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Abstract

Monoclinic pyrrhotite (Fe;Sg) is widely claimed to carry magnetizations acquired during early diagenesis in anoxic sedimentary
environments. In contrast, geochemical literature indicates that pyrrhotite formation is extremely slow below 180 °C, which makes
it a highly unlikely carrier of early diagenetic remanences in sediments. This view is confirmed by the occurrence of late diagenetic
Fe;Sg in ancient sediments and the general lack of Fe;Sg in modern sediments. Horng et al. [C.S. Horng, M. Torii, K.S. Shea, S.J.
Kao, Inconsistent magnetic polarities between greigite- and pyrrhotite/magnetite-bearing marine sediments from the Tsailiao-chi
section, southwestern Taiwan, Earth Planet. Sci. Lett. 164 (1998) 467—481.] documented the presence of Fe;Sg that carries a
magnetic signal indistinguishable from that of detrital magnetite in Pleistocene marine sediments from Taiwan. We tested the
possibility that the Fe;Sg could have a detrital origin by conducting a source-to-sink study and found Fe;Sg in metamorphic rocks
of the Taiwan Central Range and in material eroded from these rocks in the transportation pathway and in the depositional sink.
This confirms that the Fe;Sg has a detrital origin. Rapid transportation from source to sink (e.g., by typhoon-associated flood
events) probably assists preservation of the Fe;Sg, which might otherwise oxidize during transportation. The widespread
occurrence of exhumed metamorphic rocks in orogenic belts around the world makes them a likely source of Fe;Sg in marginal
sedimentary basins. Detrital Fe;Sg should therefore be more routinely considered to be responsible for paleomagnetic records when
it is present in sediments with partial metamorphic provenance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Pyrrhotite (Fe; ,S) has a range of compositions
(0<x<0.13), crystal structures and magnetic properties;
monoclinic pyrrhotite (Fe;Sg) is ferrimagnetic, whereas
hexagonal pyrrhotite (FeoS), orthorhombic pyrrhotite
(Fe19S11) and Fe S, are antiferromagnetic at ambient
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temperatures [2]. Pyrrhotite can occur as an accessory
mineral in igneous, sedimentary and metamorphic
rocks, as well as a major mineral in some hydrothermal
ore deposits [3], hydrothermally altered sediments [4],
and Martian meteorites [5]. Monoclinic pyrrhotite can
significantly contribute to the remanent magnetization
of its host rock [4-8], so understanding its likely dis-
tribution in geological environments is important.
Thermodynamic data suggest that pyrrhotite should
not form under normal Eh-pH conditions in reducing
diagenetic sedimentary environments [9]. Kinetic data
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indicate that, even under appropriate diagenetic condi-
tions, pyrrhotite formation will be extremely slow
below ~180 °C [10,11]. Thus, while it is possible for
pyrrhotite to form in sediments, it should not be able to
grow fast enough to produce an early diagenetic mag-
netization. Despite these difficulties, pyrrhotite has
been widely claimed to be a remanence carrier in
sedimentary rocks (e.g., [1,12-21]). In these studies,
there are many instances where pyrrhotite is interpreted
to have grown during early diagenesis, although little
evidence is usually provided to demonstrate that the
pyrrhotite had an authigenic origin.

Monoclinic pyrrhotite has been demonstrated to be
an important remanence carrier in Pleistocene sedi-
ments from Taiwan [22,23]. It was observed that the
pyrrhotite gave paleomagnetic directions that were con-
sistent with those of detrital magnetite, whereas grei-
gite-bearing sediments in the same sequence yielded
contradictory polarities that were not consistent with
independent geochronological constraints [1,24]. This
observation suggests that the monoclinic pyrrhotite
could have a detrital rather than an authigenic origin.
A similar study of lower Pliocene sediments from
southern Italy also demonstrated that monoclinic pyr-
rhotite yielded paleomagnetic directions that were con-
sistent with those of magnetite [13]. However, Linssen
[13] argued that the pyrrhotite was not detrital in origin
since it would oxidize during transportation from
source to sink. In order to resolve a longstanding co-
nundrum associated with the origin of magnetizations
carried by monoclinic pyrrhotite in sediments, we have
carried out a detailed source-to-sink investigation in
Taiwan to determine whether the widely observed sed-
imentary pyrrhotite in Taiwan has an authigenic or
detrital origin.

2. Geological setting and sampling

The island of Taiwan straddles the plate boundary
between the Eurasian plate and the Philippine Sea plate
(Fig. 1a). Oblique collision between these two plates
has resulted in development of a mountain belt since
the late Miocene [25]. Tectonically, Taiwan can be
divided into 5 major units. From east to west, these
are the Coastal Range, the Longitudinal Valley, the
Central Range, the Western Foothills and the Coastal
Plain. The Coastal Range represents an accreted portion
of the northern Luzon Arc and mainly consists of
andesitic lavas and pyroclastics and a thick Plio—Pleis-
tocene sedimentary succession. The Longitudinal Val-
ley represents the suture zone between the continental
margin of the Eurasian plate and the Luzon Arc on the

Philippine Sea plate. The Central Range contains a
variety of pre-Tertiary metamorphic basement rocks,
including schists, marbles, amphibolites, and gneisses.
Unconformably overlying the basement is a highly
deformed argillite—slate belt that formed as a result of
Plio—Pleistocene low-grade regional metamorphism of
a thick sequence of Tertiary marine sediments that were
altered to form argillites, slates, phyllites, and quartzites.
The Western Foothills consist of unmetamorphosed
Oligocene to Pleistocene siliciclastic sediments that are
deformed into a series of imbricate thrust sheets. The
Coastal Plain is covered by relatively flat-lying Quater-
nary alluvium that is underlain by Plio—Pleistocene
marine sediments that were deposited in the foreland
basin in western Taiwan.

Pliocene—Holocene sedimentary sequences with
thicknesses of up to 5 km have been deposited in
the foreland basin as a result of orogenesis [26]. The
foreland basin comprises the Western Foothills, the
Coastal Plain and the offshore Taiwan Strait (Fig.
1b). Previous analyses of pyrrhotite-bearing sediments
[1,22,23,27] focussed on Pleistocene sequences that
crop out in river sections along the margins of the
Western Foothills (the Tsengwen-chi (TWC), Tsailiao-
chi (TLC), and Erhjen-chi (EJC) sections; Fig. 1b;
Table 1). In this study, we present results from modern
pyrrhotite-bearing sediments taken from box cores in
the Taiwan Strait (Fig. 1b). Kaoping-chi River is the
biggest river that drains from the Central Range
through southern Taiwan. Offshore, the narrow shelf
is incised by the Kaoping Canyon, which drains to the
floor of the South China Sea. The studied box cores
follow a depth progression from inner shelf (30 m
depth) to continental slope (1507 m depth) along the
margins of Kaoping Canyon (Fig. 1b; Table 1) and
were recovered during cruise 346 of RV Ocean Re-
searcher-I in 1993.

The foreland basin represents the long-term deposi-
tional sink for sediments eroded from the Taiwan oro-
gen. In order to investigate the possibility that the
monoclinic pyrrhotite in these sediments has a detrital
origin, we sampled low-grade metamorphic rocks from
the Central Range along Southern Cross-island High-
way 20 (Fig. 1c; Table 1) [28]. To investigate possible
sediment transportation pathways, and to test whether
monoclinic pyrrhotite can survive fluvial transportation,
we took samples from upstream (RV1), midstream
(RV2, RV3) and downstream (RV4, RV5, RV6) local-
ities (Fig. 1b, c; Table 1). These samples include water
samples that were taken in 2 / plastic bottles (at local-
ities RV1, RV4, RVS and RV6) during times of high
typhoon run-off when the suspended sediment load was
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Fig. 1. (a) Tectonic setting of Taiwan and its five geological units: (I) the Coastal Range, (II) the Longitudinal Valley, (III) the Central Range, (IV)
the Western Foothills, and (V) the Coastal Plain. (b) The localities from which samples were collected (see Table 1 for details). Three pyrrhotite-
bearing sections (TWC, TLC and EJC [1,22,23]) that crop out in the Western Foothills are also marked. (¢) A more detailed map of the top right-
hand square in (b) with sites where metamorphic rocks were sampled. The metamorphic grade increases to the east [28].
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Table 1

Magnetic minerals and hysteresis data for the studied samples at different elevations and locations

Sample 1D Magnetic minerals" Hysteresis loop @ Elevation Location

M,/M, H,/H, (m) Long. (°E) Lat. (°N)
1. Metamorphic terrain, southern cross-island highway
MT-01 - Paramagnetic 1000 120° 50.09 23 16.19
MT-02 - - - 1060 120° 50.82 23 15.63
MT-03 - - - 1040 120° 51.05' 23 15.53
MT-04 - Paramagnetic 1460 120° 51.20/ 23 17.44
MT-05 - — - 1660 120° 52.51 23 16.77
MT-06 - - - 1620 120° 52.78 23 17.1
MT-07 - - - 1860 120° 53.54' 23 16.58
MT-08 - Paramagnetic 2040 120° 54.35 23 16.85
MT-09 - - - 2320 120° 54.91 23 15.9¢
MT-10 - - - 2340 120° 54.74' 23 15.77
MT-11 - — - 2340 120° 55.05 23 15.70/
MT-12 - - - 2360 120° 55.15 23 1547
MT-13 - Paramagnetic 2460 120° 55.66/ 23 15.47
MT-14 P 0.69 1.19 2500 120° 56.04' 23 15.20
MT-15 - Paramagnetic 2560 120° 56.22 23 16.01
MT-16 P 0.67 1.17 2700 120° 56.94' 23 15.8%
MT-17 P 0.65 1.23 2722 120° 57.28 23 15.92
1I. River suspensions/riverbank deposits, Kaoping-chi
RV-01-S P 0.71 1.29 720 120° 49.07 23 15.02
RV-02-D P 0.66 1.21 300 120° 40.14 23 02.88
RV-03-D P - - 240 120° 38.39 22 59.7¢
RV-04-S P - - 34 120° 30.17 22 47.69
RV-05-S P - - 32 120° 27.08 22 46.26/
RV-06-S and -D P 0.65 1.42 14 120° 26.01" 22 39.93
11l. Sediment trap, Kaoping Canyon
KP-ST P, M 0.26 2.01 —258 120° 24.08 222425
1V, Sediments from box cores, Taiwan Strait
OR1-346BC-18 (018 cm)® P, M 0.28 2.11 -30 120° 30.03' 22 19.18
OR1-346BC-01 (0-29 cm) P, M - - —56 120° 15.23' 22 29.84
OR1-346BC-15 (0-39 cm) P, M 0.17 2.42 —244 120° 19.9¢/ 22 19.92
OR1-346BC-5A (0-36 cm) P, M 0.22 1.89 —370 120° 12.42 22 22.45
OR1-346BC-06 (0-37 cm) P, M - - —620 120° 10.04 22 19.79
OR1-346BC-B4 (0-37 cm) P, M - - —712 120° 15.04' 22 14.99
OR1-346BC-03 (0-32 cm) P, M 0.15 2.77 —731 120° 05.07 22 20.22
OR1-346BC-6A (0-31 cm) P,M 0.22 2.83 —750 120° 07.4¢/ 22 17.36
OR1-346BC-14 (0-28 cm) P, M 0.26 1.87 —1507 120° 05.94 22 10.80
V. Pleistocene land sections in the western Foothills
TLC-22 P 0.61 1.23 30 120° 24.9¢ 22 02.35
EJC-16 P 0.52 1.42 35 120° 22.50/ 22 53.77

Note: (1) Magnetic mineral identifications are based on X-ray analysis of magnetic extracts. P: pyrrhotite, M: magnetite. Concentrations of magnetic
extracts of samples from MT-01 to MT-13 and MT-15 are too low for X-ray analysis. (2) Hysteresis loops were measured for selected bulk samples
from the metamorphic terrain and land sections, and for selected magnetic extracts from the river deposits, sediment trap, and box core sediments.

(3) Core interval.

high. In addition, riverbank deposits were sampled at
localities RV2, RV3 and RV6 (Fig. 1b; Table 1). Final-
ly, sieved samples from the <63 pm fraction were
obtained from a sediment trap located offshore of the
mouth of the Kaoping-chi River (KP-ST) for the period
from May 31 to June 5, 2004 (Fig. 1b; Table 1).

3. Methods

Magnetic extracts were made from all studied mate-
rials, including metamorphic rocks from the Central
Range, suspended fluvial sediments and riverbank
deposits from the Kaoping-chi River, the sediment
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trap from offshore of the mouth of the Kaoping-chi
River, and marine sediments from box cores from the
Taiwan Strait. The metamorphic rocks were crushed
and gently ground into a fine powder, and suspended
in water. Magnetic minerals were extracted using a rare
earth magnet housed in a plastic sheath. The other
samples (riverbank sediments, suspended fluvial sedi-
ments, sediment trap and box core sediments) were
simply mixed with water (making a slurry for the
sediment samples) and the magnetic minerals were
extracted as above. Results from all of these materials
are presented here. Analyses of pyrrhotite-bearing mag-
netic extracts from Pleistocene marine sediments ex-
posed in the Western Foothills have already been
presented by Horng et al. [1,22,23].

Several types of analysis were made on the magnetic
extracts to determine the magnetic mineralogy. X-ray
diffraction (XRD) analysis was made using a Rikagu
Miniflex table top unit (Cu-a radiation); scans were run
from 4° to 80° of 20. Results are presented after sub-
traction of the background trend. Magnetic hysteresis
loops were measured on selected extracts and bulk
rocks using a Princeton Measurements Corporation
vibrating sample magnetometer. All samples were mag-
netically saturated before 500 mT, so this was the
maximum applied field. Temperature dependence of
low-field magnetic susceptibility was measured in an
argon atmosphere with an AGICO KLY-3S Kappa-
bridge system and attached CS-3 furnace to determine
the Curie temperature(s) of the magnetic mineral(s).
Temperature-dependent susceptibility runs were first
stopped at ~340 °C to enable clear detection of the

Curie temperature for pyrrhotite at 325 °C [29] during
heating and cooling cycles. When appropriate, higher
temperature runs were also made. Direct observations
of the magnetic extracts were made using a JEOL JSM-
6360LV scanning electron microscope (SEM) operated
at 15 keV with 18 nA acceleration voltage, and mineral
compositions were determined using an Oxford Instru-
ments Ltd. INCA-300 X-ray energy dispersive spec-
trometer (EDS), respectively. EDS measurements were
calibrated using pyrrhotite, greigite and pyrite stan-
dards, which allows clear differentiation among these
phases on the basis of their distinctive iron to sulphur
ratios [e.g., 24,30,31].

4. Results

Magnetic extracts from the majority of samples
contained sufficient magnetic material for XRD analy-
sis. The only exception was samples MT-01 to MT-13
and MT-15 from the westernmost part of the sampled
metamorphic terrain (Fig. 1¢), which contain low quan-
tities of magnetic minerals (Table 1). Representative
magnetic hysteresis results demonstrate that bulk sam-
ples (e.g., MT-01) are magnetically dominated by para-
magnetic phases with no measurable concentrations of
ferrimagnetic minerals (Fig. 2a). In contrast, the more
metamorphosed rocks (samples MT-14, 16 and 17),
which crop out at higher elevations in the Central
Range (Fig. lc; Table 1), contain abundant ferrimag-
netic phases with open hysteresis loops and single
domain-like magnetic properties (Fig. 2a). Hysteresis
loops for suspended sediments extracted from the river
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Fig. 2. Hysteresis loops for representative samples from: (a) bulk metamorphic rocks from the Central Range and bulk sedimentary rocks from the
EJC section; (b) magnetic extracts from suspended sediments from the upstream section of Kaoping-chi River (RV-01-S), the offshore sediment trap
(KP-ST), and uppermost sediments from a box core in Taiwan Strait (OR1-346BC-14, 0-4 cm). Sample details are given in Table 1. Magnetic
moments of KP-ST and OR1-346BC-14, 0-4 cm are shown shaded on the right-hand axis. Data from the bulk rocks in (a) are noisier than for the
extracts in (b) because of lower concentrations of magnetic minerals in the bulk rocks. All of the loops have been corrected for their paramagnetic
slope except for sample MT-01 (which is dominantly paramagnetic and lacks a ferrimagnetic component).
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water (e.g., sample RV-01-S) and for pyrrhotite-bearing
Pleistocene sediments from tectonically uplifted marine
sections (e.g., sample EJC-16) are consistent with those
from the more metamorphosed rocks, while those from
the sediment trap and box cores are less square (Fig. 2b;
Table 1).

XRD data from all samples, except MT-01 to MT-13
and MT-15, indicate variable, but measurable, quanti-
ties of monoclinic pyrrhotite (Fig. 3). Monoclinic pyr-
rhotite is indicated by 5 principal reflections. In
particular, the double peak at a 20 angle of ~44° is
diagnostic of monoclinic pyrrhotite (hexagonal pyrrho-
tite only has a single peak in this part of X-ray pattern;
[32]). In addition to monoclinic pyrrhotite, variable
quantities of quartz and magnetite are present. Magne-
tite is only identified in the sediment trap and box core
samples (Fig. 3).

The fact that the magnetic extracts contain ferrimag-
netic monoclinic pyrrhotite is further demonstrated
by temperature-dependent susceptibility measurements

Q

Q,
MT-17

MT-14

RV-01-S

RV-02-D

RV-06-D

Counts (arbitrary units)

KP-ST
OR1-346BC-
54, 28-32 cm

OR1-346BC-
6, 28-31 cm

ORI1-346BC-
14, 0-4 cm

755

(Fig. 4a—c), which all indicate evidence of a maximum
unblocking temperature at ~325 °C [cf. 29]. All ther-
momagnetic curves indicate the presence of monoclinic
pyrrhotite during both heating and cooling (Fig. 4a—c).
A second thermomagnetic run up to 650 °C indicates
the presence of magnetite in box core sediments (Curie
temperature of 580 °C; Fig. 4d), which is consistent
with XRD results that indicate the presence of magne-
tite in the Taiwan Strait sediments (Fig. 3).

SEM observations and EDS analyses further dem-
onstrate the abundance of pyrrhotite in the magnetic
extracts (Fig. 5). Distinct morphologies are not clearly
evident in the pyrrhotite-bearing metamorphic sam-
ples, apart from occasional platy grains (Fig. 5a),
because the rocks were crushed during sample prep-
aration. Similar platy pyrrhotite grains are observed in
the river sediments (Fig. 5b). The sediment trap and
box core samples contain hexagonal-shaped pyrrhotite
particles (Fig. S5c—h). Irregular detrital magnetite
grains and spherical magnetite fly-ash particles are
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Fig. 3. X-ray diffraction data for magnetic extracts from representative samples from: source (MT) via the transportation pathway (RV and KP-ST)
to sink (box cores 5A, 6 and 14) (sample details are given in Table 1). The 5 main diffraction peaks for monoclinic pyrrhotite are indicated as P1—Ps;
Q;—Qy are the main quartz peaks, while M;—Mj are the main magnetite peaks. Monoclinic pyrrhotite is clearly indicated in all samples by the
double peak at a 20 angle of ~44° (hexagonal pyrrhotite only has a single peak in this part of X-ray pattern; [32]).
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magnetic susceptibilities result from the diamagnetism of the plastic and quartz sample holder. (a) Metamorphic rock (MT-14), (b) riverbank
sediments (RV-06-D) from the Kaoping-chi River, and (c) box core sediments from the Taiwan Strait (sample OR1-346BC-14, 24-28 cm).
Monoclinic pyrrhotite is clearly indicated by the Curie temperature at ~325 °C on both heating and cooling runs (dark and light curves,
respectively). A second thermomagnetic run to higher temperatures for the box core sample, as shown in (d), also indicates the presence of
magnetite, which is consistent with X-ray analyses (Fig. 3). Note that pyrrhotite appears to have survived the heating, as indicated by an inflection at

around 300 °C in the cooling curve.

also observed in magnetic extracts from box core
samples (Fig. 5i). It is likely that these magnetite
particles have an industrial (anthropogenic) origin
because there are large coal-burning steel production
plants in coastal towns of southwestern Taiwan. Coal
combustion produces magnetite spherules as a result
of oxidation of framboidal pyrite in coal [e.g., 33].
These particles would have settled out of the atmo-
sphere through the water column and onto the sea-
floor in the Taiwan Strait. In addition to magnetic
extracts, we analysed resin-impregnated polished sec-
tions of soft sediments from the box cores and from
middle Pleistocene sediments exposed in the Erhjen-
chi River section (Fig. 1b). Pyrrhotite is clearly pres-
ent (high electron back-scatter) as grains with irregu-
lar cross-section as well as elongated platy grains
(Fig. 5j,1). Polished sections from the box core sedi-
ments contain clear evidence of graded beds (Fig. 5k).
This suggests that a significant proportion of deposi-
tion along the Kaoping Shelf and Canyon occurs as a
result of distinct gravitational settling events (e.g.,
turbidites or rapid flood events).

5. Discussion

5.1. Origin of monoclinic pyrrhotite in sediments from
Taiwan

The evidence presented above unambiguously indi-
cates that monoclinic pyrrhotite is ubiquitous in the
sedimentary system in southwestern Taiwan and that
the pyrrhotite has a detrital rather than an authigenic
origin. It should be noted that the area of pyrrhotite-
bearing low-grade metamorphic rocks within the drain-
age of the Kaoping-chi River is large (see Fig. Ic),
although only a relatively thin section through this unit
(corresponding to samples MT14, MT16, and MT17) is
accessible along the southern cross-island highway. Our
source-to-sink study demonstrates that some low-grade
metamorphic rocks from the Central Range contain
abundant monoclinic pyrrhotite. Erosion in association
with the sampled typhoon event denuded metamorphic
rocks in the headwaters of the Kaoping-chi catchment,
giving rise to a substantial sediment load in the river,
from which measurable concentrations of monoclinic
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Fig. 5. (a—h) Back-scattered electron images of magnetic extracts containing pyrrhotite with morphologies ranging from irregular to platy hexagonal
grains. (a) Metamorphic sample MT-14 after crushing and gentle grinding; (b) riverbank sample RV-06-D; (c, d) the offshore sediment trap KP-ST;
(e) box core sample OR1-346BC-5A, 28-32 cm; (f-h) box core sample OR1-346BC-14, 0-4 cm for (f) and (g), and 24-28 cm for (h). (i) Back-
scattered electron image of spherules from sample OR1-346BC-5A, 16-20 cm. The spherules with higher electron back-scatter consist of magnetite,
while the darker ones mainly contain Fe, O, and variable Si and Al contents. (j—I) Back-scattered electron images of resin-impregnated polished
sections from a box core and from the EJC section (see Fig. 1b). (j, k) Box core sample OR1-346BC-14, 12—14 cm; (1) middle Pleistocene sample
EJC-16 from the EJC section. Grains with high electron back-scatter in (j) and (1) are pyrrhotite grains with variable shape. The graded nature of the
box core sediments (k) indicates deposition from distinct gravitational settling events (e.g., turbidites or rapid flood events possibly associated with
typhoons). EDS spectra at the bottom of the figure are calibration runs for pyrrhotite, greigite and pyrite standards, respectively; EDS analyses
confirm that all observed iron sulphides have a pyrrhotite composition.
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pyrrhotite were extracted. Pyrrhotite is abundant
throughout all parts of the sediment transportation path-
way and within the depositional sinks en route and all
the way out to the Taiwan Strait continental slope.
Intense typhoons frequently occur in Taiwan and con-
tribute to the highest denudation rate in the world [34].
Studies of active erosional denudation using '°Be indi-
cate that rivers in southwestern Taiwan have sediment
yields that are 70 times the world average, so that the
products of extremely rapid erosion are efficiently
transported to the sea [35]. The speed with which
particles are transported over the relatively short dis-
tances from source to sink undoubtedly assists the
preservation potential of iron sulphide particles that
might otherwise oxidize if they were able to spend
long periods of time in oxic environments during trans-
portation from source to sink. The presence of graded
beds in box cores (Fig. 5k) from the Kaoping shelf is
also consistent with rapid deposition. These beds could
be turbidites, but they could simply represent grading
associated with gravitational settling after intense sed-
iment discharge events associated with typhoon-in-
duced floods.

While our evidence for the presence of detrital fer-
rimagnetic monoclinic pyrrhotite in this study is
straightforward, the hexagonal shape of the magnetical-
ly extracted pyrrhotite grains shown in Fig. 5 might
appear to be puzzling. Hexagonal pyrrhotite is not
ferrimagnetic, so, if it is present in the source rocks
(hexagonal and monoclinic pyrrhotite commonly co-
occur in metamorphic rocks [6]), discrete hexagonal
pyrrhotite crystals would not be expected to be mag-
netically extracted. The resolution of this apparent puz-
zle relates to the fact that monoclinic pyrrhotite can
have pseudohexagonal structure [36]. It is therefore
likely that the particles shown in Fig. 5 represent pseu-
dohexagonal grains of monoclinic pyrrhotite.

Hysteresis data (Fig. 2) indicate another feature that
requires explanation. As would be expected, pyrrhotite-
bearing metamorphic rocks and pyrrhotite particles
extracted from the suspended fluvial sediments both
give similarly square hysteresis loops. Likewise, Pleis-
tocene pyrrhotite-bearing marine sediments that crop
out in the Western Foothills also produce square hys-
teresis loops. However, the hysteresis loops for mag-
netic extracts from the offshore sediment trap and box
cores (Fig. 2b) are much less square and do not obvi-
ously produce the same magnetic response, which
would be expected if the same magnetic material is
present in all samples. It should be noted that the
magnetic extracts from the sediment trap and the box
cores both contain magnetite, which the metamorphic

rocks, Pleistocene marine sediments and fluvial sedi-
ments do not (Fig. 3). The presence of significant
quantities of detrital and anthropogenic magnetite in
these samples can explain the different hysteresis char-
acteristics. The detrital magnetite must originate from
some source outside the studied Central Range catch-
ment area; it does not enter the sedimentary system
until beyond the lower reaches of the Kaoping-chi
River. Potential sources of detrital magnetite particles
could be either volcanic rocks in the Penghu islands
(Fig. 1a) and/or sedimentary and high-grade metamor-
phic rocks that were eroded by the other major rivers of
western Taiwan.

5.2. Can monoclinic pyrrhotite form during early
diagenesis?

Thermodynamic and kinetic arguments do not fa-
vour pyrrhotite formation during early diagenesis.
These arguments are well known in the geochemical
literature, so why is it that the possibility of early
diagenetic pyrrhotite formation seems to be so readily
accepted in the paleomagnetic literature? The answer
appears to lie in the widespread acceptance of evidence
provided by Sweeney and Kaplan [37], who indirectly
inferred that hexagonal pyrrhotite formed as a precursor
to pyrite in laboratory syntheses at temperatures up to
85 °C. However, more recent syntheses have more
carefully identified intermediate products in sulphidiza-
tion reactions. Hexagonal pyrrhotite has only been
identified in syntheses above 180 °C, and monoclinic
pyrrhotite has never been observed in these syntheses
[10]. Lennie et al. [11] also showed that the kinetics of
the transformation of mackinawite to hexagonal pyr-
rhotite are extremely slow below ~250 °C. All of this
evidence provides support for the independent obser-
vation that pyrrhotite is unknown in modern anoxic
sediments [38] (unless, as is demonstrated here, sources
of detrital pyrrhotite exist).

5.3. Resolution of a paleomagnetic conundrum

Evidence for a detrital origin of monoclinic pyrrho-
tite in the sedimentary system of southwestern Taiwan
resolves a paleomagnetic conundrum. Paleomagnetic
data suggest that the magnetization carried by pyrrho-
tite in Pleistocene sediments should have been acquired
at the same time as detrital magnetite [1,22,23]. Some
authors have assumed that pyrrhotite will not survive
transportation from source to sink [e.g., 13], and, as is
relatively commonplace in paleomagnetic studies, the
pyrrhotite was assumed to have had an early diagenetic
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origin. Nevertheless, geochemical evidence suggests
that formation of monoclinic pyrrhotite is kinetically
inhibited at temperatures typical of sedimentary envir-
onments during early burial [10,11]. This conundrum
can be resolved in the present case because rapid trans-
portation from source to sink is aided by the short
distances involved and by the extreme nature of fre-
quent, highly erosive typhoon events. Our data conclu-
sively demonstrate that monoclinic pyrrhotite can have
a detrital origin, and, given the improbability of rapid
authigenic pyrrhotite formation in sediments, its occur-
rence is far more likely to indicate a detrital rather than
an authigenic origin.

5.4. Can monoclinic pyrrhotite form during later
diagenesis?

While early diagenetic formation of monoclinic pyr-
rhotite appears to be highly unlikely, there are convinc-
ing examples of diagenetic pyrrhotite formation in
sediments. The nature of these cases is worth consid-
ering because they elucidate the above observations.
For example, the only known case of pyrrhotite growth
in lacustrine sediments comes from the Paleogene
Green River Formation in the western U.S.A. In this
setting, sedimentary sulphur geochemistry suggests
highly unusual conditions with pore waters that were
extremely reducing for long periods of time, which
allowed unstable FeS phases to eventually form hex-
agonal pyrrhotite [39]. The pyrrhotite clearly formed
well after significant sediment compaction, so it was
not an early diagenetic product. This is consistent with
the observation of Rickard et al. [38] that pyrrhotite has
been found in ancient sediments, but not in recent
sediments. While there are numerous credible reports
of monoclinic pyrrhotite in sediments [e.g., 30,40—44],
these cases involve rocks that are at least several
million years old and they generally involve a tecton-
ically driven fluid migration event that has changed the
chemistry of the pore fluids and enabled pyrrhotite
formation that remagnetized the host sediment. Pre-
sumably these events involved fluids with distinctive
chemistry and/or they lasted long enough to overcome
kinetic obstacles to formation of monoclinic pyrrhotite.
The collective evidence therefore supports the view
that it is difficult to form monoclinic pyrrhotite during
early diagenesis.

5.5. Is there a case for mistaken identity?

Evidence for the presence of monoclinic pyrrhotite
in sediments is unequivocal in some published cases.

The requisite evidence includes the double peak at a
20 angle of ~44° in X-ray diffraction data (Cu-«
radiation), which clearly indicates that monoclinic
pyrrhotite is responsible for the magnetizations of
the respective sediments [e.g., 1,13,17]. However, in
many published cases, monoclinic pyrrhotite can only
be inferred to be present on the basis of magnetic
properties that are suggestive of the presence of pyr-
rhotite [e.g., 14,18-21]. These magnetic properties
include thermal unblocking up to ~325°C [29], the
presence of a low-temperature magnetic transition at
34 K [45,46] or relatively high coercivities [47].
While these properties are diagnostic of monoclinic
pyrrhotite, they are not unique to pyrrhotite. Several
minerals undergo magnetic unblocking between 250
and 350 °C, including greigite [48], titanomagnetite
and maghemite [49]. Likewise, potential exists for
misidentification of the 34 K transition during warm-
ing of a low-temperature saturation remanence be-
cause other minerals undergo magnetic ordering in
the 30-40 K temperature range, including siderite
[50] and some titanomagnetites [51,52], although this
difficulty can be avoided by cooling a room temper-
ature saturation remanence (which is often not done).
Secure identification of monoclinic pyrrhotite there-
fore requires more documentation than is often pro-
vided in paleomagnetic studies. It is therefore highly
likely that many claimed occurrences of sedimentary
pyrrhotite actually represent occurrences of greigite,
which has numerous magnetic properties that are sim-
ilar to those of pyrrhotite [e.g., 30,48,53], and which
is a much more common iron sulphide mineral in
reducing diagenetic environments.

5.6. Should we expect detrital pyrrhotite to be
magnetically important in sediments?

When sediments that were subjected to anoxic dia-
genesis are later subjected to progressive regional meta-
morphism, the organic matter in these sediments will
thermally mature and produce increasingly reducing
conditions [3]. This can lead to the formation of pyr-
rhotite in metamorphic rocks via breakdown of magne-
tite or pyrite [3,6,54-57]. Monoclinic pyrrhotite is
therefore commonly documented as a carrier of rema-
nent magnetizations in metamorphic [e.g., 6,8,57] and
lower crustal rocks [e.g., 7,58].

The abundance of exhumed low-grade metamorphic
rocks in subduction zone settings around the Pacific rim
and in peri-Alpine basins in northern Europe and the
Mediterranean (and elsewhere), and the rapid deposi-
tion that occurs in marginal basins in such tectonically
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active settings, suggests that pyrrhotite could be a
relatively common detrital magnetic mineral. Rochette
[6] argued that monoclinic pyrrhotite will be abundant
enough to define a “pyrrhotite isograd” that starts in
low-grade metamorphic rocks derived from black shale
protoliths and that pyrrhotite will persist in high-grade
metamorphic rocks. Potential source rocks for detrital
pyrrhotite should therefore be widespread in many
regional metamorphic belts. Erosion of such rocks
could easily be responsible for occasional reports of
monoclinic pyrrhotite in Mediterranean [e.g., 12,13,17]
and other peri-Alpine basins [e.g., 21]. Indeed, detrital
pyrrhotite has been documented within European loess
deposits derived from Alpine fluvio-glacial outwash
[59]. On the basis of our results from Taiwan, we
therefore suggest that a detrital origin should be more
routinely considered for monoclinic pyrrhotite in sedi-
ments, especially if evidence points to a syn-deposi-
tional acquisition of remanence. More rigorous efforts
are also needed to understand the origin of pyrrhotite in
sediments to avoid paleomagnetic misinterpretation.

6. Conclusions

Monoclinic pyrrhotite contributes to stable magneti-
zations in Pleistocene to modern sediments from south-
western Taiwan [1]. Our results demonstrate that the
magnetizations have a detrital origin and that the pyr-
rhotite particles are sourced from low-grade metamor-
phic rocks from the Central Range, Taiwan. In contrast
to many paleomagnetic studies of rapidly deposited
anoxic sediments in which magnetizations are claimed
to be carried by monoclinic pyrrhotite that grew during
carly diagenesis, geochemical studies indicate that for-
mation of pyrrhotite is not kinetically favoured at such
low temperatures [10,11]. The conundrum concerning
the origin of monoclinic pyrrhotite in sediments is
resolved if it has a detrital origin. While many ancient
rocks contain pyrrhotite that has authigenically grown
during late diagenetic remagnetization events, our work
demonstrates that a detrital origin for monoclinic pyr-
rhotite in sediments is possible and that it is far more
likely than an early diagenetic origin. We suggest that
detrital monoclinic pyrrhotite is a potentially important
remanence carrier in sedimentary basins that receive
input from exhumed regional metamorphic belts in
orogenic zones around the world.
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