
Coercivity analysis of magnetic phases in sapropel

S1 related to variations in redox conditions,

including an investigation of the S ratio

Pauline P. Kruiver
Paleomagnetic Laboratory, Fort Hoofddijk, Budapestlaan 17, 3584CD Utrecht, Netherlands (kruiver@geo.uu.nl)

Hilde F. Passier
Paleomagnetic Laboratory, Fort Hoofddijk, Budapestlaan 17, 3584CD Utrecht, Netherlands

Now at IWACO, Water Resources and Ecology, Rotterdam, Netherlands

[1] Abstract: The most recent sapropel (S1) in the eastern Mediterranean has been extensively

investigated with geochemical and rock-magnetic techniques. Different redox conditions prevailed in

different zones of the sediment through time. The oxidized sapropel zone is particularly interesting,

because earlier studies indicated that new magnetic material was formed, including possible

magnetosomes. Here we utilize component analyses of isothermal remanent magnetization (IRM)

acquisition curves and the analysis of first-order reversal curves (FORC) to further investigate the

magnetic mineralogy. In the entire box core ABC26, the original input of eolian dust consisted of both

magnetite and hematite. In the oxidized sapropel and in the active oxidation zone, an additional

magnetite component is present. This magnetite component has a higher coercivity than the eolian

magnetite and a very small coercivity dispersion, suggesting a narrow grain size distribution. This is a

strong indication that magnetosomes, which are formed in the active oxidation zone, are the magnetic

carriers of this coercivity fraction. FORC diagrams support these findings. The S ratio is forwardly

modeled for mixed magnetic mineralogies with varying coercivity distributions to explain the down

core S ratio behavior: close to 1 in the top sediment and in the oxidized sapropel, a drop in values in the

active oxidation zone, and again close to 1 in the (syn)sapropel. The observed S ratio pattern in the

oxidized sapropel and in the active oxidation zone can be explained by the recovered IRM components.

Whereas both oxidized sapropel and active oxidation zone contain the extra magnetite component, their

S ratios are different because of the differences in coercivity characteristics (coercivity and dispersion)

of the two magnetites in these zones. Thus, in these zones the S ratio does not reflect variations in the

relative contributions of hematite to magnetite but variations in the characteristics of the individual

magnetite assemblages. Also in the rest of the core, the S ratio depends on the coercivity characteristics

of the magnetite component rather than on the relative contributions of high- versus low-coercivity

minerals. The S ratio thus appears to be an unsuitable parameter to describe variations in the magnetic

mineralogy, especially when more than two components are present. Therefore the classical

interpretation of the S ratio should be treated with caution.
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1. Introduction

[2] Sapropels form interesting environments

from geochemical, climatic, and rock-magnetic

points of view. They have been formed in the

eastern Mediterranean periodically since the

Pliocene [Emeis et al., 1996]. Their formation

is linked to enhanced productivity and

increased preservation of organic matter during

precession-induced insolation maxima when

climate is relatively wet [Rossignol-Strick et

al., 1982; Rohling, 1994]. They are enriched in

both organic carbon and pyrite, the latter as a

result of bacterial sulfate reduction that pre-

vailed during their deposition. Sapropels were

anoxic and sulfidic during deposition. Sapropel

formation ends upon reoxygenation of the

bottom waters. Subsequently, the sapropel

becomes buried under oxic sediments. Directly

after burial, oxidation affects the sapropel,

starting at the top and progressing downward.

This sequence of anoxic to oxic conditions

seriously affects magnetic minerals, because

iron oxides are sensitive to redox conditions.

Iron oxides dissolve in suboxic and anoxic

conditions, whereas they precipitate in active

zones of oxidation. Several studies show that

iron oxides in the vicinity of (paleo)redox

fronts have high coercivities [Tarduno and

Wilkison, 1996; Tarduno et al., 1998; Passier

et al., 2001], which could indicate the presence

of bacterial magnetites [Moskowitz, 1993].

Abundant bacterial magnetites related to redox

boundaries have been reported in deep-sea

sediments as well [Schwartz et al., 1997; Haese

et al., 1998].

[3] The most recent sapropel (S1) has been

investigated extensively with geochemical and

rock-magnetic techniques [Passier, 1998; Pass-

ier et al., 2001]. One of the most important

magnetic features is the presence of high-coer-

civity signals (median destructive fields, Bcr,

Bc) in the oxidized part of the sapropel. Low-

temperature measurements strongly suggest

that this signal is caused by magnetosomes

consisting of magnetite that have been formed

during oxidation (H. F. Passier and M. J.

Dekkers, Assessment of the formation of iron

oxides in the active oxidation front above

sapropel S1 in the eastern Mediterranean Sea

by low-temperature magnetic properties, sub-

mitted to Geophysical Journal International,

2001) (hereinafter referred to as Passier and

Dekkers, submitted manuscript, 2001). The S

ratio [Bloemendal et al., 1992] is also affected

in the zone of active oxidation, where it drops

significantly below 1. In the classical interpre-

tation of the S ratio this would indicate an

increase in high-coercive material relative to

low-coercive minerals. However, in the oxi-

dized sapropel the S ratio remains close to

one, whereas the high-coercivity signal is

present in this layer as well.

[4] The present study utilizes analyses of

isothermal remanent magnetization (IRM)

components [Kruiver et al., 2001] to examine

the remanent magnetic mineralogy in and

around sapropel S1 in core ABC26. Also,

we apply the recently developed first-order

reversal curve (FORC) technique [Pike et al.,

1999; Roberts et al., 2000] to investigate

magnetic mineralogy and domain state. The

FORC technique provides an extra indication

that the newly formed magnetic material in

the oxidized sapropel and in the active oxi-

dation zone indeed consists of magnetosomes.
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Moreover, the theoretical analysis of the S

ratio combined with the S ratio data for this

core suggests that the S ratio is not a suitable

parameter to analyze magnetic mixtures of

more than two magnetic components. We find

that the S ratio depends on the coercivity

characteristics (mean coercivity and disper-

sion) of the magnetite coercivity components

rather than on the relative contributions of

high- versus low-coercivity phases.

2. Diagenesis and Rock Magnetism

of Sapropel S1

[5] Rock-magnetic evidence for diagenetic pro-

cesses around sapropel formation and subse-

quent burial for the eastern Mediterranean box

core ABC26 (Figure 1) is described by Passier

et al. [2001] and Passier and Dekkers (submit-

ted manuscript, 2001). A number of processes

that have affected the magnetic material have

played a role during formation and burial of the

sediments. This resulted in five geochemically

different zones (from top to bottom): (1) the top

sediment; (2) the oxidized sapropel; (3) the

active oxidation zone between the modern

manganese and iron redox boundaries (Mn

RB and Fe RB); (4) the sapropel; and (5) the

synsapropel.

[6] The main original source of magnetic

material throughout the entire box core has

been eolian dust. The sediments at the top of

the core, above the oxidized sapropel, have

experienced only oxic conditions. Therefore

the original single-domain (SD) to pseudo-

single-domain (PSD) magnetic grain size of

the eolian dust has been preserved. During

formation of the sapropel the geochemical

conditions were anoxic and sulfidic. Reductive

diagenesis in the sapropel resulted in an

increase of the magnetic grain size, because

smaller grains are affected most. Also, bacte-

rial sulfate reduction produced pyrite and

possibly some magnetic iron sulfides. Since

the sapropel S1 has been buried below oxic

sediments, oxidation of the sapropel has

occurred, starting at the top. Iron oxides

precipitate in the zone of active oxidation

between the modern manganese redox boun-

dary and the iron redox boundary. Amorphous

Fe oxides age to form superparamagnetic (SP)

grains. Moreover, new high-coercive magnetic

material is formed, presumably magneto-

somes. The zone of active oxidation has

moved downward with time, so a progres-

sively larger part of the original sapropel

became oxidized. The SP content decreases

to the top of the oxidized sapropel, which has

been subjected to oxic conditions for the

longest time, as SP material ages to larger

grains. In the oxidized sapropel the median

destructive fields of IRM and anhysteretic

remanent magnetization (ARM) increase

downward to high values, suggesting a grad-

ual downward increase in high-coercivity

material. Also, the ARM/IRM ratio and the

ratio of ARM (normalized by the DC bias

field) over the initial magnetic susceptibility

(cARM/cin) show a peak in the oxidized

sapropel and in the active oxidation zone.

However, the S ratio remains high in the

oxidized sapropel, suggesting a dominance of

low-coercivity material. Only in the active

oxidation zone the S ratio drops to lower

values and recovers to high values in the

sapropel. This S ratio behavior cannot be

explained by the occurrence of high-coercive

material both in oxidized sapropel and in the

zone of active oxidation.

3. Methods

3.1. Samples

[7] In this study we analyze box core ABC26

with new methods. Box core ABC26 (30 cm

long) was recovered 200 km south of Crete

(33821.30N, 24855.70E, water depth 2150 m,

Figure 1) during the 1987 ABC expedition of
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R/V Tyro. Subcores were stored at 48C and

subsampled at a resolution of 3 mm. The sedi-

ment was dried in a stove at 608C and pulv-

erized in an agate mortar. About 100 mg of

each sample were weighed into 8 mm3 cylin-

drical vials and molded into epoxy resin (Ciba-

Geigi Araldite D/Hardener HY926; no accel-

erator was used) until a homogeneous disper-

sion was obtained. The hardening took 24

hours at room temperature and was done in a

low-field environment. Twenty-nine samples

with an average down core sample spacing of

1 cm were prepared for IRM analyses. A

sample vial containing epoxy resin has been

included in the analysis as a blank to provide a

correction for the small IRM contribution of the

epoxy resin and the vials.

3.2. IRM Component Analysis

[8] Kruiver et al. [2001] developed a method to

analyze IRM acquisition curves on the basis of

the cumulative log-Gaussian appearance of

such curves. Provided that magnetic interaction

is absent, each component in a magnetic min-

eral assemblage can be characterized by (2) its

saturation IRM (SIRM); (2) the field at which

half of the SIRM is reached, B1/2, and (3) the
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Figure 1. Location map of box core ABC26 in the eastern Mediterranean Sea.
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dispersion of the distribution, DP. Measured

IRM data are fitted by forward modeling of a

user-specified number of components. Data are

fitted in three different representations of the

acquisition data (abscissa always log-trans-

formed): (1) on a linear ordinate (linear acquis-

ition plot (LAP)), (2) as a gradient curve

(gradient acquisition plot (GAP)) and (3) on

a standardized ordinate (standardized acquisi-

tion plot (SAP)). The fit is optimized by

minimizing the sum of the squared residuals

for the three different plots. In case of doubt on

the number of components or optimal param-

eters, F test and t test statistics are applied to

the residuals to facilitate the decision on the

best fit.

[9] Stepwise IRM acquisition was applied with

a PM4 pulse magnetizer in 27 field steps,

ranging from 5 mT up to 2.5 T. The steps

were approximately equidistant on a log-scale.

Note that quoted 10log(B1/2) and DP values

have units of 10log(mT). The blank sample

acquired a weak IRM: SIRM = 2.86 � 10�8

Am2 per sample vial, 10log(B1/2) = 1.53 (B1/2
= 34 mT), and DP = 0.39. The IRM acquis-

ition curves were corrected for the epoxy resin

contribution by including a fixed component

in the analysis with characteristics specified

above.

3.3. Hysteresis Measurements

[10] For five selected samples (one in each

geochemical zone) hysteresis curves and

FORC diagrams [Pike et al., 1999; Roberts

et al., 2000] were determined. Ten to thirty

milligrams of sample powder were homoge-

neously dispersed into tiny epoxy resin cylin-

ders (; 3 mm, length 4–5 mm). Measurements

were performed on an alternating gradient

magnetometer (MicroMag, Princeton) with a

P1 phenolic probe. The sample cylinders were

glued to the probe to minimize noise due to

movement of the cylinder relative to the

probe. Because of partial saturation of the pole

shoes, the response of the MicroMag is not

linear for fields larger than 1.6 T. Therefore

we applied maximum fields of 1.6 T in all

cases. For the hysteresis curves, the averaging

time for each data point was 0.1 s; field

increments were 10 mT. Backfield curves

allowed for the determination of Bcr after an

applied positive field of 1.6 T.

[11] FORC diagrams were measured for these

five selected samples [Pike et al., 1999; Rob-

erts et al., 2000]. First, a large positive field is

applied and ramped down to the reversal field

Ba. Then, the magnetization is measured as the

field Bb is increased from Ba back up to

saturation. A mixed second derivative of the

magnetization to Ba and Bb defines the FORC

distribution. It is convenient to apply a change

of coordinates to Bu (�(Ba + Bb)/2) and Bc
(�(Bb � Ba)/2). In this way, Bc may be

interpreted as particle coercivity and Bu to

the local interaction field. A smoothing factor

(SF) is applied to suppress noise in the con-

tours of the FORC diagram. The pattern of

contours in a FORC diagram is indicative of

superparamagnetic, (pseudo)single-domain or

multidomain behavior, whereas deviations

from the Bu = 0 axes indicate magnetic

interaction [Pike et al., 1999; Roberts et al.,

2000].

[12] For each FORC diagram, 150 reversal

curves were measured with an averaging time

of 0.5 s per data point. We needed to measure

during the night to minimize background

noise. Three runs per sample were performed:

(1) focus on very low Bc values to detect

SP magnetite: Bc ranges 0–25 mT and �50

mT � Bu � 50 mT; (2) focus on low Bc
values to detect SD magnetite: Bc ranges 0–

80 mT and �100 mT � Bu � 100 mT; and

(3) focus on higher Bc values to detect hem-

atite: Bc ranges 0–400 mT and �60 mT � Bu
� 60 mT.
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4. Results

4.1. IRM Components

[13] A prerequisite for the applicability of the

IRM component analysis is the absence of

magnetic interaction. For these ABC26 sedi-

ments this prerequisite is checked by FORC

analyses (see section 4.2). Magnetic interaction

is not detected in these samples. Additionally,

Robertson and France [1994] showed that

magnetic interaction affects the IRM acquisi-

tion curve only when the grains are almost

touching. In our samples this is not the case,

because the powders were dispersed in epoxy

resin. Therefore IRM component analyses can

be applied.

[14] Examples of IRM component analyses are

given in Figure 2, for which the fitted IRM

components are given in Table 1. The dotted

line represents the blank of epoxy resin con-

tribution, which is generally 5–10% of the total

SIRM. In the following analyses, the contribu-

tion of the epoxy resin has been corrected for.

[15] Two magnetic components are invariably

present in the core (Figure 2): a relatively

strong low-coercivity component (component

1) and a relatively weak high-coercivity com-

ponent (component 2). Component 1 is mag-

netite that was recognized in earlier studies

[Passier et al., 2001; Passier and Dekkers,

submitted manuscript, 2001]. Component 2,

likely hematite, was not detected before. For

a good fit of the IRM data this hematite

component must be included, even with an

average contribution of only 6% to the total

SIRM.

[16] Both in the oxidized part of the sapropel and

in the zone of active oxidation, the magnetite

(Figure 2b) and hematite (Figure 2c) compo-

nents are common as well. However, an addi-

tional coercivity component (component 3)

is present in these zones. It is evidently present

in the data displayed as GAPs and SAPs but not

so obvious in the LAPs, an indication that for a

proper interpretation all three plots are neces-

sary. For the samples in the oxidized zones both

three- and two-component fits (apart from the

epoxy contribution) are determined. F and t test

statistics is used to determine the better of the

two fits [Kruiver et al., 2001]. Two examples of

the F and t tests are given in Table 2 for the

samples displayed in Figures 2b and 2c. For

sample 77924 from the oxidized sapropel, the F

values are higher than the critical F value (1.9)

for all three representations of the data. This

indicates that the three-component fit (fit 1) is

better than the two-component fit (fit 2) on a

95% confidence level. For sample 77935 both

LAP and SAP are statistically better for the

three-component model. The F value for the

GAP is lower than the critical F, as is the t value.

Thus the two- and three-component fits are

equally good for the GAP from a statistical

point of view. However, because the LAP and

SAP statistics indicate that fit 1 is better, the

three-component model is favored for sample

77935.

[17] The down core S ratio is shown in Figure

5f: it is high in the top sediment, slightly

higher in the oxidized sapropel, a significant

drop in the active oxidation zone, and a

recovery to high values in the sapropel and

synsapropel. There is a good agreement

between the measured S ratio with a forward

field (this study) and the measured S ratio

with a backfield [Passier et al., 2001]. The

down core patterns are identical, but in the

extreme zone of active oxidation their absolute

values differ (up to 13%). This difference may

be related to interaction that can slightly affect

IRM analyses [Robertson and France, 1994],

although it was not detected by FORC anal-

ysis (section 4.2). However, some magnetic

interaction could occur in samples with mag-

netosomes, because these magnetite crystals
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Figure 2. Examples of IRM component analyses: LAP, GAP, and SAP for (a) 77894, top sediment; (b)
77924, oxidized sapropel; (c) 77935, active oxidation zone; (d) 77949, sapropel; and (e) 77961, synsapropel.
Squares, data points; thin dotted line, epoxy resin contribution; long dash, component 1; short dash,
component 2; thick short dash, component 3; thick solid line, sum of the individual components.
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occur in chains [Moskowitz, 1993]. Sample

handling, however, probably caused disruption

of most of the chains. Moreover, the pow-

dered sample was dispersed evenly in the

epoxy resin, and hence the grains are not

touching. In section 5.3.3 we explain the

trends in S ratio in terms of properties of the

magnetic components.

4.2. Hysteresis and FORC Diagrams

[18] Representative hysteresis curves are shown

in Figure 3. The curves were measured up to

1.6 T, but only the central segment between

±300 mT is shown for clarity. The curves are

saturated for fields of 1.6 T. However, they

are not closed in fields of 300 mT, which

indicates the presence of a high-coercive

mineral identified as component 2 in the

IRM analysis. The hysteresis curves mostly

show the same features as observed in the

earlier study of ABC26 [Passier et al., 2001].

The parallel branches in sample 77894 from

the top sediments indicate a mixture of SD

and some SP magnetite, corresponding to

IRM component 1. It is not likely that MD

magnetite is present, because of the high Bc
and Bcr values. Sample 77924 from the

oxidized sapropel layer, however, displays a

potbelly curve, indicating a mixture of SD

and a lesser amount of SP magnetite [Tauxe

et al., 1996]. On the other hand, sample

77938 from the active oxidation front is

slightly wasp-waisted, suggesting a mixture

of SP and very coercive SD magnetite, prob-

ably IRM component 3.

[19] Hysteresis parameters for these curves are

given in Table 3. It should be noted, however,

that values of Bc and Bcr are not representative

of the magnetite in the samples, since all

samples contain mixtures of two or three mag-

netic minerals, including hematite. However,

the hematite contribution is relatively small for

Bc. The value of Bcr is more affected by the

presence of hematite. The fact that Bc and Bcr
do not describe either the dust magnetite or the

additional magnetite in the oxidized zones is

reflected in the absence of a correlation

between B1/2 values of either component 1 or

2 and the hysteresis Bc and Bcr values in these

zones. However, the general pattern of B1/2 of

component 1 and Bcr seems to correlate in the

top sediment and in the (syn)sapropel, although

their values are not identical.

[20] The magnetic domain state and magnetic

mineral content is further investigated using

FORC diagrams (Figure 4). In all diagrams,

contour lines end more or less perpendicular to

Table 1. Parameter Values of IRM Coercivity Componentsa

Epoxy Resin Component 1 Component 2 Component 3

Sample Zone
SIRM log

(B1/2)
DP SIRM log

(B1/2)
DP SIRM log

(B1/2)
DP SIRM log

(B1/2)
DP

77894 top sediment 0.271 1.53 0.39 3.87 1.63 0.51 0.24 3.18 0.12
77924 oxidized

sapropel
0.208 1.53 0.39 0.87 1.61 0.49 0.074 3.09 0.21 0.77 1.77 0.11

77935 active oxidation
zone

0.218 1.53 0.39 1.41 1.7 0.55 0.13 3.12 0.25 1.2 1.95 0.29

77949 sapropel 0.216 1.53 0.39 2.69 1.63 0.41 0.226 3.19 0.21
77961 Synsapropel 0.21 1.53 0.39 0.687 1.68 0.43 0.141 3.21 0.21

aUnits for SIRM are mAm2/kg; units for 10log(B1/2) and DP are 10log(mT).
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Table 2. Examples of F and t Test Statistics for Either a Three- or a Two-component Fit for the Samples From the Oxidized Zonesa

77924 77935

Component SIRM log(B1/2) DP Residuals Component SIRM log(B1/2) DP Residuals

LAP GAP SAP LAP GAP SAP

Fit 1 0.0104 1.30 0.0702 0.0333 3.13 0.062
epoxy 0.208 1.53 0.39 epoxy 0.218 1.53 0.39

1 0.87 1.61 0.49 1 1.41 1.70 0.55
2 0.074 3.09 0.21 2 0.13 3.12 0.25
3 0.77 1.77 0.11 3 1.20 1.95 0.29

Fit 2 0.187 8.44 0.753 0.0183 3.90 0.289
epoxy 0.208 1.53 0.39 epoxy 0.128 1.53 0.39

1 1.63 1.67 0.38 1 2.63 1.80 0.48
2 0.072 3.09 0.20 2 0.119 3.11 0.26

Test
Statistics

F Test Test
Results

Test
Statistics

F test T test Test
Results

LAP 1426 Fit 1 better LAP 25 Fit 1 better
GAP 147 Fit 1 better GAP 1.52 0.42 No difference
SAP 85 Fit 1 better SAP 15 Fit 1 better

aUnits for SIRM are mAm2/kg; units for 10log(B1/2) and DP are 10log(mT). Critical F value on 95% confidence level for N = 26 is 1.9; critical t value for N = 52 is 1.7.

G
eochem

istry
G

eophysics
G

eosystem
sG

3
G

3
k
r
u
iv
e
r
a
n
d
pa
ssie

r
:
m
a
g
n
e
t
ic

ph
a
se
s
in

sa
pr
o
pe
l

2
0
0
1
G
C
0
0
0
1
8
1



the Bu axis at low Bc. For multidomain (MD)

magnetite, contour lines would run parallel to

the Bu axis. Therefore no MD magnetite is

present in these samples. Furthermore, peaks

are centered along the Bu = 0 axis, and they

show a narrow distribution along the Bu axis.

This means that there is no detectable magnetic

interaction [Pike et al., 1999]. Therefore the

prerequisite for the IRM component analysis of

no magnetic interaction is met.

[21] The presence of both magnetite and hem-

atite is evident for the unaffected magnetic

material in the top sediment (Figure 4a): A

peak in the low-coercivity range represents

magnetite, and a tail to higher coercivities

demonstrates the presence of hematite. The

hematite contour lines are visible as a band to

higher Bc in the high-coercivity panel. How-

ever, no structure (e.g., coercivity peak) can be

observed in the hematite band, because of the

magnetic dominance of magnetite over hema-

tite in these samples. In the low-coercivity

zoom panel the contour lines are almost closed

at low Bc, indicative of the presence of some SP

magnetite. The FORC of the sapropel (Figure

4c) is similar to the top sediment: both magnet-

ite and hematite are detected. For this sample,

contour lines are closed at low Bc, indicating

SD behavior of the magnetite. The center of the

magnetite peak is shifted to the right for the

sapropel sample relative to the top sediment,

indicating a slightly harder magnetite. This is

supported by the higher hysteresis Bc for the

sapropel (Table 3).

[22] A striking difference in appearance of the

FORC diagrams emerges for the oxidized

sapropel (Figure 4b). There is a pronounced

magnetite coercivity peak, which occurs at

much higher Bc (�55 mT). Moreover, this

peak is asymmetrical in the Bc direction and

smeared to lower Bc values. The peak cen-

tered at �55 mT is interpreted as the addi-

tional magnetite of component 3, while the
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Figure 3. Hysteresis curves for five samples, one
from each geochemical zone: (a) 77894, top
sediment; (b) 77924, oxidized sapropel; (c) 77938,
active oxidation zone; (d) 77949, sapropel; and (e)
77961, synsapropel. Curves were measured for
�1.6 T � B � 1.6 T but are shown up to ±300
mT. See method section for measurement settings.
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tail to lower Bc represents magnetite of com-

ponent 1. Again, a hematite contribution is

evident.

5. Discussion

5.1. Down Core Variations in Magnetic

Components

[23] Component 1 is magnetite and constitutes

the largest part of the SIRM. It was detected in

earlier studies [Passier et al., 2001]. The pat-

tern of the SIRM1 follows the pattern of eolian

dust input, and therefore this magnetite is

probably of eolian origin [Passier et al.,

2001]. The down core variations in SIRM for

components 1 and 2 (presumably hematite)

exhibit approximately the same patterns (Fig-

ures 5a and 5b). This suggests that the source

of component 2 was also eolian dust that had a

relatively uniform composition through time.

SIRM2, however, is an order of magnitude

lower than SIRM1. In earlier studies the pres-

ence of hematite in eolian dust has been

observed as well [Walden and White, 1997;

Frederichs et al., 1999; Schmidt et al., 1999].

The presence of hematite does not change the

original geochemical-magnetic model for the

processes around sapropel formation and burial

[Passier et al., 2001; Passier and Dekkers,

submitted manuscript, 2001]. The SIRM of

component 3 is in the same order of magnitude

as component 1. However, it follows an

entirely different pattern, suggesting that the

source of component 3 is different from the

eolian dust.

[24] The ratio SIRM2/SIRM1 is constant in the

top sediment and varies slightly in the sediment

zones that have been affected by reductive

diagenesis. In the synsapropel the ratio

SIRM2/SIRM1 is elevated, indicating a higher

sensitivity to redox conditions of magnetite

relative to hematite. This observation appears

to be contrary to those of Canfield et al. [1992],

who found that hematite is more reactive

toward sulfide than magnetite. However, Can-

field et al. [1992] determined the reaction rate

of synthetic hematite with varying concentra-

tions of sulfide solutions in the laboratory,

which might not be representative of hematite

in eolian dust or conditions in and near the

sapropel. Moreover, in eolian dust, hematite

may be present not only as accessible grains

or coatings but also as inclusions in silicate

minerals that are protected against reductive

dissolution [Walden and White, 1997].

[25] The mean coercivity of component 1 is

nearly constant down core (Figure 5c) but is

elevated in the active oxidation zone (56 versus

45 mT on average). Also, the dispersion is

relatively large in this zone. Component 3 is

distinctly harder (average of 68 mT) than

component 1 and exhibits a very narrow dis-

persion (0.18 versus 0.51). The small DP

suggests that the grain size range of the addi-

tional magnetite is narrow. Component 3 has

Table 3. Hysteresis Parameters for Representative Samples From the Five Geochemical Zonesa

Sample Zone Depth, mm Bcr (mT) Bc (mT) Bcr/Bc Mr (mAm2/kg) Ms (mAm2/kg) Mr/Ms

77894 top sediment 76.4 37.5 13.1 2.86 3.796 19.15 0.20
77924 oxidized sapropel 168.6 49.5 23.5 2.11 1.851 6.267 0.30
77938 active oxization zone 212.9 58.4 17.9 3.26 2.386 10.49 0.23
77949 sapropel 246.5 39.7 14.5 2.74 2.856 14.69 0.19
77961 synsapropel 283.4 45.3 15.8 2.87 0.769 4.122 0.19

aMs, saturation magnetization; Mr, saturation remanence; Bc, coercive force; Bcr, coercivity of remanence.
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Figure 4. Representative FORC diagrams: (a) 77894, top sediment; (b) 77924, oxidized sapropel; and
(c) 77949, sapropel. From left to right are shown magnetite range with very low coercivity zoom, SF = 5, 10
contours; magnetite range coercivities, SF = 5, 10 contours; and hematite range coercivities, SF = 8, 20
contours. Each diagram is normalized by its maximum value. See section 3 for measurement settings.
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higher dispersions in the active oxidation zone

relative to the oxidized sapropel (0.24 versus

0.12), but DPs are still low compared to those

of the original eolian magnetite.

[26] When the three IRM parameters (SIRM,
10log(B1/2), and DP) are plotted in three dimen-

sions (Figure 6), the three magnetic compo-

nents appear to be grouped into separate

clusters. Although the mean coercivity of com-

ponent 1 seems to be almost constant when

plotted down core, the different geochemical

zones yield distinct groups in three dimensions.

The top sediment samples plot in a different

region than the samples that have undergone

reductive diagenesis during some time of their

history. However, even among these samples

that have all undergone a different succession

and degree of reductive diagenesis and oxida-

tion, groups can be distinguished for compo-

nent 1 that coincide with the redox layers.

Although grouping of IRM parameters corre-

sponding to geochemical zones is clear for

components 1 and 3, this grouping is less

evident for the hematite component (compo-

nent 2). This indicates that hematite probably
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Figure 5. Down core variations in IRM parameters. SIRM for (a) components 1 and 3 (both magnetites)
and (b) component 2 (hematite). Note the different order of magnitude in SIRM in Figures 5a and 5b.
Squares, component 1; diamonds, component 2; triangles, component 3. Mean coercivity B1/2 on a linear
scale for (c) components 1 and 3 and (d) component 2. The shaded area around the mean coercivity denotes
one standard deviation, the dispersion of the distribution DP. Symbols are as in Figures 5a and 5b. (e) DP on
a log scale for components 1, 2, and 3. Symbols are as in Figures 5a and 5b. (f ) Forward measured S ratio for
ABC26 (300 mT field combined with a 1 T field according to equation (4)). Dashed horizontal lines indicate
the boundaries of different geochemical zones in the core. Fe RB, modern iron redox boundary; Mn RB,
modern manganese redox boundary.
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was not affected by these diagenetic processes

to the same extent as magnetite.

[27] In these complex environments, where

reductive diagenesis is followed by oxidation

in some parts of the sediments, it is imperative

to interpret variations in IRM parameters

through time, rather than with depth in the

core. The top sediment represents magnetic

material unaffected by either reductive dia-

genesis or oxidation. During sapropel forma-

tion the synsapropel and the sapropel

experienced reductive diagenesis, causing a

slight drop in DP. After sapropel formation

had ceased, oxidation of the top of the sapro-

pel caused an increase in the coercivity of the

originally eolian magnetite (component 1) in

the oxidized zones relative to the sapropel and

the synsapropel. Moreover, component 3

began to form.

5.2. Magnetosomes

[28] Earlier studies suggested that the extra

magnetic component in the oxidized sapropel

and in the active oxidation zone consists of

magnetosomes produced by magnetotactic bac-

teria [Passier et al., 2001; Passier and Dekkers,

submitted manuscript, 2001]. This study shows

that the extra component in this zone (compo-

nent 3) has very specific coercivity character-

izations. It has a high coercivity for magnetite

and a very low dispersion in comparison to the

dust magnetite. The latter suggests a narrow

grain size range, which is a strong indication

for magnetosomes as the constituents of the
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additional magnetite [Moskowitz et al., 1989;

Bazylinski, 1996]. In addition, the DP of the

additional magnetite is lower in the oxidized

sapropel than in the active oxidation zone. This

suggests that as the extra magnetite becomes

older (when the active oxidation front moves

down in the sapropel), its grain size becomes

more confined. This may be related to the

presence of more living bacteria in the active

oxidation zone, as the magnetotactic bacteria

preferentially live in a transition zone from oxic

to suboxic sediments. During the formation

process of the magnetosomes a range of grain

sizes is present inside the bacterial cells, result-

ing in a higher DP. When the magnetosomes

are in the process of formation, the SIRM

values are lowest: just above the Fe redox

boundary. After the death of the magneto-

some-containing bacteria, recrystallization con-

fines the grain size to a smaller DP. The

coercivity of the magnetosomes is rather high

(average of 68 mT) compared to the range

specified by Moskowitz [1993], which is 50

mT for whole-cell magnetosomes and 35 mT

for extracted magnetosomes.

5.3. S Ratio

5.3.1. Investigation of the S ratio

[29] The S ratio has been defined to describe the

relative contributions of high-coercive to low-

coercive magnetic phases. We assess the exist-

ing formula for the S ratio to include it in our

model analysis to study the effects of varying

coercivity characteristics on the value of the S

ratio. The S ratio can be defined as the inverse

of the ratio of the IRM intensity at any high

field over the IRM intensity at any low back-

field to quantify how much of the low-coerciv-

ity material is remagnetized by the backfield.

Generally, the high field is taken at 1 T, and the

IRM1T is assumed to be the SIRM. The back-

field is usually 0.3 T, because that field strength

generally saturates magnetite. The classical S

ratio is given by [Thompson and Oldfield,

1986]

Sclassic ¼ � IRM�0:3 T

SIRM1 T

� �
: ð1Þ

[30] If only low-coercivity minerals such as

magnetite are present, the S ratio should be

equal to 1, because these minerals should be

saturated by fields of 300 mT. When both high-

and low-coercivity minerals are present, the S

ratio drops to lower values. S ratio values

defined in (1) range between �1 and +1. If

no magnetic interaction occurs, this classically

defined S ratio can be rewritten as (Figure 7)

Sclassic ¼ 2a

b
� 1 ; ð2Þ

where a is the IRM intensity at a positive field

of 300 mT and b is the IRM intensity at a

positive field of at 1 T.

[31] Bloemendal et al. [1992] redefined the S

ratio; then, varying between 0 and 1,

SBloemendal ¼ 1� IRM�0:3 T

SIRM1 T

� �
=2 : ð3Þ

[32] The Bloemendal S ratio definition is a

more logical choice of definition than the

classical definition. Moreover, the Bloemendal

S ratio allows us straightforward modeling of

the expected S ratio for a certain magnetic

mineral assemblage, provided no magnetic

interaction occurs. Rewritten, (3) conforms to

SBloemendal ¼ a=b ; ð4Þ
which is the IRM at 0.3 T during acquisition

over the IRM at 1 T (Figure 7), also called the S0-
ratio or the ‘‘forward’’ S ratio. We will continue

to use the Bloemendal S ratio (called the S ratio

from now on) instead of the classical one.

5.3.2. Simulated S ratios for single magnetic

minerals and mixtures

[33] Since the S ratio can be derived from the

IRM acquisition curve, it can be modeled for
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known IRM components using (4) on the

total modeled IRM curve. We examine the

effect of varying B1/2 and DP values for

single magnetic minerals as well as for mix-

tures with varying relative contributions. We

model theoretical magnetic mineral assemb-

lages to investigate trends in the S ratio, and

their coercivity characteristics are comparable

to real magnetite, hematite, and goethite

samples.

[34] Figure 8 shows the effect of varying mean

coercivity for a single magnetic mineral when

DP is fixed (Figure 8a) and the effect of

varying DP when B1/2 is fixed (Figure 8b).

Within the magnetite range, varying the mean

coercivity at constant DP (Figure 8a) allows for

a theoretical range in S ratio values of a few

percent from 1. Thus a drop in S ratio of several

percent does not necessarily indicate addition

of a high-coercivity mineral such as hematite,

but this drop can be caused by variations in the

magnetic properties of the magnetites itself,

such as varying degrees of oxidation or tita-

nium substitution. The effects are more dra-

matic for hematite and goethite. For fixed DP

the S ratio varies between �0.1 and �0.5 for

hematite.

[35] For increasing DP with fixed mean coer-

civity (Figure 8b) the S ratio drops slightly for

magnetite. The drop is larger for harder mag-

netite with a larger DP, because the higher-field

tail of the population is not saturated by fields

of 300 mT, resulting in a lower estimate of the

amount of low-coercivity material. For hema-

tite and goethite the effect of increasing DP is

opposite to that for magnetite. For a larger DP a

larger part of the lower-field tail of the pop-

ulation is magnetized by the 300 mT field, and

a larger part of the high-field tail is not satu-

rated by the 1T field. These two effects induce

an increase in the S ratio. The analyses of the S

ratio for single magnetic minerals show that

variations in mean coercivity and DP can have

a profound effect on the S ratio.

[36] S ratio variations as a result of varying

contributions in mixtures of two or three min-

erals are displayed in Figure 8c. Parameter

values for the individual magnetic components

are chosen to represent minerals that are found

in the ABC26 sediments. The mixture of mag-

netite D (representative of the dust magnetite)

and hematite allows for a classical interpreta-

tion of the S ratio: the S ratio drops when the

contribution of the high-coercivity mineral rel-

ative to the low-coercivity mineral increases.

This drop could also be explained by varying

the hematite characteristics as sole mineral

(Figure 8a) without the need of addition of
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magnetite D. As Bloemendal et al. [1992]

already mentioned, substantial amounts of

hematite are required to cause a drop of a few

percent in the S ratio values. Nonetheless, S

ratios close to 1 are often interpreted to repre-

sent magnetite only, while hematite might well

be present. Therefore the interpretation of the S

ratio is not unique.

[37] The mixture of the two magnetites gives

rise to variations in S ratio in the same range as

for magnetite as a single mineral. For 100% of

magnetite D, the S ratio is slightly lower than 1,

because a small higher-field tail is not saturated

by the 300 mT field. For 100% of magnetite M

(representative of the magnetosomes) the S

ratio equals 1. Although the coercivity is higher

in this case, the very narrow distribution

assures that this magnetite is fully saturated

by the 300 mT field. Varying contributions of

magnetite D and magnetite M follow the mix-

ing line between the two extremes.
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[38] The mixtures of three magnetic minerals

are represented by the dashed lines in Figure

8c. The contributions of hematite are fixed at

10 and 20%, while the contributions of the two

magnetites are allowed to vary. We observe that

the S ratio mixing line of magnetite D and

magnetite M is shifted toward lower values

when hematite is added. Still, the variations

in S ratio are in the same range as for magnetite

as a sole magnetic mineral (Figure 8a). These

considerations prominently show that interpre-

tations of S ratios in terms of magnetite/hema-

tite (or magnetite/goethite) ratios can be a gross

simplification of the real situation.

5.3.3. S ratios for core ABC26

[39] The down core variations in the forward S

ratio for the ABC26 sediments are shown in

Figure 5f: high S ratios are found everywhere,

except in the active oxidation zone. To inves-

tigate whether we can explain the down core

pattern in S ratios with the modeled IRM

components, the measured forward S ratios

are plotted on the theoretical forward S ratio

curves for mixtures (Figure 9a). Percentages of

the various magnetic components have been

derived from their relative SIRM values from

the IRM component analysis. Since the sam-

ples from the top sediment and the (syn)sapro-

pel do not contain magnetite M, they plot close

to the hematite-magnetite D mixing line. Sam-

ples from the oxidized sapropel plot between

the mixing lines of both magnetites combined

with 0 and with 10% hematite and closely

follow the slope of the magnetite D-magnetite

M mixing line. Samples from the active oxida-

tion zone roughly follow this trend as well.

[40] There are many competing effects in the S

ratio: not only do the relative contributions of

various coercivity components affect the S ratio

but also the mean coercivities and the disper-

sions of the distributions. To investigate the

causes of the variations in the measured S ratio,

we plot the B1/2 and DP values of the three

coercivity components for all samples in Fig-

ures 9b–9g. In the oxidized sapropel the two

magnetites have opposite effects on the S ratio.

The larger DP and slightly higher coercivity of

component 1 cause a decrease in S ratio. The

addition of a substantial amount (30–40%) of a

higher-coercive phase with a small DP (com-

ponent 3, Figures 9d and 9g), however, causes

an increase in S ratio, as expected from Figure

8c. The net effect is a slight increase in S ratio,

relative to the overlying top sediment.

[41] In the active oxidation zone, these two

effects also compete. In the interval of the

lowest S-ratios, however, the contribution of

component 3 is much lower than in the oxi-

dized sapropel (�10% versus 30–40%). Here

the net effect is a decrease in the S ratio.

Apparently, the effect of a larger DP and

slightly higher B1/2 for component 1 is more

important in this interval than the addition of

component 3.

[42] In the zones of the core that contain only

components 1 and 2, the variations in measured

S ratio seem to be controlled by the coercivity

of the magnetite component, combined with a

large DP (Figures 9b and 9e): for a higher

coercivity, a relatively smaller part of the dis-

tribution is saturated by a 300 mT field, which

results in a lower S ratio. The DPs and coer-

civities of the hematite component do not seem

to influence the measured S ratio (Figures 9c

and 9f ). Moreover, the relative contribution of

high- versus low-coercivity material does not

correlate with the S ratio.

[43] From the analysis of mixtures and the

variations in S ratio for core ABC26, we con-

clude that the conventional interpretation of the

S ratio is not suitable to describe relative

contributions of high- versus low-coercivity

phases for mixtures of more than two phases.

In core ABC26 the S ratio rather depends on
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values versus the measured forward S ratio for (e) component 1, (f ) component 2, and (g) component 3.
See legend for symbols.
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the coercivity characteristics of the individual

coercivity components: their B1/2 and DP val-

ues. In the oxidized sapropel and in the active

oxidation zone the S ratio responds differently

to the presence of the third magnetic compo-

nent, because of the different coercivity char-

acteristics of both magnetites in these zones

and their relative contributions. These depend-

encies explain why the down core profiles of

coercivity measurements (Bc, Bcr, and median

destructive fields) and the down core profile of

the S ratio [Passier et al., 2001] do not have the

same pattern. Therefore, in this case the S ratio

cannot be diagnostic for the relative contribu-

tion of high-coercivity minerals (hematite) with

respect to low-coercivity minerals (both mag-

netites).

6. Conclusions

[44] 1. The IRM component analyses showed

that the input eolian dust consists of both

magnetite and previously undetected hematite.

The presence of hematite does not affect the

original geochemical-magnetic model [Passier

et al., 2001; Passier and Dekkers, submitted

manuscript, 2001].

[45] 2. An additional coercivity component is

exclusively present in the oxidized sapropel

and in the active oxidation zone. This magnet-

ite component has a higher coercivity and a

very small dispersion, suggesting a narrow

grain size distribution. This is a strong indica-

tion that the extra magnetite phase consists of

magnetosomes, which are formed in the active

oxidation zone.

[46] 3. The FORC technique shows variations

in magnetic mineral content and domain state

that confirm the presence of the magnetic

phases we found in the IRM component anal-

yses. Moreover, magnetic interaction seems to

be absent, which validates the use of the IRM

component analysis.

[47] 4. The down core S ratio pattern can be

explained by a mixture of two different mag-

netites and hematite in the oxidized sapropel

and in the active oxidation zone and a mixture

of magnetite and hematite in the rest of the

core. The analysis shows that the S ratio is not

diagnostic for the relative contributions of

high- versus low-coercivity minerals for mix-

tures of more than two components. Rather, the

S ratio depends on the mean coercivities and

the DP values of the individual coercivity

components. A theoretical investigation shows

that even for single minerals the S ratio can

vary significantly for varying mean coercivities

or DPs. Therefore, although the S ratio is easily

and quickly measured, its diagnostic value can

be severely limited.
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