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25. MAGNETIC SIGNATURES OF PERIDOTITE ROCKS FROM SITES 897 AND 899
AND THEIR IMPLICATIONS'

Xixi Zhao?

ABSTRACT

A paleomagnetic and rock magnetic study has been performed on the serpentinized peridotites recovered from Ocean Drill-
ing Program Leg 149 Sites 897 and 899 across the ocean/continent transition in the Iberia Abyssal Plain to estimate the ages of
their emplacement and subsequent alteration, which have a direct relation to the early opening of the North Atlantic. Stepwise
thermal and alternating-field demagnetization experiments on 69 10-cm® minicore samples from Holes 897D and 899B show
that the natural remanent magnetization (NRM) of many samples is composed mainly of a single stable component. The mean
NRM intensity is typically on the order of 0.2 A/m for samples from Hole 897D, but about 1.3 A/m for samples from Hole
899B. The much stronger magnetization intensity of Site 899 is apparently in excellent agreement with a magnetic anomaly
high observed in the vicinity of Site 899, suggesting that the serpentinized peridotite body under Site 899 contributes signifi-
cantly to the magnetic anomaly. Conversely, the fact that Site 897 is located more oceanward but has a mean NRM intensity
less than one-third of the average intensity (~4 A/m) of dredged and drilled oceanic basalts in the Atlantic may be used to
explain the weakly negative anomaly data observed nearby.

At both sites, the upper part of the basement section immediately underlying the Pleistocene to Lower Cretaceous sedimen-
tary cover is a zone of alteration in which rocks are pervasively veined and altered to brown-colored, altered, serpentinized
peridotites. The lower part of the basement section consists of "fresher" greenish gray serpentinized peridotites. In this fresher
lower part, the inclinations of characteristic magnetization show a consistent polarity pattern in a depth zone of about 20 m that
is correlative between the two sites. Within this zone, the inclinations of samples are predominantly reversed, which is compat-
ible with a reversed event (probably correlated to marine Anomaly MO at about 118 Ma) prior to the Cretaceous Long Normal
Superchron (84—118 Ma) and is incompatible with a Holocene field direction. In contrast, the inclinations of samples from the
more "oxidized" upper part are almost all normal and the directions are similar throughout this part regardless of depth and
lithology. This polarity pattern would suggest that the emplacement of these peridotites took place sometime during the middle
Cretaceous (probably at the MO time) and alteration of the upper part probably occurred during the Cretaceous Long Normal
Superchron by convecting seawater during the opening of the North Atlantic. Paleomagnetic results from this study provide an
example of the potential value of magnetic polarity dating of tectonic processes that accompanied continental breakup and the

onset of steady-state seafloor spreading.

INTRODUCTION

It is well known that the ocean floor is not everywhere made of
mafic rocks but also consists locally of serpentinized peridotites. Pro-
posed models for the presence of the peridotites at, or close to, the
seafloor are still debated. Many questions remain pertaining to the
emplacement mechanisms of the peridotites. In general, peridotite
occurrences can result from original mantle upwelling processes or
from crystal fractionation in the layered gabbro zone that is immedi-
ately above the upper mantle. In places where the oceanic crust is
very thin, such as along transform faults or along ridge valleys of
slow-spreading ridges, it is quite possible that peridotites can be car-
ried directly onto the oceanic floor by motion along normal faults
(Bonatti and Honnorez, 1976; Girardeau et al., 1988). Such a mech-
anism has been proposed to explain the uplift of the peridotites recov-
ered along ridges or transform fault segments of ridges. On the other
hand, hot mantle uplift during continental rifting or asthenospheric
vertical diapirism has been proposed to explain the original ascent of
peridotites exposed on Zabargad Island (Nicolas et al., 1985, 1987;
Bonatti et al., 1986), in the Alps (Nicolas, 1984), in the Betics (Obata,
1977; Tubia and Cuevas, 1977), and in the Pyrenees (Vielzeuf and
Kornprobst, 1984). To explain the peridotites cropping out at the
boundary between continents and oceans, Boillot et al. (1987) pro-
posed that the rise of peridotites to the surface can result simply from
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tectonic denudation of the mantle as a consequence of stretching of
the lithosphere during rifting. Beslier et al. (1990) further suggested
that under the tectonic denudation model peridotite emplacement is
strongly influenced by the extensional stress field at the end of conti-
nental rifting. At present, evidence from petrologic and fabrics stud-
ies of the peridotites alone cannot discriminate among various
models. Additional geological and geophysical data are needed.

Another inherent problem in the investigation of peridotites is the
determination of their precise ages. This stems largely from the ab-
sence of biostratigraphic dating and correlation in peridotites. An
added problem is that most recovered peridotite has suffered exten-
sive low-temperature and late-stage alteration, as typically evidenced
by calcite veining as well as replacement of the serpentine by calcite,
which makes it difficult to apply radiometric dating methods to these
peridotites.

Paleomagnetism has proved to be a powerful tool in studying
stratigraphic, tectonic, paleoclimatic, and paleoceanographic prob-
lems, and it continues to play a pivotal role as a standard for age-dat-
ing and correlation in Ocean Drilling Program (ODP) studies.
Paleomagnetic dating is based on the facts that the Earth's magnetic
field occasionally reverses polarity and that many rocks retain a mag-
netic imprint of the field at the time they were formed or altered. Un-
der favorable circumstances, paleomagnetic dating can furnish
highly resolved numerical ages by identifying the polarity patterns
and fitting the polarity patterns into biostratigraphically identified
zones, the geomagnetic polarity time scale, or other geochrological
framework.

In this paper, I present a detailed account of paleomagnetic and
rock magnetic results from the peridotite samples from Holes 897D
and 899B drilled during Leg 149. By combining the paleomagnetic
results with other available geological data, useful constraints can be
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placed on the timing of emplacement and the postemplacement alter-
ation of the recovered peridotites. This information may further our
understanding of the processes that accompanied continental breakup
and the onset of steady-state seafloor spreading.

GEOLOGICAL SETTING AND PETROGRAPHIC
DESCRIPTION

Five sites were drilled during Ocean Drilling Program (ODP) Leg
149 at the ocean/continent transition west of Portugal (Fig. 1). Of
these sites, Holes 897D and 899B of Sites 897 and 899, respectively,
reached acoustic basement, and a sequence of serpentinized perido-
tite and associated mantle rocks was recovered from the basement. At
Site 897, which is situated in the ocean/continent transition over a
north-south basement ridge that has been linked to a peridotite ridge
drilled west of Galicia Bank 140 km to the north (see Fig. 1), cores
were obtained from three holes, which penetrated up to 694 m of
Pleistocene to Lower Cretaceous sediments and up to 153 m of base-
ment. Site 899 lies within the same part of the ocean/continent tran-
sition and is about 20 km east of Site 897. At Site 899, 563 m of upper
Pliocene to Upper Cretaceous sediment overlying the serpentinized
peridotites were penetrated in two holes (Fig. 2).

The peridotite recovered during Leg 149 has suffered extensive
low-temperature and late-stage alteration, which includes serpentini-
zation, serpentine and calcite veining, and replacement by calcite.
The two most obvious visible features resulting from this alteration
are color variation and calcite veining. At both sites, the upper part of
the peridotite section immediately underlying the Pleistocene to
Lower Cretaceous sedimentary cover is pervasively veined and al-
tered to a brown-colored serpentinized peridotite and breccia. The
finer grained matrix within the upper part is dominantly dark yellow-
ish brown (10YR 4/2) to moderate yellowish brown (10YR 5/4). The
lower part of the peridotite section consists of "fresher" (compared
with that of the upper part of the section) serpentinized peridotites,
which are generally dark green (SGY 4/1) or greenish black (5G 2/1).
At both holes, Lower Cretaceous (upper Hauterivian) claystone and
siltstone are found at the bottom of the basement section (see Fig. 2),
although these sediments in Hole 897D are relatively minor com-
pared with those of Hole 899B. Preliminary shipboard geochemical
studies indicate that originally the peridotite section was relatively
uniform in composition, but that now the "altered" rocks in the upper
part are significantly enriched in CaCOs, Sr, Ba, P, K, and V, but de-
pleted in Mg, Fe, and Si relative to the underlying fresher greenish
peridotites (Sawyer, Whitmarsh, Klaus, et al., 1994). Conversely, el-
ements such as Ni and Cr, abundant in the unaltered fresher lower
part of the section, are depleted in the altered upper part. Shear tex-
tures of the altered peridotites within the upper part of the section are
confined to basal margins of these rocks, suggesting they formed at
shallow depth during the addition of seawater (Seifert et al., 1993).
Relict mineral and X-ray fluorescence data indicate that the perido-
tites were dominantly lherzolite with lesser amounts of harzburgite
and dunite.

PALEOMAGNETIC SAMPLING AND MEASURE-
MENTS

All cores from Holes 897D and 899B were drilled using the rotary
core barrel (RGB). Therefore, these cores were not oriented with re-
spect to north. A total of 69 minicore samples (each with diameter 2.5
cm, length 2.2 cm) were taken from Holes 899B (36) and 897D (33)
using a water-cooled nonmagnetic drill bit attached to a standard drill
press. The samples were taken from long and continuous pieces of
core sections so as to exclude those that had flipped over inside the
drilling pipe, thus ensuring that the inclinations of the samples were
not disturbed. The depth, freshness, color, and the general appearance
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Figure 1. Regional bathymetric chart of the west Iberia Margin (contours in
500-m intervals, 1000-m contours in bold). Smaller numbers refer to previ-
ously drilled DSDP/ODP sites; larger, bold numbers refer to sites drilled dur-
ing Leg 149. IB = Interior Basin, VDGS = Vasco da Gama Seamount, VS =
Vigo Seamount, PS = Porto Seamount, LB = Lusitanian Basin, ES = Estrem-
adura Spur.

of each sample were carefully registered. This sampling procedure fa-
cilitated the process of comparing the paleomagnetic results of indi-
vidual samples with the corresponding core photographs and assessing
the validity of the paleomagnetic results in a reliable manner. After
splitting individual pieces of the core, ODP workers follow the same
convention in handling rotary cores as for an oriented piston core (Fig.
3). Magnetic measurements were performed mainly with a 2G cryo-
genic magnetometer and a Schonstedt spinner magnetometer in the pa-
leomagnetic laboratory at the University of California at Santa Cruz,
but a few samples were measured during the cruise with Schonstedt
and Molspin equipment. As the shipboard measurements revealed that
these peridotites are highly susceptible to a magnetic field, subsequent
shore-based demagnetization experiments were done in a zero-field
paleomagnetic laboratory using Schonstedt equipment and a custom-
ized thermal demagnetization oven. For each sample, a vector plot of
the directions of the magnetization during progressive demagnetiza-
tion was analyzed to obtain the characteristic component (ChRM) and
its polarity. Magnetic components, linear in three-dimensional space,
were determined by fitting least-squares lines to segments of the vector
demagnetization plots or by using "principal component analysis"
methods (Zijderveld, 1967; Kirschvink, 1980). Bulk magnetic suscep-
tibility and anisotropy of magnetic susceptibility (AMS) were mea-
sured using a Kappabridge KLY-2 (Geofyzika Brno). The
susceptibility tensor (K;;) of each sample was calculated from the mea-
surements in 15 positions. Several samples were subjected to 20-mT
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Figure 2 . Summary lithologic columns from the five sites drilled during Leg 149 in the Iberia Abyssal Plain.
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demagnetization with tumbling alternating field (AF) demagnetizer
prior to AMS measurement in order to remove the scatter due presum-
ably to AMS dependent on natural remanent magnetization (NRM).
To avoid potential problems associated with heating (Rochette et al.,
1992), the AMS measurement was completed before any thermal de-
magnetization experiments were conducted.

RESULTS

The paleomagnetic results of the peridotites from the two holes
are summarized in Tables 1 and 2. The most common features are
outlined below.

Natural Remanent Magnetization

The NRM intensities of the peridotites (Tables 1, 2) range from
14 to 924 mA/m in Hole 897D and from 290 to 2455 mA/m in Hole
899B. In both holes, the intensities become stronger in the lower part
of the peridotite section (772.18-819.48 m below seafloor [mbsf] in
Hole 897D and 475.10-511.56 mbsf in Hole 899B). Although the
intensity in Hole 899B is scattered (Fig. 4), the peaks and lows in the
downbhole profile appear to coincide with petrographical boundaries
in the section. In Hole 897D, the remanence successively shows a
steplike decrease at first and then increases with depth. In detail, it
follows three trends: (1) from 694.49 through 754.86 mbsf, the NRM
intensities are scattered with a mean of 296 mA/m; (2) from 755.81
through 763.24 mbsf, the intensities are much weaker (mean 33 mA/
m); and (3) from 772.69 through 828.40 mbsf, the intensities are
stronger (mean = 394 mA/m) and more scattered (Fig. 4).

Demagnetization Behavior

One of the major experimental requirements in paleomagnetic re-
search is to isolate the characteristic remanent magnetization by se-
lective removal of secondary magnetization. As shown in Figure 5,
thermal demagnetization on Samples 149-899B-23R-1, 12-14 cm,
and 149-897D-16R-2, 72-74 cm (both from the fresher lower part of
the section) removed a "soft" component, probably of viscous origin,
at low to intermediate temperatures (200°-400°C). Up to 585°-
620°C demagnetization, the magnetization revealed the stable com-
ponent of magnetization. In the altered upper part, however, most
samples show a single component of magnetization during demagne-
tization (Fig. 6). In addition, it appears that there is no significant dif-
ference in demagnetization behavior of peridotite samples
throughout this part of the section whether samples are from the ma-
trix, clasts, or even veins. Examples of this behavior are shown in
Figure 6: Sample 149-899B-20R-2, 112-114 cm, which was specifi-
cally chosen from a heavily veined piece of core, exhibited magnetic
properties identical to veinless Sample 149-899B-21R-2, 75-77 cm.

Although in general a stable component of magnetization can be
identified by both thermal and AF demagnetization techniques (Figs.
5, 6), the removal of secondary magnetization was better accom-
plished through thermal demagnetization than through AF demagne-
tization. The dominant magnetic mineral in these peridotites appears
to be magnetite as indicated by the unblocking temperatures and co-
ercivities. The magnetically cleaned inclinations from both holes are
systematically shallower than the expected inclinations at the drilling
sites, assuming that Iberia has been part of stable Europe since the
Cretaceous. The discrepancy in inclination (about 25°) may indicate
that Iberia had a microplate nature at the time of acquisition of the
magnetization. As discussed later, Iberia is indeed believed to have
been independent plate in the Cretaceous.

Magnetic Susceptibility and Koenigsberger Ratio

The magnetic susceptibility (K) is controlled by the volume con-
centration of ferromagnetic minerals as well as by grain size and oth-

434

Working half

Minicore

+Z

|
0° +X

+X
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er parameters such as stress. The magnetic susceptibility of Hole
899B (mean 2.959 x 107 SI units) is about 1.4 times higher than that
of Hole 897D (mean 2.067 x 1072 SI units). Although the scatter in
susceptibility is less than that of the NRM intensities, the susceptibil-
ity values show a pattern similar to the NRM intensities (Fig. 7).

The Koenigsberger ratio (Q ratio) is defined as the ratio in a rock
of remanent magnetization to the induced magnetization in the
Earth's field:

O = NRM (A/m)/ (K (SI) « H (A/m), (1)

where K is the magnetic susceptibility in SI units and H is the
local geomagnetic field (the International Geomagnetic Reference
Field value at the Leg 149 sites [45,000 nT = 35.83 A/m] was used
for calculating Q). In general, the Koenigsberger ratio is used as a
measure of stability to indicate a rock's capability of maintaining a
stable remanence.

The distribution of the Koenigsberger ratios in both holes (Fig. 8)
resembles that of the NRM. Although the mean susceptibility values
of the two holes are comparable, Hole 899B has a higher mean inten-
sity of the remanence, and consequently, the Koenigsberger ratio of
Hole 897D (mean 0.423) is lower than that of the Hole 899B (mean
2.049). Within the altered upper part section in Hole 899B, a sharp
increase in the Koenigsberger ratio occurs at 421.93 mbsf (Sample
149-899B-21R-4, 97-99 cm). A similar spike is also present in Hole
897D (Sample 149-897D-13R-1, 62-64 cm). The Koenigsberger ra-
tio peaks in both holes may serve as one of the stratigraphic markers
for these two sites (the significance of this peak is discussed in more
detail later and is summarized in Table 3). The Q ratio is less than 1.0
in all but two of the samples in Hole 897D, whereas in Hole 899B it
is normally close to or slightly greater than 1.0 (with only four excep-
tions). The low values of the Q ratio demonstrate that induced mag-
netization would either dominate or be comparable to that of the
remanent magnetization if present in an external magnetic field. This
underscores the importance of measuring these rocks in a field-free
room at the shore-based laboratory.

Anisotropy of Magnetic Susceptibility

AMS is a physical property of rocks that is used for petrofabric
and structural studies. It measures the sum of the anisotropies of the
individual minerals in a rock. AMS results can be described by an el-
lipsoid of magnetic susceptibility, with dimensions defined by the
magnitudes of the principal susceptibilities. These lie along the three
orthogonal axes of the ellipsoid and are designated the maximum, in-
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Table 1. Magnetic properties of peridotite recovered from Hole 899B.

Core, section, Depth NRM intensity ~ Declination  Inclination K
interval (cm) (mbsf) (107" A/m) (©) () (X107 SI) Qratio P= K/K;
149-899B-

16R-2, 13-15 371.25 12.06 158.8 12.2 24590 1.369 1.036
16R-3, 57-59 372.96 8.24 195.5 204 17970 1.28 1.013
17R-1, 8688 380.26 12 155.2 16.4 23460 1.428 1.016
17R-2, 4-6 380.87 7.38 200.5 12.4 21220 0.971 1.031
18R-1, 66-68 389.76 21.15 190.7 61.7 47060 1.254 1.064
18R-3, 57-59 392.22 8.76 206.8 -7.6 20060 1.219 1.021
18R-4, 15-17 393.28 8.2 184 10.5 23030 0.994 1.013
18R-5, 8-10 394.32 16.14 207.2 20.2 27410 1.643 1.028
19R-1, 24-26 398.51 21.66 5.1 -16.7 39570 1.528 1.071
19R-3, 70-72 401.85 22.45 169.6 51.5 73770 0.849 1.19

19R-4, 1-3 402.25 15.27 188.9 9.7 35700 1.194 L1153
20R-2, 112-114 410.32 11.29 211.6 17.2 8081 3.899 1.143
21R-1, 64-66 417.74 19.92 168.7 21.3 30290 1.835 1.093
21R-2,75-77 418.99 7.29 188.7 26.7 7078 2.875 1.172
21R-3, 57-59 420.05 3.09 203.7 3.7 1509 5.715 1.058
21R-4,97-99 421.93 8.89 161.2 50.7 1048 23.68 1.141
21R-5,43-45 422.85 15.54 148.7 -6.8 27450 1.58 1.026
22R-1, 134-136 427.64 11.53 193.1 12.8 27970 1.151 1.043
22R-2,27-29 428.03 21.76 228.9 —44 62650 0.969 1.147
23R-1,4-6 435.64 11.56 163.1 29.6 27420 1.177 1.016
23R-1, 12-14 435.72 14.08 193 -23.1 32410 1.213 1.019
23R-4, 16-18 440.14 6.71 193.4 -26.9 20450 0916 1.013
24R-1, 38-40 445.68 3.31 181.6 -33.8 16310 0.566 1.02

24R-2, 33-35 447.13 14.2 196.5 9.5 26390 1.502 1.038
24R-3, 121-123 449.47 12.88 191.6 -13 31770 1.132 1.023
25R-1, 67-69 455.37 6.16 197.9 13.2 23270 0.739 1.024
25R-3, 29-31 457.76 14.36 181.6 -17.8 36320 1.103 1.027
25R-3, 34-36 457.81 14.23 181.7 =233 40500 0.981 1.057
26R-1, 26-28 464.46 24.55 190.5 16.2 40850 1.677 1.062
26R-1, 60-62 464.8 1391 184.1 12.6 33930 1.128 1.015
27R-2,2-4 475.1 7.89 114.4 -253 34070 0.646 1.031
28R-1, 106—-108 483.96 2.9 359.7 =22 34960 0.232 1.261
28R-2, 0-2 484.35 6.06 160.8 24.7 13360 1.266 1.01

29R-1, 118-120 493.28 22.17 176.4 48.8 40710 1.54 1.049
30R-1, 99-101 502.99 19.55 252.7 -79.7 42330 1.289 1.067
30R-2,21-23 503 15.6 117.4 67.6 50230 0.867 1.188

Notes: K = magnetic susceptibility (x 10 SI units), NRM intensity = intensity of natural remanent magnetization, O = Koenigsberger ratio, Inclination = stable inclination after demag-
netization, P = anisotropy factor, K, and K; = maximum and minimum principal axes of susceptibility ellipsoid.

Table 2. Magnetic properties of peridotite recovered from Hole 897D.

Core, section, Depth  NRM intensity ~ Declination Inclination K
interval (cm) (mbsf) (x107" A/m) () () (x10°SI)  Qratio P =K /K;
149-897D-

1IR-1,69-71 694.49 3.12 202.1 14.5 15550 0.56 1.096
11R-2, 10-12 695.37 5.62 168.5 -69.9 19960 0.786 1.067
12R-1, 44-46 703.94 1.85 195.1 -22.1 15290 0.338 1.149
12R-4, 88-90 708.56 0.877 101.7 443 16580 0.148 1.077
13R-1, 62-64 713.62 5.68 157.8 20.6 14940 1.061 1.057
13R-5, 65-67 718.72 3.36 2112 -23.9 12420 0.75 1.041
14R-3, 117-119 726.71 2.57 193.5 18.1 30750 0.233 1.106
15R-2, 8688 734.5 5.04 3524 444 24560 0.572 1.245
16R-2, 72-74 743.15 1.8 64.7 -52.1 26770 0.188 1.217
16R-3, 30-32 743.96 2.06 40 =319 12120 0.474 1.088
16R-3, 42-44 744.08 3.15 34.9 =35 7171 1.226 1.086
16R-4, 63-65 745.78 2.58 245.2 =23 20100 0.358 1.061
16R-5, 61-63 747.2 2.12 349.3 49.6 20920 0.283 1.123
17R-3, 26-28 754.86 3.81 171.3 -323 25360 0.419 1.052
17R-4, 14-16 755.81 0.29 170 -34.8 1254 0.645 1.073
17R-4, 118-120 756.85 0.32 155.7 -16.4 3123 0.286 1.036
17R-5,7-9 757.1 0.27 160.9 -18.4 1746 0.432 1.03

17R-6, 15-17 757.93 0.78 160.8 —24.1 8652 0.252 1.059
18R-1, 10-12 761.36 0.21 201.5 -38.5 32390 0.018 1.056
18R-1, 16-18 763.24 0.14 245.1 -40.4 31960 0.012 1.053
19R-2, 58-60 772.69 1.1 168.6 334 14280 0.215 1.184
20R-1, 118-120 781.78 9.24 3574 23.2 38080 0.677 1.223
20R-2, 135-137 783.42 7.39 29 -37.8 36690 0.562 1.104
21R-2, 16-18 791.1 4.61 327.7 10 23910 0.538 1.158
23R-3, 35-37 812.07 3.6 195.5 -10.5 25500 0.394 1.342
23R-4, 79-81 813.9 3.87 150.8 2 28890 0.374 1.201
23R-5, 31-33 814.84 7.56 3195 54 30440 0.693 1.538
23R-5, 78-80 815.31 4.38 43 -26.3 37030 0.33 1.44

23R-6, 44-46 816.34 3.66 62.4 1.7 25150 0.406 1.253
24R-1, 88-90 819.48 1.05 205.5 —-11.5 5805 0.505 1.306
24R-3, 57-59 821.29 2.17 315.4 38.5 22560 0.269 1.267
24R-4, 63-65 822.81 1.23 85.7 18.3 43860 0.079 1.349
25R-1,20-22 828.4 1.34 162.2 —4.7 8304 0.45 1.155

Notes: K = magnetic susceptibility (x 10 SI units), NRM intensity = intensity of natural remanent magnetization, O = Koenigsberger ratio, Inclination = stable inclination after demag-
netization, P = anisotropy factor, K; and K; = maximum and minimum principal axes of susceptibility ellipsoid.
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Figure 4. Intensity of NRM plotted against depth in
Holes 897D and 899B.

termediate, and minimum susceptibilities (K;, K, and Kj, respective-
ly). These quantities are combined in various ways to describe
different features of the ellipsoid and of the magnetic fabric it repre-
sents (Hrouda, 1982). AMS in peridotites most likely arises from the
preferred orientation of anisotropic magnetic minerals (MacDonald
and Ellwood, 1988). It is probable that net preferred alignment can be
enhanced in these rocks by massive flow during emplacement. Thus,
AMS is possibly relevant to distinguishing between emplacement
modes. The ratio K;/K; (P in Tables 1, 2) is commonly used as a mea-
sure of the degree of anisotropy. In the studied samples it is very low,
ranging from 1.010 to 1.261 in Hole 899B and from 1.030 to 1.267 in
Hole 897D (with five exceptions in the lowest part of the section, see
Fig. 9), which suggests that there is very little anisotropy in the sam-
ples. The values of the anisotropy factor P at both holes show a pat-
tern similar to the magnetic susceptibility. Under the assumption that
cooling of these peridotites was contemporaneous with the emplace-
ment, the AMS results would then suggest that the emplacement pro-
cess of these rocks was probably not under a strong stress field.

Magnetic Polarity

In this study, polarity sense can be assigned with reasonable as-
surance on the basis of the inclination determined from discrete sam-
ple. The most exciting though unexpected result generated from this
study is the identification of magnetic polarity zones in the perido-
tites. As shown in Figure 10, the inclinations of characteristic magne-
tization in the fresher lower part of the peridotite section are stable
and show a consistent polarity pattern in a depth zone of about 21m.
In Hole 897D, this zone starts at 743.15 mbst (Sample 149-897D-
16R-2, 72-74 cm), which corresponds to the onset depth of the fresher
lower part of the section, and ends at 763.24 mbsf (Sample 149-
897D-18R-1, 16-18 cm). In Hole 899B, it ranges from 435.72 mbsf
(Sample 149-899B-23R-1, 12-14 cm) through 457.81 mbsf (Sample
149-899B-25R-3, 34-36 cm) and also coincides with the first appear-
ance of greenish, fresher peridotites in the lower part of the section.
At both holes, the inclinations of samples are predominantly negative
(reversed) within this zone. In contrast, the inclinations of samples
from the more "oxidized" upper part are almost all positive (normal).
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There is also a difference in mean inclination between the two holes.
In Hole 897D, the mean inclination for the upper part is 30.2° (N =5,
ags = 20.5°, k = 19.4) and the mean inclination in the lower part is
-31.4° (N = 12, ag; = 10.8°, k = 16.5). In Hole 899B, the mean incli-
nation in the upper part is 22.6° (N = 20, ag; = 9.5°, k = 11.3) and for
the lower part the mean inclination is -20.1° (N = 8, ags = 8.3°, k =
49.2). These mean inclinations are significantly shallower than both
that of present-day field (~64°) and those calculated from Cretaceous
to Tertiary reference paleopoles for Europe, Africa, and North Amer-
ica, which range from 40.3° to 51.7° (see Van der Voo, 1993, p. 136,
for the reference paleopoles).
Two observations of the paleomagnetic data from Site 897 are

worth mentioning:

1. Several samples from the top of the altered upper part display
negative inclinations (hence, reversed polarity?), suggesting
that the normal polarity magnetization in the altered upper part
was probably not a Holocene overprint. The most diagnostic
examples are shown in Figure 11: a light-colored clayey lime-
stone Sample 149-897C-66R-4, 15-17 cm, which was as-
signed a Late Cretaceous age based on the preliminary
shipboard biostratigraphic ages, as well as a peridotite Sample
149-897D-11R-4, 71-73 cm, are both reversely magnetized.
Similarly, indications for this reversed signal are present in
peridotite Samples 149-897D-11R-2, 10-12 cm, and 149-
897D-12R-1, 44-46 cm, at 695.37 and 703.94 mbsf, respec-
tively (Table 2).

2. There is a possible narrow normal polarity interval at 747.2
mbsf in Hole 897D in which no obvious physical disturbance
is present. It appears that this polarity transition is represented
simultaneously in both inclination and declination, although
the declination shows some additional shifts owing to the lack
of internal orientation of these cores upon coring. It is also in-
teresting to note that below this transition cores have the weak-
est NRM intensities within the basement section (see Table 2).
These features, if true, would increase our confidence in the
polarity determinations for both the upper and lower parts of
the peridotite sections.



DISCUSSION

The rock magnetic properties of the peridotites are generally char-
acterized by relatively strong NRM intensities and low Koenigsberger
ratios. The average intensity of the recovered serpentinized peridotite
is 0.29 A/m for samples from Hole 897D, but about 1.28 A/m for sam-
ples from Hole 899B. A recent magnetic survey revealed a magnetic
anomaly high (about 0.3 A/m) in the vicinity of Site 899, which was
previously thought to result from a relatively strongly magnetized
nonoceanic crust (Whitmarsh et al., this volume). The much stronger
magnetization intensity of Site 899 is apparently in excellent agree-
ment with this observed magnetic anomaly high, suggesting that the
serpentinized peridotite body under Site 899 contributes significantly
to the magnetic anomaly. Conversely, the fact that Site 897 is located
more oceanward, but has a mean NRM intensity less than one-third of
the average intensity (~4 A/m) of dredged and drilled oceanic basalts
in the Atlantic (Lowrie, 1977), may be used to explain the weakly
negative anomaly data observed nearby.

The AMS data suggest that there is no noticeable magnetic anisot-
ropy, and hence, probably no magneto-petrofabrics in these perido-
tites. This observation is consistent with other types of data,
including data obtained by X-ray texture goniometry methods that in-
dicate that there is little variation of fabrics in these peridotites (Mor-
gan, this volume) and by seismic methods that suggest a weak degree
of anisotropy (only about 7%) in these rocks (Harry and Batzle, this
volume). These consistent observations would attest to the hypothe-
sis that the peridotites were not strongly influenced by the extensional
stress field that may prevail in the adjacent continental lithosphere.

Stable components of magnetization are revealed in the results of
demagnetization on the peridotites from both holes. In the upper part,
the remanence is dominated by a single stable component of normal
polarity. Nearly identical directions of this component were found in
all samples regardless of lithology and depth. Therefore, the paleo-
magnetic data of the altered upper part seem best interpreted as indi-
cating that the magnetization is an overprint that was probably
imposed during the alteration of these peridotites. The mean inclina-
tion of this overprinted magnetization is consistently shallower
(~30°) than that of a Holocene field (~60°), suggesting that the over-
print was unlikely acquired in the latter. In view of the polarity of
magnetization identified from the overlying Cretaceous (see Fig. 11
for an example) and Tertiary sediments at both sites (Zhao et al., this
volume), this normal overprint is probably older than the magnetiza-
tion of the overlying Tertiary sediments.

In the fresher lower part, although the remanence is still dominat-
ed by a single component of magnetization in majority cases, several
samples display a multicomponent nature, with a characteristic com-
ponent isolated after removal of a secondary component of opposite
polarity (Fig. 5). The characteristic component is carried by magne-
tite, which is known capable of preserving an early remanent magne-
tization over a long time. Because of the demagnetization behavior of
these samples, I have no reason not to believe that the magnetization
directions derived from these fresher peridotites are primary. More-
over, the reversed magnetization zone in the beginning of the fresher
lower part is correlative between the two sites, which is perhaps the
most compelling argument for the presence of primary magnetization
because it would be difficult for a later remagnetization to produce
such a preferential polarity pattern at depth. Several lines of overlap-
ping evidence (Table 3) support my contention that the reversed mag-
netization zone in the beginning of the fresher lower part is
correlative:

1. A distinctive increase in susceptibility was observed from
shipboard pass-through magnetic susceptibility measurements
at both sites (Fig. 12), which corresponds to the boundary be-
tween lithostratigraphic Units III and IV (Sawyer, Whitmarsh,
Klaus, et al., 1994). The depth difference of this stratigraphic
marker between the two sites is about 283 m.

MAGNETIC SIGNATURES OF PERIDOTITE ROCKS

2. Biostratigraphic and lithostratigraphic studies have deter-
mined that the unit boundaries between these two sites are also
offset consistently by 285.4 m (see Sawyer, Whitmarsh,
Klaus, et al., 1994; also see Fig. 2).

3. As mentioned, there is a Koenigsberger ratio peak found in
both holes. Although this peak occurs in the more oxidized up-
per part and the value of the ratio itself does not carry much
weight in the overall interpretation, its depth difference (291.7
m) between the two holes is significant, as it roughly coincides
with the depth difference (307.4 m) of the reversed magnetic
polarity zone found in the fresher lower part.

Therefore, these consistent markers of depth difference between
the two sites indicate that the reversely magnetized peridotites in both
holes are probably the same unit and recorded the same geomagnetic
field during the time of emplacement.

Assuming the origins of the identified magnetic components of
the peridotites are correctly established, the next step is to correlate
the pattern of polarity changes with the established magnetic reversal
sequence. To do so, it may be useful to briefly mention the marine
magnetic Anomaly MO and to review the proposed kinematic evolu-
tion and timing of important tectonic events among the major plates
(Iberia, North America, Europe, and Africa) bordering the North At-
lantic.

Marine magnetic anomalies have provided the richest source of
information about magnetic reversals. The main reason for the high
fidelity of the marine magnetic record is the remarkable continuity of
the geologic processes by which new crust is formed along mid-
ocean ridges. The polarity chrons of the pre-Aptian sequence are gen-
erally described by the M-sequence with designations "MO0" through
"M29" (Kent and Gradstein, 1985; Channell et al., 1987). There is
still no direct isotopic dating of the M-sequence anomalies. The ages
assigned by Kent and Gradstein (1985) to the M-sequence anomalies
are based on fixing the Barremian/Aptian boundary at 118 Ma and
the Oxfordian/Kimmeridgian boundary at 156 Ma. A number of
short-period reversed events have been identified within the Creta-
ceous interval of dominantly normal polarity. The best documented
of these is the reversed polarity event, of possible ~1 Ma duration, sit-
uated close to the Barremian/Aptian boundary (Hellsey and Steiner,
1969; McElhinny and Burek, 1971; Pechersky and Khramov, 1973;
Channell et al., 1987). This reversal has been correlated with marine
Anomaly MO0. The MO used in Kent and Gradstein's (1985) time
scale is at 118 Ma, which immediately precedes the Cretaceous Long
Normal Superchron (84-118 Ma). As most published papers about
Iberia use this system, I adhere to the Kent and Gradstein (1985) time
scale in this study.

Kinematic models for present-day plate motions (Minster and Jor-
dan, 1978; Argus et al., 1989) and the distribution of earthquakes
show that Iberia is now moving as part of Eurasia. However, conti-
nental geology strongly suggests that Iberia could not have moved
with Eurasia during the formation of the Pyrenees in the Early Creta-
ceous (Srivastava et al., 1990). Paleomagnetic results on land also
suggest that Iberia has rotated counterclockwise about 35° relative to
Europe between the Barremian or Aptian and the Maastrichtian (Van
der Voo, 1969, 1993) and that most of the rotation (30°) occurred at
about Hauterivian to Aptian time (Galdeano et al., 1989). Several
plate tectonic reconstructions have been attempted to show the origi-
nal positions of North America, Iberia, and Europe (Le Pichon et al.,
1977; Srivastava et al., 1990; Srivastava and Verhoef, 1992). At
present, only models with marine magnetic data have the potential to
provide estimates of the age of important events (although these
events have to relate strictly to the history of seafloor spreading). By
matching synchronous magnetic lineations and fracture zone systems
that characterize the seafloor-spreading history between Europe and
North America, Srivastava et al. (1990) reconstructed the history of
Iberia's motion relative to its neighboring plates from Anomaly MO
(118 Ma on the time scale of Kent and Gradstein, 1985) to the present.
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Figure 5. Representative vector end-point diagrams showing the results of thermal and alternating field demagnetization for samples from the "fresher" lower
part of the peridotite section in Holes 897D and 899B. Reversed polarity of magnetization is revealed in all samples. A. Sample 149-897D-16R-3,42-44 cm. B.
Sample 149-897D-16R-3, 30-32 cm. C. Sample 149-899B-23R-1, 12-14 cm. D. Sample 149-897D-16R-2, 72-74 cm. Plus signs and circles represent the pro-
jection of the magnetization vector end-point on the horizontal and vertical planes, respectively. NRM = natural remanent magnetization. Note that Samples
149-897D-16R-3. 42-44 cm, (A) and 149-897D-16R-3, 30-32 cm, (B) were taken from same piece of continuous core section.

They implied that Iberia was alternately attached to Africa or Europe
and the opening of the North Atlantic was not an instantaneous pro-
cess. Several salient features stand out from their kinematic model:

1. For the major part of the Cretaceous magnetic quiet period,
Iberia moved as an independent plate.

2. Sometime before Chron 34 (84 Ma), Iberia became attached to
the African plate, and the plate boundary between Africa and
Eurasia was located at the Bay of Biscay.

3. From Chrons 34 (84 Ma) through 18 (42 Ma), Iberia was part
of the African plate.

4. From the late Eocene (Chron 18, 42 Ma) to the early Miocene
(Chron 6¢, 24 Ma), Iberia again moved as an independent
plate. The boundary between Eurasia and Iberia during this
time extended west from the Pyrenees to King's Trough. The
separation process is further complicated by intraplate defor-
mation. The relative motion between Iberia and North Ameri-
ca was transformed into the left-lateral motion of Iberia with
respect to Europe (Le Pichon et al., 1977), and evidence of
southwesterly motion of Iberia with respect to Europe was
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found in the fault pattern of the sedimentary basins north of
Spain (Lepvrier and Martinez Garcia, 1990). 5. At about early
Miocene (Chron 6¢, 24 Ma) time, motion along the King's
Trough/Azores-Biscay Rise boundary became very small, and
Iberia started to move as part of the Eurasian plate (Srivastava et
al., 1990).

The general evolution of the North Atlantic is now well docu-
mented in the literature (Bullard et al., 1965; Le Pichon et al., 1977;
Courtillot, 1982; Srivastava and Tapscott, 1986; Klitgord and
Schouten, 1986; Rowley and Lottes, 1988; Srivastava et al., 1990;
Srivastava and Verhoef, 1992). Three rift-drift episodes can be rec-
ognized. The separation of Africa and North America is the oldest,
with a Triassic-Jurassic rifting phase and a final breakup in the Mid-
dle Jurassic. The next phase is the separation of Iberia and the Grand
Bank, which took place during the Early Cretaceous, with breakup at
about 130 Ma. The last phase of seafloor spreading started with the
separation of Europe from North America in the middle Cretaceous.
Steady-state seafloor spreading between the Grand Bank and Iberia
started at MO time (118 Ma).
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Figure 5 (continued).

Returning now to the age assignment of the polarity patterns iden-
tified from this study, I first want to point out that Leg 149 drilling
successfully confirmed the timing of the second phase of the above-
mentioned rift-drift episodes, originally proposed by Whitmarsh et
al. (1990), in which Iberia started to drift in late Hauterivian time
(M4, ~130 Ma), about 12 Ma earlier than the adjacent Galicia Bank.
It is generally believed that continental breakups initiating ocean ba-
sins are preceded by a period of lithospheric stretching lasting about
20-50 Ma (Cochran, 1983), and the onset of oceanic spreading is as-
sumed to be contemporaneous with the end of rifting and extensional
tectonics on the margins (Malod and Mauffret, 1990). Therefore, it
seems that the emplacement of Leg 149 peridotites probably occurred
during the continental rifting and breakup of Iberia from the Grand
Bank in late Hauterivian time (M4), and the observed reversed mag-
netization zone in the fresher lower part of the peridotite section most
probably coincides with the onset of seafloor spreading between the
Grand Bank and Iberia at MO time (118 Ma). Because Anomaly MO
lasted only about 1 Ma, the overprinted normal magnetization signal
observed in the more oxidized upper part of the peridotite section
could be imposed any time within the Cretaceous Long Normal Su-
perchron (84-118 Ma), most likely soon after the MO time. These in-
terpretations are fully consistent with the time constraints from the
magnetic signatures of the overlying Cretaceous sediments, as men-
tioned above. The most conspicuous feature of the polarity records
for the Cretaceous red and brown clays is a short reversed polarity

zone, which may suggest that the deposition of these cores occurred
during the MO subchron.

Several lines of geological observations agree with the above age
assignments to the magnetic polarity zones:

1. Biostratigraphic arguments suggest that the oldest units of
these peridotites are Early Cretaceous in age (Hauterivian,
about 135-132 Ma), and the first sediment deposited on top of
the peridotite section was found to be Late Cretaceous in age.
Therefore, the entire peridotite section should have been em-
placed during the Cretaceous. Recent micropaleonotologic
dating of cores from Hole 899B revealed that the emplacement
of these peridotites probably lasted only about 1-2 Ma (de
Kaenel and Bergen, this volume).

2. Magnetic Anomaly MO is identified from only the east side of
the peridotite sites (less than 150 km), suggesting the perido-
tites are of approximately the same age as Anomaly MO (118
Ma).

3. Numerous major unconformities (at about 118 Ma) in many
sedimentary basins surrounding the peridotite sites are concur-
rent with seafloor spreading at MO time. On the Iberian margin
side, these tectonostratigraphic basins include the Inner Gali-
cia Basin (Murillas et al., 1990) and Lusitanian Basin (Wilson
et al., 1989), and on the Newfoundland side, the Whale Basin
(Balkwill and Legall, 1989) and Jeanne d'Arc Basin (Tankard
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Figure 6. Representative vector end-point diagram showing the results of thermal and alternating field demagnetization for samples from the "altered" upper
part of the peridotite section. Normal polarity of magnetization is revealed in all samples. A. Sample 149-899B-16R-3, 57-59 cm. B. Sample 149-899B-21R-4,
77-79 cm. C. Sample 149-899B-20R-2, 112-114 cm. D. Sample 149-899B-21R-2, 75-77 cm. Conventions as in Figure 5. Sample 149-899B-20R-2, 112-114
cm, (C) was specifically taken from a heavily veined core section, whereas Samples 149-899B-16R-3, 57-59 cm, (A) and 149-899B-21-2, 75-77 cm, (D) were

from relatively vein-free pieces.

et al., 1989). These unconformities not only provide a direct
linkage between the evolution of these basins and separation
of Iberia from North America, but also suggest that the em-
placement and alteration events in these peridotites should
have taken place at about MO time.

4. Shipboard observations suggest that the alteration of the peri-
dotites recovered during Leg 149 took place soon after the
peridotites were emplaced at or near the seafloor surface and
that the fluid responsible for serpentinization was probably
seawater. Therefore, both the paleomagnetic and geologic data
are compatible with the suggestion that alteration by fluid cir-
culation was associated with the first stages of accretion of the
oceanic crust, during the middle Cretaceous.

It is beyond the scope of this paper to propose a detailed and quan-
titative model for the emplacement process of the peridotites recov-
ered during Leg 149. However, it is appropriate to discuss
qualitatively some of the constraints from paleomagnetic data and
other relevant geologic data that can be placed on the potential mod-
els for the mode of emplacement and the late-stage alteration of these
peridotites.
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The sites at which peridotite was recovered during Leg 149 are re-
gions where the crust is missing and where the mantle rocks crop out
directly on the seafloor. This would imply that progressive uplift and
final emplacement of peridotites at the Earth's surface seem to be re-
lated to the thinning of the continental crust beneath the rift. As men-
tioned in the "Introduction" section, several distinct models have
been proposed to account for the uplift of mantle rocks on the sea-
floor in relation to continental rifting. These models include diapiric
emplacement (Nicolas et al., 1987; Bonatti, 1987) and tectonic denu-
dation by detachment faulting (Boillot et al., 1987). Although both
models can be used to explain the exposure of upper mantle rocks at
the end of the rifting, they both pose certain difficulties when applied
to the peridotites at Iberia margin. Specifically, the vertical astheno-
sphere diapiric model predicts basalt flow should exist on top of the
"diapirs," and the detachment faulting model requires that the mantle
rocks experience ductile deformation at great depth and brittle defor-
mation near the surface. Shipboard petrologic observations found a
complete absence of basaltic clasts within the serpentinized perido-
tites at both Holes 897D and 899B. Therefore, the vertical diapirism
model cannot completely account for the emplacement process at
these sites. On the other hand, the current lack of evidence for the
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Figure 6 (continued).

presence of anisotropy in these peridotites, as indicated by the AMS
data from this study, would pose some difficulties for a pure detach-
ment faulting model. Because uplift of the peridotite by some kind of
diapiric mechanism is needed and detachment faulting accounts nice-
ly for the crustal thinning and stretching, I propose a combination of
these two models for the process of emplacement of the Iberian peri-
dotites. Uplift by diapirism could occur prior to the main stage of
stretching. At the end of the stretching phase, when the crust is par-
ticularly thinned, these peridotites would be serpentinized by seawater
circulation (which is responsible for remagnetizing the upper part of
the peridotites) and hence become less dense than the surrounding
crustal material. Finally, the serpentinized peridotites rose to the sea-
floor and cropped out at the ocean/continent boundary just before
"true" seafloor spreading started between the Iberian and Newfound-
land margins (i.c., the opening of North Atlantic).

CONCLUSIONS

The Iberian peridotites recovered from Holes 897D and 899B pre-
serve a magnetic memory of the middle Cretaceous geomagnetic
field and provide a rare opportunity for dating the tectonic processes
that accompanied continental breakup and opening of the North At-
lantic. The fresher peridotites have Cretaceous (shallow) inclinations
and a reverse polarity and are therefore most likely pre-Cretaceous
Long Normal Superchron. The altered zone still has these shallow in-

clinations but is predominantly normal. Because other work shows
that alteration was early, the normal inclination is probably of Creta-
ceous Long Normal Superchron age. Magnetic polarity patterns iden-
tified at these two sites appear to suggest that the emplacement of
these peridotites took place sometime during the middle Cretaceous
(probably at MO time, 118 Ma), and subsequent alteration of the up-
per part of these peridotites probably occurred during the Cretaceous
Long Normal Superchron (most likely between 117 and 84 Ma) by
seawater during the opening of the North Atlantic. These peridotites
were probably brought up by a combination process of mantle up-
welling and lithospheric stretching and reached the last stage of their
evolution about 110 Ma ago.
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MAGNETIC SIGNATURES OF PERIDOTITE ROCKS
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Figure 7. Magnetic susceptibility (x 10 ST units) of peridotite samples plotted against depth in Holes 897D and 899B.
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Figure 8. Koenigsberger ratio of peridotite samples plotted against depth in Holes 897D and 899B.
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360|IIII|IIIII|IIIIIIllll[lllllAlllll
Present day inclination |  Hole 899B ]
4 \\
7oo.....,.n..,.....,...”,.....Z.. 280 4
Hole 897D i L]
N / i B T j
[ ]
720~ < — 400 f_' i
r > T 420~ 7]
740
Z £
E % 440
§ 76! 3
I T~ ] 460
7801~ 7 -
L < 4 480
800 7 I
I 4 1 500~ -
L 7;. 4 L i
820;— 7‘ __' 520'-lllllllLlllllllll lIIlII]l]]IVllII-
i — i 9 60 -30 0 30 60 90
L V g Inclination (degrees)
840lllllll_LLl_l‘LlllllllIIlllllll LLLl1l

90 -60 -30 0 30 60 90

Inclination (degrees)

Figure 10. Inclinations of ChRM of peridotite samples plotted against depth in Holes 897D and 899B. Shaded areas correspond to the fresher lower part of the
section. The present-day field inclination at the Leg 149 drilling sites is also indicated.
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Figure 11. Orthogonal projections of thermal demagnetization results from cores overlying the altered upper part of the peridotite section at Site 897 show that
the stable component of magnetization is probably of reversed polarity. A. Sample 149-897C-66R-4, 15-17 cm. B. Sample 149-897D-11R-4, 71-73 cm.

Table 3. Three overlapping observations for depth difference (mbsf) at Holes 897D and 899B.

Hole Hole Depth
Marker 897D  899B difference
Downhole susceptibility peak 647 364 283
Lithostratigraphic Unit IVA boundary 655.2  369.8 285.4
Q-ratio peak 713.6 4219 291.7
Onset of the reversal zone 743.1 4357 307.4
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Figure 12. Whole-core magnetic susceptibility plotted as a function of depth from (A) Hole 897C, (B) Hole 897D, and (C) Hole 899B. Magnetic susceptibility
was measured at 3- to 5S-cm intervals on most of the recovered sedimentary and peridotite cores using the Bartington Instruments susceptibility meter (model
MS 1; 80-mm loop, 4.7 kHz, SI units) mounted on the multisensor track aboard ship. Lithostratigraphic units are shown in the column to the right.
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