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ABSTRACT
The absence of lineated marine magnetic anomalies over

sedimented, recent spreading centers has been observed in several

areaS. We propose that magnetic anomalies can be suppressed as a

result of pervasive hydrothermal reactions underneath thick blankets
of sediment. The relatively impermeable sediment cover produces
comparatively closed hydrothermal systems, which increase the
residence time of the hot fluids in basaltic layer 2, causing more
thorough leaching of the remanence-carrying iron-titanium oxides
and diminishing the marine magnetic anomalies. This contrasts with
lesser alteration at sparsely or unsedimented zones of extension with
more open circulation. Conversely, spreading ridges and oceanic

crust characterized by absent or subdued lineated anomalies may
signal sites of extensive hydrothermal mineralization. This process

might also provide an explanation for some magnetic "quiet zones,"
such as in the Gulf of California, the Gulf of Aden, and the northern
Red Sea.

INTRODUCTION
Analyses of lineated marine magnetic anomalies in the context of

the Vine-Matthews-Morley hypothesis have resulted in major advances in

the understanding of sea-floor spreading and the evolution of ocean ba-

sins. However, large areas of oceanic crust are characterized by appar-

ently incoherent or very low amplitude magnetic anomalies (magnetic

"quiet zones"), uninterpretable in terms of sea-floor spreading. Occasion-

ally, very young (Brunhes age) ocean crust also fails to produce signifi-

cant anomalies. In this paper we reconsider some of the causes that might
give rise to such o'nonmagnetic" young oceanic crust.

MARINE MAGNETIC ANOMALIES:
SOURCE AND EVOLUTION

The highest amplitude marine magnetic anomalies typically occur

over the youngest oceanic crust at accretion centers, and the amplitudes

are usually significantly lower for older crust flanking the spreading axes

(e.9., Vine and Wilson, 1965). In addition, studies of magnetic anomalies

over spreading centers (Talwani et a1., 197I; Klitgord et al., I975) and

the magnetic properties of dredged and drilled Brunhes age submarine

basalts (Irving, L970; Johnson and Atwater, 19771' Levi, 1983) indicate

that the source of the magnetic anomalies over young crust is predomi-
nantly in oceanic layer 2,probably the upper 0.5-1 km. It is now gener-
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ally accepted that the observed age-dependent diminution of anomaly

amplitudes (at least to 20 Ma) is caused largely by progressive low-
temperature oxidation of the original titanomagnetite of the extrusive

oceanic crust (Irving, 1970; Marshall and Cox, 1972; Bleil and Peterson,

1983), whose composition is xFe2TiO+(l-x)Fe3Oo, * being equal to 0.6

t0.1 molTo (Johnson and Hall, 1978; Marshall, 1978). Upon extrusion,

the basalts undergo weathering in the low-temperature marine environ-

ment, and the titanomagnetites are topotactically oxidized to cation

deficient spinels-titanomaghemites; this results ih lower spontaneous

magnetization and an increase in the critical size of superparamagnetic to

single-domain magnetic transition (Butler, 1973). Both of these processes

cause a decrease in the specific remanence intensities and a parallel re-

duction of the amplitude of the magnetic anomalies. However, basalts

whose degree of alteration does not exceed low-temperature oxidation
often retain their primary remanence direction (Marshall and Cox, 1972)

and are sources for the great majority of coherent sea-floor-spreading

magnetic anomalies.

EXAMPLES OF BRUNHES AGE CRUST LACKING
MARINE MAGNETIC ANOMALIES

By contrast, there are examples of young ocean crust apparently

produced at spreading centers that are not accompanied by magnetic

anomalies. They include the Guaymas Basin of the Gulf of California
(Larson et al., 1972; Bischoff and Henyey, 1974), and in the northeast

Pacific Ocean, the Paul Revere Ridge and Winona Basin (Davis and

Riddihough, 1982), Middle Valley of the northern Juan de Fuca Ridge

(Davis and Lister, 1977), and the Escanaba Trough on the southern

Gorda Ridge (Raff and Mason, 196l). In addition to the absence of in-

terpretable magnetic anomalies, each of these areas is overlain by sedi-

ments several hundred metres to more than I km thick (Moore, 1970;

Bischoff and Henyey, 1974; Davis and Lister, 1977 Davis and Riddi-
hough, 1982), and it has been hypothesized (e.9., Larson et al., 1972)

that there is a causal relation between the sediment cover and the

subdued magnetic anomalies.

MECHANISMS
Intrusives

Two mechanisms have been advanced to explain how a thick sedi-

ment blanket might inhibit production of lineated magnetic anomalies.

According to the first model (Irving, 1970; Vogt et al., 1970), magmas

crystallizing under sediment will not form extrusive pillow lavas but will
cool more slowly to produce intrusive dikes or sills that have larger grain

sizes and correspondingly lower specific remanence intensities and lower
stabilities than extrusive rocks of similar composition. (A similar explana-

tion using salt rather than sediments was recently proposed for the north-
ern Red Sea by Girdler, 1985.) However, dikes cored at subbasement
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depths of more than 500 m at DSDP sites 4l7D and 418A possess rem-

anence intensities and stabilities comparable to the extrusive pillow ba-

salts and much greater than the extrusive ponded flows both above and

below the dikes (Levi, 1979).In this case, the grain sizes of the magnetic

minerals in the flows, which can be tens of metres thick, exceed those in
the dikes. In another example, dikes from a 3-km vertical section in east-

ern Iceland (Bleil et al., 1982) exhibit magnetization intensities and stabil-
ities very similar to the subaerially extruded flows. It is thus not possible

to predict the relative magnetic intensities and stabilities of dikes and
flows of the same composition and low-temperature oxidation.

Elevated Temperature
The second explanation recognizes that the Curie temperatures of

stoichiometric unoxidized titanomagnetites produced at spreading centers

are low, between 100 and 200 oC (Johnson and Atwater,1977; Johnson

and Hall, 1978; Marshall, 1978; Pr6vot et al., 1979). Elevated tempera-
tures above these Curie points expected at the base of thick sediment

blankets and in the basalts of young oceanic crust would thus decrease

the spontaneous magnetization of the underlying rocks and reduce and
possibly eliminate the observed anomalies.

There are two problems with this explanation. First, once the crust
had cooled below the Curie point, it would then become magnetized. Be-

cause of the sediment blanket, cooling would take longer than normal,

but the process would be virtually the same as for unsedimented crust.

Lineated magnetic anomalies with a chronology (delayed and perhaps

geographically distorted in accordance with sediment thickness among

other factors) would be produced. Examples such as the southern Gorda
Ridge/Escanaba Trough and the Gulf of California, where no magnetic

anomalies are apparent over crust as old as 3 Ma, suggest that this does

not occur.

Second, the titanomagnetites of submarine basalts are highly sus-

ceptible to chemical alteration under a wide range of conditions. It is dif-
ficult to conceive that they could remain chemically unaltered even after
short periods (months to years) at elevated temperatures. Such alteration
causes drastic modification of their magnetic properties, including mag-
netization intensities and Curie points. For example, even near 4 oC,low-

temperature oxidation of titanomagnetites reduces the spontaneous

magnetization (as noted earlier to explain the reduction in magnetic

anomaly amplitudes over normal older crust) but also increases their
Curie temperatures. Complete low-temperature oxidation of titanomag-
netite can increase Curie points to as high as 400 oC (Readman and
O'Reilly,1972; Johnson and Hall, 1978; Marshall, 1978). Titanomagne-

tite alteration at the higher temperatures of 200-400 oC, which might be

expected beneath a significant sediment blanket, would probably result in
two phases (Ozima and Larson, 1970): (1) a nonmagnetic titanium-rich
phase composed of ilmenite (FeTiO ) and/or rutile (TiO2), and (2) a

highly magnetic titanium-poor magnetite phase having a Curie tempera-
ture between 500 and 580 oC. Furthermore, laboratory thermomagnetic
analyses suggest that the total room-temperature spontaneous magnetiza-

tion of these product phases often exceeds the initial magnetization of
the primary titanomagnetites (e.9., Ozima and Larson, 1970). Thus, at

temperatures above 100 oC, the initial low Curie-point phases that would
prevent magnetization beneath sediments are likely to be modified to
minerals with higher Curie points and higher than normal basalt
magnetizations.

Hydrothermal Leaching
We propose that pervasive hydrothermal alteration of sea-floor ba-

salts at sedimented spreading centers might offer the most efficient proc-

ess for suppressing marine magnetic anomalies. First reported by Studt
( 1959) from geothermal fields in New Zealand, the reduction of magnet-
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ization in submarine basalts by metamorphism and/or hydrothermal al-

teration was documented by Matthews et al. ( 1965), Luyendyk and

Melson (1967), and Opdyke and Hekinian (1967). These authors noted

that such effects would reduce or eliminate the magnetic anomalies at the

sea surface. Zietz (L970) suggested that such metamorphism might con-

tribute to the production of magnetic "quiet zones" by the prolonged

effect of sediment burial of older ocean crust. Rona (I978a, 1978b)

specifically noted that some marine hydrothermal deposits are char-

acterized by lower than expected marine magnetic anomalies, and he

hypothesized that hydrothermal alteration in basalt would destroy the

titanomagnetite minerals, consequently subduing the associated magnetic

anomalies (see also Johnson et al., 1982). It seems to us that Rona's idea

can be extended by recognizing that deposition of a thick sediment

blanket contemporaneous with volcanism would cause even more perva-

sive hydrothermal alteration of the basement rocks and thus lead to a
more widespread reduction of magnetization and magnetic anomalies.

It is now clear that hydrothermal circulation is a primary mecha-

nism for cooling newly formed oceanic lithosphere (Bodvarsson and

Lowell, 1972; Lister, 1972) and for determining the geochemical bal-

ances of sea water and marine sediments (Bonatti, 1981). Of particular

relevance to this discussion is the effect of hydrothermal circulation on

the Fe concentration in basalts. Measurements of hydrothermal fluids in
active volcanic and hydrothermal areas in Indonesia and lceland show
great enrichment of the Fe content in the hydrothermal fluids relative to

normal sea water (Telenov, 1964; Bjcirnsson et al., 1972). Moreover, 350
oC hydrothermal fluids sampled at 2l oN on the East Pacific Rise are also

highly enriched in iron relative to normal sea water (Edmonds et al.,

1982). In addition, laboratory experiments of basalt/sea-water reactions

at appropriate pressures and elevated temperatures between 100 and 500
oC show many-fold increases in the iron abundance of the reacting hot
fluids relative to the initial sea water (Bischoff and Dickson, 197 5; Ha-
jash, 1975; Mottl et al., 1979).

The depletion of iron in holocrystalline tholeiites as compared with
glassy pillow basalts is thought to be due to removal by hydrothermal
circulation (Corliss, 1972). The replacement of magnetite by anatase

pseudomorphs and a corresponding decrease in saturation magnetization

below 2km of the 3.l-km crustal section in eastern Iceland is consistent

with iron leaching by hydrotherrnal fluids (Hall, 1985), and drilling in
Cyprus (Hall et al., 1985) has shown similar iron depletion. These inde-
pendent lines of evidence indicate that hydrothermal fluids are highly
effective in removing iron from basalts.

The pathways for hydrothermal circulation at spreading centers are

principally faults and contraction cracks. In the absence of a sediment

cover, hydrothermal fluids vent directly into the overlying cold sea water

where they are immediately quenched. The presence of numerous inac-

tive hydrothermal vents on mapped segments of spreading ridges such as

the Gal6pagos spreading center near 86oN (e.9., Corliss et al., 1979) and

the East Pacific Rise (McDonald et al., 1980) suggests that many indi-
vidual hydrothermal vents have rather short lifetimes. Hence, at sparsely

sedimented spreading centers, where hydrothermal fluids vent directly to
the sea floor, the basalts are likely to have only limited exposure to chem-

ical reaction and leaching by hydrothermal fluids. In such "open" hy-

drothermal systems, only a relatively small fraction of the rock will be in
intimate contact with hydrothermal fluids. The bulk of the iron oxides

may remain relatively unaffected" This would explain why high magneti-

zation intensities and coherent high-amplitude magnetic anomalies are

observed at exposed spreading centers even in the presence of hydro-

thermal activity (Klitgord et al., 1975).

At extensively sedimented spreading centers, hbwever, the system of
hydrothermal circulation is not open. The sediment cover acts as a cap

enclosing the hydrothermal fluids, and only allows release and quenching
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in limited areas of faulting or thin cover. Hydrothermal fluids may thus

have a comparatively long residence time in the basalt, and will cool

more slowly while they thermally and chemically equilibrate with the

basalt and the overlying sediment. This would result in more complete

basalt alteration, leaching of the iron oxides, and diminishing of the

corresponding marine magnetic anomalies. We suggest, therefore, that for
relatively young, highly sedimented ocean crust, the absence of significant

magnetic anomalies may be a positive indicator of regions of pervasive

hydrothermal activity. Subdued magnetic anomalies over sedimented

ocean crust might thus provide preliminary clues in searching for hy-

drothermal ore deposits. The particular (ore) minerals precipitating from
the hydrothermal solutions are not, of course, predictable from the mag-

netic anomalies. They will vary, depending upon such factors as the ba-

salt composition and its metal concentrations, as well as temperature,
pressure, oxygen fugacity, the alkalinity of the circulating fluids, and the

water / rock ratio of the system.

It is important to recognize that a thick sediment blanket deposited

contemporaneously with volcanism is not a sufficient condition for per-

vasive hydrothermal alteration because it does not guarantee the avail-

ability of fluid (sea water) or its access to the heat source (magma).

However, in the presence of ample hot fluids, the sediment cover is likely
to be a critically important factor determining the extent of alteration of
the underlying basalts.

IMPLICATIONS
The contrasting effects of "openo' and "closed" hydrothermal sys-

tems on the extent of mineralization and leaching of magnetic minerals

may account for Rona's observation (Rona, I978a) that only 2 of 17

listed hydrothermal deposits at oceanic spreading centers were accom-

panied by low-amplitude magnetic anomalies (measured at sea level). It
seems likely that the remaining 15 examples with "normal" amplitude

magnetic anomalies reflect more "open," sparsely sedimented hydro-
thermal systems. These would cause less extensive and more localized
hydrothermal alteration and demagnetization, not detectable by sea-level

magnetometer measurements.

One of Rona's two hydrothermal deposits with low-magnetic
anomalies occurs over the Atlantis II Deep in the Red Sea. There, 200 m
of hot, dense brines and soft muds (Emery et al., 1969) have probably

acted as a blanket, producing a "closed" hydrothermal system and more

pervasive and extensive alteration of the underlying basalts. The mineral

content of the muds in this deep is the highest in the Red Sea, and it is
now regarded as having a high economic potential (Zierenberg and

Shanks, 1983). Sediment-hosted sulfides at spreading centers over which
there are no magnetic anomalies have now been observed in the southern

Guaymas Basin of the Gulf of California (Koski et al., 1985), the Escan-

aba Trough (Morton, 1985), and the Middle Valley of the northern Juan

de Fuca Ridge (E. E. Davis, 1985, personal commun.).

Finally, it seems reasonable to build on the suggestion of Zietz

( 1970) that metamorphism could be the origin of "quiet zones" and to
propose that extensive hydrothermal alteration at a spreading center

might also sometimes result in large areas of poorly magnetized ocean

crust. Examples of candidate "quiet zoneso' include: ( 1) the margins of
the Gulf of Aden, where 0.5-1.5 km of sediment overlie poorly magnet-

ized oceanic crust in the age range20-10 Ma (Laughton et al., 1970);(2)
the northern Red Sea, where contemporaneous salt flowage over the

spreading center (Girdler, 1985) might have served to produce a sealed

hydrothermal system, suppressing lineated magnetic anomalies in Neo-

gene oceanic crust; (3) the thickly sedimented Jurassic oceanic crust

along the margin of the northwest Atlantic Ocean, off the east coast of
the United States (Zietz, 1970; Vogt et al., 1970).It seems possible that

these areas of ocean floor may have been created in narrow, highly sedi-
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mented rifts, which would have provided the required conditions for per-

vasive hydrothermal alteration. With the initiation of a new program of
ocean drilling, we suggest that our hypothesis can be tested either by

drilling in nonmagnetic, young, sedimented spreading centers or in ac-

cessible crustal depths in a magnetic "quiet zone."

REFERENCES CITED
Bischoff, J.L., and Dickson, F.W., 1975, Seawater basalt interaction at 200oC and

500 bars: Implications for origin of seafloor heavy metal deposits and regula-

tion of seawater chemistry: Earth and Planetary Science Letters, v.25,
p. 385-397.

Bischoff, J.L., and Henyey, T.L., 1974, Tectonic elements of the central part of the
Gulf of California: Geological Society of America Bulletin, v. 85,
p. 1893-t904.

Bjcirnsson, S., Arn6rssotr, S., and T6masson, J.,, 1972, Economic evaluation of the
Reykjanes thermal brine area,Iceland: American Association of Petroleum

Geologists Bulletio, v. 56, p. 2380-2391.
Bleil, U., and Peterson, N., 1983, Variations in magnetization intensity and low

temperature titanomagnetite oxidation of ocean floor basalts: Nature, v. 301,
p. 384-388.

Bleil, U., Hall, J.H., Johnson, H.P., Levi, S., and Schonharting, G., 1982, The nat-

ural magnetization of a 3-kilometer section of Icelandic crust: Journal of
Geophysical Research, v. 87, p. 6569-6589.

Bodvarsson, G., and Lowell, R.P., 1972, Ocean floor heat flow and the circulation
of interstitial water: Journal of Geophysical Research,, v.77, p. 4472-4475.

Bonatti,8., 1981, Metal deposits in the oceanic lithosphere, in Emiliani, C., ed.,

The sea, Volume 7: New York, Wiley-Interscience, p. 639-686.
Butler, R.F., 1973, Stable single-domain to superparamagnetic transition during

low temperature oxidation of oceanic basalts: Journal of Geophysical Re-

search, v. 78, p. 6868-6876.
Corliss, J.8., 1972, the origin of metal-bearing submarine hydrothermal solutions:

Journal of Geophysical Research, v. 76, p. 8128-8138.
Corliss, J.8., Dymond, J., Gordon, L.I., Edmond, J.M., Von Herzen, R.P., Ballard,

R.D., Green, K., Williams, D., Bainbridge, A., Crane, K., and van Andel,
T.H., 1979, Submarine hydrothermal springs on the Galapagos Rift: Science,

v.203, p. 1073-1083.
Davis, E.8., and Lister, C.R.B.,1977, Tectonic structures on the Juan de Fuca

Ridge: Geological Society of America Bulletin, v. 88, p. 346-363.
Davis, E.E., and Riddihough, R.P., 1982, The Winona Basin: Structure and tec-

tonics: Canadian Journal of Earth Sciences, v. 19, p. 767-788.
Edmonds, J.M., Van Damm, K.L., McDuff, R.E., and Measures, C.I., 1982,

Chemistry of hot springs on the East Pacific Rise and their effluent dispersal:

Nature, v. 297 , p. 187- 191 .

Emery, K.O., Hunt, J.M., and Hays, E.E., 1969, Summary of hot brines and
heavy metal deposits in the Red Sea,, in Degens, E.T., and Ross, D.A., eds.,

Hot brines and recent heavy metal deposits in the Red Sea: New York,
Springer-Verlag, p. 557 -57 l.

Girdler, R.W., 1985, Problems concerning the evolution of oceanic lithosphere in

the northern Red Sea: Tectonophysics, v. I16, p. 109-122.
Hajash, A., 1975, Geothermal processes along mid-ocean ridges: An experimental

investigation: Contributions to Mineralogy and Petrology, v. 53, p.205-226.
Hall, J.M., 1985, The lceland Research Drilling Project crustal section: Variation

of magnetic properties with depth in lcelandic-type oceanic crust: Canadian

Journal of Earth Sciences , v. 22, p. 85- l0l .

Hall, J.M., Wart, T., Fisher,8.E., and Walls, C., 1985, Variation of magnetic
properties in a vertical section through a fossil ocean floor high temperature

upwelling system: Geological Association of Canada Program with Abstracts,

v. 10, p.24.
Irving, E., 1970, The Mid-Atlantic Ridge at 45oN: XIV, Oxidation and magnetic

properties of basalt; review and discussion: Canadian Journal of Earth Sci-

ences, Y.7, p. 1528-1538.
Johnson, H.P., and Atwater, T., 1977, Magnetic study of basalts from the Mid-

Atlantic Ridge, lat. 37oN.: Geological Society of America Bulletin, v. 88,

p. 637 -6a7 .

Johnson, H.P., and Hall, J.M., 1978, A detailed rock magnetic and opaque min-
eralogical study of the basalts of the Nazca Plate: Royal Astronomical So-

ciety Geophysical Journal, v. 52, p. 45-64.
Johnson, H.P., Karsten, J.L., Vine, F.J., and Smith, G.C., 1982,, A low-level mag-

netic survey over a massive sulfide ore body in the Troodos Ophiolite Com-
plex, Cyprus: Marine Technology Society Journal, v. 16, p. 76-79.

653



Klitgord, K.D., Huestis, S.P., Mudie, J.D., and Parker, R.L., 1975, An analysis of
near-bottom magnetic anomalies: Sea-floor spreading and the magnetized
layer: Royal Astronomical Society Geophysical Journal, v. 43, p.387-424.

Koski, R.A., Lonsdale, P.F., Shanks, W.C., Berndt, M.8., and Howe, S.S., 1985,
Mineralogy and geochemistry of a sediment hosted hydrothermal sulfide
deposit from the southern trough of Guaymas Basin, Gulf of California:
Journal of Geophysical Research, v. 90, p. 6695-6707 .

Larson, P.A., Mudie, J.D., and Larson, R.L., 1972, Magnetic anomalies and frac-
ture zone trends in the Gulf of California: Geological Society of America Bul-
letin, v. 83, p. 3361-3368.

Laughton, A.S., Whitmarsh, R.B., and Jones, M.T., 1970, The evolution of the
Gulf of Aden: Royal Society of London Philosophical Transactions, ser. A,
v. 267 , p. 227 -266.

Levi, S., 1979, Paleomagnetism and some magnetic properties of basalts from the
Bermuda Triangle, in Initial reports of the Deep Sea Drilling Project, Volume
52: Washington, D.C., U.S. Government Printing Office, p. 1363-1377 .

1983, Paleomagnetism and rock magnetism of submarine basalts from the
Galapagos spreading center near 86oW, ln Initial reports of the Deep Sea
Drilling Project, Volume 70: Washington, D.C., U.S. Government Printing
Office, p. 429-435.

Lister, C.R.B., 1972, On the thermal balance of a mid-ocean ridge: Royal Astro-
nomical Society Geophysical Journal, v. 26, p.515-535.

Luyendyk, 8.P., and Melson, W.G ., 1967, Magnetic properties and petrology of
rocks near the crest of the Mid-Atlantic Ridge: Nature, y.215, p. 147-I49.

Marshall, M., 1978, The magnetic properties of some DSDP basalts from the
North Pacific and inferences for Pacific plate tectonics: Journal of Geophysi-
cal Research, v. 83, p. 289-308.

Marshall, M., and Cox, A., 1972, Magnetic changes in pillow basalt due to sea-

floor weathering: Journal of Geophysical Research, v.77, p. 6459-6469.
Matthews, D.H., Vine, F.J., and Cann, J.R., 1965, Geology of an area of the

Carlsberg Ridge, Indian Ocean: Geological Society of America Bulletin,
v.76, p.675-682.

McDonald, K.C., Becker, K., Spiess, F.N., and Ballard, R.D., 1980, Hydrothermal
heat-flux of the 'black-smoker' vents on the East Pacific Rise: Earth and
Planetary Science Letters, v. 48, p. l-7.

Moore, G.W., 1970, Sea-floor spreading at the junction between Gorda Rise and
Mendocino Ridge: Geological Society of America Bulletin, v. 81,
p.2817-2824.

Morton, J., 1985, Massive sulphides recovered at Gorda Ridge: EOS (American
Geophysical Union Transactions), v. 66, p.756.

Mottl, M.J., Holland, H.D., and Corr, R.F., 1979, Chemical exchange during hy-
drothermal alteration of basalt by seawater-Il. Experimental results for Fe,
Mn and sulfur species: Geochimica et Cosmochimica Acta, v. 43,
p. 869-884.

Opdyke, N.D., and Hekinian, R., 1967, Magnetic properties of some igneous
rocks from the Mid-Atlantic Ridge: Journal of Geophysical Research, v.72,
p.2257-2260.

Ozima, M., and Larson, 8.E., 1970, Low- and high-temperature oxidation of tita-
nomagnetite in relation to irreversible changes in the magnetic properties of
submarine basalts: Journal of Geophysical Research, v.'75, p. 1003-1017.

S-s##tRr/

Pr6vot, J., Lecaille, A., and Hekinian, R., 1979, Magnetism of the Mid-Atlantic
Ridge crest near 37oN from FAMOUS and DSDP results: A review , in Tal-
wani, M., et al., eds., Deep drilling results in the Atlantic Ocean: Ocean crust:
American Geophysical Union Maurice Ewing Series, y.2, p.210-229.

Rafl A.D., and Mason, R.G. , 1961, Magnetic survey off the west coast of North
America, 40oN latitude to 52oN latitude: Geological Society of America Bul-
letin, v.72, p. 1267-1270.

Readman, P.W., and O'Reilly, W., 1972, Magnetic properties of oxidized (cation-
deficient) titanomagnetites (Fe, Ti, tr)3Oa: Journal of Geomagnetism and
Geoelectricity, v. 24, p. 69-90.

Rona, P.A., 1978a, Criteria for the recognition of hydrothermal mineral deposits
in oceanic crust: Economic Geology, v. 73, p. 135-160.
1978b, Magnetic signatures of hydrothermal alteration and volcanogenic
mineral deposits in oceanic crust: Journal of Volcanology and Geothermal
Research, v. 3, p.219-225.

Studt, F.E., 1959, Magnetic survey of the Wairakei hydrothermal field: New Zea-
land Journal of Geology and Geophysics, v. 2, p.746-754.

Talwani, M., Windisch, C.C., and Langseth, M.G., 197l, Reykjanes Ridge Crest:
A detailed geophysical study: Journal of Geophysical Research, v.76,
p. 473-5t7.

Vine, F.J., and Wilson, T.J., 1965, Magnetic anomalies over a young oceanic
ridge off Vancouver Island: Science, v. 150, p. 485-489.

Vogt, P.R., Anderson, C.N., Bracey, D.R., and Schneider, E.D., 1970, North
Atlantic magnetic smooth zones: Journal of Geophysical Research, v.75,
p. 3955-3968.

Zelenov, K.K., l964,Iron and manganese in exhalations of the submarine Banu
Wuhu volcano (Indonesia): Akademia Nauk SSR Doklady (English transla-
tion), v. 155, p.94-96.

Zierenberg, R.A., and Shanks, W.C., 1983, Mineralogy and geochemistry of
epigenetic features in metalliferous sediment, Atlantis II Deep, Red Sea: Eco;
nomic Geology, v.78, p. 57-72.

Zietz, I., 1970, Eastern continental margin of the United States, Part l: A mag-
netic study, in Maxwell, A.E., ed., The sea, Volume 4, Part II: New York,
Wiley-Interscienc e, p. 293-308.

ACKNOWLEDGMENTS
The National Science Foundation provided partial support through Grants

EAR-84 10376 and OCE-85 14074 to Levi. We thank J. M. Hall for his review
and E. Irving for comments on an early version of this manuscript.

Manuscript received January 3, 1986
Revised manuscript received April 14, 1986
Manuscript accepted April29, 1986

Printed in U.S.A. GEOLOGY, August 1986


