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 14 

Abstract 15 

The bulk magnetic mineral record from Lake Ohrid, spanning the past 637 ka, reflects large scale 16 

shifts in hydrological conditions, and, superimposed, a strong signal of environmental conditions on 17 

glacial-interglacial and millennial time scales. A shift in the formation of early diagenetic 18 

ferrimagnetic iron sulfides to siderites is observed around 320 ka. This change is probably 19 

associated with variable availability of sulfide in the pore water. We propose that sulfate 20 

concentrations were significantly higher before ~320 ka ago, either due to a higher sulfate flux or to 21 

lower dilution of lake sulfate due to a smaller water volume. Diagenetic Fe-minerals appear more 22 

abundant during glacials, which are generally characterized by higher Fe/Ca ratios in the sediments. 23 

While in the lower part of the core the ferrimagnetic sulfide signal overprints the primary detrital 24 

magnetic signal, the upper part of the core is dominated by variable proportions of high- to low-25 

coercivity iron oxides. Glacial sediments are characterized by high concentration of high-coercivity 26 

magnetic minerals (hematite, goethite), which relate to enhanced erosion of soils that had formed 27 

during preceding interglacials. Superimposed on the glacial-interglacial behavior are millennial 28 

scale oscillations in the magnetic mineral composition that parallel variations in summer insolation. 29 

Likewise to the processes on glacial-interglacial time-scales, low summer insolation and a retreat in 30 



vegetation resulted in enhanced erosion of soil material. Our study highlights that rock-magnetic 31 

studies, in concert with geochemical and sedimentological investigations, provide a multi-level 32 

contribution to environmental reconstructions, since the magnetic properties can mirror both 33 

environmental conditions on land and intra-lake processes.  34 

 35 

1 Introduction 36 

Rock-magnetic properties of sediments can be used to reveal changing input of the lithogenic 37 

fraction and can therefore serve as records of past environmental change. Variations in the 38 

concentration of magnetic minerals provide information on changing export of terrigenous 39 

sediments from land (DeMenocal et al., 1991; Just et al., 2012; Maher, 2011; Reynolds and King, 40 

1995). Furthermore, variations in the composition of the magnetic mineral assemblages can be used 41 

for detecting changes in terrestrial climatic conditions, e.g., weathering and soil formation (Hu et 42 

al., 2015; Kämpf and Schwertmann, 1983; Larrasoaña et al., 2015; Lyons et al., 2010; Maher and 43 

Thompson, 1992). However, in addition to the detrital magnetic inventory, magnetic minerals form 44 

in the course of syn- and post-sedimentary processes. Magnetotactic bacteria living in the oxic-45 

anoxic transition zone in the topmost sediments utilize magnetic minerals, and can either produce 46 

magnetite or greigite intracellularly (Egli, 2004b; Roberts et al., 2012; Snowball et al., 2002; Vali et 47 

al., 1989). Furthermore, iron-reducing bacteria may induce the authigenic precipitation of magnetite 48 

(e.g., Bell et al., 1987; Frankel and Bazylinski, 2003). On the other hand, the primary magnetic 49 

mineral assemblage of detrital origin is often overprinted by post-depositional alteration (Hounslow 50 

and Maher, 1999; Nowaczyk et al., 2013; Roberts et al., 1996). The latter results from changing 51 

redox conditions at the lake/sea floor and in subsurface sediments leading to dissolution of iron 52 

oxides and formation of ferromagnetic iron sulfides, such as greigite and pyrrothite (Demory et al., 53 

2005; Froelich et al., 1979; Karlin and Levi, 1983; Rowan et al., 2009; Sagnotti, 2007; Vasiliev et 54 

al., 2007) or paramagnetic minerals, such as pyrite, siderite, and vivianite (Dong et al., 2000; Karlin 55 

and Levi, 1983).  56 

In addition to the vast number of studies on magnetic minerals in marine sediments, lake sediments 57 

can provide valuable information on terrestrial and lacustrine environmental conditions (e.g., Frank 58 

et al., 2002; Nowaczyk et al., 2002; Peck et al., 2004; Peck et al., 1994; Roberts et al., 1996; 59 

Snowball, 1993; Snowball et al., 1999; Wang et al., 2008).  Depending on the trophic state of the 60 

lake, water depth, and stratification, oxygen supply is often limited and may lead to excessive 61 

dissolution of iron oxides (e.g., Demory et al., 2005; Frank et al., 2013; Nowaczyk et al., 2013; 62 

Snowball et al., 1999). In the course of early diagenesis sulfate is reduced during the process of 63 

organic matter degradation in the sulfidic zone (Froelich et al., 1979). H2S species can react with 64 



accessible iron and form iron sulfides. Among them, pyrrhotite and greigite are particularly 65 

important for rock and paleo-magnetic studies (Roberts et al., 2011a; Sagnotti, 2007). As theses 66 

secondary magnetic iron minerals acquire a remanent magnetization these secondary magnetic iron 67 

sulfides can bias the primary magnetic signals (Ron et al., 2007), in general carried by detrital 68 

(titano-) magnetite. Although pyrrhotite and greigite may form as early diagenetic metastable 69 

phases during the chemical reaction pathway to pyrite, studies have shown that they may be 70 

preserved if the concentration of organic matter, and consequently organic-bound sulfur, is low and 71 

pyritization is hampered by Fe-excess (Blanchet et al., 2009; Kao et al., 2004; Roberts et al., 1996; 72 

Skinner et al., 1964). Cyclic preservation of greigite in a Pliocene lacustrine sequence from Lake 73 

Qinghai (China) was recently linked to periods of high lake levels and humid climate that resulted 74 

in oxygen depletion of the bottom water (Fu et al., 2015). 75 

Compared to the ocean, lakes generally contain lower sulfate concentrations, and therefore sulfate 76 

may be exhausted at shallow depths in the sediment or even in the water column. Below the sulfidic 77 

zone, methanogenesis is the most important process for the degradation of reactive organic matter 78 

(Capone and Kiene, 1988; Roberts, 2015). Here, Fe-species may react to form iron-phosphate 79 

(vivianite) or iron-carbonate (siderite) (Berner, 1981; Roberts, 2015). In addition to the “early” 80 

diagenetic processes, concurring with organic matter degradation, authigenic Fe-minerals can form 81 

at a late diagenetic phase. Such precipitation and dissolution processes occur mainly as a result of a 82 

variety of different mechanisms associated with the migration of mineralized fluids and with 83 

changes in the pore water chemistry, which disrupt the steady-state diagenetic progression (Roberts 84 

and Weaver, 2005; Sagnotti et al., 2005).  85 

Because of the imprint of these interacting processes, rock-magnetic properties of lake sediments 86 

can provide a suite of environmental information. These range from variations in the external 87 

supply of magnetic detrital mineral phases, changes in lake water oxygenation and sulfate supply 88 

and in conditions favorable for magnetotactic bacteria. The sediments from Lake Ohrid on the 89 

Balkan Peninsula (Fig. 1) provide an excellent opportunity to study these processes over several 90 

glacial-interglacial cycles. Lake Ohrid is the oldest lake in Europe, dating back to > 1.2 Ma 91 

(Wagner et al., 2014). Its sediments consist of lacustrine carbonates (mostly calcite), biogenic silica, 92 

and lithogenic compounds (Francke et al., 2015). Lake Ohrid is an oligotrophic lake, a complete 93 

overturn and deep mixing occurs only every few years, while the upper 200 m of the water column 94 

is mixed every year during winter (e.g., Matzinger et al., 2007). Temperature variations probably 95 

had a strong influence on shallow and deep mixing of Lake Ohrid during past glacials and 96 

interglacials (Vogel et al., 2010a; Wagner et al., 2009), however, to date there is no quantitative 97 

estimate of this effect.  98 



Terrestrial element concentrations and gamma ray intensities of Lake Ohrid sediments mirror 99 

phases of enhanced erosion in the catchment on glacial-interglacial timescales (Baumgarten et al., 100 

2015; Francke et al., 2015). Geochemical variations in a core from north eastern Lake Ohrid (Fig. 1) 101 

are indicative for changes in sediment dynamics over the last ~140 ka. Here, the increasing 102 

deposition of Cr-rich minerals, most likely originating from the western flanks of Lake Ohrid, are 103 

thought to result from either enhanced erosion of soils or stronger wind activity, inducing changes 104 

in surface water circulation (Vogel et al., 2010a).  105 

This first study on the magnetic properties of the Lake Ohrid composite profile focusses on 106 

observations of changing magnetic mineralogy and possible implications for lacustrine and 107 

terrestrial environmental conditions.  We aim to identify primary detrital magnetic minerals, and 108 

evaluate if these reveal changing environmental conditions in the catchment, beyond the observed 109 

general pattern of higher (lower) terrigenous input during glacials (interglacials). Secondly, we 110 

discuss the occurrence of (early) diagenetic minerals to develop a working-hypothesis concerning 111 

changes in redox conditions and shifts in the chemical and hydrological environment in the lake. To 112 

address these objectives, we jointly investigated mineral magnetic properties and organic proxies, 113 

X-ray fluorescence (XRF) data (Francke et al., 2015) and Fourier Transformed Infrared 114 

Spectroscopy (FTIRS, Lacey et al., 2015). 115 

 116 

2 Study area and materials  117 

Lake Ohrid (45°54 N, 38°20 E, Fig. 1) is located at the boundary between Albania and the Former 118 

Yugoslav Republic of Macedonia at an altitude of 690 meters above sea level. It is ~30 km long and 119 

~15 km wide, and has a maximum water depth of 293 m. It is flanked by high mountain ranges in 120 

the West (Jurassic ophiolites and Triassic carbonates) and East (Triassic carbonates), and an alluvial 121 

plain in the North (Fig. 1, Hoffmann et al., 2010 and references therein; Vogel et al., 2010b). 122 

Modern vegetation is dominated by deciduous forest (Lézine et al., 2010).  123 

At present, there are two major rivers draining into Lake Ohrid, the Sateska in the North and Cerava 124 

in the South, bringing detrital sediments to the lake. Fresh-water is supplied to the lake by rivers 125 

(25%), direct precipitation (25%) and karst aquifers (50%). The karst aquifers are fed by mountain 126 

range precipitation and from the neighboring higher altitude (849 m above sea level) Lake Prespa. 127 

The gain in fresh water is balanced by the drainage through the River Crn Drim (accounting for 128 

60% of water loss) and evaporation (~40%) of lake water (Matzinger et al., 2006a; Matzinger et al., 129 

2006b; Wagner et al., 2014). 130 



Maximum precipitation occurs during winter, and air temperatures at present range between -5° and 131 

31°C (Popovska and Bonacci, 2007). Ohrid is an oligotrophic lake with maximum productivity 132 

during summer (Matzinger et al., 2007; Wagner et al., 2010). However, at present, it shows 133 

indications for the onset of eutrophication (e.g., Matzinger et al., 2007). 134 

Six holes were drilled at the “DEEP” site (ICDP Site 5045-1) within the SCOPSCO project 135 

(Scientific Collaboration on Past Speciation Conditions in Lake Ohrid) in summer 2013 down to a 136 

maximum sediment penetration was 569 m (Fig. 1b). The recovered sedimentary sequence is 137 

thought to cover more than 1.2 Ma (Wagner et al., 2014). A composite profile was constructed  and 138 

an age model was developed by Francke et al. (2015) which is based on 11 tephrostratigraphic tie 139 

points (Leicher et al., 2015) and correlating geochemical proxies to orbital parameters (using an age 140 

uncertainty of ± 2000 years). Here, we analyzed the upper 247 m of the composite profile. The age 141 

model reveals that the analyzed interval spans the past 637 ka.  142 

 143 

3 Methods 144 

3.1 Rock -magnetic measurements 145 

We sampled the composite profile at 50 cm (0-100 m) and 48 cm (100 - 247m) intervals – in total 146 

500 samples - using 6.2 cm3 oriented plastic boxes. Magnetic susceptibility χ was measured using 147 

an AGICO MFK-1 susceptometer. Natural and artificial remanence parameters were measured 148 

using a 2G Enterprises 755 superconducting long-core rock magnetometer with an in-line tri-axial 149 

alternating field (AF) demagnetizer. The Natural Remanent Magnetization (NRM) was 150 

demagnetized in 10 incremental steps of up to 100 mT AF peak amplitude. Anhysteretic Remanent 151 

Magnetization  (ARM), a proxy for fine-grained, mostly single domain (SD) and pseudosingle 152 

domain (PSD) magnetite (King et al., 1982), was imparted with a single-axis 2G 600 AF 153 

demagnetizer by using 100mT AF and 50µT DC field. Subsequently ARM was AF demagnetized at 154 

fields of 10, 20, 30, 40, 50, 65 mT. The median destructive field (MDFARM), defined as the field 155 

required to decrease ARM by 50% was calculated. This parameter is indicative of the coercivity 156 

within the fine ferrimagnetic mineral fraction. 157 

Isothermal Remanent Magnetization (IRM), which depends on the magnetic mineral mixture in the 158 

samples, was induced using a 2G 660 pulse magnetizer applying a 1500mT DC peak field and a 159 

200mT reversed field. The ratio of χARM to Saturation IRM (χARM/SIRM) serves as a proxy for the 160 

magnetic grain size. Furthermore, hard IRM (HIRM), reflecting the contribution of high-coercivity 161 

magnetic minerals to SIRM, was calculated using the equation  162 



)(5.0 )200( mTIRMSIRMHIRM −+=        (1) 163 

Additionally, the S-Ratio, calculated as  164 

)/(1(5.0 200 SIRMIRMS mT−−=        (2) 165 

serves as a proxy for the proportion of high- (e.g., hematite + goethite, 0<S<<1) to low-coercivity 166 

(magnetite, greigite) magnetic minerals (0<<S<=1).  167 

Moreover, we calculated SIRM/χ which is often observed to be elevated in the presence of greigite 168 

(e.g., Maher and Thompson, 1999; Nowaczyk et al., 2012; Snowball and Thompson, 1990). 169 

Another characteristic behavior of greigite is that it acquires a so-called Gyro-Remanent 170 

Magnetization (GRM). To further quantify the possible imprint of greigite, we calculated the ratio 171 

between the differences of Final Remanent Magnetization (FRM) at 100 mT AF peak amplitude 172 

and minimum magnetization (MRM) during NRM demagnetization, and the difference of NRM and 173 

MRM according to (Fu et al., 2008),  174 

)/()(NRMGRM/ MRMNRMMRMFRM −−=∆∆     (3) 175 

To account for down-core increasing sediment compaction, magnetic concentration parameters 176 

were mass-normalized using the dry bulk density. The latter data were available at 4 cm intervals 177 

and interpolated to the depths of magnetic samples. 178 

 179 

3.2 Cluster Analysis 180 

We performed fuzzy-c-means cluster analysis for a suite of data that are indicative for the magnetic 181 

mineralogy and magnetic granulometry. To achieve symmetric distributions of the suite of data, we 182 

performed data ln (natural logarithm) transformations, except for ΔGRM/ΔNRM and the S-Ratio. 183 

The latter parameters show a J-shaped distribution that cannot be transformed into a normal 184 

distribution. All datasets were standardized before clustering. 185 

 186 

3.3 Scanning electron microscopy of magnetic extracts 187 

Six samples that are characterized by divergent magnetic properties were selected for scanning 188 

electron microscopy (SEM) analyses. Magnetic extracts were prepared following the protocol of 189 

Nowaczyk (2011). 2 cm3 of sediment were dispersed in 60 ml alcohol and Na-Solution was added. 190 

The solutions was put in an ultrasonic-bath for 10 minutes. A rare-earth magnet inside a plastic hose 191 

was submerged into the solution. Minerals attracted to the hose were washed into a fresh vial. The 192 



procedure was repeated twice to obtain a clean extract. Particles in the alcohol solution were then 193 

concentrated and a drop of the solute was placed on SEM stub and sputtered with carbon.  194 

Magnetic extracts were analyzed using a Carl Zeiss SMT Ultra 55 Plus SEM. Images were obtained 195 

using the secondary and back scatter electron beams of single particles. To obtain the chemical 196 

composition of the analyzed particles, energy dispersive spectroscopy was performed at energy 197 

levels of 20 keV. 198 

 199 

3.4 Geochemical and mineralogical data 200 

Total organic carbon (TOC), total inorganic carbon (TIC) and X-ray Fluorescence (XRF) data, 201 

measured by Francke et al. (2015), are used for discussion of rock-magnetic data. XRF scanning 202 

was carried out at 2.5 mm resolution and with an integration time of 10 s using an ITRAX core 203 

scanner equipped with a chromium X-Ray source. Total carbon (TC) and total TIC were analyzed at 204 

16 cm resolution. For TIC, homogenized and dispersed sediments were treated with phosphoric 205 

acid. TC and TIC was measured in the form of released CO2 after combustion at 900 °C and 160°C, 206 

respectively, using a DIMATOC 100. Total organic carbon (TOC) content was calculated from the 207 

mass difference between TC and TIC In addition, we show relative changes in siderite (FeCO3) 208 

concentration determined from infrared (IR) spectra. IR spectra were measured on a Bruker Vertex 209 

70 Fourier Transform infrared (FTIR) spectrometer at the Institute of Geological Sciences at the 210 

University of Bern. Details on measurement set up and data evaluation procedures are outlined in 211 

Lacey et al. (2015). 212 

 213 

4 Results 214 

4.1 Rock magnetism 215 

In the magnetic properties, a major change is visible around ca. 320 ka corresponding to the transition 216 

between Marine Isotope Stage (MIS) 9/MIS 8. Below this transition S-Ratio is rather constant, but 217 

SIRM shows large amplitudinal change, while above, SIRM is relatively constant, but compositional 218 

magnetic proxies, e.g. the S-Ratio, show interglacial-glacial variability. We therefore divided the 219 

record into two magnetic units (Fig. 2). 220 

 221 



MIS 16-MIS 9 (unit 2) 222 

Except for a stable S-Ratio (Fig. 2 e), this unit is characterized by high amplitude variations on 223 

glacial-interglacial timescales. Susceptibility (Fig. 2b) and SIRM (Fig. 2c) and HIRM (Fig. 2d) are 224 

elevated during glacials, while χARM/SIRM (Fig. 2g) and χARM/χ (Fig. 2h) decrease and the MDFARM 225 

(Fig. 2f) rises to fields of up to 50 mT. Increasing ΔGRM/ΔNRM (Fig. 2j) is often associated with 226 

interglacial-glacial transitions, and early glacials. Moreover, short-lasting spikes of GRM 227 

acquisition during interglacials are accompanied by brief increases in Fe/Ca ratios (Fig. 2 k, e.g., 228 

during MIS 15, 13, 11). In contrast, SIRM/χ (Fig. 2i) shows maximum values at the end of the 229 

glacials (MIS10, MIS12), when GRM acquisition is mostly low.  230 

 231 

MIS 8-MIS 1 (unit 1) 232 

Compared to unit 2, glacial-interglacial variations are expressed through different proxies. SIRM/χ 233 

(Fig. 2i) is low and ΔGRM/ΔNRM (Fig. 2j) is mostly zero. SIRM (Fig. 2c) and the MDFARM (Fig. 234 

2f) are relatively stable, while susceptibility (Fig. 2b) and HIRM (Fig. 2d) show glacial-interglacial 235 

cyclicity. χARM/SIRM (Fig. 2g), χARM /χ (Fig. 2h) and the S-Ratio (Fig. 2e) is lower during glacials, 236 

in concert with higher TOC (Fig 2l) and lower Fe/Ca ratios (Fig. 2k). An exception to this glacial-237 

interglacial behavior is observed in the uppermost part of unit 1, where TOC increases and Fe/Ca 238 

decreases. In contrast to the relationship observed for the rest of the unit, the intensity of the 239 

magnetic concentration parameters (χ, SIRM, Fig. 2b, c) increase, and the S-Ratio rises to high 240 

values. Also the MDFARM and χARM/SIRM, and χARM /χ and SIRM/χ rise to maximum values. 241 

 242 

4.2 SEM observations 243 

We analyzed samples that are characterized by diverging magnetic properties (c.f., Table 1). 244 

Detrital titanomagnetites and Cr-Fe Oxides are present in almost all analyzed samples (Fig. 3a, b, 245 

d). Magnetic extracts from the upper unit contain relatively high proportions of siderite (Fig. 3g), 246 

whereas Fe-sulfides are abundant in samples from the lower unit (Fig. 3c-f, h).  247 

All analyzed samples in unit 2 are characterized by a high MDFARM (>45 mT). Of those, two 248 

samples did acquire a significant GRM (>68%), but had lower SIRM/χ compared to two samples 249 

which have the most extreme SIRM/χ values, but GRM acquisition is insignificant (Table 1). The 250 

high GRM samples contain mixtures of Ti-magnetites and fine grained and microcrystalline Fe-251 

sulfides, which most likely correspond to greigite (Fig. 3 c, d). Also the low GRM-samples, 252 

contained fine-grained Fe-sulfides and idiomorphic greigite crystals, but additionally large Fe-253 



sulfide nodules (Fig 3e, f, h) that apparently have a higher Fe:S ratio, compared to the finer grained 254 

greigite (data not shown). Although the number of investigated SEM samples is relatively low the 255 

results suggest, that a high MDFARM appears closely related to or at least accompanied by the 256 

general presence of Fe-sulfides, while maximum SIRM/χ is associated with the coarse-grained 257 

sulfide nodules. GRM is rather strong when microcrystalline or individual greigite crystals occur. 258 

 259 

5 Discussion 260 

5.1 Magnetic proxy evaluation 261 

Many samples from unit 2 have high values in MDFARM, SIRM/χ and ΔGRM/ΔNRM (Fig. 2 f, i, j), 262 

which are often associated with the presence of greigite (e.g., Fu et al., 2008; Peters and Dekkers, 263 

2003; Rowan et al., 2009). It is important to note that these parameters can sometimes provide 264 

ambiguous results; high SIRM/χ is not always accompanied by high ΔGRM/ΔNRM, however, 265 

MDFs are high if any of the former proxies are elevated. Missing GRM acquisition of greigite 266 

bearing samples hasbeen reported from other studies (Roberts et al., 1998; Sagnotti et al., 2005), 267 

and could be related to grain-size effects, because only fine grained (SD) greigite acquires GRM. 268 

As observed in the images of the magnetic extracts, coarse grained Fe-sulfides are abundant in 269 

samples with low GRM and high SIRM/χ and we therefore hypothesize that greigite either grew to 270 

too coarse grain-size for GRM acquisition or was transformed into other Fe-sulfides, e.g., 271 

pyrrhotite, which is also characterized by high SIRM/χ (Maher and Thompson, 1999). The second 272 

significant feature in the rock magnetic record are variations on interglacial-glacial time scales 273 

within the upper unit. The variations could stem from compositional changes in the magnetic 274 

mineral supply to the lake, but could also result from selective dissolution of low-coercivity 275 

magnetic minerals. To further evaluate the rock magnetic properties, we show cross plots of 276 

selected parameters (Fig. 4). As ΔGRM/ΔNRM is a robust indicator for the presence of greigite, the 277 

cross plot is color coded according to GRM acquisition.  278 

The χARM/SIRM ratio (Fig. 2g) is often utilized as a proxy for magnetic grain size, but can be biased 279 

if SIRM is dominated by high-coercivity magnetic minerals (HIRM). However, HIRM is more than 280 

two orders of magnitude smaller than SIRM (Fig. 2), and thus SIRM can be applied as a proxy for 281 

the concentration of the low-coercivity fractions (e.g., magnetite and greigite).  282 

For non-GRM samples, low S-Ratios are associated with low χARM/SIRM (Fig. 4a) implying that a 283 

shift towards high-coercivity minerals is accompanied by a coarsening of the low-coercivity 284 

fraction. In contrast, GRM samples have high S-Ratios but low χARM/SIRM values, indicating that 285 

in combination these parameters are valuable indicators for the presence of greigite. The low 286 



χARM/SIRM (0.06-0.2 10-3 mA-1) values of the latter samples lie close to the range of authigenic 287 

inorganically precipitated greigite which is characterized by 0.058-0.084 10-3 mA-1 (Snowball, 288 

1997a), in contrast to high values observed for sediments containing bacterial magnetite (Snowball, 289 

1994) and greigite (Reinholdsson et al., 2013, Fig. 3b). Only a few samples that did not acquire 290 

GRM lie in these latter areas, i.e., samples from the uppermost part of the core (cf. Fig. 2 g, h). 291 

These results suggest that except for the latter samples, a significant contribution of magnetite and 292 

greigite magnetosomes can be ruled out as a source for rock-magnetic signals. Furthermore, we 293 

propose that greigite, within the GRM acquiring samples, formed out of a chemical process. 294 

However, this process was likely induced by biological activity (iron reducing bacteria).  295 

There appears a strong positive correlation between SIRM/χ and χARM/χ (Fig. 4c). The latter 296 

parameter is often used as a magnetic grain size indicator for low-coercivity minerals, especially 297 

magnetite, while SIRM/χ can be influenced by different mechanisms, ranging from changes in 298 

magnetic grain size (Peters and Dekkers, 2003) and magnetic mineralogy, including the presence of 299 

greigite (Frank et al., 2007; Fu et al., 2008; Nowaczyk et al., 2012; Reinholdsson et al., 2013; 300 

Snowball, 1997b). Although paramagnetic minerals may contribute to the susceptibility, this bias 301 

would be expressed in both ratios, and a cross plot of those two parameters is valid to compare 302 

ferrimagnetic mineralogic properties between samples. The linear behavior of the two parameters 303 

indicates that SIRM/χ is influenced by magnetic grain-size effects. However, the bigger gradient for 304 

GRM samples implies that the presence of greigite is shifting SIRM to higher levels.  305 

The MDFARM is indicative of the hardness of magnetic minerals within the low-coercivity magnetic 306 

fraction (i.e. SD and PSD magnetite), and is therefore also affected by a preferential dissolution of 307 

fine magnetic particles. As outlined above, the S-Ratio signifies the relative concentration of high 308 

vs. low-coercivity minerals and is influenced by relative increases of high-coercivity particles, or 309 

decreases of magnetite, the latter could also be induced by dissolution. From the MDF and S-Ratio 310 

plot, two clusters can be distinguished (Fig. 4d). Non-GRM samples have MDFs between 25 and 33 311 

mT and a broad range of S-Ratios, whereas the MDF for GRM samples is higher than 30 mT and 312 

are mainly confined by S-Ratios higher than 0.96. The co-occurrence of high MDFs and GRM 313 

acquisition strongly suggests that increasing coercivity results from the presence of greigite. 314 

Moreover, the high S-Ratios reveal that greigite mostly contributes to the low-coercivity component 315 

of magnetization. For the non-GRM samples the pattern implies that relative increases of the high-316 

coercivity fraction are not accompanied by changes within the low-coercivity mineral assemblage. 317 

A preferential dissolution of ferrimagnetic minerals, expressed as a drop in the S-Ratio, would be 318 

expected to be accompanied by changing coercivity also within low-coercivity assemblage (i.e., 319 

changing MDF). This is not observed for our samples. Moreover, the constant SIRM throughout 320 



unit 1, whereby HIRM shows variations (c.f. Fig. 2c, d), rather indicates the addition of high-321 

coercivity minerals, instead of a decrease in low-coercivity minerals. Further support for this 322 

hypothesis comes from the low TOC concentrations, accompanying the low S-Ratio intervals. 323 

Enhanced magnetite dissolution is typically observed, when TOC concentrations are elevated. The 324 

trend in the magnetic proxies, however, shows the opposite of what would be expected in the case 325 

of enhanced dissolution. The S-Ratio indicates even higher contents of low vs. high-coercivity 326 

minerals during interglacials with elevated TOC content. We therefore assume that if reductive 327 

diagenesis had occurred it affected the whole unit equally, and variation in the S-Ratio is indicative 328 

for increasing high-coercivity minerals within the detrital magnetic mineral fraction. 329 

We also conducted high-temperature susceptibility measurements, in order to discriminate the Fe-330 

sulfides. The susceptibility of all samples increased sharply above 400 °C and decreased above 500° 331 

(data not shown). The cooling curve has higher susceptibilities. This behavior is typical if reduced 332 

iron is oxidized to magnetite upon heating. This iron, however, can be derived from different 333 

mineral phases, e.g., from clay minerals (Bell et al., 1987) or iron sulfides and siderites.  334 

 335 

5.2 Cluster Analysis 336 

To further evaluate temporal changes in the magnetic mineraology of Lake Ohrid sediments we 337 

performed a cluster analysis. Based on the evaluation of the magnetic parameters, we included 338 

χARM/χ, χARM/SIRM, S-Ratio, MDF and ΔGRM/ΔNRM which are indicative of magnetic grain-size, 339 

magnetic coercivity, and the occurrence of greigite.  340 

Cluster center 3 is characterized by the lowest χARM/SIRM value, high S-Ratio, a high MDF of 40 341 

mT and a high GRM (Table 2). The association of these parameters was also suggested by the cross 342 

plots (Fig. 4), and are often observed for chemically produced greigite and thus, we infer that cluster 343 

3 is related to greigite and other ferrimagnetic Fe-sulfides, e.g., pyrrhotite.  344 

Cluster centers 1 and 2 have similarly low GRM and MDF, indicating the absence of greigite and 345 

undistinguishable different coercivities within the magnetically soft fraction. However, χARM /χ, 346 

χARM /SIRM and the S-Ratio are lower in cluster 1 compared to cluster 2. As discussed above, the 347 

differences are due to the higher contribution of high-coercivity minerals, concurrent with a 348 

coarsening of the ferrimagnetic fraction.  349 

The variations in cluster membership coefficients (Fig. 2 a) captures the variability in magnetic 350 

proxies (Fig. 2b-j). Cluster 1 mainly relates to interglacial samples, whereas cluster 2 corresponds 351 



mainly to glacial samples in the upper part of the core (Fig 5f). Glacials samples from the lower part 352 

of the core are associated to cluster 3. 353 

 354 

5.3 Iron-sulfides in Lake Ohrid sediments 355 

The concentration of magnetic minerals, approximated by remanence intensities (and 356 

susceptibilities), are relatively low in Lake Ohrid sediments in the upper unit. This gives a strong 357 

indication that the magnetic fraction was subject to reductive diagenesis. In unit 2 remanence 358 

intensities are enhanced, due to the presence of ferrimagnetic Fe-sulfides (Fig. 2). Concerning the 359 

occurrence of greigite and Fe-sulfides, the cluster analysis reveals two different patterns that 360 

modulate each other (Fig. 5f). First, the absence of Fe-sulfides in unit 1, and secondly, a cyclic 361 

occurrences of Fe-sulfides on glacial-interglacial timescales in unit 2. Besides Fe-sulfides, siderite, 362 

which also forms during (early) diagenesis, is contained in the sediments. When discussing the 363 

mechanism for diagenetic Fe-mineral formation, it is worthwhile to also consider the occurrence of 364 

paramagnetic siderites. 365 

5.3.1 Early versus late diagenetic formation 366 

For Fe-sulfides to precipitate, accessible Fe and S have to be available. In the course of early 367 

diagenesis sulfate is reduced during organic matter degradation. Typically, Fe-sulfides such as 368 

greigite and pyrite form in the sulfidic pore water zone, associated with the upward migrating 369 

sulfate methane transition zone (SMTZ), where H2S accumulates (Kasten et al., 1998).   370 

In contrast, siderite mainly forms in the methanogenic zone, if pore waters have high CaCO3 371 

concentrations (e.g., Berner, 1981; Roberts, 2015). However, siderite and greigite (Fe-sulfides) can 372 

form at the same time if the rate of iron reduction is higher than the rate of sulfate reduction (e.g. 373 

Pye 1981, 1990). Sulfate concentrations are much lower in lakes (10-500µM), compared to the 374 

ocean (28 mM, Holmer & Storkholm, 2001) and sulfate is depleted within the uppermost cm of the 375 

sediments. Thus, methanogenesis plays a more important role for organic matter degradation 376 

compared to marine environments (Capone and Kiene, 1988). 377 

During late diagenesis, Fe-sulfides may precipitate from mineralized fluids (Sagnotti et al., 2010), if 378 

pore-water chemistry changes, i.e., by up- or downward migrating dissolved H2S species. Newly 379 

formed Fe-sulfides have been observed to overgrow earlier diagenetic Fe-minerals, such as siderite 380 

(Roberts and Weaver, 2005; Sagnotti et al., 2005). 381 



From SEM observations, we find no indication that sulfides formed at a later stage than siderites. 382 

Sulfide nodules are much coarser than the apparently well preserved siderite crystals (Fig. 3g). The 383 

shape of Fe-sulfide nodules rather appear to fill cavities of former organic compounds (Fig. 3c). 384 

Siderite abundances are higher in the upper part of the core (Fig. 5e), where the ferrimagnetic Fe-385 

sulfide proxies are low. In the older glacials of unit 2, siderite concentrations decrease when GRM, 386 

MDFARM and/or SIRM/χ increases (Fig. 5 b-d). This rather suggests that during early diagenesis one 387 

over the other, Fe-sulfide or siderite formation dominated.  388 

Finally, this assumption is supported by unpublished relative paleointensity (RPI) data that will be 389 

presented elsewhere. If the ferrimagnetic Fe-sulfides formed later during diagenesis, a disruption of 390 

the match between the RPI trend from Lake Ohrid and global RPI stacks would be expected. 391 

However, the good quality of the RPI correlation suggests that the Fe-sulfide nodules, associated 392 

with elevated SIRM/χ, grew during early diagenesis. 393 

 394 

5.3.2 Large scale shifts in redox conditions 395 

The most prominent feature of the magnetic record is the transition from a dominance of Fe-sulfides  396 

in unit 2 (> 320 ka) and siderite in unit 1 (<320 ka), suggesting a change in pore-water chemistry. 397 

Other proxy data sets from the Ohrid composite profile also indicate that lacustrine conditions 398 

changed at this boundary. As outlined above, siderite abundances are distinctly higher in the upper 399 

part of the core (Fig. 5e). Furthermore, interglacial TIC concentrations are generally lower in the 400 

upper unit 1 (up to 6%) compared to unit 2 (up to 10%, Fig. 5h), while interglacial TOC 401 

concentrations are relatively low in unit 2 (Fig. 2l). The higher TIC, relative to TOC concentrations 402 

were tentatively discussed to be dependent on higher ion concentrations in lake water due to 403 

increased evaporation (Lacey et al., 2015) during the deposition of the lower unit, but could also 404 

relate to enhanced organic matter degradation (Francke et al., 2015). 405 

As outlined above, siderite typically forms during methanogenesis (Berner, 1981), which is the only 406 

process for organic matter degradation after sulfate is consumed. The shift of siderite to sulfide 407 

formation implies a shift in the redox conditions between unit 1 and 2. We propose that during the 408 

deposition of Unit 1, SO4 was rapidly consumed in the shallow sediments, or even within the 409 

bottom water. Magnetic iron oxides were readily reduced, but due to the lack of sufficient H2S, 410 

siderite precipitated out of CaCO3 supersaturated waters (Coleman et al., 1985), as was also 411 

observed in the sister lake Prespa (Leng et al., 2013). In contrast, the sulfidic zone apparently 412 

penetrated deeper into the sediments during the deposition of unit 2. Pyrite formation (Canfield and 413 

Berner, 1987) and, thus, precursors of pyrite, as greigite, requires sulfate concentrations > 1mM. 414 



These prerequisites were apparently met, however sulfate concentrations were probably still low, 415 

and not sufficient to transform metastable Fe-sulfides into pyrite. 416 

The depth of the sulfidic zone is influenced by a number of different process which can modulate 417 

each other. First of all, the input of sulfate or sulfide could differ. Generally, sulfate is mainly 418 

derived from sulfur-bearing weathered rocks in the catchment (Holmer and Storkholm, 2001). 419 

Enhanced erosion or a stronger chemical weathering could thus increase the sulfate supply to the 420 

lake. Sulfides may also derive from upward migrating fluids in active tectonic settings. Secondly, 421 

even if sulfate fluxes are stable, sulfate concentrations increase when evaporation is enhanced. 422 

Another process of sulfate consumption in the sediments is linked to O2 concentrations in the 423 

bottom water and to the accumulation and degradation of organic matter. Enhanced degradation of 424 

organic matter within the oxic zone, e.g., due to better ventilation of bottom water would modify the 425 

oxidation state of bottom water, and shift the sulfidic zone to a deeper depth. 426 

At this point we cannot infer which process, or combination of processes, are responsible for the 427 

observed pattern. Given that Lake Ohrid is a subsiding basin, the water volume of the lake may 428 

have been smaller during deposition of unit 2. This could have led to a more regular deep mixing of 429 

Lake Ohrid and a slower sulfate consumption, both resulting in the sulfidic zone migrating deeper 430 

in to the underlying sediments. This scenario is in-line with higher TIC concentrations in the lower 431 

part of the core most likely due to higher ion concentrations and to comparably low TOC 432 

concentrations, linked to organic matter degradation. In addition, the glacials in the lower part of the 433 

core correspond to phases of low eccentricity, i.e., weaker seasonality (Fig. 5a). The annual 434 

temperature distribution may have had an additional effect on deep convection and lacustrine 435 

productivity of Lake Ohrid, which might have contributed to a change in mixing processes and the 436 

production and degradation of organic material.  437 

 438 

5.3.3 Glacial-interglacial variability of Fe-Sulfide formation 439 

Ferrimagnetic Fe-sulfides (paramagnetic siderites) are contained within glacial sediments in the 440 

lower (upper) unit. Moreover, diagenetic Fe-minerals, represented by the Fe-sulfide cluster (Fig. 5f) 441 

and siderite abundances (Fig. 5e) occur at peak Fe/Ca ratios and minimum TIC concentrations (Fig. 442 

5) within interglacials.  443 

In the older glacials (unit 2), siderite concentrations are high, when GRM acquisition and SIRM/χ is 444 

relatively low, and vice versa. SIRM/χ rises in turn to maximum values when GRM and siderite 445 

content are reduced. Again, this highlights the importance of sulfate concentrations and Fe-446 

availability for the early diagenetic formation of Fe-minerals. 447 



A further characterization of Fe-mineral genesis in the course of redox conditions, however, needs 448 

to be further investigated by performing geochemical and mineralogical classification. Sulfur 449 

isotopes could further improve the understanding of the sulfur source, and a discrimination of the 450 

chemical composition of the Fe-sulfide nodules will help to understand the processes responsible 451 

for their formation and preservation.  452 

 453 

5.4 High-coercivity minerals in Lake Ohrid sediments 454 

Since the magnetic signal in unit 2 is dominated by the presence of diagenetic ferrimagnetic Fe-455 

sulfides, we only investigated unit 1 (MIS 1 – MIS 8) for changing lithogenic sediment supply (Fig. 456 

5). Terrigenous input vs. limnic productivity is high during glacials, indicated by higher Fe/Ca ratio, 457 

and higher susceptibility (integrating ferri- and paramagnetic minerals) and low TIC concentrations. 458 

At the same time, the concentration of high-coercivity magnetic minerals increases within the 459 

magnetic fraction. Since this pattern is not due to preferential dissolution of magnetite (cf., section 460 

5.1), we propose that the composition of terrigenous input changed over glacial-interglacial 461 

timescales.  462 

The catchment of Lake Ohrid comprises different lithologies (c.f. section 1) that are mirrored by the 463 

distribution of element concentrations in surface sediments (Vogel et al., 2010b). Vogel et al. 464 

(2010a) assumed that changes in Cr/Ti ratios on glacial-interglacial timescales result from either 465 

increased aeolian activity or a stronger erosion of soil material from sparsely vegetated soils. The 466 

detrital Fe-oxides in the magnetic extracts often contain Cr, which is a typical element for mantle 467 

rocks. The ophiolite belt, located west of the basin, is therefore a possible source for the magnetic 468 

minerals in Lake Ohrid. The magnetic mineralogy of the ophiolites (oceanic core complexes) in the 469 

Albanides consists mainly of magnetite (Maffione et al., 2014). 470 

We observe a large similarity between the benthic δ18O stack (Lisiecki and Raymo, 2005) and the 471 

S-Ratio from Lake Ohrid (Fig. 3b, c). This suggests compositional changes in the magnetic 472 

mineralogy reflect changing environmental conditions. During warm (and humid) interglacials, 473 

chemical weathering was enhanced and accumulation of soils and pedogenetic formation of 474 

(magnetic) minerals was promoted. However, as already proposed by Vogel et al. (2010a), 475 

vegetation cover prevented the erosion of the soil materials, and terrigenous magnetic minerals were 476 

diluted by biogenic sedimentary components. In the following glacials, vegetation cover decreased, 477 

as is indicated by arboreal pollen abundances from Lake Ohrid (Sadori et al., 2015) and soils were 478 

exposed and more susceptible to erosion. As a result, increased input of high-coercivity minerals, 479 



e.g., hematite and/or goethite can be observed, the latter being the most widespread pedogenetic 480 

magnetic minerals (Cornell and Schwertmann, 2006; Vodyanitskii, 2010). 481 

During interglacials, the S-Ratio (Fig. 6d) and χARM/SIRM (cf., Fig. 2 g) show higher frequency 482 

variations, where low values approximate to local summer insolation minima (Fig. 6 b). Offsets, 483 

e.g., during MIS 5, might be related to age uncertainties (±2000 years for the Lake Ohrid record, 484 

Francke et al. 2015). Changes in the magnetic mineraolgy in concert with insolation is also mirrored 485 

by the cluster membership coefficients (Fig. 6a). Similar to the mechanism proposed above, these 486 

low insolation phases correspond to relatively cold conditions and less dense vegetation cover, also 487 

visible in pollen abundance patterns (Sadori et al., 2015), thus increasing erosion of soil materials.  488 

 489 

5.5 Bacterial magnetite in Lake Ohrid sediments? 490 

In the uppermost 6 m of the core, covering the Holocene, χARM/SIRM and SIRM and SIRM/χ reach 491 

the highest values of the sequence (Fig. 2). An increased input of lithogenic magnetic minerals 492 

relative to carbonates can be ruled out since TOC and TIC concentrations are high (Fig. 2 and 4).  493 

One source for magnetic minerals, independent of detrital material supply is the production of 494 

bacterial magnetite and greigite. Magnetotactic bacteria utilize dissolved iron that is either available 495 

in the water column or at the Fe2+/Fe3+ redox boundary in the sediment (Kopp and Kirschvink, 496 

2008). These bacteria produce magnetite (Blakemore, 1975; Frankel et al., 1979) or greigite 497 

(Heywood et al., 1990; Mann et al., 1990) crystals, so-called magnetosomes, within or outside their 498 

cells. It was shown that production of bacterial magnetite is linked to increasing organic matter 499 

supply (Egli, 2004a; Roberts et al., 2011b; Snowball et al., 2002), at least for oxic lakes (Egli, 500 

2004b). Moreover, the production of bacterial magnetite can be fostered by the input of nutrients 501 

(Egli, 2004b). Magnetotactic bacteria producing greigite prefer reducing conditions, and greigite 502 

magnetosomes have a higher potential for preservation under sulfidic conditions (Chang et al., 503 

2014; Vasiliev et al., 2008). Fine magnetite crystals have a potential for preservation, if certain 504 

environmental conditions, e.g., supply of oxygen and concentration of hydrogen sulfide, are met 505 

(Canfield and Berner, 1987). In Fig. 3, the Holocene samples are the only ones that coincide with 506 

the area of bacterial magnetite and greigite. The concurrence of elevated TOC together with the 507 

fine-grained magnetic phase could therefore indicate the presence of bacterial magnetite. However, 508 

we cannot infer if this occurrence is triggered by high TOC and/or nutrient input, or it results from 509 

an not-yet completed dissolution of magnetosomes (Snowball, 1994). 510 

 511 



 512 

6 Conclusions 513 

Rock-magnetic data, in conjunction with sedimentological and geochemical data from the Lake 514 

Ohrid DEEP site, signify changing terrestrial climate conditions, as well as changes in the lacustrine 515 

system over the past 637 ka. Magnetic parameters often associated with greigite are elevated in 516 

glacials periods in the lower part of the core (637-320 ka, unit 2). SEM investigations support the 517 

presence of greigite and/or other Fe-sulfides. Ferrimagnetic Fe-Sulfides are absent in the upper part 518 

of the core (0-320 ka, unit 1), where, instead siderite is abundant in glacial sediments. Since siderite 519 

typically forms during methanogenesis after SO4 is consumed, we propose that a geochemical shift 520 

occurred in Lake Ohrid with higher (lower) sulfate availability during the deposition of the lower 521 

(upper) unit. Various mechanisms might be responsible for this pattern. However, based on higher 522 

TIC concentrations within the interglacial periods of the lower unit, which are probably linked to 523 

higher ion concentrations in the lake water, we suggest that sulfate flux was enhanced and/or sulfate 524 

was concentrated due to a smaller water volume or enhanced evaporation. Further studies on the Fe-525 

sulfide mineralogy and sulfur isotopes are required to provide a better understanding of the sources 526 

of sulfur and processes responsible for differences in Fe-S morphology and chemistry. 527 

The magnetic properties of sediments deposited during the past 320 ka are also observed to signify 528 

changes in terrestrial environmental conditions on glacial-and interglacial timescales. During 529 

glacials, high-coercivity magnetic minerals (e.g., hematite and goethite) that formed in the course of 530 

pedogenesis in preceding interglacials were deposited in the lake. In contrast, a rich catchment 531 

vegetation during interglacials limited the erosion of soil material and only minor detrital magnetite 532 

originating from physically weathered rocks was transported into Lake Ohrid. Millennial scale 533 

variations in rock-magnetic properties, which are concurrent with changes in summer insolation, 534 

suggest that also on shorter time-scales the proposed mechanism of vegetation expansion influenced 535 

the erosion of soil materials. Magnetic concentration parameters in the Holocene (upper 6 m) are 536 

enhanced, while carbonate and TOC concentrations, normally diluting the magnetic signal, are also 537 

high. Together with magnetic proxies for magnetic coercivity, these samples are suspected to 538 

contain bacterial magnetite. Overall, our findings demonstrate the valuable contribution of rock-539 

magnetic methods to environmental studies, as they provide important information about a suite of 540 

different processes, comprising studies on terrestrial environmental conditions, sediment dynamics 541 

and internal lake processes. 542 
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Figure Captions: 563 

Fig. 1: (a) Overview map of the Balkan Peninsula. (b) Geological map of the Lake Ohrid region and 564 

coring locations of the DEEP site (5045-1) and Co1202 (Vogel et al., 2010). Modified after Vogel 565 

et al. (2010). 566 

 567 

Fig. 2: Compilation of magnetic and geochemical parameters measured on samples from the DEEP 568 

site. (a) Color bar indicates cluster-membership coefficients for each sample corresponding clusters 569 

in Table 2, (d-j) Rock-magnetic proxies, for abbreviations see text, (k) XRF scanning Fe/Ca counts 570 

(j) TOC concentrations are from Francke et al. (2015). Gray bars represent Marine Oxygen Isotope 571 

Stages after Lisiecki and Raymo (2005). 572 

 573 

Fig. 3: SEM images of magnetic extracts, see also Table 1. a) 72.53m depth, detrital Cr-Fe-Oxides, 574 

titanomagnetite and magnetite with traces of Cr and Ti. b) 10.53 m depth, idomorphic and fragments 575 



of magnetites, traces of Ti and Cr. c) 158.83 m depth, microcrystalline and framboidal Fe-sulfides 576 

within organic shell. d) 162.47 m depth, Cr-Fe-Oxides, fine-grained greigite aggregates. e) 153.83 m 577 

depth, microcrystalline Fe-sulfide 578 

nodule. f) 153.83 m depth, microcrystalline Fe-sulfide aggregates, idiomorphic greigite crystals 579 

(arrows). g) 117.83 m depth, coarse Fe-S nodules and fine-grained siderite grains (elongated 580 

particles). h) 176.87 m depth, microcrystalline Fe-sulfide nodule. 581 

 582 

Fig. 4: Selected cross plots of magnetic proxy evaluation. Samples that acquire GRM (color code) 583 

cluster in different regions of the diagrams. a) GRM samples are characterized by high S-Ratios. A 584 

linear relationship between χARM/SIRM and S-Ratio relate to co-varying ferrimagnetic grain-size 585 

fining and increasing low- vs. high coercivity  magnetic mineral content. b) GRM samples plot at 586 

χARM/SIRM levels typical of authigenic, inorganically precipitated greigite. A few samples from the 587 

uppermost part of the core plot in the field of bacterial magnetite (dashed circle, Snowball, 1994) 588 

and greigite (green shaded area, Reinholdsson et al., 2013). c) GRM samples have a distinctively 589 

different gradient compared to non-GRM samples in the SIRM/χ vs. χARM/χ plot. d) GRM samples 590 

are characterized by high S-Ratios and high MDF(ARM). Non-GRM samples show no relationship 591 

between the two parameters. 592 

 593 

Fig. 5: Compilation of parameters indicative for early diagenetic Fe-mineral formation, compared to 594 

(a) eccentricity (after Laskar et al., 2004). MDF(ARM) (b), SIRM/χ (c) and ∆GRM/∆NRM (d) are 595 

elevated in the lower part, while siderite abundances (e) are higher in the upper part of the core. 596 

Cluster-membership coefficients (f) implicate a glacial-interglacial pattern for Fe-sulfides (green). 597 

Fe-sulfides and siderites occur also at elevated Fe/Ca (g) ratios during glacials. Geochemical 598 

differences between the upper and lower unit are also visible for TIC (h) concentrations during 599 

interglacials. 600 

 601 

Fig. 6: Cluster-membership coefficients (a), rock-magnetic properties (d-f) and TOC concentration 602 

(g) for Unit 1 compared to (a) summer insolation at Lake Ohrid (after Laskar et al., 2004) and (b) 603 

benthic δ18O stack (Lisiecki and Raymo 2005). Changing magnetic mineralogy parallel glacial-604 

intergleacial variability and summer insolation. 605 

 606 

Table 1: Magnetic properties of samples used for scanning electron microscopy 607 



Table 2: Cluster center properties obtained from fuzzy-c-means clustering 608 

 609 

 610 

 611 

 612 

 613 

 614 

Baumgarten, H., Wonik, T., Tanner, D. C., Francke, A., Wagner, B., Zanchetta, G., Sulpizio, R., Giaccio, B., and 615 
Nomade, S.: Age depth-model for the past 630 ka in Lake Ohrid (Macedonia/Albania) based on 616 
cyclostratigraphic analysis of downhole gamma ray data, Biogeosci. Disc., 12, 7671-7703, 2015. 617 
Bell, P. E., Mills, A. L., and Herman, J. S.: Biogeochemical Conditions Favoring Magnetite Formation during 618 
Anaerobic Iron Reduction, Applied and Environmental Microbiology, 53, 2610-2616, 1987. 619 
Berner, R. A.: A new geochemical classification of sedimentary environments, Journal of Sedimentary 620 
Research, 51, 1981. 621 
Blakemore, R.: Magnetotactic bacteria, Science, 190, 377-379, 1975. 622 
Blanchet, C., Thouveny, N., and Vidal, L.: Formation and preservation of greigite (Fe3S4) in sediments from 623 
the Santa Barbara Basin: Implications for paleoenvironmental changes during the past 35 ka, 624 
Paleoceanography, 24, PA2224, 2009. 625 
Canfield, D. E. and Berner, R. A.: Dissolution and pyritization of magnetite in anoxic marine sediments, 626 
Geochim. Cosmochim. Acta, 51, 645-659, 1987. 627 
Capone, D. G. and Kiene, R. P.: Comparison of microbial dynamics in marine and freshwater sediments: 628 
Contrasts in anaerobic carbon catabolism1, Limnol. Oceanogr., 33, 725-749, 1988. 629 
Chang, L., Vasiliev, I., van Baak, C., Krijgsman, W., Dekkers, M. J., Roberts, A. P., Fitz Gerald, J. D., van Hoesel, 630 
A., and Winklhofer, M.: Identification and environmental interpretation of diagenetic and biogenic greigite 631 
in sediments: A lesson from the Messinian Black Sea, Geochem. Geophys. Geosyst., 15, 3612-3627, 2014. 632 
Coleman, M. L., Berner, R. A., Durand, B., Meadows, P. S., and Eglinton, G.: Geochemistry of Diagenetic Non-633 
Silicate Minerals Kinetic Considerations [and Discussion], Philosophical Transactions of the Royal Society of 634 
London A: Mathematical, Physical and Engineering Sciences, 315, 39-56, 1985. 635 
Cornell, R. M. and Schwertmann, U.: The iron oxides: structure, properties, reactions, occurrence and uses, 636 
John Wiley & Sons, 2006. 637 
DeMenocal, P., Bloemendal, J., and King, J.: A rock-magnetic record of monsoonal dust deposition to the 638 
Arabian Sea: evidence for a shift in the mode of deposition at 2.4 Ma, Proceed. ODP, Sci. Results, 117, 389-639 
407, 1991. 640 
Demory, F., Oberhänsli, H., Nowaczyk, N. R., Gottschalk, M., Wirth, R., and Naumann, R.: Detrital input and 641 
early diagenesis in sediments from Lake Baikal revealed by rock magnetism, Global Planet. Change, 46, 145-642 
166, 2005. 643 
Dong, H., Fredrickson, J. K., Kennedy, D. W., Zachara, J. M., Kukkadapu, R. K., and Onstott, T. C.: Mineral 644 
transformations associated with the microbial reduction of magnetite, Chem. Geol., 169, 299-318, 2000. 645 
Egli, R.: Characterization of individual rock magnetic components by analysis of remanence curves, 1. 646 
Unmixing natural sediments, Studia Geophysica et Geodaetica, 48, 391-446, 2004a. 647 



Egli, R.: Characterization of individual rock magnetic components by analysis of remanence curves. 3. 648 
Bacterial magnetite and natural processes in lakes, Phys. Chem. Earth, 29, 869-884, 2004b. 649 
Francke, A., Wagner, B., Just, J., Leicher, N., Gromig, R., Vogel, H., Baumgarten, H., Lacey, J. H., Zanchetta, G., 650 
Sulpizio, R., Giacco, B., Wonik, T., and Leng, M. J.: Sedimentological processes and environmental variability 651 
at Lake Ohrid (Macedonia, Albania) between 640 ka and modern days, Biogeosci. Disc., 2015. 2015. 652 
Frank, U., Nowaczyk, N., Minyuk, P., Vogel, H., Rosen, P., and Melles, M.: A 350 ka record of climate change 653 
from Lake El'gygytgyn, Far East Russian Arctic: refining the pattern of climate modes by means of cluster 654 
analysis, Clim. Past, 9, 1559-1569, 2013. 655 
Frank, U., Nowaczyk, N. R., and Negendank, J. F. W.: Rock magnetism of greigite bearing sediments from the 656 
Dead Sea, Israel, Geophys. J. Int., 168, 921-934, 2007. 657 
Frank, U., Nowaczyk, N. R., Negendank, J. F. W., and Melles, M.: A paleomagnetic record from Lake Lama, 658 
northern Central Siberia, Phys. Earth Plant. In, 133, 3-20, 2002. 659 
Frankel, R. B. and Bazylinski, D. A.: Biologically Induced Mineralization by Bacteria, Reviews in Mineralogy and 660 
Geochemistry, 54, 95-114, 2003. 661 
Frankel, R. B., Blakemore, R. P., and Wolfe, R. S.: Magnetite in Freshwater Magnetotactic Bacteria, Science, 662 
203, 1355-1356, 1979. 663 
Froelich, P. N., Klinkhammer, G. P., Bender, M. L., Luedtke, N. A., Heath, G. R., Cullen, D., Dauphin, P., 664 
Hammond, D., Hartman, B., and Maynard, V.: Early oxidation of organic matter in pelagic sediments of the 665 
eastern equatorial Atlantic: suboxic diagenesis, Geochim. Cosmochim. Acta, 43, 1075-1090, 1979. 666 
Fu, C., Bloemendal, J., Qiang, X., Hill, M. J., and An, Z.: Occurrence of greigite in the Pliocene sediments of 667 
Lake Qinghai, China, and its paleoenvironmental and paleomagnetic implications, Geochem. Geophys. 668 
Geosyst., doi: 10.1002/2014GC005677, 2015. 1293-1306, 2015. 669 
Fu, Y., von Dobeneck, T., Franke, C., Heslop, D., and Kasten, S.: Rock magnetic identification and geochemical 670 
process models of greigite formation in Quaternary marine sediments from the Gulf of Mexico (IODP Hole 671 
U1319A), Earth Planet. Sci. Lett., 275, 233-245, 2008. 672 
Heywood, B. R., Bazylinski, D. A., Garratt-Reed, A., Mann, S., and Frankel, R. B.: Controlled biosynthesis of 673 
greigite (Fe3S4) in magnetotactic bacteria, Naturwissenschaften, 77, 536-538, 1990. 674 
Hoffmann, N., Reicherter, K., Fernández-Steeger, T., and Grützner, C.: Evolution of ancient Lake Ohrid: a 675 
tectonic perspective, Biogeosciences, 7, 3377-3386, 2010. 676 
Holmer, M. and Storkholm, P.: Sulphate reduction and sulphur cycling in lake sediments: a review, Freshwater 677 
Biol., 46, 431-451, 2001. 678 
Hounslow, M. W. and Maher, B. A.: Source of the climate signal recorded by magnetic susceptibility variations 679 
in Indian Ocean sediments, J. Geophys. Res.-Sol. Ea., 104, 5047-5061, 1999. 680 
Hu, P., Liu, Q., Heslop, D., Roberts, A. P., and Jin, C.: Soil moisture balance and magnetic enhancement in 681 
loess–paleosol sequences from the Tibetan Plateau and Chinese Loess Plateau, Earth Planet. Sci. Lett., 409, 682 
120-132, 2015. 683 
Just, J., Heslop, D., von Dobeneck, T., Bickert, T., Dekkers, M. J., Frederichs, T., Meyer, I., and Zabel, M.: 684 
Multiproxy characterization and budgeting of terrigenous end-members at the NW African continental 685 
margin, Geochem. Geophys. Geosyst., 13, Q0AO01, 2012. 686 
Kämpf, N. and Schwertmann, U.: Goethite and hematite in a climosequence in southern Brazil and their 687 
application in classification of kaolinitic soils, Geoderma, 29, 27-39, 1983. 688 
Kao, S.-J., Horng, C.-S., Roberts, A. P., and Liu, K.-K.: Carbon–sulfur–iron relationships in sedimentary rocks 689 
from southwestern Taiwan: influence of geochemical environment on greigite and pyrrhotite formation, 690 
Chem. Geol., 203, 153-168, 2004. 691 
Karlin, R. and Levi, S.: Diagenesis of magnetic minerals in recent haemipelagic sediments, Nature, 303, 327-692 
330, 1983. 693 



Kasten, S., Freudenthal, T., Gingele, F. X., and Schulz, H. D.: Simultaneous formation of iron-rich layers at 694 
different redox boundaries in sediments of the Amazon deep-sea fan, Geochim. Cosmochim. Acta, 62, 2253-695 
2264, 1998. 696 
King, J., Banerjee, S. K., Marvin, J., and Özdemir, Ö.: A comparison of different magnetic methods for 697 
determining the relative grain size of magnetite in natural materials: Some results from lake sediments, Earth 698 
Planet. Sci. Lett., 59, 404-419, 1982. 699 
Kopp, R. E. and Kirschvink, J. L.: The identification and biogeochemical interpretation of fossil magnetotactic 700 
bacteria, Earth-Sci. Rev., 86, 42-61, 2008. 701 
Lacey, J. H., Leng, M. J., Francke, A., Sloane, H. J., Milodowski, A., Vogel, H., Baumgarten, H., and Wagner, B.: 702 
Mediterranean climate since the Middle Pleistocene: a 640 ka stable isotope record from Lake Ohrid 703 
(Albania/Macedonia), Biogeosciences Discuss., 12, 13427-13481, 2015. 704 
Larrasoaña, J. C., Roberts, A. P., Liu, Q., Lyons, R., Oldfield, F., Rohling, E. J., and Heslop, D.: Source-to-sink 705 
magnetic properties of NE Saharan dust in Eastern Mediterranean marine sediments: a review and 706 
paleoenvironmental implications, Front. Earth Sci., 3, 2015. 707 
Laskar, J., Robutel, P., Joutel, F., Gastineau, M., Correia, A., and Levrard, B.: A long-term numerical solution 708 
for the insolation quantities of the Earth, Astron. Astrophys., 428, 261-285, 2004. 709 
Leicher, N., Zanchetta, G., Sulpizio, R., Giaccio, B., Wagner, B., Nomade, S., and Francke, A.: First 710 
tephrostratigraphic results of the DEEP site record in Lake Ohrid, Macedonia, Biogeosciences Discuss., 2015. 711 
2015. 712 
Leng, M. J., Wagner, B., Boehm, A., Panagiotopoulos, K., Vane, C. H., Snelling, A., Haidon, C., Woodley, E., 713 
Vogel, H., Zanchetta, G., and Baneschi, I.: Understanding past climatic and hydrological variability in the 714 
Mediterranean from Lake Prespa sediment isotope and geochemical record over the Last Glacial cycle, 715 
Quaternary Sci. Rev., 66, 123-136, 2013. 716 
Lézine, A. M., von Grafenstein, U., Andersen, N., Belmecheri, S., Bordon, A., Caron, B., Cazet, J. P., Erlenkeuser, 717 
H., Fouache, E., Grenier, C., Huntsman-Mapila, P., Hureau-Mazaudier, D., Manelli, D., Mazaud, A., Robert, C., 718 
Sulpizio, R., Tiercelin, J. J., Zanchetta, G., and Zeqollari, Z.: Lake Ohrid, Albania, provides an exceptional multi-719 
proxy record of environmental changes during the last glacial–interglacial cycle, Palaeogeogr., 720 
Palaeoclimatol., Palaeoecol., 287, 116-127, 2010. 721 
Lisiecki, L. E. and Raymo, M. E.: A Pliocene-Pleistocene stack of 57 globally distributed benthic δ18O records, 722 
Paleoceanography, 20, PA1003, 2005. 723 
Lyons, R., Oldfield, F., and Williams, E.: Mineral magnetic properties of surface soils and sands across four 724 
North African transects and links to climatic gradients, Geochem. Geophys. Geosyst., 11, Q08023, 2010. 725 
Maffione, M., Morris, A., Plümper, O., and van Hinsbergen, D. J. J.: Magnetic properties of variably 726 
serpentinized peridotites and their implication for the evolution of oceanic core complexes, Geochem. 727 
Geophys. Geosyst., 15, 923-944, 2014. 728 
Maher, B. A.: The magnetic properties of Quaternary aeolian dusts and sediments, and their palaeoclimatic 729 
significance, Aeolian Research, 3, 87-144, 2011. 730 
Maher, B. A. and Thompson, R.: Paleoclimatic significance of the mineral magnetic record of the Chinese 731 
loess and paleosols, Quatern. Res., 37, 155-170, 1992. 732 
Maher, B. A. and Thompson, R.: Quaternary climates, environments and magnetism, Cambridge University 733 
Press, 1999. 734 
Mann, S., Sparks, N. H. C., Frankel, R. B., Bazylinski, D. A., and Jannasch, H. W.: Biomineralization of 735 
ferrimagnetic greigite (Fe3S4) and iron pyrite (FeS2) in a magnetotactic bacterium, Nature, 343, 258-261, 736 
1990. 737 
Matzinger, A., Jordanoski, M., Veljanoska-Sarafiloska, E., Sturm, M., Müller, B., and Wüest, A.: Is Lake Prespa 738 
Jeopardizing the Ecosystem of Ancient Lake Ohrid?, Hydrobiologia, 553, 89-109, 2006a. 739 



Matzinger, A., Schmid, M., Veljanoska-Sarafiloska, E., Patceva, S., Guseska, D., Wagner, B., Müller, B., Sturm, 740 
M., and Wüest, A.: Eutrophication of ancient Lake Ohrid: Global warming amplifies detrimental effects of 741 
increased nutrient inputs, Limnol. Oceanogr., 52, 338-353, 2007. 742 
Matzinger, A., Spirkovski, Z., Patceva, S., and Wüest, A.: Sensitivity of Ancient Lake Ohrid to Local 743 
Anthropogenic Impacts and Global Warming, J. Great Lakes Res., 32, 158-179, 2006b. 744 
Nowaczyk, N. R.: Dissolution of titanomagnetite and sulphidization in sediments from Lake Kinneret, Israel, 745 
Geophys. J. Int., 187, 34-44, 2011. 746 
Nowaczyk, N. R., Arz, H. W., Frank, U., Kind, J., and Plessen, B.: Dynamics of the Laschamp geomagnetic 747 
excursion from Black Sea sediments, Earth Planet. Sci. Lett., 351–352, 54-69, 2012. 748 
Nowaczyk, N. R., Haltia, E. M., Ulbricht, D., Wennrich, V., Sauerbrey, M. A., Rosén, P., Vogel, H., Francke, A., 749 
Meyer-Jacob, C., Andreev, A. A., and Lozhkin, A. V.: Chronology of Lake El'gygytgyn sediments &ndash; a 750 
combined magnetostratigraphic, palaeoclimatic and orbital tuning study based on multi-parameter analyses, 751 
Clim. Past, 9, 2413-2432, 2013. 752 
Nowaczyk, N. R., Minyuk, P., Melles, M., Brigham-Grette, J., Glushkova, O., Nolan, M., Lozhkin, A. V., 753 
Stetsenko, T. V., M. Andersen, P., and Forman, S. L.: Magnetostratigraphic results from impact crater Lake 754 
El'gygytgyn, northeastern Siberia: a 300 kyr long high-resolution terrestrial palaeoclimatic record from the 755 
Arctic, Geophys. J. Int., 150, 109-126, 2002. 756 
Peck, J. A., Green, R. R., Shanahan, T., King, J. W., Overpeck, J. T., and Scholz, C. A.: A magnetic mineral record 757 
of Late Quaternary tropical climate variability from Lake Bosumtwi, Ghana, Palaeogeogr., Palaeoclimatol., 758 
Palaeoecol., 215, 37-57, 2004. 759 
Peck, J. A., King, J. W., Colman, S. M., and Kravchinsky, V. A.: A rock-magnetic record from Lake Baikal, Siberia: 760 
Evidence for Late Quaternary climate change, Earth Planet. Sci. Lett., 122, 221-238, 1994. 761 
Peters, C. and Dekkers, M. J.: Selected room temperature magnetic parameters as a function of mineralogy, 762 
concentration and grain size, Physics and Chemistry of the Earth, Parts A/B/C, 28, 659-667, 2003. 763 
Popovska, C. and Bonacci, O.: Basic data on the hydrology of Lakes Ohrid and Prespa, Hydrol. Process., 21, 764 
658-664, 2007. 765 
Reinholdsson, M., Snowball, I., Zillén, L., Lenz, C., and Conley, D. J.: Magnetic enhancement of Baltic Sea 766 
sapropels by greigite magnetofossils, Earth Planet. Sci. Lett., 366, 137-150, 2013. 767 
Reynolds, R. L. and King, J. W.: Magnetic records of climate change, Rev. Geophys., 33, 101-110, 1995. 768 
Roberts, A. P.: Magnetic mineral diagenesis, Earth-Sci. Rev., 151, 1-47, 2015. 769 
Roberts, A. P., Chang, L., Heslop, D., Florindo, F., and Larrasoaña, J. C.: Searching for single domain magnetite 770 
in the “pseudo-single-domain” sedimentary haystack: Implications of biogenic magnetite preservation for 771 
sediment magnetism and relative paleointensity determinations, J. Geophys. Res.-Sol. Ea., 117, B08104, 772 
2012. 773 
Roberts, A. P., Chang, L., Rowan, C. J., Horng, C.-S., and Florindo, F.: Magnetic properties of sedimentary 774 
greigite (Fe3S4): An update, Rev. Geophys., 49, RG1002, 2011a. 775 
Roberts, A. P., Florindo, F., Villa, G., Chang, L., Jovane, L., Bohaty, S. M., Larrasoaña, J. C., Heslop, D., and Fitz 776 
Gerald, J. D.: Magnetotactic bacterial abundance in pelagic marine environments is limited by organic carbon 777 
flux and availability of dissolved iron, Earth Planet. Sci. Lett., 310, 441-452, 2011b. 778 
Roberts, A. P., Reynolds, R. L., Verosub, K. L., and Adam, D. P.: Environmental magnetic implications of 779 
Greigite (Fe3S4) Formation in a 3 m.y. lake sediment record from Butte Valley, northern California, Geophys. 780 
Res. Lett., 23, 2859-2862, 1996. 781 
Roberts, A. P. and Weaver, R.: Multiple mechanisms of remagnetization involving sedimentary greigite 782 
(Fe3S4), Earth Planet. Sci. Lett., 231, 263-277, 2005. 783 



Roberts, A. P., Wilson, G. S., Florindo, F., Sagnotti, L., Verosub, K. L., and Harwood, D. M.: 784 
Magnetostratigraphy of lower Miocene strata from the CRP-1 core, McMurdo Sound, Ross Sea, Antarctica, 785 
Terra Antartica, 5, 703-713, 1998. 786 
Ron, H., Nowaczyk, N. R., Frank, U., Schwab, M. J., Naumann, R., Striewski, B., and Agnon, A.: Greigite 787 
detected as dominating remanence carrier in Late Pleistocene sediments, Lisan formation, from Lake 788 
Kinneret (Sea of Galilee), Israel, Geophys. J. Int., 170, 117-131, 2007. 789 
Rowan, C. J., Roberts, A. P., and Broadbent, T.: Reductive diagenesis, magnetite dissolution, greigite growth 790 
and paleomagnetic smoothing in marine sediments: A new view, Earth Planet. Sci. Lett., 277, 223-235, 2009. 791 
Sadori, L., Bertini, A., Combourieu Nebout, N., Donders, T., Francke, A., Kouli, K., Koutsodendris, A., Joannin, 792 
S., Masi, A., Mercuri, A. M., Panagiotopoulos, K., Peyron, O., Torri, P., Wagner, B., and Zanchetta, G.: 793 
Vegatation changes in the last 480 ky at Lake Ohrid (South-West Europe), Biogeosci. Disc., 2015. 2015. 794 
Sagnotti, L.: Iron Sulfides. In: Encyclopedia of Geomagnetism and Paleomagnetism, Gubbins, D. and Herrero-795 
Bervera, E. (Eds.), Springer, Dordrecht, the Netherlands, 2007. 796 
Sagnotti, L., Cascella, A., Ciaranfi, N., Macrì, P., Maiorano, P., Marino, M., and Taddeucci, J.: Rock magnetism 797 
and palaeomagnetism of the Montalbano Jonico section (Italy): evidence for late diagenetic growth of 798 
greigite and implications for magnetostratigraphy, Geophys. J. Int., 180, 1049-1066, 2010. 799 
Sagnotti, L., Roberts, A. P., Weaver, R., Verosub, K. L., Florindo, F., Pike, C. R., Clayton, T., and Wilson, G. S.: 800 
Apparent magnetic polarity reversals due to remagnetization resulting from late diagenetic growth of greigite 801 
from siderite, Geophys. J. Int., 160, 89-100, 2005. 802 
Skinner, B. J., Grimaldi, F., and Erd, R.: Greigite Thio-Spinel of Iron-New Mineral, Am. Mineral., 49, 543, 1964. 803 
Snowball, I.: Mineral magnetic properties of Holocene lake sediments and soils from the Kårsa valley, 804 
Lappland, Sweden, and their relevance to palaeoenvironmental reconstruction, Terra Nova, 5, 258-270, 1993. 805 
Snowball, I., Sandgren, P., and Petterson, G.: The mineral magnetic properties of an annually laminated 806 
Holocene lake-sediment sequence in northern Sweden, The Holocene, 9, 353-362, 1999. 807 
Snowball, I. and Thompson, R.: A stable chemical remanence in Holocene sediments, J. Geophys. Res.-Sol. 808 
Ea., 95, 4471-4479, 1990. 809 
Snowball, I., Zillén, L., and Sandgren, P.: Bacterial magnetite in Swedish varved lake-sediments: a potential 810 
bio-marker of environmental change, Quatern. Int., 88, 13-19, 2002. 811 
Snowball, I. F.: Bacterial magnetite and the magnetic properties of sediments in a Swedish lake, Earth Planet. 812 
Sci. Lett., 126, 129-142, 1994. 813 
Snowball, I. F.: The detection of single-domain greigite (Fe3S4) using rotational remanent magnetization 814 
(RRM) and the effective gyro field (Bg): mineral magnetic and palaeomagnetic applications, Geophys. J. Int., 815 
130, 704-716, 1997a. 816 
Snowball, I. F.: Gyroremanent magnetization and the magnetic properties of greigite-bearing clays in 817 
southern Sweden, Geophys. J. Int., 129, 624-636, 1997b. 818 
Vali, H., von Dobeneck, T., Amarantidis, G., Förster, O., Morteani, G., Bachmann, L., and Petersen, N.: Biogenic 819 
and lithogenic magnetic minerals in Atlantic and Pacific deep sea sediments and their paleomagnetic 820 
significance, Geol. Rundsch., 78, 753-764, 1989. 821 
Vasiliev, I., Dekkers, M. J., Krijgsman, W., Franke, C., Langereis, C. G., and Mullender, T. A. T.: Early diagenetic 822 
greigite as a recorder of the palaeomagnetic signal in Miocene–Pliocene sedimentary rocks of the Carpathian 823 
foredeep (Romania), Geophys. J. Int., 171, 613-629, 2007. 824 
Vasiliev, I., Franke, C., Meeldijk, J. D., Dekkers, M. J., Langereis, C. G., and Krijgsman, W.: Putative greigite 825 
magnetofossils from the Pliocene epoch, Nature Geosci., 1, 782-786, 2008. 826 
Vodyanitskii, Y. N.: Iron hydroxides in soils: A review of publications, Eurasian Soil Sci., 43, 1244-1254, 2010. 827 



Vogel, H., Wagner, B., Zanchetta, G., Sulpizio, R., and Rosén, P.: A paleoclimate record with 828 
tephrochronological age control for the last glacial-interglacial cycle from Lake Ohrid, Albania and 829 
Macedonia, J. Paleolimnol., 44, 295-310, 2010a. 830 
Vogel, H., Wessels, M., Albrecht, C., Stich, H. B., and Wagner, B.: Spatial variability of recent sedimentation 831 
in Lake Ohrid (Albania/Macedonia), Biogeosciences, 7, 3333-3342, 2010b. 832 
Wagner, B., Lotter, A., Nowaczyk, N., Reed, J., Schwalb, A., Sulpizio, R., Valsecchi, V., Wessels, M., and 833 
Zanchetta, G.: A 40,000-year record of environmental change from ancient Lake Ohrid (Albania and 834 
Macedonia), J. Paleolimnol., 41, 407-430, 2009. 835 
Wagner, B., Vogel, H., Zanchetta, G., and Sulpizio, R.: Environmental change within the Balkan region during 836 
the past ca. 50 ka recorded in the sediments from lakes Prespa and Ohrid, Biogeosciences, 7, 3187-3198, 837 
2010. 838 
Wagner, B., Wilke, T., Krastel, S., Zanchetta, G., Sulpizio, R., Reicherter, K., Leng, M. J., Grazhdani, A., 839 
Trajanovski, S., Francke, A., Lindhorst, K., Levkov, Z., Cvetkoska, A., Reed, J. M., Zhang, X., Lacey, J. H., Wonik, 840 
T., Baumgarten, H., and Vogel, H.: The SCOPSCO drilling project recovers more than 1.2 million years of 841 
history from Lake Ohrid, Scientific Drilling, 17, 19-29, 2014. 842 
Wang, H., Holmes, J. A., Street-Perrott, F. A., Waller, M. P., and Perrott, R. A.: Holocene environmental change 843 
in the West African Sahel: sedimentological and mineral-magnetic analyses of lake sediments from Jikariya 844 
Lake, northeastern Nigeria, J. Quaternary. Sci., 23, 449-460, 2008. 845 

 846 



Macedonia

Albania

Mediterranean Sea

Greece

TP

Sateska 
Crn Drim

Lake
Ohrid Lake

Prespa

Cerava

Quaternary
sediments

Tertiary
sediments
Cretaceous
turbidites, limestone

Jurassic
ophiolites, turbidites

Triassic
limestone, metamorphic rocks

Devonian
metamorphic rocks

Cambrian/Ordovician
metamorphic rocks

Albanian-Macedonian
border

Agricultural area

Densely populated
area
River/stream

10˚E 15˚E 20˚E 25˚E

36˚N

38˚N

40˚N

42˚N

44˚N

O
ce

an
 D

at
a 

Vi
ew

0 m

50 m

100 m

200 m

300 m

400 m

500 m

750 m

1000 m

1250 m

1500 m

1750 m

2000 m

2500 m

3000 m

a) b)

Macedonia
Albania

Mediterranean Sea

Greece

20°30'E20°15'E 20°45'E 21°00'E

41°00'N

41°15'N

DEEP site 
5045-1

Co 1202

10 km



0
1
2
3
4
5

TO
C

 
(w

t %
) 0.1

1
10
100 Fe/C

a 
(cts/cts)

1

10

100

A
R

M
/

0.01

0.1

1

-6
 m

3  k
g-1

)

0.1

1

10

SIR
M

 
(10

-3 A
 m

2 kg
-1)

0
10
20
30
40
50

SIR
M

/
 

(10
3A

 m
-1)

0.01

0.1

1

H
IR

M
 

(1
0-3

 A
 m

2 
kg

-1
)

0 100 200 300 400 500 600
Age (kyrs)

0.1

1

A
R

M /SIR
M

 
(10

-3 A
m

-1)

20

30

40

50

M
D

F A
R

M
 (m

T) 0.88

0.92

0.96

1

S-R
atio

0
0.4
0.8

G
R

M
/

N
R

M

2 4 6 8 10 12 14 16
a)

b)

c)

d)

e)

f )

g)

h)

i)

j)

Cluster 1
Cluster 2
Cluster 3

Unit 1 Unit 2

k)
l)



a

Cr-Fe Oxide
Titanomagnetite
Magnetit (Ti, Cr)10 µm

b
Magnetit (Ti, Cr)

2 µm

Greigite / Fe-sulfidesc

3 µm

d

Cr-Fe Oxide
Greigite / Fe-sulfides3 µm

e

Greigite /  
Fe-sulfides

2 µm

f Greigite /  
Fe-sulfides

3 µm

g

Greigite / Fe-sulfides
fine grained siderite

20 µm

h

Greigite / Fe-sulfides3 µm



a) b)

c)
d)

0.1 1 10 100
ARM

1

10

100

3  A
 m

-1
)

0.84 0.88 0.92 0.96 1
S-Ratio

10

20

30

40

50

60

M
D

F A
R

M
 (m

T)

0.1 1 10 100 1000
ARM

0.01

0.1

1

10

AR
M
/S

IR
M

 (1
0-3

 m
 A

-1
)

GRM/ NRM
0 to <0.02
0.02 to <0.05
0.05 to <2

0.84 0.88 0.92 0.96 1
S-Ratio

0.01

0.1

1

10

AR
M
/S

IR
M

 (1
0-3

 m
 A

-1
)



0 200 400 600
Age (ka)

0

4

8

TI
C

 (w
t %

)

20

40

60

M
D

F (A
R

M
)

0

0.4

0.8

G
R

M
/

N
R

M

0

0.1

0.2

Si
de

rit
e 

(a
re

a)

0

20

40

SI
R

M
/

 
(1

03 A
 m

-1
)

0.1
1
10 Fe/C

a 
(cts/cts)

0
0.02
0.04

Ec
ce

nt
ric

ity

2 4 6 8 10 12 14 16

a)

b)

c)

d)

e)

f )

g)

h)

fine-grained
 greigite

fe
rri

m
ag

ne
tic

 
Fe

-s
ul

fid
es

greigite and 
ferrim

agnetic 
Fe-sulfides

Cluster 1
Cluster 2
Cluster 3



0.88

0.92

0.96

1

S-R
atio

0 50 100 150 200 250 300 350
Age (kyrs)

1300

1400

1500

1600 local insolation 
JJA

 (W
/m

2)

0.01

0.1

1

H
IR

M
 (10

-3 A
 m

2 kg
-1)

1

10

100

SI
R

M
 

(1
0-3

 A
 m

2  k
g-1

)

1

10

TO
C

 (%
)

4.8
4.4

4
3.6
3.2

18
O

 b
en

th
ic

 (

2 4 6 8 10

a)

b)

c)

d)

e)

f )

g)

m
ag

ne
tit

e 

low
- vs. high-

coercivity m
ineralks

high-coercivity
 m

inerals

aq
ua

tic
 p

ro
du

ct
. 

+ 
pr

es
er

va
tio

n



Depth 
(m)

Age 
(ka)

MDF 
(mT)

SIRM/χ 
(103 Am-1)

ΔGRM/
ΔNRM

χARM/SIRM 
(103 mA-1)

Observations Fig. 3

10.53 26 27 9.8 0.00 0.24
Ti-Magnetite, Magnetite Cr-Fe-Oxid, Mg-Cr-Spinel, 
Fe-Mn Oxid b

72.53 177 33 3.0 0.00 0.31
Ti-Magnetite, Magnetite Cr-Fe-Oxid, Mg-Cr-Spinel, 
Fe-Mn Oxid, Siderit a

117.83 270 36 11.6 0.00 0.12 Siderite, Fe-S nodules g

153.83 360 45 29.1 0.01 0.09
(microcrystalline) Fe-Sulfide aggregates, 
idiomorphic greigite, Siderite, Ti-Magnetite e, f

158.63 378 47 22.5 0.70 0.10
fine-grained Fe-S (greigite?), Ti-Magnetite, Cr-Fe 
Oxid c

162.47 392 46 20.6 0.85 0.11 fine-grained Fe-S (greigite?), Ti Magnetite d

176.87 432 53 38.2 0.01 0.07 coarse grained Fe-S nodules, fine-grained greigite h



χARM/χ χARM/SIRM 
(10-3 m A-1)

S-Ratio MDFARM ΔGRM/ΔNRM 
(%)

1.10 0.30 0.93 30.69 2.79

5.53 0.55 0.97 29.85 2.08

1.89 0.13 0.97 39.86 11.95


	Just_BGD_rev
	Environmental control on the occurrence of high-coercivity magnetic minerals and formation of iron sulfides in a 640 ka sediment sequence from Lake Ohrid (Balkans)
	Janna Just 1,2, Norbert Nowaczyk3, Leonardo Sagnotti4, Alexander Francke1,  Hendrik Vogel5, Jack H. Lacey6 and Bernd Wagner 1,2
	Abstract

	1 Introduction
	2 Study area and materials
	3 Methods
	3.1 Rock -magnetic measurements
	3.2 Cluster Analysis
	3.3 Scanning electron microscopy of magnetic extracts
	3.4 Geochemical and mineralogical data

	4 Results
	4.1 Rock magnetism
	MIS 16-MIS 9 (unit 2)
	MIS 8-MIS 1 (unit 1)

	4.2 SEM observations

	5 Discussion
	5.1 Magnetic proxy evaluation
	5.2 Cluster Analysis
	5.3 Iron-sulfides in Lake Ohrid sediments
	5.3.1 Early versus late diagenetic formation
	5.3.2 Large scale shifts in redox conditions
	5.3.3 Glacial-interglacial variability of Fe-Sulfide formation

	5.4 High-coercivity minerals in Lake Ohrid sediments
	5.5 Bacterial magnetite in Lake Ohrid sediments?

	6 Conclusions

	Just_BGD_Figs
	Fig1
	Fig2
	Fig3
	Fig4
	Fig5
	Fig6
	Table1
	Tabelle1

	Table2
	Tabelle1



