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ABSTRAcT

A compilation of over 1@ mineral occurences at oceanic
ridges and rifts comprising the global seafloor spreading
center system has been made in terms of host-rock lithol-
ogy (volcanic- or sediment-hosted) and of stage (early,
advanced) and rate (slow-, intermediate- to fast-spreading)
of opening of an ocean basin. At this early phase of explo-
ration when less than I percent of the - 55,000 km global
length of spreading centers has been systematically explored,
examples of almost all major varieties of volcanic- and
sediment-hosted hydrothermal deposits associated with
basaltic rocks in the geologic record have been found at
present spreading centers. Review of this global data base
indicates that a range of hydrothermal mineral-deposit sizes
from small to large (>l x 106 tonnes) occurs at all
seafloor spreading rates. Based on available data, however,
larger deposits (but fewer per unit length of spreading axis)
form at slow- rather than at intermediate- to fast-spreading
centers. Larger deposits are more common in sediment-
hosted than in volcanic-hosted settings regardless of spread-
ing rate. A spectrum of hydrothermal deposit varieties
(stratiform, stockwork and disseminated sulfides; various
forms of sulfate, carbonate, silicate, oxide and hydroxide
deposits) occurs in almost all of the tectonic settings. High-
intensity, ore-forming, subseafloor, hydrothermal convec-
tion systems that conserve heat and mass, and concentrate
hydrothermal precipitates, are extremely localized by
anomalous physical and chemical conditions relative to
nearly ubiquitous low-intensity hydrothermal activity at,
and lLanking, seafloor spreading axes at all spreading rates.
Two distinct shapes of volcanic-hosted hydrothermal
deposits at seafloor spreading centers and in the geologic
record may be explained by differences in fluid dynamic
behavior controlled by temperature-salinity properties.of
solutions. Massive sulfide deposits tiat are mound-shaped
in profile are constructed by hydrothermal solutions that
discharge as buoyant plumes; examples are the TAG mas-
sive sulfide mound forming on the Mid-Atlantic Ridge, and
the Archean Noranda-area deposits. Massive sulfide
deposits that are saucer- or bowl-shaped in profile are
formed by ponded solutions denser than surrounding sea-
water; examples are the Atlantis II Deep deposits of the
Red Sea, and the Cretaceous Troodos deposits of Cyprus.
Review of an existing data set on 508 massive sulfide
deposits in the geologic record indicatc that fewer volcanic-
and sediment-hosted massive sulfide deposits are associated
with basaltic rocks than with rhyolitic rocks (<26i7o versus
5690, respectivel$. This observation suggests that seafloor
spreading centers have been significant as tectonic settings
for massive sulfide formation through geologic time,
although subsidiary to continental rifts and volcanic island
arcs.

Keywords: hydrothermal, mineral deposits, seafloor
spreading centers, oceanic ridges, massive sulfides.
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SOMMAIRE

Plus de 100 exemples de mindralisation le long d'une crOte
ou d'un rift oc€anique faisant partie du r&eau global d'axes
de s€paration de la cro0te oc6anique ont 6t6 6tudi6s selon
les points de vue suivants: lithologie de l'encaissanl (vol-
canique ou s€dimentaire), stade de min6ralisation (pr6coce
ou avanc6), et taux de formation d'un bassin oc6anique
(s6paration des plaques, lente, intermddiaire ou rapide).
L'exploration syst6matique de ces systbmes, bien que trbs
prdliminaire, €tant donn6 qu'elle a portd sur moins de l9o
des quelques 55,000 km de longueur des axes de separa-
tion du globe, r6vEle toutefois des exemples de presque tou-
tes les vari€t6s connues de gisements hydrothermaux dans
un encaissant volcanique ou s€dimentaire associds d des
basaltes. A la lumidre des donndes i l'6chelle du globe, la
dimension des gisements peut varier de petite e importante
(> I x 106 tonnes), quel que soit le taux de s€paration.
Toutefois, la probabilit6 de formation des gisements impor-
tants est accrue si le taux de sdparation est lent, quoique
ceux-ci seront plus espac6s le long de I'axe que lors d'un
taux de sdparation interm€diaire ou rapide. Quel que soit
le taux de sdparation des plaques, les gros gisements sont
plus commuus dans un encaissant sddimentaire que dans
un milieu uniquement volcanique. On trouve une grande
vari6t€ de grsements hydrothermaux (stratiforme, en (<stock-
workn, sulfures diss€min6s; plusieurs types de ddpOts de
sulfates, carbonates, silicates, oxydes et hydroxydes) dans
tous les milieux tectoniques. Quel que soit le taux de s6pa-
ration, les systimc d convection hydrothermale sub-crustale
vigoureuse qui conservent d la fois chaleur et masse, et qui
concentrent lc pr€cipit6s hydrothermaux, sont extromement
circonscrits d cause des conditions physiques et chimiques
anomales, en comparaison de I'activit6 hydrothermale de
faible intensite, trbs r6pandue le long de tout axe, ainsi que
sur les flancs d'une crOte. Deux formes de gisement dans
un encarssant yglsaniqu€, aussi bien le long d'un axe de
s6paration que sur terre, dans des roches plus anciennes,
pourraient r6sulter des diff6rences en comportement dyna-
mique des fluides, r€gies par leurs propridtes (temp6rature,
salinite). Les gisements de sulfures massifs i profil en forme
de montrcule, par exemple ceux du champ de TAG sur la
cr6te m6dio-atlantique et du camp minier de Noranda (Qu6-
bec), d'ige arch6en, resultent d'une d6charge hydrother-
male en forme de panache de faible densit6. Les gisements
en forme de soucoupe ou de bol, par exemple ceux de
l'abysse de Atlantis II dans la mer Rouge et ceux de Troo-
dos (Chypre), d'6ge crdtac6, rdsultent d'une accumulation
locale de saumures plus denses que l'eau de mer ambiante.
Les donn6es recueillies sur 508 gisements anciens montrent
davantage de glsements de sulfures massifs dans un encais-
sant volcanique ou s€dimentaire associ6s i des roches rhyo-
litiques (5690) que basaltiques ( <Xtlo). Quoique les milieux
de s6paratron des plaques ocdaniques aient 6te importants
comme centres de min6ralisation au cours des temps, ils
I'ont 616 d un degrd moindre oue les milisrl( de rifts conti-
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nentaux et les arcs insulaires. Mots-clds: activite hydrothermale, gisement, axes de s6pa-

(Traduit par la R€daction) il*"Jjff #:ttes 
oceaniques' cretes oc6aniques' sul-

Ix'rnor:ucrroN

Hydrothermal mineralization at seafl oor spread-
ing centers is one of the most actively re$earched sub-
jects in the Earth sciences. The seafloor sites of
mineralization are natural laboratories to study ore-
forming processes with implications for geochem-
ical mass balances and cycles, thermal budgets, and
adaptation of vent organisms. Certain of the seafloor
deposits are resources for the future. Investigations
at sea are synergetic with studies of deposits in the
geologic record that were formed under similar con-
ditions on the seafloor and subsequently were
uplifted onto land. Several reviews have been pub-
lished on recent mineralization at seafloor spread-
ing centers (e.g., Cronan 1980, Bonatti 1981, Rona
1984, Morrison & Thompson 1986, B?icker & Lange
1987, Gross & Mcleod 1987), and its relation to
ancient deposits (e.9. Franklin et al. 1981, Mitchell
& Garson 1981, Sawkins 1984, Scott 1985, 1987).
This paper addresses aspects of the di$tribution of
hydrothermal mineralization at seafloor spreading
centers in terms of deposit varieties, observations on
related hydrothermal processes, and evidence for the
occurence of these deposit varieties and processes in
ancient "analogs".

DTsTnInurION OF HYDROTHERMAL
MrNsRArtzerIoN AT Ssanl-oon SpnsaDtNc

CENTERS

State of knowledge

Since the initial discovery of hydrothermal miner-
alization at a seafloor spreading center in the Red
Sea in the mid-1960s (Miller et ol. 1966,H,wfi et al.
1967, Degens & Ross 1969), the major varieties of
mafic volcanic- and sediment-hosted hydrothermal
mineral deposits known in the geologic record have
been found at seafloor spreading centers. Known
occurences of hydrothermal mineralization at
seafloor spreading canters are compiled in Table l,
organized in terms of host-rock lithology (volcanic-
and sediment-hosted), rate of seafloor spreading
(slow-spreading half-rate s2 cry/y: intermediate- to
fast-spreading half-rate >2 ci/y), and stage of
opening ofan ocean basin (early and advanced). All
of the combinations of these parameters have been
found except sediment-hosted hydrothermal deposits
at a slow-spreading center at an early stage of open-
ing (Table l).

The occurrences of hydrothermal mineralization
at seafloor spreading centers (divergent plate bound-
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Frc. l. World map showing lithospheric plate boundaries and locations of hydrothermal mineral occurrences at seafloor
spreading centers (divergent plate boundaries). Numbers refer to locations in Tables 1 and 2. Opltiolite belts are
also shown (Coleman 1972).



aries) listed in Table I are shown on a plate tectonic
map of the v,orld @ig. 1). The distribution of miner-
alization is an artifact of incomplete knowledge at
this early phase of exploration. Less than one per-
cent of seafloor spreading centers has been systemat-
ically investigated, and thus the actual distribution
of deposits along spreading centers is unknown.
Recognition of such deposits is biased in favor of
those that form prominent topographic features
exposed on the seafloor, such as massive sulfide
mounds at zones of focused high-temperatuie
hydrothermal discharge. Relict stratiform deposits
lacking appreciable relief, and all forms of deposits
beneath the seafloor tend to remain unresolved by
present exploration methods (Rona 1983).

The structural setting of a hydrothermal deposit
at a spreading center is given with reference to struc-
tural elements common to all spreading centers
(Table l). These elements comprise (Fie. 2): i) an
axial zone of volcanic extrusion of the order of I km
wide, and marginal zones of active extension each
about l0 km wide perpendicular to the spreading
axis; and ii) linear spreading segments of the order
of l0 km long which are offset by transform-fault
sections of fracture zones, deviations from axial
linearity (DEYALS), and overlapping spreading
centers at distances up to tens of km parallel to the
spreading axis (Rona 1984, Macdonald et al. 1987).

Knowledge of the size, shape and composition of
hydrothermal mineral deposits at seafloor spread-
ing centers (Tables l, 2) is limited by inadequate
measurement and sampling techniques. The only
seafloor hydrothermal deposits that have been
assessed in a manner approaching the rigor of
mineral prospects on land are the stratiform metal-' 
liferous sediments (including massive sulfides) of the
Atlantis II Deep of the Red Sea (Mustafa el al. 1984;
Fig. l, Table l, location l). Information on other
mineral deposits at seafloor spreading centers is
incomplete in two dimensions, and almost unknown
in the third. Pattern drilling and excavation methods,
both in unconsolidated and consolidated materials
at oceanic depths, require further development; The
compositions presented (Table 2) are based on sur-
ficial samples recovered by dredging and coring from
surface ships, by manipulator arms from submersi-
bles and, in several cases, by shallow drilling (loca-
tions 27, 56, 57, 7 2). The compositions of mid-ocean
ridge basalt, and average Pacific and Atlantic pelagic
clay are given at the end of Table 2 for comparison
with the enriched elemental concentrations in the
mineral deposits.

Size of deposits

Most of the hydrothermal mineral occurences are
so small that they may be characterized as mineral-
ized showings (Table 1; Fig. l). Excdptions are: i) an

433

actively accumulating, volcanic-hosted, stratiform
metalliferous sediment deposit with a dry bulk salt-
free weight of at least 94 x 106 tonnes, hosted in
a basin about 10 km in diameter in basaltic rocks
of the Atlantis II Deep at the slow-spreading axis of
the central Red Sea (Table 1, location l; Mustafa el
al. 1984); ii) an elliptical mound, up to 250 m wide
and 50 m high, composed primarily of massive sul-
fides with an estimated weight of 5 x 106 tonnes,
actively accumulating at a fault zone in basaltic rocks
at the base of the east wall of the rift valley in the
TAG Hydrothermal Field near latitude 26oN at the
Mid-Atlantic Ridge crest (ocation 23; Rona 1985a,b,
Rlonaet al. 1986, Thompsonet al. 1988); iii) an active
zone of massive sulfide accumulation about 2fi) m
wide and 40 m high (the Snake Pit Hydrothermal
Field), on a basaltic ridge along the slow-spreading
axis of the Mid-Atlantic fudge near latitude 23oN
(location 27; ODP Leg 106 Scientific Party 1986,
Thompson et al. 1988); iv) active and inactive mas-
sive sulfide deposits forming mounds up to 200 m
in diameter and l0 m thick with an aggregate weight
of > 1.5 x 106 tonnes, associated with fault zones
in the wall of the rift valley of the southern 9-km-
long segment of the intermediate-spreading Explorer
Ridge (location 42; Scott et al. 1984,1985, Tun-
nicliffe et ol. l98O; v) massive sulfides hosted in ter-
rigenous sediment fqqming seven active mounds up
to 400 m in diameter-and 60 m high, each estimated
to contain at least I x 106 tonnes of massive sul-
fide in Middle Valley of the Endeavor segment of
the intermediate-spreading northern Juan de Fuca
Ridge (location 97; Davis et al. 1987); vi) massive
sulfides in discrete outcrops around faulted margins
of axial basaltic domes and possibly extending into
terrigenous sedimentary strata of the Escanaba
Trough on the slow-spreading southern Gorda Ridge
(location 96; Morton et al. 1987); vii) inactive mas-
sive sulfide chimneys and mounds coalesced into a
fragmented body up to 1 km long at a marginal fault
zone in basaltic rocks of the rift valley of the
intermediate-spreadrng Galapagos Spreading Center
near longitude 86oW (location 71; Malahoff
1982 a,b); and viii) a massive sulfide body about
800 m long and 200 m wide occupying part of the
flank and summit of a basaltic volcano located 6 km
east of the fast-spreading axis of the East Pacific Rise
@PR) near l3oN (ocation 64; Hdkinian et al.1983).

Sediment-hosted deposits

More than 9990 of the - 55,000 km global length
of the axial zone of seafloor spreading centers is
sediment-starved (devoid of sediment cover)' and the
balance is sediment-filled. The degree of sediment
fill is related to proximity to sediment sources. For
example, for the 970 km length ofthe axial zone of
the Gorda - Juan de Fuca - Explorer Ridge System

HYDROTHERMAL MINERALIZATION AT OCEANIC RIDCES
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TSLE 1. HYDNONEMAL MNEML @CUMNCES AT SESLOOR SMSNO CENTEFS (FIG. 1).

LOCATION
NUMBER
(Fr6. 1) LMANONl

DEflH
tM)

SESLOOR
SFREADNG
HM-FATE

tcfir) sTRucTUnE TYF€ OF DEPOSTT MNEruOG\A

I l/olcANlGtoSiED_Di&5lIt9

EAFTY STAOE OF OPilINO OF N OCEN BASIN

SLOW-SPRroNG lff RATE < 2 Ct A/)

1 FED SEA AILAMIS N DEEP NEAR 2I'24'N.
38'03'Ei OftER OEEPS w SruR
*ORONENMAL DEPOSTTS NCU.'DE
DIS@WRY. CW. SUAKN, STJDN. ERBA.
sMoAm. ALBATBOSS, VmrU, nms,
NEFEUS. VEMA. KEBFT. OYPSUM. OCESO.
OMMS AND CHANCOT (F@TNOG REFS.).

2 rcO sEA. MOAO FMCTURE ZONE NEAF
23"22',N,36o07'W (BONAn Fr e. 1985).

3 AFSRN, DNAKLDEPNESSON (BONAM
ET AL. 1972, TABLES 2. 3).

4 OUF OF AOEN AT 12o34'N,47o39'E
(UUOHTON F &. 1971r CANN FI &. 19n).

6 oKNAWA IROUoH Ar 27034.4'N, 127008.0'E,
ru BACK-ARC BASN OF NE AYUM ARC
(UVEOA 1987r (MURA FI e. 1988).

6 MAMNA ]ROUOH N MgT MARM RDOE.
VAROUS LOCAIONS FROM 120-280N
ILONSDAE & HAMNS 1986: HEIN il [.
1987. TABLES 3, 11).

7 MAF]ANA TFOUOH ffisT OF PAOAN ISUNO
NEAF 18013'N, 144041'E 1HORBE S [.
1988i CMO n a. 1987i xAgnER tr [.
1987: LON9DM & HAW(NS 1987).

8 MAFINA T@JOH, OSDP Sm 466 AT 17060.7'N,
145010.8'E {NAUND & H&NAN 1984.

ELONOAE BASINS ALONO
LNES SEOMEMS OF NE
AXIAL ZONE OF VOLCANIC
EmUSON NEAN NIEL
SECNONS W TFANSFOil
FAULTg.

UNAreD SASALTIC TOPO-
enFHo HroHs aoNo mc-
TUFE ZONE AWAY FFOM NE
m zoNE oF volcNrc
SIFUAloN.

AXIAL ZONE OF VOLCANIq
EXTNUSON OF INOPEM
OCEAIC SPAEADNG CENTEN.

NOMEM EDOE OF E-W
]N€NDNG UNEAF SEOMEM
OF FFT VA$Y.

SUMMT CMER OF A VOL-
CANIC SENOUM 2@ M
HGH N ro AXNL ZONE OF
VOLCAND EmUSON OF A
SFFEMNO ilg IN A EACK.
AFC BASIN.

BACK-ARC BASIN. SEMOUNIS,
VOLCANIC IT}LND MFONS.

FISSURE SYSGMS SD COL.
UF6E STFUCIUruS NEM
SUMMTS OF ELONOAE VOL-
cNoEs 200-1.@ M HtoH
ruONED ALONO ftE SPFEADNG
AXS N NE AXII ZONE OF
VOLCANIC ETMUSION OF A
ilCK-AFC BA5N.

LOCAI BATWMETHC HIOH ON
THE EAST SIDE OF A BACK-
ARC BASN -20 tr FFOM
SFNEADING ilS N CNUST
1.8-2.5 X loaY OLD.

MrIAIFEFOTjS SED, ffi
SULFIDE. SULFA]E. Offi-
OROXDE ND CAFtsONAre
FAOES. BULX DRY SALT.
FNEE WT. OF ]HE I.'PFEB
10 M OF THE ATLANIIS X
OEPOST E ES]HAreD A1
94 X lf TONNES (ACIE).

MASSIVE STJFDEs AND
I{EIALIFEnOUS SED. (ruCl.

A) F+FICH ENCnUSTAION
(reucT).

B) Mn-FICH ENCNUSTANON
(reucT).

A) Mn-ECH ENCRUSTAION
IREUCT).

B) F+RCH ENCnUSTATION
(REUCT).

A) re[OW MATEHAL AT TOP
OF MOMD 5-6 M HOH N
15-25 M WDE (ACm).

B) DAM.COLORED MA]ERAL
AT BASE OF SME MOUND.

FeMn ENCFUSTATIONS.
ItrDFOGENEOUS AND IfDRO-
ruffiAL (ACTryE AND REUCI).

MASSIVE SUFIOES AT TWO
vEtfr AmAs (AcTm).

-2.@

1,540

> 5

DSSEM SIJFIDES AT 134-169 M
BELOW SESLOOR AS WgCLE
FIUNOS AND OMN-BOUNDARY
ZONES IN ITEREO BASALT
tFEUCrl.

F*MOm (SMEC).
oOEN. HEM. LEADO-
CF@ITE. BAR, gUL-
FIDES IgP, MANC, CP.
ryJ. Mn-RCH gDEnnE,
ANW. MANO (Brm),
TOD,

ry, HEM, MAO/SID.
souD soLunoNs.

ooFlH, NoM (SMEC).

FYFOLUSTE, Bil,
TOD. SIFONT. BAR.
HOD. OPAL. gF,

BIFN, TOD.

SMEC.

AMOM gUCA, FO
IfYDFOXOE.

h ENCFUSTAION.

8-MnCl. Bls, TOo.

SP. GAL. CP, BAR. CHIM-
NEY Mru. SUCA AS
OPAL-A, F6 ND Mn
oxYmBoxDEs.

EUHEOML ry. CP.
DGENTE. Fo MFOXOE,
calcm, wAmre,
CHLORTE, OPAL.

NO INFOMI]ON.

NO INFOFMATION.

OPAL-CEMENTED
HYALOCLASMS CON-
TANING FSGMEMS
OF OLASS. PAUOONM,
UO. AUGM. AND
AUftIGENIC MOM.
HIUPSITE AND BAN
CRYSTALS.

Mn, Fo. Cu. Zn. ND
A! IN NON-OffiAL
FMCION OF BnOWIISH
FOEMNFENAL @ZE
COMAINNO VffiA8LE
ilouMs oF voLcANt-
cusnc UTEAII.

3,9@

3.@-
3,700

ffiLY STAOE OF OPEI'||NO OF N OCAN BA6IN

INIEFMEDIATE- TO FAST-sPMNO IHALF RATE > 2 CM/Y)

2.2

> 5

g MANOS BASN A1 3009,7,5, 150.16.8'E (BOTH
fl AL. 1986).

10 wEsTEnN W@D|g mgN, BR 9055,S.
151"50'E (ilNS ET aL. 1980i MCCONACW
fr AL. 1988).

1r LAU BASrN aT 16.55'5, 176o50'W (BmNE
& GENE 1975).

CFEST OF AXAL VOLCANO IN
RM VAUY OF UNEAF SEG.
MEM OF SruADNO AXIS
iN A BAC(-AFC BASIN.

FLAN( OF AX& VOLCANO IN
RN VAL!* OF UNAN gEO-
MEM OF SPREADING SIS IN
ANDESMC VOLCAMC NOCKS
OF A BACK-AFC BSIN.

TOP@MHIC HIOH OF MSIT
IN A MCruBE zONE OFF-
gETNNG AN ACNVE SPMADNG
UBNAMCK-AFCBASIN.

BAC(-AnC BASTN.

MASSre SULFIDE CHIMNEYS
(reucT).

STMT]FOBM LAYENED F+
Mn.SIq OXDE MAERAL
(ACrvE).

HYALOCLAS]MS IREUCT) ,1.864-

2,W,
2,724

METUFEFOUS SEDMENTS
ACIW).

LAU BASIN NEAB 18O30'S. 177'OO'W (CFONAN
ET AL. 1986).
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TAA.E 1. TtrORONE'lm MNEML OCCURNENCES AT SEAFLOOR SFNEADNO CENIEFS (nG. 1) (COMNNUED).
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L@ANON
NUMBEF
(Frs. 1)

SESLOOF
WA]EF SPEADINO
DEPr}l ff-MTE

LocAnoNj fi) (cM/Yl srFucruE TWE OF OErcSil MNENAL@\A

V&U FA RDGE IN SOUTHEFN LAU BASIN NEAF
22015'S.170037'W.

NOnB FUI BASIN NW 16010'5, 12625,E
(STACKETSEFO 1985).

NOnTH FUr BAS|N Nffi 16040'5, 173030,E
(Ar"rzENDE n A. 1988).

SVNC€D SIAOE OF OPENINO OF N OCEAN BASIN

aLow-SpmtNc IHALF FATE < 2 C!r/Y)

16 ALHA ADOE IN AFC'ITC OCEN AT 86"49.8'N.
109"@.2'w lvN wAooreR & FoBrNsoN
1985: JACKSON ET aL. 1986i STOFm-EOU
1987).

17 KOLBEINSEY EDQE ABOUT ]@ ru NOM
oF ToELAND NEAR 07005.5'N, 18"42'W
(9reFANSSON 1983)

18 NOATH A]]"MC OCEAN BASIN BETWEEN UT
20oN-80oN (HOBOMTZ & CnONAN 1976.
TABI 1i  DSDP SmS 9A, 10. 112. 114. 117A.
118. 130, 137, 138, 141).

1S AZOES-TCELANDAOOECREST. 43-470N,
27-30oW (GROUSSFT & DONAm 1984).

20 MAn CREST NEm LAT. 46oN 1CRONAN 1972).

FAMOUS AFEA OF MR CNEST AT 36O67'N.
33o04'w (AFCYNA 1975i HOFFEFT fr AL.
1978, TAEL! 2).

WSERN CENTFAL NOM AIUMNC @EAI.
BAS|N AT 34o54.N, 69"10'W (DSOP Sm 105:
HOLUSTEB Fr AL. 1S72).

TAO HYONOTHEtrAL FIELD AT W CNES'T
NEAn 28o08,N,4o49'W (SCOn E"r AL. 1974,
TABLES 18, 2i BONA 19808i nONA ET &, 19€4i
GOMFAON ET &. 1985; IALOU F AL. 1988i
RONA fl E. 1986. TABLEg 1. 2: NOMF€ON
E.I A!. 1988. TAELES 1-5: ffiNNOTON FI AL.
1988, TABLE 1).

1,800'
1.800

1 @

4.700-
5.400

2.@

2,@-
2.6@

2,7W

2.7N

6,251

3.500

A 2 O ME BY 60 M LONO A) YEIOW NONT.
NDGE OF FRESH VESICUUF
BASALTS AT SPBEADINO Mg
OF A MC{-ARC BASN.

B) MN OXIDE ENCFUSTANON

C) DISSEM SULFIDES IN BASALT.

Fo SIUCATE WTH
ENFEMELY LOW @NTEM
OF MCE ME"TALS.

Blm.

FY. CP, OPAL-.CT.

2,000-
3.@

2,000-
3,000

A NAFNOW TBOUOH-U(E
VAI.I.EY COMTAININO FRESH
BA5AT.

A NDOE-RDAE-reNCH Mro WATER COLWN ANOMMS NO INFOFMTON.
JUNCIION. OF h NO MFIHANE (ACTIVE).

DISSEM SULFDES IN BASALT. NO IMOMNON.

t . 3

3.620- 1.3
3.6m

SOUTHEFN SIDE OF IHE
NORHEM CREST OF N
ASEISMIC EDOE MLATED
TO A FONMER SPFEADINO
AXA.

SUEMAFre VOLCANO AT SEA-
WM EMNgON OF NEOVOL.
CANIC RFT ZONE.

BASAL SEDMENT (104M.Y. AOO
TO nECEm) OFECIY OWF
LYNO BASALT OF @ANO
CRUSTAL LAYEF 2 IN BASINS
ON EASTENN ND WESTEBN
FLANKS OF OCESIC FIDOE,

RN VALLEY AND FWKS OF
MID-OCEAO RDGE.

RN VA].!EY FLOON ND WNg
AND RN MOUNTAINS &ONO
UNEAF SECIONS OF SMAilNO
cEmEi.

sHoFT-OFFsn {-22 tr)
TFANSFOW FAULT SECNON
OF A MCTURE ZONE.

OXFOFDNKWERDOhN FED,
CLAB UMESTONE OVERLYNO
BASALT UNDEfuYINO LOWEF
CONT]NEMA RISE HILLS.

FAULT ZONES BETreEN FAULT
BL@KS 4.6 TO 6,5 ru EAST OF
SFFEADNq U|s ON AST WALL
OF ffi VAUJY IN MARON{
ZONE OF ACTIVE EXENSION
ALONO UMAR SEOMEM OF
S,mING AXIS.

BIOgIUCEOUS SED OF CFE'IA-
CEOUS (UIE MAASIFICFMAN}
AOE ENNCHED N Mn M Fe
AND ALTEFED BASALT W Mn
AND F6 ENCRUSTAION (REUCD

HYDMTHENMAL DISCHARGE
DETECTED AND SAMPLED
{ACTlvE); NO INFOF TAION
ON DEPOSITg.

SEDMEM FEUCT).

SEDTMENT (FEUCT) .

SEDIMEM (REUCT) .

A) BFOMBH FED. WLLOW,
SD OFEEN CUY-HCH
ENCRUSTAION (nEufi).

B) BUCK FsMn ACH CON-
cmoN (mucr).

wNr (ffiucr).

A) MASSIVE Fo SUFDE|
YEIOW TO Offi UYENED
x[tNE cHtm* moMEms.

B) ENCRUSTA]ION AM MF
UYEFED FUCK ruNE
UYENED MEOMATES
ONIENMTTENTLY ACM).

C) IMUWRED OREEN
EAffi PFECIMATES
{tmFMmmY
ACTTVE).

Mn OXDE. OOETH.

NO NFOM'AION.

@En, F*SCH MOi{T
(SMEC), Mn wDnOXY-
oxrDEs.

NO INFOMTiON.

NOffi Fe OXDES.

SMEC OF NN COMPO-
smoN, ftrDBoMrcA,
MINOA TOD, gM. NG.

TOD. NANCEN;,
AMOM MMTED Fe
orcE.

NATIVE @MR CRYSTATS
SOMEreD BY PALAOONrE

ryn. mFc, sP.
AFAOONnE.

am. ToD.

NOM.

1 . 1

D) IffiMWEO reD EAmW ilOm Fe mROXIOES.
mEomAEs 0frEwn-
EMY ACNVE).

MOUND UP TO 250 M WOE AND
50 M HIGH AT FAULT ZONE IN
MAFOINAL ZONE OF ACNVE
EXTENgO{ 1.5 ru EAST OF
SruMNG AXIS AT JUNCTUFE
BETreEN FLOOF AND EAST
Wru OF RN VALLFY. fiE
MOUrc CONgSTS MAINLY OF
MASSTSULFIDESW AN
ESNMATED zu( DRY SALT-
FFEE M. OF 6 X IOATONNES.

E) MASre Cu-FB SUrflDEi
DENSE YEIOW MATER{
FROM INNEB POFI]ON OF
trIMNry WALL (ACTre).

F) MASSNE Zn-Fe SUFIDE:
SFONOY-EXTUFED. FRIASE
lmRcnom oF YE[ow
ry AND BLACK SP IACNVE)

G) SULFATE. OW. COANSE
OnANUUR.

H) CHLOF]DE. OMK GFEEN
CFYSTALS ON F€ OXIDE.

r) cAnBoNATE, ffire.
BONYODAL UNING IN
CHIMNEY CAVR AND AS
Wre VENS IN SUFIOE.

R. MARC, CP, SP
DGENTE. ATACAMITE.

sP, ry. AmGONm.

NWDNTT.

ATACAMnE. PAMTACA-
Mm. com

AM@Nm. C{CXE.
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TABLE 1. MRONER!'& MNEML OCCUNFENCES AT SEAFLOOB SFREMNO CEMRS (FG. 1) (COMNUEO).

LOCATION
NUMBEN
t F o . 1 ) LOCATIONl

WAreR
oEm

(M)

SESL@F
gPFEADINO

ru-mre
(oum STRUonJBE ryPE OF DEPOSN MNEMLOO\A

TAG HYDFOftEFMAL nELD (@M.)

MAF CBES.I AT 25o48.5'N, 4o59.0'W (ROM
tr A. 1982, 1984i rollA 1984, Tff 2.
LOCATTON 7).

MAR CNEST AT 24021'N. 48"12'W (RONA fi
&. 1980: rcM & OnAY 1980: ROM 1984.
TABLE 2. LOCAION 8).

m cnEgr NEAF 23035'N, 46000'W AT E.
N''ESECTION WTH NE FNA TUNE ZONE
(OALLIMTI 1984i DEWEY gT [. 1987i
KELTEY & DEWSY 1987).

SNre M HYDBOHERMAL FIELD AT MAR
NEm 8"22.1'N.44057.0'W SAMm BY
@EAN DNUG MOOMM (ODP) HOLES
849 A-.J (ODP LEO 106 SO. PAFTY 1986i
HONNOng EI L 1986) AND BY SUilEnS-
tsLE (KAFSON n AL. 1987; THOMPSON Fl
4L.1988).

WST FUNK OF M AT UT 236N
cFroMPgON F AL. lS75)..

MAR CFESI AT 22o30.2'N, 45o@.3'W (ROM
EI A!. 1982: ROIIA 1984, TABI! 2. L@AION
t  1 ) .

m cnEst AT 18"47.7'N, 46'22.8,W (FOM
il AL 1982; nOM 1984, TABLE 2, LOCATTON
12; EERHAST ET A. 1988).

mR CFE9T Nm 14o56'N. 4664'W (RONA
fr AL. 198?: EBEFMFT FI e. 1S8&.

w cEsT aT 12o48.0.N, 4o47.3.W InONA
fl AL. 1982i FOM 1984, TABLE 2. L@ATION
l3).

EOUATOML MAN AT UT. l1ON (SONAM FT
AL. 1978Ai Kngr 1976).

EQUATOHAL MAF AT UT 0" {SONATI fr Ar.
1976A. B. TASLE 1: XrST 1978).

MAA CN€ST AND FUNKS N SOUTH ATLNNC
ocEN BASIN SETWEEN LAT 28OS ND 31OS
(BOSTFOM EI e 1972. TA8LE 4; DSOP HOGS
14. 15, 18, 19.20.21,22: F€IEFSEN 1994.
DSDP HOLES 519A, 6228. 524).

NO TH FW OF SOUTtrEST MN NDOE
AT OSDP SITE 251 AT 38.30.3'5, 49029.1'E
(l(Em ET AL. 1974).

oA&JSEnO HDOE AT 5024,5. 88035.E rN M
NDIAil OCEA (DMTHEV ET A. 1970:
ROZNOVA & SAIUM 1971 i BATUBN &
rcAOVA 1978i rcM fi AL. 1931).

FAI.JLTZONE BETWEEN FAULT
BLOCKS OF EAST Wru OF
HN VAI.EY N hNOIML
ZOM OF ACTTVE ETTENSION
ALOtrIO UNEAN SEEMENT OF
SFBEADNO dS.

FAULT ZONE BETWEEN FAULT
BLOCKS OF RT VATLEY IN
MF(MI ZONE OF ACTTVE
EreNSON ALONO UNEAR
gEOMENT OF SMEONO AXIS.

FAULT SCMS BETWEEN FAULT
BLOO<g OF reST WAI OF
Rl T Vffi N MAMIML ZONE
OF ACTTVE EXTENgION NEAF
NTEBSECTION WTH LONO-
oFF6Er {-170 ru) TMNSFOil
SEC1ION OF ME FFAC]UFE
ZONE.

UNEM TOPOORAPHIC HIOH OF
BASALT &ONE FFE9E T
SFFEADINO AXIS AT CENTER
OF RFT VAU.EY.

ELOCK-FAULIED TOPOOMO
HIOH IN €Y8SE HLLS 60 ru
WEST OF RN VA!B,

FAULT ZONE BETWEEN FAIT
BLOCKS OF EAST WAII. OF
EFT YM N MAROIML
ZONE OF ACTTVE EXIENSION
EONo LINEAF gEGMENT OF
SPFEADNO MS,

FATJLT ZONE BETWEEN FAULT
BLOCKS OF EAST WE OF
ffi VILEf IN MROIW
ZONE OT ACTTVE EMNgON.

FAULT ZONES BETWEEN FNLT
&oc(s oF EAsr wA[ oF
RIN VALEY N MAFOIW
ZONE OF ACre EXENSION
AS€@IAEO W SEM€NNNE
DhFIBISM NEAR EASTEN NOP
TRANSFONM NTESECTION OF
UNEAN gEOMEM OF SMEADINS
uts wTlt 15020'N FRAoTUE
ZONE.

FAULT zONE MEN FAULT
BLOCKS OF EAST WM OF
RFT VM N MRGNAL
ZONE OF ACWE ETGM}ION
IONG UNEM SEOMENI OF
SFEAONG AXIS.

LON@FSEI {300 (M) mNS-
FOM FAULT SEA!iEI{T OF
YEMA FMCTUNE ZONE,

LONG-OFFSET p80 (M)
]mSFOfu FAULT SEOMENT
OF ROMANCHE FMCruM
FnACTUT ZONE.

BASA SEDIMENT ILATE Cre-
TACEOUS TO FLEIE'IOCENE
AOE) OVENLYNO BASALT OF
@ENIC CRUSTAL UVER 2
ON WEST FLANK OF MSi
BASALT ON EAST FLS( OF uR

€YSSAL HILI.S ON FN( OF
N @ENIC FIDO€.

BLOCK-FAULM TOPOERAHIC
HIOH N MARqNAL ZONE OF
ACTIVE EXTENSON AT IWF
SECTION OF reST WAI OF
EFI VALLEf WTH LONO OFSfr
(-185 K) RNSFOil FAULT
SEoMEM OF WAZ FNAC-
TUFE ZONE.

J) S{UCA. GNEY FEBruS AM
FEDDSH ffir|E FMGMNS,

DISSEM ND VEIN SULFDES
M QV VEINS IN OFEENSTONE
{nEucT).

EUHEDML QTZ OEPOSITED AT
-3000c rN wo LNNgs AND
MASgvE Q12 N VEINS IN
OREENSIONEW DSSEM
ND vElN gULFIDES {EUCI).

QTz-ROI @EENSTONE 6FE@NS
W DISSEM SUFIDES: FLUID
INCLUSONS INOICAE QTZ FNE.
crptrATroN SFWEEN 2@.-500c
GEUSD; ALIEFED OABBRO ND
BASALT.

MASSM SULFIDE, DENSE
BFASSY| MASSfVE SULFIDES,
FFhBIE, BLACK.

ENCRUSTATTON lreUor) .

DISSEM SULFDEg AND QTz
wrNS rN oFEENS"TONE (ACTTVE).

ENCRJSTANON UP TO 2.5 CM
ftrc( (FEucT).

MRoru'lru FFEOMATES
tAcrre).

AMOFPH. QIZ, HEM.

ry. CHLOHTE. QTZ.

QIZ, CNOHTE, PY. CP.

QTZ, ry. CP. CHLOnnE,
AMNiBOLE, SMEC.

OENSE. BMSSY MASgre
SULFIDES: PY. Zn-RCH
ISOCUBANm, Zn-FICH CP,
PO. MARC. FNhBLE. SUCX
MASSIVE SULFIDES: 2r
RCH IS@I,BAMTE. SP, PO,
[go N, cov. oHLoETE,

TOD.

PY. QZ. CHLORTE
(reNNm).

Mn OXDE.

NO INFOMION.

3.2@ 1 . 2

2,725- 1.2
3,295

3,2@- 1.3-
3,6@ 1,4

1.4-
2,O

2.2W- 1.+
2.44 2.O

1 . 3

3t

^4,0@

2.635-
2,8m

3,200-
3,300

3.@-
3.500

2.7@-
3,100

2.7@-
3.100

2 , 1  1 r
4,475

3,489

3.5@

1 , 4

2.O

2.0

DIS€EM AM VEN SUFIDES IN
oBEENSTOm {reUCT).

DISSEM ND VEIN SUFIDES
tgTocmoM-ryPE) rN MErA-
BASALT {CHLORMC) GELICT).

SUFIDE CONCFmONS: Dl$-
SEM ND €IN SULFDES
(sToc(wonK-TYPE) tN MSA-
BASATT (CHLOBmC) (reUCT).

SEOIMENT| DISSEM SULFIDES N
BASALT IFEUCI].

BASAL reCRYSTMD CAL-
CIUM CAFBONA]E.RCII SEO
OVEfuYNO BASALT OF @EANIC
cRu9TAL LAWn 2 GEUCT).

A) DISSEM ORAINS AND VEINS
lsrocKwonKsl N mFo-
NEWALLY ALTEreD
.AMmBOLm. IdEUCT).

B) DISSEM OFAINS AND WINS
(s"rocMoMs) rN .MsA-

somnc' omuurE (REucl .

cP, FV. PO, CHLOm.

cp, PYF. PO, GOm,
cHLOm.

SIO lN SED0{EMr| PO,
ILMENrG. CHROMIW
gANEL, MAM MAG IN
BASALT.

METASOMNC ANDNADMC
flDnoogosguN
SANET.

ry. @, NENre. HEM,
Fe MROXDES. MALA-
cHm. @v.

IWENM. PO. PEM. Fe
HDROXIDES. LEU@XENE.
mg.

ry, cHLOm
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LOCAION
NI,IMBEF
{F|G. 1) LOCATONI

WATER
DM

(M)

sffiLooF
SPFEADINO
HS-MTE

(CMM SIRI.JCTIJBE ME OF DEPOStr MNEMLOOT

MNCSD ErAGE OF OPENIf,O OF N OCEAr,l EASIN

|mMEDIATE- TO FAST-6PNEADINA (MLF nATE > 2 CN$/Y)

ASYSSAL HIG ON SW FhNK OF CAESAEFO
HDOE AT DSDP SrrE 236 AT 1040,6'5.
67035.9',E {CSONAN Er e. 19741.

@MA EDGE AT 41 O31 'N, 1 27O27'W (CLAOUE
tr ,|L. 1984, TABLE 8i CUOUE & HOLMES
r985).

AFYSSAL HLIS ON MK OF
AN OCEANIC ROOE.

FAULT ZONE AT BASE OF MST
WALL OF EFT VALLEY IN ZONE
ON TMNS\GRSE SINUCTUML
DIS@MNURBffiN
SOIJIHES ND CEML SEC-
NONg OF @RDA NDOE.

BASA SEDIMENT OVERLYING
BASIT OF OCEANIC CRJSI&
LAreF 2 FEUCT).

A) SIMIFONM, UYERED |nON
SIUCATES WTH HOLES PFO-
OUCED BY WON IltsES
(nEucl.

B) STiltrOil, LAreM Mn
OXDE FFEqMA]ES INIEF
UYEFEO M NONT (FEUCT)

F*RCH (< 28 PERCENT)
FtIASES: MINEFAL@Y NOT
SPECIFIED.

NOM MRLAYEFED W
ALTEFED DFMAL SEO
(ruTE, SMEC. CIORm,
qz, uo).

8IFN. TOD.

NO rMonmroN.

NOM (6MEC).

Bm, TOO.

CP, W, 8P, WUFZ'TE,
BAn, Pt, NOFft STUCA.

Mn-OXDE AND FFOXDE
MINERAI.S.

PY, PO, CP, 8p, Wur{r-
ZTE, MArc, SF, AI'OFPI{
gIUCA, CHALCEDONV.

NONT. TOD. BIM.

4,87

3,@0-
3,200

1 , @

40 DEIIWOOD SEAMOIJMS AND DELWOOD
xNoLLS NEAn 50o48',N, 130o53'W (HpEF Er
AL. 1975i RDDIHOUOH Er AL. 1980i BLAISE
ET AL. 1984i OFOSS 1987).

41 NOFTHERN SEOMENT OF DGLOFER BDOE (SE
EXpLOnER OEEp) NEAF 60o06'N, 18o45'W
IoRLL Er AL. 1981),

42 SOUTmT SEOMEm OF DGLOnElt FOQE,
uqc Motffim srE, NEm 49's'il.
130o18'w (S@TT ET AL. 1884, 1986i SCOn
1987: C}IASE E AL. 1985A, 1988i nNNCLjFFE
Fr AL. 1988).

4:I ABYSgALHLL.gATWESIERFLNOF
DGLOF€R FjDOE AT 49.40.5',N. 131.68.2'W
(BOF0'IHOLD fi AL. 1981).

44 EMEAVOR gEOMEMT OF THE JUAN OE RJCA
FIDGE CFEST AT 47068.7',N, 129006.8'W
(MOBOAN & AELr. 1984i HAliiMOlD Er AL.
1984i mFslEN FI A. 1984i MEFOE OrcUP
1984: TryEY & ENEY 1985. 1980).

45 SFLII SEAMOUNT NEAN COBS OFFSFI OF JtJN
oE FUCA RDOE Nm 47035'N, 128"56'W
(MIJME & CLAOUE 1883: CNNE ET AL.
1985),

.$. AMA, AXNT VALIfY OF JUN OE FUCA
RDOE NEAR 48050'N. 128025',W {CNg g"r
AL.1985),

BFOWN BE* SENOUMI ADJACEM TO Uru
SEAMOI.JNT AT CEM JUS DE FUCA RDQE
NEAF 46om,N. 130o33'W (SAMSON 1985)i

AXAT SEAMOTJNI AT CFES'I OF CEMTRAL JUN
DE FUCA HDOE NES 46069'N. 130.04'W AT
NTENSECTION WlH COBB-EIrcL8ERO SS-
MOUNI CIIAN (MALAHOFF E.T AL. 1984i CUSE
ET AL. 19858r I1mNOTON Et &. 1988).

sOUTHENN JUN OE FUCA HDOE CFEST NEM
4039',N, 130622'W NOm OF NTEFAEqnON
W E-AN@ MC]Ure ZOM OEWEY FT
AL. 1991r JONES gT AL, 1981: lOnmAFK &
CLAOUE 1983r Nonmn( EI AL. 1982, 1993
KOSKI ET [. 1g&1, 1S85A.Bi Bll]C]lOF Er I
1983: U.8. OEOLOQICI SuFvEY. JUN DE
FUCA SIUDY OFOIJP 1986; ffi ET &. 1ggl.

NOR'TH WAU OF BF GOMA OffiS9ION IN
THE BLNCO TFANSFOFM FAULT NEM
43013',N, 1276@'W (ffi E e. 1S88.
Tff4).

IHNEE AND MO BASINC
VOLOAI{C PEAKS, NESPEC-
TIVELY. OFIENTED M-SF
ON THE FLANKS OF AC1TVE
SPREAOINO AGs.

MEDAN HDGE FLANrcD BY
SEDIMEMIAFY BAANS N
AXIAL ZONE OF VOLCNIC
ErII{JSION ALONO UNES
SEOMEMI OF N| T VALTEY.

FAI,.'LT SCMF6 N MANGNAL
2ONE8 OF A TTVE DCENSON
EONO 9 KJ LONG UTCM
6EOMEIf' OF TWO PMLTEL
VALTEYS AND NTEFVEiIING
HOOE NlTEffiEC]ED gY OFTHO-
OONAL FNASTRE 6YS'IEM.

PAfiILY SED @VERED ABY€SAL
HlLs 1@ nr WEST OF
gPEADNO AXIS.

FATJLT SCSPS N UFOINAL
ZON€S OF ACTVE EXTEXSION
AT BAgE OF WESI WAIL
ALONO UNEM SEOI'ENIS
OF THE M VALIfl AEOUT
20 Kil LONo.

A 450 M-HIOH FMTED VOL.
CNO IN AXhL ZONE OF
volcANrc ExrRUgroN roNo
ovEnuPPlNo SFFESINO
CEMIEF (@EB.OFFSFD .

a 20 m-LoNo, 2@ M-HroH
DOMED ffiA INOSED BY MF
FOW RFT ALONO SPNEADING
AXIS N dA ZONE OF VOL-
CANC EMUSON.

VOLCANIC SEAMOUM.

FIS9IJFED CAIJ)EM I1O X 5 KM)
OF SEAMOUNT MAFENTLY
MRSECTED SY SPRE$NO
AXIS NO AT INTENSECTION
WITH SEilOIMI CHAIN.

AT LEA6T 7 ACTNE WM 2ONE8
N NAnFOW OruR (30-50 M
WDE BY 10'30 M DEEP) IN
TOPOOFAMC H&H EONO
AXhr zoNE oF voLcNrc
EXINUSION NEAF NTERSECTION
wm LONGQFFSEI {-350 KM)
TMNSFONM FAULT OF BLAN@
FnACTURE ZONE.

WU OF TFAMiFOfi4 FAULT
EXPOSINO ALTENED BASETS.
ONEENSCHIST OABBROS. AND
OFEENSCHISI BFE@AS.

Fe ND ZFRCH SEMI-CON-
SOUDATEO SED ND ITEFED
BASALT W Mn-ECH
ENCRUS"IANONg.

A) ENCFTJS'IANON (EUqD.

B) ENCBI.ls.lAr]ON (FEUCr).

MASSYE SULFIDES IN ̂ ,60
TilDFONEFMAL YEI{IS, CHM-
NEYS. ANO NDMDUAL MO'NDS
tJP TO 20 M N DhM. VI}IICH
@AE9CE TO FOEII STRATI -
FOW MOUNDA UP TO 2OO M
rN DM. X 26 M HIOH (E.S.,
PMEEAU DEPOSF| ACINE).

BASAL !|NTI 10 CAI IHO( OF
MEIALTFEFOIJS UJTrlE @N-
TAINNO ABUNONT F6 Ai|D MN
OXDE FNAGi'IENIS ND OWNE
BASALT CLII}TS OWRYNO
SASALT NECOVERED N 1.8-M
LOIIO SEDMENI @NE (REUCT).

MASSTVE STJLFIDES (AC]M).

FeRCH NOMr CBUSr DFEoAED
AT @BB-OFFSET (AC'ITVE).

MOUNDS NO @ALESCED
CHIMNEYS HOTOORAPHED,
ASS@IA]ED WfiH WAIEN
TEMFEMIUBE ANOMAIIES
lAcTIvE).

BASALT @ATEO W POLY-
MrrALlC OOSSAN lnEUCl,

MAS TVE SIJLFtrES, SULFATES.
SLToATES m offis lN vEm
HELDS AT NE AND SW SEC'
IONSOFCADEFA. COMPOSI-
TION OVEN IS OF SULFIDE
c}owEY (AcnvE).

A) NOULAR SLAFS OF OARI(
QFEY ZFEqI SULFDE
fm Ai AcnE).

B) SPONOY-TEXruNED OEY
F&FOOR SUTFDE fTwE
Br AcTrvE).

OISgEM AND VEN $JLFDES N
GFEENSCHISI OSBROS ND
ONEENSCIIISI BFE@IAS.

NO NFOAMAIION.

NO INFORMAION.

SP. WUfiZIE. MArc. gAR,

NOFFH SIUCA, MNOF
CP, OAL, TE'T.

n, cP, sP, wumzrE,
MINOF OAL, MAO. OOETH,
HEM, MARC, ISOCT'ENnE,
ANHY Ltrz$re,
STffiTE, ANASTASE.

MMmY F+POOF
@IOFOil M OPALNE
srucA.

pENr, FO, n USSEM
IN OFEEN9CHIT'T GABBNOS;
CP. SP. ry, N, OAL N
CHLOM ENS ANO
DISSEM IN ALTEFED
BAgALT AS FMOMENTS
N OMENSCHIST BFECCA,

N O l
OATA?

3.0

2.090-
2.1&

2.300-
4 . 1 @

1,500

3 . 0
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IABE 1 . HYCIROTHEFMAL MINEMI O@UNFENCES AT SEAFLOOA SPFEADTNO CEMFS {FG. 1 ] (MMNUED)

WA]EF
DEM

IM)

LOCATION
NUMBEN
lFlG. 1) LOCAIONi

SEAFL@F
SruADNG
HM-FATE

lCM/Y) SIFIJCTUre NPE OF DEPOSrI MINEMLOOY'

aonDA HDGE CREgr NEAn 42.59.N, 126034,w
1FOM E.I L 1995i BA(ER ET AL. 198i€;
NELSEN ET AL 1987).

GOMA FDGE CMST NEAR 42O46'N.
126o42'w (rcM & CLAOUE 1986i NELSEN
tr AL. 1987i HOWAm & nSK 1Sa6. 1388J.

IMMECTINO NE.SW AND
N-S FAULT ZONES BflWEEN
VOLCANIC HDOE IONG
SMEADINO AXIS AND EAST
w u o F H n v A g .

I|fGNSECTING NE-SW AND
N-5 FAULT ZONES BOUNDNO
SOUNEM END OF ANOMOUS
RDGE (1 X 0.6 O NDE BY
50 M HrOH) AT MD-DEPrtl
12.7@ M) ON EAST WAI OF
EN VALLEY NO AT JUNCTUFE
BETWEEN TM BASE OF ]HE
EAST WATL AND NE FL@F OF
rHE Fn vArB {3,1@ M).

FL@R AND EAST WAI OF
NFT V&LEY.

BASI SEO (32-@ M.Y.)
OVEFLYNO BASALT OF
ocEANlc cBus"ru uwR 2.

@ASIAL BELT OF FAULTED
$DESmC VOLCANICS -@ ff
reSI OF SFFEADNO AXIS N
GUAYMAS BASN OF THE OULF
OF CAIIFORNIA.

BASAI MEIATUFEFOIJ8 SM
OF MDDLE MImENE AQE
(14.5-16 m) OWnLmO AND

NTENCMTED WTH ALTEtrD
OhSA9E SLLS @NSDENED TO
MVE FOqI'ED AT A FOFMEN
AXS OF THE EM.

NO NFOnmnON (ACWE).

MNAIIFENOUS SEOg, AL]EFED
BASALTS AND POSSIBLE
MASSIVE SUFDES IACTTVE).

ffiY AND ATACAMITE IN
WATEF @LUMN.

BOEHMre COATING BASAT
TAUS AT BASE OF EAST
WU. NOMALOUSLY HIGH
COFPER 6!MM N
UYERS IN MSTALUFEROU9
SEDS: ANW AND ATACA-
MtrE PAFTCLES IN WATEB
COLUMN.

Fe SD Mn OXDES m
HYDNOXDES. NO}.IT,
BOEHMrIE, TALC. P', gP.

@ffi, F*HCH MOI'IT
(SMEC), Mn lryDno)(Y-
oxDEs.

cruc@fiE, cP, BN. @V,
M]TVE COPPEF, PY. OAL
@PFEN OXDES, CAF-
BOMTES, SIUCATES,
oncH.oBrDEs. cRYFro-
MruE, rymursrlE,
oYPS, CArc|TE, OULCE-
DOi{Y, JA6FN

ry, CP N SP IN CHEFT
M CALCIE OANCUE.

NO INFOF6{A1'ION.

2,7@-
3,1 00

OONDA RDGE SITES ALONO AXS BETWEEN
42"42'N. 128645'W ND 42"4a'N. 126042'W
AND OFF-AX|S NEAF 42045'N. 126042'w
fiowm & FBK 1988),

CEMNAL NOM PACTFIC @EAN BASIN
SE'TWEEN UNUDES 32ON ANO 41ON
(DYMOND Er A. 1973. TABLES 2, 8: OSDP
9lTE6 37, 38, 39),

BOLEO COFFEN D€TRCT, CENTML BAN.
cArF. NSAR 27o20,N, 112o20'W (W[-gON

NN FILMS OF HYDROTHENMAL
reCMA]ES ON BASALT
suFAcEs.

SEDilENI (NEUCTi .

msgvE. DrgSEM No sr@K-
WOH( SULFIDES ND MN
ENCEJS'ANONS IN LAYENS UP
TO 5 M TlfC( HO8'IED N
ru@ENE INTEFBEDDED TUFF
AND TI'FFACEOUS @NO.oM-
EnAIE OF NDES'TIC OOMFO.
STNON BETWEEN 50 ND 260 M
mo(

A) MASStrE SUFOE IN LAYER
-35 c$' THCK.

B) MEI&UFEROUS SED tN
ureF -5 CM I!0CK INIEF
CALATED W ALTEFED
DIASASE gL],s MHN 80 M-
THICK SECTION FENETMTD.
OASAL ME"TruFEROT,S SED
gMT.AN TO TUT OESCRBED
FROM HOLE 471 WAS
FE@VENED FNOM HOGS
4@, 470 ND 472 AL90
L@AIEO W. OF BM. CM

WN 2-3 CM HDE ND JO CM
LONG IN BA6[T PffiTLY FILIED
WITH SUMES. CAFSOMTES
ND AOUTES| WSICLES N
A PNONOUNCED ALTEMT]ON
ruO ffi LNED WTH SMEC AND
PSTLYFIIEDWryAND
CAFBOMTE.

A) MSSTVE SI,JLFIDE MOUNDS
SUR{OUNIED BY OIMEYS
3 TO 10 M H|GH (ACrrVE).

6) EXTEROR ALTEnAIOX ZONE
ON MASSNE SULFIDE
MOUNDSAND CIflMNEYS

(REUCT).

Fe OXDE SEOIVEM AND
ENCRJSTATIONS, MASSM
suFDES, gUrrArcg ao
oHLOROES (MCTTVE).

Fs OXDE SEOS, CHMNEYS S
F+Mn ENCFUSTANONS
(ACTTVE).

gEDTMEMT (reUC!.

2,600- 2,8
3.520

3,01 G

0

DSDP HOLE 471 IHNOUOH NE DSTAL POFNON 3.Id)
OF A DEEP SS FN WSI OF NE FooT OF
I}€ COMMNTA SLOPE OF BAJA. CAIF.
AT 23o28.9.N, 1i2o:8.8'W (LE|NEN 19A11
DEVIM & LENEN 1981I.

NP HOLE 4A2C N SED-FILLED VAJ.IEY 12 &
E. OF HE dIS OF HE EM ND 15 ru S, OF
TMYO FnAC]UFE ZONS AT 22O4?.3'N.
107o69,6'W {STF8OAFD SCTENInC Pffi
1983).

Em CFEST AT UT. 21 oN (CYAMEX 19791
RSg r980i HEml{N €T AL. 1980: m\.MAN &
TUSINEF 1981: BTSCHOS EI A. 1983).

.ONEEN' SUBMARNE VOLCSO AT 20O48.2'N.
109o17'W. 11 ru W. OF Em AXS (LONSDATT
fl [. 198i2; ALT rr A. 1987).

"FED SUBMENE VOLCANO AT 206'A.2'N.
109.22.7',W. r8 K w. OF Em MS
(LONSDM n AL. 1982: aLT tr aL 1s87).

NORTTEAStr PACXFIC NODUE ffi (BISCHOFF
& FOSENBAUEn 192, TABLE 2) NEAA 15o12.2'N.
126.68.8'W.

8€D-NLJ..ED VM IN ABYSSA
HILLS ON EAS'I FLS( OF A
SFNEADNO AXIS^IN CRIJ9T
ABOUr 0.5 X 100Y OD.

BL@K-FAITED N FISI'IjFEO
MANOIW zONE OF AC]IVE
DCTENSION IONC LINEAN SEQ-
MEM OF A SEAFL@R
SruADNO AXI8.

CALDEM ND trT CNATENS ON
VOLCNIC SEMOUMT.

CAT.DEFA OF VOLCANIC SEA-
MOUm.

AOYSSAL HLTS BETWEEIT
CLAIION ND CUPFEATON
FFACIUFiE ZONES| ME"IAL-
SEFOUS SEDMEM MY BE
reUCT.

T R O U G H 2 r u W O E B Y T r u
LONO N FMCTUre ZONE.

F. @, mRC, SP,
WUFrZITE, CIJBAMTE,
DIOEMTE, MTTVE SLWR.

@EIH. UMONTTE, NOMT
(aossANs PnooucEo BY
OXDATIOX OF SIJLFDES.

p/, cp, Bm, ATACAMm,
QTz. OPAL, CHALCEOOW,
MINOR gAL. 8P.

AMOBFH Fo-Offi-
DROXDE. F*SIUCATE
OOND FeRCH TALC NO
SULROE EMNS IN NOM.

OLOBULE9 AV, 1@ Fn
DN. @MPOSED OF
OPAQUE FEDDISH-YELLOW
AOOFEOAIES ND DE'TNF
TAL MINEMLS OF LOw n.l.i
MG NOUNTS OF
FADIOWS DEBRS, VOL-
cANrc olAss MtcRo-
NODULES.

F+Mn OXDE CnUSTg
comaNNe s|ucEous
MIEFruA3S@. W
NOMLOUSTY Wffi
NEAFBONOM WATER.

2.99€ SMEC, ry. CALCrE.

-2.000

-2.0@

4.45

CLMON FMCTUre ZONE NEAR UWANAN
ROOE AT 14'N. 153OW (BEIEFS@F fr AL.
1982)

5.6@-
5.840

ENCFUSTANON (ACTIVEI



439
HYDROTHERMAL MINERALIZATION AT OCEANIC RIDGES

TABE 1. WDFOTHEMAL MNEML OCCUNFENCES AT SEAFLOOR SruAONC CENIEre lNG. 1) (COMNUEO).

DEM
tM)

LOCATION
NUMBER
(FrG. 1) LOCAIONi

SEAFL@R
SPREADNG
HALF-Mre

tcM/$ smucTunE NE OF DEFOST MINEMLOOT

EF BETIVEEN Ul IOON AND 15'N (CBONN

1973. TABLE 1i DSDP SreS 159. 160. 161.
162.  163) .

EFN NES 11ON ND 12"50'N (BMRD &
FMNCHETEAU 1980i HEKINIAN ET AL, 1983i
MERUVaT n AL. 1987; HEKNIAN & FOUQUET

1985, TABLE 9).

SED ENCFUSTAION. AND MAS- MN OrcE. ruHrTE
SNE SIJUIDE MOUMS SUR- ry. MAFC. CP W.IH A
MOUNTED BY CHIMNEYS (24 HIOH CINIEI'II OF
ACM. OO FEUCT) DBTHzuTEO COBALT N CEFTAIN
ALONO 20 ru-LONG UNEm SAMFjI-ES, Fe
sEoMEMr OF SrumNO AXIS WDROrcE.
AND OGER MASSM SULNDE
DEPOSITs N AFEA (8@ X
2@M ON SUMMTAND
FUNK OF OFF-MS VOLCANIC
SAMOUNT.

A) Cu-RICH CHIMNEY.

B) Zn-ACH CHmNry.

C) Fe AND Cu-HCH [,1ASSm
SULFDE.

ENCFT,JSTAION (nEUCT).

4.500-
4.940

2,630

4.5 BASE SEDMEM IEAFLY COM-
PANIN TO UlE OUGOCENE)
OVEFLYNG MSALT OF @EANIC
CRUSTAL UER 2 ON WEST
FLANK OF @EANIC HDGE.

MAL ORSEN 2@-600 M WDE
IN MAL ZONE OF VOLCANIC
ETMUSDN ANO FLA( OF
voLcNrc sEMouNrt 6 0
EAST OF SFFEADINO gIS AT
12.42'N.103"62'W.

SEDMEM (FEUCr). OOSTH, F*RCH MONT
(SMEC). Mn mrcXY-
oxtDE.

"ONGE BNOM
SPONOY ND EAFTW
MATERAL.' MOBABLY
OOETH.

EPR CruST NEAR hT 1OON lBA% N AL.
19nJ,

Em cresr AT 8048'N. 103654'W (LONSOALE
E-r [. 1980).

HESS DEEP AT NTERSECNON OF OAWAQOS
SFNEADING CEME NO EM NEAR 2'15'N.
101o30'w {MURDMM & rOaNOvA 1976i
BOaNOVA 1976i BUilETT & Pl%R 1977i
scHMfz fr AL. 1982).

GALAPAOOS gruADNO CENIEN AT 2"30'N.
95o10'.W {MOOFE & VOGT 1970, T€G 1).

OMPAOOg SPFEADING CEMB NEAF 86'W
(ruNS n AL. 1974: mlss n t. 1977r
LUP.ION ET AL. 19Zi ruN(HAMMER ET &.
1977: JENKNS fl AL. 1978: EDMONO ET AL.
1979A. Bi COruSS FI AL. 1979i CmNE &
BAuFD 1S8O).

OALAPAOOg SMEADING CEMB AT 85"23'W
(MALAHOFF fl AL. 1S80, 1983).

OAUPAQOS SMEADINO CENTEF NEAR 0"45'N.
85"50'W (MOFF 1982A.8) AND AT 0o45.3'N,
85o49.5'W ISKmOW A @LEW r982i
BACGR & LANOE 1987, lSG 1i MARCHIO
ET AL. 1987; EMBLEY ET AL. 1988i HEFSIO
fl AL.. N ruS$.

1.827

1.875

5.100-
6,440

2.6@

2,4*-
2.500

!.5

3.0

3,25 ABYSSAL H|LLS ON FUN(OF
MENC ROGE tN 8 X lOO Y
OLD @EN|c CruST,

SED OWruYNO BA3&1 IN A
FmcTu* zoNE ACROSS
IMBECION WA
ffistNG AXS.

CALOEM OF VOLCNIC SEA-
MOUNT 15 tr FBOM NE RDOE
dE.

CAIDEM OF VOLCANIC SEA-
MOUIfT 30 (M FROM THE FIOGE
AXIS.

SEMFENCLOSED BAgINg AT
OALAPAOOS TAIFLE JUNCTION.

BL@K-FAULTEO TOPOGMFHIC
HCH N MARGNALZONE OF
AC1IVE EXTENSON.

MAL ZONE OF VOLCN|c
EMUSION ALONO UNEM
SEOMEMT OF A SEAFLOOR
gPFEADNS ilE.

NTEreECNON OF AXII ZONE
OF A SEAFLOOB gFBEADINO
AXS M RNSFOil FAULT
SECTION OF A FFACTUre zONE.

FEUCT MSSNE SIJLFIDE BODY
AT NOFMI FAULTS IN MARCII.
N[ ZONE OF ACTIVE EXEN-
SION ALONG UNES SEGMEMT
OF AN ANOMEOUS DOUBG
RN VALLEY (NORTHEBN AND
SOUNEil RFI VALLflS).
ST@MORKS gPOSED IN
HOFST BLOCK OF AL]EFED
BASALT BETWEEN NOMEFN
AND SOUNEN FIfr VUEYS.
ACTNE SUME CHIMNWS
SUFrcINDED BY MOUMS N
AXnL ZOM OF VOLCSIC
E{rR|sroN.

NODULES (nEUCr). sm.

UTMED SED ANO F*M TALC. SMEC' PO' TROIUIE'
ENCRUSTAIONS(*uCT). FFMnMINEMI,S.

ENCFUSIAION (EUCT). BIN. TOD.

A) ENCFUSTATTON (ACTTVE). MN OXIDES (MINERAL@Y
NOT SPECFD).

B) SEDIMEM (AC']]VE).

ENCruSTAION (REUCT) Mn OXIDEi mEnAOOY
NOT SPEOFIED.

A] MASSIW SULFIDE BODY PY. CP SP.
APPAFEMY UP TO 10@ X
150 M BY 35 M HIGH FOMD
OF COMSCED MOTJNS
IPRSLIM. EST. Wt. -10 X 10o
TONNES) IN SOUTHEM Rtr
VAIEY. IMMilJAL MAgSryE
SULFIDE MOUNDS IN NOFIHEFN
ST VALLFY, gIOCMORKg
OF SIUCA, CLAYS AND $L.
FDES IN ITERED BASALTS
(REUCT].

B) METALLIFEBOUS SEDS. OPAL-A AND CT' SMEC.
1< en rm mCION) lN MIXED-LAYER MIN-
ffDRONEFMAL MOUNDS EilLS, GOffi. MINOR
FORMINO AROUND CHIM- ry AND CP. QZ' FELD.
NEYS (ACWE). C&Cm.

C) MFALLIFEFOUS SEDS. gON. Mre}UWR
(< 63 !m mCnON) MNEmLS. SMEC.
SNUAED 5 TO 1OO M OPAL-CT' QZ. N'
FBOM WM OWSIDE FED, KAOUNre,
MOUNI (ACruE]. AN&OME. JAROSM.

D) SIUCA OTMNEYS {INACTVE). OPAL-A-

DISSEM SUFTDES MANLY *) ry (CFYSIALS UP TO
IN AL'IEFED BASAT CORED 1 CM). CP. SP. CHLOHTE
BETWEN 275 AND 1075 M UUMOm. QrZ, TIC
ffirN ocilNtc cFusrAL
UYEF 2i STOCKWOK SUFIDES
IABUNOAM ry. CP. SPI COMO
BETMEN 635 AND 655 M WNN
OCEANIC CBUST& LAWB 2
treucTl.

MflaUFEROUS COMPONEM lN Mn-OrcES. F+OXIDES.
CALCAFEOUS SEDIMEMS HYDROXDE€ TTOPS OF
(ACTwE). cores).

2.500-
2.800

2.600'
2.850

gOUfr FNK OF COSTA RICA HN AT
1"13,6'N. 83.43.8'.W IDSOP HOLE 50481
SCEMNC PAR 1980i ANDERSON FI AL.
1932i aLT EI A. 1988A. Bl.

WreS FMCTUre ZONE-EPF IMERSECNON
NES UT 9oS IVANAVAS 1988).

2.8S-
3.500

7,5
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TABIE 1. HYONOTHENMAL MNEML OCCUFFENCES AT SESL@N SMADNO CEWNS (FIG. 1) {COMNUED).

L@ANON
NUMBEB
{FtQ. 1) LOCAIONI

SEAfuOOR
SFFEADINC
ff-mE

tcM/Yl srRicTum
OEPT}I

(M) ME OF DEPOSTT MINEf]ffi

EPn AT 10638'S. 109o36'W. F*RCH FFiACTTON
GONAM & JOENSUU 1906. TABLE 1. FnAC-
NON Ai VEEH & BC|STFOM 1971. TABLE I).

EM BETreEN LAT 9O8-13OS (BOSTNOM E-I
{. 1976. TABLE 6: DSDP HOLES 319, 320,
321 ).

EFA CREST BETWEEN UT 12OS-14OS
{BOSTROM A FETERSON I98. TABLE 3:
wEH & FOSTFOM 1971, TABLE 1).

Em cresT N vcNnY oF l66s ILUpION &
cAAro 1981).

Em AXS BETWEEN 17054.S Am 18038'3
{BACGF n L 1985),

VOLCANIC SEAMOUNT NEAN
RDGE AXIS.

BASAL SEDIMEM (UTE
ouoocENE To ouAremffi)
OVEfuYNG SSALT OF
OCESlc CNUSTAL LAYER 2
ON EA T FUNK OF OCENIC
ROOg.

OCESIC RDGE CFEST,

M ZONE OF VOLCANO
EXIF1JSION.

NTENSECION OF @ABEM}
M TOPOOFAFHC HIOH
CEMENED AT 18O30'S N
AXhL ZONE OF VOLCANIC
EXTRUSION.

9.5 TOpOGFSHC HIOH ALONC
UNEAF SEGMEMT OF AXIAL
ZONE OF VOLCANC EXTRU-
sloN.

9.0 tmRs€cTtoN oF AXAL
OMBENs M TOPOGSMO
ROH C€r.ITENED AT 21OS'S.
N ME ZO{E OF VOLCANIC
EXTRUgON.

9.0 OFABENS EONO SPFEADNNO
AXS STHN AXru ZONE
OF VOLCAMC EXIFTJSION.

8.0- ocEA{c moaE cnEsT.

9.0 TOPOQffiIC HGH ALONO
EOOE WIN M ZONE OF
VOLCANIC EXTnI€ON NEAq
JTJNCIUNE BETWEEN
SPFEADNO AXE SO ]WS-
FOFI,I FAUT.

9.0 JUNCTUNE 8ETreEN A E@E
AND A OFABEN WTHN M
ZONE OF VOLCANO EXIRUgON.

ilC(.ARC BASIN ON FLAN( OF
MCM SruADNO CENTER

ECK.ANC BASIN ON FN( ON
MCNVE SF€EADINO CENTEB.

2.+3 @ENIC FIDGE CREST,

A) ENCRUSTATION lreUCT).

B) ENCFUSTANON GEUCT).

sofrEm (reucl.

SEDIMENT {FEUCT) .

DEPostrs TNFERnEo F@M 3k
AND CH. ANOMALJES N SEA-
WAER (ACrrVE) .

A) SULFIOES AS CTIMNEYS ND
A9 MEU N NSSUFES.
VOIDS AND DIS{iEM IN
ALTEnED BASITS (ACTTVE).

B) MFTAUJFENOUSSEOS
lAcTtvE).

MASSTVE SULFIDE MOUNDA
SUFMOUNTED BY CHIMNEYS
NFERNED FFOM OEEP-SEA
HOTOS OF OOTA INDICATIVE
OF ACTTVE FryOROTHEFru
WT'ITS ND @OCHEMICAL
ANOMAUES IN WATER COLUMN
ffOT& otSSC[vAgE Mni aHei
cH, {ACTTVE).

gULFIDES AS CHIMMYS ND
AS MATEFru N BASALT
BFECCAS ND ryNtrE O€-
SEW N BASALT (ACTIVE).

AT LEASI 1O VEM ZONES IN
r0 fi Drs'rNcE roNo
SFFEADINO AX[} (ACTIVE).

SEOMEM (RSUCT),

AT LEAST O VENI ZONES IN
2 W OI TANCE ALONO
9FREADNO srs (AClm).

NOP|EM MASSIVE SULFIDE
OTMMYS (ACTM).

SASAL SED OVEETNG BASALT
OF OCENIC CFUSIA MYEF 2
(nEucT).

BAgAL 6ED OWEYNO ilSAT
oF ocilrc cFusra uEn 2
lnEucT).

SEOIreNT GEUCTJ.

Mn OXOE (ASSUMED TO
TO BE BIRN AND TOD.).

OOFH. F*FlCll MOI{I
tsMEc), k wDrcr-
oxtDEs.

GOETH. FeqCH MOM
{SMEC). Mn HYDnOXY-
oxrDEs.

NO IMOMNON,

pY.lsoqJNm. @.
zrNc sulFtoEs.

NO INFOMNON.

NO INFOWAT]ON.

ry. Mm. @. t80-
cuBANnE, cov, 8P,
wuFtztrE.

NO MOMIION.

MOFH TO POONLY
re Fqh
mrcxoE, @EH,
8-Mnq, Fo-t{CH S[4EC.

NO lNFORli4ATlON.

PY. Cp. SP.

sMEC. 00m, o$oP-
IIUTE. OTZ. FED.

HEM, QZ. ED, @*.
SMEC.

NO INFOF$.IATION.

1.790-
2,130

7,6

4.3@. 7.5
4.830

2.990- 8.0
4.210

3.r00

2,600-

79 Em CFEST AT 20oS ICnAG 1981: BAum -3.000
ET AL 1t81i HUC€ON ET AL. 19811
FNANCHEISU & BALLAFD 1983.

Em AXS BETWEEN 20030,5 ND 21.45'5 2,776-
(MCXER fi AL. 1985). 2,950

m AXS BETreN 21024.0'S. 114017.1'W 2,@
sD 21030.2.8, 114o18.0,W {MARCHO A
onUNDLACH 1387).

EM CFEST BETWEEN 1O"S AND 25OS (HEAB -3.@
& DWOND 1977).

Em AXS AT 23.32,0'3. 115034.0.W 2.6@-
{MAPCHTO & OFUNDLACH 1987}. 2.650

Em AXS AT 26012.3'8. 112"38.8,W
IMANCHG & GFUNOLACH 1987).

85 WEST ruUmNE B StN AT DSp Sm 291 6.217
lBoMm Fr a. 197S).

88 WEgT roMNE BASN AT DgDP SITE 294186 6.7*
IBoNATTT n AL. 1979).

87 9E NM FDOE BETWEEN LAT 16' AND 4OOS 2,620-
(BOSTROM ET AL. 1969. TABLE 2). 4.990

N. gEDIMENLIOSED-I]EEOSIIS

EffiLY STAG OF OPWINO OF AI{ OCEAN BASIN

sLow-SPReADNO (ru ME < 2 CUry)

NOKOm LOCAIONS.

rmMBnTE- TO FAgT-gpmtNO (ff mE > 2 CUft)

88 SATON SEA OF IMPEML VAIEY. BilA. O
cuF. NEAR 33"30'N. 118oW I9KNNER n [.
1967r ELDEFIS 197€).

w. Bo$EMND AT 32"14,N. 1170&'W 1.800
{LONSDAE 1979).

AXAL TROUOH ALONG SNKE
OF q,Jt"F OF CAUF. SEAFL@B
SFREAONG MS.

SCtr OF NE SN CLEMEM
SIR(E.SUP FAULT ZONE.

SULFIDES DISSEM N WELL
SCALE AND FESERVON NOCKS
(ACIIVE).

SEDMEM IMCTI.

m[ SCAIET BN,
OGENM. @. CHAL@.
CI]E. 8]NOMEYEtrIE.
NANVE SILWR.

FESERVOIR FOCK€:
sP. ry. po, cP, gal.

m.
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TABLE 1. HYDROTHEB!'AT MNEML OCOJPfiENCES AT SESLOOF SFFEADNO CENIERS (NO. 1) ICONTNUED).

LOCANON
MJMBEF
{Ftc. 1l LOCAnONi

DEM
(M)

SEAFLOOR
SPMADNG
lff-MTE

{CMIY) STRJCTUFE TYF€ OF DEPOSN MINEMLOOY?

NOffiES AAJA. C0F. AT 31045'N.
r16o45'W (UDAL Er AL. 1979, 1981).

OUAYMAS BAgN IN OUF OF CM. AT
27618,N, 111o32.W (BISCHOF & HENyEv

1974; SOEmFlc Pmfl 1979i LO{Sru fl
AL. 1980i LONSOALE 1980i TGSnER &
OESGS. 1981i 9MONEn & LONSDM 1982:
LONSDruI a BEC(En 1985i MNI{NOTON
ET AL. 1986).

CffiEN. FAMION. PESCADENO BASINS
oF GULF OF CruF. 240-270N. 1900-111.W
iHEtN & YEH 1979).

MRANA MOUCH, MOUNDS WDFOTHEFM&
AREA NEm 18"05'N, 19o10'E {HEoAffi Fl
AL. 19€0; LEINEN & mESON 1981i
HOsm s [. 1983i LEINEN Fr AL.
1987j.

MffiNA ]ROUOH ND WEST MAfiAM NDOE.
vAFrous LocAroNs FRoM 12"-28oN (ErN
Fr [, 1987, TAELES 3. 11).

MNgNELD s]MN BAEN AT IHE ANTANOTC
PENIN9JLA NEm 6305. 60'w (6UESO 1!871
BMLtrT & glMONEr 1S87; SCHLOSSSF ET AL
1987).

&ONG AQUA BUNCA FAULT
ZONE.

VMOUS $TNNOS INCLUDING
*AL ZONE OF YOLCANIC
EXTRUSION. FATJLT SCSPS
N MNONI ZONE OF ACTIVE
MNgION. ANO N gOUNEil
TROUGH NES IMIEFSECNON
WTH ACUA BLNCA FAULT
ZONE.

AXru ZONE OF VOLCNTC
E,r(IFUSION ALONO UNEN
SEoMEMS OF A SIMING
AXrS.

ZONE OF NO'm FAULINO
OBUOUE TO R@E-PAFALLEL
ABYSSAL Hi.LS AAOUT 50 KM
WEST OF 9FFEAONO MS IN
BACX-ARC BASIN IN OLO
OCEAMC CNUST.

BACK-ARC MSN. SENOUNTS.
VOLCANIC IgLND MFQNS.

PSTIY SEO-FII.IID ACTM
BACK.ARC BASN W MO-
TNUDNO VOLCNIC RDOES.

ENCFUSTANON (ACTIVE).

OWR 120 ENCRUSTAT]ON
(SINIER) ND MASSIVE SUL-
ME MOIAOS SUMOUNTED
AY CHIMNEVS UP TO 30 M
HroH (ACM).

SEOIMEMT (REUCr) .

CONICAL TO HI,MMOCK SEO
MOUNDS 1-2 M HIGH COM-
POSED OF Mn OXIDE
ENCFUSTANONS AND
FEFFUOINOUS SED WTH
SMEC VENS IN P€LAOC
BROWN CLAY (ACM).

F*Mn ENCRUSTATIONS.
MNOOENEOTJS ND MRO.
THEM (ACIIVE AND
REUCT).

GNEEN-BLACK BIOGENIo @A
OnADINO MO TryOMTHEFS&TLY
AL]EmNEDMWSff i
(ACTTW).

F*RCH TALC. SMEC.
BAF, M. CP. FO.
rs@usANm. mFc. sP.
oa, AMoRm sucA.
CALCTTE. CUYS, (MS
SMEC) AND MS
cAnBoNs.

SMEC. CHLORnE, AMOFFI
srucA, @Lmc o1z. HEM
ROCre.

Mn-F6 OXDES ANO
HYDROXOES. SMEC.

6-Mnq. BIFN. TOD.

MRNE OnoANIC MATIER
ecRED TO BITUMEI'I:
NO INFOFMNON ON
MNENAF.

Al @MPOSmNUY
HOMOGENEOI,9 PO
HCH AOon€OAiEs
wTH M[,{On Cu-Fe
SttrFOE AND 3P.

B) POLWEIUC €uL-
FDE6 WTH N.NER
WAIL ASSEMBuOE
OF 9P, C!-Fs gul-
FIDE, PO. ASP,
LOI.IINOTIE, Bi
OUIER Wru ASSEM-
BLA@ oF sP, oAL,
TET, SMre,
ACNTHITE.

c) iln cFN.JsTs oN
sulms.

D) SULFIDE-BEMO
sED CONTANS < 5,0
PERCEMI NON.BIODE-
OPADED THENMOGEMC
HYDFooM@N.

3.0@

2,000

3.0

3.0
3,9@

ADVSCED AIAOE OF OPEMNO OF AN OCEAN BAAN

SLOW-APREADU{C (HAIF FATE < E CM/Y)

S6 ESCAI,IASA TFOUGH OF SoI','THER{ OONDA 3,2@-
nDoE NEAR 40o45'N. 127o30',W (SESCA) 3.3@
ND 410@'N, 1270S',W (NESOA) (CLAOTJE
Er AL. 1984i CLAOUE & HOLMES 1€87
MOnTON ET AL. 1988i HOTffES gT AL 1S87i
ZEnEmEnO ET AL. 1986: KOSKI &
KEWOLDEN 1986: KOSK C AEFW&
1987i MOSTON EIL 1987).

VOLCNIC CENTENS 3-8 ru MAgSNE SULFIDE ND SULFATE
IN OIAMETER HCH INTRTJDE (ACTIVEJ.
SEDMENT-FLL (< @ M
HO<I OF FIFT VAIEY ALONQ
SPFEADNO AXIS.

AOVAICEO STAOEO OF OPSINO OF N OC€AN WN

tfrenmEoure- to Flst spnmNc (uLF sG > 2 cMrY}

97 MIDELE VALI-EY. ENOEAVOF SEOMEM
NORreM JUS OE ru& ffi NE;
48"27,N. 128"37'W MLINOER & DAVS
1980r FMNKJN 1987i DA\4S EI AL. 1987.
TASCg 1. 2).

98 MOUNDS HrcROTHEBMAL FIELD NEAR
0.38'N. 86.07'W. 18 TO 32 tr 90UTH OF
AIS OF OALfAGOS SMNO CEMR
(COFLISS ET AL. 1976. 1977: $4.WS Fr
[ 1979r NATUNO EI AL. 1979: HOFFEm
ET AL.. 1980: HONNOE $ e.. 1981).

99 OCEAN BASIN ON WEST FUNK OF EM
BETWEEN LAT 15"N AND 1509 IGIMN &
gTreS 1979. mENOX. TABLE li D3DP
srTEs 42. 89-75. 77-82, 159-163).

2,M- 3.0
2,6@

A FAT PROPAOATNG M
FONMNO N ELONOAIE
TFOUOH PAAALLEL TO zuT
ABOUT 25 M EAST OF ]HE
ACTVE SFFESINO AXIS;
TMUOH IS FIIED M
NJNBDTES M HEMIFELAAC
SEO UP TO 1.7 W THICK wm
NOM&OUsLY HIOH HEAT
FLOW,

EOCK-FAUL]ED TOP@RAW
OF AWSSA HLTS.

MASSNE SULFIDES HOS]EO
IN SEDIMEM FORMING -7
MOTJNDSUPTO4OOM WDE
AND @ M HIOH EACH @N-
TSINO AT GAST AN EsT-
MATEDl XIdTONNESOF
MASSIVE SIJFDE.

A) FFSi-RCH ORSEN UYEnED
ENCRUSTAION ND SEDI-
MEM IN MOUNDS UP TO
10 M HOH (ACIM).

8) FeMn RlcH CONCETIoNS
N OreEN SEDIMEM
(ACTTW).

,sEDMEm tEUCt,

FO. ry, MAFC, SP. CF.
ISOCIJBNrrE. PO, BAR,
oAL lec, Nonftl
gruca.

3.0

BASN ON FNK OF OCEANIC
HDGE.

F$SFTTPE OF SMEC
{NOm).

F+Mn OXDE; MIilErus
NOT SEOFIED.

Fe-RCH SMEC, BAR
ftuF8m. 8-Mnq,
NOM TO F@BLY
XUE F*Mn HYDnOXDE.

3.000- 4.5-
6.000 9.0
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IABLE 1. HYOBOTHEFMAL MINEMT OCCURBENCES AT SEAFLOOF SPBEADING CEMES IFIG. 1I ICOMTNUEDI.

LOCATION
NUMBEB DEPTts

SEAFIOOR
SPREADING
HALF-ME

ICM 'Y) SMUCTUFE ryre oF oEPOST MINEULOGT

DSDP HOES S7 118'48.4'S. 129.48.2'w) .
AND 598 {19o00.3'S. 124340.6 W) ON nE
WEST FUNK OF THE EM (LEINN ET AL.
1986: LYLE 1986r LYU ET AL. 1987).

BAUEF DEEP ON EAST FUNK OF EM BEMEN
dT 10os-r5.s rsaYLES 8 BtscHoFF 1973.
TABLE 3i SCEMNC PAffi 1974: LYLE fr AL,
1977: HEATH & DYMOND ]977)

MEAN BASIN ON EAST FUNK OF EM
BEMEN UT 15OS AND 25OS 1HEATH &
DYMOND 1977J.

4 . 1 6 6
AND

3.699

J.300

SED COVETD ABYSAL HILLS EPIS'COIC INCREASES OF Mn
ABOUT 1OOO KM WES OF ACCUMULATION fuTE UP TO A
SMErcNG AXIS, FACTOB OF 20 IN PESOIC

MAFINE SED AT ABPUT 25.
18 .  14  AND I  X  10oY AOO

BASIN ON FLANK OF OCEANIC A] SEDIMEM IBELICT).
NDOE.

B) SEDIMEM IBELICI).

BASIN ON FUNK OF OCEANIC SEDIMENT iNELlcT).
RDGE.

coccomH cALcrE.
CUY. GOETH. Mn
ADSOMED ON
COLLOIDAL Fo.RCH
OXYHYDrcXIDE PAF-
nclEs.

SMEC. OOETH. TOD.

Fe.BICH SMEC. BAB.
fr[Llrelre. 6-MnO2.
QoflH.

Ar AND F€-FICH SMEC.
BAR. rurLLPSre. 6-MnO,

3.0@- s.0-
5.m0 9.0

woRLS OCEAN BAS|N rCUnre 1924:
TUNEKAN & WEOEPOHL 1961).

PACIFIC @EAN BASIN OEDEPOHL 1960:
TUREKIAN & IMBRIE 1966).

ATLAMIC OCEAN BASIN (TUREKAN & IMBHE
1966: EISCAYE 1965i.

1.000- 1-10
9.000

@EANIC FIDOES AND FLANKING MIO-OCEAN RIDGE BASALI CALCM. PLAG. CPX.
BASTNS. lMOFBl. OuVrNE. OmHOTROXENE

MEANlc NDGES AND FLANKNO AVEMGE PACIFIC PEUGIC CUY MINEMLOGY.
BASrNS. CUY.

OCEANIC RDOES AND FUNKNO AVEMGE ATUNTIC PEUGIC CdY MNEMLOGY.
8A6rNS. CUY.

1.0@-
r  1 .000

1 . @ -
9.000

'LOCAION ABBFEVIATTONS: MAF . MID-AUmC nDOEi EPB : EAST PACIFIC BISE: ODP - OCEAN DAUNO FnOcmMt DSDP : DEEP SEA DRILLING PnOGMM.

?MINEMLOGY ABBREVIATIONST AMOPH - AMOnmOUS: ANHY: NHnRTE: ASP. ABSENOTBre| BAR = BAFmi B: NATIVE BISMUTH: BrRN: RRNESm: BN - BOFNtrE:
CP " CHALCOTFnE| CPX. CLNOryBOXENE: COv - COVELLTE: OISSEM - DISSEMIMTO| FELD - FELDSPAF: OAL. GAUNAT GOnH = GOEntrE: OYPS - GYPSUM: HEM: HEMATTE:
M A G = M A G N E I T E : M A N G : M A N G A N m : M A R C : M A R C A S r E : M O M = M O M M O F I L L O N I T E : N O M " N O m O N T : P E M - P E M L A N O r E : U G : U G I O C U S E : P y - P y B l T E : p O :
PYRBHOTNEIQZ.QUABZ:SOD.HODOCROSNE|SID-SDEM:SMEC.SMECTrE:SP=SPHAGFreI T:ETMHEORE:TOD.TODOROKITE|XUNE:CBYSTALUNF

FEEFENCES FOR LOCAToN NUMBER 1: (DEGENS & ROSS 1969r BSCHoFF & MANHETM 1969: HENOFICKS ET AL. 1969. TABLES 6. 8i SrePHENS & wffiOP 1969i BACKER & SCHOELL
1972: OAFSON & KFS 1976: aloNEI ET AL. 1976: BUSSENBACH & NAWAB 1982: OUENNOC & THISSE 1982i MUSTAFA r AL. 1984. TABG 3t NAWAB 1983i BAC(ER 1983: PAUTOT ET AL.
1984: BUTUZOVA 1984: DUROA FBASADA mO n AL. 1984i ISHUnN 1992: *EUFER t9g3i SAFKAn 1985: SGTpCHENKO 1983. 1984r SVNOV ET AL. 1994. 1985: THISSE ET AL. t983i
vAGnE 1983: ZHABNA & SOKOLOV 1982i ZIERENBEBG & SHANKS i982. 1993. 1986: ZIERENBEFG i985: OUDTN 1981.

Ft.. | Axiol Zone of Volconic Extrusion
F- Morginol Zone of Aclive Extension
F3 Tronsform Foull

El f'1qg1u1el leng

f Topogrophic High

Q Topog.ophic Los
-t" Direclion of Seofloor Spreoding
Ftc. 2. Schematic plan view of first-order structural fea-

tures common to all seafloor spreading centers (not to
scale; Rona 1984). The linear segments of the spread-
ing axis betq/een offsets at transform faults and other
deviations from axial linearity (DEVALS) are typically
of the order of 10 km long at slow-spreading centers
and may be longer at intermediate- to fast-spreading
centers.

situated within 500 km of major river systems dis-
charging along the northwestern North American
coast, about 150 km is sediment-filled (Escanaba
Trough: location 96; Middle Valley: location 97;
Dellwood Knolls: location 40). Another important
site of sediment-hosted mineralization is the
Guaymas Basin of the Gulf of California (location
9l), where terrigenous sediments contain more cal-
cium carbonate and organic matter from biological
productivity in surface waters than sediments of the
Escanaba Trough and Middle Valley. Other oceanic
ridges that are situated farther from land have a con-
siderably smaller proportion of sediment fill,
althouglr turbidity currents can transport terrigenous
sediment hundreds of kilometers, as in the case of
sedimenl fill in fracture zones of tlte equatorial region
of the Mid-Atlantic Ridge (MAR).

Sediment-hosted deposits may also result from i)
off-axis hydrothermal activity on the flanks of
spreading axes, as in the Mounds Hydrothermal
Field 30 km south of the Galapagos Spreading
Center (location 98; Fehn 1986); ii) diagenetic
remobilization of hydrothermal and hydrogenous
components in sedimentary basins distal to spread-
ing axes, a process that contributes to the formation
of manganese nodules (Cronan 1980, Fleet 1983);
and iii) transport of hydrothermal components from
axial sources to distal sedimentary basins in gravita-
tional mass movements (cohesive masses or incohe-
sive density flows), or as particles by oceanic cur-
rents as hypothesized for metalliferous sediment of
the Bauer Deep several hundred km east ofthe EPR
axis (ocation l0l; Lonsdale lW6,Heath&Dymond
1977).
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TSC 2. G1EMBTFY OF MROfrEEMAL MINEML @CUMNCES AT SESL@R gruSNG CENTEFS OABLE 1; FIO. 1).

M3

jcoMPosmoN

LOCANON
T€G 1i
FIG. 1

WEIOHT ERCEM CONTENT M

f r b

1 0.2-0.8 21-30 0.03- 1-1000 0.003- 0.s-8.0 0.03- 2,1-
(AVG. IAVG. 13.4 0.1 (aYO. 2.0 5.5
0.43) 2g (AVO.4} 1.71

3A 0.001- 22-29 0.15- 70-200 0.013-
0.0r 0.30 0.014

38 < 0.006- 0,03- 3r-54 0.0@6- 0.01-
0.003 1.& 0,062S 6,2

4A 0.0008- 0.8- 34.2- 0.0118- 0.0018-
0.0110 6.4 42.5 0.187 0.0780

I 19.1- < 0.1 > 191 S 0.0002
24.2

< 0.@1 c. 30 < 0,2 > 160 < 0.@1

< 0.@1 < 1.0 0.02

0.@2- 0.1- 4.+ 0.0m- < 0.@1- 0.@2-
0.1 21.1 48.0 4.8 0.2 0.09

IAVO. (AVO. (AvG. (^vO. (AVO,
0.03) 9.84) 20.1) 0.0s) 0.03)

1 . 1 -  0 . 0 1 -  1 4 4 t 0
4.1 0.G

0.003- 2.3- 0.03- 3.2- 0.006-
0.02 10,5 0.7 360 0.03

s

6

0 . 1 -
1 . 1

0.1-
0.3

0.1-

{A: AVO.
1,0

lAvo.
0.13)

4.r
20.8

< 0.2-
4.1

6.4

21.8-
22.1

20.8
(gtr Avo

s.8)

0.0t 5-250 4-@0
3.0 lAvc. {Avo.

le) 345)

0-1.2

300

< 2-430

0.5 2-600 12-198 S-S0
(AVO. IAVO. {AvO.
2S5) 140) 48)

17-22 < 5-22

< ,17 < 5-20

1 _ 1 2

< 1 0  < 1 0

< 1 0  < 1 0

<0,2- < 6- 30-
27 3.300 2,M

{AVO, (AVO, (AVO.
s.7) 696) 728)

1 8 1 -
1,580

2-27 A-25

241 2-570

1.8- 50-90 2-3 < 100
4.0

1+26 50-
790

< 1 @  <  t @

< 1 0 0  < 1 0 0

0.8- 10-40 3-32 < 1@
18.4

3.0- 2@-490 3 <100

< 100 < 100

< 1 @  < t o o

< 1 @  < 1 @

< 100 < lcD

20 * 3.0- 0.17- 3.3-82
14.3 0.S

21A 0.@5- 20.8- 4.G 2-1O
0.01 40.6 11.5

21q 0.@6- 13.7- 1.1- 0.4-36
0,03 38.0 37.2

0.@1- 0.@6-
0.0@ 0.01

4.7-
16.1

< 123

2,7-
8,0

o.2-

o.2-

< 0.01 21-150 60-121

0.05

< 0.01 < 5-265 28-84

0.05 10-226 49-272

< 0.01 30 *

< 0 . 0 1  < 6

< 0,01 40-95

< 0.01 160-180

4,7-
u.2

23A 0.001- 0.01- 38-52 0,@2- < 0.01 0.08
0.01 0,11 0.@3

23C < 0.01 32,4 0.7 46.3 < 0.01 12.2

23D < 0.01 41.5 2.4 17.3 6.9

2* 26.0- 19,0- < 0.0r > 1,9@ < 0,01- 0.ol- < 0.01 16.5- 0.27-

23A 0.@- 18.9- < 0.0r > 1,€0 0.06- 1,09- a.2- 0.45-
2.74 36.2 0.11 4.45 52.1 3.66

42.8 28.5 0.04 6.25 35.8 1.22

23F O.g2- 16.3- < 0.005 > 3,280 0.04- A.8- 0.03 19.9 0.10-
0.17 3.06 1.3 21,4 47.8 10.18

230 0.7t o.7 < 0.01 > 70 < 0.01 0.01 22.2 0.09

23H 4:t.8- 1.8- < 0,01 < 180 < 0.01 0.08- < 0.@1 0.04- 0.08-
€8.3 24.4

0.001- 0.004- 8.7-
0.0r 0,08 18.8

0,10 l.r7 0.43

231 0.1- 3.3- < 0.01- < 33 0.01- 0,47- 0.001- O.20- 0.97-
0.8 4.9 0.15 0.02 6.65 0.07 2.& 7.58

/3J 0.08- r.G < 0.01 < 100 < 0.01- 0.06- < 0.001- 0.58- 38,&
0.r0 3,6 0.03 1.55 0.@2 1.90 41.O

28 > 0,1 LOW HOH 0.@7

33 5-50 3241 < 0.01 > 3.2m 1.8-

0.@- 12-38
o.o2

34 0.@t- 41-73 0.07- 164-
0.06 0.25 1.V2

35 ---  1.1-18 0.02- 0.2-
7.3 8@

3 8  -  < 2 8

39A 0.002- r5.3- 0.14-
0.@8 28.8 0.16

398 0.@5- 0.9- 22.O-
0.025 7.8 4,8

40 0.0006- 28.6- r.7- 13-18
0.002 31,8 2,1

0.@-
0.019

0 . 0 1 1 -
0.019

0.05 0.03 18.4 1,9

27-76 9G270

65-975

5-10 54-42

1,0-
7.8

1.6-
12.1
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TABLE 2. CHEMBnY OF HnROfrEnmL MNEru OCCUFFENCES aT SEAFLOOF SPnEAD|NG CEMES OsG 1i FlO. 1) ICOmNUED).

jcoMPosmoN

WEIGHT reRCEM (RANGE) CONTEM M (MNGE)L@ANON
TABE 1 |
nG. 1 Cu F€ F€/Mn fu 2n 8a S Au Cd

41A < 0.@1- 7.2- 0.1-
0.007 39.5 1,9

(Fero!)

418 < 0.0001- 2.&
0.004 24,7

(Fe2O3)

42 1.G 4.1-
29.3 24.1

(AVO. (AVO.
8,1) 10.8)

43 0.14 12.2

4 0.85-
3.06

tAve. (AvG (Avo.
0.03) 11.1) 2.0)

71D O.2- < 0.1-
9.6 3.4

73 0.002- 2.8- 0.1-
0.006 15.4 6,7

74 0.006- 29-33 0.8-
0.012 2.4

75 0,027- 4,7- 0.2-
0.170 23.3 9.5

< 0.0001- 0.003- < 0.01- 27,a-
0.0@8 0.013 0.10 52.8

< 0.@1- 0.0009- 0.07- 1.L
0.0@4 0.@5 0.19 25,3

1 . 1 -
1 3 . 1

<  0 . 1 -

0-640 0.07-
IAVG. 1.5
012) (AVG.

0.8)

17.5 0.02 130

0.3- 1-10 80-130

82.4- 4m- 2.t- 13-
280 720 8.7 1.200

(AVG. lAVg. (AVG. (AVG.
188) 679) 4.9) 493)

< 3-290 323 0,13 8J90

1.060
(AVG.
775)

1 1 0

0 0-100

17-52 113-
269

449 0.17 3-100 3

1.@ 3,@

a2-
1 . @

L12 180, 1040
6@

567- 3G50 50-90
815

3-5 20-30
3.0@

4.100 5.700

1t€6 58-

2-14

57.2

3.0

< 1-9 < 1-88

0.1- G34.3 7.9
o.1 IAVG.

(AVO. 9.0)
0 . 1 )

4.0 0.03 0.03

0.01- 0.43-
0.16 13.2

8.2- 1.3-
43,3 31.2
(AVO. tAvC
26.8) 19,2)

490 450

45 0.002- 21.6- 0,04- 2-U5 0.014_ 0.013_ 32_
0.@5 37.8 11,0 0.019 0.044 52.4

€ 0.07- 2.81- 0.10- 3.15- 0.05, 11.3_ 15.6_
0.78 8.53 0.63 8.2 34.2 27,6 39.4

{AVO. IAVO. (AVG. (AVG. (AVO. {AVO. {AVO,
0.43) 5,82) 0.36) 22.7J 8.70) 13.0) 28.6

49A < 0,0003- 8.G 0. 0.8_
0.32 s0.6 54.0

498 0.07 1,8 0.06 59.2
lAvO. IAVO, (AVq.
0.22) 0.2S) 34)

54 0.08- 21.1- 5.7- 3-5 0.05" O.l5- 4,3-
0.15 27,8 7.6 0.06 1.5 8.9

56A 0.& 7.6- 0.01- 127- 0.1- 33.8-
34.1 45.8 0.06 4.580 80.8 53.0

688 0.@3- 9.0- 0.35, 16-43 0.0043- 0.006- 19.t
0.018 15.0 0.62 o,@8 0.114 31.3

(sl)

58 0.&O.8 2,V 0.05- 32{1 A.2 7.8
0.8 48.6 0.32 (AVO.

tAvo. (Avo. (AVO. 32.3
0.8) r9.2) 0.3)

81 0.8 23.3 12.3 2.0 54.9

62 0.32 11.0 8.0 1,4 0.06 32,0

83 0.02- 2,1- O.+ 0,2- o.@3-
0.18 30.6 S.8 z 0.05

84A 2.8- 15.G 0.@2- o.o4- 31.3_
31.6 30.8 0.003 0.25 33.4

648 0.3- 1A.8- 0.09- 14.0- 34.2_
2.9 24.6 0.24 41,7 36.4

uc 0.8- 41.3- 0.01- 0.03- 45.4-
7,9 44.9 0,A 0.07 47.7

68 0.@9- 0.3, 25,2- 0.007- o.1o-
0.09 16.7 43.6 0.663 0 . 1 4

67 0.38 o.o2

68 0.0009- Low 47-58 0.@2- o.@-

lAvG,
280j

1 . $
3.4

{A}

0 -

o.L

8.4

158

0-8 0{5

79-186 184-

5-13 43-101

0.3- < 43 0.03- 43-1
2.1 (AVo. 1.0 1.433

(AVA. 38) 1AVG
4.1) .032)

0.486

0 . 1 - 1 . 8
1 . 8

lAvo.
t .4J

5@

400 5

718 0.32- 29.G 0.1- 48-485 0.01- O.O8_ 0.23-
1.45 48.5 0.6

(AVG. lAvG. (AVO
0.94 39.4) 0.2t

0  1 3  0 . @  0 . 7 6
1.8-  107-
3.7 m7

(Avo. (AvG.
2.gl 152)

8.7- 2-1O
9.1 (AVO.

lAvG. 5)
8.2)

< 0.20

71C 0.02- 8.4- 1.3-2.3 3.?- O.@4- O.O2_ 0.90,
0.05 16.1 2,3 i r .6 0.005 o.1o 0.98

49.9
(avc. IAVG. (AVG.
0.31) 0.38) 30.7)

47.9-
54.6

30-70
(avo.
46)

270
(AVe.
245)

480

s
176

120

18*
290

IAVG. IAVG. lavc. lAvO.
.ooqs) 0.04) 93) 51.3)

0.0€- < 0.50 73,2-
s6 96.3

0.4- 0.@1- 0.001- 0.7- 16.3-
1v 0.002 0.003 2,1 34.s

12_55 0.01G 12-18
0.015

0.5- 0.a22- 0.1 7-
117 0.105 1.40



HYDROTHERMAL MII.{ERALIZATION AT OCEANIC RIDGES

TMU 2. CHEMISR OF WDROTHEMA MEru C}oCUFFENCES AT SEfLOOR SPNEADINO CEffiRs OABLE 1 : FIG. 1 ) (@MNNUED) .

M5

'@MpoSmoN

LOCANON
TAB€ 1 i
Flo. 1

ERCEM (MNGE) COMMM (MNG]

Au Cd

78A

788

0.64-
38

43

6.000

3.7

0.$
70

0.5-73

0.02-
70

35

1 , +
4.9

0.051- 6.7- 0.6-
0.180 22.0 8.8

5.5 16.3

0.03- 5.9- 0.5-
0.17 21.4 9.1

0.2-20 35.8 0.008
(AVo.
8.8)

0,14G 26.3- 9.1-
0.170 33.5 11.7

0.008- 1.0- 0.2-
0,037 14.0 2.0

0.019- 6.0. 0.6-
0.120 4.0 s.24

0.03- 0.1-
7.0 2.0

0.05- 3.8- 0.5-
35 17.6 82

< 0.01- 0.30-
o.M 12.8
lAvg. lavo.
0.2J s.9)

0.@2- 0.1- 4.4-
0.01 21.1 48.0

lAvo. (AvG. tAvo.
0.03) 9.84i 20.1t

4.27- 25.1- 0.07-
0.58 47.1 o.m
(4V0. (AVO. (AVO.
0.42) 381) 0.12)

0.@14 21.9 0.1

0.@4 1.3 33.0

0,@2- 0.01- 0.02-
0.149 17.4 4.4

2.4- 0.30-
18.2 4.48

41.3

0.016-
0.051

0.2-35
lAvg,
9 . 1 )

0.056- 0.32-
0.067 0.83

0.009- < 0.01-
0.030 0.14

0.011- 0.018-
0.062 0.305

9-38 1,5-18

25.0 4,6

16.3-
1 5 . 1

2.72-
8 1 . 0

lAVO.
.4)

32,5

45.5

8.0

13-S

4.5-
21,1

8 . 1 -
22.8

2@ 1.28

1,400 62

517-

12-83 lF
3 1 0

32- 45-
100 850

8,0@ 1,3@

141

22.O

3.8-
20.0

r4.3

988

96C

0.002- < 0.001- 0.@2- 0.02-1.0
4.8 0.2 0.09 1.0

(Avo. (Avo. (AVo.
0.05) 0.03) 13)

< 7 . 6  < 4 3

< 4 . 0  <  1 7

146- 0.02- 2,+ 0.13-
673 0.1 6.0 3.10

(AvQ. (AVO. (AVS.
0.06) 3.s8) 1.48)

216 0.004

0.2197 0.013

87,0 0.172

0,4-61 0.06-
o.*

0.0t 0- -
6.0 1.45

< 0.01- < 0.01- < 0.01- 0.94-
2.31 3.78 43.8 12.6
(AVG. (AVg. (Avg.
0.4) 1.0) 14.9)

0.068 2.A

0.038- \.42-
o.o44 2.32

0.027- 1.34-
0.083 2.25

0.2- 0.1-
.a 7.9

{gli avo. lAi AvO.
9.6) 3.3)

3.90- 0-
20.6 3.53

{AVO. {AVQ.
11.2) 0.87)

50.8 0.1

0.7 0.2

0.7- 0.07-
43.1 9.8

0.5- 0.1-
13.1 4.3
(s0 (A)

1 8 - 2 8 '  1 4

0.5- 24-110 0.093-
20€ 0.270

{AVO. IAVO.
@) o.2)

< 2 -
430

{AVO,
132)

< 700 < 27.000

<  3 9 0  3 2

1.1- 134- 0.118-
7.5 410 0.153

(AVO. (AVO. (AVO.
4.8) 232) 0.14)

< 0.2- < 5- 30-
27 3,@ 2,4@

(AVO. (AVG, (AVA.
5,7t a.lJ 724)
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Type of deposit and tectonic setting

Both volcanic- and sediment-hosted deposits may
occur in the tectonic settings of early and advanced
stages of opening of an ocean basin (Table l). The
entire spectrum of hydrothermal mineral phases and
deposit morphologies is present in each tectonic ser-
ting, excluding the slow-spreading sediment-hosted

case. This includes stratiform, stockwork and dis-
seminated sulfides as the high-temperature end mem-
bers, and stratiform layered sulfates, silicates, car-
bonates, oxides, and hydroxides as the
low-temperature end members (Table l). Use of the
term "massive" refers to mineralization of at least
6090 sulfide and carries no textural connotation
(Sangster & Scott 1976).
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OCEAN DOMAIN

EFFECT" SUPPLY - REMOVAL
CJ, MASS FLOW RATE

Frc. 3. Diagrammatic representation of the components
ofa subseafloor hydrothermal convection system involv-
ing the downwelling of cold, dense, alkaline seawater
through permeable oceanic crust, heating by flow in
proximity to magmatic heat sources, upwelling of hot,
tlermally orpanded seawater and reaction with minerals
under ambient pressure (P), temperature (f) and com-
position (C) fields to evolve acid, metal-rich hydrother-
mal solutions that interact with volcanic rocks along
flow paths and discharge into the ocean.

HyonorrrsRMAl- MINERALIZATION PROCESSES
AT SEAFLOOR SPREADING CSNTSRS

Intensity of hydrothermal activity
At and adjacent to seafloor spreading centers, sub-

seafloor hydrothermal convection systems which cir-
culate seawater through permeable volcanic rocks
and sediments display a spectrum in terms of inten-
sity, size, and depth of circulation (Fig. 3). Low-
intensity hydrothermal activity that is nearly ubi-
quitous is distinct from the high-intensity activify that
is extremely locaJized and plays a major role in ore-
forming systems (Rona 1984). Low-intensity
hydrothermal activity is characterized by discharge
temperatures 9200"C, low- to intermediate-
temperature gradients, relatively slow flow rates,
generally high water,/rock mass ratios, and the
production of zeolite metamorphic facies. High-
intensity hydrothermal activity is characterized by
discharge temperatures between 200 and -400oC,
high thermal gradients, relatively fast flow rates,
generally lower lvaterlrock mass ratios, and the
production of greenschist metamorphic facies.

Both the low- and high-intensity components of
hydrothermal activity contribute to estimates of
gtobal heat transfer (4.V6.4 x 10te cally) and mass
flow of seawater (1.3-9 x l0t7 g/y) attributed to
hydrothermal convection at seafloor spreading
centers (Table 3; Wolery & Sleep 1976, Williams &
Von Herzen 1974). These global values account for
about 2090 of the Earth's total heat loss and 0.4-
2,5t/o of global river discharge (Table 3). Less cer-

TABLE 3. HEAT AND MASS TFANSFER ESIIMATES ELATED TO IHE FOM.IAIION OF A MASSTVE SULFIDE DEPOSIT.
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tain are the relative contributions of high-intensity
hydrothermal activity associated with the axial zone
and low-intensity off-axis hydrothermal activity.
Computation of chemical fluxes attributes the major
portion of convective heat flux to high-intensity
activity in the axial zone @drnond et al. 1979a).
Thermal modelling suggests that the axial zone
accounts for only l0 to 20t/o of the convective heat
flux, requiring extensive low-intensity circulation off-
axis (Morton & Sleep 1985). Low-intensity
hydrothermal activity extends to 400-700 km (cor-
responding to crustal ages of 40-70 x 106 y) from
the axis of the slow-spreading MAR and Carlsberg
Ridge, and 100-500 km (z$-15 x 106 y) from the
axis of the intermediate- to fast-spreading Juan de
Fuca Ridge and EPR (Anderson 1972, Anderson el
al. 1977, Morton & Sleep 1985). Active volcanic
ceuters may occur more than 100 km from a spread-
ing center, as observed at the subaerial Gregory Rift
in East Africa (Bosworth 1987), which could gener-
ate localized off-axis high-intensity hydrothermal
activity. However, it is the high-intensity activity at
or near spreading axes in concert with other physi-
cal and chemical factors that focus the flow and con-
centrate the precipitates which play the predominant
role in ore-forming subseafloor hydrothermal con-
vection systems (Franklin et al. 1981, Rona 1984,
scofi 1987).

O re-fo rming hydro t he r ma I sy ste ms

Heat and mass transfer in individual high-intensity
ore-forming systems may be considered with refer-
ence to convective heat flux (0.5-2.3 x 106 W) and
mass flow rates (1.6-4.5 x l0r0 g,/y) measured in
individual black smokers at the 2l.N EPR
hydrothermal field (Table 3; Converse et al. 1984).
These heat-flux values are similar to a range of values
(0.9-4.6 x 106 W) calculated from measuremenrs
above a small cluster of black-smoker vents near
I I "N, EPR (Little et al. 1987). Formation of a typi-
cal Cyprus massive sulfide deposit (3-5 x 106
tonnes) would require a convective heat flux and
mass flow equivalent to 2 to 9 black smokers for a
period of 105 y (Iable 3) using values from Spooner
& Fyfe (1973) and Spooner (1977). A massive sul-
fide deposit of this size would require the heat flux
and mass flow equivalent to l-5 x lG black
smokers for 4 x 103 y, or 10-40 black smokers for
4 x lU y based on models of Cann et ql. (1985/8A
and Lowell & Rona (1985), respectively.

Modelling of heat extraction from permeable rocks
of the oceanic crust by a hydrothermal convection
cell indicates that a magmatic source is required to
supply the heat in a hydrothermal system that gener-
ates massive sulfide deposits of >3 x 106 tonnes
(Lowell & Rona 1985). The size of the magma cham-
ber required to supply the heat for such a deposit
varies, depending in different models on whether the

M7

Iatent heat of crystallization is extracted from a sin-
gle batch of magma (30-78 km3; Table 3), or from
a replenishing magma chamber (2 km3). Assuming
that the metals in a massive sulfide deposit are
leached from volcanic rocks, the volume of rock
required as a metal source (0.2-5 km3; Table 3) for
a typical deposit of 5 x 106 tonnes is considerably
less than the volume of magma required to supply
the heat to drive the convection for that deposit, as
pointed out by Cathles (1983). With reference to
water,/rock mass ratios, a simplified "rule of thumb"
presented by Elder (1977) and evaluated by Cathles
(1981) states that the total mass of hydrothermally
circulated fluid is approximately equal to the mass
of the heat source.

Hydrothermal sources

Early studies of hydrothermal effluents at oceanic
ridges considered that high-temperature reactions
between seawater and homogeneous basaltic rocks
should produce a uniform solution chemistry at
different sites @dmond et ql. l979a,b). Subsequent
investigations revealed significant differences in
chemical and physical properties of hydrothermal
sources at oceanic ridges @dmonld et al. 1987, Von
Damm 1988). A spectrum of hydrothermal sources
with different characteristics is emerging from inves-
tigations of oceanic ridges, as follows: i) seawater-
rock chemical interactions may involve ultramafic
(serpentinized peridotites of oceanic lower crust and
upper mantle; Rona et ol. 1987) as well as mafic
(basalt, gabbro) rocks of oceanic lilhosphere at a
range of metamorphic grades (zeolite to amphibo-
Iite) to produce variations in solution chemistry
(Hajash & Chandler I 98 l, Janecky & Seyfried 1986,
Bowers et al. 1988): ii) solution properties exhibit
large variations in the temperature field (<400"C
in the discharge zone and considerably higher in the
heat-transfer zone) and pressure field of hydrother-
mal reactions, including phase separation (Bischoff
& Rosenbauer 1985, 1986); iii) seafloor hydrother-
mal discharge exhibits a wide variation of behavior
including diffuse discharge through permeable areas
ofthe seafloor, discrete discharge byjet and plume
flow from individual vents (Turner & Gustafson
1978), and cataclysmic venting of voluminous solu-
tions in -3 days equivalent to the annual heat and
mass output of between 2@ and 2,@0 black smokers
(Baker et al. 1987). The seafloor cataclysmic vent-
ing may be analogous to rapid release ofgasses from
fractured lava domes that may grow on subaerial vol-
canos caused by depressurization of a hydrothermal
system or a magma body (Kieffer 1981, Eichelberger
& Hayes 1981) as recently observed at Mount St.
Helens (Newhall & Melson 1983, Gerlach &
Casadevall 1986), with differences in venting fluids
Qiquid verszs gas), shape of the area of inflation
(elongate shape parallel to a spreading axis versus

HYDROTHERMAL MINERALIZATION AT OCEANIC RIDGES
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Tablg 4. I1ME SCALE OF EVENTS AND PFOCESSES AT OCEANIC RIDGE CRESTS
(MODIFIED FROM OELANEY ET AL. 1981.

ing segments. Processes involving mass flow, heat
exchange, and chemical kinetics and equilibria dur-
ing interaction between circulating solutions and
oceanic crust are of much shorter duration (10 y to
a few seconds).

The physical and chemical conditions which favor
the existence of ore-forming hydrothermal systems
(Frg. 3) include: i) a magmatic heat source and
related thermal gradients sufficient to vigorously
drive the convection (Table 3); ii) a distribution of
porous medium and. fracture permeability in the
oceanic crust such that permeabilities are high
enough in the downwelling zone to sustain fluid sup-
ply, Iow enough in the heat-exchange zone to miln-
tain high fluid temperature (< l0-13 m1, and suffi-
ciently high and constrarned in the upwelling zone
to channel the flow and focus the discharge (10-tz
to lO-s cm2; 0.1 millidarcies to 1000 darcies)
depending on the circulation models (e.g., Ribando
et ql. LW6, Fehn & Cathles 1979, Lister 1983, Lowell
& Rona 1985); iii) chemical gradients of Eh, pH'
dissolved-metal and chlorinity-salinity concentra-
tions, and otler factors that act within different parts
of the hydrothermal system to enhance fluid-mineral
reactions, metal transport and precipitation; iv) pres-
sure and temperature gradients that control the crit-
ical point for fluid-phase separation from a liquid
to a cooler, more saline (due to partitioning of NaCl
into the liquid) residual liquid phase depleted in HrS
and an aqueous vapor phase (Delaney & Cosens
1982, Bischoff & Pitzer 1985); v) timing of cyclic plu-
tonic and tectonic events to create sufficient mag-
matic heat and favorable permeability distribution.
Higfr-intensi8 ore-forming hydrothermal systems at
specific sites are considered most likely to develop
during the early tectonic stage when crustal exten-
sion exceeds volcanism, and during the latemagmatic
stage when volcanism exceeds extension (Fig. 4: Kap-
pel & Ryan 1986, Biicker & Lange 1987, Eberhart
et al. L988). Periodic repetition of geologic events
that rejuvenate hydrothermal systems may superim-
pose the products of multiple ore-forming episodes
at particular sites to produce large deposits. Super-
gene alteration of primary sulfides may result in
secondary enrichments of certain metals, as first
found for gold and copper in recent submarine sul-
fides in the massive sulfide mound at the TAG
Hydrothermal Field in the rift valley of the Mid-
Atlantic Ridge (Tables l, 2, location 23; Figs. 1,5;
Hannington et al. 1988).

Slow- and intermediate- lo fast-spreoding centers

Similarities and differences in the plutonic and tec-
tonic characteristics of slow- (spreading half-rate
<2 cm/y) and intermediate- to fast-spreading (half-
rate >2 cmly) oceanic ridges (Table 5) can be sum-
marized as follows: i) axial zones of volcanic extru-
sion and marginal zones of active extension are struc-
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domed-shaped on land), and setting (axial zone of
volcanic extrusion versas volcano). The effect of
seafloor cataclysmic venting on mineralization is
unknown.

Time scole of hydrothermal processes and geologic
events

On long time scales (106-107 y; Table 4) global
reorganizations of plate motion involving changes
in type and lengfh ofplate boundaries, and rate and
direction of plate motion, are conducive to an
increase in intensity of hydrothermal activity and a
redistribution of hydrothermal discharge sites related
to an increase in volcanic and tectonic activity. This
association is evident from changes in the distribu-
tion of hydrothermal mineral deposits known on
land, and an increase in the proportion of metallifer-
ous components in the marine stratigraphic record
during the global Eocene plate reorganization (Rona
& Richardson 1978, Rona 1980, Owen & Rea 1985,
Lyle et al. 1986; Tables l, 2, location l@). The
hydrothermal activity is energized by igneous intru-
sions and related volcanic eruptions, which occur in
cycles of different periodicities at slow- (103-1f y;
Table 4) and intermediate- to fast-spreading oceanic
ridges (1G-103 y), and is favored by tectonism
which creates permeability by shear and rigid-plate
deformation @ngeln et al. 1988). The duration of
seafloor hydrothermal fields may range to ) 106 y,
and is related to persistence of magma supply and
favorable tectonic conditions at individual spread-



tural features common to all spreading centers;
however, vertical relief of marginal above-axial zones
generally increases from 0 to 3 km to form a well-
defined rifl valley with decreasing spreading rate; an
exception is the slow-spreading Reykjanes Ridge
south of Iceland which lacks a rift valley (Talwani
et al. l97l); ii) depth below sea level gdnerally is
greater for slow- than fast-spreading ridges as a con-
sequence of the age-depth relation of oceanic crust
(Sclater & Francheteau 1970); however, deviations
from this relation exi$t at mantle plume-generated
areas such as at Iceland and the Azores, and at other
anomalous. regions; iii) transform faults, overlapping
spreading centers, and deviations from axial linear-
ity @EVALS) are structural features that may occur
along all spreading axes; however, differencer may
exist in the types and spacing of structural discon-
tinuities; iv) magma chambers are transient features
courmon to all spreading segments but they exhibit
systematic differences apparently related to spread-
ing rate (e.9., depth beneath seafloor to the top of
a chamber may be inversely proportional to spread-
ing rate, and length and width of the chamber may
be directly proportional to spreading rate); v) the
major-element chemistry of mid-ocean ridge basahs
is similar at all spreading rates; however, difference.s
which exist in the proportions of certain elements and
minerals are possibly related to spreading rate
through differences in fractionation regimes.
Although the degree of chemical divenity of magmas
apparently varies inversely with spreading rate, such
diversity may be partly an artifact of sampling: for
example, the compositional diversity at a closely sam-
pled segment of the fast-spreading EPR is similar to
that of the slow-spreading MAR (Langmuir et al,
1986); and vi) the periodicity of magmatic intrusive
and related volcanic eruptive cycles appears directly
proportional to spreading rate (Tables 4, 5).

Hydrothermal mineralization processes exhibit the
following characteristics at slow- and intermediate-
to fast-spreading centers (Table 5): i) high-
temperature hydrothermal end-member solutions ar
all ridges exhibit similar temperatures (-350.C) and
major-element compositions, but differences exist
with reference to minor elements and certain isotopes
@dmond et al. 1986, Klinkhammer et al. 19g6); ii)
the convective heat flux (Rona & Speer 1987 and in
prep.) and mass flux @dmond et ql, 1986') from
individual vents and fields of vents seem to be simi-
lar; iii) the total convective heat and mass flux related
to hydrothermal activity at a ridge segment is
expected be directly proportional to the rate that heat
is supplied by generation of lithosphere and, in turn,
to spreading rate; however, insufficient information
exists to compare the total hydrothermal heat and
mass fluxes of slow- and of intermediate- to fast-
spreading oceanic ridges; iv) the estimated hydrother-
mally convected heat per unit area of slow- (15.1 x
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Frc. 4. Diagrammatic cross-sections perpendicular to a
spreading axis showing relations between developmen-
tal stages of a seafloor spreading center and hydrother-
mal activity. Geologic conditions conducive to high-
intensity hydrothermal activity are inferred to occur at
an early tectonic stage when the rate ofextension exceeds
magma supply, which creates a favorable distribution
of permeability and heat. Favorable conditions also pre-
vail at a late-magmatic stage when magma supply
exceeds extension. Discrete (smokers) and diffuse (seeps)
components of hydrothermal discharge are shown.

lOE callcm2) and intermediate- to fast-spreading
(11.5 x 108 caVcrP) oceanic ridges is similar
(Wolery & Sleep 1976); however, the temperature
dependency of chemical reactions in ore-forming
processes is related to local highs rather than regional
averages of convective heat flux; v) preliminary sur-
veys suggest that sites of high-temperature hydrother-
mal activity exist at spacings ofthe order of 10 km
at both slow- and intermediate- to fast-spreading
oceanic ridees (H6kinian et al. 1983, Rona 1984,
Klinkhammer et al. 1985); known distributions at
slow-spreading centers are the presence of 17 active
hydrothermal systems with an average spacing of
15 km along the neovolcanic rift zone of Iceland
(Palmason 1967, Palmason & Saemundsson 1974),

HYDROTHERMAL MINERALIZATION AT OCEANIC RIDGES
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MASSIVE ORE

STRINGER ORE

CYPRUS - TYPE NORANDA-TYPE

MASSIVE
SULFIDE

FEEDER ZONE
(NO DATA)

Frc. 5. Cross-sections showing the shapes of undeformed Cyprus-type and Noranda-
type (Sangster & Scott 19?6) massive sulfide deposits and the massive sulfide mound
at the TAG Hydrothermal Field in the rift valley of the MAR (Table I ' Iocation
23; Rona et al.1986).
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and at least 14 active systems with an average spac-
ing of 64 km along the 900 km axial zone of the
northern Red Sea @iicker & Schoell 1972); however,
fewer hydrothermal deposits seem io occur per unit
length of slow- than intermediate- to fast-spreading
centers based on available data @onaet al. 1982 a,b,
Rona 1985b, 1987); vi) the size of individual
hydrothermal fields and of mineral deposits is largely
independent of spreading rate and dependent on
extremely localized physical and chemical conditions
that can occur at any spreading rate; however, larger
hydrothermal fields and deposits seem to form at
slow-spreading centers (Rona 1984, 1985b, 1987);
conditions that favor the formation of larger deposits
at slow-spreading centers include up to a factor of
l0 longer residence time of a parcel of oceanic crust
near heat sources beneath the rift valley to superim-
pose the products of multiple ore-forming cycles
energized by multiple magmatic intrusive cycles; vii)
a spectrum of hydrothermal mineral-deposit varie-
ties (stratiform, stockwork, and disseminated sul-
fides; various forms of sulfates, calbonates, silicates,
oxides, and hydroxides) occurs at all spreading rates.

It is increasingly evident that spreading rate is only
indirectly related to physical and chemical charac-
teristics and behavior of the oceanic lithosphere. The
formation of a well-defined rift valley may be con-
trolled by the relative rates of magma supply uersas
crustal extension (Deffayes 1970), which may be
partly independent of spreading rate. Observed rela-
tions among oceanic ridge depth, basalt chemistry,
and oceanic cnrstal thickness may result from tem-
perature variations in the mantle which control its
degree of partial melting as it ascends beneath
spreading ridges (Klein & Langmuir 1987); rhis
process is largely independent of spreading rate. Iso-
topic and trace-element data for oceanic crust indi-
cate the existence of distinct geochemical provinces
in the Atlantic, Pacific and Indian oceans (Dupre &
Allegre 1983, Hart 1984, Hamelin & Allegre 1985,
Wlile et al. 1987, Ito et al, 1987, Dosso et a/. 1988)
that are apparently unrelated to spreading rate. Since
hydrothermal activity and associated mineral
deposits are directly related to thermal and structural
conditions at spreading centers which, in turn, are
only indirectly related to spreading rate, relations
between hydrothermal activity and spreading rate are
not clear-cut (Table 5).

RELATIoNS oF RECENT MTNERAI- DEPosITs
AT SEAFLoOR SpnsADINc CsNTsns ro ANcIBNT

.,ANALocs,

Shape of deposits and fluid dynomics
An analogy has frequently been made in the liter-

ature between volcanic-hosted massive sulfide
deposits at modern spreading centers and Cyprus-
type massive sulfides. The mineralogy, texture
(Oudin & Constantinou 1984) and widlh/heighf

ratios of both types of deposits are comparable.
However, two overall differences exist. In addition
to the likelihood that the Cyprus ophiolite may have
formed in a volcanic island arc rather than in an
oceanic ridge setting (Miyashiro 1973, Robinson er
ol. 1983, Moores et al. 1984), a distinct difference
in shape exists between Cyprus deposits and those
at spreading centers. A characteristic shape of the
massive ore portion of Cyprus deposits is concave-
up at the bottom and nearly planar at the top (Fig. 5;
Searle 1972, Constantinou & Govett 1972, Constan-
tinou 1973). In contrast, most massive sulfide
deposits at seafloor spreading centers are mound-
shaped with a convex-up top, like the well-developed
mound at the TAG Hydrothermal Field on the MAR
(Fig. 5; Table l, location 23). An exception is the
Atlantis II Deep metalliferous sediment deposit
which is concave-up at the bottom and nearly pla-
nar at the top, but has a width/thickness ratio
(-1000) much greater than the Cyprus deposits
( - l0).

Modern hydrothermal solutions venting from sites
of massive sulfide deposition at oceanic ridges in the
Pacific and Atlantic oceans generally are less dense
than the surrounding seawater, and rise as buoyant
plumes to a neutrally-buoyant equilibrium level typi-
cally about 3@ m above the high-temperature vents
(Lupton et al. 1985, Baker & Massoth 1987, Rona
& Speer 1987); the equilibrium level is related to the
thermal output and the buoyancy flux of the vent-
ing hydrothermal solutions (Morton et ol. 1956),ln
the Atlantis II Deep, hydrothermal solutions vent-
ing from basaltic basement are denser tlan surround-
ing seawater, and have salinities up to ten times those
of normal seawater (Table O as a result of dissolu-
tion of evaporite beds containing halite. The
increased densities more than compensate for ther-
mal expansion, and the venting solutions become
density-stratified within the basin.

In the Pacific and Atlantic oceans, salinities of
high-temperature hydrothermal solutions are gener-
ally close to that of surrounding seawater (35-4ry/N).
However, fluid inclusions in quartz veins in gabbro
sampled from the Mathematician Ridge, a failed
spreading center near the EPR, reveal early-stage
solutions of extremely high salinity (370-6250/si and
temperature (409 to >635"C) and later stage solu-
tions of lower salinity Q0-70o/a; and temperature
(150-350'C) Clable 6; Stakes & Vanko 1986, Vanko
1988). Fluid inclusions in quartz veins on the wall
of the rift valley of the MAR (Table l, location 26)
exhibit an increase in salinity with depth in the crustal
section. Values are up to 3 times that of present sea-
water in basalt altered to greenstone, and up to 13
times in underlying gabbro (Table 6; Delaney et ol.
1987, Kelley & Delaney 1987).

Systematic studies of the Troodos ophiolite of
Cyprus also reveal an increase in the salinity of fluid
inclusions in quartz veins with depth in the volcanic
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and plutonic section. In the massive and stringer ore
hosted in pillow lavas, salinities are close to that of
present seawater (Table 5; Spooner &Bray 1977):
values up to twice that of present seawater occur in
diabase sheeted dykes hydrothermally altered to
epidosite beneath the massive orebodies (Table 5;
Richardson el al. L987). Plagiogranites of the Upper
Plutonic Complex (Cowan & Cann 1988), and altered
gabbros at least 15 km from the nearest massive sul-
fide deposit, in the hydrothermal recharge zone of
the Troodos convection sy$tem (Vibetti et al. 1985
and in press), record salinities up to 18 times the
present seawater values.

The range of salinity,/temperature relations meas-
ured in modern and ancient mineralizing hydrother-
mal systems indicates that values may evolve both
in space and time (Table 6). Higher salinities and

temperatures are encountered deeper in the oceanic
crust. Multiple populations of salinity/temperature
relations are present in fluids in the same rocks, and
generally represent a progressive decrease in salin-
ity and temperature with time. Several processes
could increase the salinity of circulating hydrother-
mal solutions above that of surrounding seawater,
which may be difficult lo differentiate: i) dissolution
of, or fluid injection from, evaporites which may be
present early in the opening of an ocean basin, as
in the case of the Red Sea deeps; ii) formation of
hydrous mineral assemblages, in oceanic crust, under
greenschist to lower amphibolite facies may increase
the salinity of residual seawater by a factor of two
(Cathles 1983, Kelley & Delaney 1987); iii) membrane
ieparation by serpentinization reactions (Macdonald
& Fyfe l9S5); i9 reduction of salinity by transient
retention of chloride and certain cations along the
flow path of the hydrothermal fluid during initial
alteration, followed by increase of salinity through
retrograde alteration or dissolution of phases rich
in these components (Rucklidge & Patterson 1977,
Ito & Anderson 1983, Vanko 1986, Seyfried el a/.
1986, Delaney et al. 1987); v) mixing of a seawater-
derived vent fluid with saline magmatic fluid
(Sawkins & Kowalik 1981, Bryndzia et al. 1983,
Michard et al. 1984)i and vi) two-phase separation
of a seawater-derived aqueous fluid that would con-
centrate salts in the denser phase (Delaney & Cosens
1982, Bischoff& Rosenbauer 1984, Hedenquist 1984,
Kelley & Delaney 1987).

A fluid-dynamics model for the formation of mas-
sive sulfide deposits by density stratification of hot
saline fluid venting into a submarine depression frorn
below is shown in Figure 6 (Sato 1972, McDougall
1984a). The m6del requires that the venting
hydrothermal solution is initially more saline(denser)
than the surrounding seawater until the fluid inter-
face in the depression rises past the level of a sill.
Once fluid has ponded in the depression, further
hydrothermal solutions which discharge require
salinities only slightly greater than that of surround-
ing seawater to maintain the pond. This results from
the larger rate of molecular diffusion of heat
(buoyanc$ relative to that of salt across the double-
diffusive interface th.it forms at the level of the sill
(Turner & Gustafson 1978). For example, a salinity
only 7o/se (0. I M NaCl) higher than surrounding sea-
wafer at 35700 (0.5 MNaCI), suffices to maintain the
pond for a hydrothermal solution venting at 300"C
(the hydrothermal solution would have to be
3.5 M NaCl to be as dense as seawater at 300'C).
The double-diffusive buoyancy flux acts to increase
the density of the ponded fluid and maintain the
pond. Infilling in excess of the capacity of the pond
will result in flow of the ponded fluid over the sill
and downslope until it collects in a lower topographic
depression or is dispersed (Fie. 6; McDougall 1984b).

these considerations support the inference that the
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striking difference in shape of volcanic-hosted,
mound-shaped massive sulfide deposits at modern
seafloor spreading centers and bowl-shaped Cyprus
massive sulfide deposits is related to differences in
the fluid dynamics of their accumulation (Fig. 5).
The mound shape of modern massive sulfide
deposits, such as the TAG mound (Table l, location
23), results from construction by buoyantly venting
hydrothermal solutions with some component of
precipitation within and beneath the mound (Camp-
bell et al. 1984, H6kinian & Fouquet 1985). The
bowl-shaped profile of Cyprus deposits is inferred
to be the product of accumulation from ponded
hydrothermal solutions that were initially more saline
than surrounding seawater, but may have evolved
to salinities close to that of surrounding seawater
while remaining ponded. This model would be con-
sistent with the salinities close to present seawater
measured in fluid inclusions in the massive and
stringer portions of certain Cyprus deposits (Table
6; Spooner & Bray 1977). Although the Altlantis II
Deep deposit of the Red Sea is forming from dense,
ponded brines, it lacks many of the characteristics
of the Cyprus massive orebodies, indicating it is not
a modern analog of these deposits.

Perspective: size, type andfrequency ofoncient mos-
sive sulfide deposits

How does the emerging knowledge of hydrother-
mal mineralization at seafloor spreading centers
relate to hydrothermal mineral deposits in the geo-
logic record? A perspective may be gained from the
compilation of grade, tonnage, mineralogy, ore tlpe,
host rock, and geologic age for all those massive sul-
fide deposits associated with volcanic rocks (either
volcanic-hosted or sediment-hosted) for which such
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information is available (508 deposits; Mosier et ql.

1983). The data set is influenced by the area of ter-
restrial exposure of bedrock type and age, the incom-
pleteness of the geologic record, accessibility to
exploration, and practical factors in development of
the various deposits.

The frequency of occurence of the massive sulfides
represented in the compilation (Fig. 7;Mosier et al.
1983) ranges between 0.07 and 1.4 deposits per
106 y, with a bias to the Phanerozoic era (0,2-1.4
deposits per 106 y) relative to the Proterozoic and
Archean eras (0.06-0.07 deposits per 106 y) for rea-
sons stated. An increase in frequency of massive sul-
fide deposits seems to be associated with intervals
of global plate reorganization (e.9., Eocene epoch
and Ordovician period in Fig. 7), when increased
seafloor volcanism and tectonism create heat sources
and permeability favorable for high-intensity
hydrothermal activity (see Table 4, and also the sec-
tion on Time scale of hydrothermal processes and
geologic events).

Basalt-hosted massive sulfide deposits that may
have formed at spreading centers constitute l7tlo of
the deposits in the compilation (Fig. 8; Mosier e/ a/.
1983) and range in size up to 30 x 106 tonnes
(Madenkoy deposit, Cretaceous of Turkey).
Sediment-hosted massive sulfide deposits associated
with volcanic rocks of various compositions consti-
tute only 990 of the deposits, and range in size up
to 125 x 106 tonnes (San Guillermo-Sierra, Car-
boniferous of Spain).

The most numerous (5690) and largest massive sul-
fide deposits known, up to 231 x 106 tonnes (Rio
Tinto, Carboniferous of Spain), are hosted in rhyo-
lites. Rhyolites may be assigned to either a
subduction-related basalt-andesite-dacite-rhyolite

HYDROTHERMAL MINERALIZATION AT OCEANIC RIDGES

MASSIVE
SULFIDE
BODY

SOLUTION DENSITY >
SEAWATER

SOLUTION DENSITY <
SEAWATER

FERROMANGANESE .

Frc. 6. Sketch showing how a ponded hydrothermal solution denser than surround-
ing seawater forms a hydrothermal deposit with a bowl-shaped profile, whereas
a hydrothermal solution less dense than surrounding seawater buoyantly rises to
form a mound-shaped deposit (modified from Zierenberg & Shanks 1988).
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volcanic suite, or to an extension-related bimodal
basalt-rhyolite suite representative of island-arc or
continental rift-related tectonic settings (Martin &
Piwinskii 1972, Sillitoe 1982). Hydrothermal ore-
forming processes in island-arc and continental rift
settings are similar to those described at seafloor
spreading centers and produce analogous deposits
(Cronan 1976, Skinner 1983, Cronan et al. 1984,
Moorby et al. 1984, Usui e/ ol, 1986, McConachy
et al. 1986, Binns e/ al. 1986, Urube et ql. 1987).
Laboratory experiments reacting seawater with
basalt, rhyolite and andesite, which are the volcanic
rock types in these diverse settings, produce similar
ore-forming solutions at temperatures between 200
and 500'C, water/rock mass ratios between 5 and

50, and I kbar pressure (Hajash & Chandler l98l).
Global plate reorganizations favor the development
of continental rifts as tectonic settings for volcanic-
and sediment-hosted massive sulfide deposits with
rhyolitic associations (Rona 1980), either as failed
rifts (aulacogens; Burke 1977) or more fully
propagated rifts (Hey 1977) which may develop into
interarc or back-arc basins.

Suunaenv AND CONCLUSIoNS
A synthesis of the occurrence of hydrothermal

mineralization at seafloor spreading centers, obser-
vations of related hydrothermal processes, and infor-
mation from ancient "analogs" supports the follow-
ing conclusions:

(25) ( t 8 )
(9.4)

i l5) ( ros)
|€7l
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Ftc. 7. Plot of size of 508 known massive sulfide ore deposits on land uersas geologic age, based on a data compila-
tion by Mosier et al, (1983). The number in parentheses above each column of points is the number of deposits
plotted. The number in parentheses beneath each geologic age is the number of deposits per l0o y for that time
interval (time scale of Harland et al. 1982).
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FIc. 8. Plot of size of 508 knovm massive sulfide ore deposits on land versus type of volcanic host rock immediately

underlying each deposit, based on a data compilation by Mosier et al. (1983) and Lowell & Rona (1985). The num-
ber in parentheses above each column of points is the number of deposits plotted.

(l) A compilation of 102 mineral occurrences at the
global seafloor spreading-center system reveals that
alnost all major varieties of volcanic- and sediment-
hosted hydrothermal deposits associated with basaltic
rocks in the geologic record have been found at
oceanic ridges and rifts (Fig. l; Tables l, 2).
(2) Mineralization at seafloor spreading centers is
directly related to thermal, structural, and chemical
properties ofocearfc lithosphere which are controlled
by processes that are only indirectly related to rates
of seafloor spreading; therefore, relations between
ore-forming hydrothermal systems and seafloor
spreading rates are not clear-cut, but certain trends
are present.
(3) Different varieties of hydrothermal mineral
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deposits occur independently of seafloor spreading
rate. A nearly complete spectrum of hydrothermal
mineral-deposit varieties (stratiform, stockwork, and
disseminated sulfides; stratiform, layered sulfates,
carbonates, silicates, oxides, and hydroxides) occurs
in each of the tectonic settings related to stage (early,
advanced) and rate (slow-, intermediate- to fast-
spreading) of opening of an ocean basin about a
spreading axis (Tables l, 2). Such a spectrum of
deposits is also present in volcanic island-arc and
continental rift settings wherever the requirements
for ore-forming subseafloor hydrothermal convec-
tion systems are met (volcanogenic heat source,
permeable rock, seawater, and physical and chemi-
cal conditions that conserve heat and mass and con-
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centrate and preserve precipitates).

THE CANADIAN MINERALOGIST

(4) Size of hydrothermal mineral deposits is largely
independent of spreading rate. A range of hydrother-
mal mineral deposit sizes from small to large (:'l
x 106 tonnes) occurs at all spreading rates (Table
l, locations 23, X, Q, g, 7 l, 96, 97); based on avail-
able data, however, larger deposits seem to form at
slow- rather than at fast-spreading centers; the con-
cept that deposit size is directly proportional to
spreading rate, which has influenced disproportion-
ate exploration efforts on the fastest spreading por-
tions of the global oceanic ridge system, is no longer
tenable.
(5) Sediment-filled segments constitute < 190 of the
length of the global seafloor spreading-center sys-
tem, but may host a disproportionate number of
large hydrothermal deposits because of the efficiency
of sediments in conserving hydrothermal precipitates
regardless of spreading rate. At least two potentially
large sediment-hosted deposits (locations 96,97) are
present along the 97Gkm lengfh ofthe Gorda - Juan
de Fuca Ridge system.
(6) Preliminary surveys suggest that sites of high-
temperature hydrothermal activity exist at spacings
of the order of l0 km, both at slow- and
intermediate- to fast-spreading centers; based on
available data, however, fewer hydrothermal
deposits seem to occur per unit length of slow- than
intermediate- to fast-spreading centers (Table 5).
(? Heat and mass fluxes of high-temperature black-
smoker-type venting require magmatic heat sources
with volumes about one order of magnitude larger
than those of source rocks for the mass flux of
metals, and involve time periods between 103 and
105 y to form large deposits (Table 3).
(8) A spectrum of hydrothermal sources exists, with
a range of physical and chemical properties related
to rock type in seawater-rock interaction (mafic or
ultramafic), pressure and temperature fields within
subseafloor hydrothermal convection systems (phase
separation), and discharge behavior in venting zones
(diffuse, discrete, cataclysmic) with implications for
mineralization.
(9) Hydrothermal activity is a cyclical phenomenon,
with low- and high-temperature stages controlled by
magmatic (volcanism > crustal extension) and tec-
tonic (extension > volcanism) events (Fig. 4); high-
inlensity ore-forming hydrothermal activity is
favored by a combination of magmatic and tectonic
activity to provide heat sources and permeability;
large deposits are accumulated by the superposition
of the products of multiple high-intensity hydrother-
mal cycles.
(10) The shape of seafloor hydrothermal deposits is
related to fluid dynamics through temperature/salin-
ity relations that determine the density of the effluent
relative to surrounding seawater (Table 6). Mound-
shaped deposits are formed by less dense (more
buoyant) effluents, whereas saucer- to bowl-shaped

deposits are formed by ponding of denser effluents
(Figs. 5, 6); a relatively small contrast in solution
densities can control ponding versa.r buoyant
behavior. The mound shape of many massive sul-
fide deposits on oceanic ridges (e.9., Table l, loca-
tions 23, 42) is produced by precipitation from
buoyant solutions; the saucer shape of the Atlantis
II Deep metalliferous-sediment deposit and the bowl
shape of Cyprus massive sulfide deposits are inferred
to be produced by ponding of hlpersaline solutions,
although these deposits differ in other characteris-
tics; no modern seafloor anafog of the Cyprus
deposits is known. The processes that control salin-
ity in hydrothermal effluents are sufficiently diverse
that different processes acting in different tectonic
settings may converge to produce deposits with simi-
lar shapes. For example, hypersaliniry acquired from
dissolution of evaporites controls ponding of precipi-
tates in the Atlantis II Deep of the Red Sea, whereas
phase separation due to boiling may control pond-
ing of precipitates in the caldera of a seamount or
a seafloor depression.
(1 l) The growing knowledge of plate tectonics and
of hydrothermal mineralization processes at seafloor
spreading centers suggests that increases in the fre'
quency of occurence of massive sulfide deposits
through geologic time (Fig. 7), and changes in their
geographic distribution, are closely related to epi-
sodes of global plate reorganization (106-107 y;
Table 4) through associated changes in intensity and
distribution of volcanic and tectonic activity.
(12) Review of lithologic associations of 508 mas-
sive sulfide deposits in the geologic record indicates
that basalt- and sediment-hosted massive sulfides
inferred to have formed at seafloor spreading centers
constitute a smaller percentage (<26V0 of 508
deposits; Fig. 8) than such deposits hosted in rhyo-
litic rocks inferred to have formed in volcanic island
arc- and continental rift-related tectonic settings
(5690 of 508 deposits); these observations suggest
that seafloor spreading centers have been significant
as tectonic settings for massive sulfide formation and
preservation through geologic time, although sub-
sidiary to island arcs and continental rifts.
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