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A B S T R A C T

The ferrimagnetic iron sulfide greigite (Fe3S4) occurs widely in sulfidic lacustrine and marine sedimentary en-
vironments. Knowledge of its formation and persistence is important for both magnetostratigraphic and pa-
leoenvironmental studies. Although the formation mechanism of greigite has been widely demonstrated, the
sedimentary environments associated with greigite formation in lakes, especially on relatively long timescales,
are poorly understood. A long and continuous sequence of Pleistocene lacustrine sediments was recovered in the
Heqing drill core from southwestern China, which provides an outstanding record of continental climate and
environment. Integrated magnetic, geochemical, and paleoclimatic analysis of the lacustrine sequence provides
an opportunity to improve our understanding of the environmental controls on greigite formation. Rock mag-
netic and scanning electron microscope analyses of selected samples from the core reveal that greigite is present
in the lower part of the core (part 1, 665.8–372.5m). Greigite occurs throughout this interval and is the
dominant magnetic mineral, irrespective of the climatic state. The magnetic susceptibility (χ) record, which is
mainly controlled by the concentration of greigite, matches well with variations in the Indian Summer Monsoon
(ISM) index and total organic carbon (TOC) content, with no significant time lag. This indicates that the greigite
formed during early diagenesis. In greigite-bearing intervals, with the χ increase, Bc value increase and tends to
be stable at about 50mT. Therefore, we suggest that χ values could estimate the variation of greigite con-
centration approximately in the Heqing core. Greigite favored more abundant in terrigenous-rich and organic-
poor layers associated with weak summer monsoon which are characterized by high χ values, high Fe content,
high Rb/Sr ratio and low TOC content. Greigite enhancement can be explained by variations in terrigenous
inputs. Our studies demonstrate that, not only the greigite formation, but also its concentration changes could be
useful for studying climatic and environmental variability in sulfidic environments.

1. Introduction

Lake sediments provide continuous, high-resolution records of past
climatic and environmental changes and, thus, are increasingly im-
portant for studies of past global change and regional environmental
evolution (Dearing et al., 2006; Fagel et al., 2007; Liu et al., 2012;
Oldfield, 2013; Just et al., 2016). Variations in the mineralogy, con-
centration, and grain size of magnetic minerals in lake sediments are a
sensitive indicator of environmental processes within the terrestrial
catchment and can also provide information about the depositional
environment and post-depositional processes (Ao et al., 2010; Oldfield,
2013; Chang et al., 2014; Fu et al., 2015; Roberts, 2015; Just et al.,
2016). However, the origin of magnetic property variations in lake

sediments may be complex. An important primary control is the input
of detrital iron oxides, which may reflect variations in weathering,
erosion, and sediment transport, as well as other processes (Thompson
and Morton, 1979; Oldfield et al., 1985; Evans et al., 1997). However,
post-depositional alteration can modify or obscure detrital magnetic
signals (Reynolds et al., 1999; Robinson and Sahota, 2000; Roberts and
Weaver, 2005; Roberts, 2015).

Post-depositional diagenesis in lake sediments is relatively common
and well documented (Snowball and Thompson, 1988; Roberts et al.,
1996; Nolan et al., 1999; Reynolds et al., 1999; Demorya et al., 2005;
Babinszki et al., 2007; Frank et al., 2007; Ron et al., 2007; Ao et al.,
2010; Bol’shakov and Dolotov, 2011; Murdock et al., 2013; Roberts,
2015; Just et al., 2016). In iron-reducing sedimentary environments,
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microbes utilize iron oxides and dissolve fine-grained detrital ferri-
magnetic iron oxide minerals such as magnetite and maghemite. Sub-
sequently, authigenesis of iron sulfides (e.g., greigite) occurs during the
process of pyritization (Snowball and Thompson, 1988; Roberts, 1995;
Robinson and Sahota, 2000; Kao et al., 2004; Rowan and Roberts, 2006;
Chang et al., 2014; Fu et al., 2015; Just et al., 2016).

Greigite (Fe3S4) is a widespread ferrimagnetic iron sulfide mineral
in sulfidic marine and lacustrine sedimentary environments. During
early diagenesis, greigite forms as a precursor to pyrite (FeS2) in sulfate-
reducing environments, and it can also be produced directly by mag-
netotactic bacteria. Roberts and Weaver (2005) argued that greigite can
form at any time during diagenesis if dissolved sulfide and reactive iron
are available. Therefore, knowledge of the formation and geological
persistence of greigite are important for both magnetostratigraphic and
paleoenvironmental studies.

The sulfate content in lakes is much lower than in marine en-
vironments and, therefore, sulfate will be exhausted at shallow depths
in the sediment or even within the water column. Methanic magnetic
mineral diagenesis is thus likely to be more important than sulfidic
diagenesis in lake sediments than in marine sediments, although iron
sulfide formation is commonplace in lake sediments and thus, sulfidic
diagenesis remains important (Roberts, 2015). Overall, the lacustrine
sedimentary environments linked to greigite formation, especially in
the geological past, are relatively poorly understood. For example, in
Lake Qinghai in North China, greigite is present in interglacial sedi-
ments with a relatively high total organic carbon (TOC) content (Fu
et al., 2015). Conversely, in Lake Ohrid in Macedonia, greigite is pre-
sent within glacial sediments with a relatively low TOC content (Just
et al., 2016).

The Heqing drill core is a long and continuous lacustrine sediment

core from Heqing Basin in southwestern China with a basal age of about
2.78Ma (An et al., 2011 (Supporting Online Material)). Well-char-
acterized climatic cycles, revealed by analysis of environmental proxies
indicate that the core provides an exceptional record of continental
climate and environment that documents the evolution of the Indian
summer monsoon (ISM) (Xiao et al., 2010; An et al., 2011). The lower
part of the core contains grayish-green-colored clay sediments, that are
indicative of ferruginous and sulfidic diagenetic environments, and
within which greigite is present. The aim of the present study is to
determine the climatic and environmental control for the greigite for-
mation and greigite concentration changes in these lacustrine sedi-
ments.

2. Study area

Heqing Basin (26°27′–26°46′N, 100°08′–100°17′E) is a fault-
bounded basin in northwestern Yunnan Province, southwestern China
(Fig. 1), situated at the southeastern margin of the Tibetan Plateau, at
the terminus of the Hengduan Mountains. It is a closed basin sur-
rounded by mountains with altitudes up to 2500m. The basin has an N-
S orientation and is 22 km in length. The width in the E-W direction is
5–10 km, and the basin area is 144 km2. The basin receives drainage
from the surrounding rivers and streams, and Caohai Lake is located in
the current center of the basin. The Yanggong River, which originates in
the Yulong Mountains, flows across the basin from north to south and
then flows eastward into the Jinsha River. The catchment bedrock
consists of Triassic limestone in the west, and Paleogene calcareous
conglomerate, sandstone, and silty shale, in the east.

The Heqing drill core (26°33′43.1″N, 100°10′14.2″E, 2190m) was
obtained in 2002 from the center of Heqing Basin. The calibrated depth
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of the base of the core is 665.8 m and the recovery rate was higher than
97%. The calibrated depth was calculated from the initial drilling depth
(737.72m) after considering depth errors caused by sediment expan-
sion within several cores, the depth of each run, and the drilling de-
viation in the lower portion of the core (An et al., 2011 (Supporting
Online Material)). Except for some 18m of conglomerate at the base,
and two sand layers with fine gravels (372.5–371.9 m and
195.5–189.5m), the lithology consists mainly of laminated grayish-
green calcareous clay and silty clay with thin-bedded silt and fine sand
layers (Fig. 2). The core can be divided into three intervals based on
tectonic/climatic-sedimentary cycles. In each cycle, the lithology
changes from gravel or clay-sand with gravel at the base to silty clay
and clay. Part 1 (665.8–372.5m) consists of dark grayish-green cal-
careous clays and silty clays with thin silt and fine sand layers; Part 2
(372.5–195.5 m) consists of grayish-green calcareous clays and silty
clays with clear bedding, intercalated with light gray silt and fine sand
layers; and Part 3 (195.5–0m) consists of grayish-green and grayish-
yellow calcareous clays and silty clays with clear bedding.

3. Sampling and methods

Previous measurements of TOC content and low-field magnetic
susceptibility (χ) provided a guide for sample selection in the present
study. As illustrated in Fig. 2, high χ values always coincide with low
TOC in Part 1 (P1) of the core. A sub-set of 41 representative samples
were selected from peaks and troughs of χ in P1 for detailed study.

χ was measured using a Bartington Instruments MS2 magnetic
susceptibility meter at a frequency of 465 Hz. Each sample was mea-
sured twice and the measurements were averaged. Magnetic suscept-
ibility-versus-temperature curves (χ-T) were measured using a MFK1-
FA Kappabridge system with a CS-3 high-temperature furnace. The
temperature range was 40–700 °C with a heating rate of 11 °C per
minute. The samples were heated and cooled in an argon atmosphere to
minimize oxidation of sedimentary components. Low-temperature
measurements were made using a MFK1-FA Kappabridge with a CS-L
low-temperature furnace. The minimum temperature used was
−194 °C. A saturation isothermal remanent magnetization (SIRM) was
imparted in a 1 T field before and after thermal demagnetization (as
described by Torii et al. (1996)) using a 2-G Enterprises super-
conducting rock magnetometer (755R). Hysteresis parameters and
FORC diagrams were measured using a Model 3900 vibrating sample
magnetometer (VSM), to a maximum applied field of 1 T. All mea-
surements were made at the Environmental Magnetism Laboratory in
the Institute of Earth Environment, Chinese Academy of Sciences (Xi’an,
China). Scanning Electron Microscope (SEM) analyses were made at
Northwest University (Xi’an, China) using a Quanta 400 FEG device.

4. Results

4.1. FORC diagrams and hysteresis properties

FORC diagrams are useful for identifying magnetic minerals, their
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domain state, and the presence or absence of magnetostatic interactions
in sediment samples (Pike et al., 1999; Muxworthy and Dunlop, 2002;
Roberts et al., 2000, 2006, 2014). The studied samples have two dif-
ferent types of FORC diagram. Most samples exhibit single domain (SD)
behavior (Fig. 3a, c, d, e), with concentric contours with a large vertical
spread that indicates a SD contribution with strong magnetostatic

interactions (Pike et al., 1999; Roberts et al., 2000). At the peak of the
distribution, Hc is ∼59mT which is typical of SD greigite (Roberts
et al., 2000, 2006, 2011; Rowan and Roberts, 2006; Rowan et al., 2009;
Chang et al., 2014). A small number of samples have pseudo-single
domain (PSD) behavior (Fig. 3b and f). In this case, the diverging
contours that extend beyond 30mT and lack symmetry are indicative of
a PSD distribution (Roberts et al., 2000, 2014; Muxworthy and Dunlop,
2002). To confirm the presence of greigite, further rock magnetic
analyses and SEM observations were conducted on samples selected on
the basis of their FORC diagrams.

The ratio of saturation remanent magnetization to saturation mag-
netization (Mrs/Ms) is plotted against the ratio of coercivity of re-
manence to coercive force (Bcr/Bc) in Fig. 4 (a 'Day plot' – Day et al.,
1977; Dunlop, 2002). Samples from P1 are distributed within the SD
region and below the SD and superparamagnetic (SP) admixture line in
the PSD region (Dunlop, 2002).

4.2. Temperature-dependent magnetic susceptibility (χ)

Temperature-dependent χ is highly sensitive to mineralogical
changes during thermal treatment, and such changes can provide in-
formation about magnetic mineral composition and magnetic grain-
size. The temperature-dependent χ of typical samples from P1 is illu-
strated in Fig. 5. A major decrease in χ occurs at about 585 °C, which
corresponds to the Curie point of magnetite. During heating, there is a
sharp χ increase between 400 and 500 °C. This is commonly observed in
sediments from reducing environments (Roberts, 1995; Reynolds et al.,
1999; Dekkers et al., 2000; Chang et al., 2008; Roberts et al., 2011) and
results from pyrite oxidation (Passier et al., 2001; Minyuk et al., 2013;
Chang et al., 2014) or the thermal decomposition of greigite (Su et al.,
2013; Fu et al., 2015). The pronounced peak at about 510 °C may result
from either a Hopkinson peak and/or the neoformation of ferrimagnetic
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minerals during heating (Deng et al., 2004).
Below room temperature, chemical reactions are suppressed and the

magnetic mineral constituents of rocks and sediments do not undergo
the alterations that are common at elevated temperatures (Verosub and
Roberts, 1995). The χ curves are noisy and do not undergo any no-
ticeable low-temperature variation, such as the Verwey transition in
coarse-grained (PSD/MD) magnetite (Fig. 6). This indicates that the
sediments have no significant magnetite content because it would have
dissolved completely during diagenesis.

4.3. Variation of SIRM imparted before and after thermal demagnetization

The variation of SIRM imparted before and after thermal

demagnetization is useful for detecting the presence of greigite (Torii
et al., 1996; Sagnotti and Winkler, 1999). The method consists of im-
parting and measuring an SIRM before and after each thermal de-
magnetization step. As illustrated in Fig. 7, an SIRM imparted after
thermal demagnetization undergoes a distinct decrease above about
225 °C, which indicates the presence of greigite (Roberts, 1995; Torii
et al., 1996; Dekkers et al., 2000; Chang et al., 2008; Roberts et al.,
2011). In greigite-bearing rocks, the magnetization starts to decrease
above 200 °C due to thermal alteration (Roberts, 1995; Dekkers et al.,
2000; Roberts et al., 2011). The possibility of maghemite can be ex-
cluded because there is no decrease in the corresponding χ-T curve
between 300 and 400 °C. Consequently, we conclude that the ferri-
magnetic component of samples from P1 of the core is dominated by
greigite.

4.4. Results of SEM analysis

The crystal habits and microtextures of greigite-bearing samples in
P1 were investigated using SEM (Fig. 8). The magnetic extracts were
obtained following the method of Hounslow and Maher (1996). Both
bulk samples and magnetic extracts were analyzed. SEM images for
greigite were discriminated by Fe and S peaks in energy dispersive
spectrometer (EDS) analysis. The greigite grains are clustered among
silicate grains, and have perfect octahedral crystal morphology
(Reynolds et al., 1999; Roberts and Weaver, 2005; Chang et al., 2008,
2014; Hüsing et al., 2009). Almost every monocrystal has four-sided
outlines indicative of sections cut through octahedra (Skinner et al.,
1964).

5. Discussion

SIRMs imparted before and after thermal demagnetization (Fig. 7)
indicate the presence of greigite (Torii et al., 1996) in P1. The absence
of the Verwey transition (indicative of magnetite), the SD distribution,
and the peak value of ∼59mT in the corresponding FORC diagram,
confirm the presence of authigenic greigite (Roberts et al., 2000, 2006,
2011). Moreover, the SEM image in Fig. 8 reveals the presence of oc-
tahedral greigite grains in samples from P1 (Skinner et al., 1964;
Reynolds et al., 1999; Chang et al., 2008, 2014; Hüsing et al., 2009;
Dong et al., 2013). Further evidence for greigite is shown in Fig. 9,
which reveals high Mrs/χ values (close to or exceeding 40 kAm−1), high
Bcr values (∼55mT), and mean values of Mrs/Ms and Bcr/Bc close to 0.5
and 1.5, respectively (Snowball and Thompson, 1988; Roberts, 1995;
Roberts et al., 2011; Reinholdsson et al., 2013; Chang et al., 2014; Kars
and Kodama, 2015).

5.1. Early and late diagenesis

As a precursor to pyrite, greigite forms during early diagenesis, and
such greigite would give rise to a paleomagnetic signal that is equiva-
lent to that acquired by detrital particles (Tric et al., 1991; Roberts and
Weaver, 2005; Chang et al., 2014; Roberts, 2015). On the other hand,
there is also substantial evidence of remagnetization resulting from
later diagenetic greigite formation (Jiang et al., 2001; Roberts and
Weaver, 2005; Rowan and Roberts, 2006; Porreca et al., 2009).
Therefore, determining the formation time of greigite is important for
both paleomagnetic and paleoenvironmental studies. Greigite is the
major magnetic mineral in P1 of the Heqing core, as indicated by the
various lines of evidence described above. In greigite-bearing sedi-
ments, iron oxide dissolution is expected and in this context the SD
grain distributions in Day plots and FORC diagrams are expected to be
controlled by the concentration of greigite. The χ variations match well
with those of the ISM index and TOC, with no significant time lag
(Fig. 9). This indicates that the greigite formation was controlled by
variations in the lacustrine and sedimentary environment, which was
driven by regional climate change. If the greigite had formed during
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late diagenesis, the correlation between χ and the ISM index would not
be expected. Thus, we conclude that the greigite in P1 of the Heqing
core formed during early diagenesis and that consequently the age
model based on magnetostratigraphy is reliable (An et al., 2011).

5.2. Environmental and climatic control of greigite formation in the Heqing
core

Combined lithological observations and rock magnetic and geo-
chemical measurements have been used to investigate the potential
environmental controls on greigite formation within P1 of the Heqing

core. Rock magnetic properties indicate that the greigite in P1 is mainly
SD, with high Bc values (often> 30mT), high Mrs/Ms ratios (> 0.4)
and low Bcr/Bc ratios (< 1.7), as shown in Fig. 9. Greigite is common in
samples under 420m (∼1.86Ma), irrespective of the climate state
(strong or weak summer monsoon). In contrast, greigite is seldom
above 420m. Paleoclimatic and paleoenvironmental records like TOC,
Rb/Sr ratios, ISM index exhibit an abrupt change at about 420m. These
would indicate that the paleoclimate and paleoenvironment had
changed a lot at about 420m (1.86Ma) (Xiao et al., 2010; An et al.,
2011). The environmental condition correlating to iron sulfide forma-
tion would change (Chang et al., 2014; Roberts, 2015). The upper part
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should be in favour of pyrite formation, while the lower part prefers
greigite formation in sulfidic diagenesis process.

The presence of greigite in sediment is widely used to correlate with
climatic and environmental change (Chang et al., 2014; Roberts, 2015).
For example, greigite formation is linked to warm/wet climatic period
in Lake Qinghai (Fu et al., 2015) and Black Sea (Chang et al., 2014). In
contrast, it is correlated to glacial period like Lake Ohrid (Just et al.,

2016). However, greigite is common in both strong and weak summer
monsoon intervals under 420m in Heqing core which is different from
the case in the Lake Qinghai (Fu et al., 2015) and Lake Ohrid (Just
et al., 2016).

χ is a very useful proxy in paleoclimate and paleoenvironment study
which dominated by the concentration and grain size distribution of
magnetic minerals in sediments (Thompson and Morton, 1979; Evans
et al., 1997; Liu et al., 2012). Comparing to magnetite, greigite has a
higher Bc value (Roberts et al., 2011; Chang et al., 2014). Therefore, the
Bc value of greigite bearing sediments should be dominated by the re-
lative concentration of greigite. As illustrated in Fig. 10, χ and Bc value
present a logarithmic relation at a correlation coefficient of 0.73 which
indicate that these two parameters was dominated by the same factor,
the concentration of greigite. With the χ increase, Bc value increase and
tends to be stable at about 50 mT. Althought we can’t exclude the effect
of different grain size on Bc value of the greigite baering samples. Our
rock magnetic tests support the inference that with the concentration of
greigite increase, the Bc value of sediments will increase to the Bc value
of greigite which mostly suggested from 50 to 60mT (Rovan and
Roberts, 2006; Dunlop, 2002; Roberts et al., 2011). In this context, χ of
greigite bearing sediments in P1 of the Heqing core could estimate the
greigite concentration variation approximately.

An et al (2011) combined TOC and Rb/Sr records by normalizing
each to unit variance, followed by averaging, to produce a stacked In-
dian summer monsoon (ISM) index. They interpreted the ISM index as
indicative of summer monsoon variability, with high values indicating
enhanced ISM circulation. Weak summer monsoon intervals of the core,
as defined by the ISM Index, have high χ values, high Rb/Sr ratios, low
TOC content, and vice versa. Therefore, greigite prefer to be abundant
in weak summer monsoon intervals in Heqing core.

Post-depositional degradation of organic matter is a fundamental
process for driving early diagenetic chemical change in sedimentary
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environments. In sulfidic sediments, iron oxide dissolution (mainly
magnetite, maghemite, and hematite) is ubiquitous (Roberts, 2015, and
references therein). Dissolved Fe2+ released from detrital iron-bearing
minerals reacts with dissolved H2S, which is a by-product of sulfate
reduction, to form sedimentary iron sulfides (Berner, 1984). If the rate
of Fe2+ supply exceeds that of H2S production, pyritization is retarded
or arrested (Kao et al., 2004; Roberts, 2015). In this case, intermediate
iron sulfides such as mackinawite and ferrimagnetic greigite can be
preserved (Berner, 1984; Kao et al., 2004; Chang et al., 2014; Roberts,
2015). In sulfidic diagenesis environment, greigite concentration
should be limited by the relative concentration of dissolved sulfate and
reactive iron (Kao et al., 2004; Roberts, 2015).

In P1 of the Heqing core, greigite peaks (high χ value) correlate
with high Rb/Sr and low TOC (terrigenous-rich and organic-poor)
which similar to that in the Santa Barbara Basin (Blanchet et al., 2009)
and the Black Sea (Chang et al., 2014). In lake environments, reactive
organic matter is often abundant (Chang et al., 2014) and sulfate
content is much lower (Roberts, 2015), in such context, greigite for-
mation appears to have been controlled mainly by terrigenous input
(Blanchet et al., 2009). In weak summer monsoon period, enhanced
continental weathering (high Rb/Sr ratios) could supply more reactive
iron into the paleolake, to prompte greigite formation during the sul-
fidic diagenesis process.

6. Conclusions

FORC diagrams provide evidence for the presence of greigite
throughout the lacustrine sediments of unit P1 of the studied drill core
from Heqing Basin. The thermal alteration of magnetic properties be-
tween 200 and 400 °C, high Bc values, high Mrs/χ ratios, and SEM ob-
servations confirm the presence of greigite. Variations in χ correlate
with the ISM index and TOC content, with no significant time lag,
which indicates that the greigite in the P1 interval of the Heqing core
formed during early diagenesis.

Our combined rock magnetic, geochemical, and paleoclimate ana-
lyses of the sedimentary sequence from the Heqing Basin enhances our
understanding of the environmental and climatic controls on greigite
formation in lake sediments. Greigite is common in both strong and
weak summer monsoon intervals under 420m in Heqing core. In grei-
gite bearing sediments, magnetic parameters like magnetic suscept-
ibility and coercivity is dominated by greigite concentration. Greigite
prefers to be abundant in terrigenous-rich and organic-poor layers de-
posited in weak summer monsoon period. Multiple magnetic analysis,
particularly discrimination and concentration estimate of greigite, is
useful for paleoenvironmental and paleoclimatic reconstructions.
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