magnetostratigraphic inter-
pretation indicates high sediment accumulation rates with a sudden
increase from 0.6 to 1.55 m kyr ' during Chron C3r, at around 6 Ma
(Vasiliev ef al. 2004). This increase in sedimentation rate roughly
coincides with the observed change in magnetic mineralogy from
iron oxides to iron sulphides (Fig. 1).

The southern Carpathian foredeep (Fig. 1) represents the
sedimentary basin that developed at the contact between the South
Carpathian nappe system and the Moesian Platform (Sandulescu
1984). The Late Miocene—Pliocene sedimentary succession is
approximately four times thinner than in the eastern Carpathian
foredeep and consists of alternating sandstones, siltstones and
clays (Rabagia & Matenco 1999; Vasiliev et al. 2005). The
magnetostratigraphy of two sections (Badislava Valley and Topolog
Valley) spans a 2.5 Myr time interval, from the upper Meotian
(7 Ma) to lower Romanian (~4 Ma) stages (Vasiliev et al. 2005).
The carrier of the magnetization also changed from an iron oxide
(in the Meotian) to an iron sulphide (in the Pontian) (Fig. 1).
Note, however, that the lower Pontian is missing because of
a significant hiatus between the two units (Stoica et al. 2007).
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Figure 1. Map of the study areas in the Eastern Carpathian foredeep (ECF) and the Southern Carpathian foredeep (SCF). Polarity zones with palacomagnetic
data for the studied sections for the four sampled valleys: Putna and Rimnicu Sarat from ECF and Badislava and Topolog from SCF. Black (white) denotes normal
(reversed) polarity. Ages of the most important subchrons are displayed (C = Cochiti, N = Nunivak, T = Thvera). Data are only shown for palacomagnetic
ChRM directions. Red symbols denote samples where the magnetic carrier is exclusively an iron oxide; white symbols denote samples where the magnetic
signal is carried by an iron oxide, but where oxidation of an iron sulphide, most probably pyrite, also occurs; green dots indicate samples with an iron sulphide
as the magnetic carrier. Next to the polarity column are represented the limits between different (local) stages of the Miocene (Sarmatian, Meotian, Pontian)
and of the Pliocene (Pontian, Dacian and Romanian) according to geological maps in use (see also Vasiliev ef al. 2004, 2005). The grey rectangle (below the
Thvera subchron) indicates the approximate level of the Miocene/Pliocene boundary.
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4 MATERIALS AND METHODS

Palacomagnetic results have been previously documented for the
studied sedimentary rocks (Vasiliev et al. 2004, 2005; Dupont-Nivet
et al. 2005). Here, we concentrate on rock magnetic characteriza-
tion of the iron sulphides that are present in the Miocene—Pliocene
(<6 Ma) parts of the successions. An alternating gradient magne-
tometer (Princeton Measurements Corporation, MicroMag Model
2900 with 2 T magnet, noise level 2 x 10~° Am?) was used to succes-
sively measure hysteresis loops, FORC diagrams, IRM acquisition
(after having used the demagnetization option of the MicroMag) and
backfield demagnetization curves, all at room temperature. Sample
masses ranged from 10 to 70 mg. Hysteresis loops were measured
for 56 representative samples in order to determine the saturation
magnetization (M), the saturation remanent magnetization (M)
and coercive force (B.). These parameters were determined after
correction for the paramagnetic contribution on a mass-specific ba-
sis. Because of the partial saturation of the pole shoes of the elec-
tromagnet, the response when measuring in-field is not linear for
fields above 1.6 T. Therefore, we use the values for a maximum
field of 1.6 T. To further assess the magnetic domain state, the ef-
fects of magnetic interactions, and the magnetic mineralogy, FORC
diagrams were measured for the 56 representative samples. Only 51
samples yield good quality FORC diagrams. Signal-to-noise ratios
were sufficient to enable use of a maximum smoothing factor (SF)
of 5 (Pike et al. 1999); for most samples, we used SF = 3.

IRM acquisition curves were also acquired with the MicroMag
system for the 51 samples for which FORC diagrams were obtained.
These curves contain between 75 and 200 data points and were de-
composed into coercivity components using the fitting program of
Kruiver (2001). Thermomagnetic runs were measured in air with a
modified horizontal translation type Curie balance with a sensitivity
of approximately 5 x 10~° Am? (Mullender et al. 1993). Approxi-
mately 30-60 mg of ~70 powdered samples were put into a quartz
glass sample holder and were held in place by quartz wool; heat-
ing and cooling rates were 10 °C min™'. Measurements were made
up to 700 °C for 70 powdered samples from diverse lithologies.
Stepwise thermomagnetic runs were also performed where samples
were warmed to increasingly elevated temperatures with intermittent
cooling between successive heatings. The successive temperatures
were 100, 200, 300, 350, 450, 500 and 700 °C, respectively.

A resin-impregnated (semi-)polished section of representative
bulk sample BD 115 (known to carry greigite) was prepared for
analysis in a micro Phillips XL20 SFEG SEM, in order to validate
the presence of greigite (Jiang et al. 2001; Roberts & Weaver 2005).
Additionally, we analysed a magnetic extract (Dekkers 1988b) of
the same sample (BD 115) to compare the result with that from
the (semi-)polished section. The SEM was operated at 15 kV (spot
size 3) in backscatter electron (BSE) detection mode. Elemen-
tal spectra were determined using energy dispersive spectroscopy
(EDS). After background subtraction, the elemental composition
was (semi-)quantified using the ‘Remote EDS Quand Phiroz’
software, version 3.4.

5 INVESTIGATION OF THE MAGNETIC
CARRIERS

5.1 Hysteresis loops and FORC diagrams

Hysteresis parameters and results from FORC diagrams are com-
piled in Table 1. The hysteresis loops have an open form (Figs 2 a,
b and d) typical of single domain magnetic behaviour. They are usu-

ally completely closed in fields of 150 mT but not yet saturated. B,
values range from 29 to 45 mT, with most values close to 40 mT.
The coercivity of remanence values (B,,) range from 39 to 62.5 mT
with most values being between 39 and 45 mT, which is simi-
lar to those reported for greigite and monoclinic pyrrhotite (Clark
1984; Dekkers 1988a; Menyeh & O’Reilly 1991; Snowball 1991;
Roberts 1995; Dekkers et al. 2000). The hysteresis loop in Fig. 2¢
remains open at comparatively high fields, indicating the presence
of an additional mineral with higher coercivity. Its wasp-waisted
shape indicates the co-existence of two coercivity fractions (Roberts
et al. 1995; Tauxe et al. 1996). The domain state, and particularly
the amount of magnetic interaction in the studied samples, emerge
clearly from FORC diagrams. The FORC diagrams from the Upper
Miocene—Pliocene parts of the sections (Pontian, Dacian, Romanian
in terms of Paratethys stages) have contours that close around a sin-
gle domain (SD) peak at B, = 45-90 mT (usually around 55 mT)
(Fig. 3), with values slightly higher than those determined from the
corresponding hysteresis loops. The FORC diagrams are similar to
those previously reported for greigite (Roberts et al. 2000, 2006;
Sagnotti et al. 2005). The negative region in the lower left-hand
quadrant (Figs 3b and ¢) provides additional information that sin-
gle domain grains dominate the FORC distribution (Newell 2005).
The central peak has considerable vertical spread and is centred be-
low B, = 0, which indicates relatively strong magnetic interaction
among particles (Pike ez al. 1999; Newell 2005). In some samples,
as in Fig. 3(a), in addition to an SD peak at ~56 mT, a MD (or also
possibly SP) peak at <10 mT is observed. The presence of these
two peaks is a clear indication of two magnetic components.

5.2 IRM component analysis

FORC diagrams (Fig. 3) indicate that magnetic interactions are
present in the Romanian Carpathian foredeep samples, which means
that IRM component analysis should be used with caution and
skewed-to-the-left distributions should not be given physical mean-
ing (Egli 2004a,b; Heslop et al. 2004). We used the IRM fitting
program of Kruiver ez al. (2001) that is limited to symmetric distri-
butions in the log-space (Fig. 4), which is also referred to as the cu-
mulative log-Gaussian (CLG) approach. One sample (RM 065) was
also processed with the algorithm of Egli (2004a,b), but it yielded
essentially the same results under the proviso that the extra com-
ponent required in the CLG approach to fit the skewed-to-the-left
distribution was not interpreted as physically realistic. For sample
RM 065, the CLG approach yielded: a first component with a mean
acquisition field of 35.5 mT and a dispersion parameter (DP) of 0.3;
a second dominant component with a mean acquisition field of 66.1
mT and a DP of 0.17; and a third component with a mean acqui-
sition field of 158.5 mT and a DP of 0.32. The second component
is interpreted as greigite. The approach of Egli (2004a,b) yielded a
mean acquisition field of 69.2 mT, a DP of 0.1877 and is skewed to
the left. This negative skew replaces the first low coercivity com-
ponent in the CLG approach. The second coercivity component in
this approach has a mean acquisition field of 164 mT, a DP of 0.262
and is slightly skewed to the right and can be assimilated with the
third high coercivity component in the CLG approach. Results of
the component analysis are compiled in Table 2. The preferred way
of fitting the IRM acquisition curves (Fig. 4) appeared to be with
a dominant coercivity component with a comparatively high mean
B\, ranging between ~70 and ~85 mT (Figs 4a and b) and a low
dispersion (0.14-0.18 log units). The mean B, , values occasionally
fluctuated slightly around this range (Fig. 4c) but the dispersion re-
mained the same. An additional coercivity component has smaller
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Figure 2. Hysteresis loops for characteristic samples from the Carpathian foredeep. The central parts of the loops are shown up to 300 mT. The loops are
displayed after paramagnetic slope correction on a mass-specific basis. The age and stage of the sedimentary rocks is indicated on the upper left-hand side of
each panel. Hysteresis parameters are listed on the lower right-hand corner of each panel.
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Figure 3. Representative FORC diagrams for three samples from the Carpathian foredeep. Each FORC distribution contains 10 contours. The scale indicates
the density of the FORC distribution. In the upper right-hand corner are listed the sample code, age and stage of the sedimentary rocks and the applied smoothing

factor (see Pike ef al. 1999; Roberts et al. 2000).

values for B, usually between ~24 and ~35 mT. This compo-
nent has no physical meaning in the majority of cases. In several
cases, the low coercivity component could be physically interpreted:
hysteresis loops and FORC diagrams (e.g. Fig. 3a) indicated the ex-
istence of an extra low coercivity component in those samples. A
higher coercivity component is also present, but it generally has a
small magnetization contribution (<10 per cent, but rarely up to
27 per cent). The By, for this component range is loosely defined
between 125 mT and almost 2 T, which could represent maghemi-
tized magnetite, hematite, goethite or any combination of these. To
define the exact mineralogy of this high coercivity component is
beyond the scope of this paper.

5.3 Thermomagnetic runs
In thermomagnetic runs of bulk sedimentary rock samples, the para-

magnetic component is dominant for almost all samples, as indicated
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by the hyperbolic shape of the curves (Fig. 5). A summary of the
thermomagnetic results is shown in Table 1; below we describe their
essence. Typical results for >90 per cent of the samples from the
younger parts of the sections indicate an irreversible decrease in
magnetization up to ~410—420 °C (Figs 5b—d). A clearly steeper
decrease in magnetization slope is detectable at around 250 °C
(Figs 5c and d). This is most likely caused by greigite because of
its irreversible decrease in magnetization between 200 and 400 °C
(Krs et al. 1992; Reynolds et al. 1994; Roberts 1995; Dekkers et al.
2000).

At 415420 °C the magnetization increases in some samples
because of the creation of a new magnetic mineral that forms at
the expense of iron sulphides. The increase is interpreted to be
caused by greigite degradation (Krs et al. 1992) combined with
pyrite oxidation, which occurs over approximately the same tem-
perature range (Passier ef al. 2001). New production of magnetite is
a likely cause of aberrant NRM behaviour observed during thermal
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of By, are displayed in each panel.

demagnetization at 7 > 400 °C (see also Vasiliev e al. 2004, 2005).
Magnetite continues to be produced until 500 °C. At higher tempera-
tures it oxidizes to hematite (much lower magnetization is observed
in the cooling segment after heating to 700 °C). Generally, most
of the magnetic material (both original and produced during the
experiment) was consumed by heating to 580-590 °C, although a
ferrimagnetic signal sometimes continues to be present up to 620—
630 °C, which indicates the presence of maghemite (either originally
present in the sample or a product of oxidation during the thermo-
magnetic run).

In sample PU 261 (Fig. 5a), a small increase in magnetization is
observed after heating above ~300 °C before the larger increase at
415-420 °C. The total magnetization is higher than for the param-
agnetic contribution (inferred from the final cooling curve) unlike
that in Figs Sb—d. Therefore, the magnetic mineralogy in sample PU
261 appears to be subtly different from that of the other samples.
The original magnetic material is interpreted to be an iron oxide
that is accompanied by pyrite that upon heating transforms to mag-
netite. The low coercivity component in a wasp-waisted hysteresis
loop for this sample supports this interpretation; the loop is closed
at £150 mT, which is typical of multidomain magnetite (see pa-
rameters in Table 1). This situation occurs in <10 per cent of the
analysed samples from the younger parts of the sections. Such sam-
ples are indicated by white circles in Fig. 1, which represent sites
where an iron oxide is the magnetic carrier. An important quantity
of pyrite is indicated by the alteration at ~420 °C, which indicates
that reducing conditions existed in the sedimentary environment.

5.4 SEM observations

Thermomagnetic measurements strongly suggest that the iron sul-
phide from the Carpathian foredeep is greigite, but rock magnetic
biplots of Peters & Dekkers (2003) point to pyrrhotite. We therefore,
further test this interpretation with SEM analysis.

The SEM observations from the unpolished section and the mag-
netic extract both indicate the presence of fine-grained iron sul-
phides (<500 nm) (Figs 6 and 7). Semi-quantitative EDS analysis
enables us to distinguish between the specific Fe:S ratios of different

iron sulphide minerals. The iron—sulphur ratio for greigite (Fe;Sy
~43 per cent:57 per cent) is close to that of pyrrhotite (Fe;Sg
~46 per cent:52 per cent), but all of the iron sulphides in our sam-
ples were positively identified as either greigite (Figs 6, 7a and b)
or pyrite (Figs 7c and d).

Iron sulphide minerals can also be distinguished by their distinct
morphologies: pyrrhotite is typically platy (Weaver et al. 2002),
while greigite and pyrite occur as octahedral grains (Roberts &
Weaver 2005). The latter morphology is clearly visible in Fig. 6
and the X-ray spectra provide the correct Fe:S ratio for greigite
(Figs 6 and 7b). The SEM observations, therefore, clearly indicate
the presence of fine-grained greigite in our samples. The greigite
grains have a darker contrast than pyrite, probably because it is less
well polished with surfaces that scatter electrons compared to the
smoother surfaces of the pyrite grains (Jiang et al. 2001; Roberts &
Weaver 2005).

6 DISCUSSION

6.1 Greigite in the Miocene-Pliocene sedimentary rocks
of the Carpathian foredeep

Conventional rock magnetic properties indicate that the magnetic
carrier in the majority of the Pliocene samples from the Roma-
nian Carpathian foredeep is an iron sulphide mineral (Vasiliev et al.
2004,2005). Our thermomagnetic measurements and SEM observa-
tions clearly demonstrate that greigite is the main magnetic mineral
in these sedimentary rocks. The palacomagnetic signal from these
greigite-bearing sequences is considered to be palacomagnetically
reliable for four main reasons.

1. The palacomagnetic directions are consistent after tilt correc-
tions (bedding tilts vary from 90° to 20°). We performed the fold
test of Tauxe & Watson (1994) on the data from the Rimnicu Sarat
section, which proved to be positive (Fig. 8a), indicating that the
magnetization was acquired before tilting of the strata.

2. In the eastern Carpathian sections, the characteristic rema-
nent magnetization (ChRM) could be easily distinguished from

© 2007 The Authors, GJI, 171, 613-629
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Table 2. (Continued.)

Component 3

Component 2

Component 1

Contribution
( per cent)

Contribution

( per cent)

Contribution
( per cent)

Vasiliev et al.

Biy  +DP
3162

log(B1,2)

SIRM

By, +DP

log(B1,2)

SIRM

+DP

log(B12)  Bip

SIRM

Local stage  Level (in m)

Sample code

B 09
B 13
B 20
B25
B 36
B 40
B42

0.4
0.35
0.3

2.5

9.2

0.3

40.7

1.61
1.95
1.39

70.5 15.3

0.3

15.8

1.2
1.38
1.92
1.43

0.9

4.4
23

0.3
0.5
6.8

2
6
2

876.35

199.5
251.2

2.3

10.5

0.16
0.32
0.15
0.31
0.29
0.17

28.9 11 89
24.5

0.3
0.15

0.33

24
83.2

886.48

Po/Dc

2.4
2.3

2.35

2.5

10
7.6
8.6

14.4

14.9

63.3

6.3

934.27

Dc

0.35

0.31

0.35
0.3

199.5
199.5
177.8
251.2

79.4

1.9
1.38
1.34
1.93

16
14
10.1

48.6

26.9

14.4
0.85

969.13 43.8

Dc

2.3
225

1.4
1.7

3.1

24
21.9

86.2

0.3

7.9

5.2

1041.28

Dc

Dc

85.6

1058.17

2.4

134

85.1

32.5 7.5

219  0.29

12.5 1.34

54.1

1073.63

Dc

Topolog
TP 18

0.4
0.35
0.35
0.17
0.38

199.5
199.5
398.1

2.3

0.5

8.2
10.3

0.18
0.17
0.32
0.15
0.29

75

85.1

1.8
1.93
1.68
1.89
1.59

34

55.7

245 031
0.37
0.32
0.17
0.32

1.39
1.52

2.2

36.1

327.97

2.3

82.5

33.1

0.7

7.2
18.9

345.86

Po

TP 20

2.6
222

0.16
10

15.1

47.9

0.7

66
73.5

463.15 0.2 10
34.7

Dc

TP 30

166
199.5

6.2
24.4

76.7

119

2.6

1.54

18
0.5

766.63 11.1

Dc

TP 57

2.3

38.9

63.4

10

838.76 12.2

Rm

TP 61

Taiwan

0.32
0.18

22 158.5

2.23

3570
5720

1.9 794  0.13 18.2
0.14

1.9

8090
36500

1.59 389 034 41.1

327.97 40.7 8000
3760 1.5

Pliocene
Pliocene

TWM 14

169.8

12.4

78.5

79.4

0.2

31.6

8.2

345.86

TWM 17

Notes: SIRM is in 1073 Amzkg‘l, B1> and DP are in logio mT, B1,2 in mT. See Table 1 for abbreviations. All components identified for all samples are reported except for sample TP 57 where a fourth

component was found with a relative contribution of 9.3 per cent.

viscous and/or secondary NRMs because of the large dip of the
strata (Vasiliev et al. 2004). In the Putna Valley section the dip was
too uniform to allow application of the fold test.

3. Inclination error affected palacomagnetic directions from
these sedimentary rocks (Dupont-Nivet et al. 2005). Applying
the correction method for inclination error using the field model
TKO03.GAD (Krijgsman & Tauxe 2004; Tauxe & Kent 2004), we
observed that palacomagnetic directions are significantly flattened
(Figs 8b and c). For the Badislava section, the mean observed incli-
nation is 50.5°, while the corrected inclination is 69.9° (Fig. 8b). For
Rimnicu Sarat, the mean observed inclination is 52.5° while the cor-
rected inclination is 66.6° (Fig. 8c). The corrected mean inclinations
are within error (95 per cent bootstrap) of the expected inclination for
the studied sites (63.8°) during the Pliocene, whereas the recorded
inclinations are significantly lower. We interpret the shallow incli-
nation to result from inclination shallowing during deposition and
compaction, which suggests that the magnetization directions were
acquired before compaction, that is, in an early stage after deposi-
tion.

4. In all sections, normal and reversed polarities are documented
in a stratigraphically coherent sense, which straightforwardly cor-
relate to the geomagnetic polarity time scale (Fig. 1). Moreover,
the calculated values for the average duration of observed sedimen-
tary cycles are close to the average duration of a precession cycle
(21.7 kyr) and indicate that the sedimentary cycles are astronomi-
cally forced (Vasiliev et al. 2004).

Because of the potential problem associated with the reliability of
the magnetostratigraphic records obtained from iron sulphides, we
applied the reversal test of McFadden & McElhinny (1990) on exclu-
sively iron sulphide-bearing ChRM data from Badislava, Topolog
and Rimnicu Sarat (the green dots in Fig. 1). For the Badislava sec-
tion, the reversal test is positive (classification B) (left-hand side of
Fig. 8d). The Topolog section provided a positive reversal test as well
(classification C—not shown). The reversal test is negative for the
Rimnicu Sarat section (right-hand side of Fig. 8d). We suspect that
this is caused by the presence of an un-removed secondary NRM
component. Most likely, this secondary NRM direction is a present-
day overprint since the distribution of both normal and reversed
polarity directions are dragged towards the geocentric actual dipole
field direction in tilt-corrected coordinates (Fig. 8d). The removal
of this secondary NRM component was successful for Badislava
and Topolog because we applied more suitable (smaller) demagne-
tization steps, with a focus on the lower temperature interval (be-
tween 210 and 340 °C). This case demonstrates the importance of
using sufficiently small demagnetization steps to enable isolation
of a ChRM in iron sulphide bearing sediments. Nevertheless, all
evidence is consistent with early diagenetic formation of the greig-
ite and thus for an early, syn-depositional NRM acquisition. We
therefore, conclude that the greigite in the sedimentary rocks from
the Carpathian foredeep is a reliable recorder of a syn-depositional
palacomagnetic signal.

Kao et al. (2004) demonstrated that diagenetic environments with
low TS to reactive iron ratios support the formation and preservation
of greigite. TOC and reactive iron contents are highest in greigite-
bearing sediments from Taiwan (Kao ez al. 2004), which also tend to
be finer-grained. Kao et al. (2004) suggest that lower labile organic
matter concentrations, due to high sedimentation rates that also co-
incided with higher reactive (ferric) iron availability, would favour
greigite formation over formation of pyrite or pyrrhotite. These
conditions were probably also met in the Romanian Carpathian
foredeep, and, as suggested by palacomagnetic field tests, the
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(b), (c) and (d) an increase in the total magnetization starts at 410416 °C indicating the formation of new magnetic minerals because of oxidation of an iron

sulphide (either magnetic or not magnetic).

greigite was formed during latest Miocene to Pliocene times and has
been preserved until today. Lower sulphate concentrations typical of
brackish waters would also favour formation of greigite rather than
pyrite or pyrrhotite because dissolved pore water sulphide concen-
trations under anoxic conditions will be lower than in open marine
settings.

6.2 Comparison with greigite from southwest Taiwan

To compare the magnetic properties of the studied greigite samples
with other samples known to contain greigite, we also applied the
same set of rock magnetic analyses to greigite concentrates from
Pliocene sediments from Taiwan (TWM 14 and TWM 17 from
Horng et al. 1992a,b, 1998). The magnetic mineralogy was pre-
viously determined by X-ray diffraction, which revealed that sam-
ple TWM 14 contains greigite, accompanied by minor pyrrhotite
and magnetite, respectively. Sample TWM 17 has greigite as the
main magnetic mineral, although some magnetite was also detected
(Horng et al. 1992a).

The hysteresis loop for sample TWM 14 (Fig. 9a) has a similar
shape and hysteresis parameters as sample BD 084 (Fig. 9¢) from the
southern Carpathian foredeep. The hysteresis loop for sample RM
051 has a higher paramagnetic contribution (Fig. 9b) but coerciv-
ity values are similar. The FORC distribution for sample TWM 14
(Fig. 9d) has two maxima, one at B, < 10 mT and one around a SD
peak at B, ~ 60 mT. This indicates the presence of two coercivity
fractions. Similar behaviour is observed for some samples from the
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Carpathian foredeep (Figs 9¢ and f, Fig. 3a), although the concen-
tration of magnetic minerals is less in the latter. IRM component
analysis for samples TWM 14, RM 051, BD 084 (Figs 9g and i) is
similar. In sample TWM 14 there are two main components: one
with a high B, of 79.4 mT and a low DP of 0.13 (log units) and
a second important component with a lower B;,; of 38.9 mT and a
higher dispersion DP of 0.34 (log units). This latter component has
no physical meaning; it likely arises from larger magnetic interac-
tion in the concentrate. There is a third component with a higher
DP of 0.32 and high B;,; = 158.5 mT, which is compatible with
fine-grained hematite. This might be a consequence of partial oxi-
dation (samples were stored for more than 10 yr) despite storage in
a desiccator with silica gel to maintain a dry atmosphere.

The hysteresis loop for sample TWM 17 (Fig. 10a) has a square
SD shape with parameter values close to that of Figs 10b and c,
which resembles parameters for a large number of other samples
(Table 2). In the FORC diagram for sample TWM 17 (Fig. 10d) (see
also Roberts et al. 2006), the contours are centred on a SD max-
imum at B, = 62 mT. This FORC distribution is almost identical
to that for sample RR 122 (Fig. 10f), where the contours centre on
a SD peak at B, = 60 mT. The SD peak can also be observed in
BD 115 (Fig. 10e), but it has a slightly lower coercivity value of
B. = 54 mT. In all three FORC diagrams in Fig. 10, there is a
fairly wide distribution of contour density with respect to B, which
is centred below B, = 0, which indicates relatively strong mag-
netic interactions among particles (Pike et al. 1999; Roberts et al.
2000, 2006; Rowan & Roberts 2006). IRM component analysis
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Figure 6. Backscattered electron micrograph of an unpolished cut section
of sample BD115. Individual octahedral greigite particles (a—d) are 1 pm
maximum in size. The respective labelled and equally scaled elemental spec-
tra are shown below. A cross on the micrograph marks the exact position of
each EDS analysis. The mineral phases were identified by automated semi-
quantification of the EDS. Mg, Al, Si, K and potentially Ca content in the
elemental spectra are due to the background signal. The C peak originates
from the carbon coating of the sample.
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Figure 7. Backscattered electron micrograph of a dispersed magnetic ex-
tract from sample BD115. Clusters of fine-grained greigite (a and b) with
individual grain sizes <50 nm. Grains ¢ and d are pyrite particles with an
average grain size of 2 um. The respective elemental spectra are shown be-
low; a cross on the micrograph marks the exact position of the EDS analysis.
See also the caption for Fig. 6.
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ples. The distribution of the maxima of 7 is shown by the histogram. The
95 per cent confidence interval (96—122 per cent) includes the 100 per cent
unfolding orientation, which supports a pre-folding magnetization. Panels b
and ¢ contain elongation—inclination plots upon flattening for Badislava and
Rimnicu Sarat, respectively, following the field model TK03.GAD of Tauxe
& Kent (2004). On the left-hand side: thick red line = inclination from the
data set, red barbed lines = elongation direction, green dotted line = model,
thin lines = examples of bootstraps. The inclination most consistent with
the TK03.GAD model is the intersection with the model (green dotted line).
On the right-hand side the distribution resulting from 5000 bootstraps is
given, including the most frequent inclination (thick red line) and the model
(the green dotted line). The 95 per cent confidence limit is shown in grey
shading. The inclination of the original data set (black line) is significantly
lower than the 95 per cent confidence interval. (d) Equal area projection of
ChRM directions in tilt-corrected coordinates for the samples marked with
green dots from the Badislava and Rimnicu Sarat records in Fig. 1. Solid
(open) circles indicate normal (reversed) polarity. The reversal test is pos-
itive for Badislava (classification B according to McFadden & McElhinny
(1990), with the angle y between the normal and reversed polarities smaller
than the critical angle y .. The reversal test is negative for the Rimnicu Sarat
section.
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indicates a dominant magnetic carrier with By, = 76.7-78.5 mT
and a low dispersion DP = 0.14 in all three analysed samples
(Figs 10g—i). Again, these values are close to those for samples TP
57 and RR 025 (Figs 5b and c) and to a large number of other samples
(Table 2).

6.3 Environmental implications

A change in magnetic properties is observed in the sedimentary
successions of both the southern and eastern Carpathian foredeep
during the Lower Pontian, where the main carrier of the palacomag-
netic signal changed from magnetite to dominantly greigite (Fig. 1).
Major tectonic events in the Paratethys and Mediterranean regions
reshaped the local and regional basin configuration at the same time,
which drastically influenced palacoenvironmental conditions. It is
useful to explore the palacoenvironmental conditions that were re-
sponsible for the formation of palacomagnetically stable greigite in
the Carpathian foredeep.

During Miocene—Pliocene times, the Carpathian foredeep was
part of the Eastern Paratethys, which was a large brackish to fresh-
water lake that was more or less restricted from the global ocean
system. The Carpathian foredeep sediments were deposited in a
high-energy environment (close to the shoreline) and their micro
and macrofaunal contents are substantial. The presence of benthic
ostracods (Olteanu 1995) and molluscs (Papaianopol 1995) through-
out the entire upper Miocene—Pliocene time interval demonstrates
that the lowermost water column remained sufficiently oxygenated
for these organisms to live. Anoxic conditions favouring greigite
formation could, therefore, only have been present within the sed-
iments, probably related to degradation of organic matter during
rapid burial.

In the Sarmatian-Meotian parts of the sections (~9—-6 Ma), high-
energy brackish to marine conditions probably led to oxygenation
of the uppermost sediment column. Detrital magnetite was, there-
fore, not reductively dissolved; it remained the main carrier of the
detrital remanent magnetization. The majority of the samples from
these parts of the eastern Carpathian sequences have high NRM
intensities and low-field susceptibilities (at least two orders of mag-
nitude higher than the greigite-dominated parts of the section). This
is presumably related to reworked volcaniclastic input, which sup-
plied additional magnetic material to the basin (Panaiotu et al. 2007).
Sediment provenance analyses indicate that there was, during Chron
C3r, a major switch in the main source area for the foredeep basin
from an active volcanic arc towards an orogenic belt composed
of metamorphic and sedimentary deposits (Panaiotu et al. 2007).
In the eastern Carpathian foredeep, this event coincided with a
major change in subsidence and accumulation rate, from 0.60 to
1.55 m kyr ! (Vasiliev et al. 2004). In the southern Carpathian
foredeep, the magnetostratigraphic records are not long enough to
determine representative sediment accumulation curves (Vasiliev
et al. 2005).

In addition, it is noteworthy that the Mediterranean Messinian
Salinity Crisis completely occurred within Chron C3r (Gautier
et al. 1994; Krijgsman 2002). A significant base level drop in the
Mediterranean could have easily changed water circulation patterns
within the Eastern Paratethys and also could have affected the lo-
cal climate system. In this scenario, however, one would expect the
original conditions to have been re-established when the Mediter-
ranean refilled at the Miocene—Pliocene boundary. Further research
is necessary to fully understand the causes and consequences of the
interactive dynamics of these two water masses at that time. Nev-
ertheless, it has often been suggested that the desiccation of the




626 I Vasiliev et al.
2000 r T T T T T T T ] 4 [ T T T T T T ] 6 [ T T T T T T T
F(a)Twm 14 ] t (b) RV 051 1 I(c) sposs ]
> t Pliocene 15t ~5.4 Ma 15 .t ~5.5Ma i
< 1000 - Taiwan <4 X2 Upper Pontian 1= 3 Upper Pontian b
& : 1% ECF {e | SCF ]
< [ 1 < 1< [ ]
x 0 x X 0
? [ 12 19 [ ]
=) [ 18 19 1
=-1000F Be=215mT 4 =. Bo=286mT{=-3f Be=21.1mT -
r Bor=60.0mT ] Bgr =58.9mT | [ Ber=67.4mT ]
F Mi/Mg = 0.24 M/Mg =0.11 1 M/Mg =025
20001 . 1 TN N [ S U (Y ISy s [ Y T P E Y E N
300 200 -100 0 100 200 300 300 200 -100 0 100 200 300 -300 -200 -100 O 100 200 300
B (mT) B (mT)
%0 TWM 14 S0 RM 051 BD 084
40 SF=3 40 SF=5 SF=5
Greigite>P>M bl ilty cl ilty cl
0 reigite: 20 ue silty ¢ ayt silty clay
20 20
= 10 = 10
£ £
= 0 = 0
p=} >
D 0 @ 10
20 20
-30 -30
-40 -40
-50 -50
20 40 60 80 100 120 10 20 30 40 50 60 70 80 20 40 60 80 100 120
B¢ (mT) B¢ (mT) B¢ (mT)
2500 - (@) TWM 14 0s —(h) RM 051 2o (i) BD 084
_@ 0.7 — 1.0
200 1 LAP 06 |LAP °7 LAP
1S 0.5 0.8
< 1500 - S5 P
x 04 — 0.6
1000 _
5 0.3 044
< s00 02
S 7] _ 0.2
z . 0.1 o v
0 L 1Y N O A1 N B BRI RIL} B 0 LA LALY B 111 A1) B 0 (i ] R N A AN R R RN
1 10 100 1000 1 10 100 1000 1 10 100 1000
2000 Taiwan
> 79.4mT G>P>M
2 GAP
£ 30001
<
x
@ 2000 38.9mT
5 - 158.5 mT
= 1000 1
x
O_
1 10 100 1000 1 10 100 1000 1 10 100 1000
Applied field (mT) Applied field (mT) Applied field (mT)

Figure 9. Hysteresis loops, FORC diagrams and IRM component analysis for a magnetic concentrate TWM 14 (panels a, d and g) from Pliocene—Pleistocene
sedimentary rocks in Taiwan and for Carpathian foredeep bulk samples RM 051 (panels b, e and h) and BD 084 (panels c, f and 1), respectively. See also

captions for Figs 3 and 4.

Mediterranean also extended into the Paratethys region since seis-
mic profiles of the Black Sea basin show clear evidence of canyon
cutting (Hsii & Giovanoli 1979; Gillet ez al. 2003; Dinu et al. 2005)
and Gilbert-type deltas are observed along the gorges of the Danube
river at the Romanian—Serbian border (Clauzon et al. 2005).

It is clear that greigite formation in the Romanian Carpathian
foredeep palacoenvironment occurred in a high sedimentation rate
setting. This situation is similar to the palacoenvironmental settings
of south-western Taiwan (Horng et al. 1992a,b, 1998, Jiang et al.
2001; Kao et al. 2004) and of eastern New Zealand (Roberts &
Turner 1993; Rowan & Roberts 2006). High sedimentation rates
along with rapid burial of organic matter will lead to a completely
anoxic diagenetic environment within a metre of the sediment/water
interface (Westrich & Berner 1984; Canfield & Berner 1987). In

such settings, the greigite in the Eastern Carpathian foredeep could
have formed during early diagenesis, within 1000 yr of deposition
(at sedimentation rates >1 m kyr™'). Such a delay (~1000 yr) be-
tween sediment deposition and NRM acquisition is insignificant
for most of palacomagnetic studies and is certainly acceptable for
magnetostratigraphic dating.

7 CONCLUSIONS

Rock magnetic analyses and SEM observations indicate that the
magnetic signal in the Romanian Carpathian foredeep is carried by
the iron sulphide, greigite. It is always found in the younger (Up-
permost Miocene and Pliocene) parts of the sections. The greigite
appears to have formed during early diagenesis, within 1000 yr of
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Figure 10. Hysteresis loops, FORC diagrams and IRM component analysis for a magnetic concentrate TWM 17 (panels a, d and g) from Pliocene—Pleistocene
sedimentary rocks in Taiwan and for Carpathian foredeep bulk samples BD 115 (panels b, e and h) and RR 122 (panels c, f and i), respectively. See also the

caption for Figs 3, 4 and 9.

deposition of the sediments. Greigite formation was related to rapid
sedimentation and burial of organic matter, similar to other greigite-
bearing environments in Taiwan and New Zealand.

The change in the dominant magnetic carrier from iron oxides to
greigite coincides with a change in the accumulation rate in the east-
ern Carpathians when the sedimentary environment became anoxic.
The appearance of greigite in Chron C3r (between 6.0 and 5.5 Ma)
is most likely related to regional tectonic and/or climatic events that
reshaped the basin configuration and consequently drastically influ-
enced the palacoenvironmental conditions. Biostratigraphic studies
indicate that the lowermost water column remained well ventilated
and sufficiently oxygenated throughout the entire succession, there-
fore, we conclude that the anoxic conditions favouring greigite for-
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mation could only have been present within the sediments, probably
related to degradation of organic matter during rapid but shallow
burial.
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