
                                                       
Shackleton, N.J., Curry, W.B., Richter, C., and Bralower, T.J. (Eds.), 1997
Proceedings of the Ocean Drilling Program, Scientific Results, Vol. 154

10. ROCK MAGNETIC PROPERTIES OF SEDIMENTS FROM CEARA RISE (SITE 929):
IMPLICATIONS FOR THE ORIGIN OF THE MAGNETIC SUSCEPTIBILITY SIGNAL1

Carl Richter,2 Jean-Pierre Valet,3 and Peter A. Solheid4
ABSTRACT

This paper presents a rock magnetic study of cyclic deep-ocean sediment from the Ceara Rise in the equatorial Atlantic
Ocean off the coast of Brazil. Whole-core magnetic susceptibility data have been used as a proxy for climate change in these
sediments. This study is aimed at testing this assumption and at determining the source of the magnetic susceptibility varia-
tions. We analyzed hysteresis properties, high-Þeld and low-Þeld susceptibilities, anhysteretic remanent magnetization, and
thermomagnetic behavior of 114 sediment samples. Hysteresis measurements show that the magnetic carrier is of pseudosingle
domain size. Low-temperature demagnetization data indicate the Verwey transition (diagnostic of magnetite) at 118 K. The
magnetite concentration was estimated from the saturation magnetization values and varies between 43 ppm in light, carbonate-
rich layers and 94 ppm in dark, carbonate-poor layers. The average low-Þeld mass susceptibility is 12.56 ´ 10Ð8 m3/kg, and the
average high-Þeld susceptibility is 4.8 ´ 10Ð8 m3/kg. The contribution of magnetite to the low-Þeld susceptibility is 63% in car-
bonate-poor layers and 53% in carbonate-rich layers. Concentration-independent rock magnetic ratios revealed small-scale and
large-scale variations in the magnetic grain size. The variations in magnetic properties mirror changes in clay content, which
provides excellent evidence that the susceptibility variations reßect ßuctuations in sedimentary input from the Amazon River.
The dominant control on Amazon-derived terrigenous sediment is sea level. Therefore, it appears that magnetic susceptibility is
a valid climate proxy for the Ceara Rise sediments.
INTRODUCTION

Ocean Drilling Program (ODP) Leg 154 drilled Site 929 on the
northern flank of the Ceara Rise (Fig. 1) in the equatorial Atlantic
Ocean (5û58.566«N, 43û44.394«W). The site is the deepest of the
depth transects of sites on the Ceara Rise (Curry, Shackleton, Richter,
et al., 1995). The seafloor is at a depth of 4356 m below the present
lysocline, but is close to the carbonate compensation depth (CCD).
Hole 929C penetrated 155 m of clays and nannofossil clays, ranging
in age from Pleistocene to early Miocene. Hole 929D recovered 54 m
of Pleistocene clays and nannofossil clays. Nearly the entire se-
quence is characterized by rhythmic sedimentary cycles that are
chiefly related to the 41-k.y. orbital obliquity cycles; however, the
late Pleistocene is more influenced by the eccentricity cycle (Bickert
et al., Chapter 16, this volume; Curry, Shackleton, Richter, et al.,
1995). These sedimentary cycles are well-recorded by magnetic sus-
ceptibility, color, and natural gamma-ray emission. High-resolution
magnetic susceptibility measurements of whole-core sections from
Holes 929A through 929E displayed peaks with amplitudes of 15.4 ́
10Ð6 to 1085.7 ´ 10Ð6 SI and periods of tens of centimeters. The mag-
netic susceptibility data are negatively correlated to calcium carbon-
ate percentage (Curry, Shackleton, Richter, et al., 1995; Shipboard
Scientific Party, 1995) and have been used as indicators of changing
sedimentary conditions. Variations in grain size, mineralogy, and
concentration of magnetic grains reflect pre- and post-depositional
environmental changes, and can yield clues to fluctuations in climate
and the depositional environment.

Magnetic susceptibility records of loess deposits in China have
been examined for clues concerning their relationship to climate-
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forcing orbital frequencies (e.g., Kukla et al., 1988; Kukla and An,
1989). Magnetic susceptibility has also been compared to commonly
used paleoclimate indicators, such as calcium carbonate percentages
and oxygen isotopes in deep-sea sediments (e.g., Kent, 1982; Mead
et al., 1986; Robinson, 1986; Bloemendal et al., 1988; Bloemendal
and deMenocal, 1989; Verosub and Roberts, 1995). Recent trends in
paleoclimate studies using magnetic susceptibility are to attempt cor-
relation of susceptibility records across an ocean basin (Bloemendal
et al., 1992) or to link continental and marine sediment sections by
comparing magnetic susceptibility and oxygen isotope recordsÑfor
example, correlation of loess sequences in China with age-equivalent
marine sediments in the western Pacific Ocean (Kukla et al., 1988;
Hovan et al., 1989; Maher and Thompson, 1992).

Magnetic susceptibility data appear to vary on orbital time scales
and are a cornerstone of the Leg 154 results. Numerous studies have
used the magnetic susceptibility record as a climate data proxy. Com-
plete stratigraphic recovery was crucial to fulfill the paleoceano-
graphic objectives of the cruise and was achieved with an intercore
correlation technique (Hagelberg et al., 1992), which is based on
high-resolution magnetic susceptibility, color, and natural gamma-
ray emission data. Preliminary shipboard analysis used magnetic sus-
ceptibility as a carbonate proxy (R2 = 0.52 for carbonate-susceptibil-
ity correlation) to obtain high-resolution data from low-resolution
carbonate measurements for paleoceanographic interpretation (Ship-
board Scientific Party, 1995). For these reasons, it is extremely im-
portant to document the factors resulting in the susceptibility varia-
tions. In this study, we investigate the source of the magnetic suscep-
tibility variations by characterizing various rock magnetic properties.
This step is necessary to make a convincing case for the separation of
regional and global signals and to correlate on a global scale.

SAMPLING AND EXPERIMENTAL PROCEDURES

Volume magnetic susceptibility of sediments from Site 929 was
measured every 10 cm aboard the JOIDES Resolution on whole-core
sections using a Bartington Instruments MS-2 susceptibility meter.
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ontentsontents Next ChapterNext Chapter

154TOC.HTM


C. RICHTER, J.-P. VALET, P.A. SOLHEID
4045°W 41424344 39°

3500

4000

40
00

4000

3500

40
00

45004000

4000

4500

3500

4500

Site 929

A
m

azon F
an

Ceara 
Abyssal

Plain

3

7°N

5

6

4

C

E
A

R
A

R I S E

Figure 1. Generalized location map of Site 929 on the 
northern flank of the Ceara Rise in the equatorial 
Atlantic (inset). Bathymetry in meters. After Mountain 
and Curry (1995).
This instrument has an 80-mm sensing loop and uses an inducing
field of 0.1 mT at a frequency of 470 Hz. The raw instrument units
were converted into volume SI units by a single multiplication with a
calibration factor (7.7 × 10–6).

Detailed rock magnetic characterization was undertaken on 114
samples (6 cm3) that were taken from Cores 154-929D-1H through
6H and 154-929C-7H through 9H between depths of 3.50 and 84.25
meters below seafloor (mbsf; Table 1) at a frequency of 2−6 samples
per 1.5-m section of core (every 75−25 cm). The samples were select-
ed from dark- (N = 51), light- (N = 39), and intermediate- (N = 24)
colored intervals and represent the end members and the transitions
of the cyclic calcium carbonate variations observed in these cores. To
facilitate the comparison between samples from different holes and
between different studies, we express depth not only on the standard
ODP mbsf scale (Table 1), but also on the meters composite depth
(mcd) scale, which was established by intercore correlation proce-
dures during Leg 154 (Curry, Shackleton, Richter, et al., 1995).

The low-field mass susceptibility of the samples was measured
using a KLY-2 Kappabridge magnetic susceptibility meter (Geofyz-
ika Brno, inducing field = 0.5 mT) at the Institute for Rock Magne-
tism (IRM) at the University of Minnesota. High-field susceptibilities
(up to 1.5 T) and hysteresis properties were determined on the 6 cm3

samples using the in-house built vibrating sample magnetometer
(VSM) at the IRM. An anhysteretic remanent magnetization (ARM)
was imparted to each sample by exposing it to both a constant 0.05
mT field and a slowly decaying 100 mT alternating field (AF). Partial
anhysteretic remanence magnetizations (pARM) were imparted by
switching on a DC bias field between two specified values of the ap-
plied AF. Grains with coercivity of remanence (Hcr) between the two
fields will acquire an ARM, whereas the rest of the assemblage is de-
magnetized. By moving the window over a range of alternating
fields, a pARM curve is obtained which represents the spectrum of
coercivities in the sample (Jackson et al., 1988, 1989). The acquired
ARM and pARM were measured using the 2G three-axis Supercon-
ducting Rock Magnetometer at the IRM. Low-temperature demagne-
tization of the saturation isothermal remanent magnetization (SIRM)
was conducted using a Quantum Design Magnetic Property Measure-
ment System (MPMS). A 2.5 T field was imparted at 20 K and the
magnetic moment was recorded in 5 K steps while heating from 20 to
170
300 K in a zero field. The low-field magnetic susceptibility was mea-
sured as a function of temperature using a LakeShore Cryotronics
Model 7130 AC susceptometer between 20 and 300 K and the CS-2
furnace attachment for the Kappabridge between 300 and 970 K.

RESULTS

Low-Field Susceptibility

Whole-core and discrete susceptibility measurements show both
large-scale variations with a wavelength of tens of meters and smaller
wavelength fluctuations of about 50 cm or less (Fig. 2). Whole-core
susceptibility values vary from 15.4 × 10–6 to 1085.7 × 10–6 vol SI
(average = 205.6 × 10–6) and discrete measurements range from 5.34
× 10–8 m3/kg to 31.72 × 10–8 m3/kg (average = 12.56 × 10–8 m3/kg).
The mass and volume susceptibilities cannot be accurately converted
into the same units because the density of the whole-core data and the
exact volume of the discrete samples is unknown. However, a com-
parison between whole core and discrete sample data shows an ex-
tremely good correlation (R2 = 0.91). Differences between the mea-
surements are caused mainly by the fact that discrete specimens rep-
resent mass susceptibilities of a well-defined small area, whereas the
whole-core measurements represent volume susceptibilities within a
15-cm-wide response curve and an assumed volume that depends on
how well the core liner is filled.

The average low-field mass susceptibility of the dark, carbon-
ate-poor layers is 15.5 × 10–8 m3/kg; the transitional layers is 12.1 ×
10–8 m3/kg; and the light, carbonate-rich layers is 8.7 × 10–8 m3/kg
(Table 2). Shipboard analysis indicates (Curry, Shackleton, Richter,
et al., 1995) that magnetic susceptibility is negatively correlated to
the concentration of calcium carbonate, which varies between 0.5%
and 50% in the investigated section at Site 929. The magnitude of
susceptibility is a function of the dilution of a paramagnetic and fer-
rimagnetic (terrigenous) phase with diamagnetic calcium carbonate
(−12.4 to −13.8 × 10–6 vol SI), and the composition of the paramag-
netic and ferrimagnetic phases.

The low-field susceptibility (klf) represents the induced magneti-
zation of all minerals (diamagnetic, paramagnetic, antiferromagnetic,
and ferrimagnetic) in the rock under investigation.



ROCK MAGNETIC PROPERTIES OF SEDIMENTS
Table 1. Rock magnetic parameters.

Core, section, 
interval (cm)

Depth 
(mbsf)

Depth 
(mcd)

khf
(m3/kg × 10–8)

klf
(m3/kg × 10–8)

Ms

(Am2/kg)
Mrs

 (Am2/kg)
Hc

(mT)
Hcr

(mT)
ARM
(A/m)

Magnetite
 (%)

154-929D-
1H-3, 0.50 3.50 3.91 4.20 18.94 0.011800 0.001890 10.99 32.42 0.16 0.0128
1H-3, 0.65 3.65 4.06 3.50 12.93 0.007510 0.001400 12.28 33.77 0.14 0.0082
1H-3, 0.90 3.90 4.31 3.19 8.45 0.004730 0.000977 13.00 35.47 0.11 0.0051
1H-3, 1.05 4.05 4.46 4.50 31.72 0.023700 0.002420 7.76 28.14 0.17 0.0258
1H-3, 1.20 4.20 4.61 4.16 12.16 0.006160 0.001220 12.54 35.11 0.15 0.0067
1H-4, 0.25 4.75 5.16 3.04 7.47 0.003330 0.000783 13.51 32.88 0.14 0.0036
1H-4, 0.55 5.05 5.46 4.36 9.69 0.004670 0.001010 13.62 34.93 0.13 0.0051
1H-4, 0.90 5.40 5.81 3.37 5.70 0.002630 0.000551 13.56 38.96 0.02 0.0029
2H-2, 0.65 9.15 9.81 5.73 18.84 0.013600 0.002490 14.72 47.20 0.16 0.0148
2H-2, 1.00 9.50 10.16 3.12 6.63 0.003540 0.000811 14.84 37.28 0.12 0.0038
2H-2, 1.35 9.85 10.51 3.74 10.19 0.004690 0.001080 13.36 35.28 0.10 0.0051
2H-3, 0.15 10.15 10.81 4.76 10.45 0.006270 0.001250 13.43 36.97 0.09 0.0068
2H-3, 0.60 10.60 11.26 2.23 5.40 0.002870 0.000726 15.79 37.67 0.11 0.0031
2H-3, 0.80 10.80 11.46 3.76 9.63 0.004090 0.001160 16.17 42.41 0.10 0.0044
2H-3, 1.30 11.30 11.96 3.35 8.88 0.004480 0.001120 14.78 38.88 0.13 0.0049
2H-4, 0.35 11.85 12.51 5.31 18.02 0.012200 0.002350 14.77 43.52 0.13 0.0133
2H-4, 0.65 12.15 12.81 4.99 14.35 0.007290 0.001500 13.46 39.50 0.11 0.0079
2H-4, 0.90 12.40 13.06 6.16 15.75 0.009650 0.002990 22.02 58.43 0.17 0.0105
2H-4, 1.20 12.70 13.36 4.11 9.16 0.003920 0.000941 15.03 40.61 0.14 0.0043
2H-4, 1.45 12.95 13.61 6.28 13.93 0.005860 0.001460 15.20 40.59 0.16 0.0064
2H-5, 0.20 13.20 13.86 4.69 12.35 0.006010 0.001380 14.35 39.61 0.20 0.0065
2H-5, 0.40 13.40 14.06 4.78 11.34 0.005380 0.001330 14.66 37.36 0.16 0.0058
2H-5, 0.55 13.55 14.21 5.49 14.13 0.007730 0.002970 29.71 71.96 0.23 0.0084
2H-5, 0.80 13.80 14.46 3.36 6.31 0.002930 0.000663 14.09 36.96 0.10 0.0032
2H-5, 1.20 14.20 14.86 3.10 5.70 0.002020 0.000607 14.35 33.01 0.17 0.0022
2H-6, 0.30 14.80 15.46 4.23 10.47 0.004970 0.001130 14.00 36.51 0.11 0.0054
2H-6, 0.65 15.15 15.81 4.81 13.16 0.006030 0.001370 13.70 37.67 0.17 0.0066
2H-6, 1.25 15.75 16.41 4.58 12.69 0.006370 0.001310 13.57 37.86 0.13 0.0069
3H-1, 0.50 17.00 18.93 5.03 11.80 0.005950 0.001800 13.32 50.59 0.09 0.0065
3H-1, 1.00 17.50 19.43 5.02 10.51 0.004890 0.001580 20.02 51.15 0.14 0.0053
3H-1, 1.35 17.85 19.78 5.07 12.63 0.011400 0.006390 49.74 75.37 0.14 0.0124
3H-2, 0.30 18.30 20.23 4.13 8.69 0.003630 0.001150 19.04 48.73 0.16 0.0039
3H-2, 0.45 18.45 20.38 3.91 9.21 0.004140 0.001220 17.57 43.65 0.15 0.0045
3H-2, 0.70 18.70 20.63 4.29 9.85 0.004360 0.001070 14.23 35.25 0.16 0.0047
3H-2, 1.10 19.10 21.03 5.58 22.62 0.014200 0.001850 9.41 31.17 0.15 0.0154
3H-2, 1.40 19.40 21.33 4.64 14.16 0.008600 0.001520 12.62 35.32 0.19 0.0093
3H-3, 0.30 19.80 21.73 4.13 9.00 0.004360 0.001050 15.05 39.52 0.18 0.0047
3H-3, 0.60 20.10 22.03 6.72 14.99 0.006600 0.002010 19.33 49.01 0.25 0.0072
3H-3, 0.80 20.30 22.23 4.36 11.85 0.006250 0.001310 14.41 38.56 0.19 0.0068
3H-3, 1.40 20.90 22.83 5.63 19.80 0.013200 0.002340 13.20 38.79 0.11 0.0143
3H-4, 0.10 21.10 23.03 5.21 14.22 0.007820 0.002210 18.83 51.22 0.13 0.0085
3H-4, 0.30 21.30 23.23 5.09 10.67 0.005320 0.001560 18.55 48.04 0.15 0.0058
3H-4, 0.70 21.70 23.63 4.42 8.38 0.003430 0.000885 14.18 34.76 0.17 0.0037
3H-4, 0.85 21.85 23.78 6.07 16.14 0.007980 0.002190 17.84 50.21 0.22 0.0087
3H-4, 1.10 22.10 24.03 6.75 21.54 0.012600 0.002600 14.02 41.64 0.25 0.0137
3H-4, 1.35 22.35 24.28 4.10 12.73 0.007650 0.001660 15.45 43.06 0.16 0.0083
3H-5, 0.10 22.60 24.53 4.70 12.59 0.006000 0.001490 15.08 38.70 0.23 0.0065
3H-5, 0.30 22.80 24.73 4.17 10.83 0.005440 0.001500 17.71 46.30 0.24 0.0059
3H-5, 0.55 23.05 24.98 3.94 8.75 0.003470 0.000866 13.93 35.38 0.17 0.0038
3H-5, 0.75 23.25 25.18 5.92 16.47 0.007360 0.001650 13.10 36.06 0.20 0.0080
3H-5, 1.10 23.60 25.53 5.09 16.91 0.009510 0.001860 12.64 34.86 0.22 0.0103
3H-5, 1.40 23.90 25.83 5.63 21.81 0.013500 0.002410 10.49 37.73 0.22 0.0147
3H-6, 0.25 24.25 26.18 4.90 15.88 0.014000 0.006500 42.65 74.70 0.16 0.0152
3H-6, 0.55 24.55 26.48 5.60 18.30 0.015500 0.006600 38.70 74.34 0.25 0.0168
3H-6, 0.95 24.95 26.88 5.59 19.70 0.011900 0.003060 17.99 53.16 0.31 0.0129
4H-1, 0.50 26.50 28.76 4.57 13.84 0.007010 0.001460 13.35 35.69 0.16 0.0076
4H-1, 1.20 27.20 29.46 4.48 12.87 0.006570 0.001590 16.08 43.07 0.17 0.0071
4H-2, 0.25 27.75 30.01 5.44 18.68 0.011000 0.002700 16.71 45.40 0.31 0.0120
4H-2, 1.05 28.55 30.81 5.99 12.05 0.004770 0.001090 13.44 34.32 0.17 0.0052
4H-2, 1.25 28.75 31.01 4.47 24.15 0.018100 0.002640 12.08 37.70 0.29 0.0197
4H-3, 0.20 29.20 31.46 5.73 27.07 0.016000 0.002660 11.47 32.95 0.17 0.0174
4H-3, 0.85 29.85 32.11 4.12 12.64 0.007210 0.001530 13.90 36.36 0.16 0.0078
4H-3, 1.30 30.30 32.56 5.49 19.48 0.010100 0.002360 14.58 38.95 0.25 0.0110
4H-4, 0.15 30.65 32.91 5.14 14.68 0.006110 0.001510 13.12 33.59 0.29 0.0066
4H-4, 0.35 30.85 33.11 4.40 10.03 0.004310 0.001110 13.95 33.41 0.16 0.0047
4H-4, 1.10 31.60 33.86 5.82 17.38 0.007970 0.001970 13.89 35.03 0.29 0.0087
4H-5, 0.50 32.50 34.76 6.26 18.96 0.008650 0.002060 13.63 35.82 0.22 0.0094
4H-5, 1.40 33.40 35.66 4.17 9.56 0.003820 0.000973 13.75 34.76 0.22 0.0042
4H-6, 0.65 34.15 36.41 4.52 11.78 0.005170 0.001250 13.46 33.43 0.21 0.0056
4H-6, 1.00 34.50 36.76 7.30 25.53 0.014700 0.002900 13.17 37.22 0.32 0.0160
4H-6, 1.40 34.90 37.16 3.55 9.32 0.004950 0.001110 13.76 34.18 0.21 0.0054
5H-1, 1.00 36.50 39.72 6.63 18.88 0.010500 0.002160 14.01 41.12 0.23 0.0114
5H-2, 0.10 37.10 40.32 4.51 9.38 0.003750 0.000877 13.71 35.42 0.14 0.0041
5H-2, 0.40 37.40 40.62 5.89 16.58 0.007060 0.001650 12.99 35.12 0.14 0.0077
5H-2, 1.15 38.15 41.37 4.43 9.49 0.003990 0.001050 13.98 33.32 0.19 0.0043
5H-3, 0.70 39.20 42.42 4.19 9.33 0.004100 0.000970 13.50 34.75 0.17 0.0045
5H-4, 0.40 40.40 43.62 6.72 19.91 0.010800 0.003460 21.21 56.23 0.25 0.0117
5H-4, 0.85 40.85 44.07 4.74 9.64 0.003810 0.001090 15.53 37.40 0.22 0.0041
5H-4, 1.40 41.40 44.62 5.92 19.20 0.007640 0.001930 13.90 38.73 0.28 0.0083
5H-5, 0.25 41.75 44.97 6.01 16.35 0.008170 0.002690 20.85 54.54 0.13 0.0089
5H-5, 0.80 42.30 45.52 3.63 7.37 0.002640 0.000786 15.51 37.05 0.15 0.0029
5H-5, 1.05 42.55 45.77 5.22 13.57 0.006350 0.002270 23.55 58.78 0.15 0.0069
5H-6, 0.10 43.10 46.32 5.84 14.83 0.005840 0.001690 15.63 40.26 0.24 0.0063
5H-6, 0.40 43.40 46.62 3.56 6.62 0.002340 0.000723 16.79 39.86 0.18 0.0025
5H-6, 0.55 43.55 46.77 4.47 8.16 0.003570 0.001230 21.61 54.63 0.12 0.0039
5H-6, 1.20 44.20 47.42 5.61 13.42 0.007010 0.003130 32.10 64.90 0.22 0.0076
6H-1, 0.30 45.30 49.49 4.25 8.02 0.002960 0.000826 15.76 40.92 0.17 0.0032
6H-1, 0.75 45.75 49.94 5.60 11.78 0.006870 0.002810 30.81 68.50 0.17 0.0075
171
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6H-1, 1.00 46.00 50.19 4.82 8.69 0.003940 0.001850 33.76 70.19 0.22 0.0043
6H-1, 1.15 46.15 50.34 5.62 10.34 0.004740 0.002010 29.17 65.08 0.16 0.0052
6H-2, 0.50 47.00 51.19 3.40 5.34 0.001970 0.000629 16.82 37.08 0.19 0.0021
6H-2, 1.25 47.75 51.94 7.49 23.06 0.017100 0.005480 21.10 70.39 0.20 0.0186
6H-3, 0.25 48.25 52.44 3.63 5.83 0.002720 0.001000 22.76 54.43 0.12 0.0030
6H-3, 0.65 48.65 52.84 4.55 9.63 0.004510 0.001390 18.82 49.97 0.19 0.0049
6H-3, 1.05 49.05 53.24 4.86 10.81 0.005150 0.001330 15.33 42.05 0.18 0.0056

154-929C-
7H-1, 0.20 60.20 65.09 4.44 8.45 0.004010 0.001060 14.99 37.64 0.11 0.0044
7H-1, 0.50 60.50 65.39 5.01 8.79 0.004260 0.001340 20.04 54.95 0.17 0.0046
7H-1, 0.75 60.75 65.64 3.97 7.04 0.002530 0.000708 14.66 37.09 0.16 0.0028
7H-1, 1.00 61.00 65.89 3.81 8.36 0.003340 0.000915 16.22 43.97 0.20 0.0036
7H-1, 1.15 61.15 66.04 6.37 14.29 0.005730 0.001620 15.40 39.49 0.30 0.0062
7H-1, 1.30 61.30 66.19 4.78 9.93 0.004510 0.001110 19.36 34.09 0.17 0.0049
7H-2, 0.20 61.70 66.59 4.15 8.24 0.003300 0.000815 13.33 32.54 0.18 0.0036
7H-2, 0.40 61.90 66.79 5.87 14.27 0.005800 0.001330 12.47 33.10 0.27 0.0063
7H-2, 0.80 62.30 67.19 5.03 11.84 0.005360 0.001200 12.64 32.56 0.24 0.0058
7H-2, 1.20 62.70 67.59 2.69 5.36 0.002490 0.000726 14.60 33.97 0.19 0.0027
7H-3, 0.55 63.55 68.44 4.93 11.91 0.005100 0.001280 13.46 35.37 0.23 0.0055
7H-4, 0.55 65.05 69.94 3.89 6.97 0.002980 0.000942 17.91 45.55 0.12 0.0032
7H-4, 1.00 65.50 70.39 3.99 7.78 0.003030 0.000842 15.96 41.87 0.15 0.0033
7H-5, 0.65 66.65 71.54 4.79 8.14 0.003450 0.001400 26.53 61.01 0.13 0.0038
7H-6, 0.80 68.30 73.19 4.67 11.15 0.007460 0.003360 34.01 66.68 0.16 0.0081
8H-3, 0.75 73.25 78.40 4.40 9.54 0.002760 0.000762 15.49 40.23 0.15 0.0030
8H-6, 0.80 77.80 82.95 4.58 6.89 0.002560 0.000861 20.91 51.04 0.12 0.0028
9H-2, 0.80 81.30 86.84 4.28 6.79 0.003790 0.001030 15.70 40.93 0.14 0.0041
9H-4, 0.75 84.25 89.79 4.96 7.52 0.003410 0.000960 16.76 41.43 0.07 0.0037

Core, section, 
interval (cm)

Depth 
(mbsf)

Depth 
(mcd)

khf
(m3/kg × 10–8)

klf
(m3/kg × 10–8)

Ms
(Am2/kg)

Mrs
 (Am2/kg)

Hc
(mT)

Hcr
(mT)

ARM
(A/m)

Magnetite
 (%)

Table 1 (continued).
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Specifically,

klf = kpara + kdia + kantiferro + kferri,

where kpara, kdia, kantiferro, and kferri are the contributions of the para-
magnetic, diamagnetic, antiferromagnetic, and ferrimagnetic suscep-
tibilities, respectively. The high-field susceptibility, khf, at fields
above the saturation magnetization, Ms, of the ferrimagnetic miner-
als is

khf = kpara + kdia + kantiferro,

so that

kferri = klf – khf.

The results of high-field and low-field measurements are sho
in Table 1. The high-field susceptibilities as a function of the lo
field values for the different lithological types are given in Figure 
and Table 2. The discrimination is excellent. Light-colored litho
gies have the lowest klf and khf and the dark-colored lithologies hav
high klf and khf. The correlation between klf and khf is high (R = 0.77
for a logarithmic curve fit), which demonstrates that the magnitud
both klf and khf is strongly affected by the dilution of diamagnetic c
cite (kdia).

The ferrimagnetic contribution (klf – khf) in percent of klf is plotted
vs. klf in Figure 3B. The ferrimagnetic contribution is high, betwe
33.5% and 85.8% (mean = 58.5%). The mean values for the diffe
lithological types (dark = 62.5%, medium = 59.4%, light = 52.8
are clearly different and the correlation between kferri (%) and klf is
significant (R = 0.85 for a logarithmic fit; Fig. 3B).

Anhysteretic Remanent Magnetization

ARM magnitude depends slightly on the calcium carbonate c
centration (Table 2). Mean values are 0.17 A/m for dark and inter
diate layers and 0.14 A/m for light layers. The highest ARM val
are reached in dark layers, but the difference between the ARM
dark and light layers is not significant.

Acquisition of pARMs was performed on 12 samples (Fig. 4). 
though the shape of the acquisition curves varies considerably
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maximum pARM that can be imparted is centered between 20 and
mT for all of the samples. This is typical of pseudosingle-doma
(PSD) magnetite with a grain size between 2 and 3 µm (Jackson e
1988, 1989). The shallow slopes of the curves at higher AFs repres
sediments with a broader range of coercivities and, hence, grain s
than sediments from which the steep curves were obtained.

Hysteresis Characteristics

Hysteresis parameters for each sample are listed in Table 1. Th
examples of complete hysteresis loops after correction for the pa
magnetic slope of the curve above the saturation magnetization 
shown in Figure 5. The coercivity, Hc (average = 16.9 mT), the coer-
civity of remanence, Hcr (average = 42.8 mT), the saturation magne
tization, Ms (average = 0.0066 Am2/kg) and the saturation rema-
nence, Mrs (average = 0.00168 Am2/kg) are typical for PSD to fine
PSD magnetite (e.g., Day et al., 1977; Dunlop, 1986; Borradaile
al., 1993; Roberts et al., 1995). Three loops that cover the entire sp
trum of observed hysteresis properties are shown in Figure 5. Sam
154-929D-3H-1, 135 cm, has the largest observed coercivity valu
the highest Mrs /Ms ratio, and the lowest Hcr/Hc ratio (Fig. 5A). These
parameters suggest the presence of fine-grained single domain (
magnetite or pyrrhotite. No other sample with similar properties w
found. Sample 154-929D-2H-3, 80 cm, has average hysteresis va
and is typical of fine-grained PSD magnetite (Fig. 5B).The hystere
properties of most of the samples are similar. The third examp
(Sample 154-929D-1H-3, 105 cm) has low coercivities, a low Mrs /Ms

ratio, and a high Hcr/Hc ratio, which is indicative of coarse-grained
PSD magnetite. The paramagnetic slope has been subtracted from
loops, therefore the hysteresis parameters indicate the physical p
erties of the remanence carriers only. All of these intrinsic propert
vary systematically among the different lithologies (Table 2), whic
is apparently a result of dilution by calcium carbonate. The ratios b
tween these measurements (Hcr/Hc and Mrs /Ms) are independent of
concentration and, although there is a tendency toward higher Hcr/Hc

ratios in the darker layers, a striking correlation between the rat
and lithology does not exist (Fig. 6). The grain size dependence
Hcr/Hc and Mrs/Ms can be used to estimate the domain state of t
magnetic carrier (Day et al., 1977; Dunlop, 1986). The boundaries
Figure 6 delimit SD, PSD, and multidomain (MD) magnetite. Thes
categories represent the increasing grain size of individual magne
grains if the grains have similar internal dislocation densities, stre
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histories, stoichiometry and oxidation states. The boundaries are
somewhat artificial, especially for the PSD-SD case in which grain
shape can be influential (Butler and Banerjee, 1975). A plot of the
hysteresis ratios shows that all of the samples (except one) plot in the
PSD field. The diagonal trend from SD to MD fields indicates a range
of grain sizes. Dark layers and light layers cannot be distinguished
based on their magnetic grain size.

The presence of very fine grains and more specifically high Mrs/
Ms values is rather unusual in sedimentary sequences. Very fine
grains with this range of values would be observed if magnetite was
of magnetotactic origin. However, the diagram in Figure 6 also shows
that there is a large variability in grain sizes, which is difficult to rec-
oncile with this hypothesis. Alternatively, the high Mrs/Ms ratios
could indicate the presence of iron sulfides like greigite. This hypoth-
esis was initially envisaged as a cause of the remagnetization of the
natural remanent magnetization (NRM) at all the sites drilled during
Leg 154. The presence of this mineral is not compatible with the
characteristics of the stepwise thermal demagnetization of the NRM
performed on board (Curry, Shackleton, Richter, et al., 1995). The
demagnetization curves display a single component of magnetization

Figure 2. Whole-core (small dots) and discrete (large dots) low-field mag-
netic susceptibility variation vs. depth. Spliced section from Holes 929C and
929D. Depth scale is in meters composite depth (mcd). Whole-core suscepti-
bilities are in volume SI units and discrete measurements are mass suscepti-
bilities.
beyond 100°−200°C with a single Curie temperature at 500°−580°C.
The same experiments performed on very dark layers revealed dif
ent characteristics that point to pyrrhotite rather than greigite as 
dominant iron sulfide. Thus, it seems likely that sulfides were pr
served in very thin horizons when the geochemical conditions nec
sary for their preservation were met. This does not totally exclu
that sulfides may be present in various but small quantities at a
stratigraphic level. However, the amount of material is not larg
enough to cause significant variations in susceptibility. We will s
in the next section that this view is confirmed by the thermomagne
experiments.

The saturation magnetization (Ms) and saturation remanence (Mrs)
are plotted vs. low-field susceptibility in Figure 7. Ms (which is a
measure of the concentration of ferrimagnets) and Mrs behave linear-
ly with susceptibility, which suggests that susceptibility is controlle
by ferrimagnetic concentration rather than by a shift in grain size.

Temperature Dependence of SIRM and Susceptibility

Thermal demagnetization of a low-temperature (20 K) SIRM
(Fig. 8) is used to estimate the amounts of ultrafine magnetic mat
al. The loss in remanence between 20 K and room temperature
flects the unblocking of uniformly magnetized superparamagne
(SP) grains (Néel, 1949; Cullity, 1972). The presence of the Verw
transition in all samples indicates that unoxidized grains are a
present.

The strong low-temperature dependence of susceptibility (at 7
Hz) between 20 and 100 K (Fig. 9) is caused by a superposition of
temperature dependence of paramagnetic material (Curie law) w
the temperature-independent behavior of ferrimagnetic miner
(Richter and van der Pluijm, 1994). Although the low-temperatu
demagnetization data (Fig. 8) show the Verwey transition of magn
tite at 118 K, the susceptibility curve is unaffected by any phase tr
sition (Fig. 9).

The presence of magnetite as the dominant mineral respons
for the susceptibility changes was confirmed by the results of the h
temperature experiments performed on several samples in air. 
two plots in Figure 9 show a unique and regular decrease of susc
tibility between 400° and 580 °C, the Curie temperature of magnet
Occasionally, more complex behavior was observed at low tempe
tures, which may reflect the presence of other mineralogical com
nents, but in all cases the Curie temperature of magnetite was cle
identified. The absence of relationship between the magnitude of 
susceptibility and the SIRM and the characteristics of the therm
magnetic curves is a strong indication that no other mineral besi
magnetite plays a significant role in the susceptibility variations.

DISCUSSION

Concentration of Magnetic Carrier Minerals

Most of the magnetic parameters presented above are depen
on the magnetite concentration and the mineralogical composition
the sediment, especially the calcium carbonate concentration and
magnetite concentration. Some parameters (e.g., Ms) can be directly
converted into the concentration of magnetite and others are ind
tors of the relative concentration of magnetite (e.g., k and ARM).
Magnetic grain size can be estimated from pARM curves, ratios
the hysteresis parameters (Mrs/Ms, Hcr/Hc), and concentration-inde-
pendent interparametric ratios such as SIRM/ARM, SIRM/k, and
ARM/k. The SIRM/ARM ratio varies directly with magnetic particle
size, whereas ARM/k and SIRM/k vary inversely with magnetic par-
ticle size (Robinson, 1986; Bloemendal et al., 1988; Maher, 1988

Assuming that magnetite is the only mineral that contributes 
room temperature hysteresis, the amount of magnetite can be ca
lated from the saturation magnetization extrapolated to zero fie
The percentage of magnetite in individual samples is the Ms of the
173
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Table 2. Mean values for rock magnetic parameters.

Color N
klf

(m3/kg × 10–8)
khf

(m3/kg × 10–8)
Ms

(Am2/kg)
Mrs

(Am2/kg)
Hc

(mT)
Hcr

(mT) Mrs/Ms Hcr/Hc

ARM
(A/m) ARM/klf

SIRM/k
(×10–4)

SIRM/
ARM

(×10–2)
Magnetite

(%)

dark 51 15.5 5.4 0.0086 0.0021 17.1 45.2 0.260 2.73 0.17 0.0114 1.39 1.33 0.0094
transition 24 12.1 4.8 0.0066 0.0018 18.6 44.2 0.278 2.53 0.17 0.0140 1.47 1.17 0.0072
light 39 8.7 4.0 0.0040 0.0010 15.6 39.0 0.276 2.51 0.14 0.0170 1.18 0.75 0.0043
total 114 12.6 4.8 0.0066 0.0017 16.9 42.8 0.267 2.61 0.16 0.0138 1.33 1.10 0.0072
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sample divided by the Ms of pure magnetite (92 Am2/kg), multiplied
by 100 (Table 1). The magnetite concentration of the Site 929 sam-
ples determined by this method is low and varies from 21 ppm to 257
ppm (mean = 72 ppm). On a small scale, the magnetite concentration
is a function of lithology (Table 2), with highest concentrations in the
dark layers and lowest concentrations in the light, calcium carbonate-
rich layers (Table 2; Fig. 10). The magnetite concentration decreases
downhole, which is similar to the trend of the downhole distribution
of magnetic susceptibilities (compare Fig. 2) and is also consistent
with the slight downhole increase in calcium carbonate concentration
(Curry, Shackleton, Richter, et al., 1995). Between 25 and 35 mcd,
the magnetite concentration is above average, and below this depth
drops constantly to its lowest values.

Grain Size of the Magnetic Carriers

The pARM measurements indicate a magnetic grain size of about
2−3 µm (Fig. 4). Hysteresis parameters (Fig. 6) indicate a magn
grain size in the PSD field (0.1−20 µm), which is consistent with the
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Figure 3. A. High-field vs. low-field susceptibility. B. Percent ferrimagnetic
contribution to the low-field susceptibility vs. low-field susceptibility. Open
circles = light, calcium-carbonate rich layers; crosses = intermediate layers;
black squares = dark, calcium-carbonate poor layers.
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pARM measurements. The low-temperature SIRM and susceptibil
data also yield evidence for the presence of SP grains (Figs. 8, 9)

Variations in magnetic grain size and concentration were asses
in a bilogarithmic plot of susceptibility vs. SIRM (Fig. 11). Thomp-
son and Oldfield (1986) calibrated this plot for magnetic grain siz
and concentration. However, they used a volume susceptibility i
stead of the mass susceptibility used in this study, requiring a qua
tative interpretation of the diagram. In the diagram, dark layers ha
higher susceptibilities and saturation remanences, and hence, hig
magnetite concentrations than the light layers. The magnetic gra
size shows about the same scatter in the dark and the light layers

Average values of the SIRM/ARM, SIRM/k, and ARM/k ratios
for dark and light layers (Table 2) indicate that lighter layers have
reduced particle size and darker layers have an increased part
size. The ratios SIRM/ARM and SIRM/k are plotted as a function of
depth in Figure 12. Small-scale variations were eliminated by a 
point smoothing of the data. Both indicators of grain size correla
extremely well (correlation coefficient R = 0.80) and have basical
identically shaped curves. The magnetic grain-size distribution 
quite different from the magnetic concentration profile (compare Fi
10), which means that periods of high magnetite input do not coinci
with the deposition of coarser particle sizes. The particle size dist
bution shows three pronounced maxima at 20, 27, and 50 mcd, a
one minimum at 67 mcd.

Sources of Magnetic Susceptibility

Because we found no evidence of antiferromagnetic grains, t
previous equation for low-field susceptibility is reduced to

klf = kpara + kdia + kferri;

therefore, it is assumed that

klf = clay + calcite + magnetite.

Due to the high magnetic susceptibility of magnetite (2 × 10–4 − 11
× 10–4 m3/kg; e.g., Hunt et al., 1995), its contribution to the magnetic
susceptibility signal is high despite its low concentration (58% contri-
bution for 72 ppm concentration on average). In dark, carbonate-poor
layers, the magnetite concentration is about twice as high as in the car-
bonate-rich, light-colored layers (94 ppm vs. 43 ppm) and its contribu-
tion to magnetic susceptibility is about 10% higher (62% vs. 52%). The
concentration of the diamagnetic calcium carbonate varies between 3%
and 50% in this part of the section. The magnetic susceptibility of cal-
cium carbonate is negligible compared to the susceptibility of magne-
tite and clay and merely dilutes the magnetic susceptibility signal.

Magnetite is the major contributor to the magnetic susceptibility
and, although it does not control it completely, the magnetite concen-
tration and magnetic susceptibility correlate extremely well (Fig. 13).
Linear regression (R = 0.94) and interpolation to zero magnetite con-
centration indicates a background susceptibility of 4.53 × 10–8 m3/kg
(about 120 × 10–6 vol SI), consistent with expected values of phyllo-
silicates (Borradaile and Werner, 1994). Natural gamma-ray emis-
sion data that were measured during Leg 154 together with magnetic
susceptibility measurements are shown in Figure 14. Both curves are
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Figure 4. pARM curves of selected samples. The maxi-
mum pARM acquisition is at 20−30 mT, which indi-
cates a PSD grain size in the order of 2−3 × µm 
(Jackson et al., 1988, 1989).
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Figure 5. Three examples of hysteresis loops (corrected for paramagnetic
slopes). Samples 154-929D-3H-1, 135 cm (top) and 154-929D-1H-3, 105 cm
(bottom) have the most extreme properties, whereas Sample 154-929D-2H-
3, 80 cm (middle) is close to the average.
smoothed (10-point) to eliminate small-scale variations. Natural
gamma-ray emission measures the occurrence of clay minerals that
contain radiogenic isotopes (K, Th, and U). These minerals also tend
to have high paramagnetic susceptibilities and are accompanied by
magnetite or other magnetic minerals. The clay mineral concentra-
tion of the Ceara Rise sediments is dependent on terrigenous mineral
input from the Amazon River. The terrigenous contribution increased
during periods of low sea level and decreased during periods of high
sea level. The good general correlation between the natural gamma
and the susceptibility records on the one hand, and the susceptibility
and magnetite concentration on the other hand, indicates that the
magnetite concentration is directly controlled by fluctuations in sed-
iment from the Amazon River.

SUMMARY AND CONCLUSIONS

We investigated the rock magnetic properties of samples from
Site 929 on the northern flank of the Ceara Rise in order to obtain in-
formation about the relationship between climate-induced sedimen-
tation variability and changes in the magnetic properties of the rocks.
All magnetic properties, whether dependent on concentration, grain
size, or composition, vary on small (half-meter) and larger scales re-
flecting fluctuations in the sedimentary input from the Amazon Riv-
er. Our investigations demonstrate the following points.

1. Volume susceptibilities measured on the shipboard multisen-
sor track correlate well with mass susceptibilities obtained
from discrete samples. The discrete mass susceptibilities are of
high accuracy and the excellent correlation with the shipboard
data confirms the quality of the pass-through measurements.

2. Rock magnetic measurements and parameters correlate with
small-scale cyclic variations in the sediment.

3. Low-temperature demagnetization data show the Verwey tran-
sition, which is indicative of magnetite.

4. We estimate from the saturation magnetization that the aver-
age magnetite concentration is 72 ppm. The magnetite concen-
tration decreases downhole and is higher in darker, calcium
carbonate-rich layers than in lighter calcium carbonate-poor
layers. The linear correlation between magnetic susceptibility
and magnetite concentration and extrapolation to zero percent
magnetite determined a background susceptibility of 4.53 ×
10–8 m3/kg.

5. The results of high-field and low-field measurements indicate
that the magnetic susceptibility signal is dominated by magne-
tite. Magnetite contributions are 10% higher in dark layers
than in light, carbonate-rich layers.

6. Hysteresis properties and partial anhysteretic magnetizations
indicate that magnetite is of pseudosingle domain size.
175
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7. Variations in magnetic grain size were investigated using con-
centration-independent SIRM/ARM and SIRM/k ratios. Both
ratios display excellent agreement and exhibit small-scale and
large-scale variations in grain-size distributions.

8. The clay and magnetite concentrations of the Ceara Rise sedi-
ments are controlled by terrigenous mineral input from the
Amazon River, which increased during periods of low sea lev-
el and decreased during periods of high sea level.
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Figure 9. Low-temperature susceptibility curves between 20 and 300 K. The rapid susceptibility loss between 20 and 60 K is probably caused by SP grains. The
weaker susceptibility decay between 60 and 300 K is caused by the paramagnetic clay minerals. Note that the Verwey transition is not observed.
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Figure 10. Concentration of magnetite as a function of depth. Values are cal-
culated from the saturation magnetization under the assumption that magne-
tite is the only magnetic carrier mineral.
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Figure 11. Bilogarithmic susceptibility vs. saturation remanence plot. Sym-
bols are the same as in Figure 3. High magnetite concentrations plot toward
the top right and low concentrations toward the bottom left of the diagram.
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Figure 14. Spliced shipboard natural gamma-ray emission and magnetic susceptibility data (10-point smoothed) from Holes 929C and 929D on the mcd scale.
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