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25. MAGNETIC PROPERTIES OF LEG 158 CORES: THE ORIGIN OF REMANENCE AND ITS 
RELATION TO ALTERATION AND MINERALIZATION OF THE ACTIVE TAG MOUND1

Xixi Zhao,2,3 Bernie Housen,4 Peter Solheid,4 and Weixin Xu5

ABSTRACT

We present detailed rock magnetic results of sulfide and basalt samples recovered at the Trans-Atlantic Geotraverse (TAG)
hydrothermal mound on the Mid-Atlantic Ridge near 26°N. The study involves a series of rock magnetic measurements and
characterization of 46 minicore samples. These measurements were designed to investigate the origin of the magnetic rema-
nence of the samples and allow an unambiguous identification of magnetic minerals and their distribution in the TAG mound.
The Leg 158 cores displayed a multicomponent magnetization nature. No reversed magnetization was observed, which was
expected as the mound was formed within the last 140 ka. Variations in magnetic properties correlate to changes in lithology
that result from differences in the abundance and size of magnetic particles. Almost all sulfide samples from the TAG drilling
areas contain small amounts of pyrrhotite and magnetite as shown by the transition around 40 K and by the Verwey transition in
the vicinity of 118 K during the low-temperature cycling. The magnetization shows complexity both on a local scale and on a
larger scale, with highly variable inclinations over relatively short distances along the core sections. The available evidence
suggests that the remanence of sulfide samples is partly or wholly chemical in origin, probably as a result of heating and alter-
ation related to hydrothermal fluid circulation. The combined investigation suggests that the magnetic properties of the basalt
samples from the TAG-4 area are controlled mainly by magnetite and minor amounts of maghemite and hematite. The magnetic
minerals of the basalts are of variable particle size, but fall within the pseudo-single domain size range (0.2−14 µm). The mean
inclination of 20.8° obtained from the basalt samples is a significant departure from the expected 55° value and is surprising.
One possible paleomagnetic interpretation of the shallow inclination results would be to propose that some tectonic rotation of
the TAG mound has occurred since the basaltic lava flows were erupted.
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INTRODUCTION

In recent years, it has been recognized that seafloor hydrothermal
systems on slow-spreading, sediment-free mid-ocean ridges not only
give rise to the formation of hydrothermal sulfide deposits, but also
dominate global hydrothermal activity (e.g., Stein and Stein, 1994).
Hence seafloor hydrothermal activity is an important contributor to
global mass and energy fluxes. Hydrothermal fluid circulation pro-
gressively changes the physical and chemical conditions of rocks
within the oceanic basement (e.g., Humphris and Thompson, 1978),
and provides unique habitats that support chemosynthetic biological
communities that are especially adapted to the physico-chemical en-
vironment and ephemeral nature of vents (Van Dover et al., 1988;
Wirsen et al., 1993).

Leg 158 was particularly designed to investigate the subsurface
nature of such a hydrothermal field: the Trans-Atlantic Geotraverse
(TAG) mound on the slow-spreading (half rate 1.2 cm/yr) Mid-At-
lantic Ridge near 26°N (Fig. 1). The principal objectives of drilli
Leg 158 were: (1) to study the spatial and temporal variation in
mineralogy, chemistry, and physical properties of the hydrother
deposits and subsequent zone-refining processes; (2) to inves
the nature of fluid circulations and their effects on mineralogical v
ations and hydrogeological properties of near- and sub-surface
posits; and (3) to acquire data that can be used to understand the
seawater interactions and subsequent effects upon the bas
rocks (stockwork zone). Seventeen holes were drilled at five lo
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tions on the TAG mound (TAG-1 to TAG-5 area in Fig. 1). Althoug
recovery was generally poor (with an average of ~12%), we obtain
for the first time, invaluable samples from the subsurface part o
volcanic-hosted submarine hydrothermal system. These samples
resent a variety of rock types, including massive granular pyrite, 
rite-anhydrite breccia, pyrite-silica-anhydrite breccia, and sligh
altered basalts (see below for stratigraphic details). Because o
tremely difficult drilling conditions that included hole instability an
cleaning problems, however, originally planned programs for f
logging and emplacement of a Circulation Obviation Retrofit K
(CORK) could not be run. Therefore, some of the particular drilli
objectives are entirely dependent on continued studies of this un
set of samples.

Measurement of rock magnetic parameters has been demonst
to be useful for studying various rock-forming and rock-altering ge
logical processes. Rock magnetic properties can be used to ide
the magnetic mineralogy and particle sizes, to subdivide or to co
late different sequences of the deposits, and to help assess the 
and stability of remanent magnetization. Therefore, magnetic pro
ties can be used to understand the relationship of magnetic prope
to the alteration regime in the TAG mound.

The purpose of this paper is to present the results of such w
carried out on cores recovered from Leg 158 sites from the T
mound. We will first describe and discuss the paleomagnetic 
rock magnetic results of the cores recovered from the TAG-1, TA
2, TAG-4, and TAG-5 areas, focusing on the cores that provided
most readily interpretable data. We then interpret the data in conj
tion with lithostratigraphy and other studies. Finally, we use the 
sults to explore the relationship between the magnetic properties
alteration and mineralization of the TAG mound.

SITE AND GEOLOGIC SETTING

The site locations (Fig. 1) and the structure and morphology of
TAG mound are documented in detail in site chapters of the Leg 
337
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Figure 1. High-resolution bathymetric map (5-m contour interval) of the TAG active mound showing its overall morphology and the major areas of venting
(Black Smoker Complex and Kremlin Area). The locations of the holes on the TAG active mound drilled during Leg 158 are also shown. Inset shows the loca-
tion of the TAG hydrothermal field on the Mid-Atlantic Ridge (after Humphris et al., 1995).
e
 a
e
o
u

d
ow
c
 f
s
 p

a
ro
s
ns
d
d

e

the
us
ed

nd
gn-
ls

re
e
pe-

re-
us

nd
in-
 the
 2
st
h

s.
te
 of
Initial Reports volume and other appropriate papers (see Humphris et
al., 1995; Humphris, Herzig, Miller, et al., 1996; Rona and Thomp-
son, 1993) and will be only briefly summarized here.

The TAG mound is the largest hydrothermal field of four along
the Mid-Atlantic Ridge (Rona and Thompson, 1993). The TAG site
is characterized by active discharge of both high- (~350°−400°C) and
low-temperature (200°−300°C) fluids (Tivey et al., 1995), larg
polymetallic sulfide deposition (Rona et al., 1986; Campbell et
1988; Thompson et al., 1988), and an unusual productive and div
vent-related, chemosynthetic-based benthic community (Van D
et al., 1988). Submersible observations confirm that the TAG mo
is a large circular feature (about 200 m in diameter) with two 
tinctly flat terraces, which may represent two phases of active gr
(Humphris et al., 1994). Geochronological studies of samples re
ered by dredging suggest that the currently active TAG mound
formed about 140 ka (Lalou et al., 1995). More detailed studie
Alvin samples suggest that activity has been intermittent over the
20 k.y., with high-temperature activity on average every 5−6 k.y.
(Lalou et al., 1995). Present activity commenced only 60 yr ago, 
a hiatus of about 4 k.y. (Lalou et al., 1995). Magnetic field data f
regional surface-ship studies indicate that a broad north-northea
south-southwest–trending area of low residual magnetic inte
about 12 km long and 8 km wide is associated with the TAG hy
thermal field (Wooldridge et al., 1992). This has been interprete
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result from hydrothermal alteration of the basaltic crust (Wooldridg
et al., 1992). An Alvin survey conducted in 1990 over the TAG
mound also revealed a magnetization low located directly beneath 
mound with a possible dip to the south (Tivey et al., 1993). Previo
work by Hannington et al. (1988, 1992) on surface samples collect
during Alvin submersible dives to the TAG hydrothermal field indi-
cate significant local enrichment of precious metals such as gold a
associated trace metals. Such a finding may well challenge the rei
ing paradigm that defines a whole class of gold formation mode
(i.e., gold is no longer just formed on land).

Drilling at the TAG mound was concentrated on a single featu
about 200 m in diameter. Consequently, all drilling locations wer
considered as one site (Site 957), although holes were grouped in s
cific areas (Fig. 1). One of the most striking features of the cores 
covered from these areas is the dominance of breccias of vario
types (Fig. 2). Based on the overall internal structure of the mou
and the upflow zone, four major zones of the breccias can be dist
guished. Zone 1 consists of massive pyrite breccias that dominate
upper 10−20 m at every location (see Humphris et al., 1995). Zone
is characterized by anhydrite-rich breccia, which is one of the mo
remarkable features of the lithology of the mound. The anhydrite-ric
zone was not identified at either the TAG-2 or the TAG-4 area
However, recovery was low, so the possibility exists that anhydri
was preferentially not recovered. Zone 3 was observed at a depth
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Figure 2. Three-dimensional sketch of the TAG active mound showing the surface morphology and distribution of venting, as well as the generalized and sim-
plified internal structure based on the drilling results (after Humphris et al., 1995). Four major zones within the mound and upflow zone can be distinguished:
Zone 1 = massive pyrite breccias: clasts (up to 5 cm) of massive, granular pyrite in a porous, sandy pyrite matrix with minor amounts of anhydrite; Zone 2 =
pyrite-anhydrite breccias: down to ~30 mbsf-round pyrite clasts (0.5−2 cm in size) in a matrix of anhydrite; Zone 3 = pyrite-silica breccias: large (<10 cm) gray
fragments of siliceous material (pre-existing mineralized and silicified wallrock) and quartz-pyrite clasts in a matrix of fine-grained quartz; Zone 4 = chloritized
basalt breccias occur below about 100 m: chloritized and weakly mineralized basalt fragments (1−5 cm in size) cemented by quartz and pyrite and crosscut by
veins of pyrite, quartz, and quartz + pyrite.
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greater than 40 mbsf and is characterized by a quartz-sulfide stock-
work. Zone 4 is a quartz-chlorite stockwork, which was sampled at
depths greater than 100 mbsf in Hole 957E of the TAG-1 area (Fig.
2). This complex structure implies that the TAG active mound has
undergone multiple stages of development, which are reflected in the
sequences of alteration and veining events that can be distinguished
in these breccias (Humphris et al., 1995).

LABORATORY AND ANALYTICAL METHODS

Paleomagnetic Sampling

During Leg 158, 46 discrete paleomagnetic samples were taken
for shipboard and shore-based paleomagnetic and rock magnetic
studies. These 2.5-cm cylindrical samples were drilled from the core
sections that contained vertically oriented long pieces, using a water-
cooled nonmagnetic drill bit attached to a standard drill press. No
samples were taken from cores recovered at the TAG-3 area because
of the lack of vertically oriented long pieces (note that only the last
12 hr of drilling time were devoted to the TAG-3 area). In all cases,
the uphole direction was carefully recorded on the sample by means
of an orientation arrow before removal from the core section. All
samples were kept in a relatively cold temperature and low-field en-
vironment (field-free room) to inhibit water loss and prevent viscous
remanence acquisition.

Magnetic Measurement Procedure

The paleomagnetic and rock magnetic data presented in this paper
are of two different types: those obtained using the shipboard pass-
through cryogenic magnetometer and those derived from analysis of
discrete samples both on ship and on shore. In the shipboard pass-
through system, magnetic measurements were performed by passing
continuous archive-half core sections through a 2G cryogenic mag-
netometer and were taken at intervals of either 5 or 10 cm along the
core, after alternating field (AF) demagnetization at 10- and 15-mT.
Whole-core magnetic susceptibility was measured at 3-cm intervals
on selected sections using the Bartington susceptibility meter mount-
ed on the multisensor track. Twenty-six samples were stepwise de-
magnetized using Schonstedt equipment to evaluate the directional
stability and coercivity/unblocking temperature spectra of each sam-
ple. Because many recovered core sections contain small and unori-
ented pieces, the limited number of oriented samples for shipboard
studies must to be shared among research groups. For this reason, we
were able to perform thermal demagnetization on only a pair of sam-
ples (pyrite breccia and anhydrite vein, respectively). For these two
samples, initial susceptibility was monitored between each tempera-
ture step as a means of assessing any irreversible mineralogical
changes associated with heating. A vector diagram was used for each
sample to identify the magnetic components of magnetization that
were present. Magnetic components were determined by fitting least-
squares lines to segments of the vector demagnetization plots o
principal component analysis” (Zijderveld, 1967; Kirschvink, 198
that were linear in three-dimensional space.

Rock magnetic measurements of 25 discrete samples in s
based studies were performed at the paleomagnetism laborato
the University of California at Santa Cruz and at the Institute
Rock Magnetism of the University of Minnesota. For rock magn
characterization, samples were subjected to a wide range of mag
measurements. These included (1) the initial Natural Remanent 
netization (NRM) measurement followed by two weeks of zero-f
storage; (2) remeasurement of NRM; (3) initial susceptibility; 
Koenigsberger ratio; (5) hysteresis loop parameters: saturation 
netization, (Js), saturation remanence, (Jr), coercivity, (Hc), remanent
coercivity, (Hcr), and paramagnetic susceptibility, (χp); (6) intensity
and stability of anhysteretic remanent magnetization (ARM) and
quisition of partial anhysteretic remanent magnetization (pARM);
thermomagnetic measurements including low temperature (5 K
340
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20 K) thermal demagnetization of saturation isothermal reman
magnetization and high-temperature (up to 700°C) dependence o
low-field magnetic susceptibility and Curie temperature determi
tion; and (8) Mössbauer spectroscopy and scanning electron m
scope (SEM) analysis of representative samples to investigate
overall iron-containing mineralogy. Results of each experiment
given in the section below.

MAGNETIC RESULTS

The results of Measurements 1 through 6 (see preceding p
graph) are given in Tables 1 and 2. Measurements 7 and 8 will be
cussed separately.

Remanence Properties
Whole-Core Pass-Through Measurement: Natural Remanent 
Magnetization (NRM) Intensity and Magnetic Susceptibility

Within the four drilling areas (TAG-1, TAG-2, TAG-4, and TAG
5) where rock magnetic screening of samples are made, there ar
siderable variations in magnetic properties and demagnetization
havior among the various lithologies, as will be described in de
below. The most common features, however, can be summariz
follows: a remagnetization imparted by the coring process is c
monly encountered as noted during previous legs (e.g., Zhao e
1994). This remagnetization is characterized by NRM inclinati
that are strongly biased toward vertical value (+90°) in many co
This remagnetization most severely affected the external portion
the cores (presumably because the outside of the core is phys
closer to the magnetized core barrel). As shown in Figure 3, the N
inclinations observed from Cores 158-957C-7N and -11N (TAG
area) are biased toward steep positive values (with a mean of 6
which are significantly higher than that of the expected inclinat
(about 55°) at Site 957, suggesting the presence of drilling-indu
remagnetization. Figure 3 also shows that AF demagnetization t
mT is not sufficient to remove this drilling-induced magnetization,
evidenced by virtually no change in mean inclination, although in
sity was significantly reduced to one third of its original value. 
will be shown below, it appears that only thermal demagnetiza
can effectively remove this drilling-induced remagnetization and 
late a stable component of magnetization.

In Figure 3, the averaged NRM intensity for sections in Core 1
957C-7N from the TAG-1 area is 8.8 mA/m, but 24.8 mA/m for s
tions from Core 158-957C-11N. This approximately threefold 
crease in intensity appears to coincide with a change in litho
(from nodular pyrite-anhydrite breccia in Core 158-957C-7N to 
rite-silica-anhydrite-breccia in Core 158-957C-11N; see Humph
Herzig, Miller, et al., 1996). A similar example is also found in Co
158-957H-5N of the TAG 2 area (Fig. 4). The average intensity
the upper section (to a depth of 27.45 mbsf) is 0.8 mA/m; wherea
the lower section, it is 2.8 mA/m. This trend of increasing intens
also coincides with changes observed in the lithology (from nod
pyrite-silica breccia in Section 158-957H-5N-1 to silicified bas
breccia in Section 158-957H-5N-2). The values of downhole lo
field magnetic susceptibility for Cores 158-957C-7N through 1
are consistently low, averaging about 4 × 10−5 SI unit, fully in agree-
ment with the observed relatively weak NRM intensities from th
cores (Fig. 3). These low magnetic susceptibility values are also 
firmed by results of individual sample susceptibility measureme
from minicores listed in Table 1 and obtained using two different
struments that yielded overlapping results.

AF and Thermal Demagnetization of Discrete Samples

To investigate the nature of the remanent magnetization of
discrete samples from the four TAG areas, selected samples 
step-wise AF or thermally demagnetized. The NRM intensity or
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Table 1. Remanent magnetic properties of minicore samples from the TAG mound.

Note: SBB = silicified basalt breccia, BAS = basalts, PB = pyrite breccia, PAB = pyrite anhydrite breccia, MPB = massive pyrite breccia, AV = anhydrite vein, PSAB = pyrite-silica-
anhydrite-breccia, PSB = pyrite-silica-breccia, NRM = NRM intensity, NRM inc. = NRM inclination, ChRM inc. = characteristic remanent magnetization inclination, K = low-
field magnetic susceptibility, Q ratio = Koenigsberger ratio, MDF = median demagnetizing field. 

Core, section,
 interval (cm)

Depth 
(mbsf) Rock

NRM 
(mA/m)

NRM inc 
(°)

ChRM inc 
(°)

K 
(10–6 SI) Q ratio

MDF
(mT)

TAG-1 area
957C-7N-1, 28-30 19.76 PAB 7.2 70.0 68.0 12
957C-7N-2, 66-68 20.87 PAB 14.2 75.8 79.7 17
957C-7N-2, 111-113 21.30 PAB 42.7 79.0 73.0 18
957C-7N-3, 15-17 22.5 AV 7.4 71.1 72.2 –2.07 –10.72 65
957C-7N-3, 47-49 22.8 PAB 18.9 72.5 70.6 35.13 1.609 19
957C-11N-1, 21-23 30.91 AV 11.9 76.6 61.0 TD
957C-11N-1, 114-116 31.84 AV 13.6 69.7 50.4 TD
957C-11N-2, 22-24 30.70 PSB 15.9 83.9
957C-11N-3, 86-88 34.47 PSB 323 55.0
957C-11N-3, 118-120 37.67 PSB 35.1 83.4
957C-14N-1, 18-20 40.18 PSB 8.0 61.0
957C-15N-1, 115-117 42.94 PSB 6.7 70.5
957C-16N-1, 8-10 46.28 PAB 11.8 74.0 72.1 12.13 2.902 21
957C-16N-1, 17-19 46.35 PAB 5.7 72.0 70.0 10
957C-16N-2, 7-9 47.69 PSAB 72.2 84.6 89.4 57.67 3.861 70
957F-1N-1, 62-64 1.64 MPB 5.44 53.6 51.8 75.33 2.220 12
957G-3N-1, 10-12 21.10 PAB 243 -3.0
957G-3N-1, 15-17 21.15 PAB 1.84 55.5 65.1 18.33 3.094 15

TAG-2 area
957H-5N-1, 33-35 27.03 PSB 4.46 30.5 33.1 84.13 1.585 19
957H-5N-2, 29-31 27.89 SBB 19.1 86.5 84.8 65.13 8.770 13
957H-5N-2, 72-74 28.30 SBB 20.1 80.0 72.0 11

TAG-4 area
957M-9R-1, 61-63 42.91 BAS 3.82E4 47.1 14.1 24940 45.92 6
957M-10R-1,26-28 46.48 BAS 1.02E4 70.3 35.9 11
957M-10R-1,35-37 46.55 BAS 1.59E4 36.2 13.9 18030 26.37 20
957M-10R-1,89-91 47.07 BAS 1.73E4 18.0 18.8 21
957M-10R-1,102-104 47.16 BAS 1.25E4 18.0 21.4 18

TAG-5 area
957O-2R-1, 34-36 8.24 PB 14.90 39.0 56.8 72.67 6.131 11
957O-2R-1, 37-39 8.25 PB 8.93 58.2 62.1 71.67 3.726 45
957O-4R-1, 29-31 16.19 PAB 27.5 72.5 80.1 109.0 7.545 9
957O-4R-1, 30-32 16.20 PAB 18.6 81.0 72.0 11
957P-9R-1, 4-6 40.14 MPB 10.2 49.0 47.33 6.445 12
Table 2. Hysteresis properties of minicore samples from the TAG mound.

Note: SBB = silicified basalt breccia, BAS = basalts, PB = pyrite breccia, PAB = pyrite anhydrite breccia, MPB = massive pyrite breccia, AV = anhydrite vein, PSAB = pyrite-silica-
anhydrite-breccia, PSB = pyrite-silica-breccia. ARM is in mA/m, MDFa is the median demagnetizing field of ARM in Oe. See text for the explanations of other symbols.

Core, section, interval (cm)
Depth 
(mbsf) Rock

ARM
 (mA/m) MDFa MDFa/MDF Mr/Ms Hcr/Hc χp

TAG-1 area
957C-7N-3, 37-39 22.72 AV 0.119 3.95 0.008
957C-7N-2, 111-113 21.96 PAB 3.17 20 1.3
957C-1N-1, 28-30 19.78 AV 50.4
957C-11N-3, 86-88 34.47 PSB 649 17
957C-16N-1, 17-19 46.37 PAB 5.96 70 3.5 0.149 5.55 2.6
957F-1N-1, 51-53 1.51 MPB 0.123 4.58 12.8
957G-3N-1, 48-50 21.48 PAB 0.063 4.71 3.5

TAG-2 area
957H-5N-1, 32-34 27.02 PSB 0.123 3.04 0.83
957H-5N-2, 72-74 28.32 SBB 46 0.222 3.04 0.05

TAG-4 area
957M-10R-1, 35-37 46.55 BAS 0.323 1.65 3.73
957M-10R-1, 89-91 47.09 BAS 2.9E4 65 2.95 0.248 1.92 4.5
957M-10R-1, 102-104 47.22 BAS 1.8E4
957M-10R-1, 26-28 46.46 BAS 2.5E4
957M-5R-1, 43-45 24.73 PB 0.161 3.69 0.045

TAG-5 area
957O-4R-1, 30-32 16.20 PAB 5.66 32 2.13 0.099 2.62 0.049
t
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rection of the minicores did not change significantly (<5%) after
zero-field storage for two weeks. As mentioned above, the vertically
directed, drilling-induced magnetization is often present in Leg 158
cores. In most cases, this steeply downward component of magneti-
zation is very resistant to AF demagnetization (see Fig. 5 for an ex-
ample). In other cases, however, thermal demagnetization of a pair of
samples (pyrite breccia and anhydrite vein, respectively) successfully
removed this drilling-induced magnetization component. As shown
in Figure 6A, the drilling-induced remagnetization component (with
inclination greater than 75°) is removed after 300°C demagnetiza
 ion

and a characteristic component (with inclination around 50°) can 
identified. It is interesting to note that both the pyrite breccia (Samp
158-957C-11N-1, 114−116 cm) and the anhydrite vein (Sample 158
957C-11N-1, 21−23 cm) displayed similar demagnetization behav
iors, with unblocking temperatures close to 350°C. As mentioned, 
used magnetic susceptibility to monitor the production of new ma
netic materials during thermal demagnetization that might have 
tered the remanence. Apart from small insignificant fluctuations, t
susceptibility of the two samples generally did not change until aft
they had been heated to 350°C. Above this temperature, the two s
341
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Figure 3. Remanent magnetization before and after 15-mT AF demagnetiza-
tion as a function of sub-bottom depth. Intensities (A) and inclinations (B) of
archive halves from Cores 158-957C-5N and 11N are shown. The NRM
inclinations are strongly biased toward high positive inclinations, suggesting
that drilling-induced magnetization is present. AF demagnetization to 15 mT
could not effectively remove this drilling-induced magnetization, as indi-
cated by the insignificant changes in inclination. The expected inclination
value (55°) of geocentric dipole field (GAD) is shown by a vertical line.
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ples showed a decrease in susceptibility. It is worth pointing out that
this temperature coincides with the high-temperature fluids (35−
400°C) that are actively circulating the TAG site (Tivey et al., 19

Results from AF demagnetization of five basalt samples from
TAG-4 area (Fig. 7) show behavior that cannot be interpreted in
a simple fashion. As shown in Figure 7, some of these samples e
ited signs of drilling-induced magnetization as evidenced by the s
inclinations in the initial demagnetization measurements, but AF
magnetization to 10 mT effectively removed this overprint. Althou
only five samples were measured, it seems reasonable to con
that drilling has had a lesser effect on the NRM of these basalt 
ples as compared with that of sulfide cores. It is interesting to 
that the stable component for these samples has a much shallow
°
).
e
ch
ib-
ep
e-
h
ude
m-
te
r in-

clination (14°−36°, with a mean value of 20.8°) compared to the
pected inclination (55°) at the drilling site, suggesting that eithe
section has been tilted or that magnetization may have been af
by the hydrothermal alteration that occurred at the TAG mound
both.

Koenigsberger Ratio

The Koenigsberger ratio Q is defined as the ratio in a rock o
manent magnetization to the induced magnetization in the Ea
field. In general, the Koenigsberger ratio is used as measure of s
ity to indicate a rock’s capability of maintaining a stable remane
The International Geomagnetic Reference Field (IGRF) value a
TAG site (42,000 nT = 33.44 A/m) was used for calculating Q, where
Q = NRM [A/m]/(k [SI] × H [A/m], and H is the local geomagneti
field. The variation of the Koenigsberger ratios in Table 1 in gen
resembles that of the NRM. For example, the silicified basalt bre
Sample 158-957H-5N-2, 29−31 cm, from the TAG-2 area has a hig
er intensity of remanence than the nodular pyrite-silica breccia S
ple 158-957H-5N-1, 33−35 cm, and consequently the Koenigsber
ratio of the former is higher than that of the later. Similar exam
of this correlation are also seen in samples from other TAG a
The Koenigsberger ratio is generally greater than 1.0 with only
exception from the TAG-1 area (Sample 158-957C-7N-3, 15−17 cm)
taken from an anhydrite vein, which is diamagnetic (see the “Hy
esis Properties” section below for more discussion of this sam
The Koenigsberger ratios for two samples (Sample 158-957C-7
47−49 cm from the TAG-1 area and Sample 158-957H-5N-1, 33−35
cm from the TAG-2 area) are slightly greater than 1.0, indicating
induced magnetization would be comparable to that of rema
magnetization. The low value of the Koenigsberger ratio for th
two samples also indicates the presence of low-coercivity mag
minerals that carry an unstable remanence and are more susc
to an external magnetic field.

Low-Field Magnetic Susceptibility

Volume magnetic susceptibility of natural materials in a w
magnetic field depends on the abundance and grain size of ferro
netic minerals. Discrete samples of sulfide breccias show mag
susceptibility values from 1.0 × 10−4 to 1.1 × 10−4 SI unit, with an av-
erage of 5.0 × 10−4 SI, indicating a very low concentration of fe
ro(i)magnetic minerals in these sulfides. It is of interest to note
these susceptibility values are of the same order as that of pyrr
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Figure 5. Representative vector endpoint diagrams showing the results of AF
demagnetization for representative discrete samples from the TAG drilling
areas: (A) TAG-1; (B) and (C) TAG-5. The magnetic component is shown by
a straight line fitting the data points, and the corresponding inclination (I) is
indicated. Open circles and crosses represent vector endpoints projected onto
the vertical and horizontal planes, respectively. 
with pseudo-single domain grain size (Dekkers, 1988). The suscepti-
bility of basalt samples from the TAG-4 area, on the other hand, is
much higher than those of the sulfides, averaging 215.0 × 10−4 SI.
This is expected because they are known to have very different mag-
netic mineralogies.

Anhysteretic Remanent Magnetization (ARM)

ARM is laboratory-induced remanence and is thought to provide
insight into the origin of magnetization in these rocks. The manner in
which anhysteretic remanent magnetization is acquired and demag-
netized also provides information on the type of magnetic carriers
and the coercivity spectrum of the sample. After AF demagnetiza-
tion, the acquisition behavior of ARM was studied for nine samples.
The ARM was imparted to the samples in a single axis, metal-
shielded Schonstedt GSD-1 demagnetizer in an alternating field of
100 mT and a direct current (DC) field of 50 µT. The ARM was the
AF demagnetized so that the demagnetization behavior could 
compared to that of the NRM. The stability of ARM to AF demagne
tization is similar to that of the NRM for most of the samples. As lis
ed in Table 2, ARM intensities behave like NRM intensity in genera
high in the basalt and low in anhydrite breccia. The other parame
measured is the median demagnetizing field (MDF), which repr
sents the stability of remanence. Unlike intensity of remanence, MD
is only weakly dependent on the inducing field. In comparison, th
median demagnetizing field of ARM (MDFa) is consistently, and
sometimes substantially, larger than the median demagnetizing fie
of NRM, with the ratio varying from 1.3 to 3.5. The differences in
these two MDFs may be explained by the substantial secondary co
ponents in the NRM of samples.

Rock Magnetic Properties
Hysteresis Loop Parameters

Hysteresis loop parameters are useful in characterizing the intr
sic magnetic behavior of rocks. Thus, they are helpful in studying t
origin of remanence. Hysteresis behavior was studied in 12 individ
al samples. For each sample, hysteresis loops and the associated
rameters Mrs/Ms, Hc, and Hcr (remanent coercive force) were ob-
tained at University of California Santa Cruz using an alternating gr
dient magnetometer (AGFM; Princeton Measurements Corporatio
capable of resolving magnetic moments as small as 5 × 10−8 emu
(Flanders, 1988). Hysteresis parameters determined from the 11 s
ples from Hole 957 are presented in Table 2.

Saturation magnetization is a measure of the total amount of ma
netic mineral in the sample. The coercivity, Hc, is a measure of mag-
netic stability. The two ratios, Jr/Js and Hcr/Hc, are commonly used as
indicators of domain state and, indirectly, grain size. For magneti
high values of Jr/Js (>0.5) indicate small (<0.1 µm or so) single-
domain (SD) gains, and low values (<0.1) are characteristic of lar
(>15−20 µm) multidomain grains (MD). The intermediate regions ar
usually referred to as pseudo-single domain (PSD). Hcr/Hc is a much
less reliable parameter, but conventionally SD grains have a va
close to 1.1, and MD grains should have values >3−4 (Day et al.,
1977). Figure 8 displays the ratios of the hysteresis parameters 
four samples containing mainly titanomagnetite as magnetic mine
plotted on a Day and others (1977) type diagram. Such a represe
tion provides qualitative information on the magnetic grain size
from single domain (SD) to pseudo-single domain (PSD) to larg
multidomain (MD). The samples analyzed in this study indicate th
the magnetic grain sizes of the TAG-4 area fall near the boundary 
tween SD and PSD, whereas the sample from the TAG-2 area is
the pseudo-single domain range.

Paramagnetic susceptibility, χp, is the susceptibility of the sample
in a magnetic field sufficient to saturate the ferromagnetic comp
nent. Hence, it is a function of all the minerals in the rock and is pro
ably more reflective of the more abundant diamagnetic material. A
343
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yrite breccia sample (Sample 158-957C-11N-1, 114−
16 cm), and the anhydrite vein sample (Sample 158-
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expected, the basalt samples from the TAG-4 area display higher val-
ues of χp (Table 2). In general, χp seems to be a fairly unrevealing pa-
rameter. However, it is interesting to note that both the lowest and
highest values were from breccias in TAG-1 area, with the lowest χp
value occurring in Sample 158-957C-7N-3, 37−39 cm which is in the
same core section as the anhydrite vein Sample 158-957C-7N-3, 15−
17 cm. This supports the contention that anhydrite is responsible for
the diamagnetic properties displayed in the anhydrite vein sample
(see Table 1).

Low-Temperature Properties

Low-temperature measurements were made on 16 representative
samples to help characterize the magnetic minerals and understand
their rock magnetic properties.

These measurements were designed to determine the Née
perature and other critical temperatures of a magnetic substanc
were made from 20 K to room temperature on 100−300 mg subsam
ples in a Quantum Design Magnetic Property Measurement Sy
(MPMS) at the University of Minnesota. By definition, a ferrima
netic mineral grain is superparamagnetic if its volume is smaller
44
em-
and

em

an

critical value 25kT/K (where k = Boltzmann’s constant, T = 300 K in
this study, and K = the magnetic anisotropy constant per unit vo
ume), so that its net remanence over 100 sec is zero (Cullity, 19
However, as T is decreased to 0 K, the thermal energy kT decreases
and K increases (both serving to aid magnetic stability), so that
grains which were superparamagnetic at 300 K will be able to re
thermally stable remanent magnetization near 0 K (Banerjee e
1993). In this study, these experiments included (1) cooling the s
ple from room temperature (300 K) down to 20 K (in some case
5 K) in a steady magnetic field of 2.5 T and measuring the reman
at 5 K intervals; (2) measuring the saturation isothermal remane
at 5 K and 20 K (SIRM5 and SIRM20, respectively) and then warming
it to 300 K in zero field while measuring the remanence value ev
5K.

As shown in Figure 9, the low-temperature curves of SIRM b
in zero field warming and in a 2.5 T field cooling display a variety
features. These include an unblocking temperature in the vicinit
40 K most likely caused by pyrrhotite (Dekkers et al, 1989; Roch
et al., 1990); a decrease in remanence in the 100−120 K range, most
likely caused by the magnetocrystalline anisotropy constant, k1, of
magnetite going to zero in this temperature, known as the Ver
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Figure 8. The hysteresis ratios plotted on a Day et al. 
(1977) type diagram suggest that the bulk magnetic 
grain size is in the pseudo-single-domain region. Js is 
saturation magnetization, Jrs is saturation remanent 
magnetization, Hc is coercivity, and Hcr is remanent 
coercive force. Abbreviations are same as in Table 1: 
BAS = basalts, SBB = silicified basalt breccia.
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transition (Verwey et al., 1947). The low-temperature phase transi-
tions were also detected as a singular point of finite difference (deriv-
ative of emu/oK, see Fig. 9F). As we shall discuss later, the low-tem-
perature data are one of the major lines of evidence for the presence
of pyrrhotite in sulfide samples.

Curie Temperature

Curie temperature is the temperature below which a magnetic
mineral is magnetically ordered. Because this value is a sensitive in-
dicator of composition, it is useful in understanding the magnetic
mineralogy. In this study, Curie temperature was determined by mea-
surement of magnetic susceptibility vs. temperature (using the Kap-
pabridge susceptometer at the University of Minnesota), because the
susceptibility drops to zero about the Curie temperature. We conduct-
ed thermomagnetic analyses in an inert atmosphere on 10 samples
chosen to be representative of the Leg 158 cores.

Figure 10 shows high-temperature susceptibility runs of a repre-
sentative sulfide and a basalt sample. The heating and cooling curves
for the sulfide sample display a significant peak of susceptibility
around 320°C (Fig. 10A). These peaks may be indicative of a frac
of monoclinic pyrrhotite that could be responsible for the obser
remanent magnetization. Several new magnetic signatures were
revealed on the cooling curve. The gradual rise in susceptib
around 570°C (Fig. 10A) indicates that the pyrrhotite probably 
altered into fraction of magnetite after heating to 700°C in an ar
atmosphere, as reported by previous workers (Schwarz, 1965; 
kers, 1988).

For the basalt samples recovered from the TAG-4 area, the re
show Curie temperatures between 500° and 540°C, indicative o
presence of low-Ti titanomagnetite (Fig. 10B). Unoxidized tita
magnetite of normal basalts (with about 62% ulvospinel and 3
magnetite in solid solution) has a Curie temperature of approxima
160°C and completely oxidized titanomaghemite has a maxim
Curie temperature of about 400°C (O’Reilly, 1984; Johnson and H
1978; Johnson and Pariso, 1993). The Curie temperature mea
ments in this study would suggest that while high-temperature ox
tion is not common in submarine basalt (Johnson and Hall, 197
can sometimes occur with deuteric alteration associated with ve
or in some massive flow units.
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Mössbauer Effect Spectrometry and Oxide Petrographic 
Observation

Two samples were selected for Mössbauer effect investigatio
provide more definitive means of identifying magnetic carriers in t
sulfide deposit in the TAG hydrothermal mound. Measurements w
taken at room temperature using a 57Co in rhodium source and a con
stant acceleration spectrometer. A crushed sample (roughly 0.5 
powder form) was packed into a polythene sample holder with
cross-sectional area of approximately 1 cm2.

The Mössbauer spectra obtained for two samples reflecting 
tremes in Leg 158 core type are distinct (Fig. 11). The spectrum 
basalt sample from the TAG-4 area (Sample 158-957M-10R-1, 8−
91 cm) is shown in Figure 11A. At room temperature, the spectr
is dominated by three magnetically ordered components that h
been interpreted as being hematite, maghemite, and magnetite
spectively. The magnetite spectrum contains two components, 
corresponding to the A site Fe3+ and the other to the B site. Figure
11B shows the spectrum of a sulfide sample from the TAG-5 a
(Sample 158-957O-4R-1, 30−32 cm) together with fitted curves. The
values of the fitting parameters for this spectrum suggest two com
nents that can be identified as pyrite and chalcopyrite, respective

Several selected samples were also studied by optical mi
scopes and by a JEOL JSM 6400 scanning electron microsc
(SEM) to examine their oxidation state and the bulk titanomagne
content. The photomicrography of the basalt sample from the TA
4 area (Sample 158-957M-10R-1, 89−91 cm) exhibits abundant tita-
nomagnetite with typical grain-size less than 5 µm (Figs. 12A, 12
and 12C), fully consistent with the Mössbauer spectra results and
grain-size estimate inferred from the hysteresis parameters. An
ample of chalcopyrite inclusion in a pyrite crystal (Sample 15
957C-16N-1, 17−19 cm from the TAG-1 area) is shown in Figur
12D.

DISCUSSION

The results described above have revealed important informa
about the origin of remanence and on the magnetic minerals pre
in the Leg 158 cores, which in turn provide physical insight into t
nature of the hydrothermal alteration regime at the TAG field.
345
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Figure 9. Low-temperature heating curves of saturation remanence normalized to 20 K (SIRM20) both after cooling in zero field and after cooling in a 2.5 field
for several representative samples. The change in slope near 100 K is a result of the Verwey transition in magnetite while the contribution to remanence that is
demagnetized at <50 K is likely from pyrrhotite (35−40 K). A. Pyrite breccia sample (Sample 158-957H-5N-2, 72−74 cm) from the TAG-1 area. B. Pyrite silica
breccia sample (Sample 158-957H-5N-2, 72−74 cm) from the TAG-2 area. C. Pyrite breccia sample (Sample 158-957O-4R-1, 30−32 cm) from the TAG-5 area.
D. Basalt sample (Sample 158-957M-9R-1, 60−62 cm) from the TAG-4 area. E. Thermal demagnetization of an IRM (imparted at 20 K with a 1.0 T direct field)
for pyrite anhydrite breccia sample (Sample 158-957C-16N-1, 17−19 cm) from the TAG-1 area during zero-field warming. F. Finite difference to indicate mag-
netic phase transition at 120 K (magnetite) for the pyrite anhydrite breccia sample (Sample 158-957C-16N-1, 17−19 cm) from the TAG-1 area.
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The Leg 158 cores recovered from the four TAG drilling areas
displayed a multicomponent nature of magnetization. No reversed
magnetization was observed, which is expected, as the mound was
formed within the last 140 ka (i.e., within the Brunhes normal chron).
The steep, positive drilling-induced component is evident in almost
all samples. It appears that the more heavily overprinted samples are
often associated with the presence of anhydrite (e.g., pyrite-anhy-
drite-breccia, Zone 2) and also come from relatively deeper sections
in the mound. There is also an indication of a trend toward increasing
magnetic intensity with depth in the mound, coinciding with changes
in lithology and suggesting that a stratigraphically distinct change in
magnetic minerals may exist. Variations of the Koenigsberger ratio
and the initial magnetic susceptibilities generally resemble those of
NRMs. It is significant to note that this increase in NRM intensity
also correlates precisely with a sharp increase in magnetic suscepti-
bility. Both the NRM intensity and the magnetic susceptibility are pa-
rameters that likely reflect variations in type and amount of magnetic
minerals within the mound. In this study, there is a high probability
that both parameters reflect variations in the proportion of magnetic
minerals as a result of pervasive hydrothermal activity that may have
produced distinct zones wherein rocks have their own characteristic
magnetic properties. The magnetic data thus have revealed informa-
tion on the variation in the mineralogy, chemistry, and physical prop-
erties of the hydrothermal deposits and subsequent zone-refining pro-
cesses.

A related problem to the above application is the magnetic identi-
fication and characterization of the magnetic minerals responsible for
the observed magnetic properties. A knowledge of the primary mag-
netic mineralogy and subsequent mineralogic changes (and accompa-
nying changes in magnetization) caused by secondary processes is
critical for the understanding of the role of hydrothermal alteration.
Results of measurements of low-temperature magnetic properties,
unblocking and Curie temperatures, SEM observations, and M
bauer effect spectrometry obtained from this study provide infor
tion for identifying magnetic carrier in Leg 158 cores. Although o
a few of the shipboard thin sections revealed the existence of py
tite (e.g., see p. 117 and p. 214 in Humphris, Herzig, Miller, et
1996), all the sulfide samples subjected to the low-temperature
periment showed the transition around 40 K. Thus, the low-temp
ture magnetic phase transition is a sensitive indicator of pyrrhoti
the sulfide samples. It is quite possible that ferrimagnetic pyrrho
contribute significantly to the remanent magnetization of the Leg
samples. We have no other direct way to test this hypothesis wit
data at present other than to suspect that pyrrhotite may be res
ble for the observed decrease in susceptibility of the two sam
(Fig. 6) after they have been heated to 350°C, as mentioned prev
ly. A recent study by Menyeh and O’Reilly (1996) has reported a
blocking temperature 330°C for monoclinic pyrrhotite, which is
agreement with the observed unblocking temperature (~350°C
this study. The combined investigation in this study suggests tha
basalt samples from the TAG drilling areas contain magnetite a
main magnetic carrier and trace amounts of magnetite are 
present in the sulfide samples. This is shown by the Verwey trans
in the vicinity of 118 K during the low-temperature cycling, by t
observed Curie temperatures (500°−540°C), and by the Mössbaue
and SEM observations.

Distinctions between primary and secondary causes of mag
property variations are also important because they reflect phy
347
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Figure 11. Mössbauer spectra of (A) Sample 158-957M-10R-1, 89−91 cm
(basalt sample from the TAG-4 area) and (B) Sample 158-957O-4R-1, 30−32
cm (pyrite breccia from the TAG-5 area).
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(and lacking evidence to the contrary), we favor the speculation that
the CRM of these samples involves resetting of the direction of rema-
nence by veining activity, which could have occurred as recently as
60 yr. ago (Lalou et al., 1995). Future studies involving selective de-
structive demagnetization (Larson, 1981) would be helpful to con-
firm or disprove this speculation.

It is now well known that alteration of rocks under different min-
eralogical and geochemical conditions can change fundamental mag-
netic properties (e.g., Henshaw and Merrill, 1980; Goldhaber and
Reynolds, 1991). In a number of geologic environments, the primary
carriers of NRM have not only undergone changes in composition but
changes in grain size since initial emplacement of the rock. For ex-
ample, in sediments deposited on continental margins the original
magnetite particles are reduced in grain size through chemical inter-
action with pore fluids (Ye and Halgedahl, 1994). In oceanic basalts,
primary titanomagnetites not only become oxidized but often become
smaller as a result of hydrothermal circulation (Johnson and Hall,
1978). Such changes in composition and grain size could cause major
changes in domain structure and thus in the magnitude and direction
of NRM (Ye and Halgedahl, 1994). Magnetic grain-size measure-
ments in this study, as determined from hysteresis ratios (Hcr/Hc and
Jrs/Js), SEM observation and the preliminary pARM acquisition data,
show that the magnetic minerals of Leg 158 cores are of PSD size.
This information together with the presence of pyrrhotite in the sul-
fide samples would suggest that substantial alteration has subse-
quently taken place and reset the original magnetization. The stable
component (ChRM inclination values listed in Table 1) varies widely
even on local scale, which alone may suggest that the remanence may
be of a chemical origin. The original directions and magnitudes of
magnetization may be changed by the authigenic growth of ferrimag-
netic pyrrhotite (Fe7S8).

The demagnetization results of basalt samples shown in Figure 7
and listed in Table 1 revealed one of the most remarkable observa-
tions in this study. The mean inclination of the five basalt samples
(20.8°) is significantly shallower than that which would be expecte
(55°) if the basaltic flows recorded the geomagnetic field when th
were erupted. Although it is never certain whether these cores h
been collected precisely vertically and deviations from the vertical
up to 5° can easily go undetected, the shallow inclinations are
anomalous that we are obliged to consider carefully any hypothe
that might account for our results. These are of three general clas
tectonic (undetected tectonic dips or local rotations), geomagne
(geomagnetic excursions) and rock magnetic (anisotropic remane
acquisition or chemical remagnetization).

Undetected Tectonic Dips

 We must be aware of the existence of second-order tecto
movements that could affect the interpretation of the results obtain
For example, we are not sure whether the lavas were extruded h
zontally or on a slope because of the volcanic cone from the wh
the lavas erupted. This problem clearly will affect the measured v
ues of inclination. By their very nature, lava eruptions occur in a te
tonically active environment. Successive eruptions inevitably cau
disturbances to the previous basaltic lavas. In addition, Baag et
(1995) have shown that in certain circumstances there can be def
tion of paleomagnetic directions in the lava flow environment mere
because of the magnetization of the underlying terrain. Although 
hypothesis of undetected tectonic dips would account for the shall
inclinations naturally, it would be difficulty for this hypothesis to ex
plain the rather larger variation in the inclinations over just a few ce
timeters along the same core section (see Table 1).

Local Undetected Rotations

 More significant effects could arise from local undetected rot
tions. It has now been established that there are local rotations a
a vertical axis (e.g., Kissel and Laj, 1989). Although vertical axis r
and chemical properties of hydrothermal fluids, as well as the timing
of alteration in some settings. Preliminary shipboard observations
clearly show that the complex sulfide stratigraphy in the TAG mound
is a result of repeated episodes of brecciation, cementation, hydro-
thermal reworking, and replacement of preexisting sulfides. How-
ever, the relation among magnetic properties and the nature of the hy-
drothermal alteration regime at the TAG mound is not yet well under-
stood. Rock magnetic data offer evidence to clarify some hypotheses
and to explain some of the first-order features observed at the TAG
mound. The very similar thermal demagnetization behavior of the
pair sample from pyrite breccia and anhydrite vein (Fig. 6) could sug-
gest that the samples were magnetized before development of the an-
hydrite vein and the magnetization was not subsequently modified by
the veining activity, or that the magnetization was completely over-
printed by the veining process. The stable inclination identified from
both samples is close to the expected value at the drilling site and
there is evidence in some of the breccias that secondary mineraliza-
tion included some magnetic phases. Because of these observations
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The
Figure 12. Representative SEM photomicrographs for Leg 158 cores. Conventions: dark gray = plagioclase; light gray = clinopyroxene; bright spots = titano-
magnetite. A. Basalt sample (Sample 158-957M-10R-1, 89−91 cm) from the TAG-4 area, showing typical unaltered quenched texture of normal basalt. The
scale bar is 70 µm. B. Image of a detailed region (upper-central) of (A). The scale bar is 14 µm. C. Another area of the same sample. The scale bar is 14 µm.D.
Pyrite silica breccia sample (Sample 158-957C-16N-1, 17−19 cm) from the TAG-1 area, showing a chalcopyrite (Cpy) inclusion in a pyrite crystal (Py). 
scale bar is 10 µm.
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tations cause changes to occur in declination only, if such rotations
cause are also accompanied by block faulting, then it is possible that
changes in inclination can also occur (e.g., see McElhinny et al.,
1996). Thus, one possible paleomagnetic interpretation of the shal-
low inclination result would be to propose that some tectonic rotation
of the TAG mound has occurred since the basaltic lava flows were
erupted. There is no geological evidence for such a rotation nor for
faulting activity in the drilled site; it would require detailed seafloor
mapping across a wide area in the region and much more careful
work to confirm this interpretation.

Geomagnetic Excursion

 Another possibility is that a geomagnetic excursion fortuitously
occurred during the time when these basalts were being magnetized.
Several recent studies have suggested that a number of geomagnetic
excursions occurred during the last 50 k.y., which is within the time
when the TAG mound was formed. In a recent study of the absolute
geomagnetic field intensity from 100 lava flows of core SOH-4 from
the island of Hawaii, Garnier et al. (1996) observed shallower and, in
some cases, negative inclinations between 16 and 38 ka. Similar in-
clination shallowing or even negative values were also observed from
19 ka lacustrine sediments from Black Rock Desert, Nevada (Ewing
et al., 1994). Again in 1994, ultra-high resolution records (~30 ka)
from ODP Leg 155 drilled in the Amazon fan revealed a sharp in-
crease in remanence intensity accompanied by a shift from very low
to high inclinations (Cisowski et al., 1994). Viewed together, these
studies yielded distinctive intervals of high (>50 µT; 30−8 ka) and
weak (<20 µT; 42−30 ka) paleointensities, which were assigned
the Lake Mungo and Laschamp excursions, respectively. Becau
these characteristic paleointensity values, one can use these va
time markers for geomagnetic excursion studies. To examine
question whether these basalts recorded a local representatio
geomagnetic excursion that could be responsible for at least so
the anomalous inclinations, we must obtain reliable records of 
paleointensity determination and radiometrical dating from the
salts, which remains for future investigations.

Magnetic Anisotropy

 Preferred orientation of magnetic minerals and their easy ax
magnetization can deflect the directions of thermal remanent ma
tization away from the ambient field (e.g., Stacey and Bane
1974). To cause the large inclination deviations (more than 3
however, this magnetic anisotropy would have to be exception
strong. On the contrary, the degree of anisotropy of two basalt 
ples that we measured on shipboard are very low (see p. 2
Humphris, Herzig, Miller, et al., 1996), indicating that magne
anisotropy is not a viable explanation.

Chemical Remagnetization

 A less easily discounted hypothesis is that hydrothermal act
might have caused some kind of partial chemical remagnetizatio
the basalts. It is possible that there are sometimes certain cir
stances present with rock samples which can prevent the acqui
349



X. ZHAO, B. HOUSEN. P. SOLHEID, W. XU

 s

h

n
e

e

l
g
t
 r

th
,
 t
h
o
n

i
e

p
ll
 h
a
p
t
e

ti
.

e
e
b

t

b
 
e

 p

h
e
h
t

 sci-
w of
h
ll of

anks
tism
in-
ate-
 for
ee

eful
 by a
oint
ton-
06

M.
iver-
of a CRM component parallel to the external field (Johnson and Hall,
1978). Recent study by Kent and Gee (1994) has shown that very
young, essentially zero-age basalts from the seafloor spreading axis
invariably show evidence of significant low-temperature oxidation of
the remanence. The original thermal remanence may be lost very
soon after emplacement of the oceanic basalts. In the case of the
TAG-4 area, the presence of small amounts of maghemite and hema-
tite as revealed by the Mössbauer spectrum obtained for a basalt
ple would suggest that some magnetochemical remagnetization
curred that could cause the inclination deviation. However, in t
section under the petrographical microscope, the basalt sample
pears to be quite fresh (Fig. 12). The plagioclase and pyroxene i
sample have not been altered and the titanomagnetite has euh
crustal shape, indicating little alteration. Moreover, thermomagn
curves in low field indicate single Curie temperature close to 550
and are reversible. This is consistent with the impression typica
deuteric oxidation (that is, oxidation during original cooling) at hi
temperature. Clearly, the chemical remagnetization interpreta
needs to be supported by more mineralogical observations and
magnetic data to be convincing.

To sum up, we have failed to find a satisfying explanation for 
shallow inclination results. Tectonic effects as discussed above
though not certain, are likely explanations. But they may not be
only cause. This discussion highlights the difficulty of studying t
magnetization of young oceanic basalts. Much more additional w
are needed to prove or disprove various possibilities and constrai
magnetic interpretation.

CONCLUSIONS

The following are the conclusions drawn from our comprehens
examination of the remanence magnetization and magnetic min
ogy of Leg 158 cores.

1. The combined investigation suggests that the magnetic pro
ties of the basalt samples from the TAG-4 area are contro
mainly by magnetite and minor amounts of maghemite and
matite. Sulfide samples from the remaining TAG drilling are
contain a small amount of magnetite, pyrrhotite, and chalco
rite. This study verifies that the low-temperature magne
phase transitions are effective means of detecting the pres
of pyrrhotite and trace magnetite in sulfides.

2. The magnetic minerals of the basalts are of variable par
size, but fall within the pseudo-single domain size range (0−
14 µm).

3. Changes in magnetic properties correlate with variations in
thology, which results from abundance and sizes of magn
minerals. The available evidence suggests that the reman
of sulfide samples is partly or wholly chemical in origin, pro
ably as a result of heating and alteration related to hydroth
mal fluid circulation. The magnetization was subsequen
modified by veining activity.

4. A plausible scenario for the shallow inclination results o
tained from basalt samples is that some tectonic rotation of
TAG mound has occurred since the basaltic lava flows w
erupted.

5. It is clear from this study that a combination of paleomagne
and rock magnetic studies on the same sulfide cores can
vide important information that has considerable relevance
understanding the evolution of the hydrothermal mound. T
study has demonstrated the potential value of paleomagn
rock magnetic, and petrological investigations in providing t
essential link between magnetic property variations and 
extent of mineral alteration.
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