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Abstract. The bulk magnetic mineral record from Lake
Ohrid, spanning the past 637 kyr, reflects large-scale shifts
in hydrological conditions, and, superimposed, a strong sig-
nal of environmental conditions on glacial-interglacial and
millennial timescales. A shift in the formation of early di-
agenetic ferrimagnetic iron sulfides to siderites is observed
around 320 ka. This change is probably associated with vari-
able availability of sulfide in the pore water. We propose
that sulfate concentrations were significantly higher before
~ 320 Kka, due to either a higher sulfate flux or lower dilution
of lake sulfate due to a smaller water volume. Diagenetic iron
minerals appear more abundant during glacials, which are
generally characterized by higher Fe / Ca ratios in the sedi-
ments.

While in the lower part of the core the ferrimagnetic sul-
fide signal overprints the primary detrital magnetic signal, the
upper part of the core is dominated by variable proportions
of high- to low-coercivity iron oxides. Glacial sediments
are characterized by high concentration of high-coercivity
magnetic minerals (hematite, goethite), which relate to en-
hanced erosion of soils that had formed during preceding
interglacials. Superimposed on the glacial-interglacial be-
havior are millennial-scale oscillations in the magnetic min-
eral composition that parallel variations in summer insola-

tion. Like the processes on glacial-interglacial timescales,
low summer insolation and a retreat in vegetation resulted
in enhanced erosion of soil material. Our study highlights
that rock-magnetic studies, in concert with geochemical and
sedimentological investigations, provide a multi-level contri-
bution to environmental reconstructions, since the magnetic
properties can mirror both environmental conditions on land
and intra-lake processes.

1 Introduction

Rock-magnetic properties of sediments can be used to re-
veal changing input of the lithogenic fraction and can there-
fore serve as records of past environmental change. Varia-
tions in the concentration of magnetic minerals provide in-
formation on changing export of terrigenous sediments from
land (DeMenocal et al., 1991; Just et al., 2012; Maher, 2011;
Reynolds and King, 1995). Furthermore, variations in the
composition of the magnetic mineral assemblages can be
used for detecting changes in terrestrial climatic conditions,
e.g., weathering and soil formation (Hu et al., 2015; Kampf
and Schwertmann, 1983; Larrasoafia et al., 2015; Lyons et
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al., 2010; Maher and Thompson, 1992). However, in addi-
tion to the detrital magnetic inventory, magnetic minerals
form in the course of syn- and post-sedimentary processes.
Magnetotactic bacteria living in the oxic—anoxic transition
zone in the topmost sediments utilize magnetic minerals, and
can produce either magnetite or greigite intracellularly (Egli,
2004b; Roberts et al., 2012; Snowball et al., 2002; Vali et
al., 1989). Furthermore, iron-reducing bacteria may induce
the authigenic precipitation of magnetite (e.g., Bell et al.,
1987; Frankel and Bazylinski, 2003). On the other hand,
the primary magnetic mineral assemblage of detrital origin
is often overprinted by post-depositional alteration (Houn-
slow and Maher, 1999; Nowaczyk et al., 2013; Roberts et al.,
1996). The latter results from changing redox conditions at
the lake/sea floor and in subsurface sediments leading to dis-
solution of iron oxides and formation of ferrimagnetic iron
sulfides, such as greigite and pyrrhotite (Demory et al., 2005;
Froelich et al., 1979; Karlin and Levi, 1983; Rowan et al.,
2009; Sagnotti, 2007; Vasiliev et al., 2007) or paramagnetic
minerals, such as pyrite, siderite, and vivianite (Dong et al.,
2000; Karlin and Levi, 1983).

In addition to the vast number of studies on magnetic min-
erals in marine sediments, lake sediments can provide valu-
able information on terrestrial and lacustrine environmental
conditions (e.g., Frank et al., 2002; Nowaczyk et al., 2002;
Peck et al., 1994, 2004; Roberts et al., 1996; Snowball, 1993;
Snowball et al., 1999; Wang et al., 2008). Depending on the
trophic state of the lake, water depth, and stratification, oxy-
gen supply is often limited and may lead to excessive dis-
solution of iron oxides (e.g., Demory et al., 2005; Frank et
al., 2013; Nowaczyk et al., 2013; Snowball et al., 1999). In
the course of early diagenesis, sulfate is reduced during the
process of organic matter degradation in the sulfidic zone
(Froelich et al., 1979). H,S species can react with acces-
sible iron and form iron sulfides. Among them, pyrrhotite
and greigite are particularly important for rock and paleo-
magnetic studies (Roberts et al., 2011a; Sagnotti, 2007). As
these secondary magnetic iron minerals acquire a remanent
magnetization iron sulfides can bias the primary magnetic
signals (Ron et al., 2007), in general carried by detrital (ti-
tano)magnetite. Although pyrrhotite and greigite may form
as early diagenetic metastable phases during the chemical re-
action pathway to pyrite, studies have shown that they may be
preserved if the concentration of organic matter, and conse-
quently organic-bound sulfur, is low and pyritization is ham-
pered by Fe excess (Blanchet et al., 2009; Kao et al., 2004;
Roberts et al., 1996; Skinner et al., 1964). Cyclic preserva-
tion of greigite in a Pliocene lacustrine sequence from Lake
Qinghai (China) was recently linked to periods of high lake
levels and humid climate that resulted in oxygen depletion of
the bottom water (Fu et al., 2015).

Compared to the ocean, lakes generally contain lower sul-
fate concentrations, and therefore sulfate may be exhausted at
shallow depths in the sediment or even in the water column.
Below the sulfidic zone, methanogenesis is the most impor-
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tant process for the degradation of reactive organic matter
(Capone and Kiene, 1988; Roberts, 2015). Here, Fe species
may react to form iron phosphate (vivianite) or iron carbon-
ate (siderite; Berner, 1981; Roberts, 2015). In addition to the
“early” diagenetic processes, concurring with organic matter
degradation, authigenic Fe minerals can form at a late dia-
genetic phase. Such precipitation and dissolution processes
occur mainly as a result of a variety of different mecha-
nisms associated with the migration of mineralized fluids
and with changes in the pore water chemistry, which disrupt
the steady-state diagenetic progression (Roberts and Weaver,
2005; Sagnotti et al., 2005).

Because of the imprint of these interacting processes,
rock-magnetic properties of lake sediments can provide a
suite of environmental information. These range from vari-
ations in the external supply of magnetic detrital mineral
phases to changes in lake water oxygenation and sulfate sup-
ply and in conditions favorable for magnetotactic bacteria.
The sediments from Lake Ohrid on the Balkan Peninsula
(Fig. 1) provide an excellent opportunity to study these pro-
cesses over several glacial-interglacial cycles. Lake Ohrid is
the oldest lake in Europe, dating back to > 1.2 Ma (Wagner
et al., 2014). Its sediments consist of lacustrine carbonates
(mostly calcite), biogenic silica, and lithogenic compounds
(Francke et al., 2015). Lake Ohrid is an oligotrophic lake;
a complete overturn and deep mixing occur only every few
years, while the upper 200 m of the water column is mixed
every year during winter (e.g., Matzinger et al., 2007). Tem-
perature variations probably had a strong influence on shal-
low and deep mixing of Lake Ohrid during past glacials and
interglacials (Mogel et al., 2010a; Wagner et al., 2009); how-
ever, to date there is no quantitative estimate of this effect.

Terrestrial element concentrations and gamma ray inten-
sities of Lake Ohrid sediments mirror phases of enhanced
erosion in the catchment on glacial-interglacial timescales
(Baumgarten et al., 2015; Francke et al., 2015). Geochemi-
cal variations in a core from northeastern Lake Ohrid (Fig. 1)
are indicative of changes in sediment dynamics over the last
~ 140 kyr. Here, the increasing deposition of Cr-rich miner-
als, most likely originating from the western flanks of Lake
Ohrid, are thought to result from either enhanced erosion of
soils or stronger wind activity, inducing changes in surface
water circulation (Vogel et al., 2010a).

This first study on the magnetic properties of the Lake
Ohrid “DEEP” Site (ICDP 5045-1) focusses on observa-
tions of changing magnetic mineralogy and possible implica-
tions for lacustrine and terrestrial environmental conditions.
We aim to identify primary detrital magnetic minerals, and
evaluate whether these reveal changing environmental con-
ditions in the catchment, beyond the observed general pat-
tern of higher (lower) terrigenous input during glacials (inter-
glacials). Secondly, we discuss the occurrence of (early) di-
agenetic minerals to develop a working hypothesis concern-
ing changes in redox conditions and shifts in the chemical
and hydrological environment in the lake. To address these
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Figure 1. (a) Overview map of the Balkan Peninsula. (b) Geological map of the Lake Ohrid region and coring locations of the DEEP site
(5045-1) and C01202 (Vogel et al., 2010a). Modified after Vogel et al. (2010b).

objectives, we jointly investigated mineral magnetic prop-
erties and organic proxies, X-ray fluorescence (XRF) data
(Francke et al., 2015) and Fourier transform infrared spec-
troscopy (FTIRS; Lacey et al., 2016).

2 Study area and materials

Lake Ohrid (45°54 N, 38°20E; Fig. 1) is located at the
boundary between Albania and the Former Yugoslav Repub-
lic of Macedonia at an altitude of 690 m above sea level. It is
~30km long and ~ 15km wide, and has a maximum wa-
ter depth of 293 m. It is flanked by high mountain ranges
in the west (Jurassic ophiolites and Triassic carbonates) and
east (Triassic carbonates), and an alluvial plain in the north
(Fig. 1, Hoffmann et al., 2010, and references therein; Vogel
et al., 2010b). Modern vegetation is dominated by deciduous
forest (Lézine et al., 2010).

At present, there are two major rivers draining into Lake
Ohrid, the Sateska in the north and Cerava in the south, bring-
ing detrital sediments to the lake. Freshwater is supplied
to the lake by rivers (25 %), direct precipitation (25 %) and
karst aquifers (50 %). The karst aquifers are fed by mountain
range precipitation and from the neighboring higher-altitude
(849 m above sea level) Lake Prespa. The gain in fresh water
is balanced by the drainage through the river Crn Drim (ac-
counting for 60 % of water loss) and evaporation (~ 40 %) of
lake water (Matzinger et al., 2006a, b; Wagner et al., 2014).

Maximum precipitation occurs during winter, and air tem-
peratures at present range between —5 and 31 °C (Popovska
and Bonacci, 2007). Ohrid is an oligotrophic lake with max-
imum productivity during summer (Matzinger et al., 2007;
Wagner et al., 2010). However, at present, it shows indica-
tions for the onset of eutrophication (e.g., Matzinger et al.,
2007).

www.biogeosciences.net/13/2093/2016/

Six holes were drilled at the “DEEP” site (ICDP Site 5045-
1) as part of the SCOPSCO project (Scientific Collabora-
tion on Past Speciation Conditions in Lake Ohrid) in sum-
mer 2013 down to a maximum sediment penetration of 569 m
(Fig. 1b). The recovered sedimentary sequence is thought to
cover more than 1.2 Myr (Wagner et al., 2014). A compos-
ite profile was constructed and an age model was developed
by Francke et al. (2015) which is based on 11 tephrostrati-
graphic tie points (Leicher et al., 2015) and correlating geo-
chemical proxies to orbital parameters (using an age uncer-
tainty of £2000 years). Here, we analyzed the upper 247 m
of the composite profile. The age model reveals that the ana-
lyzed interval spans the past 637 kyr.

3 Methods
3.1 Rock-magnetic measurements

We sampled the composite profile at 50cm (0-100m) and
48cm (100-247 m) intervals — in total 500 samples — us-
ing 6.2cm3 oriented plastic boxes. Magnetic susceptibil-
ity x was measured using an AGICO MFK-1 susceptome-
ter. Natural and artificial remanence parameters were mea-
sured using a 2G Enterprises 755 superconducting long-
core rock magnetometer with an in-line tri-axial alternat-
ing field (AF) demagnetizer. The natural remanent magne-
tization (NRM) was demagnetized in 10 incremental steps
of up to 100mT AF peak amplitude. Anhysteretic rema-
nent magnetization (ARM), a proxy for fine-grained, mostly
single domain (SD) and pseudosingle domain (PSD) mag-
netite (King et al., 1982), was imparted with a single-axis 2G
600 AF demagnetizer by using 100mT AF and 50T DC
field. Subsequently, ARM was AF-demagnetized at fields of
10, 20, 30, 40, 50, and 65mT. The median destructive field

Biogeosciences, 13, 2093-2109, 2016
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(MDFaRrwMm), defined as the field required to decrease ARM
by 50 %, was calculated. This parameter is indicative of the
coercivity within the fine ferrimagnetic mineral fraction.

Isothermal remanent magnetization (IRM), which depends
on the magnetic mineral mixture in the samples, was induced
using a 2G 660 pulse magnetizer applying a 1500 mT DC
peak field and a 200mT reversed field. The ratio of xarm
to saturation IRM (xarwm / SIRM) serves as a proxy for the
magnetic grain size. Furthermore, hard IRM (HIRM), reflect-
ing the contribution of high-coercivity magnetic minerals to
SIRM, was calculated using the equation

HIRM = 0.5(SIRM + IRM_200mT))- 1)
Additionally, the S ratio, calculated as
§=0.5x (1— (IRM —200mT / SIRM)), (2

serves as a proxy for the proportion of high- (e.g., hematite +
goethite, 0< §<<1) to low-coercivity (magnetite, greigite)
magnetic minerals (0<< S§<=1).

Moreover, we calculated SIRM / x, which is often ob-
served to be elevated in the presence of greigite (e.g., Maher
and Thompson, 1999; Nowaczyk et al., 2012; Snowball and
Thompson, 1990). Another characteristic behavior of greig-
ite is that it acquires a so-called gyro-remanent magnetization
(GRM). To further quantify the possible imprint of greigite,
we calculated the ratio between the differences of final rema-
nent magnetization (FRM) at 100 mT AF peak amplitude and
minimum magnetization (MRM) during NRM demagnetiza-
tion, and the difference of NRM and MRM according to (Fu
et al., 2008)

AGRM/ANRM = (FRM-MRM)/(NRM-MRM). 3)

To account for down-core increasing sediment compaction,
magnetic concentration parameters were mass-normalized
using the dry bulk density. The latter data were available
at 4cm intervals and interpolated to the depths of magnetic
samples.

3.2 Cluster analysis

We performed fuzzy c-means cluster analysis for a suite of
data that are indicative of the magnetic mineralogy and mag-
netic granulometry. To achieve symmetric distributions of the
suite of data, we performed data In (natural logarithm) trans-
formations, except for AGRM / ANRM and the S ratio. The
latter parameters show a J-shaped distribution that cannot
be transformed into a normal distribution. All data sets were
standardized before clustering.

3.3 Scanning electron microscopy of magnetic extracts

Six samples that are characterized by divergent magnetic
properties were selected for scanning electron microscopy
(SEM) analyses. Magnetic extracts were prepared following
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the protocol of Nowaczyk (2011). A total of 2cm? of sedi-
ment was dispersed in 60 mL of alcohol and Na solution was
added. The solutions was put in an ultrasonic bath for 10 min.
A rare-earth magnet inside a plastic hose was submerged into
the solution. Minerals attracted to the hose were washed into
a fresh vial. The procedure was repeated twice to obtain a
clean extract. Particles in the alcohol solution were then con-
centrated and a drop of the solute was placed on an SEM stub
and sputtered with carbon.

Magnetic extracts were analyzed using a Carl Zeiss SMT
Ultra 55 Plus SEM. Images were obtained using the sec-
ondary and back scatter electron beams of single particles.
To obtain the chemical composition of the analyzed particles,
energy dispersive spectroscopy was performed at energy lev-
els of 20 keV.

3.4 Geochemical and mineralogical data

Total organic carbon (TOC), total inorganic carbon (TIC)
and X-ray fluorescence (XRF) data, measured by Francke
et al. (2015), are used for discussion of rock-magnetic data.
XRF scanning was carried out at 2.5 mm resolution and with
an integration time of 10s using an ITRAX core scanner
equipped with a chromium X-ray source. Total carbon (TC)
and total TIC were analyzed at 16 cm resolution. For TIC, ho-
mogenized and dispersed sediments were treated with phos-
phoric acid. TC and TIC was measured in the form of re-
leased CO; after combustion at 900 and 160 °C, respectively,
using a DIMATOC 100. Total organic carbon (TOC) con-
tent was calculated from the mass difference between TC
and TIC. In addition, we show relative changes in siderite
(FeCO3) concentration determined from infrared (IR) spec-
tra. IR spectra were measured on a Bruker Vertex 70 Fourier
transform infrared (FTIR) spectrometer at the Institute of Ge-
ological Sciences at the University of Bern. Details on mea-
surement set up and data evaluation procedures are outlined
in Lacey et al. (2016).

4 Results
4.1 Rock magnetism

In the magnetic properties, a major change is visible around
ca. 320ka corresponding to the transition between Marine
Isotope Stage (MIS) 9 and MIS 8. Below this transition the
S ratio is rather constant but SIRM shows large amplitudinal
change, while above the transition SIRM is relatively con-
stant but compositional magnetic proxies, e.g. the S ratio,
show interglacial—glacial variability. We therefore divided
the record into two magnetic units (Fig. 2).

4.2 MIS 16-MIS 9 (unit 2)

Except for a stable S ratio (Fig. 2e), this unit is charac-
terized by high-amplitude variations on glacial-interglacial

www.biogeosciences.net/13/2093/2016/
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Figure 2. Compilation of magnetic and geochemical parameters measured on samples from the DEEP site. (a) Color bar indicates cluster-
membership coefficients for each sample corresponding clusters in Table 2. (d—j) Rock-magnetic proxies; for abbreviations see text. (k) XRF
scanning Fe / Ca counts. TOC concentrations () are from Francke et al. (2015). Gray bars represent marine oxygen isotope stages after

Lisiecki and Raymo (2005).

timescales. Susceptibility (Fig. 2b) and SIRM (Fig. 2c)
and HIRM (Fig. 2d) are elevated during glacials, while
xarM / SIRM (Fig. 29) and xarm / x (Fig. 2h) decrease
and the MDFarm (Fig. 2f) rises to fields of up to 50mT.
Increasing AGRM / ANRM (Fig. 2j) is often associated
with interglacial-glacial transitions, as well as early glacials.
Moreover, short-lasting spikes of GRM acquisition during
interglacials are accompanied by brief increases in Fe / Ca
ratios (Fig. 2k, e.g., during MIS 15, 13, 11). In contrast,
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SIRM / x (Fig. 2i) shows maximum values at the end of the
glacials (M1S10, MIS12), when GRM acquisition is mostly
low.

43 MIS 8-MIS 1 (unit 1)

Compared to unit 2, glacial-interglacial variations are ex-
pressed through different proxies. SIRM / x (Fig. 2i) is low
and AGRM / ANRM (Fig. 2j) is mostly zero. SIRM (Fig. 2¢)
and the MDFarm (Fig. 2f) are relatively stable, while sus-
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