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Laboratory depositional and compaction-caused inclination
errors carried by haematite and their implications in identifying
inclination error of natural remanence in red beds
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SUMMARY

Undetected depositional and/or compaction-caused inclination errors may result in an overes-
timation of tectonically caused latitudinal offset. Hodych & Buchan used a single-component
isothermal remanent magnetization (IRM) acquired in a DC field at a 45° angle to the bedding to
test for inclination errors in Silurian red beds. This approach was criticized by Stamatakos et al.
We produced synthetic depositional and compaction-caused inclination errors to test Hodych
and Buchan’s approach. Red bed samples collected from the Eocene Suweiyi Formation, Tarim
Basin (northwest China) were disaggregated using an ultrasonic cleaner and the sediments were
mixed with distilled water to make a sediment slurry. The sediment slurry spontaneously sep-
arated into silt-dominated and clay-sized parts, so deposition and compaction experiments
were conducted with three categories of slurries: coarse grained, the fine grained and a 1:1
volume ratio mixture of the coarse- and fine-grained slurries. During compaction clay-sized
sediments experienced 17°—19° inclination shallowing at 58° magnetic field inclination, while
coarser sediments showed little laboratory compaction-caused inclination error. Acquisition
of IRM, coercivity spectra and unblocking temperature spectra reveal that the magnetic carrier
for the fine-grained sample is dominated by pigmentary haematite. A deposition experiment
was also conducted with the coarse-grained sediments, which showed a range of depositional
inclination error, ~0°-30°, carried by larger high unblocking temperature/coercivity particles.
The intermediate unblocking temperature (or coercivity) component carried presumably by
pigmentary haematite is an accurate record of the ambient magnetic field direction. Our data
indicate that the single-component IRM method of Hodych & Buchan can be used to identify
and correct for the compaction-caused inclination error of the fine-grained samples, while it
failed to detect any depositional inclination error in the coarse-grained samples. Therefore, to
better quantify the inclination error in red beds, it is suggested that multiple IRMs be measured
in various directions.

Key words: compaction, deposition, inclination error, magnetic anisotropy, palacomagnetism,
red beds.

1 INTRODUCTION

The fidelity of sedimentary detrital remanent magnetization (DRM)
inrecording the geomagnetic field has been a major concern for over
30 years (see, e.g., Verosub 1977, for review). Inclination error in
sedimentary rocks has been attributed to both depositional processes
and post-depositional processes. Post-depositional realignment of
magnetic particles may decrease or eliminate a depositional error,
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leaving compaction as the main cause of inclination error in sed-
imentary rocks (e.g. Verosub 1977; Arason & Levi 1990; Sun &
Kodama 1992).

Compaction-caused inclination shallowing in magnetite-bearing
sediments depends on non-magnetic grain size, clay content and
electrochemical properties (Eh-pH) of the pore fluids (Anson
& Kodama 1987; Deamer & Kodama 1990; Lu et al. 1990;
Kodama & Sun 1992; Sun & Kodama 1992). Jackson ef al. (1991)
proposed a theoretical model to correct inclination error in sedi-
ments independent of the mechanisms causing the inclination er-
ror, assuming single-domain or pseudo-single-domain magnetite
particles:
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where ARM, and ARM, are normalized minimum and maximum
anhysteretic remanent magnetizations (ARMs) in the vertical and
horizontal directions, respectively, in bedding coordinates, and ‘a’
is the ARM anisotropy factor of individual magnetic grains. Since
ARM is most easily applied to low-coercivity, ferrimagnetic grains,
this correction is effectively only useful for magnetite-bearing rocks.

In contrast to magnetite-bearing sedimentary rocks, the correc-
tion for inclination error in haematite-bearing rocks has not been
well studied. Although depositional inclination error has been ob-
served in both modern fluvial deposits and laboratory redeposition
experiments (e.g. Tauxe & Kent 1984; Lovlie & Torsvik 1984), little
is known concerning the effect of compaction on the palacomag-
netic inclination of red beds. Tauxe et al. (1990) tried to measure
the IRM anisotropy of the high-coercivity Siwalik red bed samples
to determine the origin of remanence, but they were unsuccessful
in obtaining a complete remanence anisotropy tensor from a single
haematite-bearing sample. They found the ‘memory effect’ that the
IRM acquired tended to be strongest in the first orientation, so that
the resulting anisotropy tensor did not accurately measure the rock
fabric. To avoid this problem, Hodych & Buchan (1994) measured
a partial anisotropy of IRM in haematite-bearing samples by im-
parting IRM in increasingly greater magnetic fields at 45° to the
bedding plane of the Silurian Springdale Group red bed samples
from Newfoundland. Palacomagnetic studies (Hodych & Buchan
1994; Potts et al. 1994) indicate that these rocks have anomalously
shallow inclinations although the palaecomagnetic direction from
volcanic rocks has large errors (Potts et al. 1994) probably caused by
secular variations. In Hodych & Buchan (1994), eq. (1) reduces to
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assuming an infinite ‘a’ factor for haematite particles, and liry 45
as the inclination of IRM acquired in a magnetic field that has a 45°
inclination to the bedding plane. Although the general equation for
inclination shallowing correction of red beds is different from the
magnetite equation (Tan 2001; Tan & Kodama 2002a), for an infi-
nite ‘a’ factor for magnetite and haematite particles, the correction
equation becomes the same as eq. (2). Stamatakos et al. (1994) have
criticized Hodych & Buchan’s approach because the magnetic field
used did not saturate the magnetization of the sample so that not all
the magnetic grains (including the characteristic remanent magneti-
zation, ChRM-carrying particles) had been magnetically activated.
The single-component IRM technique does not allow the anisotropy
tensor to be determined.

Van der Voo et al. (1995) compared red bed palacomagnetic incli-
nations with palaeomagnetic inclinations of coeval igneous rocks.
Their data suggest that inclination shallowing is not important in
natural red beds. However, owing to the low reliability and shallow
inclination of some of the data sets, their results are not conclusive.
In fact, anomalously shallow inclinations in red beds have been
observed globally, e.g. in Newfoundland, Spain and the Alpine—
Himalayan mountain belt ranging from Iberia to Parmir (Li et al.
1988; Pozzi & Feinberg 1991; Chen et al. 1992, 1993; Thomas et al.
1993; Bazhenov 1993; van der Pluijm et al. 1993; Bazhenov et al.
1994; Stamatakos et al. 1995; Garces et al. 1996; Gilder et al. 1996;
Chauvin et al. 1996).

Particularly intriguing are red beds from central Asia ranging
from Jurassic to Tertiary in age. Anomalously shallow inclinations
have been observed in red beds from the Tarim basin, Fergana basin,

Tadzhik basin, Kirgiz Tien Shan, the Ghissar Range (the western-
most part of the Tien Shan fold belt) and the Himalayan foreland
basins (Li et al. 1988; Pozzi & Feinberg 1991; Chen et al. 1992,
1993; Butler 1992; Bazhenov 1993; Thomas et al. 1993; Bazhenov
et al. 1994; Chauvin et al. 1996; Gilder et al. 1996; Rosler & Appel
1998; Gautam & Fujiwara 2000; Ojha et al. 2000). These rocks have
inclinations 15°-30° shallower than the expected inclination from
reference Eurasian palaeopoles (e.g. Besse & Courtillot 1991). Sev-
eral explanations have been proposed, including continental short-
ening (e.g. Chen ez al. 1993), a deflected non-axial geocentric dipole
(Westphal 1993), a standing non-dipole field component (Chauvin
et al. 1996), an undetected geological structure that may have ac-
commodated the amount of northward transportation of the various
continental blocks (Halim et al. 1998), and a non-rigid Eurasian
plate (Cogne et al. 1999). There is a growing consensus that the in-
clinations of Cenozoic red beds from Central Asia are anomalously
shallow, although there is no conclusive explanation for this obser-
vation (Butler 1992; Thomas ez al. 1993; Chauvin et al. 1996; Gilder
et al. 1996; Fang et al. 1997; Kodama & Tan 1997; Rosler & Appel
1998; Gautam & Fujiwara 2000; Ojha et al. 2000). Nevertheless,
the rock magnetic effects on inclination shallowing should be fully
explored before other hypotheses can be adequately evaluated.

The natural remanent magnetization (NRM) of red beds can be
either a detrital (depositional or post-depositional) remanence or
a chemical remanence (CRM). Burial mechanical compaction can
only affect red bed remanence if it is a DRM or a CRM that was ac-
quired early in the post-depositional history of the sediment. Some
workers have suggested that red bed remanence is acquired chem-
ically over long periods of time (Walker et al. 1981; Larson et al.
1982); others have suggested that haematite-bearing sedimentary
rocks carry a DRM (Elston & Purucker 1979; Tauxe et al. 1980;
Steiner 1983; Maillol & Evans 1992; Garces et al. 1996). While a
CRM red bed remanence could be acquired long after deposition,
some palacomagnetic studies of red beds suggest that a chemical
remanence was acquired before burial by only 1 m of overburden
(Liebes & Shive 1982). In this case even a CRM could be reoriented
to shallow inclinations by subsequent burial compaction. Deposition
ofhaematite-bearing sediments occurs in many modern depositional
environments. Recent measurements of AMS carried by haematite
particles in the Carboniferous Mauch Chunk Formation (Tan &
Kodama 2002b), Cretaceous Kapusaliang Group (Tan ef al. 2002)
and Triassic Passaic Formation (our unpublished data) all showed
depositional fabrics, suggesting that DRM in red beds is more com-
mon than CRM.

To test the possible effects of compaction on depositional rema-
nence in red beds, three groups of compaction experiments were
conducted with sedimentary slurries made from disaggregated ma-
terial from the Eocene red beds of the Suweiyi Formation, Tarim
basin, northwest China. The results reported here indicate that the
compaction-caused inclination error depends on the sediment grain
size, and that clay-sized haematite-bearing sediments may suffer
significant inclination shallowing. The compaction-caused inclina-
tion shallowing of fine-sand and silt-sized sediments is shown to be
negligible, but the coarse-grained red beds may suffer significant
depositional inclination error. Finally, use of the single-component
IRM method (Hodych & Buchan 1994) to test inclination error in
red beds is not always successful.

2 SAMPLE DESCRIPTION

Samples were collected from a road cut in the Kuche river section
located in the Kuche depression near the northern boundary of the

© 2002 RAS, GJI, 151, 475486
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Figure 1. (a) IRM acquisition and back field demagnetization of the
Suweiyi Formation red bed samples and (b) thermal demagnetization of
NRMs and IRMs acquired ina 1.2 T field indicate haematite is the dominant
magnetic mineral.

Tarim basin. The Kuche depression formed during Neogene thrust-
ing in the Tian Shan caused by the Indo—Eurasian collision and
contains exposures of Mesozoic and Cenozoic fluvial and alluvial
deposits. The Suweiyi Formation is among the youngest strata of the
Late Jurassic to Early Tertiary fluvial red bed sequences. Detailed
palacomagnetic study and inclination correction for the natural rock
samples of the Suweiyi Formation will be presented elsewhere.

The narrow unblocking temperature spectrum at 640-680°C
(Fig. 1), suggests that the natural remanence of the red beds is car-
ried exclusively by haematite. The unblocking temperature spectra
of two-component IRMs are distributed over a wide temperature
range, up to 700°C (Fig. 1). Acquisition of IRM does not reach sat-
uration at the field of 1.3 T, and the back field to remove the IRM
acquired at the highest field is greater than 0.2 T. The high-saturation
field (>1.3 T) and high coercivity also suggest that haematite is the
dominant magnetic mineral in the samples.

Samples of the Suweiyi Formation were crushed into small frag-
ments ~5 mm in size and disaggregated using an ultrasonic device.
Extreme care was taken to avoid any contamination of the samples
during the fragmentation and disaggregation processes. The grain
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shape and the character of the silt and fine-sand grains were checked
frequently under an optical microscope to determine whether the
grains were completely liberated from the matrix of the rock. A
sediment slurry was made using distilled water and the disaggre-
gated particles. The slurry spontaneously separated into clay-sized
and silt-sized fractions (Fig. 2), and the laboratory redeposition and
compaction experiments proceeded using three different slurries: a
fine-grained slurry, a coarse-grained slurry, and a one-to-one vol-
ume mixture of the fine- and coarse-grained fractions. The mixture
had less coarse-grained material than the grain size distribution of
the original sample; therefore the slurry mixture does not represent
the character of the original sediment. The study, however, should
provide insights into the compaction behaviour of red beds, and
more importantly, the methodology for checking and correcting any
inclination error.

3 DEPOSITION AND COMPACTION
EXPERIMENTS

3.1 Compaction-caused inclination shallowing

3.1.1 Redeposition and DRM/pDRM acquisition

The sediment slurries were poured into a 15.8 mm diameter acrylic
cylindrical sample holder in a magnetic field with a 58° inclination
controlled by Helmholtz coils. The intensity of the magnetic field
was 80 pT, which is slightly stronger than the present Earth’s sur-
face magnetic field. Filter papers and porous stones with very weak
remanent magnetizations (<5 x 107! A m?) were placed under
and on the top of the slurry sample to allow water to drain during
compaction (Anson & Kodama 1987). Remanent magnetizations
were measured using a CTF two-axis cryogenic magnetometer. The
slurries initially acquired magnetizations with inclinations 5°—6°
shallower than the laboratory field. After approximately an hour,
the magnetization reoriented to be nearly parallel to the laboratory
field, presumably caused by post-depositional realignment of fine
haematite particles.

3.1.2 Compaction

After the slurries had acquired their magnetization parallel to the
ambient magnetic field, they were compacted using a water tank
consolidometer (see Hamano 1980; Anson & Kodama 1987). The
magnetic field was kept constant during compaction. The pressure
on the slurry was increased at a rate of 0.008 MPa h~!, which was
controlled by adjusting the drip rate of water into the water tank. The
volume and remanent magnetization of the sample were measured
ten times at various stages of compaction.

The volume loss as a function of pressure is shown in Fig. 3(a) for
all three groups of sediments. For half of the samples, compaction
did not start until the friction between the filter paper and plunger
was overcome at pressures greater than 0.03 MPa. For the remaining
samples approximately half of the total volume loss occurs at a
pressure of around 0.04 MPa. As the pressure increases, incremental
volume loss decreases and reaches zero at the highest pressures. The
total volume loss for a sample is proportional to the initial water
content (the weight ratio of water to dry sediment) and inversely
proportional to the sediment grain size. The fine-grained samples
containing 270 per cent water content experienced a total volume
loss of 75 per cent, while the coarse-grained sample with 35 per
cent initial water content only experienced a total volume loss of
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Figure 2. Grain size distributions of the disaggregated whole rock samples, the fine (clay-sized) and the coarse part of the slurries. Grain size (mm) (%)d’.

12 per cent. The mixture of coarse- and fine-grained sediments,
which had an initial water content of 65 per cent, lost 35 per cent of
their volume.

The amount of inclination shallowing of remanent magnetization
is proportional to the volume loss and pressure (Figs 3b and c). A
significant amount of inclination shallowing may occur at low pres-
sures and volume loss; however, inclination shallowing does not
seem to stop at the highest pressures. For all three groups of sedi-
ments, the inclination shallowing is more significant at the volume
losses that occur at the final stages of compaction.

Sediment grain size is a critical factor controlling the amount
of compaction-caused inclination shallowing. For the fine-grained
samples, inclination shallowing can be as great as 17°-19° when
the initial inclination is ~58°. Inclination shallowing of the coarse-
grained sample is only 3°. The mixture of one-to-one (by volume)
coarse- and fine-grained slurries only experienced 6° inclination
shallowing at a total volume loss of 35 per cent. In summary, our
laboratory compaction experiments indicate that significant incli-
nation shallowing of the haematite-bearing sediments occurs only
in the clay-sized sediments at high-volume losses (>50 per cent).

3.2 Depositional inclination shallowing

Although the coarse-grained slurry showed little compaction-caused
inclination shallowing, it could have suffered from a significant de-
positional inclination shallowing, as suggested by previous studies
of modern river deposits and laboratory redeposition experiments
(Tauxe & Kent 1984; Lovlie & Torsvik 1984; Rosler & Appel 1998).
Remanence carried by haematite particles (pigmentary and spec-
ularite) in modern fluvial deposits is indeed a DRM (e.g. Tauxe

& Kent 1984; Rosler & Appel 1998). The coarse-grained slurry
was used in a series of redeposition experiments. In these experi-
ments, the slurry was poured into the top of a 7.5 cm high water
column in a cylindrical sample holder (the same one used in the
compaction experiment). The particles settled by gravity to the bot-
tom of the sample holder in the same magnetic field as used in the
compaction experiment. The amount of inclination shallowing ob-
served depended on the sediment accumulation rate, which ranged
from 5 to 0.5 mm min~!. The inclination measured after deposition
ranged from 28° to 65° (Table 1). The highest depositional rates
caused the greatest inclination error. Samples were then compacted
to remove most of the water in the column. The inclinations were
subsequently shallowed by only 0°—2° caused by compaction. After
being air-dried in the same magnetic field, samples were coated with
water glass (40 per cent sodium silicate (Na,SiOs) solution). Dur-
ing drying and coating, samples experienced only a few degrees of
variation in magnetization direction, indicating that the drying pro-
cess and/or water glass coating only slightly affected the orientation
of the magnetic particles. After the water glass coating was dried,
samples were subjected to either thermal (using a TSD-1 thermal
demagnetizer) or alternating field (AF) (using a GSD-5 AF demag-
netizer) demagnetization.

4 MAGNETIC STABILITY OF
SYNTHETIC REMANENCE

Kodama & Davi (1995) have shown that the remanent magneti-
zation of their laboratory redeposited and compacted magnetite-
bearing samples from the Cretaceous Pigeon Point Formation con-
sisted of two components, one of which was a large viscous

© 2002 RAS, GJI, 151, 475486
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Figure 3. (a) Curves showing the relationship between volume loss and
pressure. Most of the volume loss occurs at a pressure below 0.05 MPa. At
higher pressures, incremental volume loss decreases to zero. Volume loss is
a function of sediment grain size and water content of the sediments. The
fine-grained sediments (sample Red10, Red12, Red14) experienced 75 per
cent volume loss, while the coarse-grained sediments (sample Red1) expe-
rienced only 12 per cent volume loss. The mixture (sample Red16) of fine-
and coarse-grained sediments lost 35 per cent of their volume. (b) Inclina-
tion variations of three groups of sediments (symbols as in (a)). Inclination
shallowing depends on the volume loss of a sediment. For fine-grained sed-
iments, inclination shallowing can reach up to 17°-19° when the initial
inclination was ~58°. Inclination shallowing of coarse-grained sediments is
amaximum of 3°. The mixture of coarse- and fine-grained sediments shows
6° inclination shallowing at 35 per cent volume loss. (c) Inclination shallow-
ing versus pressure curves, indicating that significant inclination shallowing
occurs at low pressure, yet shallowing does not stop at high pressures as long
as compaction continues.
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magnetic overprint. We conducted AF and thermal demagnetization
of our fine- and coarse-grained samples after compaction to deter-
mine whether they had also acquired a large secondary overprint
during compaction. Demagnetization should also be able to isolate
the contributions of fine- and coarse-grained haematite particles to
the observed depositional inclination error, and reveal some features
of depositional error, which may be useful for recognizing natural
depositional inclination error in red beds.

4.1 Stability of compaction-shallowed inclination

For samples that suffered significant compaction-caused inclination
shallowing, the direction of remanent magnetization remains nearly
unchanged during stepwise AF and thermal demagnetization while
the remanent intensity decays gradually (Fig. 4). The inclination ap-
pears to steepen at the highest-temperature demagnetization steps
(600, 650, 700 °C), but this is an artefact of the low-magnetic inten-
sity and large measurement error. In addition, AF demagnetization
reveals that particles over arange of coercivities carry the same shal-
low direction. These results indicate that all the magnetic grain sizes
in the sample have experienced approximately the same magnitude
of inclination error.

The presence of relatively low coercivities and unblocking tem-
peratures revealed by demagnetization could suggest the presence of
magnetite, yet acquisition of IRM, back field demagnetization and
thermal demagnetization of two orthogonal components of IRM
indicate that the contribution of magnetite to the remanent magne-
tization of a sample is negligible (Fig. 5). Introduction of magnetite
during laboratory procedures can also be ruled out. The distributed
IRM unblocking temperature and coercivity spectra are typical of
pigmentary haematite, which has also been observed in modern river
deposits (e.g. Tauxe & Kent 1984). The patterns of unblocking and
coercivity spectra are probably caused by the gradual diffusion of
defect moments in the pigmentary haematite (Dunlop 1972; Dekkers
& Linssen 1989). For the natural samples, most of the intensity of
ChRM was removed between ~620 and 680 °C (Fig. 1), suggest-
ing that large-grained haematite (specularite) is present in the rock
samples (Collinson 1974; Dekkers & Linssen 1989). Thermal de-
magnetization also shows that large haematite particles are present
in the coarse-grained part of the redeposited slurry (Fig. 6). Exper-
iments on the Cretaceous Ladd Formation (Tan & Kodama 1998),
the Triassic Daye Formation (Tan et al. 2000), the Mauch Chunk
Formation (Tan & Kodama 2002), the Kapusaliang Group (Tan et al.
2002) and the Passaic Formation (our unpublished data) have shown
that in both magnetite-bearing and haematite-bearing samples the
induced remanence (ARM and IRM) and artificial remanence (i.e.
redeposited and compacted remanence) generally have more dis-
tributed unblocking temperature spectra than the ChRM or NRM
of the corresponding natural samples. Thus, one would not neces-
sarily expect the same unblocking spectra for the artificial rema-
nence as for the NRMs. If the intermediate temperature component
is mainly carried by pigmentary haematite, the fact that direction
does not change during demagnetization could indicate either a de-
trital origin or very early formation of the pigmentary haematite.
Formation of haematite late in the post-depositional history could
be ruled out since laboratory experiments have shown late-stage
haematite can carry multicomponent CRMs even though the ambi-
ent field remained unchanged (Heider & Dunlop 1987; Stokking &
Tauxe 1990). NRM of red beds is often not as complicated as the
laboratory-produced CRM, implying either a single generation of
CRM or simply a DRM or a pDRM.
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Table 1. Magnetic components of the laboratory depositional remanent magnetization isolated by principal-component

analysis (Kirschvink 1980).

Sample Component
Redep-1 200°C—origin
400-630°C
Redep-3 630°C—origin
300-660°C
Redep-5 630°C—origin
200-630°C
Redep-7 630°C—origin
0-630°C
Redep-8 630°C—origin
0-60 mT
Redep-2 60 mT-origin
0-100 mT
Redep-4 60 mT-origin
0-100 mT
Redep-6 60 mT-origin

Dec (deg)/Inc (deg) (MAD deg)

11.6/28.9 (3.6)
345.3/32.7 (4.6)
348.4/18.9 (4.8)
12.8/54.6 (4.1)
7.8/37.0 (4.1)
357.1/66.3 (2.4)
17.0/55.8 (4.0)
354.9/52.4 (4.2)
356.9/34.8 (4.3)
355.2/33.4 (4.6)
359.0/20.2 (3.5)
349.4/57.3 (2.6)
357.1/39.6 (3.3)
346.6/63.0 (2.7)
3.1/49.4 (2.5)

IncO (deg) Incl (deg) Inc2 (deg)
324 42.7 43.2
304 44.6 -
57.0 43.6 44.1
65.6 43.9 445
54.7 444 45.0
28.7 42.1 43.4
55.3 43.9 445
60.3 441 44.6

Note: Inc0 is the inclination of DRM (resultant of all components); Inc1 is the inclination of saturation IRM (SIRM) acquired
at 45° field inclination; Inc2 is the inclination of the high unblocking temperature component of SIRM. Samples are listed in
the order of decreasing deposition rate in the thermal demagnetization and AF demagnetization sections, respectively.
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N/H (mA m™) NRM
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Figure 4. Hyperbolic orthogonal vector end point projections of remanent magnetizations after stepwise thermal demagnetization for the fine-grained sediment
sample Red10 (a), and alternating field demagnetization for sample Red14 (b), which showed 17°—19° inclination shallowing after compaction. The solid circles
represent the vector projections on to the horizontal plane, the open circles show projection on to a vertical plane. Inclinations are also noted in (a); the errors

of inclination are less than 1°, unless otherwise indicated.

The stable directional demagnetization behaviour of the com-
pacted samples indicates that clay-sized red sediments could carry
a remanent magnetization that may have experienced significant
burial compaction-caused inclination shallowing if the pigmentary
haematite formed before significant compaction occurred.

4.2 Stability of depositional inclination error

In contrast to the single-component, fine-grained samples, most of
the coarse-grained redeposition samples, except one, carry at least
two remanence components (Fig. 6, Table 1). For most of the sam-
ples, the demagnetization trajectory can be fitted to a line, but this

line does not pass through the origin (Fig. 6). In fact, the inclina-
tion becomes shallower when demagnetization proceeds at higher
temperatures. To make an estimate of the ChRM direction, the last
several steps were used to fit the characteristic directions (Table 1).
The demagnetization behaviour indicates that for the highest un-
blocking temperature, presumably the coarsest haematite particles
suffer the most depositional inclination error, probably owing to
the gravitational force causing the basal plane of particles to settle
nearly horizontally. For the five slowly deposited samples (Redep-4
to 8), their initial remanent magnetization before demagnetization
and the intermediate temperature component are closer to the lab-
oratory magnetic field. Yet, their ChRMs can suffer a significant
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Figure 5. (a) Acquisition of IRM and back field demagnetization curves
for a fine-grained sample. IRM is not saturated at the highest impulse field
of 1.3 T. The coercivity of remanence is greater than 200 mT. (b) Thermal
demagnetization of two orthogonal IRM components acquired in 1.3 T and
50 mT in bedding parallel and bedding perpendicular directions, respectively.
These characteristics indicate that pigmentary haematite is the dominant
magnetic mineral, although the NRM demagnetization data (Fig. 1) may also
indicate the presence of high-unblocking temperature specularite grains.

depositional inclination error, up to 23°. Apparently, the finer
haematite particles are able to orient parallel to the Earth’s mag-
netic field during relatively slow deposition. Without demagneti-
zation, no depositional inclination shallowing would be observed,
and these samples would be considered to be accurate recorders of
the Earth’s magnetic field. After demagnetization, the intermediate
temperature component is, in fact, a good proxy for the ambient
magnetic field direction.

Depositional inclination shallowing probably depends on the abil-
ity of magnetic particles to orient or reorient parallel to the Earth’s
magnetic field. The larger haematite grains are less capable of orient-
ing and reorienting parallel to the Earth’s magnetic field during and
after deposition, and therefore suffer greater inclination shallow-
ing. The faster deposition rate reduces the duration when sediments
remain at the water—sediment interface and decreases the chance
of orientation/reorientation of haematite particles. Therefore, sed-

© 2002 RAS, GJI, 151, 475-486

iments carrying specularite particles formed in a fast depositional
environment may experience significant inclination shallowing.

5 RELEVANCY TO NATURE

Our depositional inclination error is produced in conditions com-
parable to low-energy alluvial/fluvial deposition environments, in
which sediments are settled mainly by gravity on to a more or less
flat surface. A considerable depositional inclination error, typically
~15°-30°, has been observed in nature (e.g. Tauxe & Kent 1984;
Rosler & Appel 1998). In some sites of the Cretaceous Kapusaliang
Group red beds from the Tarim basin, China, fine-grained haematite
particles carry an accurate palaeomagnetic inclination (Tan et al.
2002), similar to the second laboratory deposition experiment in
which the fine-grained haematite particles (Table 1, the lower stabil-
ity component) carry the real magnetic field direction. Sedimentary
deposition rates for real strata are often extremely underestimated,
because fluvial and alluvial deposition happens in pulses and dur-
ing much of the time period of a section there is no deposition at
all. Modern fluvial and alluvial depositions occur mainly during the
rainy and flood seasons of a year. The DRM produced by labora-
tory redeposition is probably a good analogue to nature. Therefore,
in nature, the depositional inclination error carried by fluvial de-
posits may be more prevalent than previously thought. However,
our compaction experiment is only analogous to shallow (<100 m)
burial compaction early in the post-depositional history of sedi-
ments. In nature, intergranular pressure solution may cause viscous
compaction for sand and silt-sized sediments during deep (>1 km)
burial that could cause further inclination shallowing (e.g. Tada &
Siever 1989). Pressure solution becomes more important at burial
depths greater than 1 km, with increases in pressure, temperature
and burial time (e.g. Tada & Siever 1989). Although no compaction-
caused inclination shallowing for sandstones has been produced in
the laboratory, one can imagine that progressive flattening of sed-
imentary beds will cause a flattened distribution of prolate and/or
oblate magnetic particles, in a way similar to mechanical compaction
of clays (e.g. Sun & Kodama 1992). Therefore, compaction-caused
inclination error may be more important for older and more deeply
buried sedimentary rocks. In summary, our laboratory-produced de-
positional inclination error may be relevant to natural DRM carried
by fluvial red beds, while the experimental compaction behaviour
represents the behaviour of sediments after shallow burial for a short
time period.

6 CORRECTION FOR
INCLINATION ERROR

Anisotropy of remanent magnetization can be used to measure the
deviation of remanent magnetization from the ambient geomagnetic
field (e.g. Jackson ez al. 1991). The anisotropy of anhysteretic rema-
nent magnetization (AAR) has been used successfully to correct the
magnetization of sediments and sedimentary rocks containing low-
coercivity ferrimagnetic minerals (e.g. Hodych & Bijaksana 1993;
Kodama 1997; Tan & Kodama 1998).

To measure magnetic remanence anisotropy in our haematite-
bearing samples, we applied an impulse DC magnetic field (using
an ASC impulse magnetizer) at 45° to the horizontal plane of the
vertically compacted samples. This approach is similar to the tech-
nique used by Hodych & Buchan (1994). Our samples either have
a compaction-induced inclination shallowing or experienced vir-
tually no inclination shallowing during compaction; thus we can
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Figure 6. Hyperbolic orthogonal demagnetization trajectories of the laboratory redeposited coarse-grained samples. Solid (open) circle represents projection
of remanent magnetization on to horizontal (vertical) plane.
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Figure 7. (a) IRM acquisition at a 45° angle to the bedding of the sam-
ple to test whether IRM can identify inclination shallowing. A fine-grained
sample that showed significant compaction-induced inclination shallowing
in our compaction experiments acquired its IRM at an angle 10°~13° shal-
lower (closer to bedding) than the angle at which the field was applied (45°).
Sample Red16, which showed 6° experimental compaction-induced incli-
nation shallowing, acquired its IRM only 2° from the angle at which it was
applied. The results show the usefulness of IRM acquisition as a method for
identifying the importance of compaction-caused inclination shallowing in
natural sediments. (b) IRM acquisition at 60° to the bedding plane of the
samples. For sample Red16, the difference between the angle at which the
field was applied and that the IRM acquired is small, similar to the amount
of inclination shallowing observed in our compaction experiments. For the
fine-grained sample Red14, the IRM acquisition experiments reveal a 15°—
18° difference between the field applied and the IRM acquired, similar to the
amount of compaction-induced inclination shallowing. It also shows that this
angular difference remains constant for a range of IRM acquisition fields, so
the highest field (1.3 T) may be enough to indicate the compaction-induced
inclination shallowing.

assume that the magnetic anisotropy is greater in the samples that
suffered a greater amount of inclination shallowing. Fig. 7(a) indi-
cates the inclination of IRM acquired at increasingly higher field
intensities from 20 to 900 mT. Two observations may be made. The
fine-grained samples, which have experienced significant laboratory
compaction-caused inclination shallowing, also show significant
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(>10°) errors in the inclination of the IRM acquired. The coarse-
grained sample, however, which experienced only 3° compaction-
caused inclination shallowing, acquired IRM inclinations with a
deviation of less than 2° from the applied field. In addition, the
IRM inclination error tends to increase slightly as the applied field
increases. The IRM inclination error increases from 10° when the
field applied is 20 mT to 13° at the highest field intensity, 900 mT.
These results suggest that a single-component IRM may be used as
a first-order measure of remanence anisotropy in haematite-bearing
sediments.

We then used two independent measures to determine whether
the partial anisotropy of a single-component IRM could adequately
identify and correct inclination error. First, we imparted a magnetic
field at 60° to the horizontal plane of the sample to see whether the
IRM inclination shallowing is similar to the amount of compaction-
induced shallowing observed for the ChRM inclination. Fig. 7(b)
shows the inclination as the applied DC field strength increases from
20 to 1200 mT. The IRM of the coarse-grained sample accurately
records the inclination of the applied field, while the IRM inclination
of the fine-grained sample is 15° shallower than the applied field at
low field strength (50—-800 mT), and at the highest fields, it shal-
lows to 43°. The inclination of the compacted ChRM for the same
sample was 38°, and thus, the IRM inclination error is in reason-
ably close agreement with the ChRM inclination shallowing if the 2°
inclination difference between IRM acquisition and laboratory com-
paction fields and other errors, such as orientation and measurement
errors (2° orientation, 1° measurement, and 2° maximum angular
deviation, MAD for the least-square-fitted ChRM), are taken into
account. Secondly, we applied eq. (2) to correct the inclination for
the two compacted ChRMs of the fine-grained samples. Table 2
shows that the corrected inclination is ~4° shallower than the lab-
oratory field inclination during deposition, which is 58°, when the
low-field IRM inclination is used and the difference decreases to
nearly zero when the high-field IRM inclination is used in eq. (2).
Although IRMs acquired in fields well below saturation causes a
slight undercorrection of the ChRM inclination, higher fields closer
to IRM saturation can be used to accurately correct the inclination of
haematite-bearing sediments. Apparently, single-component IRMs
rather than the complete IRM anisotropy tensor may provide accu-
rate corrections and, in general, can be used to assess the importance
of compaction-caused inclination shallowing in a haematite-bearing
sediment.

Similarly, we applied the 45° single IRM component approach
to those coarse-grained redeposited samples that experienced from
0° to 40° of depositional inclination shallowing. The inclination of
the saturation IRM (Inc1 in Table 1) does not deviate significantly
from the 45° field inclination despite the wide range in inclination
shallowing of laboratory DRM. The inclination of the high unblock-
ing temperature IRM component (Inc2 in Table 1) is even closer to
the 45° inclination of the magnetic field. Since the larger haematite
particles suffer greater depositional inclination shallowing, if the
single IRM component is capable of detecting remanent anisotropy,
Inc2 should be much shallower than Inc1, and deviate even further
from 45°. Apparently, the single-component IRM fails to identify
any depositional inclination errors.

For the single IRM component technique, it is assumed that the
individual particle anisotropy of magnetic particles is infinite. While
the IRM anisotropy of large crystalline haematite particles is approx-
imately two (Neel 1953), the successful correction of compaction-
caused inclination shallowing by the single-component IRM
approach and eq. (2) may suggest that the fine-grained haematite
behaves magnetically like an infinitely anisotropic particle. One



484 X Tan, K. P Kodama and D. Fang

Table 2. Correction of compacted ChRM inclination by a single IRM direction (see text).

Sample Red-10

Sample Red-14

Field(mT)  /irm (deg)  Ichrm (deg) Lo (deg)  Field (mT) /irm (deg)  Icnrwm (deg)  Leorr (deg)
40 30.4 42 559 20 32.1 43 56.1
80 31.7 42 55.6 50 33.8 43 54.3
150 32.2 42 55.0 100 343 43 53.9
300 31.5 42 55.8 300 324 43 55.8
600 29.8 42 57.5 600 30.5 43 57.7
900 28.8 42 58.6 900 29.7 43 58.6

Note: The laboratory magnetic field inclination is 58°. fjrm, Ichrm and Zeorr are the IRM inclinations acquired at
fields of increasingly high strength and with an inclination of 45° to the bedding, the ChRM inclination of compacted
samples and the corrected ChRM inclination by applying eq. (2), respectively.

possibility is that the pigmentary haematite particles were trans-
formed from goethite by dehydration or from single-domain mag-
netite by oxidation. We have been able to measure the complete
remanent anisotropy tensors of the Passaic and Mauch Chunk for-
mations red bed samples, which show 10 and 20 per cent depositional
and/or compactional fabrics, respectively (Tan 2001; Tan & Kodama
2002b, and our unpublished data). Since the thermal demagnetiza-
tion approach was used to measure the complete tensor of IRM
anisotropy, the ‘memory effect’ was avoided. In addition, the mea-
sured degree of anisotropy was confirmed by multiple subsamples
drilled from bedding parallel and bedding perpendicular directions,
and hence the effect of mineral alteration caused by heating is neg-
ligible. While for the Mauch Chunk Formation samples, the single-
component IRM does identify a significant remanent anisotropy, it
fails to show measurable anisotropy for the samples from the Passaic
Formation. Whether the single-component IRM is able to identify
significant anisotropy probably also depends on the domain stability
and the shape and anisotropy of individual haematite particles. If the
domain structure of haematite particles can be modified by ahigh DC
magnetic field or the a factor is as small as reported by Neel (1953),
the inclination of the single IRM component will not deviate much
from the 45° field inclination. The single-component IRM technique
may be used as a simple test to identify significant anisotropy and
inclination error. However, failure to show significant deviation of
IRM from the applied field direction does not necessarily indicate
a small anisotropy between bedding parallel and bedding perpen-
dicular planes, and, hence, little inclination shallowing. To evaluate
remanent magnetic anisotropy and correct for inclination shallowing
in red beds, we strongly recommend that multiple IRM components
in different directions should be measured.

7 CONCLUSIONS

Our experiments demonstrate that mechanical compaction-caused
inclination shallowing depends on the grain size of haematite-
bearing sediments. While coarse-grained sediments show little in-
clination shallowing during compaction, the clay-sized sediments
show significant compaction-caused inclination shallowing. Most
of the inclination error occurs at high volume loss and at large burial
depths. The NRM of red beds can be of detrital and/or of chemi-
cal origin. If CRM acquisition occurred early enough in the post-
depositional history of sediments, the fine-grained red beds (e.g.
mudstones) may also have experienced significant inclination shal-
lowing. The coarse sediments may suffer a depositional inclination
error. Depositional inclination error is greater for larger haematite
particles and at a faster sediment accumulation rate. Samples de-
posited slowly may consist of multicomponent magnetizations, in

which the intermediate unblocking temperature/coercivity compo-
nent carried by finer haematite particles may accurately record the
Earth’s magnetic field direction. Although a single-component IRM
approach may be used to recognize inclination shallowing for very
fine-grained samples, in some cases significant remanent anisotropy
in coarse-grained samples is not detected by the method. Therefore,
several IRM components in various directions should be determined
to identify even a partial anisotropy of rock samples and to correct
inclination error.
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