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Abstract

The Cuo E (CE) core contains the entire Quaternary stratigraphy of the Cuo E Lake (31°24’ - 31deg.32’ N, 91deg28’ - 91deg33’E,

Tibetan Plateau, China). Here, we study the magnetic properties of 1748 samples from the CE core, combined with scanning

electron microscopy and X-ray energy dispersive spectrometer analysis on selected samples. The main magnetic minerals

appear to be magnetite and greigite. To further quantify the presence of greigite in CE core, 84 samples were rock magnetically

analyzed in more detail including: susceptibility (χ) vs. temperature, coercivity component analysis of acquisition curves of the

isothermal remanent magnetization (IRM), and Principal component analysis (PCA) of the first-order reversal curve (FORC)

diagrams.

The greigite content and saturation IRM over susceptibility (SIRM/χ) appear to be exponentially related. SIRM/χ can be used

as greigite concentration indicator. We also propose a rapid way to identify greigite in the CE core: When the SIRM/χ value

increases and anhysteretic remanent susceptibility (χARM) increases only slowly, the sample contains greigite. Samples with

SIRM/χ < 15kAm-1 also obey this relation. This method has a lower limit of detection than the traditionally used SIRM/χ

parameter for greigite detection. It is also faster than FORC analysis and thus particularly suitable for analysis of large sample

collections. Twenty greigite-bearing layers were identified in the CE core using this method. The location of the Jaramillo

subchron in the CE core is controversial in the currently available magnetostratigraphy, possibly related to the presence of

greigite in this core interval.
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ABSTRACT The Cuo E (CE) core contains the entire Quaternary stratigraphy of the 16 

Cuo E Lake (31°24′ - 31°.32′ N, 91°28′ - 91°33′E, Tibetan Plateau, China). Here, we 17 

study the magnetic properties of 1748 samples from the CE core, combined with 18 

scanning electron microscopy and X-ray energy dispersive spectrometer analysis on 19 

selected samples. The main magnetic minerals appear to be magnetite and greigite. To 20 

further quantify the presence of greigite in CE core, 84 samples were rock 21 

magnetically analyzed in more detail including: susceptibility () vs. temperature, 22 

coercivity component analysis of acquisition curves of the isothermal remanent 23 

magnetization (IRM), and Principal component analysis (PCA) of the first-order 24 

reversal curve (FORC) diagrams.  25 

The greigite content and saturation IRM over susceptibility (SIRM/) appear to be 26 

exponentially related. SIRM/ can be used as greigite concentration indicator. We also 27 

propose a rapid way to identify greigite in the CE core: When the SIRM/ value 28 

increases and anhysteretic remanent susceptibility (ARM) increases only slowly, the 29 

sample contains greigite. Samples with SIRM/ < 15kAm
-1

 also obey this relation. 30 

This method has a lower limit of detection than the traditionally used SIRM/ 31 

parameter for greigite detection. It is also faster than FORC analysis and thus 32 

particularly suitable for analysis of large sample collections. Twenty greigite-bearing 33 

layers were identified in the CE core using this method. The location of the Jaramillo 34 

subchron in the CE core is controversial in the currently available 35 

magnetostratigraphy, possibly related to the presence of greigite in this core interval. 36 

Plain Language Summary Paleomagnetic chronology is an important geological 37 



dating tool for sediment cores or sections that span sufficient duration, and one of its 38 

prerequisite is the identification of magnetic minerals. Greigite is a magnetic mineral 39 

that may acquire its natural remanent magnetization (NRM) at any time during 40 

diagenesis, so it can affect the accuracy of magnetic stratigraphy. In this work, we 41 

used rock magnetic methods to identify the main minerals in the Cuo E (CE) core on 42 

the Qinghai Tibet Plateau, which are magnetite and greigite. We have also 43 

semi-quantitatively expressed the greigite and proposed a rapid semi-quantitative 44 

identification method for greigite. This method is faster and simpler than rock 45 

magnetic methods and thus particularly suitable for analysis of large sample 46 

collections. It can also provide some reference for the research of greigite and 47 

magnetic stratigraphy. 48 

Key points: 49 

A rapid method to identify greigite is proposed, which is also applicable to samples 50 

with low SIRM/ 51 

 52 

SIRM/ can be used as greigite concentration indicator and not only to indicate 53 

greigite above a certain threshold  54 

 55 

20 layers of greigite were identified in the Cuo E core, which may be the cause of 56 

inaccurate magnetic stratigraphy 57 

 58 

1. Introduction 59 

Lacustrine sediments represent a continuous and high-resolution 60 

paleoenvironmental archive, essential for understanding past global and regional 61 

environmental change. The dominant magnetic minerals in lacustrine sediments (i.e., 62 

magnetite (Fe3O4), hematite (Fe2O3), and greigite (Fe3S4)) reflect different aspects of 63 

geological and climatic processes, so lake sediment magnetic properties can be used 64 

to reconstruct paleoclimatic information [C Fu et al., 2015; Peck and King, 1996; 65 

Peck et al., 1994]. Magnetic measurements are important paleoclimate proxies in 66 

lacustrine sediments because of their high sensitivity, rapidity, and non-destructive 67 

nature [Q Liu et al., 2012]. In addition, for sediment cores or sections that span 68 

sufficient duration, magnetostratigraphy is an important dating tool [Tauxe et al., 69 

2010]. The magnetic mineralogy of the sample collection should be known for a 70 

proper assessment of the magnetostratigraphic information. 71 

Greigite (Fe3S4) is an inverse spinel and a collinear ferrimagnet with 72 

antiferromagnetic coupling between iron in octahedral and tetrahedral sites [Roberts 73 

et al., 2011a]. It was first reported in 1964 in Miocene lacustrine sediments from San 74 

Bernardino County (California, USA) [Skinner et al., 1964]. In the past few decades, 75 

greigite has been widely reported as an authigenic ferrimagnetic sulfide in marine and 76 

lake environments, such as Heqing paleolake Basin [Qiang et al., 2018], Black Sea 77 

[Neretin et al., 2004], Baltic Sea [Reinholdsson et al., 2013], Lake Lop Nur [W Li et 78 

al., 2019], Gulf of Mexico [Y Fu et al., 2008], etc. Greigite contains important 79 



paleoclimatic information [Babinszki et al., 2007; Duan et al., 2017; J Liu et al., 80 

2021], because it represents a humid and reduced environment. It typically produces 81 

gyroremanent magnetization (GRM) during alternating field demagnetization [Fabio 82 

Florindo et al., 2003; Frank et al., 2007; Hu et al., 2002a; Hu et al., 1998; Hu et al., 83 

2002b], undergoes thermal alteration during thermal demagnetization [Porreca et al., 84 

2009; Roberts et al., 2011a; Rowan and Roberts, 2008], and may acquire its natural 85 

remanent magnetization (NRM) at any time during diagenesis [Roberts and Weaver, 86 

2005; Rowan and Roberts, 2006; Leonardo Sagnotti et al., 2010; Leonardo Sagnotti et 87 

al., 2004], which will affect the accuracy of magnetic stratigraphy [Roberts et al., 88 

2011a; Roberts et al., 2010; Roberts and Weaver, 2005; Leonardo Sagnotti et al., 89 

2010]. Therefore, it is essential to document the presence of greigite. 90 

Most natural geological samples are mixtures of various magnetic minerals. 91 

Therefore, quantifying magnetic minerals in rocks and sediments is an essential, albeit 92 

difficult task. At present, the main quantitative methods of magnetic minerals include 93 

the principal component analysis (PCA) of first-order reversal curves diagrams 94 

(FORC diagrams) [Harrison et al., 2018; Lascu et al., 2015; Roberts et al., 2018; 95 

Wang et al., 2020], the extraction of the central ridge in FORC diagrams [Ramon Egli 96 

et al., 2010; Heslop et al., 2014], and various forward basis function fitting 97 

approaches to isothermal remanent magnetization (IRM) acquisition curves 98 

(cumulative log-Gaussian analysis model (CLG), skewed generalized Gaussian fitting) 99 

[Duan et al., 2017; Heslop, 2015; Heslop and Dillon, 2007; Just et al., 2012; M Li et 100 

al., 2018; Roberts et al., 2011b]. 101 

In this work, we subject the Cuo E (CE) core samples of Qinghai Tibet Plateau to a 102 

systematic magnetic property investigation, combined with scanning electron 103 

microscopy (SEM) and energy dispersive spectrometer (EDS) X-ray analysis. The 104 

main magnetic minerals in the CE core appear to be magnetite and greigite. We used 105 

FORC-PCA and IRM acquisition curve fitting to quantify greigite. Based on the 106 

relationship between the contribution of greigite and saturation IRM over 107 

susceptibility (SIRM/) and anhysteretic remanent susceptibility (ARM), we propose 108 

a method to rapidly quantify greigite. Twenty greigite-bearing layers appear to be 109 

present in the CE core. The quantitative method to detect greigite can be used 110 

elsewhere for paleomagnetic and environmental magnetic purposes. Previous work on 111 

the magnetostratigraphic age model for the CE core, yielded two options: primarily 112 

the location of the Jaramillo subchron appears to be equivocal [Jin et al., 2011; Jin et 113 

al., 2009; Shen et al., 2004]. The method outlined here also provides a basis to assess 114 

the veracity of the magnetostratigraphic framework in the CE core. 115 

 116 

2. Materials and methods 117 

2.1. Sampling 118 

Lake CE is located at 31°24′ - 31°.32′ N, 91°28′ - 91°33′E about 200 km north of 119 

Lhasa (Tibet Autonomous Region of China) (Fig. 1). Its areal extent is 82.44 km
2
 at 120 

an elevation of 4519 m [Zhang et al., 2021]; the lake is fed by 14 seasonal rivers. It is 121 



a Na-Cl-HCO3 brackish lake with a salinity of 12.06 g/L [Wu et al., 2010]. The upper 122 

parts of the CE lake Basin are composed of Quaternary lake sediments, and the 123 

bedrock underneath is composed of purplish red Cretaceous sandstone and 124 

Yanshanian granite. The sediments that occur around the lake basin are mainly Middle 125 

Jurassic, Middle-Upper Jurassic, Upper Cretaceous, and Quaternary. The main 126 

magmatic rocks in the lake area include the Yanshanian granite, diabase, and 127 

ultrabasic rocks, as well as ophiolite of unknown age. Two sets of reverse faults 128 

delineate the periphery of the lake basin: a nearly east-west oriented set and a 129 

northwest-southeast oriented set. They offset the middle-late Jurassic and late 130 

Cretaceous strata and the Yanshannian granite (Fig. 1). 131 

 132 

Figure 1. Geographical location and topographical map of the Qinghai Tibetan Plateau (top) and 133 

simplified geological map around the Lake CE area (bottom). The inserted globe shows the 134 

position of the Qinghai Tibetan Plateau. The geological map shows major geological units, faults, 135 

and today’s major rivers and lakes. 136 

In July 1999, a 206.5 m-long core was drilled on the eastern swamp side of the 137 

Lake CE (Fig. 1), with a core recovery rate of 80% [Jin et al., 2011; Jin et al., 2009]. 138 

According to the lithology, the CE core was divided into five units as follows (Fig. 2). 139 



 140 
Figure 2. Detailed stratigraphic column of the CE core. Four black dashed lines divide the core 141 

into five units. Lithology is plotted using software RESFORM; color represents the color of the 142 

sediment. Two controversial paleomagnetic polarity columns and the variation of ARM and 143 

SIRM/ as a function of depth are displayed. The red dashed line indicates a value of 20 kA/m for 144 

SIRM/. Levels marked with yellow horizontal bars have SIRM/ values > 20 kA/m, indicating 145 

the presence of greigite. 84 levels for detailed rock magnetic measurements are marked with stars, 146 



five of which marked with blue stars are considered typical samples to display the rock magnetic 147 

results. B/M: Brunhes/Matuyama boundary, J: Jaramillo subchron, O: Olduvai subchron, M/G: 148 

Matuyama/Gauss boundary. 149 

Unit I (below 174.35 m) is mainly composed of yellow sand, and contains gravel 150 

locally, possibly originating from the underlying Pliocene sediments. The underlying 151 

bedrock is visible at 199 m. Unit II (174.35-155 m) is mainly composed of light gray 152 

clay mixed with some yellow sand and Fine sand. Units I and II represent the 153 

embryonic formation stage of Lake CE. Unit III (155-38.25m) is fine-grained, mainly 154 

composed of light gray clay, mixed with minor silty clay; some layers contain many 155 

shells (possibly Ostracods) [Jin et al., 2011; Jin et al., 2009]. The intervals 150-143 m 156 

and 101-99 m contain significant amounts of peat grass. Three dolomite levels occur 157 

in the core at 38.3-38.56 m, 90.64-95.87 m and 124.77-124.97 m. Unit III represents 158 

the filling stage in the evolution of Lake CE. Unit IV (38.25-15.63m) mainly consists 159 

of gray clay and silty clay mixed with some yellow sand. Unit V (above 15.63m) 160 

consists of coarse-grained yellow brown and reddish brown gravel mixed with some 161 

yellow sand. Units IV and V represent the gradual cessation of Lake CE’s existence 162 

[Shen et al., 2004]. 163 

The B/M boundary, Olduvai subchron and M/G boundary are unambiguous in the 164 

magnetostratigraphic age model of the CE core, but the location of the Jaramillo 165 

subchron is ambiguous: two options have been proposed (Fig. 2) [Jin et al., 2011; Jin 166 

et al., 2009; Shen et al., 2004]. The lack of a proper identification of the magnetic 167 

mineralogy may be the reason for this discrepancy. 168 

2.2. Magnetic measurements 169 

A total of 1748 subsamples (air dried) were taken at an average spacing of 10 cm 170 

for magnetic measurement and packed into 2*2*2 cm non-magnetic plastic boxes. 171 

Low frequency susceptibility (, 976 Hz) was measured with a MFK2-FA 172 

Multi-Function Kappabridge instrument (AGICO, Brno, Czech Republic) in the 173 

School of Geography, South China Normal University (SGSCNU), Guangzhou, China. 174 

Then, anhysteretic remanent magnetization (ARM) and isothermal remanent 175 

magnetization at 2000 mT (IRM2000mT) were measured with a Spinner Magnetometer 176 

JR-6A instrument (AGICO, Brno, Czech Republic); the corresponding remanences 177 

were imparted with an alternating field (AF) Demagnetizer D2000 and an Impulse 178 

magnetizer IM-10-30 (ASC Scientific, Santa Barbara, California, USA). The peak AF 179 

and direct current (DC) bias field of the ARM are 100 mT and 0.05 mT respectively. 180 

The measurements were carried out at the Guangzhou Institute of Geochemistry, 181 

Chinese Academy of Sciences (GIGCAS). IRM2000mT is defined as saturation 182 

isothermal remanent magnetization (SIRM), and anhysteretic remanent susceptibility 183 

(ARM), ARM/SIRM and SIRM/ were calculated [Q Liu et al., 2012]. 184 

84 samples were selected for more detailed rock magnetic measurements based on 185 

their SIRM/ values (Fig. 2). The hysteresis loops, IRM acquisition curves, backfield 186 

demagnetization curves and first-order reversal curves (FORCs) were measured using 187 

a VSM8604 vibrating sample magnetometer (VSM) (Lake Shore, Columbus, Ohio, 188 



USA) at the SGSCNU. The magnetic field ranges of the hysteresis loop 189 

measurements, IRM acquisition curves and backfield demagnetization curves are -1 T 190 

to 1 T, 0 T to 1.5 T and -0.2 T to 0 T, respectively. The high field slope correction 191 

parameter is 70%. Saturation magnetization (Ms), saturation remanence (Mrs) and 192 

coercive force (Bc) were obtained from the hysteresis loops, and coercivity of 193 

remanence (Bcr) was obtained from backfield demagnetization curves. The maximum 194 

applied field in the FORC measurement procedure is 1 T, and the field step size is 2 195 

mT. Each FORC diagram contains 200 first-order-reversal curves. 196 

We used the IRM-CLG 1.0 workbook [Kruiver et al., 2001] to fit the IRM 197 

acquisition curves (mass specific values enabled between-sample comparison). 84 198 

samples were processed; the 89 data points of each IRM acquisition curve were 199 

five-point smoothed and the Gradient Acquisition Plot (GAP) was at the core of the 200 

fitting. According to the number of peaks, the field at which half of SIRM is reached 201 

(B1/2) from the GAP, we can determine the number of components and the average 202 

coercive force of each component. Next, the type of magnetic mineral can be 203 

determined by the value of dispersion parameter (DP) from the GAP and average 204 

coercive force. Finally, based on the peak area proportion of each magnetic mineral, 205 

we can obtain the absolute contribution proportion of each magnetic mineral [R. Egli, 206 

2004a; b; Heslop et al., 2002; Robertson and France, 1994]. 207 

The FORC diagrams were generated using FORCinel3.0 [Harrison and Feinberg, 208 

2008]. Afterwards, we used FORC-PCA to quantify greigite [Harrison et al., 2018; 209 

Lascu et al., 2015]. The process is to first use the FORCinel3.0 program to set 210 

VARIFORC smoothing parameters to Sc0 = 10, Sc1 = 3, Sb0 = 10, Sb1 = 3, λc = λb = 211 

0.1, and generate the FORC diagram. The same VARIFORC smoothing parameters 212 

ensure that results for end members (EMs) and individual samples are comparable 213 

[Roberts et al., 2018]. Afterwards, run the PCA Analysis Panel and set the parameters 214 

as Hu between -0.1 and 0.1 T, Hc between 0 and 0.12 T, sampling rate of 0.001, and 215 

the range of PC1 and PC2 is -8*10
4
 to 8*10

4
. Finally, set the EMs and define 216 

magnetic mineral types, and calculate the absolute content of magnetic minerals in 217 

each sample based the on the distance from each sample point to the EMs [Harrison 218 

et al., 2018; Lascu et al., 2015]. 219 

The thermomagnetic curves (-T curves) of the 84 samples were measured with a 220 

MFK1-FA Multi-Function susceptometer and a CS4 high temperature furnace 221 

apparatus (AGICO, Brno, Czech Republic) at the GIGCAS. The temperature range 222 

was set 40–700 °C, and the heating rate was 11.5 °C/min. To prevent sample 223 

oxidation, the heating is done in argon. 224 

2.3 Scanning electron microscope observations of the magnetic mineralogy 225 

Magnetic minerals of four samples (CE-0718, CE-0805, CE-0966 and CE-1195) 226 

were concentrated by magnetic separation. The morphology and composition of the 227 

magnetic minerals were analyzed by backscattered electron (BSE) images obtained 228 

with a MIRA 3 scanning electron microscope (SEM) (TESCAN, Brno, Czech 229 

Republic) and an element energy dispersive X-ray spectrometer (EDS) (AMETEK 230 



EDAX, Philadelphia, USA) at the Guangzhou Tuoyan Testing Technology Co., Ltd. 231 

(China). The operating mode is high vacuum mode, and the accelerating voltage is 20 232 

kV. 233 

3. Results 234 

3.1. Magnetic property analysis 235 

The variation of the magnetic parameters , SIRM, and SIRM/ with depth is 236 

plotted on figure 2. Layers marked in yellow, mainly in the light gray clay lithology, 237 

have SIRM/ values higher than 20 kA/m (Fig. 2), indicating the likely presence of 238 

iron sulfide [Roberts, 1995; Roberts and Turner, 1993; I Snowball and Thompson, 239 

1998]. We selected five samples to show FORC diagrams, hysteresis loops, -T 240 

curves, and the Gradient Acquisition Plot (GAP) of the IRM-CLG fits (Fig. 3). Two 241 

samples (CE-0671, CE-0805) have higher SIRM/ values higher than 20 kA/m; they 242 

are in the yellow bars (Fig. 2). Three other samples (CE-0880, CE-1210, CE-1319) 243 

come from levels with SIRM/ values lower than 20 kA/m. 244 

3.1.1. FORC diagrams 245 

The FORC diagrams (Fig. 3a-e) show two types of magnetic minerals in the core. 246 

CE-0805 has closed concentric contours with Bc peaking at 60-70 mT, which is 247 

typical of single domain (SD) greigite [F. Florindo et al., 2007; J Liu et al., 2021; 248 

Roberts et al., 2010; Roberts et al., 2006; Roberts et al., 2000]. The FORC diagram of 249 

CE-0880 with a Bc peak of 10-20 mT indicates that the magnetic mineral is SD 250 

magnetite, while CE-1210 is vortex magnetite with a Bc peak of 20-30 mT [Roberts et 251 

al., 2018]. CE-0671 and CE-1319 have two Bc maxima, which indicate that they are 252 

mixtures of SD greigite and vortex magnetite, and SD magnetite and vortex magnetite 253 

respectively. 254 



 255 

Figure 3. Examples of rock magnetic results of the CE core; for reference the SIRM/ values of 256 

the samples (CE-0805, CE-0880, CE-1210, CE-0671 and CE-1319) are given after the sample 257 

number. (a-e) First-order reversal curve (FORC) diagrams. (f-j) Hysteresis loops after 258 

paramagnetic slope correction. Bcr/Bc and Mrs/Ms of the corresponding sample are indicated in the 259 

lower right corners. (k-o) Thermomagnetic curves (-T curves). Red curves are heating curves, 260 

while blue curves are cooling curves. The insets in the lower left corner of panels k and n are 261 

enlarged views of the range of 200°C-350°C to better visualize the curves. (p-t) Gradient 262 

Acquisition Plot (GAP) of the IRM-CLG Excel workbook. Pink, green, cyan, grey and yellow 263 

lines represent five components 1 through 5. Red line is the total fitted curve, and blue squares 264 

represent the actually measured IRM gradient values. 265 

3.1.2. Hysteresis loops 266 

The hysteresis loops of the five samples (Fig. 3f-j) can be divided into two types 267 

according to their shape. The first type (two samples: CE-0671, CE-0805) is distinctly 268 

open, which concurs with higher SIRM/ values indicative of greigite [Peters and 269 

Dekkers, 2003]. The Mrs/Ms and Bcr/Bc ratios of these two samples are close to 0.5 270 

and 1.5, respectively, which points to quasi-SD behavior in agreement the loop shape. 271 



The second type (three samples: CE-0880, CE-1210, and CE-1319) has a narrow 272 

shape, with a higher Bcr/Bc ratio and a lower Mrs/Ms ratio. The main magnetic mineral 273 

is magnetite. 274 

3.1.3. -T curves 275 

-T curves can identify the types of magnetic minerals in the samples [Duan et al., 276 

2017; Qiang et al., 2018]. Two -T curve types are distinguished (Fig. 3k-o). The 277 

heating curves of the two types show a large decrease at 580 °C, indicating that 278 

magnetite is present in the samples and/or is generated during the heating process. 279 

The magnetic susceptibility of the first type shows a small rise in at 240 to 260 °C, a 280 

rapid and much more prominent rise at 400 °C, and a remarkable peak at 520-540 °C 281 

(Fig. 3k-n). It may be that the decomposition of greigite [Roberts, 1995; Roberts et al., 282 

2011a; Torii et al., 1996] generates pyrite and pyrrhotite when it was heated to 283 

240-260 °C [Skinner et al., 1964]. On heating to 400 °C, sulfide generated in the 284 

previous reaction will gradually convert to magnetite [Minyuk et al., 2013; Tudryn 285 

and Tucholka, 2004], which will increase the magnetic susceptibility. The second type 286 

starts to rise at 400-420 °C and reaches a peak at 500-520 °C (Fig. 3i-o). It may be the 287 

coordinated contribution of the Hopkinson effect [Deng et al., 2004; Minyuk et al., 288 

2013] and the transformation of other iron-bearing minerals (greigite, pyrite or 289 

siderite) or clay minerals into magnetite during the heating process. This sample type 290 

exists widely in the studied core. 291 

3.1.4. IRM-CLG 292 

The results of the IRM-CLG fitting are shown in Fig. 3p-t. In samples CE-0805 and 293 

CE-0671, the B1/2 values of the main component are located near 70 mT and the DP 294 

value is small (< 0.2), which indicates that the dominant magnetic mineral is greigite. 295 

In contrast, the B1/2 value of main peak is near 30 mT in CE-0880, CE-1210 and 296 

CE-1319, while their DP values are notably higher (> 0.2). The main magnetic 297 

mineral in these three samples is probably magnetite of detrital origin [R. Egli, 2004a; 298 

b]. According to the proportion of each peak area, we calculated the IRM contribution 299 

of each magnetic mineral in each sample (unit: 10
-3

 Am
2
/kg) (Supporting Information 300 

S1). 301 

3.2. SEM+EDS 302 

SEM images and EDS results of four selected samples are shown (Fig. 4). The EDS 303 

results of CE-0718, CE-0805 and CE-0966 show the presence of iron sulfide (main 304 

peaks: iron and sulfur, minor peaks: silicon), while CE-1195 is iron oxide (main peaks: 305 

iron and oxygen, minor peaks: silicon and magnesium). Based on the appearance of 306 

the element peaks and rock magnetic results, it is determined that the main magnetic 307 

mineral of the former is greigite (Fe3S4) [Just et al., 2016], and the latter is magnetite 308 

(Fe3O4). SEM images show that the greigite particles exist in the form of ~10 μm 309 

particle framboidal aggregates or 5~10 μm particle aggregates wrapped by silicate 310 

cement (red dotted lines in figure 4) [W Li et al., 2019; Qiang et al., 2018]. Greigite 311 

will be oxidized if exposed to air [I Snowball and Thompson, 1998]. It is possible that 312 



this form of greigite still exists after 20 years storage because the silicate cement 313 

prevented it from being completely oxidized in air (or that oxidation is slowed down) 314 

[Jin et al., 2011; Jin et al., 2009]. Magnetite particles are in a few μm in size, with a 315 

marked angular and octahedral structure and are also wrapped by silicate cement (blue 316 

dotted perimeters in figure 4). 317 

 318 

Figure 4. SEM images and EDS results of four selected samples. The main magnetic minerals in 319 

CE-0718, CE-0805 and CE-0966 are greigite, while that in CE-1195 is magnetite. The SIRM/ 320 

values of the four samples are 16.374, 63.144, 52.639 and 9.322 kA•m
-1

 respectively. 321 

The rock magnetic data, combined with the SEM images and EDS results, point to 322 

magnetite and greigite as the dominant magnetic minerals in the CE core. Magnetite 323 

exists widely in the core, while greigite as secondary magnetic mineral is confined to 324 

core levels with higher SIRM/ values. These are typified by light gray clay lithology. 325 

3.3. Greigite quantification 326 

The greigite was quantified in 64 samples with FORC-PCA (Fig. 5). The EM 327 

selection is user-defined [Roberts et al., 2018]. The rock magnetic results indicate that 328 

the magnetic minerals include SD greigite, SD magnetite and vortex magnetite. 329 

Therefore, we set up three EMs in the purple contour region, named EM1, EM2 and 330 

EM3, and established a ternary mixtures model. According to the calculated FORC 331 

diagrams of three EMs (Fig. 5), we defined EM1 as greigite, EM2 as SD magnetite, 332 

and EM3 as vortex magnetite [Roberts et al., 2018]. The absolute contents of the three 333 

magnetic minerals in each sample were calculated by the software (Supporting 334 

Information S2). 335 



 336 

Figure 5. FORC-PCA results of selected samples from the CE core. (a) EM1 represents SD 337 

greigite. (b) EM2 represents SD magnetite. (c) EM3 represents vortex magnetite. (d) The 338 

triangular mixing space with the positions of the three EMs for 64 samples, the purple outline 339 

indicates the space where the FORC distribution begins to become physically unrealistic. (e-h) 340 

FORC diagrams of samples CE-0635, CE-0718, CE-0881, and CE-1210 are shown as typical 341 

examples. The insets in the lower right corner of panels represent sets of 200 measured FORCs. 342 

FORC-PCA detected 58 samples containing greigite, while IRM-CLG detected 37 343 

samples. The greigite amount in the 37 samples in which greigite was detected by 344 

both methods correlates very well (Fig. 6a). The (EM1+EM2+EM3) (absolute)/mass 345 



acquired by FORC-PCA correlates well with the sum of magnetic minerals obtained 346 

with IRM-CLG (abbreviated as CLG-SIRM) (Fig. 6c). Evidently, a good linear 347 

relationship with Ms/mass of the samples is obtained as well (Fig. 6b). The samples 348 

marked with red diamonds are mainly composed of greigite, while the blue samples 349 

are magnetite. We multiply the CLG-SIRM with Ms/Mrs to compensate for the grain 350 

size dependence and obtained a better linear relationship with (EM1+EM2+EM3) 351 

(absolute)/mass than CLG-SIRM (Fig. 6d). Thus, the results of FORC-PCA are 352 

meaningful. 353 

 354 

Figure 6. Cross plot of (a) EM1(absolute)/mass and absolute content of greigite of CLG. Cross 355 

plots of (EM1+EM2+EM3) (absolute)/mass and Ms/mass (b), CLG-SIRM (c) and 356 

CLG-SIRM*(Ms/Mrs) (d). The samples marked with red diamonds are mainly composed of 357 

greigite, while the blue samples are magnetite. 358 

4. Discussion 359 

4.1. Quantitative alternative indicator of greigite 360 

The magnetic index IRM900mT/ is useful to evaluate the relative content of greigite 361 

and magnetite [Larrasoaña et al., 2007]. Therefore, we performed correlation analysis 362 

between the EM1(absolute)/mass (58 samples) obtained by FORC-PCA and SIRM/ 363 

(Fig. 7). The 37 samples with the greigite content detected by both approaches are 364 

indicated with red diamonds, while the 21 samples with greigite only detected by 365 



FORC-PCA are indicated with blue diamonds. The greigite content detection limit of 366 

FORC-PCA appears to be lower than that of IRM-CLG, and the presence of greigite 367 

is still detected when the value of SIRM/ is low (Fig. 7). 368 

 369 

Figure 7. Cross plot of SIRM/ and EM1(absolute)/mass (58 samples). The 37 samples with the 370 

greigite content of detected by FORC-PCA and IRM-CLG are indicated with red diamonds, while 371 

the blue diamonds are the 21 samples with greigite only detected by FORC-PCA. The auxiliary 372 

dotted lines are to help the visual appreciation of the trend. 373 

We also found that the greigite content and SIRM/ has an exponential relation: 374 

When SIRM/ < 30 kA·m
-1

, increasing greigite content comes with a minor SIRM/ 375 

increase. When SIRM/ > 45kA•m
-1

, increasing greigite content is marked by notably 376 

higher SIRM/. Thus, SIRM/ may be used an indicator of greigite amount, not only 377 

its mere presence (Fig. 7). We fitted 37 EM1(absolute)/mass data (red diamonds) with 378 

SIRM/ using an exponential relationship and obtain the equation (Fig. 7). In this way, 379 

we can obtain estimates for greigite concentrations from other samples of the CE core. 380 

4.2. Rapid identification method of greigite 381 

Previous studies showed that greigite has a higher SIRM/ [Y Fu et al., 2008; 382 

Roberts, 1995], so the SIRM/ is useful to establish the presence of greigite. The 383 

threshold above which greigite is considered to be present differs among the various 384 

studies [W Li et al., 2019; Roberts and Turner, 1993; Ron et al., 2007; L. Sagnotti and 385 

Winkler, 1999; I F Snowball, 1991]. The differences are in part due to different 386 

applied fields used for SIRM acquisition. It is generally believed that the threshold 387 

which greigite is present is SIRM/ > 20 kA·m
-1

. For the CE core, the samples also 388 

appear to contain greigite when SIRM/ < 10 kA·m
-1

 (Fig. 7). The SIRM/ value of 389 

CE-1195 is 9.322 kA•m
-1

, and we observed that greigite is suspected to exist in 390 



CE-1195 with SEM. EDS results show high S and Fe peaks, which is helpful to prove 391 

the presence of iron sulfide (Fig. 8). Hence, establishing the presence of greigite 392 

should not only be based on a SIRM/ cut-off number, especially when SIRM/ is 393 

low. 394 

 395 

Figure 8. A single mineral SEM image (left) and partially enlarged image (middle) of CE-1195. 396 

EDS results (right) show prominent S and Fe peaks.  397 

Next, we evaluate possible correlation between the absolute content of greigite (58 398 

samples) obtained by FORC-PCA and four environmental magnetic indexes, 399 

including , SIRM, ARM and ARM/SIRM (Fig. 9). The samples in the red rectangle 400 

have greigite as the main magnetic mineral, while the samples in the blue rectangle 401 

are magnetite-dominated (Fig. 9). An increasing amount of greigite will lead to 402 

magnetic enhancement (Fig. 9a), as also noted in other studies of greigite-bearing 403 

sediments [Reinholdsson et al., 2013; Roberts et al., 1999; Rowan et al., 2009]. In 404 

comparison with magnetite, a higher greigite amount leads to a marked increase of 405 

SIRM (Fig. 9b) and only a slight increase of ARM (Fig. 9c). An explanation for this 406 

observation is that greigite exists in the form of particle aggregates or is wrapped by 407 

silicate cement as observed under SEM (Fig. 4), which produces strong interaction 408 

among greigite particles and limit the increase of ARM [Jaep, 1971; Yamazaki and 409 

Ioka, 1997]. This results a decrease of ARM/SIRM ultimately approaching zero 410 

[McNeill and Kirschvink, 1993; Naoji Sugiura, 1979] (Fig. 9d), and makes the 411 

meaning of ARM and ARM/SIRM not always unequivocal. For samples containing 412 

greigite, when using magnetic indicators to reconstruct paleoclimate, magnetic 413 

mineralogy effects apparently "outcompete" grain size effects that are typically 414 

associated with paleoclimate. Therefore, ARM and ARM/SIRM are less useful as grain 415 

size indicator. 416 



 417 

Figure 9. Cross plots of EM1(absolute)/mass versus  (a), SIRM (b), ARM (c) and ARM/SIRM 418 

(d). The samples in the red rectangle have greigite as the main magnetic mineral, while the 419 

samples in the blue rectangle are magnetite dominated.  420 

Based on the above results, we use SIRM/ as a quantitative greigite indicator for 421 

correlation analysis with environmental magnetic indexes ARM and ARM/SIRM (a 422 

total of 1748 samples) (Fig. 10). Red diamonds are the samples with greigite as the 423 

main magnetic mineral (37 samples), while blue diamonds are magnetite (21 samples). 424 

ARM shows two trends with increasing SIRM/. For most samples with SIRM/ 425 

values < 15 kA·m
-1

 (the samples in the area delineated with the blue line), ARM 426 

increases rapidly with only a modest increase of SIRM/. For samples with SIRM/ > 427 

15kA·m
-1

 (and some samples with SIRM/ < 15 kA·m
-1

), i.e., the samples in the red 428 

enveloped region, ARM increases only slowly with increasing SIRM/ (Fig. 10a). The 429 

first group has magnetite as main magnetic mineral, while the second has greigite. 430 

Thus, ARM is another parameter to evaluate the presence of greigite in the CE core: 431 

when ARM increases slowly with the increase of SIRM/, the sample contains 432 

greigite. This method is also applicable to some samples with SIRM/<15kA·m
-1

 in 433 

the CE core. ARM/SIRM decreases gradually and approaches zero with the increase 434 

of SIRM/ (Fig. 10b), which is consistent with the above results (Fig. 9d). 435 



 436 

Figure 10. Cross plots of SIRM/ vs. ARM (a), and vs. ARM/SIRM (b) of the CE core (a total of 437 

1748 samples). Red diamonds are the 58 samples studied in more detail with greigite as the main 438 

magnetic mineral (37 samples), while blue diamonds indicate magnetite-dominated samples (21 439 

samples). The samples in the red enclosed area (panel (a)) point to greigite, while those in the blue 440 

region indicate magnetite. (c), (d) are SIRM/ vs. core depth for the 0-100 m and 100-200 m 441 

stratigraphic interval of the CE core. Red diamonds indicate greigite (414 samples). The yellow 442 

shaded portions are 20 units containing greigite. Two options for the paleomagnetic polarity are 443 

also shown. (B/M: Brunhes/Matuyama boundary, J: Jaramillo subchron, O: Olduvai subchron, 444 

M/G: Matuyama/Gauss boundary). 445 

According to the approach outlined in the foregoing, the samples within the red 446 

envelope indicate greigite, and the samples in blue envelope are magnetite (Fig. 10a). 447 

We finally opted for SIRM/ > 10 kA·m
-1

 as lower cut-off value to indicate greigite, 448 

because it is difficult to distinguish the greigite-bearing samples with SIRM/ < 10 449 

kA·m
-1

 from magnetite. According to this approach 414 samples contain greigite and 450 

displayed on the SIRM/ vs. depth plot. They make up 20 layers marked with yellow 451 

shading (Fig. 10c-d). Including ARM in the analysis results in a lower detection limit 452 

for greigite than the traditional SIRM/ cutoff value. Compared to other rock 453 

magnetic methods such as FORC, it is faster and particularly suitable for research 454 

with large sample collections. The paleomagnetic chronology of the CE core in the 455 

interval 38.2-124.57 m is controversial, and greigite widely occurs in the disputed 456 

levels, which may be the cause of the perceived discrepancies. 457 

5. Conclusions 458 

We conducted a detailed magnetic property analysis on samples from the CE core, 459 



combined with SEM and X-ray EDS analysis. Our conclusions are listed next: (1) The 460 

magnetic minerals in the CE core are magnetite and greigite. Magnetite occurs widely 461 

in the CE core as the main magnetic mineral, while greigite as secondary magnetic 462 

mineral is confined to the levels with higher SIRM/ (> 10 kAm
-1

), with light gray 463 

clay as main lithology; (2) FORC-PCA and IRM-CLG as greigite quantification 464 

methods show a good correlation, which indicates that FORC-PCA seems robust 465 

quantifying magnetic minerals in a magnetite-greigite setting; (3) The relationship 466 

between SIRM/ and the greigite amount is an exponential relation: y = 467 

0.2801*exp(0.068X) with y indicating the greigite amount in Am
2
·kg

-1
 and X the 468 

SIRM/ in kA·m
-1

. Thus SIRM/ has potential to quantify greigite; (4) Greigite exists 469 

in the form of framboidal particle aggregates or particles wrapped by silicate cement 470 

which will produce strong interaction among greigite particles and limit the increase 471 

of ARM. This makes ARM another proxy to determine whether greigite occurs in the 472 

CE core: when the increase of ARM is marginal in comparison with the SIRM/ 473 

increase, greigite is dominant in the sample. This approach is also applicable to 474 

samples with low SIRM/, below 15kA·m
-1

. This method senses greigite quicker than 475 

more traditional approaches for greigite detection; compared to rock magnetic 476 

methods such as FORC, it is faster and particularly suitable for research of large 477 

sample collections. Here, we identify 414 samples containing greigite in the CE core 478 

with this method, with a total of 20 layers. Greigite occurs widely in the levels where 479 

the paleomagnetic chronology is being disputed: greigite with its variably protracted 480 

NRM acquisition mode may be the cause of the perceived discrepancies. 481 
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