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Abstract

To establish a magnetobiostratigraphy for a 620-m-thick middle to late Pleistocene mudstone sequence in the Lower
Gutingkeng Formation of the Tsailiao-chi (TLC) section in southwestern Taiwan, we conducted paleomagnetic and mineral
magnetic measurements, together with sediment granulometry and calcareous nannofossil identification. Paleomagnetic
samples from 65 sites revealed two types of thermal demagnetization (25-400°C) behavior: (1) single-component stable
characteristic remanence in magnetite- and pyrrhotite-dominated samples (Type S), and (2) abrupt changes in polarity
when samples with significant greigite concentrations were heated above 320-340°C (Type C). The characteristic polarities
derived from Type S samples and from magnetite-dominated Type C samples (obtained above 340°C) are consistent with
those determined from nannofossil biostratigraphy. This implies that the NRM carried by magnetite and pyrrhotite is
reliable. The essentially antiparallel remanence components in Type C samples below 340°C are attributed to greigite. The
almost antiparallel direction could have resuited from delayed formation of greigite, but in this case, the different direction
of this component must have resulted from variable remanence lock-in times. Alternatively, the opposite polarities may
result from self-reversal, which warrants further investigation. Pyrrhotite and greigite may have both formed authigenically,
but there is no clear explanation for the observed differences in direction. © 1998 Elsevier Science B.V. All rights
reserved.
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1. Introduction

In the past decade, the ferrimagnetic iron sul-
fides, greigite (Fe;S4) and pyrrhotite (Fe;Sg), have
been increasingly reported in sedimentary environ-
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ments of variable age [1-14]. These two magnetic
minerals are usually authigenic products that formed
during early diagenesis under anoxic conditions via
a complex biogeochemical process of decomposi-
tion of organic matter and bacterial sulfate reduction
[15~17]. During this process, detrital magnetic iron
oxides (e.g., magnetite) will undergo partial or com-
plete dissolution [18]. The formation of magnetic
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iron sulfides in anoxic environments results in an
additional chemical remanent magnetization (CRM),
which contributes to the natural remanent magneti-
zation (NRM) of sediments together with the detrital
remanent magnetization (DRM) carried by any mag-
netite that survives dissolution. As a consequence,
the coexistence of greigite /pyrrhotite with magnetite
in sediments has important implications for paleo-
magnetism [13,19-23].

In southwestern Taiwan, extraordinarily thick
(>3000 m) Plio-Pleistocene marine sequences,
which are composed mainly of massive mudstone
and muddy siltstone/sandstone, are well exposed
along many river sections. In this region, com-
mon occurrences of greigite, pyrrhotite and mag-
netite have been reported in an area of 600 km?
[7]. The location therefore provides a good opportu-
nity to study the rock magnetic properties of natural
greigite/pyrrhotite-bearing sediments [24—26]. This
study was aimed at determining the primary re-
manent component from sediments that are known

to contain mixtures of magnetic minerals in order
to test the reliability of the paleomagnetic record
in sediments whose NRM comprises contributions
from DRM and CRM.

2. Geological background and sampling

We sampled the Tsailiao-chi (TLC) river section
for magnetobiostratigraphic studies (Fig. 1). This
section, located about 25 km east of Tainan City,
is truncated by the Tso-chen left-lateral strike-slip
fault to the east and is composed of two lithostrati-
graphic units: the Lower Gutingkeng and the Upper
Gutingkeng Formations. These two units belong to a
sedimentary sequence that rapidly accumulated since
the Pliocene in a subsiding foreland basin [27]. The
Lower Gutingkeng Formation is characterized by a
dark gray massive mudstone that is intercalated with
thin layers of muddy siltstone/sandstone. The Up-
per Gutingkeng Formation is composed mainly of
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Fig. 1. Map of the TLC section, with location of 65 paleomagnetic sites, lithostratigraphic units and calcareous nannofossil biostratigra-

phy. The sequence is younger toward the west.
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thick layers of muddy siltstone/sandstone. The se-
quence has a coarsening upward trend. According
to a calcareous nannofossil study [28], the age of
the section ranges from the middle to late Pleis-
tocene. The reappearance of medium Gephyrocapsa
occurs in the middle part of the Lower Gutingkeng
Formation (Fig. 1) and the interval from this datum
level down to the Tso-chen fault is within the small
Gephyrocapsa zone of Gartner [29], where medium
and large Gephyrocapsa disappear.

Paleomagnetic sampling was focused on mud-
stones of the Lower Gutingkeng Formation because
fine-grained sediments are usually deposited in a
calm environment, which favors preservation of re-
liable magnetic signals. Cores were oriented (i.e.,
azimuth and dip) with a mechanical device mounted
with a magnetic compass. At each site, about five
cores (25 mm in diameter) were drilled after remov-
ing the weathered surface of the outcrop. A total
of 65 sites were sampled from the 620 m sequence
(Fig. 1). Sites were spaced at stratigraphic intervals
of 5 to 20 m, depending on exposure.

3. Laboratory procedures

Samples were cut from the oriented cores (22
mm in length) and were subjected to paleomagnetic
analysis. Sister samples were used for rock mag-
netic and low-temperature magnetic measurements.
Bulk samples from the same sites were used for
magnetic extraction, grain size determination and for
identification of calcareous nannofossils.

For the NRM analysis, samples were measured
with a 2G Enterprises superconducting rock mag-
netometer. Thermal demagnetization was conducted
with an ASC thermal demagnetizer that has a low
field (<10 nT) cooling chamber. The magnetometer
and thermal demagnetizer were both situated in a
magnetically shielded room. Twelve heating steps
from room temperature up to 400°C were employed
(i.e., 25, 120, 160, 200, 240, 280, 300, 320, 340, 360,
380 and 400°C). To monitor for changes in magnetic
properties, low-field magnetic susceptibility («) was
measured after each step with a Bartington Instru-
ments MS2 system.

For comparison with thermal dernagnetization re-
sults, selected sister samples were also treated by

thermal demagnetization from 25 to 340°C, and were
subsequently subjected to alternating field (AF) de-
magnetization from 25 to 65 mT with a Molspin
AF demagnetizer. Saturation isothermal remanent
magnetizations (SIRMs) were imparted to unheated
sister samples with an electromagnet (up to fields
of 1.1 T). Subsequently, reversed fields were applied
in a stepwise manner to determine the coercivity of
remanent magnetization (B.,).

Magnetic minerals were extracted from bulk sam-
ples (100-200 g) from 24 sites, following the method
of Papamarinopoulos et al. {30], and were iden-
tified with a Philips X-ray diffractometer (XRD)
with CuKa radiation. The morphology of the ex-
tracted magnetic minerals was examined with a Hi-
tachi scanning electron microscope (SEM) linked
with an energy dispersive X-ray (EDX) analyzer.
In addition, the presence of magnetite or pyrrhotite
was checked by identifying magnetic phase tran-
sitions using low-temperature (5-150 K) magnetic
measurements [26,31-33]. The measurements were
carried out on small subsamples (~100 mg), using
a Quantum Design Magnetic Property Measurement
System (MPMS-2). Samples were cooled to 5 K in
the MPMS and a 1 T DC field was applied for 10
seconds and the superconducting magnet was then
reset to zero. The isothermal remanent magnetiza-
tions (IRMs) were measured at one or five degree
steps up to 150 K.

Grain size determination was carried out on bulk
sediment samples. Relative grain abundances were
determined for the following three size fractions,
which were separated by mechanical sieving: >63
wm, 45-63 wm, and <45 um. Smear-slides were
examined under a petrographic microscope for nan-
nofossil identification for each site. The slides were
prepared following standard procedures [34] and
nannofossil ages were determined using the scheme
of Berggren et al. [35].

4. Results

4.1. Demagnetization of NRM and nannofossil
biostratigraphy

NRM intensities (J,) and «, range between 0.1-
39 mA m~' and 182-781 x 10~® (SI), respectively.
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Fig. 2. (a-d) Representative thermal demagnetization diagrams of the TLC samples. The diagrams are after bedding correction

(N30°W/30°W). o

= horizontal projection; o = vertical projection; J;/J, (&) =

normalized remanence intensity; «;/x, (M) =

normalized low-field magnetic susceptibility. (a—b) Type S samples carried by dominant magnetite (M) and pyrrhotite (P), respectively.
(c—d) Type C samples containing greigite (G) and magnetite (M). (e—g) Representative thermal demagnetization paths of Type C samples

on the equal-area projection. ¢ and solid lines =

The relatively wide range of these values implies
variation in magnetic mineralogy and/or concen-
tration of magnetic particles. In general, thermal
demagnetization results are of two contrasting types,
designated as Type S (stable) and Type C (chang-
ing). The examples shown in Fig. 2 illustrate the two
types of behavior. Type S samples have stable char-
acteristic remanence above 240°C (or even below,
Fig. 2a, b), whereas Type C samples undergo abrupt
changes in magnetic polarity at temperatures around

lower hemisphere; o and dashed lines = upper hemisphere.

320-340°C (Fig. 2c—g). The directions obtained af-
ter the abrupt change are essentially antiparallel to
those before the change. Demagnetization results for
two sister samples, which were subjected to ther-
mal demagnetization (25-340°C), followed by AF
demagnetization (25-65 mT), are shown in Fig. 3.
The results of AF demagnetization are consistent
with thermal demagnetization results above 340°C
(cf. Fig. 2b, d), which confirms the reliability of high
temperature results. Changes in J and x with tem-



C.-S. Horng et al. / Earth and Planetary Science Letters 164 (1998) 467481 471

a. W/Up W/Up
TLC21.1C
(XRD: P)
(MPMS: P) M
Thermal Demagnetization e AF Demagnetization
S + + + + + N S—+ + + + + N
340C
2smT %0 C 65mT
J,=30.9 mAm" 40 mT Jpooe = 7.6 mAmM"
25 C Je =23.5mAm" Jiomr = 6.6 mAmM™
Jioc = 6.8 mAm™ E/Dn Jorr = 3.1 mAm" E/Dn
b. W/Up W/Up 25mT
65 W
1 340 C
]
S + + t ; + + + N
TLC44.D +° Thermal =P AF Demagnetization
(XRD:M & G) Demagnetization
(MPMS: M)
240C € 340c
S - N
J,=2.2 mAm"
Jwc=44mAm’
J

0c = 1.9 mAm™ E/Dn

Fig. 3. Thermal and AF demagnetization diagrams for two sets of sister samples. The magnetic minerals (see Table 1) of these two sites
are also shown. Thermal demagnetization was carried out from 25 to 340°C (e = horizontal projection; c = vertical projection), then AF
demagnetization was subsequently applied from 25 to 65 mT (A = horizontal projection; A = vertical projection).

perature are also shown in Fig. 2a—-d. Some Type C
samples undergo significant decreases in « at around
240-300°C (e.g., Fig. 2c). Some samples have a dif-
ferent polarity below 240°C to that isolated above
240°C. This behavior is probably attributable to a
viscous remanence, which is not further discussed.
For Type C samples, the mean directions of the
remanence components isolated between 240-320°C
and above 340°C were calculated by line fitting of
vector components [36] in orthogonal plots like those
shown in Fig. 2c¢,d. Data obtained from the temper-
ature range below the abrupt polarity change, ex-

cluding the inferred viscous remanence component,
are referred to as Stage I directions. Data from the
temperature range above the abrupt polarity change
are referred to as Stage II directions. For Type S
samples, a similar calculation was done with the
temperature boundary set at 340°C. The results are
plotted versus stratigraphic thickness in Fig. 4 and
are also shown in equal-area projections in Fig. 5.
The polarities based on the mean values of the two
stages are presented in Fig. 4 alongside the bios-
tratigraphy defined by calcareous nannofossils. The
biostratigraphy indicates that the lower part of the
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sequence (sites 1-41) lies within the small Gephy-
rocapsa zone and that the reappearance of medium
Gephyrocapsa occurs at site 42 and above.

4.2. Identification and morphology of magnetic
minerals

X-ray diffraction analysis (Fig. 6) on magnetic ex-
tracts indicates that the samples contain complex as-
semblages of magnetic minerals, including magnetite
(M), pyrrhotite (P) and greigite (G). Their relative
concentrations were estimated semi-quantitatively by
the intensities of their strongest diffraction peak, as
indicated in Table 1. A notable feature is that Type
S sites are dominated by magnetite and/or pyrrhotite
and that Type C sites are characterized by the co-
existence of greigite and magnetite. The occurrences
of magnetite and pyrrhotite, as determined from
low-temperature measurements (Fig. 7a—d), are con-
sistent with the XRD results, although trace amounts
of magnetite below the limit of XRD identification
can be detected by low-temperature measurement
(Table 1). Consistency between these results indi-
cates that magnetic mineral assemblages determined
by XRD are representative of the observed NRM.

The morphologies of the three magnetic minerals
under SEM/EDX observation are shown in Fig. 8.
Magnetite grains (Fig. 8a) have subangular shapes
with numerous dissolution pits. A large titanomag-
netite grain (~100 pwm, Fig. 8a) has a highly etched
surface. However, not all magnetite grains are as
large as shown here; some are as small as 3 um (not
shown). These smaller magnetite grains also have
etched surfaces. Pyrrhotite grains (Fig. 8b) have tab-
ular hexagon crystals (15-30 pwm). In contrast, the
morphology of greigite particles (Fig. 8c) is difficult
to clearly define due to their small sizes (1-2.5 pm).
The greigite particles look like platy hexagons or
octahedrons.

4.3. Magnetic properties and lithology

NRM intensity (J,) and susceptibility (x,) of
samples before thermal demagnetization are given in
Table 1 along with the same properties and SIRM
and B, of the sister samples. Relatively high J,
values (>10 mA m™') occur in some greigite- and
pyrrhotite-dominated samples. However, consider-
able differences in J, and «, are occasionally ob-
served between sister samples that are dominated by
pyrrhotite and/or greigite (e.g., TLC32.1A and TL-
C32.1B; TLC11.1A and TLC11.1B). SIRM and B
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Fig. 5. Equal-area projections of remanence directions for the TLC samples: (a) before demagnetization of the NRM; (b) Stage I (circles)
and Stage 11 (squares) components of Type S samples; (c) Stage I component of Type C samples; and (d) Stage II component of Type C
samples. The data in (b), (c), and (d) are from least-squares fits to the data for each component [36]. Solid = lower hemisphere; open =

upper hemisphere.

appear to vary with magnetic mineralogy. The greig-
ite-dominated samples have relatively high SIRM
(5-24 A m™') and B, (62-75 mT), while the mag-
netite-dominated samples have relatively low SIRM
(0.3-7 Am™!) and B, (39-56 mT).

The grain-size distribution of the sediment is
dominated by grains finer than 45 pm in most cases
(Table 1). The magnetic mineralogy is related to

grain-size distribution, with greigite occurring domi-
nantly in fine-grained sediments (84-94% in the <45
pum fraction). Magnetite is ubiquitous throughout the
sequence, but magnetite-dominated samples contain
relatively high percentages (7-32%) of coarse grains
(>63 wm). Pyrrhotite tends to occur in sediments
with grain sizes intermediate between those of greig-
ite-dominated and magnetite-dominated samples.
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Fig. 6. Representative X-ray diffractograms of magnetic extracts, indicating characteristic peaks of magnetic minerals (Magnetite: M,
Pyrrhotite: P, Greigite: G). Quartz (Q) generally occurs in the magnetic extracts.

5. Discussion
5.1. Magnetobiostratigraphy

The polarities based on the mean Stage I and
Stage I directions are strikingly different (Fig. 4).
Samples with consistent polarities (Type S) have
magnetic mineral assemblages that are dominated by

magnetite and/or pyrrhotite. Those with inconsistent
polarities (Type C) all contain significant concen-
trations of greigite. It is noteworthy that the Stage
II polarities of Type C samples are consistent with
those of adjacent Type S samples.

According to previous studies [25,26,37], greig-
ite decomposes completely around 330-340°C. This
temperature range is close to that at which the abrupt
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Fig. 7. Low-temperature analysis of IRM (1 T) acquired at 5 K for a small subsample (~100 mg), with measurements made during
zero-field warming. The first derivative of the IRM [—log(—AIRM/AK)] is shown on the right-hand axis to indicate magnetic
transitions at 35 K (pyrrhotite: P) and 110-120 K (magnetite: M) [26,31-33]. Magnetic minerals identified by XRD on magnetic extracts
from the same sites are also indicated for each sample. (a—d): Unheated samples. (e-f): after thermal demagnetization at 340°C.

Fig. 8. SEM images of magnetic grains from the TLC magnetic extracts. (a) An octahedral magnetite (M) grain (~30 pm) from site
43 has dissolution pits on the surface. A large titanomagnetite (TM) grain (~100 wm) on the left reveals a highly etched surface. (b)
Pyrrhotite (P) crystals (15-30 pm) from site 21, which usually comprise tabular hexagons. (c) Fine-grained greigite (G) particles (1-2.5
wm) from site 11. The magnetic grains were identified by EDX chemical analyses after coating with a film of gold (Au).
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polarity change is observed among Type C samples.
Therefore, it is reasonable to attribute the abrupt po-
larity change to the removal of the greigite compo-
nent, which is probably dominant in Type C samples
during Stage 1. The Stage II remanence of Type C
samples must be carried by magnetite that survives
thermal decomposition.

The conflicting results observed from the Stage
I and Stage II directions can be resolved with the
nannofossil biostratigraphy (Fig. 4). The lower part
of the sequence is within the small Gephyrocapsa
zone, which agrees well with the results of Chi and
Huang [28]. Based on the datum levels of Berggren
et al. [35], this zone defines the age interval from ca
1.21-1.03 Ma, within the Matuyama Chron (Fig. 4).
The Stage II remanence directions from sites 1-40
all have reversed polarity, as expected in this Chron.
Medium Gephyrocapsa reappears at site 42, which is
an important datum level in the Jaramillo Subchron
[38,39]. According to the biostratigraphy, sites 41 to
51 should be assigned to the Jaramillo Subchron. The
Stage II polarities from these sites are all normal.
Above site 52, up to site 65, the Stage II remanence
has reversed polarity again. Therefore, the polarities
based on Stage II data are consistent with that sug-
gested by the biostratigraphy, as are the Stage I re-
sults from Type S samples. These results reveal that
remanences carried by magnetite and pyrrhotite are
reliable for magnetostratigraphic interpretation.

Based on the Stage II polarities and the calcare-
ous nannofossil biostratigraphy, the age of the TLC
sequence is unambiguously estimated to be younger
than the Cobb Mountain Cryptochron (1.21 Ma) and
older than the Matuyama/Brunhes boundary (0.78
Ma) (Fig. 4). The sedimentation rate during this pe-
riod is estimated to be 1.5-3.0 m/ky, which is of the
same order as previously reported [40].

5.2. Origins of the magnetic minerals

The inconsistent polarities exhibited by different
magnetic minerals are intriguing and warrant further
investigation. The subangular shapes and dissolu-
tion pits of the magnetite grains and the highly
etched surfaces of titanomagnetite grains (Fig. 8a)
provide clear evidence for their detrital origin. These
morphological changes result from weathering and
diagenetic dissolution (cf. [18]).

Greigite is easily oxidized and its color changes
from black to reddish brown during laboratory stor-
age for several months [1,2,11]. It is therefore un-
likely that the greigite had a detrital origin. Labo-
ratory experiments have demonstrated that greigite
forms as a precursor to pyrite under sulphate-reduc-
ing diagenetic conditions [15-17,41] and an authi-
genic origin for greigite has been inferred in many
studies [1-3,8,10-14].

The consistent NRM polarities carried by mag-
netite and pyrrhotite would imply a similar (i.e., a
detrital) origin, but Roberts and Turner [8] suggested
an authigenic origin for pyrrhotite in a similar geo-
logical setting. Our evidence appears to support an
authigenic origin. Some of the pyrrhotite-dominated
samples have high values of J, (up to 38 mA m™')
and SIRM (up to 16 A m™!), which are similar to
those of greigite-dominated samples (Table 1), and
unlike the rather low values of magnetite-dominated
samples. The SIRM/x, ratio also indicates similar-
ity between pyrrhotite- (mostly between 20-61 kA
m~!) and greigite- (15-57 k m~') dominated sam-
ples. The magnetite-dominated samples and their sis-
ter samples usually have similar J, values, whereas
pyrrhotite- or greigite-dominated samples and their
sister samples sometimes have rather different J, and
SIRM values. The difference between sister samples
suggests that occurrences of pyrrhotite and greig-
ite are not as homogeneous as magnetite, but are
variable on the scale of individual samples.

In contrast to the highly altered morphology of
magnetite, the observed morphology of pyrrhotite
is euhedral to subhedral (Fig. 8b). If the pyrrhotite
grains, which are generally smaller than the mag-
netite grains, have undergone transport and weather-
ing, they should show more evidence of morpholog-
ical changes. Moreover, pyrrhotite is found in sedi-
ments of a rather narrow range of grain sizes, while
magnetite is ubiquitous in the TLC sediments. These
observations indicate that the origin of pyrrhotite is
similar to that of greigite.

The geochemical conditions under which
pyrrhotite is formed during diagenesis are poorly
understood except that it can form as an intermediate
product under restricted circumstances during pyri-
tization reactions [41]. Laboratory experiments of
Sweeney and Kaplan [41] suggested that pyrrhotite
may form at low temperature. Roberts and Turner
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[8] proposed that preservation of the intermediate
products is favored and that pyritization is arrested in
fine-grained sediments due to reduced permeability.
The TLC sequence was deposited in a similar envi-
ronment. Within this section, greigite-bearing sedi-
ments contain 84 to 94% of fine-grained sediments
(<45 pwm), while pyrrhotite-bearing sediments con-
tain 79-91% of the <45 pm fraction. The subtle dif-
ference in the fine-grained fraction appears to control
the occurrence of either greigite or pyrrhotite. This
difference may be an indication of the abundance
of very fine iron-containing mineral grains that are
responsible for the ferrous ion activity in the pore
water. This activity may, in turn, control the stability
field of pyrrhotite, which exists at a lower ferrous ion
activity, or greigite, which exists at a higher ferrous
ion activity [42]. Farther study is needed to explore
this possibility.

The antiparallel remanences carried by greigite
and magnetite in Type C samples are perplexing in
light of the consistency demonstrated by pyrrhotite
and magnetite. One possible explanation for the in-
consistency is delayed formation of greigite [13].
For instance, if the greigite remanence at site 1 (Type
C), where sediments were deposited at ~1.21 Ma
(Fig. 4), was acquired 140 kyr after deposition, its
polarity would be normal (Jaramillo) instead of re-
versed, as expected for the sediment deposition age
(Matuyama). If this was the case, the overlying sed-
iments were at least 380 m in thickness when the
greigite formed. This is much deeper than was im-
plied (less than 10 m) in the aforementioned case
[13] and is much deeper than is expected for greigite
formation under normal diagenetic conditions [8]. If
greigite was formed at such a great depth, it could
have been associated with gas hydrates [43]. Gas
hydrates have been detected in modern continen-
tal margin sediments off southwestern Taiwan [44].
However, the length of inferred delay in remanence
acquisition would change from site to site in order to
achieve the apparent antiparallel polarities of greigite
in the TLC section, which is difficult to explain. The
deep origin of greigite is at odds with observations
of greigite formation during early diagenesis in sedi-
ments off Taiwan (Horng, unpublished data) as well
as in many other places [1-3,6,8-10,12,14,45].

Another possible explanation is self-reversal of
greigite [11,13]. The consistently antiparallel polari-

ties of greigite appear to support such an explanation,
but the physical mechanism of this hypothetical pro-
cess is unknown [13].

5.3. Thermal alteration of greigite and pyrrhotite

Greigite and pyrrhotite may change into other
forms of magnetic minerals during thermal demag-
netization [25,26,37,46]. The newly formed mag-
netic minerals may acquire a thermal remanent mag-
netization (TRM) and thereby alter the NRM direc-
tion. Determination of magnetic mineralogy before
and after thermal demagnetization helps in evaluat-
ing the extent of such changes.

Low-temperature measurements of a greigite- and
magnetite-bearing sample, which has been demagne-
tized at 340°C, are shown in Fig. 7e. A weak but clear
change in IRM at 35 K suggests that a small amount
of pyrrhotite has formed as a result of heating, while
magnetite persists. Further thermal demagnetization
at temperature above 340°C did not significantly
change the directions of remanence, which are con-
sistent with those obtained from AF demagnetization
(cf. Fig. 2d, Fig. 3b). Such consistency indicates that
thermal alteration has little effect on the NRM di-
rection for samples that contain primary magnetite.
In another example (Fig. 7f), magnetite may have
formed after thermal demagnetization at 340°C. Its
remanent direction remained essentially the same as
those observed at lower temperatures (cf. Fig. 2b,
Fig. 3a). These results clearly demonstrate that TRM
acquisition is insignificant, because the ambient field
is well shielded during thermal demagnetization.

6. Conclusions

We identified three magnetic minerals (magnetite,
pyrrhotite and greigite) in mudstones throughout
the TLC section. Detrital magnetite is ubiquitous,
whereas pyrrhotite and greigite occur preferentially
in finer-grained sediments. Thermal demagnetization
behavior is controlled by the magnetic mineralogy.
Magnetite- or pyrrhotite-dominated samples have a
stable remanent component above 240°C, and the
polarities obtained from these samples are consistent
with those determined by nannofossil biostratigra-
phy. This agreement indicates pyrrhotite to be a
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reliable carrier of NRM. By contrast, samples with
significant concentrations of greigite exhibit antipar-
allel remanence directions before total decomposi-
tion of greigite around 340°C, while the remanence
carried by magnetite at temperatures above 340°C
is comsistent with polarities expected from bios-
tratigraphy. The reason for the antiparallel directions
observed for greigite is not clear. One possibility is
due to delayed formation of greigite under special
geochemical conditions, but the acquired antiparallel
CRM is difficult to explain. Another possibility is
due to self-reversal, whose physical mechanism is
still unknown.

Although the remanence carried by pyrrhotite
is consistent with that of magnetite, the origin of
pyrrhotite does not appear to be detrital according to
its morphology and magnetic properties. Instead, its
origin is probably authigenic, similar to that of greig-
ite. If this is the case, it must have formed rapidly
during early diagenesis, but the factors that control
the formation of either mineral are not clear.
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