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Abstract

ŽPittsburg Basin, a small kettle lake in south-central Illinois, was formed after the retreat of the Illinoian ice sheet ;130
.ka B.P. , and the sedimentary record includes the last interglacial–glacial cycle. Curie temperature measurements, XRD

analyses and thermal demagnetization of a low-temperature J indicate that the magnetic fraction is characterized byrs

oxidized magnetite and magnetic iron sulfides. The grain size of the magnetic fraction was estimated from ARMrJ ratios,rs

frequency-dependent susceptibility, and hysteresis parameters. These measurements show that glacial sediments contain
coarse-grained, presumably detrital, material while interglacial samples have an additional fine-grained magnetic component,
which cannot be explained by a single catchment or climatic process. Early interglacial samples show magnetic properties
characteristic of authigenic biogenically produced magnetite, while late interglacial samples are probably influenced by
pedogenesis around the basin. q 1997 Elsevier Science B.V.
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1. General background

w xRecent reviews 1,2 have pointed out the useful-
ness of the magnetic properties of sediments as
‘proxies’ of past climate change. The influence of
Milankovitch cycles on oceanic sediment records has

w xbeen frequently demonstrated 3 , including changes
w xin the relative power of these periodicities 4 .

Rock-magnetic properties have aided both in the
detection of abrupt climate variations within the last
interglacial period, as preserved in continental lake

w xsediments 5 , and in the reconstruction of changes in
east Asian summer monsoon intensity and rate of
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soil formation over the last 130,000 yr, as recorded
w xin Chinese loess 6–8 . Because of the ease with

which magnetic parameters can be measured from
long cores, the low cost and high speed of the
operation, and the ubiquity of iron-bearing minerals,
such studies have become a popular tool for the
reconstruction of paleoclimatic conditions from sedi-
mentary archives.

A time series of selected magnetic parameters
from a sediment archive, however, does not a priori
constitute a proxy of climatic change. In the true
sense of the term, a proxy should be an accurate
measure of a particular climate variable; for exam-
ple, temperature or precipitation. In actuality, how-
ever, all magnetic ‘proxies’ are strongly model-de-
pendent. An increase of one parameter, for example,

Žmagnetic susceptibility, could represent warmer as
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w x. Žin Chinese loess 6 , or colder conditions as in
w x.French lake sediments 5 .

The reconstruction of continental paleoclimate is
often based on sedimentary archives from relatively
small lakes. The processes that influence the sedi-
mentary and magnetic properties of these records can
change dramatically over time, therefore these
records may be difficult to interpret. One simple
model that links rock-magnetic parameters to paleo-
climate might not hold true throughout the entire
record. Variations in continental climate are impor-
tant because it is on the continents where most
people live and most of our food is produced. It is
therefore crucial to determine how continental cli-
mate changed in the past in order to make predic-
tions about future climate changes. High-resolution
comparisons between oceanic and continental cli-
mate records may give us a better understanding of
the physical nature and origin of the instability of
climate systems. This paper presents the results of a

Ž .case study of lake deposits from an Illinois USA
lake, where multiple magnetic parameters were mea-
sured to arrive at a self-consistent history of past
climate changes.

2. Site description

Pittsburg Basin, located in south-central Illinois,
is a small, now drained, kettle lake, which formed in
till and glacial outwash of Illinoian age. It is situated
between elongated, glaciofluvially deposited, ridges
and knolls consisting mainly of a sand and gravel

w xcore capped by Wisconsinan loess 9 . It is located
about 60 km south of the maximum extent of the

Ž .Wisconsinan ice sheet Fig. 1 . Due to the small
drainage basin and low erosion rates, sedimentation
rates in the lake were very low, producing a sedi-
mentary record that extends from the late Illinoian

w xinto the Holocene 10 .

Fig. 1. Map showing the topography of Pittsburg Basin and the position of the two coring sites within the basin. Insert shows a map of
Ž .Illinois and the location of Pittsburg Basin with respect to the maximum extent of the Wisconsinan glacial deposits stippled area .
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In 1994 we obtained several cores from the center
Ž .of Pittsburg Basin site 94-5 with a hollow stem

augur and a Livingstone piston corer. The cores were
correlated by lithology and magnetic-susceptibility

Ž .profiles. One core 94-5a was sampled for several
magnetic and non-magnetic investigations. In 1996

Ž .two additional cores sites 96-1 and 96-2 were
retrieved with a piston corer, at a location approxi-
mately 70 m away from the original site. These cores
are approximately 50 cm shorter than the cores from
site 94-5a but they contain the same lithological
sequence. Depth correlation between sites 94-5a and

Ž .96-2 Fig. 2 , based on core lithology and magnetic
susceptibility, is good and all depths given in this
paper are based on depths from site 94-5a. The cored

sequence at both sites consists of clay and silt-sized
sediments with varying content of organic matter
Ž .0–60% . Clay and silt were most likely deposited
from slope wash or from eolian processes. The base
of the cores is sandy or gravelly glacial outwash.
Drainage of the lake in the 1920s resulted in a
fluctuating water table. The upper 100–150 cm show
abundant redoximorphic features indicating alter-
ation of the iron minerals, they were therefore ex-
cluded from this study.

The first paleoclimatic studies from Pittsburg
w xBasin were conducted by Gruger 11 , who analyzed¨

the pollen content of the sediments. According to his
w xstudy, which is confirmed by recent analyses 12 ,

Žthe base of the Pittsburg Basin sediments )755 cm

Ž 3 3.Fig. 2. Lithology and magnetic susceptibility x in m rm for cores 94-5a and 96-2. Lithological horizons and susceptibility peaks used
for correlation are indicated by dashed lines. Correlation is good for most of the core, except for the depth interval between 490 cm and 530
cm, where the two susceptibility records disagree.
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.in core 94-5a contains pollen assemblages character-
istic of boreal forest, reflecting cold climatic condi-
tions at the end of the Illinoian glaciation. The onset
of interglacial conditions is marked by a deciduous

Ž .forest period 755–690 cm , which indicates a warm
moist climate. A drier but equally warm prairie

Ž .period 690–570 cm led to the deposition of a silty
sequence abundant in ostracode shells. The ostracode
d 13C values suggest a relatively saline and eutrophic

w xlake during this period 12 . The end of the inter-
glacial is characterized by a second deciduous forest

Ž .period 570–485 cm , which gradually shifts into
colder, glacial conditions of the Wisconsinan stage.
This record differs from oceanic records in which the

Ž .last interglacial marine oxygen-isotope stage 5 con-
Ž .tains three warm substages 5e, 5c, and 5a . These

warm substages do not appear to be recorded in
Pittsburg Basin. There are two possible explanations
for this difference: the first assumes that the Pitts-
burg Basin record does not extend to the beginning
of the last interglacial and that the two deciduous
forest periods correspond to substages 5a and 5c of

w xthe oceanic record 13 . The second explanation sug-
gests that the smaller climatic variations of substages
5a through 5d did not severely affect the continental
interior and are therefore not recorded at this mid-
continental site, and that the double forest period
corresponds to substage 5e.

Dating of the core is still in progress and, once
completed, should answer some of the above ques-
tions. Our current age estimates are based on the
correlation of the pollen analyses with other dated
sites. These will be supplemented by optically stimu-
lated luminescence dating and by correlation of an
ostracode oxygen-isotope record with oxygen-iso-
tope records obtained from independently dated co-

Ževal speleothems from the same area work in
.progress .

3. Experimental procedures

The magnetic properties of sediments can reflect
Žthe influence of a variety of different processes e.g.

.sedimentary, diagenetic or climatic that affected the
w xsediment during and after its deposition 1,2 . Differ-

ent genetic histories can ultimately result in similar
magnetic properties. We favor a multi-proxy ap-
proach in which many aspects of the magnetic signal

are examined in order to interpret results with greater
confidence. Our approach concentrates on three vari-
ables: magnetic mineralogy, concentration of mag-
netic grains, and the grain-size distribution of the
magnetic fraction. We have conducted a suite of
experiments to characterize the magnetic fraction in
terms of these parameters.

We used a combination of magnetic and non-
magnetic techniques to characterize the magnetic

Ž .mineralogy. Saturation magnetization J betweens

308C and 7008C was measured with a Princeton
Measurement Corporation Micro-Vibrating Sample

Ž .Magnetometer mVSM . The temperature depen-
Ž .dence of magnetic susceptibility x was determined

with a Geofyzika Kappabridge, model KLY-2, for
Ž .the same temperature range. From the resulting J Ts

Ž .and x T curves we estimated the Curie temperature
Ž .T of the samples. To eliminate the influence ofc

Ž .paramagnetic minerals e.g., clays we measured
hysteresis loops as a function of temperature for
several clay-rich samples on the mVSM. By fitting a
line through the linear high field part of the loop we
estimated J values from the intersections of theses

Ž .lines with the y axis at zero field. The J T curvess

calculated from these loops also aided in the inter-
pretation of the other high-temperature measure-
ments. All heating experiments were carried out in

Žan inert gas atmosphere He for the mVSM, Ar for
.the Kappabridge .

We further identified the presence of various
magnetic minerals by observing the presence or ab-

Žsence of magnetic phase transitions at low 10–300
. Ž w xK temperatures e.g., pyrrhotite at 30–35 K 14 or

w x.magnetite between 90 K and 120 K 15 . Using a
Quantum Design MPMS 2 magnetic-properties mea-
surement system, we exposed samples to a 2.5 T
field at a temperature of 10 K and observed changes

Ž .in saturation remanence J as the samples werers

heated back to room temperature in zero field. In
addition, magnetic measurements were comple-

Ž .mented by X-ray diffraction XRD analyses of mag-
netic separates.

Changes in concentration of magnetic material
were estimated by measuring x and saturation

Ž .isothermal remanent magnetization J at room tem-rs

perature for all samples. A Bartington Instruments
M.S. 1 susceptibility bridge was used for the x

Žmeasurements, and a cryogenic magnetometer 2G
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.Corp. SRM, model 760-R was used to measure J .rs

The saturating field was 1.5 T. For intensely magne-
tized samples, J was determined with a Schoenstedtrs

SSM 1A spinner magnetometer.
We characterized the magnetic grain-size distribu-

tion by measuring frequency-dependent susceptibil-
Ž Ž . .ity x s100 x yx rx and an-FD 400 Hz 4000 Hz 400 Hz

Ž .hysteretic remanent magnetization ARM . Most
samples were too weakly magnetized to be measured
with a Bartington Instruments dual-frequency sensor.
We therefore used a Lakeshore 7000 susceptometer
that allowed us to obtain x values for 20 frequen-
cies between 40 Hz and 4000 Hz. The values corre-
sponding to x and x were obtained from400 Hz 4000 Hz

Ža best fit through all of the data points see also Fig.
.7 . ARMs were acquired in a bias field of 50 mT and

a peak alternating field of 99 mT. In addition we
measured hysteresis loops with a maximum field of
0.8 T on a VSM constructed in our laboratory. XRD
spectra were obtained from magnetic separates with
quartz as an internal standard. Lattice parameters
were calculated from a minimum of four identified
peaks.

4. Results

4.1. Magnetic mineralogy

Identification of the magnetic minerals present in
the samples is an important step in the interpretation
of magnetic data. The presence or absence of certain
minerals can be a good indicator of certain diage-
netic processes or environments. Furthermore, most
of the parameters discussed later depend on magnetic
mineralogy. However, identification of the main
magnetic minerals present in the cores proved to be

Ždifficult because of their low concentrations -150
. 1ppm . Many of the iron minerals are kinetically

unstable when heated and convert into more stable
phases during the heating process, even in an argon

1 The most intensely magnetized samples displayed J values ins

the order of ;1.2=10y2 Am2rkg. Assuming maghemite as the
Ž .main carrier of magnetic properties yields J rJ maghemite f1.5s s

=10y4 , which corresponds to a concentration of approximately
150 ppm.

or helium atmosphere. It was often impossible to
obtain reliable mineral identifications from thermo-
magnetic curves alone. Our Curie temperature esti-
mates were therefore complemented by XRD analy-
ses from magnetic separates and low-temperature
magnetic remanence measurements. On the basis of
Ž .x T curves it is possible to divide the samples into

two groups, with their representative curves shown
in Fig. 3.

Group A, which consists of samples from the base
Ž . Ž . Ž .of the core below 755 cm , produces J T and x Ts

curves that are dominated by a broad peak between
Ž .3608C and 5408C Fig. 3a . Most cooling curves

show higher x and J values after the sample iss

heated to 7008C, which suggests reducing furnace
conditions at high temperatures. Repeated cycling of
the samples to increasingly higher temperatures
shows that neither the increase in x nor the follow-
ing decrease is reversible. For some of the samples a
strong smell of sulfur was noticeable during the
heating experiments.

To interpret these measurements we conducted a
Ž .series of x T measurements on natural iron sulfide

Ž .samples of known composition: x T curves mea-
sured for natural pyrrhotite, pyrite, and marcasite
samples show a strong non-reversible increase in x

between 4008C and 5008C, when the weakly mag-
netic or paramagnetic iron sulfides convert into a
more magnetic phase. The exact conversion tempera-
tures vary and depend on the heating environment;
for example, whether the sample was heated by itself
or was mixed into a clay matrix to simulate sediment
conditions. In all cases conversion occurred between
4008C and 4608C.

Based on these measurements, the increase in
susceptibility found in samples from group A reflects
the conversion of paramagnetic iron sulfides into a
more ferrimagnetic phase, presumably maghemite or
magnetite. This phase itself is thermally unstable and
converts to weakly magnetic hematite on further
heating. XRD analyses indicate the presence of mar-
casite in one of the magnetic extracts from group A,
but the main component of all magnetic extracts is
slightly oxidized magnetite. This is consistent with a
weak Verwey transition, which is representative of

w xoxidized magnetite 15 observed in the low-tempera-
Ž .ture measurements made on bulk samples Fig. 5a,c .

Group B consists of samples from above 690 cm.
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They display a non-reversible increase in x between
1508C and 2508C, which is followed by a gradual,
only partially reversible, decrease in x until the

Ž .sample becomes paramagnetic near 5708C Fig. 3b .
In some samples this initial increase is absent or
only weakly expressed. The decrease in x starts
between 2508C and 3008C and coincides with the
observed burning of the organic fraction of the sedi-
ment. x steadily decreases until a more magnetic
phase is displayed above 4008C. Because there is a
variety of minerals that could explain the high tem-
perature behavior of these samples, we base our
interpretation mainly on the XRD and low tempera-

ture studies. XRD analyses of these samples show
Žthe presence of magnetite or maghemite results for

˚ ˚ .several samples range from 8.37 A to 8.40"0.02 A
as the only magnetic mineral. Low-T measurements
Ž .Fig. 4a show evidence of a weak Verwey transi-
tion, which is characteristic for partially oxidized

w x Žmagnetite 15 . Some 4 samples from the base of the
.core, 5 samples between 600 cm and 630 cm low-T

measurements display very weak indications of a
Ž .possible 34 K transition Fig. 4c .

According to our interpretations, magnetite that
has been oxidized to varying degrees is the main
magnetic mineral in the Pittsburg Basin sediments.

Fig. 3. Measurements of magnetic susceptibility x vs. temperature were used to estimate the Curie temperatures of the samples. The
Ž .samples fall into two categories: a Samples from group A show a distinct peak between 3608C and 5408C, which is attributed to the

Ž .presence of paramagnetic or weakly ferrimagnetic iron sulfides. b Samples from group B show an irreversible increase in x between
1508C and 2508C, which is followed by a decrease in x until a final blocking temperature is reached near 560–5808C.
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Ž .Fig. 4. Low temperature J demagnetization curves for 3 characteristic samples. a Sample of partially oxidized magnetite. Bothrs
Ž .field-cooled and zero-field-cooled curves are nearly indistinguishable. The Verwey transition at ;120 K is weak but can be seen by

Ž .plotting the derivative of the curves. b Sample likely to contain unoxidized biogenic magnetite. Field-cooled and zero-field-cooled curves
Ž .differ distinctly, and the Verwey transition is clearly visible. c Sample from the base of the core showing indications for a phase transition

between 30 and 40 K. Both the transition at ;35 K and a slight Verwey transition can be seen in the derivative of the demagnetization
curve.
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Iron sulfides, such as pyrite, marcasite, or pyrrhotite,
may be present, especially in the lowest section of
the core, but their contribution to the bulk magnetic
signal appears to remain small. Greigite is another
possible magnetic iron sulfide that might be present

w xin lake sediments. Several authors 16–18 point out
that thermomagnetic experiments conducted in air
might not detect greigite’s characteristic phase transi-

Ž .tions. We therefore measured x T curves for two
Žcharacteristic samples in both air and argon Fig.

.5a,c . Sample 96-2, 780 cm, displays a peak between
440 and 5508C, which is characteristic for the iron
sulfide-bearing samples of group A. Sample 96-2,
560 cm, is an interglacial sample from group B. Fig.

5b,d shows the change in susceptibility at room
temperature after stepwise heating in air. From Fig. 5
it becomes apparent that heating in air results in very
similar heating curves and that major changes in
mineralogy, as expressed by changes in x , do not
occur until a temperature of ;3408C is reached.
The thermal stability of greigite is still poorly known,

w xbut many authors 19–21 conclude that greigite
becomes unstable at temperatures between 2508C
and 3008C. The susceptibility curves shown in Fig.
5b,d do not indicate any significant changes in this
temperature range, and we conclude that greigite is
not a major magnetic mineral in these samples.

This interpretation holds true for most of the core,

Ž . Ž . Ž . Ž .Fig. 5. a and d Measurements of magnetic susceptibility x vs. temperature in air solid lines and argon dashed lines . For both samples
Ž . Ž .the heating curves do not depend on the heating environment. b and c Normalized susceptibility, measured at room temperature, after

stepwise heating. Changes in susceptibility above 3408C indicate mineralogical phase changes.
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Ž . Ž .Fig. 6. Several rock-magnetic parameters measured for Pittsburg Basin, site 94-5a. a Simplified lithology of site 94-5a. b Magnetic susceptibility is an indicator for the
Ž . Ž .concentration of magnetic minerals in the sediments. c ARMrJ ratios are an indicator of fine-grained SD particles, with higher ratios indicating more SD grains. drs

Ž .Frequency-dependent susceptibility, x , for selected samples. High values of x indicate the presence of ultra-fine-grained SP particles. e Paleoclimatic interpretation basedFD FD
w xon pollen analyses 12 .
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Ž . Ž .Fig. 7. Frequency dependence of magnetic susceptibility x for various glacial ` and I and interglacial samples v and B . Sample
Ž .94-5a, 480 cm q is from a late interglacial horizon. x values have been normalized to correct for concentration dependence of magnetic

susceptibility.

w x Ž .Fig. 8. Plot of J rJ vs. B rB 26 for samples from site 94-5a SDssingle-domain, PSDspseudo-single-domain, MDsmulti-domain .rs s cr c

Most samples plot in the PSD field but interglacial samples with high ARMrJ ratios plot consistently closer to the SD field, supporting thers

interpretation of fine-grained magnetic enhancement in these samples.
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except for the segment between 755 cm and 690 cm.
These samples are too rich in organic carbon to yield
reliable information when subjected to high-tempera-
ture analysis, but low-T measurements reveal the
presence of a well developed Verwey transition in
these samples, which is characteristic of stoichiomet-
ric magnetite. Furthermore, the decrease in a low-
temperature J at the Verwey transition dependsrs

critically on whether the sample was cooled in a
Ž .field or in zero field Fig. 4b . Such differences in

demagnetization behavior are known to indicate the
Ž .presence of biogenic magnetite crystals that are

w xaligned in chains 22 .

4.2. Magnetic granulometry

We estimated the relative concentration of the
fine-grained magnetic component by measuring ARM
for all samples and x for 74 selected samples.FD

ARM values, which depend heavily on the presence
Ž . w xof single-domain SD grains 23 , were normalized

by either magnetic susceptibility x or J to correctrs

for any changes in concentration. Because x de-
pends on both ferrimagnetic and paramagnetic min-
erals, while J does not, we prefer J as a normaliz-rs rs

ing parameter for ferrimagnetic mineral content.
However, the difference between the ARMrx and

Ž .ARMrJ curves is small. ARMrJ Fig. 6c is lowrs rs
Ž .at the base )755 cm and in the upper part of the

Ž .core -550 cm , which indicates that the magnetic
component of these grains is dominated by coarse-
grained particles. Between 550 cm and 755 cm
ARMrJ is relatively high, with three distinct peaksrs

at 575 cm, 625 cm, and 720 cm. For the same
section x , which is a measure of very fine super-FD

Ž . w xparamagnetic SP content 24,25 , has high values,
Ž .between 10% and 13% Fig. 6d , while the samples

from above and below have moderate to low values
Ž .-6% . Fig. 7 shows the frequency dependence of
x for various glacial and interglacial samples. The
combination of high ARMrJ ratios and high xrs FD

values suggests the presence of a fine-grained com-
ponent containing both SP and SD grains between
550 cm and 755 cm.

Magnetic-hysteresis measurements results confirm
the presence of fine-grained material between 755

w xcm and 550 cm. In a plot of M rM vs. B rB 26rs s cr c

most samples fall into the pseudo-single domain

Ž .PSD range of the graph but samples with high
ARMrJ ratios plot consistently nearer to the SDrs

Žfield than samples with low ARMrJ values Fig.rs
.8 . These results are discussed further below.

5. Discussion

w xA comparison with a pollen study 12 performed
on cores from the same site reveals that samples
between 550 cm and 755 cm, which represent the

Ž .last interglacial period Sangamon , have high
Ž .ARMrJ ratios Fig. 6c,e . This increase inrs

ARMrJ may have resulted from an input of fine-rs

grained magnetic material during warm interglacial
periods, probably related to erosion of magnetically
enhanced interglacial soils in the catchment. Many
modern soils show high ARM values for the upper

Ž w x.soil horizons e.g., 24 , and both the modern soil
and the Sangamon geosol that have been studied

w xwithin the watershed of Pittsburg Basin 27 are
enhanced in fine-grained magnetic material in com-
parison with the relatively unaltered parent material.
It is reasonable to assume that erosion of strongly
developed soils within the watershed of Pittsburg
Basin produced the high ARMrJ values in the lakers

sediments. These soils developed under a prairie
environment, which, in general, is not very suscepti-
ble to erosion if it has continuous herb cover. Pollen
studies, however, show a high abundance of Am-
brosia, a weed that thrives on open ground, which
might explain the postulated high erosion rates dur-
ing this period. The high x values measured forFD

these samples indicate an increase in SP grains,
w xgiving further support to this hypothesis 25 .

However, a more detailed investigation shows
that one single process is unlikely to explain the
three maxima observed in Fig. 6c. The upper two

Ž .peaks 570 cm and 625 cm in ARMrJ coinciders

with an increase in x and indicate the presence of a
strongly magnetic and somewhat finer-grained com-

Ž .ponent, while the main peak 700 cm has low x

Žvalues. This interval is rich in organic matter up to
.60% , and all samples are weakly magnetized but

contain mostly fine-grained magnetic material. Low-
temperature experiments reveal a striking difference
between these samples and the rest of the core. Only
the samples between 690 cm and 755 cm display a
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Ž .marked Verwey transition Fig. 4b . Furthermore,
the decrease in the low-T J depends critically onrs

whether the sample was cooled through the Verwey
Ž .transition in zero field solid curves in Fig. 4 or in a

Ž .field of 2.5 T dashed curves in Fig. 4 . The separa-
tion of the two curves below the Verwey transition is
an indicator for magnetite grains that are aligned in

w xchains 22 . Such magnetite chains can be produced
most easily by magnetotactic bacteria that live in

w xlake sediments 28 . Samples from other depths do
Žnot show this separation of the two curves Fig.

.4a,c : the Verwey transition is barely visible but can
still be detected by plotting the first derivative of the
demagnetization curve. This difference in low-T be-
havior makes it unlikely that the lowermost peak in
the ARMrJ record was caused by the same pedo-rs

genic processes that influenced the rest of the inter-
glacial sediments. Therefore the relative variations in
ARMrJ in the interglacial sediments may not bers

directly used as a proxy of climate variations be-
tween the apparent substages.

Ž .A plot of J rJ vs. B rB Fig. 8 indicates thatrs s cr c

interglacial samples with high ARMrJ ratios plotrs

closer towards the SD field than glacial samples,
which have low ARMrJ values. Thus the hystere-rs

sis measurements in general confirm the changes in
magnetic grain size deduced from the previous pa-
rameters. Some samples have intermediate values of
J rJ , but high B rB ratios and plot above thers s cr c

MD field in Fig. 8, most of which give raise to
wasp-waisted hysteresis loops. According to pollen
studies these samples correspond to the end of inter-
glacial conditions. Wasp-waisted loops can be pro-
duced by a mixture of two populations with different

w xcoercivities 29,30 , and we consider two different
scenarios below that could explain these hysteresis
loops.

A mixture of low and high coercivity minerals
could produce wasp-waisted loops. Our exploratory
laboratory experiments with synthetic magnetite,
goethite, and hematite samples indicate that high
Ž .)75% concentrations of goethite or hematite are

Žrequired to achieve the desired effect as pointed out
w x.by Roberts et al. 29 . This is due to low values of Js

Ž 2 . Žfor goethite -1 Am rkg and hematite 0.08
2 . ŽAm rkg compared to magnetite or maghemite 70–

2 .92 Am rkg . Furthermore, the partial oxidation of
magnetite to maghemite was considered; however,

when we oxidized a natural sample over a period of
2 months J rJ decreased, but B rB remainedrs s cr c

more or less constant. We also considered a combi-
nation of magnetic grain sizes. In a series of experi-
ments we used synthetic magnetite of known grain

Žsize ferrofluid mixed with quartz for the SP fraction,
0.05 mm for the SDrPSD fraction, 35–40 mm for

.the MD fraction and measured hysteresis loops for
various mixtures. Some of the SP–MD mixtures plot
in the appropriate region of Fig. 8 but none of the
loops is wasp-waisted. Mixtures of SD and SP are
wasp-waisted, and variations in relative concentra-
tions can achieve almost any ratio of B rB . Acr c

closer inspection of the data from natural samples
shows that the large variations in J rJ and B rBrs s cr c

are mostly caused by changes in J and B , while thes c

remanence parameters J and B are slightly abovers cr

the average values of the core but remain fairly
constant through the section of interest. This is con-

Ž .sistent with the presence of both a super paramag-
netic phase and probably a slightly more coercive
phase.

Our magnetic results for these anomalous wasp-
waisted loops remain ambiguous. Low ARMrJ ra-rs

tios and x values indicate the absence of fine-FD

grained SD and SP grains but hysteresis loops are
best explained by a mixture of SD and SP grains. It
is possible that the wasp-waisted loops are caused by
SP grains that lie outside the narrow sensitivity

Ž .window of the x measurements 0.018–0.02 mm .FD

Another possibility is that our choice of SD and MD
grain sizes in the hysteresis experiments was an
unfortunate one and that wasp-waisted loops are not
restricted to mixtures of SD and SP grains.

Throughout the above discussion we have ne-
glected the possible influence of magnetic iron sul-
fides. Our mineralogical studies show possible evi-
dence for the presence of pyrrhotite at the base of the
core and in a section between 600 cm and 650 cm.
We consider the influence of iron sulfides on the
overall magnetic properties to be weak also. Our
main magnetic signal is a variability in ARMrJ ,rs

which we interpret as a change in magnetic grain
size. Pyrrhotite, with its high coercivity, should lead
to higher ARM values but the part of the core where

Ž .it might be most significant the base below 755 cm
shows very low ARMrJ ratios. In contrast, thers

other zone where we found possible traces of
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Ž .pyrrhotite 600–640 cm shows high ARMrJ val-rs

ues, exactly the opposite of what we observe at the
base. We therefore conclude that the magnetic signal
is mainly carried by magnetite and its low-tempera-
ture oxidized form found throughout the core.

6. Conclusions

No single climate or catchment process can ac-
count for the magnetic record of Pittsburg Basin. It is
clear that a combination of several magnetic and
non-magnetic measurements is necessary to obtain a
reliable characterization of the sediments before any
environmental or climatic interpretation can be made.
Comparing our work with pollen studies reveals that
various climatic processes affected the magnetic
properties of Pittsburg Basin sediments. They can be
summarized as follows:

Ž . Ž1. Both Illinoian )755 cm and Wisconsinan -
.485 cm glacial sediments are characterized by

relatively coarse-grained magnetite, which is in-
terpreted as representing relatively unaltered sedi-
ment eroded from the slopes of the basin.

2. The onset of Sangamon interglacial conditions is
marked by deciduous forest vegetation around the
lake, which reduced the erosional input of detrital
grains. Biogenic magnetite is most likely an im-
portant carrier of the magnetic properties in this

Ž .part of the core 755–690 cm . It is characterized
by a combination of high ARMrJ ratios andrs

intermediate x values. Low-T measurementsFD

and recent transmission electron microscopy ob-
Žservations of the magnetic extract H. Petermann,

.pers. commun. confirm this interpretation.
Ž .3. The subsequent prairie period 690–570 cm con-

tains more fine-grained magnetite, which spans
the SD–SP boundary. This grain size distribution
leads to both high ARMrJ ratios and high xrs FD

values. We interpret this fine-grained component
as representing extensive soil formation within
the watershed of Pittsburg Basin, leading to a
pedogenic enhancement of the parent material and
resulting in erosional input of fine magnetic grains
into the lake.

4. The nature of the magnetic carriers at the end of
Ž .interglacial conditions 570–485 cm remains un-

clear. ARMrJ ratios and x values point to ars FD

relatively coarse-grained component, but hystere-
sis measurements are best explained by a mixture
of SD and SP grains.
To further characterize the influence of climatic

change on magnetic records of small lakes it is
necessary to combine magnetic studies with other
climate proxies, such as information obtained from

Ž 13ostracode studies, stable-isotope analyses d C and
18 .d O , and pollen work. These investigations are

currently under way, and we hope that a combination
of all these techniques will yield a more reliable,
self-consistent climatic model that can explain the
changes observed in the Pittsburg Basin sediments. It
will then be possible to compare our results with
modern lakes situated under various climatic condi-
tions and to test the validity of our model. Since the
processes that affect sediments of small lakes are
numerous and highly variable, it is not possible to
interpret changes in the magnetic record directly in
terms of climatic change, or use one single model
throughout the core. It is necessary to come up with
separate models that link climatic or sedimentary
processes to the combination of magnetic parameters
found in the record. In sections where the main
climatic variable did not change drastically, the
fine-scale properties of the sediment might be used
to construct a high-resolution record of climatic
change. In this case a combination of several mag-
netic parameters supported by non-magnetic data is
most likely to yield a self-consistent and unique
interpretation.
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