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Abstract. The anisotropy of magnetic low-field susceptibili-
ty in the Triassic Plattensandstein formation (Upper Bunt-
sandstein) from northern Bavaria has a typical sedimentary
fabric. The anisotropy ellipsoids are strongly oblate with
minimum susceptibility axes normal to sedimentary bed-
ding. The directions of the maximum susceptibility axes
are consistent with the NNE-NE-trending general sediment
transport direction that is derived from geological field ob-
servations of cross-bedding structures in the sandstones.
However, the very small intensity differences between maxi-
mum and intermediate susceptibility require extremely sen-
sitive mearuement techniques. Comparative measurements
were made with a spinner magnetometer, a cryogenic mag-
netometer and a susceptibility bridge. Directionally, the
most consistent results were obtained with the spinner mag-
netometer after it was stabilized by means of a low-pass
active filter. The directional consistency of the anisotropy
principal axes can be improved further by annealing the
sandstones at 750° C in air. During this treatment a strongly
magnetic, low-coercivity mineral phase — probably magne-
tite — is formed which enhances the degree of magnetic
anisotropy as well as the bulk susceptibility. Low tempera-
ture measurements indicate that, in the natural unheated
state, paramagnetic minerals contribute substantially to the
low-field susceptibility of the sandstones at room tempera-
ture.
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Geological introduction

For the past 50 years cross-bedding analysis has been one
of the sedimentologist’s tools to delineate transport direc-
tions in sandstones (cf. Wurster, 1958). Cross-bedding
structures are generated by continual development of sedi-
ment fore-casts. In this process, sand bars in fluviatile de-
posits progress in the current direction when sediment is
deposited on the lee side of the sand bars so that the sedi-
ment strata dip very gently along the current direction. This
direction can be derived from field measurements of the
azimuth and dip of the bedding planes.

The Plattensandstein member of the Upper Buntsand-
stein formation in northwestern Bavaria is a typical cross-
bedded fluviatile sediment in which palaeocurrent direc-

tions have been studied previously (Vossmerbdumer et al.,
1979; Teyssen and Vossmerbdumer, 1980). The sandstone
sequence is about 3040 m thick and consists of red, partly
violet, well-stratified and well-sorted fine sandstones. In a
few zones the sediments are not oxidized and therefore
green coloured. Silt and clay layers of up to 15-cm thickness
are interbedded with the sandstones. Horizontal bedding,
platy and especially trough-like cross-bedding structures are
the dominant types of stratification. The trough channels
have concave basal planes which cut across silt- or clay-
horizons.

In an outcrop at Dietenhan, near the town of Wiirzburg,
where the uppermost 12—15 m of the Plattensandstein have
been quarried, the channels are up to 4 m wide and 1 m
thick (Fig. 1). In the lower part they are bedded parallel
to the slightly inclined base, in the upper part the bedding
sometimes changes to the horizontal. Some channels are
filled asymmetrically. Multiple cross-cutting of different
channels indicates positional changes of the river. Some
channels were developed at the same time, probably due
to a braided river system (Allen, 1965) during the Platten-
sandstein sedimentation. Additional sedimentary textures
are oscillation ripple marks (with irregularly divided ridges),
flute casts, current crescents and sporadically load casts.

The measured cross-bedding values (Fig. 1) have been
taken from all accessible cross-bedded strata at Dietenhan.
In order to resolve variable strike and dip of the cross-
bedded layers, each layer was measured several times, if
possible. The direction of sediment transport was calculated
from field measurements of the dip azimuth of the foresets
following the method developed by Wurster (1958). The
observations of the dip azimuth on both flanks of the cross-
bedded layers result in a bimodal distribution (Fig. 2b).
The vectorial mean value of the bedding poles dips steeply
towards SSW with a circular standard deviation (y63) of
10°. From this value, the local palaeocurrent direction
pointing towards N18°E is derived. The dip of the cross-
bedded layers is always low, especially towards the core
of the channels and averages about 11° (Fig. 2a). This value
is typical for through-like cross-bedding lamination.

The small dip angles and the often recognized horizontal
bedding (Fig. 1) in the Plattensandstein formation make
field measurements with a compass tedious, inaccurate or
in some situations  impossible. Thus the determination of
the resulting mean current direction (Fig. 2) is strongly in-
fluenced by the quality of the measuring points as well
as by their distribution which may be limited due to outcrop
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Fig. 1. Lithostratigraphic section of the Plattensandstein member at Dietenhan. Selid lines: boundaries of cross-bedded bodies; dashed
lines : traces of bedding planes; circles: drill holes; numbers denote azimuth and dip of cross-bedding
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Fig. 2. a Orientation of cross-lamination foreset poles on equal area projection (lower hemisphere). The angular standard deviation
(w63) of the mean pole amounts to 10°. — Arrow represents resulting current direction to the NNE. b Rose diagram of the dip azimuth
of cross-lamination foresets. Bimodal distribution is caused by the E and W dipping cross-bedding structures (cf. Fig. 1)

conditions. Even worse, it may be erroneous due to subjec-
tive selection criteria.

Undeformed sedimentary rocks have a magnetic fabric
which is due to forces acting during and after deposition.
Therefore, ancient current directions may be determined
precisely by the measurement of magnetic susceptibility an-
isotropy (Rees, 1965). This paper describes magnetic mea-
surement and analysis techniques applicable to the weak
magnetic fabrics of red sandstones. We have drilled 40 ori-
ented mini cores in the various sedimentary structures at
Dietenhan (Fig. 1). In addition, two other nearby outcrops
have been sampled, but most of the results presented in
this paper refer to samples from the main quarry at Dieten-
han. The cores have a diameter of 2.54 cm and are up to
10 cm long so that up to four specimens of 2.25-cm length
can be cut from the same core. The length-to-diameter ratio
has been chosen in order to avoid anisotropies arising from
the shape of the specimens (Scriba and Heller, 1978).

Magnetic mineralogy of the Plattensandstein

The magnetic mineralogy of red sandstones is usually domi-
nated by haematite which occurs either as specularite or
as pigmentary grain aggregations (Turner, 1980). Micro-
scopic observations of Plattensandstein polished sections
indicate specular haematite to be the major ferromagnetic
constituent with negligible additional amounts of ilmeno-
haematite (with ilmenite exsolutions) and of unexsolved il-
menite.

The ferromagnetic minerals of the sandstones may also
be identified from the analysis of the coercivity and block-
ing temperature characteristics of isothermal remanent
magnetization (Dunlop, 1972). The shape of IRM acquisi-
tion curves and the fact that IRM is far from saturation
in a1 T field, indicates a high coercivity mineral as the
main carrier of remanence (Fig. 3, Type I). Low coercivity
phases are largely absent. Stepwise thermal demagnetiza-
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Fig. 3. IRM acquisition and subsequent progressive thermal de-
magnetization of sandstone samples in the natural state (I) and
after annealing at 750° C (II). M, denotes maximum IRM [A/m],
k is the low-field bulk susceptibility [SI-units/cm?3] before thermal
demagnetization

tion of IRM shows maximum unblocking temperatures
above 650° C which, together with the high coercivity, indi-
cate haematite as the main ferromagnetic mineral.

When the sandstones are annealed in air at 750° C for
one hour, the magnetic properties are altered drastically
(Fig. 3, Type II). A low coercivity phase with maximum
unblocking temperatures around 550° C is created. Follow-
ing Stephenson (1967), who performed similar heating ex-
periments with Old Red sandstones, we tentatively ascribe
this phase to magnetite. The magnetite is responsible for
the strongly increased bulk susceptibility (Fig. 3) after heat-
ing. The maximum IRM intensities at room temperature,
however, have nearly the same values whether heated or
not. At liquid nitrogen temperature, the IRM intensities
of the heated samples are up to twice as strong as the room
temperature IRM. This suggests that most of the magnetite
formed during annealing is superparamagnetic at room
temperature. For unheated sandstones, IRMs at liquid ni-
trogen temperature and at room temperature are not appre-
ciably different, which indicates an absence of superpara-
magnetic mineral phases and, therefore, negligible super-
paramagnetic contributions to the low-field susceptibility
of the sandstones in the natural state.

The source of the low-field susceptibility in red sedi-
ments is often ambiguous (Collinson, 1965). In addition
to ferromagnetic sources, paramagnetic and diamagnetic
components may be important. Collinson (1968) and Shive
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et al. (1984) have shown by means of high-field experiments
that the induced magnetization of red beds can be con-
trolled by substantial amounts of paramagnetic material
such as iron-rich clays, phyllosilicates and ilmenite.

The temperature dependence of the low-field susceptibil-
ity may give some information about the magnetic state
of the minerals causing the measured susceptibility signal.
The following technique was used to measure the suscepti-
bility at variable temperature between liquid nitrogen and
room temperature. A small-sized (4 cm?) cylindrical sand-
stone sample was put into a styrofoam box and cooled
down to liquid nitrogen temperature. Then the sample was
taken out of the liquid nitrogen and allowed to warm up
slowly. Its susceptibility was measured at regular time inter-
vals with a KLY-1 susceptibility bridge. After 75 min the
sample reached room temperature. The temperature cali-
bration was performed independently in the same manner
with the sample outside the susceptibility bridge, since the
susceptibility of any thermocouple would completely over-
shadow the weak susceptibility signal of a sandstone sam-
ple.

The temperature dependence of low-field susceptibility
and its reciprocal have been plotted in Fig. 4 for two un-
heated sandstones. The samples are dominated by paramag-
netic mineral contributions which lead to a linear increase
of the reciprocal susceptibility between 77 K and 250 K.
Towards room temperature, non-paramagnetic mineral
phases become of greater importance resulting in a non-
linear reciprocal susceptibility curve. However, the extrapo-
lated linear regression segments intercept the temperature
axis at negative values. These negative Neéel points, at first
inspection, are suggestive of antiferromagnetic ilmenite
which has a Néel temperature around —210° C. An ilmenite
content (bulk susceptibility value from Bleil and Petersen
1982) of more than 1% by volume would be needed for
the observed signal. However, such an amount of ilmenite
is incompatible with the microscopic evidence. Microscopic
examination showed that biotite, clinochlore and traces of
ilmenite are present in these Plattensandstein samples. We
prefer an interpretation which assigns the paramagnetic sus-
ceptibility to the biotite and clinochlore. Since the basal
planes of the biotite crystals lie within the bedding planes,
they may indeed be responsible for a ““detritic” anisotropy.

If the amount of ilmenite, as suggested by the optical
examination, is negligible and if the ferromagnetic suscepti-
bility can be represented as temperature-independent con-
stant between liquid nitrogen and room temperature, then
an approximate estimate can be made (Table 1) about the
contributions of diamagnetic, paramagnetic and ferromag-
netic minerals to the measured susceptibility. Since diamag-
netic minerals such as quartz and feldspar make up nearly
100% of the sandstones, a constant diamagnetic value can
be added to the measured bulk susceptibility. A rough esti-
mate of the ferromagnetic susceptibility is then obtained
by shifting the signal until the regression line hits the origin
of the temperature axis.

In both samples the paramagnetic minerals predominate
over the other two contributions (Table 1). The ferromag-
netic susceptibility of sample DIE38A is about 45% higher
than that of the sample WES02B. It is interesting to note
that the same relation holds for the IRM intensities (Ta-
ble 1) and thus confirms the derivation of a higher content
of ferromagnetic minerals, i.e. of haematite, in sample
DIE38A.
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Fig. 4. Temperature dependence of low-field susceptibility and reciprocal of low-field susceptibility for two unheated red sandstone
samples. Regression lines were computed between 77 K and 250 K. Values in SI-units/cm?

Table 1. Estimates of paramagnetic, diamagnetic and ferromagnetic susceptibility contributions and IRM intensity (acquired in a 1

Tesla field) of two unheated sandstone samples

Sample Susceptibility [ST-units/ec] IRM [A/m]
Measured Paramagnetic Diamagnetic Ferromagnetic

DIE38A 8.36E-05 5.69E-05 —1.53E-05 4.20E-05 2.02

WES02B 5.31E-05 4.09E-05 —1.53E-05 2.83E-05 1.41

Magnetic susceptibility anisotropy

The magnetization (M;) of a sample which is placed in a
magnetic field H; can be characterized by
M;=k;; H;

with the susceptibility k;; being a tensor of the second order,
which can be described geometrically as an ellipsoid with
the three principal axes k,,,, k;,, and k,;,. The degree of
anisotropy is often expressed by the ratios of the intensities
of the principal axes,

PI:kmaxl{k
P2:kmax/k
P3=kint/‘k

min?

int?

min*

Ising (1942) established that the minimum axes of the
anisotropy ellipsoid in Swedish varved clays are oriented
perpendicular to the bedding planes. Various natural and
laboratory produced depositional sedimentary fabrics were
investigated by Rees (1961, 1965, 1968), Rees et al. (1968),
Hamilton (1967) and Hamilton and Rees (1971) measuring
magnetic susceptibility anisotropy. Generally, the orienta-
tion of magnetic particles depends on the earth’s gravity
field, the strength of the depositing current, the dip of the
bedding plane, the shape of a sediment particle and the
strength and direction of the geomagnetic field (Hamilton
et al., 1968). The laboratory experiments of these authors
proved that gravity and hydrodynamic forces are much
more efficient than the influence of the geomagnetic field
for the particle settling in fine grained sandstones. They



Table 2. Anisotropy data obtained by different measuring techniques
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Instrument Knax K min P, P, Susc. N
Az Dip s k Az Dip w3 k

Digico 0.6 —1.7 349 5.4 107.7 87.7 13.7 34.8 1.068 1.014 6.309 69
without filter

Digico 46.8 1.0 286 8.0 185.8 89.0 9.1 79.7 1.050 1.009 6.335 69
with filter

ScT 21.6 34 415 3.8 223.0 853 8.7 86.7 1.055 1.007 6.211 69
KLY-1 manual 54.2 0.8 485 2.8 338.1 838 7.8 . 1073 1.054 1.008 5.315 8
KLY-1 on-line 27.8 49 333 5.9 356.6 84.7 54 221.4 1.050 1.006 5.128 8
Digico with filter 39.8 27 249 106 352.8 876 64 162.0 1.044 1.006 6.119 8
Digico unheated 42.0 1.3 218 138 248.5 889 98 68.5 1.050 1.009 6.583 39
Digico heated 385 06 189 184 200.3 892 7.6 113.5 1.192 1.025  19.280 42

Azimuth (Az) and dip of k., and k_;,

mean directions with circular standard deviation (w63) and Fisher (1953) precision parameter

(k). Mean volume susceptibilities (Susc.) in SI-units/10~° from N samples

produce preferential alignment of grain short axes normal
to bedding and grain long axes parallel to current flow.

The relation between palaeocurrent directions and sus-
ceptibility anisotropy in different types of undeformed
sandstones has been investigated by several authors (Crimes
and Oldershaw, 1967; Galehouse, 1968; Rad, 1970;
Hrouda and Janak, 1971; Hamilton and Rees, 1971 ; Argen-
ton et al., 1975; Van den Ende, 1975; Channell et al., 1979).
Hrouda and Janak (1971) found that P, factors were always
very low (1.0 < P, <1.01) in red sandstones. The maximum
anisotropy directions were often poorly defined, but gener-
ally were oriented parallel to sedimentological features such
as cross-bedding foresets, ripple marks or flute casts (Rad,
1970). According to Hrouda and Janak (1971), the P, fac-
tors are always higher than P, (P;>1.01), representing an
anisotropy to be expected for a sedimentary or compaction
texture. On the other hand, in Permian red sandstones
where the magnetic fabric was thought to be caused by
the alignment of platy haematite crystals, Van den Ende
(1975) found that the maximum axes of susceptibility were
oriented perpendicular to the current direction markers and
great circle distributions of these axes could often not be
interpreted.

The differences amongst these observations and the
poor definition of the orientation of maximum anisotropy
axes may result partly from inaccurate measuring methods.
Therefore, when measuring the Plattensandstein magnetic
fabric, several magnetometers and different measurement
techniques were applied and tested.

Different techniques for magnetic anisotropy measurement
of Plattensandstein samples

1. The Digico spinner magnetometer measures relative sus-
ceptibility differences in three orthogonal planes of a sam-
ple. To get the absolute anisotropy values, the axial bulk
susceptibility is measured with a susceptibility bridge
(KLY-1) and combined with the anisotropy values. Both
instruments use alternating current methods. Two series of
measurements were performed with the spinner magnet-
ometer (effective applied field: 0.246 mT at 10 kHz). Initial-
ly, the cylindrical sandstone samples were measured with
the instrument in its commercial configuration. In a second

measuring series, an accessory Krohn-Hite low-pass active
filter (amplification: 20 dB; cut-off frequency: 16 kHz) was
adapted to the instrument to improve its sensitivity and
stability.

2. To determine magnetic anisotropy with the KLY-1 sus-
ceptibility bridge, the bulk susceptibility of cube-shaped
samples is measured in 15 different positions according to
Jelinek’s (1973, 1977) measuring scheme. Again two mea-
surement series were made. The first series was based on
manual balancing of the bridge using its potentiometers,
whereas the second series utilized the unbalanced output
voltage of the bridge which then was connected on-line
with the laboratory computer. In the latter configuration
the instrumental noise is reduced appreciably by signal stac-
king and instrumental drift can be easily compensated for.
3. The ScT cryogenic magnetometer can be used to measure
absolute susceptibilities by trapping a constant magnetic
field in the instrument (applied field used in this study:
0.045 mT) during cooling through the superconducting crit-
ical point (Scriba and Heller, 1978). The total magnetization
is recorded for nine positions, 45° apart, in each of three
orthogonal planes. The signals are processed on-line so that
the anisotropy ellipsoid can be calculated after subtraction
of the remanence signal and correction for instrumental
drift.

4. Finally, a set of 44 sandstone samples was measured
after annealing at a temperature of 750° C, which had been
observed to increase the low-field bulk susceptibility.

The results of the different measuring techniques are
presented in Figs. 5~7 and Table 2. Figure 5 shows data
from 69 sandstone samples measured (a) with the unmodi-
fied spinner magnetometer, (b) with this instrument utiliz-
ing the low-pass active filter and (c) with the cryogenic
magnetometer. The susceptibility minima cluster very well
around a direction nearly normal to bedding, as expected
for a sedimentary fabric. When the mean direction of each
principal anisotropy axis is calculated independently (al-
though this is mathematically not strictly correct), small
circular standard deviations (Table 2) result for the mini-
mum axes. This is because the oblateness of the anisotropy
ellipsoids is always strong with a 5%-7% degree of an-
isotropy between maximum and minimum susceptibility (P,
factors in Table 2). The ratio of maximum to intermediate
anisotropy axes (P,), however, only rarely exceeds 1%. The
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Fig. 5a—c. Anisotropy data measured a with the spinner magnetometer in its commercial configuration, b stabilized with a low-pass
active filter and ¢ with the cryogenic magnetometer. Most consistent data are obtained with the stabilized spinner magnetometer

Fig. 6a—c. Comparison of AC bridge and spinner magnetometer anisotropy results. a “manual”, b “on-line” bridge measurements

and c stabilized spinner magnetometer

directional scatter in the horizontal plane of the unfiltered
Digico and the ScT measurements is high and the maximum
axes are distributed along a great circle, with a slight pre-
ferred clustering about a NE-SW axis. Measurements with
these techniques cannot be used to determine current direc-

tions in the sandstones with sufficient precision. Implemen-
tation of the low-pass active filter in the Digico spinner
magnetometer lowers the instrumental noise level by a fac-
tor 10-100. This results in a distinct reduction of the scatter
of the maximum susceptibility directions. Now they group



closely around an axis with mean azimuth of N47°E
(S47°W).

Ten cube-shaped samples were measured on the suscep-
tibility bridge and with the improved spinner magnetometer
(Fig. 6). On both instruments two samples were discarded
because the 95% confidence angle of the sample measure-
ment of at least one axis (maximum or intermediate) ex-
ceeded the critical value for non-randomness (Jelinek,
1977). Even with this restriction, the manually adjusted
bridge measurements of the maximum axes are highly scat-
tered. When the bridge measurements are monitored on-line
with the computer, more consistent data result which, how-
ever, are still of inferior quality compared to the actively
filtered spinner magnetometer results. The minimum an-
isotropy directions are again well defined.

The most consistent anisotropy data were obtained on
the stabilized spinner magnetometer from a set of 39 un-
heated samples and a sister set of 42 heated samples (Fig. 7)
which gave individual measurements acceptable at the 95%
confidence limit (Jelinek, 1977). In both data sets the direc-
tions of all three principal axes group well. The sedimentary
fabric with very steeply inclined minimum directions is con-
firmed and the maximum axes group rather tigthly around
a sub-horizontal NE-SW direction (Table 2). An up-current
imbrication of the maximum axes was noted by Crimes
and Oldershaw (1967) but cannot be discerned in the Plat-
tensandstein. On the contrary, there are maximum axes
clusters on both the NE and SW quadrants of the lower
hemisphere projection, but with a tendency (2:1) to dip
towards the NE along the main current direction suggesting
a down-current imbrication of these axes. This is also re-
flected by the very steeply dipping individual minimum an-
isotropy axes which form a subvertical mean direction (Ta-
ble 2). The minimum axes follow an elliptical distribution
the long axis of which is oriented NW-SE. This distribution
is very similar to that of the cross-bedding poles (Fig. 2a)
and is caused by the symmetric cross-bedding stratification
of the trough fillings (see Fig. 1). The magnetic low-field
anisotropy of the Plattensandstein formation in this man-
ner, reflects the original depositional fabric.

The heat treatment improves the quality of the an-
isotropy measurements. The mean susceptibility increases
by about 300% and the degree of anisotropy rises sharply
to 20% (Table 2). The resulting directional distribution of
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the maximum and intermediate anisotropy axes is very simi-
lar to that of the unheated samples but less scattered
(Fig. 7b; Table 2). This improvement, however, can be
achieved only with anisotropy meters using an alternating
current method. The cryogenic magnetometer method, us-
ing a locked-in constant magnetic field, deteriorates because
of a strong remanence viscosity originating from the super-
paramagnetic magnetite produced during the heating.

Discussion and conclusion

The Plattensandstein sediments in the outcrop investigated
have a clearly developed magnetic anisotropy. The mini-
mum axes lic perpendicular to the bedding planes of the
cross-bedded layers, thus indicating a sedimentary detritic
fabric rather than a post-sedimentary compaction fabric.
The differences between maximum and intermediate suscep-
tibility axes are very small (below 1%) for the samples in
the natural state. Their orientation can be resolved best
by accurate measurements with the modified spinner mag-
netometer. This technique is also a very quick procedure
since one sample can be measured within less than 1 min.
Even higher accuracy is achieved by using heated sandstone
samples which contain magnetite produced at high tempera-
ture. The magnetite fabric obviously mimics the natural
pre-heating fabric, but can be measured more accurately
due to the largely increased bulk susceptibility and its an-
isotropy.

Field-measurements of foresets yield a bimodal distribu-
tion (Fig. 2) which is caused by the symmetric filling from
both sides of the cross-bedded structures. The resulting vec-
tor mean represents the main palaeocurrent direction. It
points towards the NNE with an azimuth of 18.5°4+5.1°
(circular standard error) and deviates by about 20° from
the mean of the maximum susceptibility axes of the heated
sandstones which is aligned parallel to a NE-SW axis with
an azimuth of 38.543.0° or 218.5°+3.0° (Fig. 7b). The
azimuthal difference between these directions is significant,
since their error cones do not overlap each other.

The magnetic determination of the palaeocurrent axial
direction is more accurate than the result of the geological
field observations. Since the mean of the susceptibility min-
ima, however, is subvertical, up-stream or down-stream di-
rection of the palaeocurrent cannot be discerned from the
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present anisotropy measurements alone. Thus a combina-
tion of both geological field measurements, which resolve
the trend of the transport direction, and precise measure-
ments of the anisotropy principal directions gives the best
estimate of the palaeocurrent directions in the sandstones
of the Plattensandstein formation in southern Germany.
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