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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 MOUND?

Xixi Zhao,%2 Bernie Housen,* Peter Solheid,* and Weixin Xu®

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 alte
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 rahdgqi(0)2The 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.

INTRODUCTION tions on the TAG mound (TAG-1 to TAG-5 area in Fig. 1). Although
recovery was generally poor (with an average of ~12%), we obtained,

In recent years, it has been recognized that seafloor hydrothermal for the first time, invaluable samples from the subsurface part of a
systems on slow-spreading, sediment-free mid-ocean ridgesnotonly ~ Volcanic-hosted submarine hydrothermal system. These samples rep-
give rise to the formation of hydrothermal sulfide deposits, but also ~ resent a variety of rock types, including massive granular pyrite, py-
dominate global hydrothermal “activity (e.g., Stein and Stein, 1994). rite-anhydrite breccia, pyrite-silica-anhydrite breccia, and slightly
Hence seafloor hydrothermal activity is an important contributor to ~ altered basalts (see below for stratigraphic details). Because of ex-
global mass and energy fluxes. Hydrothermal fluid circulation pro- tremely difficult drilling conditions that included hole instability and
gressively changes the physical and chemical conditions of rocks cleaning problems, however, originally planned programs for full

within the oceanic basement (e.g., Humphris and Thompson, 1978),  109ging and emplacement of a Circulation Obviation Retrofit Kit
and provides unique habitats that support chemosynthetic biological (CQRI_() could not be run. Therefore, some of the pqrtlcular_drllllng
communities that are especially adapted to the physico-chemical en-  Objectives are entirely dependent on continued studies of this unique
vironment and ephemeral nature of vents (Van Dover et al., 1988; set of samples. )

Wirsen et al., 1993). Measurement of rock magnetic parameters has been demonstrated

Leg 158 was particularly designed to investigate the subsurface to be useful for studying various rock-forming and rock-altering geo-
nature of such a hydrothermal field: the Trans-Atlantic Geotraverse  10gical processes. Rock magnetic properties can be used to identify
(TAG) mound on the slow-spreading (half rate 1.2 cm/yr) Mid-At-  the magnetic mineralogy and particle sizes, to subdivide or to corre-
lantic Ridge near 26°N (Fig. 1). The principal objectives of drilling ate different sequences of the deposits, and to help assess the origin
Leg 158 were: (1) to study the spatial and temporal variation in th@nd stability of remanent magnetization. Therefore, magnetic proper-
mineralogy, chemistry, and physical properties of the hydrothermdl€S can be used to understand the relationship of magnetic properties
deposits and subsequent zone-refining processes; (2) to investigdgethe alteration regime in the TAG mound.
the nature of fluid circulations and their effects on mineralogical vari- The purpose of this paper is to present the results of such work
ations and hydrogeological properties of near- and sub-surface de@rried out on cores recovered from Leg 158 sites from the TAG
posits; and (3) to acquire data that can be used to understand the rofkund. We will first describe and discuss the paleomagnetic and
seawater interactions and subsequent effects upon the basemiik magnetic results of the cores recovered from the TAG-1, TAG-
rocks (stockwork zone). Seventeen holes were drilled at five loca: TAG-4, and TAG-5 areas, focusing on the cores that provided the

most readily interpretable data. We then interpret the data in conjunc-
tion with lithostratigraphy and other studies. Finally, we use the re-
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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 Humphriset al., 1995).

Initial Reportsvolume and other appropriate papers (see Humphris et result from hydrothermal alteration of the basaltic crust (Wooldridge
a., 1995; Humphris, Herzig, Miller, et al., 1996; Rona and Thomp- et al.,, 1992). AnAlvin survey conducted in 1990 over the TAG
son, 1993) and will be only briefly summarized here. mound also revealed a magnetization low located directly beneath the
The TAG mound is the largest hydrothermal field of four along mound with a possible dip to the south (Tivey et al., 1993). Previous
the Mid-Atlantic Ridge (Rona and Thompson, 1993). The TAG site work by Hannington et al. (1988, 1992) on surface samples collected
is characterized by active discharge of both high- (~3800°C) and  during Alvin submersible dives to the TAG hydrothermal field indi-
low-temperature (206300°C) fluids (Tivey et al., 1995), large cate significant local enrichment of precious metals such as gold and
polymetallic sulfide deposition (Rona et al., 1986; Campbell et al.associated trace metals. Such a finding may well challenge the reign-
1988; Thompson et al., 1988), and an unusual productive and diverseg paradigm that defines a whole class of gold formation models
vent-related, chemosynthetic-based benthic community (Van Dovdi.e., gold is no longer just formed on land).
et al., 1988). Submersible observations confirm that the TAG mound Drilling at the TAG mound was concentrated on a single feature
is a large circular feature (about 200 m in diameter) with two disabout 200 m in diameter. Consequently, all drilling locations were
tinctly flat terraces, which may represent two phases of active growtbtonsidered as one site (Site 957), although holes were grouped in spe-
(Humphris et al., 1994). Geochronological studies of samples recoxific areas (Fig. 1). One of the most striking features of the cores re-
ered by dredging suggest that the currently active TAG mound firstovered from these areas is the dominance of breccias of various
formed about 140 ka (Lalou et al., 1995). More detailed studies d/pes (Fig. 2). Based on the overall internal structure of the mound
Alvin samples suggest that activity has been intermittent over the paatd the upflow zone, four major zones of the breccias can be distin-
20 k.y., with high-temperature activity on average evet§ k.y. guished. Zone 1 consists of massive pyrite breccias that dominate the
(Lalou et al., 1995). Present activity commenced only 60 yr ago, afterpper 1820 m at every location (see Humphris et al., 1995). Zone 2
a hiatus of about 4 k.y. (Lalou et al., 1995). Magnetic field data fronis characterized by anhydrite-rich breccia, which is one of the most
regional surface-ship studies indicate that a broad north-northeast—riemarkable features of the lithology of the mound. The anhydrite-rich
south-southwest—trending area of low residual magnetic intensitgone was not identified at either the TAG-2 or the TAG-4 areas.
about 12 km long and 8 km wide is associated with the TAG hydroHowever, recovery was low, so the possibility exists that anhydrite
thermal field (Wooldridge et al., 1992). This has been interpreted twas preferentially not recovered. Zone 3 was observed at a depth of
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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 cmin size) in amatrix of anhydrite; Zone 3 = pyrite-silica breccias: large (<10 cm) gray
fragments of siliceous material (pre-existing mineralized and silicified wallrock) and quartz-pyrite clastsin amatrix 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 arereflected 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
sectionsthat contained vertically oriented long pieces, using awater-
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 areq). 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 arelatively cold temperature and low-field en-
vironment (field-free room) to inhibit water loss and prevent viscous
remanence acquisition.

M agnetic M easurement 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 thisreason, we
were able to perform thermal demagnetization on only apair 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. M agnetic components were determined by fitting | east-

20 K) thermal demagnetization of saturation isothermal remanent
magnetization and high-temperature (up to 700°C) dependence of the
low-field magnetic susceptibility and Curie temperature determina-
tion; and (8) Mossbauer spectroscopy and scanning electron micro-
scope (SEM) analysis of representative samples to investigate the
overall iron-containing mineralogy. Results of each experiment are
given in the section below.

MAGNETIC RESULTS

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

Remanence Properties

Whole-Core Pass-Through Measurement: Natural Remanent
Magnetization (NRM) I ntensity 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 are con-
siderable variations in magnetic properties and demagnetization be-
havior among the various lithologies, as will be described in detalil
below. The most common features, however, can be summarized as
follows: a remagnetization imparted by the coring process is com-
monly encountered as noted during previous legs (e.g., Zhao et al.,
1994). This remagnetization is characterized by NRM inclinations
that are strongly biased toward vertical value (+90°) in many cores.
This remagnetization most severely affected the external portions of
the cores (presumably because the outside of the core is physically
closer to the magnetized core barrel). As shown in Figure 3, the NRM
inclinations observed from Cores 158-957C-7N and -11N (TAG-1
area) are biased toward steep positive values (with a mean of 68.9°),
which are significantly higher than that of the expected inclination
(about 55°) at Site 957, suggesting the presence of drilling-induced
remagnetization. Figure 3 also shows that AF demagnetization to 15
mT is not sufficient to remove this drilling-induced magnetization, as
evidenced by virtually no change in mean inclination, although inten-
sity was significantly reduced to one third of its original value. As
will be shown below, it appears that only thermal demagnetization
can effectively remove this drilling-induced remagnetization and iso-
late a stable component of magnetization.

In Figure 3, the averaged NRM intensity for sections in Core 158-
957C-7N from the TAG-1 area is 8.8 mA/m, but 24.8 mA/m for sec-
tions from Core 158-957C-11N. This approximately threefold in-
crease in intensity appears to coincide with a change in lithology
(from nodular pyrite-anhydrite breccia in Core 158-957C-7N to py-
rite-silica-anhydrite-breccia in Core 158-957C-11N; see Humpbhris,
Herzig, Miller, et al., 1996). A similar example is also found in Core
158-957H-5N of the TAG 2 area (Fig. 4). The average intensity for
the upper section (to a depth of 27.45 mbsf) is 0.8 mA/m; whereas for

squares lines to segments of the vector demagnetization plots or “ttiee lower section, it is 2.8 mA/m. This trend of increasing intensity
principal component analysis” (Zijderveld, 1967; Kirschvink, 1980)also coincides with changes observed in the lithology (from nodular

that were linear in three-dimensional space.

pyrite-silica breccia in Section 158-957H-5N-1 to silicified basalt

Rock magnetic measurements of 25 discrete samples in shorgreccia in Section 158-957H-5N-2). The values of downhole low-
based studies were performed at the paleomagnetism laboratoriediatd magnetic susceptibility for Cores 158-957C-7N through 15N

the University of California at Santa Cruz and at the Institute forare consistently low, averaging about 40 S| unit, fully in agree-
Rock Magnetism of the University of Minnesota. For rock magnetianent with the observed relatively weak NRM intensities from these
characterization, samples were subjected to a wide range of magnetiares (Fig. 3). These low magnetic susceptibility values are also con-
measurements. These included (1) the initial Natural Remanent Mafirmed by results of individual sample susceptibility measurements
netization (NRM) measurement followed by two weeks of zero-fieldfrom minicores listed in Table 1 and obtained using two different in-
storage; (2) remeasurement of NRM; (3) initial susceptibility; (4)struments that yielded overlapping results.

Koenigsberger ratio; (5) hysteresis loop parameters: saturation mag-

netization, Jy), saturation remanencd, ), coercivity, Ho), remanent  AF and Thermal Demagnetization of Discrete Samples

coercivity, Hcy), and paramagnetic susceptibility); (6) intensity

and stability of anhysteretic remanent magnetization (ARM) and ac- To investigate the nature of the remanent magnetization of the
quisition of partial anhysteretic remanent magnetization (pARM); (7discrete samples from the four TAG areas, selected samples were
thermomagnetic measurements including low temperature (5 K arstep-wise AF or thermally demagnetized. The NRM intensity or di-
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Table 1. Remanent magnetic properties of minicore samples from the TAG mound.

Core, section, Depth NRM NRM inc ChRM inc K MDF
interval (cm) (mbsf) Rock (mA/m) ©) ©) (10°%sl) Qratio (mT)

TAG-1area

957C-7N-1, 28-30 19.76 PAB 72 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, 15-17 225 AV 74 711 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

9570-2R-1, 34-36 8.24 PB 14.90 39.0 56.8 72.67 6.131 11

9570-2R-1, 37-39 8.25 PB 8.93 58.2 62.1 71.67 3.726 45

9570-4R-1, 29-31 16.19 PAB 27.5 72.5 80.1 109.0 7.545 9

9570-4R-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

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.

Table 2. Hysteresis properties of minicore samplesfrom the TAG mound.

Depth ARM

Core, section, interval (cm) (mbsf) Rock (mA/m) MDF, MDF/MDF M,/Mg He/He Xp
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 35 0.149 5.55 2.6

957F-1N-1, 51-53 151 MPB 0.123 4.58 12.8

957G-3N-1, 48-50 21.48 PAB 0.063 4.71 35
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 45

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

9570-4R-1, 30-32 16.20 PAB 5.66 32 2.13 0.099 2.62 0.049

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

rection of the minicores did not change significantly (<5%) after and a characteristic component (with inclination around 50°) can be
zero-field storage for two weeks. As mentioned above, the vertically identified. It is interesting to note that both the pyrite breccia (Sample
directed, drilling-induced magnetization is often present in Leg 158 158-957C-11N-1, 114116 cm) and the anhydrite vein (Sample 158-
cores. In most cases, this steeply downward component of magneti- 957C-11N-1, 2323 cm) displayed similar demagnetization behav-
zation is very resistant to AF demagnetization (see Fig. 5 for an ex- iors, with unblocking temperatures close to 350°C. As mentioned, we
ample). In other cases, however, thermal demagnetization of apair of used magnetic susceptibility to monitor the production of new mag-
samples (pyrite brecciaand anhydrite vein, respectively) successfully netic materials during thermal demagnetization that might have al-
removed this drilling-induced magnetization component. As shown tered the remanence. Apart from small insignificant fluctuations, the
in Figure 6A, the drilling-induced remagnetization component (with susceptibility of the two samples generally did not change until after
inclination greater than 75°) is removed after 300°C demagnetizatiotey had been heated to 350°C. Above this temperature, the two sam-
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Figure 3. Remanent magnetization before and after 15-mT AF demagnetiza-
tion as afunction of sub-bottom depth. Intensities (A) and inclinations (B) of
archive halves from Cores 158-957C-5N and 1IN 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.

ples showed a decrease in susceptibility. It is worth pointing out that
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Figure 4. The downhole variation of intensity of NRM after alternating-field
(AF) demagnetization at 25 mT for Core 158-957H-5N (the TAG-2 areq).

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

Koenigsberger Ratio

The Koenigsberger ratio Q is defined as the ratio in a rock of re-
manent magnetization to the induced magnetization in the Earth’s
field. In general, the Koenigsberger ratio is used as measure of stabil-
ity to indicate a rock’s capability of maintaining a stable remanence.
The International Geomagnetic Reference Field (IGRF) value at the
TAG site (42,000 nT = 33.44 A/m) was used for calculafing/here
Q = NRM [A/m]/(k [SI] * H [A/m], andH is the local geomagnetic
field. The variation of the Koenigsberger ratios in Table 1 in general
resembles that of the NRM. For example, the silicified basalt breccia,
Sample 158-957H-5N-2, 281 cm, from the TAG-2 area has a high-
er intensity of remanence than the nodular pyrite-silica breccia Sam-
ple 158-957H-5N-1, 3335 cm, and consequently the Koenigsberger
ratio of the former is higher than that of the later. Similar examples
of this correlation are also seen in samples from other TAG areas.
The Koenigsberger ratio is generally greater than 1.0 with only one
exception from the TAG-1 area (Sample 158-957C-7N-311%&m)
taken from an anhydrite vein, which is diamagnetic (see the “Hyster-
esis Properties” section below for more discussion of this sample).
The Koenigsberger ratios for two samples (Sample 158-957C-7N-3,
47-49 cm from the TAG-1 area and Sample 158-957H-5N-3333
cm from the TAG-2 area) are slightly greater than 1.0, indicating that
induced magnetization would be comparable to that of remanent
magnetization. The low value of the Koenigsberger ratio for these
two samples also indicates the presence of low-coercivity magnetic

this temperature coincides with the high-temperature fluids (350° minerals that carry an unstable remanence and are more susceptible
400°C) that are actively circulating the TAG site (Tivey et al., 1995)to an external magnetic field.

Results from AF demagnetization of five basalt samples from the
TAG-4 area (Fig. 7) show behavior that cannot be interpreted in sudtow-Field Magnetic Susceptibility
a simple fashion. As shown in Figure 7, some of these samples exhib-
ited signs of drilling-induced magnetization as evidenced by the steep Volume magnetic susceptibility of natural materials in a weak
inclinations in the initial demagnetization measurements, but AF demagnetic field depends on the abundance and grain size of ferromag-
magnetization to 10 mT effectively removed this overprint. Althoughnetic minerals. Discrete samples of sulfide breccias show magnetic
only five samples were measured, it seems reasonable to conclusigsceptibility values from 1.010“to 1.1x 10 Sl unit, with an av-
that drilling has had a lesser effect on the NRM of these basalt sararage of 5.0x 10 SlI, indicating a very low concentration of fer-
ples as compared with that of sulfide cores. It is interesting to not@(i)ymagnetic minerals in these sulfides. It is of interest to note that
that the stable component for these samples has a much shallowertimese susceptibility values are of the same order as that of pyrrhotite
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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 (1) is
indicated. Open circles and crosses represent vector endpoints projected onto
the vertical and horizontal planes, respectively.

MAGNETIC PROPERTIES OF CORES

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 x 10 Sl.
Thisis expected because they are known to have very different mag-
netic mineralogies.

Anhysteretic Remanent Magnetization (ARM)

ARM islaboratory-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 uT. The ARM was then
AF demagnetized so that the demagnetization behavior could be
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 list-
ed in Table 2, ARM intensities behave like NRM intensity in general:
high in the basalt and low in anhydrite breccia. The other parameter
measured is the median demagnetizing field (MDF), which repre-
sents the stability of remanence. Unlike intensity of remanence, MDF
is only weakly dependent on the inducing field. In comparison, the
median demagnetizing field of ARM (MDQFis consistently, and
sometimes substantially, larger than the median demagnetizing field
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 com-
ponents in the NRM of samples.

Rock Magnetic Properties
Hysteresis Loop Parameters

Hysteresis loop parameters are useful in characterizing the intrin-
sic magnetic behavior of rocks. Thus, they are helpful in studying the
origin of remanence. Hysteresis behavior was studied in 12 individu-
al samples. For each sample, hysteresis loops and the associated pa-
rametersM,¢/Mg, H,, andHg, (remanent coercive force) were ob-
tained at University of California Santa Cruz using an alternating gra-
dient magnetometer (AGFM; Princeton Measurements Corporation)
capable of resolving magnetic moments as small #s16® emu
(Flanders, 1988). Hysteresis parameters determined from the 11 sam-
ples from Hole 957 are presented in Table 2.

Saturation magnetization is a measure of the total amount of mag-
netic mineral in the sample. The coercivitl, is a measure of mag-
netic stability. The two ratiog,/J, andH/H,, are commonly used as
indicators of domain state and, indirectly, grain size. For magnetite,
high values ofJ,/J; (>0.5) indicate small (<0.1 um or so) single-
domain (SD) gains, and low values (<0.1) are characteristic of large
(>15-20 pm) multidomain grains (MD). The intermediate regions are
usually referred to as pseudo-single domain (PSIRJH. is a much
less reliable parameter, but conventionally SD grains have a value
close to 1.1, and MD grains should have values4>®ay et al.,
1977). Figure 8 displays the ratios of the hysteresis parameters for
four samples containing mainly titanomagnetite as magnetic mineral
plotted on a Day and others (1977) type diagram. Such a representa-
tion provides qualitative information on the magnetic grain sizes
from single domain (SD) to pseudo-single domain (PSD) to large
multidomain (MD). The samples analyzed in this study indicate that
the magnetic grain sizes of the TAG-4 area fall near the boundary be-
tween SD and PSD, whereas the sample from the TAG-2 area is in
the pseudo-single domain range.

Paramagnetic susceptibilityy, is the susceptibility of the sample
in a magnetic field sufficient to saturate the ferromagnetic compo-
nent. Hence, it is a function of all the minerals in the rock and is prob-
ably more reflective of the more abundant diamagnetic material. As
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Figure 6. Representative vector endpoint diagram
showing the results of thermal demagnetization of the
pyrite breccia sample (Sample 158-957C-11N-1, 114~
116 cm), and the anhydrite vein sample (Sample 158-
957C-11N-1, 21-23 cm). Two components of magne-
tization are shown by straight lines fitting the data 1
points. Open circles and crosses represent vector end- S, DOWN
points projected onto the vertical and horizontal
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components are shown by straight lines fitting the data o —
1=77.8

points and the corresponding inclination (1) isindicated.
Open circles and crosses represent vector endpoints pro-
jected onto the vertical and horizontal planes, respectively.

expected, the basalt samplesfrom the TAG-4 areadisplay higher val-
uesof x, (Table2). Ingeneral, x, seemsto beafairly unrevealing pa-
rameter. However, it is interesting to note that both the lowest and
highest values were from brecciasin TAG-1 area, with the lowest X,
value occurring in Sample 158-957C-7N-3, 37-39 cm whichisinthe
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
L ow-temperature measurements were made on 16 representative

samples to help characterize the magnetic minerals and understand
their rock magnetic properties.

E, DOWN S, DOWN

NRM

critical value 2KT/K (wherek = Boltzmann’s constanT; = 300 K in
this study, andK = the magnetic anisotropy constant per unit vol-
ume), so that its net remanence over 100 sec is zero (Cullity, 1972).
However, as T is decreased to 0 K, the thermal erldrgiecreases
andK increases (both serving to aid magnetic stability), so that all
grains which were superparamagnetic at 300 K will be able to retain
thermally stable remanent magnetization near 0 K (Banerjee et al.,
1993). In this study, these experiments included (1) cooling the sam-
ple from room temperature (300 K) down to 20 K (in some cases to
5 K) in a steady magnetic field of 2.5 T and measuring the remanence
at 5 K intervals; (2) measuring the saturation isothermal remanence
at 5 K and 20 K (SIRMand SIRM,, respectively) and then warming
it to 300 K in zero field while measuring the remanence value every
5K.

As shown in Figure 9, the low-temperature curves of SIRM both

These measurements were designed to determine the Néel teimzero field warming and in a 2.5 T field cooling display a variety of
perature and other critical temperatures of a magnetic substance dedtures. These include an unblocking temperature in the vicinity of

were made from 20 K to room temperature on=B00 mg subsam-

40 K most likely caused by pyrrhotite (Dekkers et al, 1989; Rochette

ples in a Quantum Design Magnetic Property Measurement Systeet al., 1990); a decrease in remanence in thefIDK range, most
(MPMS) at the University of Minnesota. By definition, a ferrimag- likely caused by the magnetocrystalline anisotropy conskgnof
netic mineral grain is superparamagnetic if its volume is smaller thamagnetite going to zero in this temperature, known as the Verwey
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Figure 8. The hysteresis ratios plotted on aDay et al.

0.17 (1977) type diagram suggest that the bulk magnetic
grain sizeisin the pseudo-single-domain region. Jsis
Multidomain saturation magnetization, J, is saturation remanent
0 ‘ , magnetization, H. is coercivity, and H, is remanent
1 2 3 4 5 6  coerciveforce. Abbreviations are same asin Table 1:
Her / He BAS = basalts, SBB = silicified basalt breccia
transition (Verwey et al., 1947). The low-temperature phase transi- Mossbauer Effect Spectrometry and Oxide Petrographic
tionswere aso detected asasingular point of finite difference (deriv- Observation
ative of emu/°K, see Fig. 9F). Aswe shall discuss later, the low-tem- . . L
perature data are one of the major lines of evidence for the presence Tyvo samples were selected fqr Mo.ss.bauer eﬁeqt |nve§t|gqt|on to
of pyrrhotite in sulfide samples. provide more definitive means of identifying magnetic carriers in the
sulfide deposit in the TAG hydrothermal mound. Measurements were
Curie Temperature taken at room temperature using@o in rhodium source and a con-

stant acceleration spectrometer. A crushed sample (roughly 0.5 g in

Curie temperature is the temperature below which a magnetic powder form) was packed into a polythene sample holder with a
mineral is magnetically ordered. Because thisvalueisasensitivein-  Cross-sectional area of approximately F.cm _
dicator of composition, it is useful in understanding the magnetic The Mdssbauer spectra obtained for two samples reflecting ex-
mineralogy. In this study, Curie temperature was determined by mea- tremes in Leg 158 core type are distinct (Fig. 11). The spectrum of a
surement of magnetic susceptibility vs. temperature (using the Kap- basalt sample from the TAG-4 area (Sample 158-957M-10R-1, 89
pabridge susceptometer at the University of Minnesota), because the 91 cm) is shown in Figure 11A. At room temperature, the spectrum

susceptibility dropsto zero about the Curie temperature. We conduct- is dominated by three magnetically ordered components that have
ed thermomagnetic analyses in an inert atmosphere on 10 samples been interpreted as being hematite, maghemite, and magnetite, re-
chosen to be representative of the Leg 158 cores. spectively. The magnetite spectrum contains two components, one

Figure 10 shows high-temperature susceptibility runs of a repre- corresponding to the A site Feand the other to the B site. Figure
sentative sulfide and a basalt sample. The heating and cooling curves 11B shows the spectrum of a sulfide samplg frqm the TAG-5 area
for the sulfide sample display a significant peak of susceptibility (Sample 158-95_70-4R-1, 382 cm) to_gether with fitted curves. The
around 320°C (Fig. 10A). These peaks may be indicative of a fractioylues of the fitting parameters for this spectrum suggest two compo-
of monoclinic pyrrhotite that could be responsible for the observed€nts that can be identified as pyrite and chalcopyrite, respectively.
remanent magnetization. Several new magnetic signatures were also S€veral selected samples were also studied by optical micro-
revealed on the cooling curve. The gradual rise in susceptibilitpCOPES and by a JEOL JSM 6400 scanning electron microscope
around 570°C (Fig. 10A) indicates that the pyrrhotite probably was$SEM) to examine thglr oxidation state and the bulk titanomagnetite
altered into fraction of magnetite after heating to 700°C in an argoRPntent. The photomicrography of the basalt sample from the TAG-
atmosphere, as reported by previous workers (Schwarz, 1965; Def-2réa (Sample 158-957M-10R-1-89 cm) exhibits abundant tita-
kers, 1988). nomagnetite with typlcal grain-size |§SS than 5 um (Figs. 12A, 12B,

For the basalt samples recovered from the TAG-4 area, the resuffi8d 12C), fully consistent with the MGssbauer spectra results and the
show Curie temperatures between 500° and 540°C, indicative of tt#fain-sizé estimate inferred from the hysteresis parameters. An ex-
presence of low-Ti titanomagnetite (Fig. 10B). Unoxidized titano-@mple of chalcopyrite inclusion in a pyrite crystal (Sample 158-
magnetite of normal basalts (with about 62% ulvospinel and 389§97C-16N-1, 1719 cm from the TAG-1 area) is shown in Figure
magnetite in solid solution) has a Curie temperature of approximateI%IZD-
160°C and completely oxidized titanomaghemite has a maximum
Curie temperature of about 400°C (O’Reilly, 1984; Johnson and Hall, DISCUSSION
1978; Johnson and Pariso, 1993). The Curie temperature measure-
ments in this study would suggest that while high-temperature oxida- The results described above have revealed important information
tion is not common in submarine basalt (Johnson and Hall, 1978), &bout the origin of remanence and on the magnetic minerals present
can sometimes occur with deuteric alteration associated with veinirig the Leg 158 cores, which in turn provide physical insight into the
or in some massive flow units. nature of the hydrothermal alteration regime at the TAG field.
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Figure 9. Low-temperature heating curves of saturation remanence normalized to 20 K (SIRM ) both after cooling in zero field and after cooling in a2.5 field
for several representative samples. The change in slope near 100 K is aresult of the Verwey transition in magnetite while the contribution to remanence that is
demagnetized at <50 K islikely from pyrrhotite (35-40 K). A. Pyrite breccia sample (Sample 158-957H-5N-2, 72-74 cm) from the TAG-1 area. B. Pyritesilica
breccia sample (Sample 158-957H-5N-2, 72-74 cm) from the TAG-2 area. C. Pyrite breccia sample (Sample 158-9570-4R-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 witha 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.

346



MAGNETIC PROPERTIES OF CORES

B
1000 :IIII|IIII|IIII|IIII|IIII|IIII|IIII_ 100 _IIII|IIII|IIII|IIII|IIII|IIII|IIII:
100 10
@ @
© @
o o
\u’ \u’
2 2
E 10 El
a a
(0] (0]
(&) (&)
(2] (2]
> >
N N
1 __ —] O.l __
i Pyrite breccia b i Basalt
0.1 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 0-01 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 100200300400500600 700

Temperature (°C)

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 thelast 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
inthemound. Thereisalso an indication of atrend toward increasing
magnetic intensity with depth in the mound, coinciding with changes
in lithology and suggesting that a stratigraphically distinct changein
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-
rametersthat likely reflect variationsin 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 asaresult 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 mineralsresponsiblefor
the observed magnetic properties. A knowledge of the primary mag-
netic mineralogy and subsequent mineral ogic changes (and accompa-

0 100200300400500600 700

Temperature (°C)

Figure 10. Typical thermomagnetic curvesfor Leg 158
cores. A. Pyrite breccia sample (Sample 158-957H-
5N-2, 72-74 cm). B. Basalt sample (Sample 158-
957M-9R-1, 60-62 cm).

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 Moss-
bauer effect spectrometry obtained from this study provide informa-
tion for identifying magnetic carrier in Leg 158 cores. Although only
a few of the shipboard thin sections revealed the existence of pyrrho-
tite (e.g., see p. 117 and p. 214 in Humphris, Herzig, Miller, et al.,
1996), all the sulfide samples subjected to the low-temperature ex-
periment showed the transition around 40 K. Thus, the low-tempera-
ture magnetic phase transition is a sensitive indicator of pyrrhotite in
the sulfide samples. It is quite possible that ferrimagnetic pyrrhotites
contribute significantly to the remanent magnetization of the Leg 158
samples. We have no other direct way to test this hypothesis with our
data at present other than to suspect that pyrrhotite may be responsi-
ble for the observed decrease in susceptibility of the two samples
(Fig. 6) after they have been heated to 350°C, as mentioned previous-
ly. A recent study by Menyeh and O’'Reilly (1996) has reported a un-
blocking temperature 330°C for monoclinic pyrrhotite, which is in
agreement with the observed unblocking temperature (~350°C) in
this study. The combined investigation in this study suggests that the
basalt samples from the TAG drilling areas contain magnetite as the
main magnetic carrier and trace amounts of magnetite are also
present in the sulfide samples. This is shown by the Verwey transition
in the vicinity of 118 K during the low-temperature cycling, by the
observed Curie temperatures (56840°C), and by the Mdssbauer
and SEM observations.

Distinctions between primary and secondary causes of magnetic
property variations are also important because they reflect physical
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Figure 11. Méssbauer spectra &f) (Sample 158-957M-10R-1, 891 cm
(basalt sample from the TAG-4 area) aBjl $ample 158-9570-4R-1, 382
cm (pyrite breccia from the TAG-5 area).

and chemical properties of hydrothermal fluids, aswell asthetiming
of alteration in some settings. Preliminary shipboard observations
clearly show that the complex sulfide stratigraphy in the TAG mound
is aresult 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 samplefrom pyrite brecciaand anhydrite vein (Fig. 6) could sug-
gest that the sampl es 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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(and lacking evidence to the contrary), we favor the speculation that
the CRM of these samplesinvolvesresetting 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 anumber of geologic environments, the primary
carriersof NRM have not only undergone changesin 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 (Y e 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 changesin 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 (H,/H. and
J./J5), 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 ateration has subse-
quently taken place and reset the original magnetization. The stable
component (ChRM inclination valueslisted in Table 1) varieswidely
even onlocal 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 (Fe;S;).

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 expected
(55°) if the basaltic flows recorded the geomagnetic field when they
were erupted. Although it is never certain whether these cores have
been collected precisely vertically and deviations from the vertical of
up to 5° can easily go undetected, the shallow inclinations are so
anomalous that we are obliged to consider carefully any hypotheses
that might account for our results. These are of three general classes:
tectonic (undetected tectonic dips or local rotations), geomagnetic
(geomagnetic excursions) and rock magnetic (anisotropic remanence
acquisition or chemical remagnetization).

Undetected Tectonic Dips

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

Local Undetected Rotations
More significant effects could arise from local undetected rota-

tions. It has now been established that there are local rotations about
a vertical axis (e.g., Kissel and Laj, 1989). Although vertical axis ro-
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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 typica unaltered quenched texture of normal basat. The

scale bar is 70 un. Image of a detailed region (upper-central) of (A). The scale bar is 1€ p#mother area of the same sample. The scale bar is 1B.um.
Pyrite silica breccia sample (Sample 158-957C-16N-3197%m) from the TAG-1 area, showing a chalcopyrite (Cpy) inclusion in a pyrite crystal (Py). The

scale bar is 10 pm.

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 aso 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 arotation 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
theisland 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 val ues were al so observed from
19 ka lacustrine sediments from Black Rock Desert, Nevada (Ewing
et a., 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 a., 1994). Viewed together, these
studies yielded distinctive intervals of high (>50 uT-8&ka) and

weak (<20 uT; 4230 ka) paleointensities, which were assigned as
the Lake Mungo and Laschamp excursions, respectively. Because of
these characteristic paleointensity values, one can use these values as
time markers for geomagnetic excursion studies. To examine the
question whether these basalts recorded a local representation of a
geomagnetic excursion that could be responsible for at least some of
the anomalous inclinations, we must obtain reliable records of both
paleointensity determination and radiometrical dating from the ba-
salts, which remains for future investigations.

Magnetic Anisotropy

Preferred orientation of magnetic minerals and their easy axes of
magnetization can deflect the directions of thermal remanent magne-
tization away from the ambient field (e.g., Stacey and Banerjee,
1974). To cause the large inclination deviations (more than 30°),
however, this magnetic anisotropy would have to be exceptionally
strong. On the contrary, the degree of anisotropy of two basalt sam-
ples that we measured on shipboard are very low (see p. 207 in
Humpbhris, Herzig, Miller, et al., 1996), indicating that magnetic
anisotropy is not a viable explanation.

Chemical Remagnetization

A less easily discounted hypothesis is that hydrothermal activity
might have caused some kind of partial chemical remagnetization of
the basalts. It is possible that there are sometimes certain circum-
stances present with rock samples which can prevent the acquisition
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To sum up, we have failed to find a satisfying explanation for the
shallow inclination results. Tectonic effects as discussed above, al-
though not certain, are likely explanations. But they may not be the
only cause. This discussion highlights the difficulty of studying the, ) .

o . . -, aag, C., Heldey, C.E., Xu, S-Z., and Lienert, B.R., 1995. Deflection of
magnetldzactilon of youngdgceanlc ba§alts. MU(;ETm.ore a(édltlonal V.VO'E paleomagnetic directions due to magnetization of the underlying terrain.
are needed to prove or disprove various possibilities and constrain the Geophys. Res., 100:10013-10027.

magnetic interpretation. Banerjee, SK., Hunt, C.P, and Liu, X.M., 1993. Separation of local signals
from the regional paleomonsoon record of the Chinese Loess Plateau: a
rock-magnetic approach. Geophys. Res. Lett., 20:843-846.
CONCLUSIONS Campbell, A.C., Palmer, M.R., Klinkhammer, G.P, Bowers, T.S., Edmond,
JM., Lawrence, J.R., Casey, JF., Thompson, G., Humphris, S., Rona,
The following are the conclusions drawn from our comprehensive PA., and Karson, JA., 1988. Chemistry of hot springs on the Mid-Atlan-

examination of the remanence magnetization and magnetic mineral; ti¢ Ridge. Nature, 335:514-519. . _
ogy of Leg 158 cores. %ISOWSKI, SM., Hall, FR., and Ocean Drilling Program Leg 155 Scientific

Party, 1994. Ultra-high resolution records of the Lake Mungo excursion

. . S . and the Blake event from ODP Leg 155 cores drilled in the Amazon Fan.
1. The combined investigation suggests that the magnetic proper- gqg 75:190,

ties of the basalt samples from the TAG-4 area are controlledullity, B.D., 1972. Introduction to Magnetic Materials: Reading, MA (Add-
mainly by magnetite and minor amounts of maghemite and he- ison-Wesley).

matite. Sulfide samples from the remaining TAG drilling areasDay, R., Fuller, M., and Schmidt, V.A., 1977. Hysteresis properties of titano-
contain a small amount of magnetite, pyrrhotite, and chalcopy- magnetites: grain-size and compositional dependence. Phys. Earth
rite. This study verifies that the low-temperature magnetic_ Planet. Inter., 13:260-267.

h ransitions are effective means of ina the or n kers, _M.J., 1988 Magneti_c_p_roperties of n_atural pyrrhoti_te, Part 1.
phase transitions are effective means of detecting the prese BekBel'lawor of initial susceptibility and saturation-magnetization-related

of pyrrhotite and trace magnetite in sulfides. : : e
. . . . rock-magnetic parameters in a grain-size dependent framework. Phys.
2. The magnetic minerals of the basalts are of variable particle ;.1 pianet. Inter., 52:376-393,

size, but fall within the pseudo-single domain size range-(0.2 peykers, M.J, Mattei, J-L., Fillion, G., and Rochette, P, 1989. Grain-size

14 pm). dependence of the magnetic behavior of pyrrohotite during its low-tem-
3. Changes in magnetic properties correlate with variations in li-  perature transition at 34K . Geophys. Res. Lett., 16:855-858.

thology, which results from abundance and sizes of magnetiEwing, I., Negrini, R., and Nials, F., 1994. Possible record of 19 ka geomag-

minerals. The available evidence suggests that the remanence hetic excursion in Pleistocene: Lacustrine sediments from the Delong

of sulfide samples is partly or wholly chemical in origin, prob- _ Mammoth locality, Black Rock Desert, Nevada. Eos, 75:190.

ably as a result of heating and alteration related to hydrothef=@ders, P.J., 1988. An alternating-gradient magnetometer. J. Appl. Phys,

- - - . 63:3940-3945.
mal .ﬂ.u'd CII’CU.|a.tI0n. T.h.e magnetization was SUbsequemlyGarnier, F., Herrero-Bervera, E., Lgj, C., Guillou, H., Kissel, C., and Tho-
modified by veining activity.

: . o mas, D.M., 1996. Geomagnetic field intensity over the last 42000 years

4. A plausible scenario for the shallow inclination results ob-  trom Core SOH-4, Big Island, Hawaii. J. Geophys. Res., 101:585-600.
tained from basalt samples is that some tectonic rotation of thgoldhaber, M.B., and Reynolds, R.L., 1991. Relations among hydrocarbon
TAG mound has occurred since the basaltic lava flows were reservoirs, epigenetic sulfidization, and rock magnetization: examples
erupted. from the south Texas coastal plain. Geophysics, 56:748-757.
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and rock magnetic studies on the same sulfide cores can pro- PA., 1992. Hydrothermal reworking of sulfide deposition in the TAG
vide important information that has considerable relevance to ‘;ggéoMg‘gft'a”“C ridge: evidence from the distribution of gold. Eos,
understanding the evolution of the hydrothermal mound. Thll annington, M.D., Thompson, G., Rona, PA., and Scott, S.D., 1988. Gold
study has de_monstrated the_ po_tentlal_ val_ue of paleo_m_agnetlc, and native copper in supergene sulfides from the Mid-Atlantic Ridge.

rock magnetic, and petrological investigations in providing the  nature, 333:64-66.

essential link between magnetic property variations and thgienshaw, R.C., Jr., and Merrill, R.T., 1980. Magnetic and chemical changes
extent of mineral alteration. in marine sediments. Rev. Geophys. Space Phys., 18:483-504.
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