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23. In addition, not having the phase sufficiently neg- 
ative also reduced the power output. Additional 
mechanics experiments showed that an increase 
in strain (from k1.5 to *2.5%) or a shift in phase 
(back by 153 resulted in greater power produc- 
tion. 

24. R. K. Josephson, J. Exp. Biol. 147. 533 (1989); J. 

D. Altringham and I. A. Johnston, ibid. 151, 453 
(1 990). 

25. J. Tang and C. S. Wardle [ibid. 166, 33 (1992)l 
showed that most of the p e r  is generated at the 
midpoint of the tail sweep in swimming salmon. D. 
Harper (personal communication) has obtained a 
similar finding in swimming scup. Superimposition 
of the tail-tip trace and muscle length change 
show that all the way back to the caudal pedun- 
cle, the muscle is shortening when the tail is 
sweeping to that side and generating power. 

26. Different species were used in this study than in 
(3). Although we have no reason to expect impor- 
tant species differences, they cannot be excluded 
without verification. 

27. The myosepta and skin have alternatively been 
proposed as transmission elements (4). 

28. The power developed by fish musculature has 
been approximated in the past from hydrodynam- 
ic calculations. These calculations, however, de- 
pend on a number of assumptions and the par- 
ticular model used. 

29. K. Schmidt-Nielsen, Science 177, 222 (1972). 

Formation of Magnetic Single-Domain Magnetite in 
Ocean Ridge Basalts with Implications for 

Sea-  lo or Magnetism 

Yen-Hong Shau,* Donald R. Peacor, Eric J. Essene 
Although magnetic data are the primary evidence for ocean floor spreading, the processes 
by which magnetic phases in ocean floor basalts are formed remain poorly constrained. 
Scanning transmission electron microscopic observations show that magnetic single- 
domain magnetite in sheeted dike basab of Deep Sea Drilling Project hole 5048 formed 
through oxidation-exsolution of ilmenite, exsolution of ulv6spinel lamellae, and recrystal- 
lization of end-member magnetite by interaction with convecting fluids. The data suggest 
that the sheeted dike basalts, with single-domain magnetite as an efficient and stable 
magnetic carrier, contribute significantly to sea-floor magnetism. 

Paleomagnetic data from the oceanic crust from the transition zone and from the sheet- 
constitute the primary evidence for sea- ed dike complex generally have magnetic 
floor spreading at mid-ocean ridges (1 -3). properties consistent with end-member mag- 
However, the nature and origin of the netite as the magnetic camer (6, 12, 13). 
magnetic phases responsible for the sea- Several mechanisms, such as oxidation-ex- - 
floor magnetism are not well understood. 
The primary Fe-Ti oxide mineral in mid- 
ocean ridge basalts is titanornagnetite, with 
an -60 mole percent (mol %) ulvospinel 
component (USP-~,,) and a Curie tempera- 
ture of - 160°C (4-6). However, magneti- 
zation data are generally not consistent 
with this phase. Rather, the observed mag- 
netic properties (for example, an increase 
in Curie temperature and a decrease in 
remanence intensity) of the altered pillow 
basalts that occupy upper levels of the 
oceanic crust have been attributed to low- 
temperature oxidation or maghemitization 
(4-1 1). The results of studies of rock mag- 
netism from Deep Sea Drilling Project 
(DSDP) hole 504B have shown that basalts 
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solution (14) or low-temperature maghemi- 
tization followed by phase inversion, have 
been proposed to account for the formation 
of magnetite that presumably exists on a 
submicroscopic scale (6, 12). Direct charac- 
terization of the magnetite with scanning 
transmission electron microscopy (STEM), 
scanning electron microscopy (SEM) , and 
electron microprobe analysis is essential to 
an understanding of the processes by which 
such magnetite formed. 

We used high-resolution STEM (15, 16) 
to characterize and determine the origin of 
the iron oxides in basalt from the sheeted dike 
complex in DSDP hole 504B, located in crust 
that is 5.9 million years old and -200 km 
south of the Costa Rica rift. The sample, 
chosen as representative of a large number 
studied by other methods, is a massive basalt 
(sample 107-1; 87 to 90 cm) recovered from 
the upper part (depth of 870 m within the 
igneous basement) of the sheeted dike com- 

Although not having to support body weight 
would tend to reduce the energetic cost, having to 
move through a viscous media would tend to 
increase it. Accurate measures of muscle power 
will help evaluate the relative importance of the 
opposing effects. 
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plex during DSDP leg 83. The primary min- 
erals in this basalt have been subjected to 
hydrothermal alteration that is equivalent to 
greenschist facies metamorphism (1 7, 18). 

The primary opaque mineral is subhedral 
to euhedral titanornagnetite that is typically 
a few hundred micrometers in diameter 
(Fig. 1). Some titanornagnetite appears to 
be homogeneous in SEM backscattered 
electron (BSE) images and in reflected 
light. Electron microprobe analyses of ap- 
parently unaltered parts of titanornagnetite 
grains give compositions ranging from 
Usp,, to U S P ~ ~ .  Some parts of titanomag- 
netite grains have a mottled texture and are 
composed of intergrown micrometer-sized 
sphene and titanornagnetite (Fig. 1). Other 
areas appear to be homogeneous titanomag- 
netite, as observed from BSE images, but 
contain minor Si and Ca, indicative of 
sphene. In the latter, extremely fine lamel- 
lae -400 A in width are oriented in two 
directions nearly perpendicular to each oth- 

Fig. 1. Backscattered electron image of a sub- 
hedral titanornagnetite grain (white) showing 
partial alteration to sphene (gray, mottled tex- 
ture). The image was taken from an ion-milled 
specimen prepared for STEM observation. The 
areas marked a and b are shown in STEM 
images in Figs. 2 and 3, respectively. Abbrevi- 
ations: Ch, chlorite; Cpx, clinopyroxene; Sph, 
sphene; and Tmt, titanomagnetite that appears 
to be unaltered. 
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er (Fig. 2A). Selected area electron difiac- 
tion Dattems of the host mineral are con- 
sistent with that of single-crystal magnetite. 
The lamellae are oriented parallel to the 
(100) orientation, as expected for subsoli- 
dus exsolution of ulvospinel from titano- 
magnetite (1 9). 

An STEM secondary electron image of 
surface relief demonstrates that the lamellar 
domains are mostly voids (Fig. 2B). The 
STEM chemical analyses showed that the 
host lamellae (dark grey contrast in Fig. 
2A) are end-member magnetite (Uspo) 
(Table 1). Analyses of integrated lamellae 
(containing host magnetite and empty 
space) from thin edges give similar Fe con- 
tents, but thick areas contain minor 
amounts of Ti, Si, and Ca (20). Close to 
the pervasively altered part of a grain of 
Fe-Ti oxide (area b in Fig. l) ,  we observe a 
similar lamellar texture but that consists of 
host magnetite lamellae and sphene or kas- 
site (Fig. 3, A and B); the sphene has 
significant Fe and A1 contents (Table 1). 

The crystallographic relations among 
the intergrown sphene, kassite, ilmenite, 
and host magnetite are as follows: The 
kassite has a preferred orientation with 
respect to the host magnetite such that 
(010) of kassite is parallel to (11 1) in mag- 

Fig. 2. (A) An STEM dark-field image of area a in 
Fig. 1 showing two sets of lamellae oriented 
parallel to 1100) of titanomagnetite. The inclined 
boundary (crystal face) to the left of the photo- 
graph is parallel to (1 11). The host lamellae 
(dark gray contrast) are made up principally of 
end-member magnetite. (B) An STEM second- 
ary electron image showing surface features 
from the same area. The elongated voids corre- 
spond to the lamellae with a white contrast in (A). 

netite (parallel to sheets of closest packed 0 
atoms in both phases) and ( 1 0 0 ) ~  is parallel 
to (1 lo),,. The ilmenite (with - 10 mol% 
MnTiO,) (Table 1) has thick lamellae (0.2 
to 0.6 pm) oriented parallel tb (1 11) of 
magnetite (Fig. 3C) as well as small do- 
mains coexisting with sphene (Fig. 3B). 
Some of the thick ilmenite lamellae con- 
tain oriented ulvos~inel inclusions. whereas 
others have been completely replaced by 
sphene alone or with phyllosilicates. I1- 
menite is oriented preferentially, with 
{OOl), parallel to (1 1 I),, and (120),, par- 
allel to (112),,. These relations indicate 
that the ilmenite lamellae formed in the 
titanomaenetite through a mechanism of - - 
high-temperature oxidation-exsolution (1 9). 
Ulvospinel ( U S P - ~ ~ ,  with -4 mol% 
Mn,Ti04) (Table 1) was rarely observed 
either as relict segments in sphene lamellae 
or as inclusions that have been partially 
replaced by sphene in the thick ilmenite 
lamellae (Fig. 3C). The exact shape and 
locus of the magnetite-ulvospinel solvus are 
not precisely constrained. However, the 
growth of ulvospinel lamellae in magnetite 
with approximately equal amounts of the 
two phases (Fig. 2) suggests that the tita- 
nomagnetite host had a composition of 
 US^-^^-^^ (close to the crest of the solvus) 
before exsolution took place (2 1-23). 

These growth data suggest the following 
sequence: (i) The oxidation-exsolution of 
primary titanomagnetite ( U S P ~ ~ ~ )  pro- 
duced submicroscopic {I 1 1) ilmenite lamel- 
lae distributed in a host with diminished Ti 
content. (ii) The pervasive exsolution of 
(100) ulvospinel lamellae in the Ti-deplet- 
ed titanomagnetite host ( U S P ~ ~ ~ ~ )  further 
decreased the Ti content of the host Ti- 
bearing magnetite. Both (i) and (ii) likely 
occurred during the initial cooling of the 
sheeted dike basalts, although these steps 
may have occurred during hydrothermal 
alteration (6). (iii) Ulvospinel lamellae dis- 
solved. with few left as void mace and most 
replaced by sphene and kassite, whereas the 

Table 1. Selected STEM chemical analyses of 
magnetite (Mt), ulvospinel (Usp), ilmenite (Ilm), 
sphene (Sph), and kassite (Ks) (32) 

Cations per formula unit* 
Cation* 

Mt Usp Ilm Sph Ks 

Si 0.17 0.03 0.02 1 .OO 0.04 
Al 0.00 0.00 0.00 0.13 0.06 
Ti 0.13 0.92 0.99 0.83 1.91 
Fe2+t 3.26 1.99 0.86 0.10 0.05 
Mn 0.00 0.08 0.09 0.00 0.03 
Ca 0.13 0.02 0.03 0.97 0.94 
Total 3.69 3.04 1.99 3.03 3.03 

'The cations are defined on the basis of four 0 for 
magnetite and ulvospinel, three 0 for ilmenite, one Si 
for sphene, and five 0 for kassite; each analysis is an 
average of 2 to 3 point analyses. tTotal Fe as 
Fez+. 

Ti-bearing magnetite host recrystallized to 
end-member magnetite during the near- 
ridge hydrothermal alteration. 

Most individual domains of magnetite 
are 0.03 to 0.1 pm across in all dimensions, 
separated by three mutually orthogonal sets 
of nonmagnetic phases, or voids, that were 
once ulvospinel lamellae. They are thus 
well within the range of single magnetic 
domains (24, 25), although the ratios of 
saturation remanence to saturation magne- 
tization for the sheeted dike basalts at site 
504B are more consistent with pseudo- 
single domain magnetite (6). This discrep- 
ancy may be caused by the closely adjacent 
grains that interact magnetically (6). 
Facey, Housden, and O'Reilly inferred from 
saturation magnetization data that the 
abundance of magnetite is about one-half 
(by volume) that of titanomagnetite in the 
sheeted dike basalts from hole 504B (12). 
This inference is consistent with our obser- 
vation that approximately one-half of the 
primary titanomagnetite is now occupied 
mainly by sphene with some kassite and 
ilmenite. 

The end-member magnetite, the domi- 

Fig. 3. (A) An STEM bright-field image of area b 
in Fig. 1 showing a lamellar texture that consists 
of a magnetite framework (black or dark gray) 
and sphene matrix (white) in two orientations. 
(B) Transmission beam bright-field image 
showing intergrown sphene (Sph), kassite (Ks), 
and ilmenite (Im) in matrix of magnetite (Mt) 
framework. The elongated ellipse on an ilmenite 
grain was caused by contamination during 
STEM chemical analysis. (C) An STEM bright- 
field image showing a relatively thick ilmenite 
lamella parallel to (1 11) and thin sphene lamel- 
lae (light gray) parallel to (001) of the magnetite 
host (dark contrast). The linear traces of the two 
planes intersect at approximately 65". UIvo- 
spinel (Usp) occurs as small segments in the 
ilmenite lamella and has been partially re- 
placed by sphene (indicated by an arrow). 
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nant magnetic carrier in the sheeted dike 
basalts, did not form simply by oxidation- 
exsolution, as has commonly been assumed 
(6, 12, 26). The natural remanent magne- 
tization (NRM) of the sheeted-dike basalts 
was presumably acquired by the single-do- 
main Ti-bearing magnetite (the host after 
exsolution) during initial cooling. This was 
a thermoremanent magnetization (TRM) 
and was then modified bv chemical rema- 
nent magnetization of rhcrystallized end- 
member magnetite during hydrothermal al- 
teration near the spreading center. The 
initial cooling and hydrothermal alteration 
appear to have taken place soon after the 
intrusion of basalts; therefore, the NRM 
reflects the original geomagnetic field direc- 
tion (6). 

The thickness of the source layers re- 
sponsible for the sea-floor magnetic anom- 
alies has long been debated and has been 
estimated as extending from the uppermost 
500 to 1000 m (pillow basalts, layer 2A) of 
the oceanic crust to deoths of -8 km 
(essentially the entire oceanic crust) (3, 7, 
27, 28). The results of studies of magnetic 
properties of sheeted dike basalts recovered 
from DSDP drill holes suggest that the 
sheeted dike complex (layer 2B) contrib- 
utes significantly to sea-floor magnetic 
anomalies (6, 26, 29). However, magnetic 
data from ocean gabbros indicate that the 
linear magnetic anomalies originated partly 
in the gabbro layer (layer 3) (29-3 1). We 
have shown that single-domain, end-mem- 
ber magnetite, an efficient and stable carrier 
of TRM, is responsible for the magnetic 
properties in the upper levels (depths of 
-630 m to at least -1125 m within the 
igneous basement) of the sheeted dike com- 
~ l e x  at site 504B. The resultant NRM 
intensity of the sheeted dike basalts is on 
the same order as that of the pillow basalts 
at site 504B (6, 8, 12). We therefore 
conclude that the upper sheeted dike ba- 
salts from DSDP hole 504B are a significant 
source of sea-floor magnetic anomalies. 
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Induction of Apoptosis by the Low-Affinity 
NGF Receptor 
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Nerve growth factor (NGF) binding to cellular receptors is required for the survival of some 
neural cells. In contrast to Trk A, the high-affinity NGF receptorthat transduces NGF signals 
for survival and differentiation, the function of the low-affinity NGF receptor, p75NGFR, 
remains uncertain. Expression of p75NGFR induced neural cell death constitutively when 
p75NGFR was unbound; binding by NGF or monoclonal antibody, however, inhibited cell 
death induced by p75iNGFR. Thus, expression of p75NGFR may explain the dependence of 
some neural cells on NGFfor survival. These findings also suggest that p75NGFR has some 
functional similarities to other members of a superfamily of receptors that include tumor 
necrosis factor receptors, Fas (Apo-1), and CD40. 

Growth factors such as NGF enhance the 
survival of cells displaying the appropriate 
receptors. The effects of NGF are mediated 
at least in part by Trk A, the high-affinity 
NGF receptor, which is a tyrosine kinase 
(I) .  The low-affinity NGF receptor, 
p75NGFR, is a receptor of incompletely 
characterized function: p75NGFR has been 
shown to increase the affinity of Trk A for 
NGF (I)  and to enhance the specificity of 
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the Trk family of receptors for neurotro- 
phins (2). p75NGFR has some sequence 
similarity to the tumor necrosis factor re- 
ceptors [TNFR I (3) and TNFR I1 (4)], the 
human cell surface antigen Fas (Apo-1) 
( 5 ) ,  and the B cell antigen CD40 (6), all of 
which mediate cell death. In the case of 
TNFR I and Fas, binding of the receptor by 
ligand or antibody initiates cell death. In 
the case of CD40, however, binding by 
monoclonal antibody (mAb) or ligand in- 
hibits cell death (6). Thus, some cells 
expressing CD40 are dependent on ligand 
or mAb binding for survival. Because of 
structural and functional analogies between 
the CD40 and p75NGFR systems, the possi- 
bility that p75NGFR serves as a constitutive 
cell death-promoting molecule that is in- 
hibited by NGF binding was evaluated. 

We expressed p75NGFR in temperature- 
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