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Abstract

The Sea Cliff hydrothermal field on the northern segment of the Gorda Ridge is situated along a rift-bounding normal fault
about 2.6 km east of the neovolcanic zone and approximately 300 m above the spreading axis. The structural setting of this
hydrothermal field differs from that of most other active seafloor hydrothermal sites investigated to date, which are typically
situated in the neovolcanic zone. Mineralization occurs in basaitic talus covering a large normal-fault scarp. Hydrothermal crusts
cover much of the seafloor in the area of the active hydrothermal field. These crusts form by extensive alteration of basaltic
hyaloclastite in a zone of mixing between ascending hydrothermal fluid and entrained seawater. The initial stage of alteration is
magnesian metasomatism of both crystalline basalt and basaltic giass, converting the rock to Mg-rich smectite and smectite/
chlorite. Further alteration removes nearly all cations and ultimately leads to silicification. Preservation of basaltic texture in the
silicified rocks provides evidence that even such sparingly soluble elements as Al and Ti have been removed. Oxygen-isotopic
ratios of the altered rocks constrain initial alteration to temperatures near 220°C, close to the maximum measured vent temperatures
of 247°C. Silicification proceeded to much lower temperatures, and most amorphous silica deposition occurred at temperatures
below 100°C. Sulfur-, strontium-, and lead-isotopic data all indicate a predominantly basaltic source, with important contributions
from seawater but no significant contribution from sedimentary sources. Comparison with ophiolite-hosted massive sulfide
deposits shows that the structural setting, alteration sequence, and depositional environment are all similar and suggests that
mineralization and replacement of basaltic breccia in the Sea Cliff hydrothermal field likely occur in the subsurface beneath a
capping layer of silicified hyaloclastite.

1. Introduction third of the Gorda Ridge is a continuous second-order
ridge segment (Macdonald et al., 1991) bounded on
the south by a right-lateral discontinuity at 42°25'N
(Clague and Holmes, 1987). Although the northern

segment of the Gorda Ridge has a full spreading rate

1.1. Geologic setting

The Gorda Ridge spreading center is bounded on the

north by the Blanco Fracture Zone and on the south by
the Mendocino Fracture Zone (Fig. 1). The northern
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of 55 mm/yr (Riddihough, 1980), similar to the Cleft
segment of the Juan de Fuca Ridge to the north, the
Gorda Ridge has the morphology of a slowly spreading
ridge. The axial valley on its northern segment deepens
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Fig. 1. Northeastern Pacific Ocean, showing major tectonic bound-
aries and the location of Sea Cliff hydrothermal field.

systematically from 3050 m at the shoal point near lat
42°44'N, to more than 3750 m at the ridge-transform
intersection to the north. The axial valley is narrowest
(~3 km wide) near the midsegment axial high and

widens to approximately 10 km to the north and south
(Clague and Rona, 1990), giving the ridge segment an
hourglass shape typical of Mid-Atlantic Ridge seg-
ments. The axial valley is flanked by steep, normal
fault-bounded ridges that rise to about 2400 m,
typically in a series of four 1-km-wide steplike terraces
that define the outward-tilted fault blocks ( Atwater and
Mudie, 1973).

1.2. Previous work

Water-column surveys of the Gorda Ridge revealed
temperature, light-attenuation, >He, "and dissolved-
manganese anomalies indicative of hydrothermal dis-
charge near 42°44.7'N 126°43.7'W, at a site originally
designated GR-14 (Collier et al., 1986; Baker et al.,
1987; Collier and Baker, 1990). Anhydrite was iden-
tified among particulate matter filtered from water sam-
ples, indicating the presence of moderate- to
high-temperature hydrothermal discharge (Bakeretal.,
1987). The distribution of water-column anomalies
suggested that hydrothermal discharge was occurring
approximately 2.6 km east of the spreading axis on a
fault-block terrace that is about 300 m above the axidl-
valley floor (Fig. 2). The source of this discharge was
inferred to be near the south end of a 0.5-km-wide, 1-
km-long ridge that rises more than 100 m above the
western scarp of the terrace (Baker et al., 1987).
Extrapolation of the present spreading rate indicates
that the hydrothermal site is on 100,000-yr-old crust.

Geologic and geophysical mapping also pointed to
the off-axis ridge at site GR-14 as the likely site of
hydrothermal discharge. Side-scan-sonar mapping
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Fig. 2. Cross-section of Gorda Ridge spreading center, showing location of Sea Cliff hydrothermal field above axial valley along ridge-bounding

normal fault (after Rona et al., 1990).
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indicated that ridge-axis-paraliel faults and fissures
trending 022° are intersected by a set of off-axis faults
and fissures trending 350° in the area of the water-
column anomalies, leading to speculation that the loca-
tion of hydrothermal venting may be structuraily
controlled (Rona and Clague, 1989; Clague and Rona,
1990). Camera tows near site GR-14 failed to locate
active hydrothermal venting but did image areas of
hydrothermal alteration and sedimentation both on axis
and at the south end of the off-axis ridge that was the
suspected site of hydrothermal discharge (Rona and

flow are characterized by clumps of tubeworms and
other vent-specific biota growing on basaltic talus. The
talus is stained with hydrothermal minerals (Rona et
al., 1990), and discharged fluids produce shimmering
water. Collinear clumps of tubeworms were observed
along at least one of the steeper, faulted walls in the
hydrothermal field, suggesting that fluid flow is con-
trolled by fracture permeability. Such fracture perme-
ability may underlie the entire field (e.g., Rona and
Clague, 1989), but on gentler slopes it is obscured and
fluid flow is defocused by the overlying talus and sed-

- Claguei 1989; Clague and Rona, 1990), §Ubiﬁueﬂi imggii
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Fig. 4. Relic basaltic textures in hydrothermal crusts. (a) Cut slab of sample 769-1, showing large, altered, hyalocrystalline basaltic clast on left
and smaller, fresh, glassy basaltic clast on right (labeled glass). Letters mark locations of (b), (c) and (d). Scale bar is 5 mm. (b) Core region
of large basaltic clast in (a), containing fresh plagioclase and clinopyroxene, although intersertal groundmass is replaced by chlorite/smectite.
BSE image; scale bar is 200 um. (c) Sharp boundary between zones of relic and recrystallized textures on margin of large basaltic clast in (a).
In relic zone on right, clinopyroxene (light) is fresh, and plagioclase and groundmass (gray) are replaced by chlorite/ smectite; in recrystallized
zone on left, all relic phases are recrystallized to mixture of chlorite/smectite and silica, with marked increase in porosity. BSE
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Fig. 5. BSE images of Mg- and Si-metasomatized, glassy basaltic clasts from Sea Cliff hydrothermal field and Turner-Albright ophiolite-hosted
massive sulfide deposit. (a) Siliceous spherulitic clasts (dark with light rims) in matrix of amorphous silica, barite (bright, acicular crystals),
and sulfides (disseminated, smaller, bright clots) (sample 769-1). Scale bar is 0.5 mm. (b) Closeup of spherulitic, siliceous clasts showing
textural banding and relic, smectitic( ?), fibrous textures (sample 769-1). Scale bar is 100 um. (¢) Angular glassy clast in sample 767-3. Darker
core is composed of stevensite; gray layer about stevensitic core is composed of high-Al amorphous silica, which appears to have replaced
original stevensite; lighter gray rim to clast is composed of low-Al amorphous-silica cement. Scale bar is 200 um. (d) Al-Ka X-ray dot map of
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alteration zones, demonstrating that the alteration
sequence is developed on a single fragment. Because
the volcanic fragments typically are very highly altered
and commonly semiopaque, the primary texture of the
original fragments is best observed by BSE imaging
(Fig. 4b—4f). For example, plagioclase microlites in
the core of an approximately 5-mm-thick clast are unal-
tered (Fig. 4b), although adjacent intersertal ground-
mass is replaced by chlorite/smectite. Progressing a
few millimeters toward the rim of the clast, plagioclase
phenocrysts have also been replaced by chlorite/smec-
tite, but the original intersertal texture is retained
(Fig. 4d). Within the outer millimeter of the clast,
however, a sharp reaction front subdivides this inner
zone from an outer zone characterized by marked dis-
solution of the basalt and reprecipitation of saponite
and silica (Fig. 4c). Variolitic zones and vesicles in
quenched-textured basalt are typically the sites of initial
saponitization and silicification (Fig. 4¢).

The crust samples collected from the Sea Cliffhydro-
thermal field also contain a few other types of clasts,
the least common of which are unaltered basaltic-glass
fragments that are found in close proximity to highly
altered glass fragments (Fig. 4a). Rare fragments with
an apparent sedimentary origin were also observed,
including some containing poorly preserved foramini-
fers. The rare massive sulfide fragments are predomi-
nantly pyrite and less abundant sphalerite and
chalcopyrite. Rarely, the chalcopyrite shows minor
alteration to covellite.

The hyalocrystalline basaltic clasts described above
were likely derived from lava flows adjacent to the Sea
Cliff hydrothermal field. A sample of an unaltered
basaltic talus block (sample 769-2) collected near the
hydrothermal field has an intersertal texture, with a
groundmass of plagioclase microlites, interstitial cli-
nopyroxene, and minor amounts of glass. Phenocrysts
of clinopyroxene are less abundant than plagioclase
phenocrysts and glomerocrysts. Plagioclase crystals
have well developed oscillatory zoning that is locally
truncated and overgrown, indicating partial resorption.
The only alteration (weathering) evident in the basalt

is local patches of yellow smectite in the glassy inter-
stices.

The matrix of the fragments is predominantly amor-
phous silica and less abundant chalcedony. The most
common texture is colloform to botryoidal banding
(Fig. Sc). Many fragments are coated by banded amor-
phous silica. Barite in the matrix generally forms radi-
ating clusters of bladed tabular crystals (Fig. 5a).
Banded amorphous silica commonly coats these barite
crystals. Amorphous-silica overgrowths preserve the
outline of splays of elongate tabular crystals that have
subsequently been dissolved. The shape of the crystal
outlines is typical of anhydrite crystals formed in an
active seafloor hydrothermal system. Minor amounts
of pyrite occur in the matrix, generally as fine-grained
disseminated cubes but also as framboids.

Microbial mats preserved in cavities near the original
upper surface of the hydrothermal crust (Fig. 3d) con-
tain a distinctive assemblage of sulfide minerals. Prior
to the preservation of the microbial mats by silica
encapsulation, most of the microbial filaments were
selectively replaced by sulfides (Zierenberg and
Schiffman, 1990), including pearcite (Ag;47_, Cu; 5,
As,Syy), proustite (Ags;AsS;3), chalcopyrite, and
galena. Except for chalcopyrite, however, these phases
are not observed in the fragments of massive sulfide
contained in the crusts, suggesting that microbial proc-
esses may have selectively precipitated silver and
arsenic (Zierenberg and Schiffman, 1990). Some of
the amorphous silica lining the cavities that contain
microbial mats contains fluid inclusion filled with a
yellow liquid interpreted to be hydrocarbon derived
from thermal pyrolysis of microbial organic matter dur-
ing hydrothermal alteration (Zierenberg and Schiff-
man, 1990)

6. Microprobe data

6.1. Amorphous silica and basaltic glass

Amorphous silica analyzed from two colorless to
brown, spherulitic clasts from the hydrothermal crust

Fig. 5 (continued)

area in (b). Scale bar is 100 um. (e) Glassy basaltic clast from hyaloclastite breccia within Turner-Albright deposit. Clast is composed of Fe-
rich chlorite; black matrix material is quartz. Scale bar is 500 pm. (f) Spherulitic texture within chlorite-replaced, glassy clast within a

hyaloclastite breccia from Turner-Albright deposit. Scale bar is 100 pm.
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Table 1

Average composition of fresh basaltic glass and amorphous silica from hydrothermal crusts in the Sea Cliff hydrothermal field, in wi% from

electron-microprobe analyses

Sample: 769-1 basalt glass (20)" 769-1-1 amorphous silica (4)" 769-1-2 amorphous silica (6)"
Si0, 50.43 89.52 90.32
TiO, 1.35 0.03 0.01
AlLO, 15.57 3.64 3.20
MgO 8.19 0.67 057
Ca0O 11.75 0.23 021
MnO 0.16 0.03 0.03
FeO 8.93 0.24 048
Na,O 2.65 0.14 0.25
K,0 0.08 0.15 0.40
Total 99.11 94.64 95.47
Mg/ (Mg +Fe) 0.62 0.83 0.67
TiO,/ Al,O4 0.09 0.01 0.00

769-1: fresh glassy basaltic clast.

769-1-1: clear to brown banded spherulitic clast.
769-1-2: pale-brown spherulitic clast.

¥Number of analyses.

(similar to those shown in Fig. 5b from sample 769-1)
contains approximately 90 wt% SiO, (Table 1, col-
umns 2 and 3). Aluminum is the second most abundant
cation, with Al,O; content averaging between 3—4
wt%. MgO contents average 0.5-1.0 wt%, whereas
Ca0, FeO, K,0, and Na,O contents all average 0.1-
0.5 wt%. TiO, and MnO contents are both below 0.1
wt%.

Aside from silicon, the amorphous silica is depleted
in virtually all elements relative to fresh basaltic glass
from a rare clast in sample 769-1 (Table 1, column 1),
except for potassium, which is enriched. The fresh
basaltic glass has a TiO,/ Al,O; ratio of approximately
0.1, whereas this ratio in the amorphous silica is close
to 0, reflecting the nearly quantitative removal of Ti
with respect to Al during alteration of the glass.

6.2. Layer silicates

Three types of layer silicates are recognized on the
basis of their composition: smectite, chlorite/ smectite,
and talc (Table 2). With one exception, smectites are
nearly end-member saponites, which, when recalcu-
lated on a 22-oxygen-formula-unit basis, are character-
ized by low Al content and sums of
tetrahedral + octahedral cations that total very close to

the ideal trioctahedral value of 14.0 (Fig. 6A). The
uniformly Mg-rich composition of these saponites,
with Mg/(Mg+Fe) ratios averaging 0.81-0.98
(Fig. 6B), and their extremely low interlayer charge
(Table 2, columns 1-6) classify them as stevensite,
compositionally similar to the saponites from hydro-
thermal chimneys and associated mounds within the
Middle Valley of the northern Juan De Fuca Ridge
(Percival and Ames, 1993). The composition of stev-
ensite in samples from the Sea Cliff hydrothermal field
appears to vary systematically in Al, Ca, and K contents
as a function of the mode of occurrence. For example,
in a hyalocrystalline basaltic clast from sample 769-1
(Fig. 4e), the contents of all three elements increase
from stevensite replacing olivine (Table 2, column 1),
through that replacing glassy groundmass (Table 2,
column 3), to that precipitating from solution in vesi-
cles (Table 2, column 2).

The only non-Mg-rich smectite analyzed was from
a nonhydrothermally altered fragment of a mostly
fresh, hyalocrystalline basalt (sample 769-2). This Fe-
rich smectite also has appreciable K and Na contents
(Table 2, column 7), suggesting that it may be a mix-
ture of dioctahedral smectite and celadonite, possibly
formed by oxidative weathering.

Layer silicates identified as interlayered chlorite/
smectite (Table 2, columns 8-11) were found in two
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Table 2

Electron-microprobe analyses of layer-silicate minerals from the Sea Cliff hydrothermal field and calculation of unit formula based on 22
oxygens

Sample: 769-1-1 769-1-2 769-1-3 767-3-1 767-3-2 767-3-3 769-2-1 768-3 769-1B-1 769-1B-2a 769-1B-2b 769-1B-3
Analyses: 6 5 6 2 i1 6 10 6 1 1 1 1
Sio, 56.18 5385 5628  50.61 5328 58.12 4897 4259 4154 38.83 3779 61.44
TiO, 0.04 0.05 0.06 0.03 0.02 0.01 0.04 0.04 0.11 0.01 0.03 0.04
ALO, 0.15 2.13 1.00 3.00 2.32 1.06 149  10.09 19.90 13.80 20.86 0.22
MgO 2402 2404 2426 26.83 2588 2799 380 26.11 2097 29.20 26.11 28.83
CaO 0.09 0.33 0.18 0.05 0.11 0.15 0.10 077 021 0.12 0.09 0.05
MnO 0.05 0.02 0.04 0.28 0.04 0.07 0.05 0.06 0.08 0.03 0.04 0.04
FeO 9.02 1000 1024 2.99 144 100 3258 359 31 4.87 3.57 1.86
Na,O 0.06 0.10 0.07 046 0.70 0.15 1.03 0.17 033 0.29 0.22 0.07
KO0 0.06 047 0.27 0.28 0.26 0.04 4.35 0.12 047 0.14 0.23 0.04
Total 89.67 9099 9240 8453 8405 8859 9241 8354 86.72 87.29 88.94 93.59
Si 791 7.57 7.76 743 1.74 794 7.83 641 5.96 5.69 5.37 7.98
Al 0.02 0.35 0.17 0.52 0.39 0.17 0.28 1.79 337 2.38 349 0.03
Mg 5.04 5.04 4.98 5.87 5.61 5.70 0.90 5.86 4.49 6.37 5.52 5.77
Fe 1.06 1.18 1.19 0.37 0.17 0.12 4.36 047 0.38 0.60 0.42 0.20
Mn 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.00 0.00
Ca 0.02 0.05 0.02 0.00 0.02 0.02 0.02 0.13 0.03 0.02 0.02 0.00
K 0.02 0.09 0.05 0.06 0.05 0.00 0.89 0.02 0.09 0.02 0.04 0.00
Na 0.02 0.03 0.02 0.13 0.20 0.04 0.31 005 0.09 0.08 0.06 0.02
Sum 14.10 14.31 1420 1441 1418 1400 1461 1475 1443 15.16 14.93 14.03
Sum-IL 14.05 14.14 14.10 1421 1392 1393 1340 1455 1422 15.05 15.01 13.99
Mg/(Mg+Fe) 0.83 0.81 0.81 0.94 0.97 0.98 0.17 093 0.92 0.91 093 0.97

769-1-1: smectite after olivine phenocryst in hyalocrystalline basaltic clast in crust

769-1-2: smectite spherule in hyalocrystalline basaltic clast in crust

769-1-3: smectite after groundmass of hyalocrystalline basaltic clast in crust
767-3-1: green, highly birefringent smectite alteration of glassy clast in crust

767-3-2: white, opaque smectite alteration of glassy clast in crust

767-3-3: green, low-birefringent smectite alteration of glassy clast in crust
769-2: yellow, highly birefringent smectite/celadonite(?) within groundmass of mostly fresh hyalocrystalline basalt
768-3: chlorite/smectite alteration of groundmass in otherwise-fresh basalt sample

769-1B-1: chlorite/smectite alteration of glassy groundmass within core of basaltic clast in crust

769-1B-2a: chlorite/smectite alteration of glassy groundmass along outer margin of basaltic clast in crust
769-1B-2b: chlorite/smectite alteration of plagioclase along outer margin of basaltic clast in crust

769-1B-3: talc replacement of olivine phenocryst within basaltic clast in crust

samples; a generally fresh basalt fragment (768-3) and
aclast of hyalocrystalline basalt within a hydrothermal-
crust sample (769-1). Compositionally, chlorite/
smectite from both samples plots close to the ideal
‘mixing’ line between trioctahedral smectite and chlo-
rite (Fig. 6A), indicating formation at temperatures
above 100°C (Schiffman and Fridleifsson, 1991).
These chlorite/smectites are as uniformly Mg-rich
(Fig. 6B) as the saponites from the hydrothermal

crusts. However, the Al content of chlorite/smectite
from sample 769-1 apparently depends on local bulk
composition. For example, chlorite/smectite replacing
a plagioclase microphenocryst (Fig.4d) contains
approximately 6 wt% more Al,O; than chlorite/smec-
tite (with a comparable Mg/ (Mg + Fe) ratio) replac-
ing adjacent glassy groundmass, although this second
chlorite/smectite also has a lower Al content than
chlorite/smectite replacing glassy groundmass within
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the core of the same basaltic clast (cf. analyses in Table
2, columns 9-11).

Talc intergrown with saponite and replacing an oliv-
ine phenocryst (Fig. 4f) within a basaltic clast in a
hydrothermal-crust sample (769-1) contains approxi-
mately 1.9 wt% FeO (Table 2, column 12).

6.3. Sulfides

Pyrite and chalcopyrite from detrital (chimney?)
fragments in the hydrothermal crusts are nearly stoi-
chiometric in composition. Pyrite contains 0.1-0.8
wt% As; otherwise, Zn, Mn, As (in chalcopyrite) and
Cu (in pyrite) contents are all generally less than 0.1
wt%. Sphalerite from the anhydrite-bearing chimney
fragment contains approximately 3 wt% Fe.

6.4. Sulfates

Barite in the hydrothermal crusts contains varying
amounts of both Sr and Ca. SrO contents range from
approximately 0.6 to 6.4 wt%, and CaO contents from
0.01 to 0.8 wt%. Anhydrite from a chimney fragment
contains approximately 0.3 wt% SrO and 0.06 wt%
BaO.

7. Bulk chemical analyses

Relative to unaltered basalt, the hydrothermal crusts
are highly enriched in SiO,, BaO, and SO,; cations,
including Al,O, and TiO,, have been strongly depleted
(Table 3). Similar results were reported by Fisk and
Howard (1989). Trace elements are highly enriched in
the crusts, particularly Ag, As, Au, Co, Cu, Pb, Sr, and
Zn (Table 3). The enrichment in chalcophilic elements
is consistent with the presence of massive sulfide frag-
ments in the crust, and the Sr enrichment can be
accounted for by solid solution in barite. The precious-
metal content of these samples is surprisingly high con-
sidering the small amount of contained sulfide
minerals. Gold grades, in particular, exceed those of
most samples of seafloor massive sulfide, even though
the crusts contain less than 5% sulfide.

To assess the relative mobility of elements during
hydrothermal alteration of basalt hyaloclastite, we
compared the chemical composition of the crusts, a
dark clast with relic basaltic texture, and matrix mate-
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Fig. 6. Composition of layer-silicate minerals from Sea Cliff hydro-
thermal field. (A) Total Al versus total non-interlayer cations (recal-
culated on a 22 oxygen basis). (B) Si/(Si+Al) versus Mg/
(Mg +Fe) ratios. Circles, smectites; dots, chlorite/smectite. Data
from Deep Sea Dirilling Project Site 504B from Shau and Peacor
(1992); data from Middle Valley hydrothermal mounds and chim-
neys from Percival and Ames (1993).

rial from sample 769, using the isocon method (Grant,
1986). Compositions were plotted relative to a sample
of unaltered basalt (769-2) collected from the Sea Cliff
hydrothermal field, assuming that it is representative of
the protolith of the basaltic fragments in the altered
hyaloclastite crust (Fig. 7). Elements that show no
change in concentration will plot on the one-to-one line
shown in Fig. 7, assuming that the bulk density is con-
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Table 3
Chemical composition of basalt and altered rock from the Sea Cliff hydrothermal field

767-3A 767-3B 769-1A 769-1B 769-2A

whole rock whole rock white clast whole rock whole rock matrix Dark clast basalt
Si0o, 71.30 79.00 82.20™ 63.70 76.30 87.84" 45.87" 51.60
TiO, .03 03 .01 04 .04 .03 1.43 1.40
AlLO, 1.59 1.50 1.17 1.75 1.58 98 15.70 15.60
FeO 2.19 1.71 .89 245 1.37 1.21 6.21 9.18
MnO .02 .02 .01 01 01 .01 .05 18
MgO 6.53 4.86 6.81 96 323 1.33 13.90 8.62
Ca0O 21 06 .07 22 1 .06 5.98 13.00
Na,O 1.00 1 66" .64 47 36™ 1.89" 2.55
K,0 30 25 26" 20 .19 14" A7 13
P20 .10 .03 .05 .14 .03 .03 .30 11
S03 4.72 397 127 13.56 597 37 A7 17
BaO 4.80 324 .06 8.49 7.37 0.00 12 0.01
LOI 6.80 6.10 n.d. 5.60 6.80 nd. nd. .10
Total 99.59 101.48 92.31 97.76 103.47 92.36 91.79 102.65
Ag 5 4 nd. 250 14 310 1 0
As 149 n.d. nd. 179 nd. n.d. nd. nd.
Au 628 n.d. n.d. 1.605 nd. nd. n.d. nd.
Be 0 1 1 B 2 4 1.0 6
Co 6 3 4 7 3 6 71 35
Cu 840 630 310 1600 1600 3100 360 68
Ni 0 0 38 0 0 52 100 92
Pb 180 nd. 92 1300 150 410 140 2
Rb nd. 6.0 n.d. nd. 52 3.7 43 14
Sb 7.6 nd. n.d. 25.1 n.d. n.d. nd. nd.
Se 3.6 nd. n.d. 133 n.d. nd. n.d. n.d.
Sn 16 nd. n.d. 8 n.d. n.d. n.d. nd.
Sr 1200 600 660 990 840 260 120 120
v 45 30 27 67 49 51 240 230
Yb 0 0 0 4 1 2 25 23
Zn 350 260 210 5100 870 8400 1900 56
Zr n.d. 5 2 nd. 4 2 95 99

n.d. not determined

»Determined by electron microprobe on fused-glass bead prepared from separate subsample of material drilled from the same area of the rock

as the major-element sample.

stant. Elements that are enriched relative to the starting
basalt will plot above this line, and those that are
depleted will plot below this line. Elements with the
same degree of enrichment or depletion will plot along
lines of constant slope passing through the origin
(Grant, 1986).

The assumption that the unaltered basalt (sample
769-2) is a reasonable protolith for fragments in the
hyaloclastite crust is supported by analyses of rare
glassy clasts (Table 1) and by arguments implied by
the data plotted in Fig. 7. The contents of elements

generally assumed to be relatively immobile during
hydrothermal alteration, including Al,O3, TiO,, Ni, V,
Yb, and Zr, are similar in the altered clast and the basalt.
MgO and Rb are strongly enriched in the clast, whereas
FeO, Na,O, and CaO are depleted. In contrast, the
whole-rock compositions of the crust and the matrix
are inconsistent with relative immobility of trace ele-
ments. Si0, and Rb are enriched, and all other ele-
ments, except K,O, are strongly depleted, in both the
whole rock and matrix relative to basalt. The petro-
graphic evidence clearly indicates addition of silica to
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top of each other.

the rock, both by silicification of hyaloclastite frag-
ments and by deposition in open space between frag-
ments. If addition of silica were the only process
affecting the crusts, whole-rock composition would
show a constant depletion by dilution, and the elements
that remained immobile would plot on a straight line
passing through the origin. This behavior is clearly not
seen. The chemical data support the petrographic obser-
vation of near-total silicification of many of the basaltic
fragments and require that elements, including Al,O,,

TiO,, and Zr, have been removed from the fragments
during silicification, even though many of these frag-
ments retain a recognizable volcanic texture.
Comparison of the composition of a white silica and
clay altered clast from sample 767-3 with the whole-
rock composition of this crust shows similar results
(Table 3). The altered clast and the whole rock are
both highly siliceous and similar in composition, except
for SO; enrichment in the whole rock, reflecting the
presence of barite in the matrix of the sample.
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Table 4
Isotopic composition of basalt and altered rock from the Sea Cliff hydrothermal field
%0 8%s 87Sr/8%8r 205pp/204Ph 207pp/*Ph 208pp /204pp
pyrite barite
767-3
Hyaloclastite 22.1 22 18.7 0.70566 18.206 15.397 37.582
White Clast 20.0 - - - - - -
769-1
Hyaloclastite 229 1.1 21.6 0.70528 18.213 15.426 37.590
Matrix 22.1 - - - - - -
Dark clast 6.1 - - - - - -
Sulfide clast - 34 - - 18.294 15.504 37.875
769-2
Basalt 59 - - 0.70238 18.300 15484 37.774
769-3
Hyaloclastite - 37 - - - - -
769-4
Hyaloclastite - 24 20.2 - - - -

8. Isotopic data

. The unaltered-basalt sample (769-2) has oxygen-,
strontium-, and lead-isotopic compositions typical
Gorda Ridge basalt (Table 4). The lead-isotope com-
positions of the hyaloclastite crusts are similar to those
of the basalt (Fig. 8). The strontium-isotopic compo-
sitions of the hyaloclastite crusts, however, are signif-
icantly more radiogenic (¥'Sr/®Sr =0.7054+2
versus 0.7024, Fig. 9). The two whole-rock oxygen-
isotopic compositions of the hyaloclastite crusts are
quite heavy relative to unaltered basalt, with §'30 val-
ues of 22.1%o and 22.9%o. A highly silicified clast from
sample 767-3 has a 80 value of 20.0%o, whereas a
dark, less altered clast from sample 769-1 has a §'%0
value of 6.1%o. &**S values of disseminated sulfide
minerals in the hyaloclastites and a massive suifide clast
that was drilled from sample 769-1 range from 1.1%o
to 3.7%eo, typical for hydrothermal sulfides formed on
sediment-free spreading centers (Arnold and Shep-
pard, 1981; Styrt et al., 1981; Zierenberg et al., 1984;
Woodruff and Shanks, 1988). The lead-isotopic com-
position of the massive sulfide clast is similar to that of
Gorda Ridge basalt (Fig. 8). §*S values of barite in
the crusts range from 18.7%o to 21.6%o, similar to or
slightly lower than that of seawater sulfate (21%o; Rees
etal., 1978).

9. Discussion
9.1. Magnesium metasomatism and silicification

Extensive alteration led to near-complete silicifica-
tion of most basaltic fragments contained in the hydro-
thermal crust. Some fragments, however, are not
completely altered, and careful examination of these
fragments reveals the sequence of alteration reactions
that leads to silicification. Many fragments have cores
of Mg-rich smectite mantled by silicified rims. Less
commonly, basaltic cores with remnant micropheno-
crysts are preserved as the innermost zone of Mg-rich
smectite or chlorite/smectite replacement, especially
in larger fragments. These petrographic relationships
reveal that the first step in alteration is Mg metasoma-
tism of the basaltic glass. Analysis of a chlorite/smec-
tite-altered clast from sample 769-1 shows a near
doubling of the Mg content relative to unaltered basalt,
accompanied by losses of Na, Ca, and Fe and minor
depletion of Si (Fig. 7). The alteration is directly anal-
ogous to that produced experimentally by high-tem-
perature alteration of basalt by seawater ( Bischoff and
Dickson, 1975; Seyfried and Bischoff, 1977). In the
experimental alteration of basalt, Mg addition occurs
by incorporation of seawater-derived Mg into the
hydroxyl layer of smectite, with a resulting release of
hydrogen ions, as shown in the generalized saponite-
precipitation reaction:
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3Mg*2+4Si0, +4H,0=
Mg3Si4010(OH)2+6H+ (1)

The production of hydrogen ions allows hydrolytic
alteration of the basalt, releasing cations to the hydro-
thermal solution. Basaltic glass reacted more rapidly
than crystalline basalt in the experiments, and when
seawater-to-rock ratios were high enough that the
amount of Mg does not limit the reaction, the basaltic
glass was completely altered to Mg-rich smectite (Sey-
fried and Bischoft, 1979). Smectite produced by rapid
alteration of basaltic glass is less well crystallized than
smectite formed by alteration of diabase (Seyfried and
Bischoff, 1979).

Although the experimental alteration of basalt at
high water—rock ratios results in leaching of metals,
alkalis, and alkaline earths from the basalt, most of the
aluminum in the basalt is apparently retained in the
chlorite/smectite alteration products (Seyfried and
Bischoff, 1981). In contrast, petrographic evidence
that shows a basaltic texture continuing from smectite-
altered cores of clasts to silicified rims, as well as the
composition of the white clast from sample 767-3,
requires removal of aluminum and titanium, elements

generally considered highly immobile. Aluminum sol-
ubility increases at low pH (Palmer and Wesolowski,
1992); however, Al contents in the basalt—seawater
experimental solutions show that aluminum is spar-
ingly soluble under most seafloor hydrothermal con-
ditions. The strong depletion of aluminum and other
relatively insoluble cations observed in Gorda Ridge
hyaloclastites requires an extensive flow of hydrother-
mally altered seawater through the rocks. Hydrother-
mal alteration of fresh basaltic glass exposed to
seawater during volcanic eruptions appears to result in
more efficient solubilization of aluminum than that
observed for deeper circulating hydrothermal fluids
(Resing et al., 1992, 1993),

Although Mg metasomatism caused by basalt—sea-
water interaction at high water—rock ratios is clearly
required to account for the extensive leaching of immo-
bile elements from basaltic glass, the conditions of
alteration are less certain. Isotopic data on the alteration
products provide some constraints on the process. The
Mg-enriched dark clast from sample 769-1 has a §'%0
value of 6.1%o. Extensive recrystallization of this clast
to chlorite/smectite suggests that oxygen-isotopic
compositions should approach equilibrium with the
altering hydrothermal fluid. §'%0 values of hydrother-
mal fluids in ridge-crest hydrothermal systems gener-
ally range from 0%o to 2%o; the high water—rock ratios
indicated for Gorda Ridge samples by the Mg enrich-
ment indicate mixing with relatively unaltered seawa-
ter, and so 8'0 values of the hydrothermal fluid were
probably close to 0%o.. Assuming a §'®0 value of 0%o
for the hydrothermal fluid, we can calculate an approx-
imate temperature of formation of the smectite, using
the fractionation equation of Yeh and Savin (1977).
The calculated temperature of 220°C is close to the
maximum measured temperature of 247°C in the adja-
cent vent field (Rona et al., 1990). The lower temper-
ature is consistent with cooling by entrainment of
seawater into the hydrothermal-discharge zone. These
temperatures are also consistent with the crystallization
temperature of chlorite/smectite in basalts altered in
active, subaerial geothermal systems (Schiffman and
Fridleifsson, 1991). Alternatively, we could assume
that the smectite formed at 247°C, and calculate the
isotopic composition of a hydrothermal fluid in equi-
librium with smectite at the temperature of the active
vents. The resulting 8§'®0 value of the fluid is 1.1%e, in
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the middle of the range of measured seafloor-vent com-
positions.

The formation temperatures of the siliceous clasts
and the bulk hyaloclastite crust can be estimated by
again assuming an hydrothermal fluid with a near-sea-
water oxygen-isotopic composition and then calculat-
ing the fractionation, assuming that the samples are
composed of amorphous silica. Using the fractionation
equation of Kitaetal. (1985) and the §'20 values listed
in Table 4, we estimate depositional temperatures in
the range 85°-110°C. These low temperatures are con-
sistent with the observation that amorphous silica is
dominant in the samples, accompanied by lesser
amounts of chalcedony and smectite, as opposed to
well-crystallized quartz.

The abundance of amorphous silica in the samples
requires that the concentration of dissolved silica in the
altering hydrothermal fluid was well in excess of sat-
uration values for quartz (Fournier, 1985). The high
degree of supersaturation with respect to quartz may
have been due to conductive cooling of a hydrothermal
fluid that equilibrated with quartz in the subsurface at
a temperature above 225°C (Fournier, 1985; Janecky
and Seyfried, 1984 ), within the range of vent temper-
atures measured at this site (Rona et al., 1990). A more
plausible explanation, however, consistent with petro-
graphic observations is that the fluid was buffered to
high silica activity by interaction with highly reactive
basaltic glass, resulting in silica concentrations in the
range necessary for precipitation of amorphous silica
(Fournier, 1985).

Strontium is highly enriched in the altered hyalo-
clastite because of incorporation (in concentrations as
high as 6 wt% SrO) in barite. The strontium-isotopic
composition helps constrain the origin of the altering
fluids. The Sr-isotopic composition of the hyaloclasti-
tes is intermediate between that of the two major stron-
tium reservoirs in the system, basalt and seawater
(Fig. 9), but could not result from a simple two-com-
ponent mixing (Faure, 1977). The high strontium con-
tent in the samples also precludes simple addition of
seawater strontium (via barite precipitation) to the
strontium contained in the original basaltic clast,
because isotopic mass balance indicates that the crust
should have an 37Sr/®Sr ratio of 0.7084 if seawater-
derived strontium were the only source of strontium in
the barite. Although basalt- and seawater-derived stron-
tium are likely present in approximately equal amounts

in the hydrothermal barite, they must have been buf-
fered at this ratio in the hydrothermal fluid. Similarity
of the ®’Sr/*%Sr ratio in two samples collected from
different parts of the hydrothermal field suggests a
fairly homogeneous strontium-isotopic composition of
the hydrothermal fluid, although the hydrothermal
vents at this site have not yet been sampled. Hydro-
thermal fluids from sediment-free spreading centers
have #Sr/%6Sr ratios that range from 0.7029 to 0.7047.
The slightly higher ratios in the altered hyaloclastite
crusts could have resulted from higher water-rock
ratios in the hydrothermal-reaction zone deep beneath
this site or, more likely, mixing of some unaltered sea-
water with hydrothermal fluid in the shallow subsur-
face. Because end-member hydrothermal fluids have
very low concentrations of both magnesium and sul-
fate, the abundance of Mg-rich smectite and barite in
the crusts indicates that unaltered seawater must mix
into the alteration zone.

An alternative source of radiogenic strontium in the
crust should also be considered. Because the Sea Cliff
hydrothermal field lies several kilometers off axis, the
basaltic rocks in the high-temperature reaction zone
may have been previously altered by pervasive hydro-
thermal circulation at lower temperature. Studies of the
Cyprus ophiolite show that the sheeted dike complex
and the uppermost plutonic rocks were pervasively
altered and have ¥Sr/%Sr ratios that cluster around
0.7054 (Bickle and Teagle, 1992), similar to those in
the hyaloclastite crusts. A high-temperature hydrother-
mal-circulation cell that developed off axis in previ-
ously altered rocks could therefore be expected to have
an ¥Sr/®®Sr ratio in this range.

Because the Sea Cliff hydrothermal field is off axis,
we need to consider whether leaching of detrital sedi-
ment contributed to the hydrothermal system, possibly
affecting the strontium-isotopic compositions of the
samples. Hydrothermal fluids sampled on sediment-
covered spreading centers in the Guaymas Basin and
Escanaba Trough contain radiogenic strontium derived
from the sediment cover (Palmer and Edmond, 1989).
The involvement of sediment in the Escanaba Trough
system also is clearly indicated by the lead-isotopic
composition of hydrothermal precipitates (Fig. 8; Zier-
enberget al., 1993). Lead-isotopic compositions of the
altered hyaloclastite crusts and a fragment of massive
sulfide from the crusts are similar to those of unaltered
basalt from the vent field and those of previously ana-
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lyzed Gorda Ridge basalts, indicating that sediment-
derived lead is not an abundant component of this
hydrothermal system. Therefore, strontium-isotopic
compositions also were probably not affected by leach-
ing of sediment.

9.2. Tectonics and geochemical setting of
hydrothermal alteration within the Sea Cliff
hydrothermal field

Although the Sea CIiff hydrothermal field is poorly
explored and poorly sampled, several features differ-
entiate it from most other known seafloor hydrothermal
sites. The active venting is not occurring in the neo-
volcanic zone but about 2.6 km off axis. The largest
known seafloor hydrothermal sites, including the TAG
site on the Mid-Atlantic Ridge (Thompsonetal., 1988)
and the Endeavour Main Field on the Juan de Fuca
Ridge (Delaney et al., 1992), are also off axis, but both
of these deposits are situated at the base of large normal
faults that define the main grabens of mature spreading
ridges (Franklin, 1986). The Sea Cliff hydrothermal
field is also associated with the innermost major normal
fault defining the axial valley, but in contrast to other
known active seafloor hydrothermal systems, it is
developed in the fault talus at an elevation approxi-
mately 300 m above the floor of the axial valley. Its
position at the south end of an elevated ridge may be
controlled by enhanced fracture permeability at the
intersection of two structural trends (Rona and Clague,
1989). Development of the system in fault talus and
hyaloclastite is further evidence that the shallow sub-
surface of the deposit is highly permeable and thus that
mixing of infiltrating cold seawater and hydrothermal
fluid in the shallow subsurface is probably enhanced in
this deposit relative to on-axis hydrothermal systems
developed in basaltic sheet flows.

Extensive areas of the Sea Cliff hydrothermal field
are apparently capped by hydrothermal crusts. The
recovered samples of these crusts are hyaloclastite
breccias that have been highly altered by initial Mg-
metasomatism followed by silicification. Geochemical
and isotopic constraints on the alteration process indi-
cate that the altering fluids were mixtures of high-tem-
perature hydrothermal fluid and cold seawater and that
the near-surface alteration occurred at relatively low
temperatures in what was apparently a long lived, dif-
fuse flow field capable of supporting vent-specific bio-

logic communities. The altered hyaloclastite crust,
which is extensively cemented by amorphous silica and
barite, may have formed a relatively impermeable cap
on the hydrothermal system, allowing more extensive
precipitation of sulfide in the permeable talus and
hyaloclastite. This capping may have suppressed devel-
opment of chimneys that allow venting of high-tem-
perature hydrothermal fluid directly into the water
column, with subsequent dispersal of base-metal sul-
fide minerals in black-smoker plumes. A similar setting
has been described for the Galdpagos Fossil Hydro-
thermal Field, where Mg metasomatism related to sub-
seafloor mixing of hydrothermal fluid and seawater is
an important process in the alteration of the volcanic
host rocks (Ridley et al., 1994). Recent drilling on the
TAG hydrothermal mound reveals extensive deposi-
tion of anhydrite beneath the surface of the mound due
to mixing of cold seawater with hydrothermal fluid
circulating within the mound (Herzig et al.,, 1995).
Silicified basalt fragments pass downward to chloriti-
zed basalt fragments below the TAG sulfide mound
(Herzig et al., 1995). Environments that allow exten-
sive subsurface mixing may be more favorable for the
formation of large metal deposits than on-axis sites,
and are comparable to the environment of some ophiol-
ite-hosted massive sulfide deposits.

9.3. Comparison to ophiolite-hosted sulfide deposits

The geologic setting, mechanism, and extent of
hydrothermal alteration of the hyaloclastite crust from
the Sea Cliff hydrothermal field are analogous to those
of the massive sulfide mineralization at the Turner-
Albright deposit in southern Oregon, and is similar to
alteration sequences described from other massive sul-
fide deposits. The Turner-Albright deposit is in Late
Jurassic rocks of the Josephine ophiolite, which formed
in a backarc setting (Harper, 1984). The Turner-
Albright deposit has been interpreted to have formed
near a backarc spreading center (Strickler, 1986;
Kuhns and Baitis, 1987; Zierenberg et al., 1988).

The least altered host rocks associated with Turner-
Albright mineralization are sparsely mineralized chlo-
ritic breccias. Textures of the breccia fragments include
finely banded clasts interpreted as devitrified basaltic
glass (Fig. 5e, 5f) with some fragments retaining chro-
mium spinel microphenocrysts and phenocrysts and
microlites of olivine and plagioclase pseudomorphi-
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cally replaced by chlorite and quartz, respectively.
Where mineralization and alteration are more intense,
the proportion of quartz in the alteration minerals
increases. Rocks at intermediate stages of alteration
contain the mineral assemblage quartz—chlorite—seri-
cite. The most highly altered rocks in semimassive to
massive sulfide are completely replaced by quartz and
sulfide. The only vestige of the original volcanic heri-
tage in these silicified rocks is the presence of chro-
mium spinel microphenocrysts. These extensively
silicified basalts have typically been misinterpreted as
exhalative cherts that were codeposited with the mas-
sive sulfide mineralization. Only a part of the miner-
alization at the Turner-Albright deposit formed on the
paleoseafloor by true exhalative mineralization; most
formed by both cementation and replacement of a thick
sequence of basaltic hyaloclastites in the shallow sub-
surface, below the vents that formed the thinner mas-
sive sulfide capping to the deposit (Strickler, 1986;
Zierenberg et al., 1988). Initial alteration of basalt to
chlorite occurred at higher temperatures (250-350°C),
but the quartz in highly silicified fragments has an oxy-
gen-isotopic composition indicative of equilibration
with a seawater-like fluid at temperatures near 200°C
(Zierenberg et al., 1988). Some silicified fragments
have textures indicative of deposition as amorphous
silica.

The major difference in the alteration of the hyalo-
clastite at the Turner-Albright deposit compared to the
Sea Cliff hydrothermal field is that the initial high-
temperature stage of alteration of basaltic glass at
Turner-Albright is to an Fe-rich chlorite, whereas
within the Sea Cliff hydrothermal field the equivalent
alteration is to Mg-rich smectite. The chlorite altered
rocks from Turner-Albright are preserved only in the
deeper parts of the hydrothermal-alteration zone; rocks
closer to the paleoseafloor are completely silicified.
Zierenberget al. (1988) attributed the initial alteration
to Fe-rich, Mg-depleted, high-temperature hydrother-
mal fluid similar to the fluids produced by experimental
basalt-seawater interaction (Seyfried and Bischoff,
1981) or sampled at hydrothermal vents on active
spreading centers (Von Damm et al., 1985).

In contrast, initial alteration of hyaloclastite within
the Sea Cliff hydrothermal field occurred on the sea-
floor in a mixing zone between high-temperature, Mg-
depleted hydrothermal fluid and cold seawater that
provided the magnesium for the formation of smectite.

Both systems produced to the same type of alteration:
complete replacement of basaltic-glass fragments by
silica with the removal of all cations, including alumi-
num and titanium. The high silica concentrations
required for deposition of amorphous silica were estab-
lished by alteration of highly reactive basaltic glass.
The extensive alteration and final deposition of quartz
and (or) amorphous silica at fairly low temperature
indicates a long-lived, diffuse-flow regime more akin
to white smokers and tubeworm fields than to the black
smokers typically associated with massive sulfide dep-
osition. Lydon and Galley (1986) described a nearly
identical alteration sequence from the Mathiati deposit,
Cyprus, which displays extensive silicification of basalt
in the alteration zone underlying the massive sulfide
ore.

On-axis hydrothermal deposits are characterized by
black-smoker chimneys. The amount of metal precip-
itated in these chimneys is small relative to that trans-
ported to the site by the hydrothermal fluid. Most of the
dissolved-metal load is precipitated by rapid cooling
during mixing in the buoyant plumes that give rise to
the name ‘black smokers’. These plumes typically rise
several hundred meters above the seafloor and are car-
ried off axis by the prevailing currents. In present-day,
well-mixed, oxygenated oceans, the fate of the sulfide
particulates in the plume is oxidation and dispersal from
the site of hydrothermal discharge. The local hydrology
at the discharge site can strongly affect the resulting
mineral deposit. Whereas on-axis hydrothermal sys-
tems typically vent from relatively unfractured basalt,
hydrothermal systems along rift-bounding normal
faults are typically developed in tectonic breccias and
fault talus (e.g., Ridley et al., 1994). This setting is
more conducive to diffuse flow, which will allow more
time for conductive cooling, increased mixing with
cold seawater, and enhanced reaction of hydrothermal
fluid with the brecciated rock. All of these processes
will favor metal deposition both immediately below
and on the seafloor, leading to the decreasing loss of
metallic ions to the water column that is typical of
focused high-temperature discharge. Hydration of the
basaltic breccia and cementation by precipitated silica
can further restrict flow and potentially can cap the
hydrothermal system. If water depths are sufficiently
shallow or fluid temperatures sufficiently high, the sil-
ica cap can be breached by hydrothermal explosions,
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as proposed for the Mathiati deposit by Lydon and
Galley (1986).

10. Conclusions

The extensive hydrothermal crusts in the Sea Cliff
hydrothermal field formed from basaltic hyaloclastite
that has been highly altered and cemented by silica.
The initial stage of alteration was Mg metasomatism of
basaltic glass at temperatures near 250°C. High water—
rock ratios are required to explain the extent of altera-
tion, which resulted in removal of most cations from
the basalt, including sparingly soluble aluminum and
titanium. The reactivity of the basaltic glass resulted in
high silica activity, which enhanced both silicification
of the basalt and precipitation of abundant amorphous
silica in the matrix. Silicification of clasts and amor-
phous-silica cementation proceeded to relatively low
temperatures (85-110°C). The abundance of Mg-rich
smectite and chlorite/ smectite, the precipitation of bar-
ite with seawater-derived sulfate, and the strontium-
isotopic compositions between those of basalt and
seawater indicate that mixing of hydrothermal fluid
with seawater in the shallow subsurface is an important
process in the alteration of the crusts. Lead isotopic
compositions indicate that sedimentary rocks are not a
significant component in this hydrothermal system,
even though hydrothermal circulation developed in an
off-axis setting.

The setting of the Sea Cliff hydrothermal field is
similar to that of many ophiolite-hosted massive sulfide
deposits. Diffuse hydrothermal discharge and subsea-
floor cooling and mixing may result in more efficient
deposition of metallic sulfides and increase the chances
that a hydrothermal system will develop an economic
ore deposit. Extensive alteration and replacement of
basalt is a fundamental process in the formation of
volcanogenic massive sulfide deposits, and a large part
of many of these so-called exhalative deposits may
form below the seafloor because of the mixing of hydro-
thermal fluids with cold seawater.
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