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Abstract

At Owens Lake, California, paleomagnetic data document the Matuyama/Brunhes polarity boundary near the
bottom of a 323-m core (OL-92) and display numerous directional fluctuations throughout the Brunhes chron. Many of
the intervals of high directional dispersion were previously interpreted to record magnetic excursions. For the upper
V120 m, these interpretations were tested using the anisotropy of magnetic susceptibility (AMS), which typically
defines a subhorizontal planar fabric for sediments deposited in quiet water. AMS data from intervals of deformed core,
determined from detailed analysis of sedimentary structures, were compared to a reference AMS fabric derived from
undisturbed sediment. This comparison shows that changes in the AMS fabric provide a means of screening core
samples for deformation and the associated paleomagnetic record for the adverse effects of distortion. For that portion
of core OL-92 studied here (about the upper 120 m), the combined analyses of sedimentary structures and AMS data
demonstrate that most of the paleomagnetic features, previously interpreted as geomagnetic excursions, are likely the
result of core deformation. ß 2000 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, numerous paleomagnetic stud-
ies of sediment cores have attempted to examine
the ¢ne details of geomagnetic ¢eld behavior.

Such studies provide constraints for modeling
the geodynamo as well as geochronologic control
for the cores. The validity of these paleomagnetic
interpretations, of course, depends on the ¢delity
of the paleo¢eld records. Unrecognized sediment
deformation, either natural or induced, is a po-
tential source of erroneous paleomagnetic inter-
pretation [1]. This problem is exacerbated in stud-
ies using sediment cores because the coring
process may cause deformation and such defor-
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mation is commonly di¤cult to recognize in the
small section provided by a core. A rapid method
of screening paleomagnetic data for the e¡ects of
deformation is needed. Anisotropy of magnetic
susceptibility (AMS) provides a measure of sedi-
mentary fabric [2], which results from a combina-
tion of depositional and postdepositional factors.
More than 20 years ago, Marino and Ellwood [3]
showed that such magnetic fabrics, de¢ned by
AMS, could be used to assess the reliability of
paleomagnetic data derived from sediments. The
AMS method is straightforward; anomalous mag-
netic fabrics may indicate sediment deformation
and thus paleomagnetic directions associated
with such fabrics cannot be trusted. At the time
of Marino and Ellwood's study, however, instru-
ments capable of accurate AMS measurements
were not widely available and the measurements
were time consuming (their study used only 12
samples). Consequently, few studies have em-
ployed this method to screen paleomagnetic re-
sults. Sensitive instruments capable of rapid, ac-
curate measurement of AMS are now widely
available and, as we show here, the AMS method
provides a convenient, powerful tool for screening
large amounts of paleomagnetic data derived
from sediment cores. In this study, we compare
AMS from undeformed core, from core in which
sedimentary structures are clearly deformed by
drilling, and from core for which detailed descrip-
tions are lacking.

Core OL-92 from Owens Lake, California, was
obtained using rotary-core drilling into 323 m of
lacustrine sediments, estimated to represent the
past 800 000 years [4]. The visual identi¢cation
of zones of deformed core [5] provides an oppor-
tunity to test the usefulness of AMS as a tool for
recognizing sediment deformation.

Because deposition in Owens Lake was rapid
and was probably nearly continuous, the core po-
tentially contains a detailed record of geomagnetic
¢eld behavior for the late Quaternary. Glen and
Coe [6] presented paleomagnetic results that docu-
mented the Matuyama/Brunhes (M/B) polarity
boundary near the core bottom. In addition,
they interpreted a detailed ¢eld behavior record
during the M/B transition as well as numerous
magnetic excursions during the Brunhes chron.

Although these paleomagnetic results were con-
sidered tentative, pending e¡orts to assess the val-
idity of the record, many of the features were
interpreted to correlate with magnetic excursions
reported in the literature (Fig. 1). These correla-
tions were then used to corroborate the depth/age
model for the OL-92 core that was based on mass
accumulation rates [7]. If the paleomagnetic re-
cord from core OL-92 is shown to record excur-
sions, then this record will provide important age
control of the sedimentary section as well as a
remarkable archive of geomagnetic ¢eld behavior
throughout the Brunhes chron.

Use of a paleomagnetic record such as that
from OL-92 for age control requires : (1) that
the observed directions of remanent magnetiza-
tion are accurate enough to discern interesting
features of the ancient geomagnetic ¢eld (rever-
sals, excursions, or waveforms due to secular var-
iation), and (2) that features of interest can be
unambiguously correlated with corresponding fea-
tures from well-established, dated paleomagnetic
records. Many factors can a¡ect the quality of
sedimentary magnetic records, including sediment
grain size [8,9], depositional environment (e.g.,
[10]), authigenic growth and/or destruction of
magnetic minerals (e.g., [11]), and natural and
coring-induced deformation [1]. Perhaps the best
way to evaluate the quality of sedimentary paleo-
magnetic records is to compare multiple records
from a given sedimentary sequence. Unfortu-
nately, this approach is often prohibitively time
consuming and expensive.

In the absence of multiple records, great care
must be taken to evaluate factors such as mag-
netic mineralogy and possible deformation. Two
types of evidence cast doubt on the paleomagnetic
record from core OL-92. First, the mineralogy of
magnetic minerals in the Owens Lake sediments is
complex. Reynolds et al. [12] observed that,
whereas some parts of the section contain abun-
dant fresh detrital titanomagnetite, much of the
magnetite in other parts of the section has been
destroyed by sul¢dization. In addition, greigite, a
highly magnetic authigenic monosul¢de mineral,
is present in many samples of Owens Lake sedi-
ment (S. Lund, personal communication, 1994;
and [12]). Second, careful analysis of sedimentary
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structures in the upper part of core OL-92 re-
vealed numerous zones of coring-induced defor-
mation (Fig. 2).

Visual observations of core deformation com-
bined with AMS data demonstrate that AMS pro-
vides a powerful means of identifying zones of
probable core deformation. The presence of de-
formation in zones of high paleomagnetic disper-
sion shows that the previously interpreted geo-

magnetic excursion history for core OL-92 [6] is
invalid.

2. Methods

One hundred twenty-two of the paleomagnetic
samples used by Glen and Coe [6] were obtained
for AMS analysis. The sample set covers four

Fig. 1. Smoothed paleomagnetic inclination record and interpreted excursions for core OL-92, from Owens Lake, California
(modi¢ed from ¢gure 6 of Glen and Coe [6]). Black bars indicate four zones from which AMS data were collected. These zones
span the Mono Lake, Blake, Jamaica/Biwa I, and Pringle Falls excursions (indicated by heavier curves). The inset shows the lo-
cation of drill hole OL-92.
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depth intervals, 119.7^115.5 m, 103.6^99.6 m,
85.2^78.1 m, and 27.7^12.5 m. As interpreted by
Glen and Coe [6], these depth intervals span the
Pringle Falls, Jamaica/Biwa I, Blake, and Mono
Lake excursions, respectively (Fig. 1). Twenty-
three specimens from the uppermost interval
(27.7^20.4 m) are from undeformed core strati-

graphically below an interpreted excursion. Most
of the samples de¢ning the interpreted Blake and
Mono Lake excursions were taken from highly
deformed material (Fig. 2) [5]. Sedimentary struc-
tures and possible core deformation below 83 m
have not been described in detail. Although the
paleomagnetic specimens had been placed in plas-

Fig. 2. Smoothed paleomagnetic inclination record for the upper 82 m of core OL-92. Previously interpreted excursions are
shown in relation to zones in which severe core deformation is visually apparent [5]. The three photographs document two types
of deformed core (sediment that has been £uidized and sediment that has been disrupted by numerous shear planes), as well as
an interval of undeformed core. The drawing to the right of the photograph of sheared core is a map of some of the shear
planes evident on the cut core face. The stippled horizon in the upper part of this drawing represents the base of a deformed
silty layer.
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tic boxes, the samples had desiccated during the
several years following the paleomagnetic investi-
gation of Glen and Coe [6]. Because all samples
underwent similar drying, comparison of AMS
results among groups of samples are valid,
although drying may have had some e¡ect on in-
dividual AMS results.

AMS is de¢ned by di¡erences in length and
orientations of the principal axes of the magnetic
susceptibility ellipsoid depicted in Fig. 3 [13]. The
AMS of typical detrital magnetic grains is con-
trolled by grain shape, with higher susceptibility
corresponding to larger grain dimensions [14].
The AMS of sediment results from the preferred
alignment of the longer and shorter axes of these
magnetic grains. For sediment deposited in quiet
water, the longer grain axes tend to be randomly
distributed in the horizontal plane thereby pro-
ducing a sedimentary foliation. In such sediments,
AMS de¢nes a planar fabric with the maximum
(K1) and intermediate (K2) axes of the ellipsoid
nearly equal in magnitude and subhorizontal, and
the minimum axis (K3) subvertical. AMS was
measured using a KLY-3 Kappa Bridge (use of
product name does not imply endorsement by the
USA government).

3. Rationale

Although recognition of deformation is impor-
tant to many studies of sediment cores, such in-
formation is commonly incomplete because care-
ful core description is labor intensive and
deformation is di¤cult to recognize in the absence
of distinct bedding or other well-de¢ned sedimen-
tary structures. Severe core deformation, like that
in the £uidized intervals of OL-92 (Fig. 2), not
only distorts the sediment, but incorporates for-
eign material (e.g., drilling mud) and mixes mate-
rial from di¡erent stratigraphic horizons [5]. Rec-
ognition of such severe deformation is essential to
all studies of cored sediments. Some investiga-
tions, such as detailed paleomagnetic studies,
may be adversely a¡ected by even minor amounts
of unrecognized deformation.

Comparison of the average inclinations and dis-
persions of K3 axes among groups of samples
provides a simple, yet powerful screen for core
deformation. Ideally, results from suspect inter-
vals can be compared to those from similar sedi-
ment that is demonstrably undeformed. Deforma-
tion that disrupts the AMS fabric will : (1)
increase the dispersion of K3 axes, and (2) de£ect
K3 axes, on average, toward shallower inclina-
tions. Not all deformation will produce signi¢cant
shallowing of the K3 axis. Therefore, steep K3
axes do not guarantee undisturbed sediment. K3
axes that are signi¢cantly shallower than those
derived from undisturbed sediment, however, pro-
vide a strong reason to question the integrity of
samples.

Paleomagnetic results are evaluated by compar-
ing characteristic directions of remanent magnet-
ization and K3 axes from intervals of high pale-
omagnetic dispersion (excursions?) to those from
intervals of low dispersion. It is important to note
that at the sample level, deformation will not pro-
duce a simple relation between paleomagnetic di-
rections and the orientations of K3 axes. Even if
samples are a¡ected only by rigid body rotation,
in which the angles between the paleomagnetic
vectors and the K3 axes are preserved, the results
will be complex (Fig. 4). Although rotations
about some axes produce rather simple relations,
the net e¡ect of rotations about many axes is

Fig. 3. Magnetic susceptibility (MS) ellipsoid. Anisotropy of
magnetic susceptibility is de¢ned by the orientations and
magnitudes of the maximum (K1), intermediate (K2), and
minimum (K3) axes. A sedimentary fabric is commonly de-
¢ned by an oblate ellipsoid (K1WK2) with K3 subvertical.
There is no ¢xed relation between the paleomagnetic vector
and the MS ellipsoid.
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Fig. 4. (A) Equal area projections illustrating directions produced by rotating a paleomagnetic vector (D = 0³, I = 60³) and a sub-
vertical K3 axis (D = 180³, I = 87³) about ¢ve arbitrary axes (R) at 30³ increments. The declination and plunge of rotation axes
are indicated in parentheses. Paleomagnetic directions are indicated by circles and K3 axes are indicated by squares. Filled sym-
bols are on the lower hemisphere, open symbols are on the upper hemisphere. (B) Plots of inclinations of K3 axes vs. inclinations
of paleomagnetic directions for the rotations indicated in panel A. Note that the relation between variations of the two inclina-
tions is very di¡erent for di¡erent axes. (C) Plot of inclinations of K3 axes vs. inclinations of paleomagnetic vectors. The plotted
points are those shown on the ¢ve plots in panel B. Note that there is no clear relation between the two inclinations.
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complicated. Any deformation that a¡ects a core
at the sub-sample level, either by plastic £ow or
through movement along shear planes, need not
preserve internal angular relations and the results
will be even more complex. For groups of samples,
however, a relation between high dispersion of
paleomagnetic directions and increased dispersion
and lower average inclination of K3 axes provides
strong evidence that anomalous paleomagnetic di-
rections are the result of deformation rather than
a record of paleo¢eld behavior.

4. Results and discussion

The interval of undeformed core, 27.7^20.4 m,
was used to establish a reference AMS fabric for
undisturbed sediment (Fig. 2). The £uidized inter-
val, 19.0^12.5 m, provides a similar reference for
core a¡ected by extreme deformation. For the un-
deformed core, the standard deviation of K3 in-

clinations (STDK3, used here as a measure of dis-
persion) is less than 6.5³, and inclinations of K3
axes (INCK3) average 84³ (Fig. 5 and Table 1). In
this interval, INCK3 is greater than 80³ for more
than 90% of the samples and only one sample
yielded an INCK3 less than 70³. As expected,
INCK3 from the £uidized interval are much
more scattered with STDK3 of almost 26³. The
average INCK3 in this interval is 66.5³; fewer
than 55% of the K3 axes are steeper than 80³
and 38% are inclined at less than 70³.

AMS results from the other three depth inter-
vals span the range between these end members.
Core in the interval 85.2^78.1 m, which is highly
disrupted by shear fractures, yields an average
INCK3 and STDK3 close to those from the £uid-
ized core. In this interval, only about a quarter of
the samples yield INCK3 greater than 80³ and
more than 30% yield INCK3 less than 70³. For
the interval 119.7^115.5 m, INCK3 averages 76³,
STDK3 is about 14³, and INCK3 is greater than

Fig. 5. Unsmoothed paleomagnetic inclinations [15] and inclinations of K3 axes vs. depth. Paleomagnetic directions from the pre-
viously interpreted Mono Lake (ML), Blake (B), Jamaica/Biwa I (J/B), and Pringle Falls (PF) excursions are characterized by
high dispersion relative to the undisturbed reference interval (RI). Within the interpreted excursions, K3 axes are more highly dis-
persed and yield shallower average inclinations than in the reference interval. (Note: Dashed line on plots of paleomagnetic incli-
nations indicate geocentric axial dipole ¢eld. Dashed vertical reference lines on the plots of K3 inclinations are at 70³ and 80³.)
Many of the samples in the Mono Lake and Blake intervals were taken from core now recognized to be highly deformed. Open
symbols indicate that AMS data do not exist. AMS data were tabulated by Rosenbaum et al. [16].
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80³ for 58% of the samples and less than 70³ for
14% of the samples. These values are intermediate
between the end members and probably indicate
signi¢cant but less pervasive deformation than
that in the £uidized or highly sheared intervals.
Little deformation is indicated by AMS results
from the 103.6^99.6-m interval. K3 axes in this
interval are as well grouped as those from the
undeformed reference interval and on average
only slightly less steep.

Interpretation of paleomagnetic records from
Pleistocene sediments, like that from OL-92, often
focuses on identi¢cation of magnetic excursions.
Excursions are periods of rapid, high-amplitude
changes in direction of the geomagnetic ¢eld,
and their records, therefore, are zones character-
ized by high dispersion of remanent directions. If
such zones are accurate records of magnetic ¢eld
behavior, there should be no correspondence be-
tween these zones and intervals of core disruption.
Detailed core descriptions, completed to a depth
of 82.6 m, indicate severe deformation and disrup-
tion of core OL-92 within the intervals of the in-
terpreted Mono Lake [17,5] and Blake excursions
[5]. In addition, examination of sedimentary fea-
tures in the upper 82 m of core casts doubt on the
validity of three other interpreted geomagnetic ex-
cursions. Two of these intervals (interpreted as the
Laschamps, and Norwegian and Greenland Sea
excursions) are spatially associated with docu-
mented sediment disruption along with large
amounts of missing core (Fig. 2), whereas the
third interval (interpreted as the Fram Strait ex-
cursion) contains faults and closely spaced lami-
nations of coarse sand [5].

Comparison of paleomagnetic dispersion with
the measures of core disruption provided by the
AMS data constitutes a simple, yet powerful test.
Even in the absence of other evidence of core
deformation, the high correspondence between
paleomagnetic dispersion and the average INCK3

and STDK3 is ample reason to reject the previ-
ously interpreted Mono Lake, Blake, and Pringle
Falls excursions (Fig. 6 and Table 1). Although
the AMS data provide little reason to question
the interval previously interpreted as the Jamai-
ca/Biwa I excursion, it should be noted that the
samples used for AMS measurements do not fully T
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sample the paleomagnetic dispersion used to de-
¢ne this feature (Fig. 6 and Table 1).

5. Conclusions

Although a comprehensive study of AMS re-
quires complex analysis of the orientations and

shapes of susceptibility ellipsoids (see for example,
[18,19]), a very simple analysis of the orientations
of K3 axes provides an e¡ective means of screen-
ing sediment cores for deformation. In addition,
these studies are useful for assessing the e¡ects of
such deformation on associated paleomagnetic
data. Comparison of AMS data for undeformed
and highly deformed intervals of core OL-92 dem-
onstrates that, as expected, deformation reduces
the average inclination of K3 axes and increases
their dispersion.

Detailed descriptions of sedimentary structures
in the upper 83 m of the core show that dispersed
paleomagnetic directions, previously interpreted
to record the Mono Lake and Blake excursions,
are instead the result of severe core deformation.
The AMS results corroborate this interpretation
and cast doubt upon the validity of the inter-
preted Pringle Falls excursion. Observations of
core deformation and (or) coarse sediment cast
further doubt on the validity of other interpreted
excursions in the upper 80 m of the core (La-
schamps, Norwegian and Greenland Sea, and
Fram Strait).

Acknowledgements

We thank J. Glen for providing samples used in
this study, and S. Brachfeld, J. Hagstrum, S. Har-
lan, M. Jackson, K. Kodama, and an anonymous
reviewer for constructive criticism.[RV]

References

[1] K.L. Verosub, Paleomagnetic excursions as magneto-
stratigraphic horizons: A cautionary note, Science 190
(1975) 48^50.

[2] J.E.T. Channell, F. Heller, J. vanStuijvenberg, Magnetic
susceptibility anisotropy as an indicator of sedimentary
fabric in the Gurnigel Flysch, Eclog. Geol. Helv. 72
(1979) 781^787.

[3] R.J. Marino, B.B. Ellwood, Anomalous magnetic fabric
in sediments which record an apparent geomagnetic ¢eld
excursion, Nature 274 (1978) 581^582.

[4] G.I. Smith, J.L. Bischo¡, Core OL-92 from Owens Lake:
Project rationale, geologic setting, drilling procedures, and
summary, in: G.I. Smith, J.L. Bischo¡ (Eds.), An
800,000-year Geologic and Climatic Record from Owens

Fig. 6. Average K3 inclination (INCK3) and standard devia-
tion of K3 inclinations (STDK3) vs. standard deviation of pa-
leomagnetic inclination (STDPMAG) for the depth intervals
indicated in Fig. 5 and Table 1. Low average INCK3 and
high STDK3 are indicative of deformation; the high corre-
spondence between these parameters and STDPMAG indicates
that intervals of high paleomagnetic dispersion (previously
interpreted to record the Mono Lake (ML), Blake (B), and
Pringle Falls (PF) excursions) are due to deformation rather
than geomagnetic ¢eld behavior. The solid symbols are based
on AMS samples. All paleomagnetic samples in the interval
spanning the previously interpreted Jamaica/Biwa excursion
(J/B) were used to calculate STDPMAG indicated by the open
symbols.

EPSL 5436 11-5-00

J. Rosenbaum et al. / Earth and Planetary Science Letters 178 (2000) 415^424 423



Lake, California: Core OL-92, Geol. Soc. Am. Spec. Pap.
317, 1997, pp. 1^8.

[5] J.P. Smoot, Sedimentary features in core OL-92, 0.9^82.5
m depth, Owens Lake, California, in: J.L. Bischo¡ (Ed.),
The Last Interglaciation at Owens Lake, California, U.S.
Geol. Surv. OFR 98-132, 1998, pp. 6^34.

[6] J.M. Glen, R.S. Coe, Paleomagnetism and magnetic sus-
ceptibility of Pleistocene sediments from drill hole OL-92,
Owens Lake, California, in: G.I. Smith, J.L. Bischo¡
(Eds.), An 800,000-year Geologic and Climatic Record
from Owens Lake, California: Core OL-92, Geol. Soc.
Am. Spec. Pap. 317, 1997, pp. 67^78.

[7] J.L. Bischo¡, T.W. Sta¡ord, M. Rubin, A time-depth
scale for Owens Lake sediments of core OL-92: Radio-
carbon dates and constant mass-accumulation rate, in:
G.I. Smith, J.L. Bischo¡ (Eds.), An 800,000-year Geologic
and Climatic Record from Owens Lake, California: Core
OL-92, Geol. Soc. Am. Spec. Pap. 317, 1997, pp. 91^98.

[8] R.F. King, A.I. Rees, Detrital magnetism in sediments:
An examination of some theoretical models, J. Geophys.
Res. 71 (1966) 561^571.

[9] Y. Hamano, An experiment on the postdepositional re-
manent magnetization in arti¢cial and natural sediments,
Earth Planet. Sci. Lett. 51 (1980) 221^232.

[10] A.I. Rees, The e¡ect of water currents on the magnetic
remanence and anisotropy of susceptibility of some sedi-
ments, Geophys. J. R. Astron. Soc. 5 (1961) 235^251.

[11] I.F. Snowball, R. Thompson, A stable chemical rema-
nence in Holocene sediments, J. Geophys. Res. 95
(1990) 4471^4479.

[12] R.L. Reynolds, J.G. Rosenbaum, N. Mazza, W. Rivers,
F. Luiszer, Sediment magnetic data (83^18 m depth) and
XRF geochemical data (83^32 m depth) from lacustrine

sediment in core OL-92 from Owens Lake, California, in:
J.L. Bischo¡ (Ed.), The Last Interglaciation at Owens
Lake, California, U.S. Geol. Surv. OFR 98-132, 1998,
pp. 99^119.

[13] D.W. Collinson, Methods in Rock Magnetism and Palae-
omagnetism ^ Techniques and Instrumentation, Chapman
and Hall, New York, 1983, 503 pp.

[14] D.J. Dunlop, O. Ozdemir, Rock Magnetism, Cambridge
University Press, Cambridge, 1997, 573 pp.

[15] J.M. Glen, R.S. Coe, K.M. Menking, S.S. Boughn, I.
Altsschul, Rock and paleomagnetic results from core
OL-92, Owens Lake, California, in: G.I. Smith, J.L. Bis-
cho¡ (Eds.), Core OL-92 from Owens Lake, Southeast
California, U.S. Geol. Surv. OFR 93-683, 1993, pp.
127^183.

[16] J.G. Rosenbaum, R.L. Reynolds, R. Meyer, Paleomag-
netism of Pleistocene Sediments from Drill Hole OL-92,
Owens Lake, California ^ Reevaluation of Magnetic Ex-
cursions Using Anisotropy of Magnetic Susceptibility,
U.S. Geol. Surv. OFR 98-752, 1998, 21 pp.

[17] G.I. Smith, Field log of Core OL-2, in: G.I. Smith, J.L.
Bischo¡ (Eds.), Core OL-92 from Owens Lake, Southeast
California, U.S. Geol. Surv. OFR 93-683, 1993, pp. 4^57.

[18] V. Jelinek, Statistical processing of anisotropy of magnetic
susceptibility measured on groups of specimens, Stud.
Geophys. Geod. 22 (1978) 50^62.

[19] V. Jelinek, F. Hrouda, D.H. Tarling, New parameters for
characterization of fabrics of linear and planar elements
using orientation tensor, in: H.J. Bunge, S. Siegesmund,
W. Skrotzki, K. Weber (Eds.), Textures of Geological
Materials, DGM Verlag, Oberursel, 1994, pp. 393^399.

EPSL 5436 11-5-00

J. Rosenbaum et al. / Earth and Planetary Science Letters 178 (2000) 415^424424


