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18. VIVISECTION AND AUTOPSY OF ACTIVE AND FOSSIL HYDROTHERMAL ALTERATIONS

OF BASALT BENEATH AND WITHIN THE TAG HYDROTHERMAL M OUND?

José J. Honnoréez)effrey C. Altd and Susan E. Humphtis

ABSTRACT

The TAG (Trans-Atlantic Geotraverse) active hydrothermal mound is 30—40 m thick and consists Wfadns of pyrite-
, quartz-, and anhydrite-rich breccias. A vertically and laterally zoned stockwork, approximately 100 m in diameter, extends at
least 125 m below the mound surface. Petrographic and mineralogic studies of core drilled during ODP Leg 158 were used to
reconstruct the sequence of alteration processes of crustal rocks beneath and within the mound. The first stage of hydrothermal

alteration is the chloritization of the basaltic basement beneath the mound as a result of interaction with Mg-bearing hydrothe
mal solutions, which are different from the “zero” Mg fluids presently discharged by the Black Smoker Complex, near the cen-
ter of the TAG mound. In the deepest part of the stockwork underlying the central part of the mound, the basalt is almost
completely chloritized (with minor quartz and pyrite) and Cr-spinel is the only primary mineral left. Beneath the mound mar-
gins, the chloritization process is restricted to millimeter- to centimeter-thick halos parallel to the exposed surfaa#ts of bas
fragments. Chloritization occurred at temperatures ranging from-380°C. Chlorite under the southeast mound margin is
Mg-rich and formed via reaction with heated seawater (Alt and Teagle, Chap. 21, this volume; Teagle et al., Chap. 22, this vol-
ume). Chlorite under the northwest margin of the mound and in the deep chloritized stockwork is poorer in Mg and formed
from black smoker-like hydrothermal fluids mixed with small amounts of seawater. The second stage of hydrothermal alter-
ation is the replacement of basalt and chloritized basalt by paragonite + quartz + pyrite. At this stage, all of the premadsy mi

are replaced. Paragonite formed via replacement of chlorite in the stockwork samples and as a result of direct preaipitation fr
hydrothermal fluids in interstitial spaces of the quartz + pyrite breccias. Paragonite is often Cr-rich. Na-rich micalsereflect

high Na/K ratio of the present day hydrothermal fluids discharged by the TAG black smokers at temperatures of up to 360°C.
As a result of the recurrent silicification and pyritization, basaltic minerals and textures are progressively obliteraed and

pletely replaced by mixtures of “dirty” quartz + pyrite with interstitial paragonite, which is extremely difficult to distingui

from the directly precipitated quartz + pyrite + paragonite assemblage. The last stage of hydrothermal mineralization consists
of anhydrite precipitation in open spaces such as veins and voids in the breccias. Finally, the basement under the mound mar-
gins that are already displaying the first stage of chloritization is affected by low-temperature alteration by cold oxggenated
water. Intensely altered basalt clasts are found within the mound breccias at much shallower depths above than that expected fo
the top of the basement. Three mechanisms are tentatively proposed to explain this observation: (1) high velocity emtrainment i
hydrothermal fluid, (2) volume expansion during alteration and mineralization in a process analogous to “frost jacking” and
“frost heave”; the volume expansion process could proceed via the formation of quartz + pyrite, or by repeated precipitation an
dissolution of anhydrite in veins and pore spaces, or (3) nearly complete replacement of a volcanic mound by hydrothermal
alteration products. The third mechanism implies that the hydrothermal mound was superimposed upon and replaced a volcanic

edifice.

INTRODUCTION

Whereas our knowledge of thereactions occurring at depth in sub-
marine hydrothermal systems has increased greatly in recent years
(Alt, 1995; Seyfried and Ding, 1995; Von Damm, 1995), very littleis
known about hydrothermal upflow zones within ocean crust. Reac-
tions in shallow upflow zones and feeder zones for seafloor massive
sulfide deposits may be pervasive and thus significant, in that up to
about 90% of the heat flux from axia hydrothermal systems occurs
via low temperature diffuse flow, which is thought to arise from
reactions in the shallow subsurface (Rona and Trivett, 1992; Schultz
etal., 1992).

Chloritization, sericitization, silicification, and pyritizetion are
well-known alteration features associated with land-based volcano-
genic massive sulfide (VMS) ore deposits related to ophiolites and
other submarine and non-oceanic contexts (e.g., submarine pedestals
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of active volcanoes at shallow depths). Stockwork-like sulfide min-
eralization associated with hydrothermal alteration silicates (i.e.,
chlorite, actinolite, epidote, albite, quartz) are known from samples
dredged from oceanic fracture zones (Bonatti et a., 1976) or from
drilled cores (i.e., Hole 504B; Honnorez et al., 1985). Hydrothermal
quartz-pyrite breccias were also recovered by dredging and submers-
iblefrom fracture zones and faults (Mottl, 1983; Delaney et a ., 1987;
Saccociaand Gillis, 1995). In these cases, quartz + sulfide veins and
associated chlorite were ascribed to upflow zones of subseafloor
hydrothermal systems and could be considered submarine anal ogues
of similar features beneath VM S deposits.

Sericitization of rocks associated with seafloor sulfide deposits
appears to be rare (Alt et al., 1987; Alt and Jiang, 1991), but high-
temperature (350°C) Al-smectitic alteration may be a similar or
analogous process (Embley et al., 1988; Haymon and Kastner, 1986).
Other alteration zones resulting from processes such as propylitiza-
tion, saussuritization, and various types of argilic alterations are com-
monly observed in land-based sulfides ore deposits (Richards et al.,
1989), but have not been found yet in the oceanic crust. This is be-
cause the stockwork and feeder zones immediately underlying sea-
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sampled from present-day oceanic crust.
In contrast to focused upflow that forms seafloor sulfide deposits,
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with seawater in the subsurface. In these cases, suffigeartz are
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deposited within the crust, and only the cooler, diluted, and mixed hy- A near-bottom magnetic survey over the TAG mound indicates a
drothermal fluids reach the seafloor (Edmond et al., 1979; Honnorez magnetic low that lies directly beneath the deposit (Tivey et al.,
et al., 1985; Alt, 1995). Thistype of mineralization istypical of ophi- 1993). This has been interpreted as a cylindrical alteration pipe, pos-
olites (Harper et al., 1988; Alt, 1994). sibly dipping to the south, that marks the shallow hydrothermal up-
Our knowledge of the deep portions of hydrothermal upflow flow zone (Tivey et al., 1993). The intersection of axis-parallel faults
zones only comes from ophiolites, where epidosites (epidote + quartz with transverse or oblique faults may influence the location of the
+ titanite rocks), are thought to indicate the root zones of upflow TAG deposit (Karson and Rona, 1990; Kleinrock et al., 1996). Reac-

zones at the base of the sheeted dyke complex (Richardson et al., tivation of such faults may help explain the long duration of hydro-
1987; Schiffman et al., 1987; Harper et al., 1988; Nehlig et a., 1994). thermal activity at the TAG deposit: U/Th dating of samples from the
Such rocks have not been found in present day oceanic crust, how- TAG mound suggests that hydrothermal activity has occurred there

ever. In ophiolites, the epidosites are thought to give way upward to episodically over a period of 40,0880,000 years (Lalou et al.,
guartz + epidote and quartz sulfide veins, which represent hydrother- 1995).
mal upflow zones (Nehlig et al., 1994)

Inthefall of 1994, Leg 158 of the Ocean Drilling Program carried

out a program of drilling into the TAG hydrothermal mound, alarge ALTERATION LITHOSTRATIGRAPHY

seafl oor massive sulfide deposit with actively venting black smokers.

Drilling penetrated to 126 mbsf and defined the stockwork feeder The lithostratigraphy of the TAG mound and underlying stock-
zone for the deposit. This paper presents the results of a mineralogi- work and basaltic basement (see Fig. 3) was reconstructed from the

cal, petrographic, and geochemical study of the different alteration 17 holes drilled in 5 general locations (TAG-1 to TAG-5 areas) dur-
processes that affected (and are probably still affecting) the basaltic ing Leg 158 and from observation during various submersible dives
basement rocks under and within the TAG active hydrothermal (Fig. 3). For the purpose of this alteration study the lithostratigraphy
mound. will be presented from the sides of the mound inward and bottom up-
ward: that is, from the least altered basement rocks, or the farthest
core samples (Hole 957B of TAG-2 area and Hole 957M of TAG-4
GEOLOGICAL SETTING OF THE TAG area) with respect to the upflow zone of hydrothermal fluids near the
HYDROTHERMAL FIELD AND ACTIVE MOUND center of the mound, then to the most altered rocks beneath the cen-
tral part of the mound (Holes 957E and C of TAG-1 area) and moving
The geologic setting of the TAG mound has been reviewed re- upward from the deepest and most altered samples).
cently by Rona et a. (1993) and Humphris, Herzig, Miller, et al. . . . .
(1996), and is briefly summarized here. The TAG hydrothermal field Alteration Lithostratigraphy at Mound Margins
islocated at 26°N on the Mid-Atlantic Ridge, and covers an area of 5Holes 957B (TAG-2 area) and 957M (TAG-4 area)
x 5 km near a salient at the base of the east wall of the median valley
(Fig. 1). Low-temperature hydrothermal activity, with Mn-oxide and ~ Hole 957B in the southeastern (TAG-2) area reached basaltic
nontronite deposits, occurs at 2400-3100 m on the east wall (Fig. Dasement at 3672 mbsl, whereas such basement was reached at a
Inactive sulfide deposits, which are recrystallized and partly oxisomewhat deeper level, 3687 mbsl, in Hole 957M on the western
dized, occur in two zones on the lower east wall northwest of the agrargins of the mound (TAG-4 area). Kleinrock et al. (1996) give the
tive TAG mound (theMir andAlvin zones in Fig. 2). U/Th dating seafloor regional depth as 3680 mbsl for the western and northern
suggests that these relict deposits range freri®to 14x 1®years  portions of the mound margin, and 3660—-3670 mbsl for its southern
old (Lalou et al., 1995). and eastern portions. The 10- to 20-m difference of altitude between
The active TAG mound is located at 284844°49W at a water  the north and west, and south and east margins of the mound, respec-
depth of about 3600 m (Fig. 1). It lies 1.5-2.0 km east of the spreatively, corresponds to a 11% to 22% slope of the seafloor beneath the
ing axis, on crust that is at least 190 years old. The mound is mound. Based on the bathymetric map of Kleinrock et al. (1996), we
roughly circular, about 200 m in diameter and 30-50 m high (Fig. 2have taken the water depth of the top of the mound upper terrace as
Kleinrock et al., 1996). In plan the mound is asymmetric with a clus3652 m. As a consequence, the top of Holes 957B in TAG-2 area is
ter of chalcopyrite + anhydrite-rich black smoker chimneys discharg? m deeper than that of Holes 957M in the TAG-4 area.
ing hydrothermal fluids at temperatures of up to 368°C located on top Hole 957B is located on the lower terrace of the mound between
of a 10-15 m high, 20-30 m diameter cone to the NW of the centéhe Kremlin white smoker field (about 60 m southeast of the Black
of the mound (Fig. 2). The Black Smoker Complex is surrounded bgpmoker Complex) and only 20 m away from the eastern edge of the
an upper terrace at ~3644 m and a lower terrace to the SE at ~3@®@ver terrace, hence of the mound. The hole was drilled from a depth
m. The Kremlin area on the lower terrace comprises a complex @ff 3652 mbsl and penetrated down to nearly 30 m with a recovery of
small (1-2 m) sphalerite-rich white smokers. These emit 260—300°6.5%. In the lowermost 10 m of the hole, relatively weakly altered ba-
fluids, which are interpreted to be derived from black smoker-typesalt fragments and totally chloritized pillow breccias were recovered,
fluids formed by a combination of cooling, mixing with seawater,along with one piece of red-gray quartz containing a few millimeter-
and reactions within the mound (precipitation of pyrite, chalcopyritesized chloritized glass shards. From about 20 mbsf to the top of the
and anhydrite, dissolution of sphalerite; Edmond et al., 1995; Tivekole (with a no-recovery hiatus between 15 and 10 mbsf) a few pieces
et al., 1995; Mills and Elderfield, 1995). Steep slopes on the wespf massive, porous pyrite and pyrite breccia were recovered. The top
north, and east sides of the upper terrace are the result of mass wddt-m of the hole corresponds to 1 m of recovered drill cuttings, with
ing, which has exposed material rich in silica (quartz and amorphougsfew pieces of porous, massive sphalerite and massive granular py-
silica) = pyrite = Fe-oxyhydroxides (Tivey et al., 1995). rite. One should keep in mind that Hole 957B recovered only a little,
Diffuse flow of low-temperature (up to 50°C) fluids occurs and highly disturbed, material.
through much of the surface of the mound and the surrounding sedi- Hole 957M is situated only 30 m west of the Black Smoker Com-
ment apron, which consists of mixtures of pelagic sediment and hylex, 20 m from the western edge of the upper terrace. The hole was
drothermal detritus and precipitates (Becker and Von Herzen, 1996tarted from a depth of 3645 mbsl and penetrated 51.2 m with a re-
Mills et al., 1996). In other areas (e.g., the northwest side of theovery of 13.6%. Four dark gray fragments of pillow basalt display-
mound), low heat flow suggests recharge of seawater into the mouiy variously colored 0.1- to 1-cm-thick alteration zones were recov-
(Becker and Von Herzen, 1996). ered from the bottom of the hole at 3696 mbsl to a depth of 42.5 mbsf.
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Figure 1. General bathymetric map of the Mid-Atlantic Ridge in the TAG hydrothermal field with the locations of the active hydrothermal TAG mound, the low

temperature hydrothermal TAG site, and the inactive hydrothermal Alvin and Mir mounds.
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Figure 2. Bathymetric map of the active hydrothermal
TAG mound with the locations of the 17 holes drilled
during ODP Leg 158 (after Kleinrock et a., 1996).

233



J.J.HONNOREZ, J.C. ALT, SE. HUMPHRIS

Active Black Smoker
complex

Depth ® y ® ®
’

(mbsl) @ TAG-5 Kremlin Area

TAG-1 G
3640 [ (7) QP cEFG )

-

Maggy T AHN B
breg, Pyrit

Cias €ang p,

" Yrite

; AT L
/ \}pr/’e;';‘;;h . f/f:;;};éy—__/
wpptl )

©

oo ij/%/fjfff}(/ ":; ---------- Chloritization .-"'-:-j‘

Ei gure 3. Reconstructed cross section thl’OUgh the TAG i ;;};%%ﬁﬁ -: -------------- H{E::}esr:(?;:r

mound, its stockwork, and basement. Key: (1) regional % T oarager -
. ;

depth of the seafloor west and north of the mound at 3680 [ Chloritization Paragonite

plus Low-T -Stockwork .
mbsl (Kleinrock et al., 1996); (2) top of the basement in alteration S viglplisistrlyluil plplylsiotoloh
TAG-4 (Hole 957M) at 3687 mbdl; (3) line showing the B | .
shallowest level at which altered basalt clasts were recov- PR RprEee !
ered within the mound:; (4) top of the basement in TAG-2 g f;jf;g’r‘l’f
(Hole 957B) at 3672 mbdl; (5) basalt sample recovered 3760 |
post-drilling from southeast edge of the mound at 3650 Chioritic
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floor south and east of the mound at 3660 to 3670 mbsdl, i NW SE
respectively (Kleinrock et al., 1996); (7) basalt with chlo-
ritized hal os sampled from northeast edge of the mound at L —
3675 mbsl (Masuda et al., 1995); (8) basalt sample recov- 50m
ered post-drilling from northeast edge of the mound at
3677 mbsl (Kleinrock, in lit., 1996). 3820 -
Several of these samplesalso exhibit a< 1-mm-thick, outer, red halo. out. The presence of stockwork rocks (silicified wallrock breccias) in
A centimeter-sized fragment of massive hydrothermal quartz, which this hole and their absence in nearby Hole 957B defines the outer
may be interpillow material, was also recovered from this interval, edge of the stockwork beneath this portion of the mound.
along with two chloritized basalt fragments, one of which contains a Generally similar silicified wallrock breccias also occur in Hole
millimeter-wide vein of quartz + sulfides. 957P, in the TAG-5 area on the northern side of the mound. Here
Between 42.5 and 24.5 mbsf, numerous fragments of pyritized, si- these rocks occur from 35 mbsf to the bottom of the hole at 59.4 mbsf.

licified, and paragonitized wallrock breccia were recovered in 22 Late anhydrite veins are common, and the rocks are cemented by
core pieces. They are interstratified with 15 pieces of “pyrite silicanassive pyrite, cut by common centimeter-thick pyrite veins, and
breccias” and “massive granular pyrite aggregates” and two pieces afck fragments are partly replaced by pyrite along their margins. This
either gray or red chert pieces. The pieces of hydrothermally altergzbrtion of the stockwork is thus more sulfide rich than elsewhere be-
wallrock are more numerous than the hydrothermal precipitates (22ath the mound. These rocks are overlain by pyrite-silica breccias,
vs. 17). The clasts of hydrothermally altered basaltic material in Holpyrite-anhydrite breccias, and then pyritic breccias and massive py-
957M are more rounded than elsewhere beneath the TAG moundte near the surface of the mound.
and are cemented by common pyrite and lesser quartz than else- ) ) ) ]
where, suggesting that this hole penetrated a former rubble pile  Alteration Lithostratigraphy in the Central Part
(Humphris, Herzig, Miller, et al., 1996). of the Mound

The dominant rock types of the uppermost 24.5 m of the sectiopgjes 957C to G and L (TAG-1 area)
are interstratified massive but porous pytitenarcasite aggregates
and pyritetx marcasite silica breccias, both with abundant colloform,  Six holes were drilled near the Black Smoker Complex, at the top
banded textures. Minor chalcopyrite and traces of sphalerite are oftei the upper terrace, at a water depth of 3645 m, i.e., in TAG-1 area
present. Chert and Fe-oxyhydroxide and oxide pieces are intermixggioles 957C to 957G and 957L). Holes 957E and 957C are located
with the sulfides. The top 70 cm of the hole consists of drill cuttingsibout 10 m southeast of the central Black Smoker Complex, and were
composed of reddish brown or orange Fe-oxyhydroxides with minostarted from the same water depth of 3645 m. These holes compose a
pyrite and silica. The shallowest hydrothermally altered basalt clagtference section for the lithostratigraphy of the active mound and the
was observed in Sample 957M-1R-2 (Piece;2Bcm), which was  stockwork near the upflow zone because they are the deepest holes
recovered only 74 cm from the top of the hole. Unlike all other holegirilled during Leg 158 (i.e., from 10 to 125.70 mbsf). However, the

drilled on the mound, no anhydrite was found in Hole 957M. recovery in Hole 957E was a low 4.3% and, therefore, our observa-
tions are supplemented by those from the Hole 957C section, which
Holes 957P (TAG-5 area) and 957H (TAG-2 area) was drilled from 10 to 49 mbsf with a recovery of 44%. Shipboard

descriptions of cores from Holes 957F (from the surface to about 8
Silicified wallrock breccias similar to those from the TAG-1 areambsf, with 10.5% recovery) and 957G (from 12 to 22 mbsf, with
occur from about 25 mbsf to the bottom of the hole at 54.5 mbsf i8.5% recovery) were used to reconstruct the upper lithostratigraphy.
Hole 957H, in the TAG-2 area on the southeast side of the mound. As Starting from the deepest core samples collected during Leg 158,
in the TAG-1 area, these rocks are overlain by pyrite-silica breccigGection 957E-18R-1 (Pieces 1-9), the deepest recovered part of the
pyrite-anhydrite breccias, and then pyritic breccias plus massive pgtockwork beneath the central discharge conduit consists of at least
rite near the top of the mound. Anhydrite veins are common throught5 m of chloritized basalt fragments and breccias, as well as basalt to-
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tally replaced by paragonite + quartz + pyrite. These rocks are cut by
thin pyrite and quartz veins and are interstratified with rare occur-
rences of pyrite-silica breccias. The latter could represent fragments
of thicker pyrite-quartz veins because the size of the five samplesen-
countered ranges from 1 to 6 cm across. Almost all of the rock frag-
ments recovered exhibit mm-thick anhydrite coatings on portions of
their outer surfaces. These coatings are interpreted to be the remains
of late anhydrite veins, along which the rocksfractured during coring.
Their pre-drilling widths were at least 1 mm to 2 mm.

The chloritized basalt in the deepest 15 m of the core is progres-
sively replaced by paragonite + quartz + pyrite in rims around chlor-
itized basalt clasts and along veins crossing the latter (see next sec-

HYDROTHERMAL ALTERATIONS OF BASALT

identified by X-ray diffraction. If nontronite is green enough to lead
to the name “greenstone,” it is probably a low-temperature hydro-
thermal phase unrelated to sulfide mineralization.

Post-drilling dives reported (see Fig. 3) basalt “from the (SE)
steep flank of the lower terrace a couple of meters below the lip of
that terrace and perhaps 10 m to 20 m above the surrounding sea-
floor....The depth from the ALVIN pressure gauge was 3650 m. A
second sample was collected from the northeast edge of the mound
(also on the slope)...at a depth of 3677 m.” (Kleinrock, in lit., 1996).
However, no description is given of any basaltic rock collected dur-
ing the two above mentioned submersible surveys. It is remarkable
that no other basalt occurrences have been reported during the numer-

tion “Petrographic Descriptions”). The paragonitized rocks are calledus U.S., Japanese, and French submersible dives on the TAG
“silicified wallrock breccia” in the Leg 15&itial Reports volume. mound.

Chlorite disappears as a major secondary mineral of the stockwork On the other hand, a 10 cm long basalt fragment was collected
above 111 mbsf. Above 101 mbsf, the same paragonite + quartz + pfgee location on Fig. 3) during a NANKAI submersible dive on the
rite assemblage occurs, but the rocks are more intensely silicified. ASE foot of the TAG mound, at 3675 m water depth (Masuda et al.,
a consequence, the rock type forming the stockwork changes from1895). This sample displayed a 2.5-cm-thick chloritized rim (without
mixture of completely chloritized rocks plus rocks replaced by paraprimary plagioclase) around a smectite-bearing core (containing pri-
gonite + quartz + pyrite, to only the totally paragonitized + pyritizedmary plagioclase) and is quite similar to samples cored from the bot-
+ silicified basalt above 111 mbsf. The latter rock type is present asm of Hole 957M. The depth at which this sample was collected at
silicified wallrock breccias and hydrothermally altered clasts ranginghe northeast foot of the mound is about the same (within depth mea-
from 0.1 mm to 70 mm in size. Portions of the outer surfaces of mosurement error) as that where the top of the chloritized basement was
of the rock fragments recovered exhibit millimeter-thick anhydriteencountered in Hole 957B in the southeast part of the mound (see Fig.
coatings, which are the remains of late anhydrite veins. The pre-drilB). This depth also corresponds to that of the regional seafloor surface
ing widths of these veins were at least 1-2 mm. The silicified wallaccording to Kleinrock et al. (1996). Whether chloritized basaltic
rock breccias and hydrothermally altered clasts are intermixed withirock fragments or any other type of hydrothermally altered basement
pyrite silica breccias and anhydrite veins below about 25 to 35 mbsfaterial actually occur on the mound and around it is significant. For
Anhydrite veins in Hole 957C (down to 50 mbsf) range from a fewinstance Lisitsyn and his co-authors (1989) deduced from the pres-
millimeters up to 45 cm in thickness. In contrast, anhydrite veins andnce of basaltic rock fragments on top of the active TAG mound (as
coatings in Hole 957E over the interval where these cores overlagell as “fragments of greenstone-altered basalt... cemented with ore
(40-50 mbsf) are <1-2 mm thick. Core recovery in Hole 957C wasnaterial” from the inactivéMir mound) that these sulfide mounds

an order of magnitude greater than in Hole 957E (45% vs. 4.3%jyere built up on basaltic debris and hydrothermally altered basalt.
suggesting that many of the thin anhydrite coatings (veins) on rockheir figures 2 and 4 are explicit about this hypothesis.

fragments deeper in Hole 957E correspond to veins of unknown
thickness, but probably much thicker than the observed 1-2 mm
thick. Even though poor core recovery could be a results of a number
of factors, we think that the abundance of anhydrite veins represents,
in the context of the central part of the TAG mound, the weakest me- In summary (see Fig. 3), the stockwork beneath the TAG mound
chanical lithology feasible to be lost during drilling. Holes 957E ands zoned vertically and laterally and is less than about 100 m wide.
957C were drilled only a few meters apart in otherwise very similaThe deepest portion of basement drilled beneath the central portion
lithologies. of the TAG mound (i.e., in Hole 957E at 125.7 to 111 mbsf) consists

The hydrothermally altered clasts within pyrite silica brecciasof basalts totally replaced by an assemblage of chlorite + pyrite +
generally decrease in amount upward from 92.22 mbsf to 49 mbsfuartz, which is in turn partly to totally replaced by paragonite +
No hydrothermally altered basalt clasts were encountered at shallowuartz + pyrite in this depth interval. These rocks give way to rocks
er depths in Hole 957E (to 31.50 mbsf, the shallowest core at the taptally replaced by the paragonite + quartz + pyrite assemblage up to
of Hole 957E). The shallowest hydrothermally altered basalt clast$01 mbsf, above which similar, though more silicified, rocks occur to
were observed at 16.55 mbsfin Hole 957G in a “massive granular pghallower depths. Similar paragonite + quartz + pyrite assemblages
rite breccia” (i.e., in Sample 957G-2N-1 [Piece 95Zm]) and at totally replace basement in Holes 957H, 957P, and 957M on the
19.50 mbsf in Hole 957C (a 1-2-cm buff-colored basalt fragment irsoutheast, north, and west sides of the mound, respectively, although
a “nodular siliceous pyrite-anhydrite breccia” of Sample 957C-7N-Irocks in Hole 957P are more pyritized, and the recovery from Hole
[Piece 6G, 5868 cm]). Several other basalt clasts were found a®57M on the west side of the mound probably represents a rubble
21.35 and 21.69 mbsf in Samples 957G-3N-1, -38b5cm (Pieces pile. Anhydrite veins are common throughout all of the sections, with
4A-D) and 957G -3N-1, 6&7.5 cm (Piece 6). the exception of TAG-4.

Isolated, centimeter-sized, clasts of basalt also occur along with
pyrite + quartz clasts forming the various types of pyrite-silica brec-
cias. The size and abundance of these hydrothermally altered basalt

Submersible observations have three times reported the occulasts decrease irregularly upward. The uppermost such clasts were
rence of basaltic rocks on and around the TAG mound. Lisitsyn et alound at only 0.74 mbsf in Hole 957M (west margin), at 9.75 mbsf in
(1989) report that “the floor around the hydrothermal mound is shatlole 957N (40 m south of mound center), at 16 mbsf in Hole 957C
tered basaltic basement...” and “on the upper slope, two fragments afid at 20 mbsf in Hole 957G (both at mound center), and at 17 mbsf
basalt tubes with sectoral parting were found.” Reasonably, onia Hole 9570 and 35 mbsf in Hole 957P (both at north margin). The
ought to question the “greenstone-altered basalts” identification memppermost clast found in Hole 957H of TAG-2 southeast distal area
tioned by Lisitsyn et al. (1989) because nontronite, which cementsccurred at 34 mbsf, which is relatively deep, but the lack of docu-
the basalt fragments along with quartz or opal, birnessite and iron oriented basalt clasts higher in this section does not preclude their
ides, or sulfides, is, according to these authors, the only clay minerptesence because of the low core recovery.

Summary of Alteration Lithostratigraphy

Other Basalt Samplesfrom the TAG Mound
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Slightly altered basalt with chloritization halos was encountered
beneath the mound margins at a much shallower depth than near the
present discharge zone: 42 mbsf or 3695 mbsl under the northwest
distal part of the mound of TAG-4 where the regional seafloor depth
is 3688 m, according to the detailed bathymetry map of Kleinrock et
al. (1996).

PETROGRAPHIC DESCRIPTIONS

The most common rock type recovered from within the active hy-
drothermal TAG mound during ODP Leg 158 are various types of
breccias made up of several generations of sulfides (mainly pyrite),
guartz, and anhydrite in variable proportions. These three hydrother-
mal minerals occur as clasts, as cement, or asveins.

Thevariably altered basaltic rocks and clastsrecovered by drilling
of the basement beneath and within the mound are fragments of pil-
low basalts, interpillow breccias or hyaloclastites with holohyaline,
variolitic, and subvariolitic textures are generally observed. These
fragments are either clasts ranging in size from a few millimeters
across (i.e., they could only be identified in thin section or with a
hand lens) to afew centimeter in diameter, to veined blocks as large
as the core diameter (i.e., about 6 cm) and larger.

Basement Beneath the Mound Margins

Basement beneath the mound margins (Holes 957B on the south-
east, and 957M on the west) contain the least altered rocks, aswell as
chloritized rocks that differ from those in the deep chloritic stock-
work zone. The basal part of Hole 957B contains slightly altered,
smectite-bearing dark gray basaltsthat exhibit centimeter-sized, vari-
ably altered red halos (see Pl. 1, Fig. 1). Chloritized rocks are also
present. In the lower portion of Hole 957M, lightly altered, smectite-
bearing dark gray basalts bordered by centimeter-wide chloritized al -
teration halos with or without an outer millimeters-wide red band
were recovered. Specific samples of these rocks are described in de-
tail below.

Hole 957B

Sample 158-957B-4R-1 (Piece 6) 48-49 cm, is a 4.5-cm-long
fragment of subvariolitic aphyric basalt. It displays three concentric
aternately light and dark reddish brown bands, about 2 mm thick,
around areddish brown to bluish gray mottled core (see Pl. 1, Fig. 2).
The grayish zones in the core correspond to unstained basalt matrix,
whereas the reddish ones are stained by Fe-oxyhydroxides. Euhedral
olivine microphenocrysts and skeletal crystals are intensively re-

placed by smectite (with or without talc, see “Phyllosilicate Mineral-

other samples are totally recrystallized to chlorite (see PI. 1, Fig. 1;
Sample 158-957B-4R-1 [Piece 2,~P4]).

Sample 158-957B-4R-1 (Piece 3,-38) between the samples
just described, is a completely altered pillow rim breccia made up of
millimeter- to centimeter-sized angular to subangular glass and mi-
crocrystalline basalt clasts loosely cemented by a soft chlorite + he-
matite + quartz mud (see PI. 1, Fig. 1). The alteration patterns dis-
played by the shards are extremely varied and complex: convoluted
color zoning ranges from dark reddish brown to almost colorless, and
Liesegang banding is frequently observed in the altered glass. The al-
teration predated the breaking up of the shards because the alteration
patterns are not concentric with the shard outlines but intersect them.
X-ray diffraction of several bulk rock samples and <2-um fractions
indicate that chlorite, quartz, and hematite are the only minerals
present in this sample. Chlorite with and without hematite staining re-
places the basaltic material. Chlorite frequently occurs as pseudo-
morphs after olivine microphenocrysts and skeletal olivine crystals
and probably after plagioclase microlites, but the secondary mineral
replacing plagioclase could not be optically identified. Relict varioles
and vesicle infillings are now represented by fibroradial chlorite ag-
gregates. A few glass shards exhibit “parquetry” patterns resulting
from adjacent patches about 500 pm long on edge, which are made
up of subparallel, 40-um-long chlorite fibers. The breccia cement
consists of 8- to 150-um-diameter anhedral quartz grains with com-
mon wavy extinction, finely fibrous chlorite, and dark reddish brown
anhedral hematite. Locally, larger quartz grains tend to gather and
form quartzitic granules, a few millimeters in size. Hematite is also
locally present as an interstitial coating of the quartz granules.

Hole 957M

Green chloritic alteration zones with disseminated pyrite are com-
mon but not ubiquitous among the 44 pieces of basalt recovered in
Cores 158-957M 9R-1, 10R-1, and 10R-2, from the basement be-
neath the western margin of the mound. These samples, up to 6.7 cm
in length, are the largest basalt fragments recovered during Leg 158.
The green halos are concentric with the piece outlines and with re-
spect to sometimes present inner, almost black bands, up to 5 mm
thick, and surround the dark gray cores of less altered basalt (see PI.
2, Fig.1 of Sample 158-957M-9R-1 (Piece 6;-31 cm), and PI. 2,

Fig. 2 of Sample 158-957M-10R-1 (Piece 21,16 cm). Green
halos are more common in samples from Cores 158-957M-10R-1 and
10R-2 than in those from Core 158-957M-9R-1 (see PI. 2, Fig. 3).
According to the Leg 15Bnitial Reports (Humphris, Herzig, Miller,

et al., 1996), the thickness of the green halos ranges from 0.5 to 50
mm, but the actual thickness is difficult to assess because outer halos
were partly removed by the coring process.

The inner basalt cores with subvariolitic textures have been weak-

ogy” section) with little Fe-oxyhydroxides. Only a few rare 80-um-ly altered at low temperature so that only their olivine micropheno-
diameter olivine relics are left at the center of the larger olivine cryserysts and skeletal crystals are generally but to a very slight extent re-
tals (see PI. 1, Fig. 3). Plagioclase microlites appear to be unalterpthced by smectites with traces of “iddingsite,” i.e., mixtures of Fe-
in the sample core, whereas they are almost completely replaced byyhydroxides and smectite, along their outlines and cracks (see PI.
colorless smectite in the sample’s outer reddish rims. Vesicles rang; Fig. 4). The plagioclase microlites, plumose clinopyroxenes and
ing from 70 to 300 um in diameter are filled with zoned, fibroradialCr-spinels are essentially unaltered. Vesicles and miarolitic voids are
smectite. A few miarolitic voids are filled with yellow smectite filled with smectite and rare iddingsite in the less altered, dark gray
stained by Fe-oxyhydoxides. A 0.4-mm-thick hematite + lepidocrocinner portions of basalt fragments.

ite vein crosses one corner of the sample (see PI. 1, Fig. 4). The vein In the green halos, olivine is commonly almost completely re-
displays diffuse selvages because the Fe-oxyhydroxides selectivgiyaced by chlorite and mixed-layer smectite-chlorite, whereas the
replaced the basaltic matrix between the plagioclase microlites. Sevesicles and miarolitic voids are filled with these minerals (see PI. 2,
eral twisted veinlets (4 to 100 um thick) of probably the same Fe-hyig. 5). The basaltic groundmass is lighter colored in the green halos
droxides are observed. Disseminated pyrite is common and chalcopijran in the less altered cores probably as a result of the pervasive re-
rite rare. Both sulfides occur as granules, 1 to 20 um in diameter, placement of interstitial material by chloritic phyllosilicates. Thin,
interstitial areas, along fractures, and on vesicle walls. Pyrite crystalsp.1-mm-thick, chlorite veins and apparently discontinuous pyrite
50 to 80 pm in diameter, with minor chalcopyrite, covellite andveins are present.

bornite are associated with these smectite veinlets in the bluish gray Fe-oxyhydroxides are locally observed associated with the chlo-
portions of the sample core. In contrast, the red halos of at least somie or smectite replacing the olivine and filling vesicles and miaroli-
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tic voidsin the green hal os and associated rocks. Samples 158-957M-
10R-1 (Piece 6, 33-35 cm, and Piece 9, 60—62 cm) exhibit up to 2-
mm-thick, brown red halos in which olivine is mainly replaced by
smectite and iddingsite with few relics left. The plagioclase micro-
lites are stained by orange-brown Fe-oxyhydroxides, and the vesicles

HYDROTHERMAL ALTERATIONS OF BASALT

completely replaced by hydrothermal phases. The rims of the largest
Cr-spinel crystals, ranging from 0.1 to 0.3 mm in diameter, are al-
tered and smaller crystals are almost totally replaced by an unidenti-
fied phase. Vesicles and miarolitic voids, ranging from 0.15 to 0.75
mm in diameter are filled with concentrically zoned fibroradial chlo-

lined with a Fe-oxyhydroxide layer up to 25 um thick; veinlets of palerite with occasional anhedral quartz at the center.

yellowish-tan fibrous smectite 50- to 100-um-thick cross the red ha-
los.

In a few samples, (Samples 158-957M-10R-1 [Piece 96&0
cm], and [Piece 10, 695 cm]), the chloritic, pyrite-bearing halos
grade outward into a several millimeter—thick reddish brown band in
which the disseminated pyrite is replaced by Fe-oxyhydroxides that
may correspond to a later (maybe present-day) oxidation of the sul-
fide.

Sample 158-957M-10R-2 (Piece 7,32 cm) is a pervasively
chloritized pillow lava rim with a coalesced variole texture corre-
sponding to Kirkpatrick’s (1978) N°4 zone (see PI. 2, Fig.1). The
hand specimen displays a green color and clearly shows 2-mm-thick,
double, green halos (i.e., lighter toward the vein and darker toward
the host rock) bordering both selvages of a 2.5- to 5-mm-thick quartz
+ pyrite vein. The old glassy rim and adjacent submicroscopic basalt
matrix is probably completely replaced by brownish tan chlorite,
whereas the glomerophyric olivine microphenocrysts are replaced by
quartz + pyrite + pale green chlorite. Vesicles up to 0.2 mm in diam-
eter are filled with brown fibroradial chlorite. Pyrite crystals are dis-
seminated in the host-rock on both sides of the vein selvages with a
decreasing average grain size away from the selvage. Near the vein,
the euhedral pyrite crystals are up to 0.1 mm on edge with a few mi-
crometer-thick quartz corona whereas they decrease down to about
0.008 mm in diameter 2 to 3 mm farther inside the host-rock. The
main vein corresponds to multiple stage fillings of an open crack by
several generations of quartz with disseminated pyrite, frequently
leaving chloritized rock screens between successive quartz layers.
The anhedral quartz crystals are generally “dirty,” range up to 0.7
mm in length, and generally exhibit wavy extinction There are a few
interstitial brownish phyllosilicate flakes among the quartz crystals.
Several quartz or quartz + euhedral pyrite veinlets, ranging from
0.008 to 0.1 mm in thickness, criss-cross the host-rock and the main
quartz + pyrite vein. A pale green chlorite discontinuously lines the

Four types of veins were observed:

1. One, with matching parallel selvages, starts as a 0.05- to 0.06-
mm-thick, double fibrous chlorite-filled vein. As it increases
up to 0.016 to 0.025 mm in thickness, anhedral quartz crystals
and then subhedral pyrite crystals successively appear at the
center of the vein leaving two chlorite selvages. Finally, where
itis the thickest (about 0.75 mm across), the vein does not con-
tain any chlorite and it is made up of quartz selvages with sub-
hedral pyrite crystals at its center (see PI. 3, Fig. 3). “Dirty”
anhedral quartz crystals are often seen at the center of the vein
(see PI. 3, Fig. 3). Such quartz crystals contain parallel align-
ments of tiny brown particles (see “Phyllosilicate Mineralogy”
section). Pyrite commonly overgrows the vein walls and re-
places the adjacent chloritized host-rock. This first vein type
clearly indicates that chlorite formed first in an open fissure,
followed by quartz, and finally pyrite.

Later veins are composed mostly of quartz alone, are very ir-
regular in shape, and variable in thickness, ranging from 0.3 to
1 mm across; hence, they do not display matching selvages
and did not form by open crack fillings but by replacement of
the host-rock. Rarely, they locally contain few small anhedral
pyrite crystals or chlorite aggregates.

Another type of later vein is formed by pyrite alone. These ap-
pear in the two-dimensional thin section surface as apparently
discontinuous alignments of 0.03 to 0.15 mm subhedral pyrite
crystals. This type of vein results from the total replacement of
the chloritized host-rock.

Anhydrite and euhedral pyrite are commonly observed coating
one side of samples (see PI. 3, Fig. 1). These minerals probably
form one of the latest veins but could also be part of the matrix
in a coarse greenstone breccia.

2.

3.

4.

walls of one such vein, whereas euhedral pyrite occupies its centerChloritized Basalts Partly Replaced by Paragonite + Quartz +
The “crystalline calcite” and “minor calcite” reported in the Leg Pyrite

158Initial Report core descriptions (Humphris, Herzig, Miller, et al.,
1996) as lining vesicles in pieces from Cores 158-957-9R-1 and 10R-

Sample 158-957E 18R-1 (Piece 4;-20) was collected at 120.9

1 (see Humphris, Herzig, Miller, et al., 1996, p. 309-310) have nambsf, and illustrates the further reaction of chloritized rocks and their

been observed in any of the study thin-sections, and no carbonate waplacement by paragonite + quartz + pyrite in the deepest rocks
identified in any of the samples from Leg 158 that we have analyzedirilled (111 to 125.7 mbsf). The sample consists of a 1.5-cm clast of
hydrothermally altered basalt rimmed by a 1-cm-thick breccia of al-
tered glass shards cemented by quartz (see PI. 3, Fig. 5).

The altered basalt clast consists of 5-mm-sized islands of green
chloritized intergranular basalt, immed by 2- to 3-mm buff-colored

Sample 158-957E 18R-1 (Piece }80cm) was collected at halos where the rock is completely replaced by paragonite + quartz +
120.70 mbsf, and represents one end-member type of hydrothernmjrite. In the chloritized portion of the basalt, the microlitic ground-
alteration (chloritization) characteristic of the deepest drilled portiormass is replaced by chlorite and disseminated pyrite; plagioclase
beneath the central part of the mound (111 to 125.7 mbsf). The sammicrolites and microphenocrysts are replaced by polycrystalline
ple is a relatively large (7 cm across) fragment of greenstone (see Blartz and traces of chlorite; olivine microphenocrysts are replaced
3, Fig. 1) corresponding to a chloritized intergranular basalt contairby quartz, or chlorite with minor quartz, and pyrite. In the buff-col-
ing chlorite, quartz and pyrite, in decreasing order of abundance (seeed halos along the margins of the fragment and along a 0.75-mm-
“Phyllosilicate Mineralogy” section). It is intersected by chlorite + thick quartz + pyrite vein, alteration is similar to that in the chlori-
quartz + pyrite veins ranging from 0.05 to 1 mm in thickness; a 1-cmtized portion, but chlorite is replaced by paragonite. The subvariolitic
thick anhydrite + pyrite vein runs along one side of the sample (segroundmass is replaced by paragonite and disseminated pyrite; pla-
Pl. 3, Fig. 1). Chlorites of variable composition (see “Phyllosilicategioclase microlites and microphenocrysts are replaced by quartz and
Mineralogy” section) and anhedral quartz replace primary plagiotraces of paragonite; olivine microphenocrysts are replaced by
clase phenocrysts, microphenocrysts and microlites. Primary glonguartz, or paragonite with minor quartz, and pyrite. A pair of 0.09-
erophyric olivine aggregates are replaced by chlorite, anhedral quamzm Cr-spinel crystals with rounded outlines are the only primary
and subhedral sulfides (mainly pyrite with minor chalcopyrite) (seaninerals observed in the thin section of this sample. The Cr-spinel is
Pl. 3, Fig. 2). Cr-spinel is the only primary mineral that has not beepresent near the center of a 1.2-mm diameter aggregate made up of

Deep Chloritic Stockwor k
Chloritized Basalts
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six anhedral quartz crystals, severa subhedral pyrite crystals, and The inner parts of the largest clasts, which in the least altered sam-
white mica flakes. This quartz + pyrite + mica aggregate may be re- ples are about8 cm across, clearly exhibit characteristic quenching
placing an olivine + Cr-spinel primary glomerophyric aggregate. features of basaltic lavas emplaced during subaqueous eruptions. The
The green chloritized portion of the basalt fragment is cut by a textures range from intergranular with skeletal lath-shaped plagio-
0.24-mm-thick, pale green chlorite vein with clear, subparallel sel- clase microlites and olivine microphenocrysts, and dendritic clinopy-

vages that contains rare euhedral pyrite crystals. Thisearliest veinis roxene (Zone 6 texture of pillow lavas according to Kirkpatrick
intersected by a 0.75-mm-thick quartz + pyrite vein with poorly de- [1978]), to “bow-tie” spherulites to coalesced plagioclase spherulites
fined selvages. Pyriteislocated mainly at the center of thevein. Ina and olivine dendrites with poorly defined or undefined spherulite
1-mm-wide zone along both sides of the quartz + pyrite vein, the host boundaries (Zones 5 and 4, respectively of Kirkpatrick’s [1978] sub-
rock istotally replaced by paragonite + quartz + pyrite, and the chlo- variolitic textures). The more glassy Zones 1 to 3 (Kirkpatrick, 1978)
rite vein is replaced by paragonite (see Fig. 3, “Phyllosilicate Minerare rarely observed, probably because holohyaline clasts with well
alogy” section). The same chlorite vein is intersected and displacatefined, isolated spherulites (i.e.,varioles), are either less abundant or
by a 0.03-mm quartz-thick vein. There are numerous bifurcatingthey have been totally replaced by quartz + pyrite + mica mixtures,
anastomosing quartz veins, 0.04 to 0.12 mm thick, with a few pyritand, therefore, their igneous texture has been obliterated. A5 mm or
crystals. a 10 mm thick glassy pillow rim corresponding to Kirkpatrick’s

In the breccia surrounding and cementing the basalt clast, alter¢ii978) zones 1 to 3 only represents 5.9 or 7.7% by volume of a 50 cm
glass shards, ranging from 0.06 to 0.6 mm in diameter, are angulier diameter pillow lava. Vesicles ranging from 0.1 to 2.5 mm in
and commonly display concentric alteration zoning. The glass is rediameter are filled by the same types of secondary minerals as those
placed by a green brown chlorite, itself locally replaced by paragothat replace the host basaltic clasts. Very often fibroradial paragonite
nite, quartz, and pyrite in variable proportions. with rare chlorite lines the walls of the vesicles, whereas small anhe-

In the matrix, the quartz + pyrite veins are difficult to distinguishdral to subhedral quartz and/or pyrite crystals are found near the cen-
from the quartz + pyrite matrix of the breccia. Quartz crystals comter. More rarely, the vesicles are filled by paragonite alone (this is of-
monly appear “dirty” because of numerous submicroscopic incluten the case in the least altered parts of the clasts, see PI. 5, Fig. 1),
sions, and they range from chalcedony-size grains (i.e., ranging froguartz alone or quartz near the walls and pyrite at center. Segregation
a few micrometers to several tens of micrometers) to 0.5-mm-longesicles (Bideau and Hekinian, 1984), ~0.25 mm in diameter, with
elongated crystals. The latter commonly contain the tiny inclusionthe characteristic frozen meniscus of solidified residual magmatic
only in their center. melt are filled by paragonite.

Sample 158-957E 18R-1 (Piece 5730 cm) is a hydrothermally As a result of intense silicification and pyritization, the primary,
altered breccia composed of halohyaline to fine-grained intergranulanagmatic textures of the basalt clasts progressively disappear.
clasts cemented by generally dirty quartz and pyrite crystals ranginQuartz + pyrite + paragonite pseudomorphs after olivine microphe-
from < 10 pm to 0.25 mm in diameter. nocrysts are rarely observed in an almost completely obliterated sub-

The old glassy clasts are often pseudomorphed by greenish to a&hrilotic groundmass (see PI. 5, Fig. 2). The complete evolution can
most colorless fibrous chlorite (with or without paragonite) oftenbe clearly observed when one compares the various parts within a
forming large (0.15 mm long and 0.02 mm thick) tufts, whereas thsingle clast in one thin-section, moving from the inner part of the
clasts with an intergranular texture are generally replaced by dirtglast to its edges (see PI. 5, Figs. 3 to 8). The inner part of clasts con-
quartz, pyrite, chlorite, and paragonite mixtures (see Pl. 3, Fig. 6jain scattered euhedral to subhedral pyrite crystals, ranging from 15
Olivine microphenocrysts totally replaced by green chlorite, and vego 300 pm but most about 25 um on edge. They are generally sur-
icles filled with fibrous chlorite with locally anhedral quartz crystals rounded by polycrystalline anhedral quartz coronas about 10 to 50
at the center were observed in old glassy clasts. In the clasts witim thick, which almost completely surround the pyrite crystals (see
relict intergranular texture, the plagioclase microlites are totally rePl. 5, Fig. 3). Moving toward the clast edges, or near a quartz + pyrite
placed by quartz, whereas the fibrous chlorite fillings of the vesiclesein crossing the clast, pyrite crystals and their quartz coronas be-
are partly replaced by paragonite. Irregularly shaped veins rangintbme progressively more abundant, coalesce and finally merge,
from 0.15 to 15 mm in thickness criss-cross the breccia and oftéiorming discontinuous zigzagging festoons of quartz and pyrite (see
clearly cut across the clasts. The veins are formed by anhedral, oftéh 5, Fig. 4). As a result, the basalt clasts appear to be concentrically
“dirty,” quartz and elongated aggregates of euhedral pyrite crystafsamed by irregularly shaped quartz + pyrite veins whose size and
that occupy the center of the veins or by pyrite alone. Selvages of tladundance increase from the clast cores to their edges (see PI. 5, Fig.
veins are generally difficult to define because the vein minerals arg and 6). These festoons do not differ in composition nor in shape
the same as those forming the breccia matrix. It is only when veirfsom the thicker quartz + pyrite veins that separate the various clasts
cross a clast with holohyaline or fine-grained intersertal texture thatr clast fragments in a single sample. The overall picture is of “ex-
the vein selvages are visible. Minor anhydrite can also be presentanding” clasts with centripetally increasing quartz and pyrite. Both

the center of the thickest veins. in the inter- and intraclast veins, pyrite is most often localized near
the center with respect to quartz, which forms the vein selvages (see
Main Paragonite + Quartz + Pyrite Stockwork Pl. 5, Figs. 4-6).

The most resistant primary feature of the basaltic clasts is their

Above 111 mbsf, all basalt clasts in the TAG-1 area are completébow-tie” microlitic texture which is often observed, though some-
ly replaced by paragonite + quartz + pyrite in variable proportiongimes very faintly, within “dirty” or “cloudy” quartz crystals of the
(see PI. 4, Figs. 1 to 4). Late anhydrite veins are common througholttreccia matrix or of the quartz + pyrite veins (see PI. 6, Fig. 1). Much
and the intensity of silicification increases above 101 mbsf. A similaguartz appears “dirty” because it contains subparallel alignments of
uphole alteration pattern was observed in drilled sections from TAGabundant, submicroscopic to micron-sized, brownish inclusions
1, 2 and 5. The following petrographic description is a composite ofvhich cut across adjacent crystal boundaries and sometimes extend
microscope observations on a collection of about 150 thin sectionsacross 3 or 4 contiguous crystals (see PI. 6, Figs. 2-4). These features

This series of thin sections allowed us to reconstruct the progreare very similar in dimension and geometry to the primary “bow-tie”
sive evolution of basaltic clasts of the stockwork near the active upmicrolitic texture of the primary subvariolitic basalts that are formed
flow zone of hydrothermal solutions beneath the central part of thby tufts of skeletal plagioclase microlites separated from each others
mound. The evolution is observed along a 70-m-thick sectiomy dark Fe-Mg rich mesostasis. Quite often the “dirty” quartz crystals
through the basement. are located at or near the center of the veins as if they correspond to
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former rock screens (see Pl. 3, Fig. 3 in the case of a chloritized ba- correspond to those of white micas (i.e., sericite or muscovite), and
salt). Large, up to 0.5-mm-long, elongated quartz crystals are often the white mica structure was confirmed by X-ray diffractions, but all
dirty in their central part whereas their two ends are limpid because the electron microprobe analyses clearly indicate a Na-rich composi-

they areinclusion free. tion (see Fig. 4).
As inferred from electron microprobe analyses, the inclusions
making the quartz crystals appear “dirty” consist essentially of para- Par agonite

gonite flakes, more rarely chlorite, and even more rarely unidentified
Ti-rich phases (anatase or rutile?), which are probably oxides be- Paragonite is a dioctahedral sodium mica, N8AIO ,,(OH),,
cause they did not contain any major element but Ti. Fluid inclusionsaving complete solid solution with muscovite at temperatures
are present as well. In Sample 158-957P-8R-T;, &m, “dirty” >550°C, but with significantly decreasing solution at lower tempera-
quartz contained a few spots of an unidentified Cr-rich phase near Qures (Guidotti et al., 1994). Electron microprobe analyses and X-ray
rich paragonite, the chemical composition of which is discussed idiffraction of TAG “paragonites,” however, reveal that these are mix-
the “Phyllosilicate Mineralogy” section. It is uncertain whether thesdures of paragonite and dioctaedral smectite. Interlayer cations of
represent the incorporation into paragonite of Cr derived from th&@ AG paragonites are predominantly Na (see Fig. 4), but total inter-
breakdown of primary Cr-spinel, or contamination by cryptocrystaldayer cation contents are variable and lower than pure paragonite
line inclusions of a Cr-phase within the paragonite flakes that are eifFig. 5), consistent with the presence of differing amounts of smectite
closed in the “dirty quartz.” layers. TAG paragonites also have lower tetrahedral Al contents and
Four types of veins criss-cross the basalt clasts: slightly higher octahedral Mg+Fecontents than pure paragonite
(Fig. 5). The phyllosilicates are dioctahedral, with octahedral cations
1. The most abundant veins are irregularly shaped (without pagenerally totalling 4.00 to 4.13 pesf0DH),. Beidellite and montmo-
allel selvages) quartz + pyrite veins (see PI. 7, Fig. 1). Severalllonite are dioctahedral smectites that form a continuous series, with
generations of these veins intersect each other and cut rare etire negative layer charge originating predominantly in tetrahedral
lier chlorite veins. The quartz + pyrite veins mostly cut orthog-sites in beidellite and in the octahedral layer in montmorillonite. The
onally across the basaltic clasts, but in some cases they afAG paragonites trend toward smectite compositions close to the
difficult to distinguish from the quartz + pyrite cement of the beidellite end-member (Fig. 5). In some samples, crystallites that ex-
breccias (see PI. 7, Fig. 2). The quartz + pyrite veins vary fronmibit zoning in BSE images contain variable proportions of smectite
about 0.5 mm to 4 mm in thickness but their actual thicknesand paragonite on a fine scale (a few um), as indicated by varying in-
is generally hard to measure because of the lack of clear-ct¢rlayer cation totals. Total interlayer cation occupancies suggest that
selvages, in which cases the veins blend with the breccia céhe phyllosilicates mostly contain 25%0% smectite layers, but
ment. Within clasts, the vein thickness ranges from 0.15 mmange up to ~85% smectite locally (Fig. 5).
to 0.8 mm. Aggregates of subhedral pyrite crystals generally Paragonite formed via replacement of chlorite in TAG stockwork
occupy the central part of the quartz + pyrite veins, and theamples, but there is no detectable difference in the composition of
largest pyrite crystals sometimes overgrow the vein width angbaragonite where it is directly replacing chlorite compared to parago-
protrude into the adjacent host-material, consisting of eithenite farther from the reaction front or from other occurrences (Table
clast or cement. The quartz crystals of the quartz + pyrite veing). Intimate intergrowths of paragonite and chlorite are observed in
are anhedral to subhedral and often appear “dirty.” BSE images at the scale of a few micrometers in several samples,
2. Paragonite is a common but minor vein constituent throughoutowever, and intergrowths of chlorite with paragonite at a scale finer
these rocks. It occurs as tens to hundreds of micrometer-sizethan that observable by BSE images (see PI. 8, Figs. 1 and 2), and
colorless patches along the selvages of the quartz + pyritelectron microprobe analyses (<1 um) account for the elevated Fe,
veins, either interstitial to these minerals (see PI. 7, Fig. 3) or
making up a significant proportion of the vein. Paragonite i Ca
also common as cloudy, brownish, fibrous, material interstitie
to pyrite (see PI. 7, Fig. 4).
3. Chlorite is present in trace amounts in veins throughout tt
paragonite + quartz + pyrite stockwork. It occurs as sma
(about 10 pm in diameter) isolated spherules or larger aggr
gates (tens to hundreds of micrometers) interstitial to quar
and pyrite in veins.
4. Anhydrite veins are the second most abundant type of ve
and anhydrite is also common as millimeter-thick coatings o
broken faces of hand specimens. Anhydrite is a late phase
vuggy quartz + pyrite veins, and forms with these mineral
rare veins up to 0.15 mm thick.

PHYLLOSILICATE MINERALOGY

Chlorite and/or paragonite are the most frequently observed cl
minerals in the various samples of hydrothermally altered basa
from the cores of the TAG mound. They form flakes ranging from
few micrometers to 75 pm in length.

These two clay minerals occur as optically distinct phases. Chl
rite is colorless, brownish, or light green in color, has low birefrin Na K
gence quite often with anomalous colors, and displays parallel € _ ) » ) )
tinction, whereas paragonite is colorless to tan, has middle-high bi F19ure4. Interlayer cation compositions of TAG paragonites. Interlayer posi-

fringence and parallel extinction. The latter optical properties exact tifogz are dominated by Na. Formulas calculated on the basis of layer charge
of 22 oxygens.

o1
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Figure 5. Compositions of TAG paragonites, formulas calculated on the basis
of alayer charge of 22 oxygens. Open circles = paragonitic minerals; open
boxes = end-member phyllosilicate compositions. A. TAG paragonites range
to lower tetrahedral Al contents than end-member paragonite. Scatter to
lower R3*/octahedral totals compared to pure paragoniteisin part due to con-
tamination by cryptocrystalline Ti-phase. B. Interlayer compositions of TAG
paragonites; scatter to lower interlayer cation contents reflects the presence
of smectite layers. The presence of relict chlorite layers could aso contribute
to this scatter, as well asincreased octahedral totals.

Mg, and octahedral cation totals of some analyses (not plotted in Fig.
5).

Paragonite from one sample (Sample 158-957P 12R-2, Piece 15)
has arelatively high Mg+Fe content, but also has high interlayer cat-
ion totals, suggesting a phengitic mica component (Fig. 5). The pres-
ence of chlorite causing the high Mg+Fe content of this sample can
be ruled out, because this should lead to lower interlayer cation con-
tents.

In one sample (Sample 158-957P 8R-1, 5-7 cm) some paragonite
analyses were contaminated by a cryptocrystalline Cr-phase, that
probably formed from breakdown of Cr-spinel in the rock. Electron
microprobe analyses (<1 to 4 wt%,; not plotted in Fig. 5) of nearby
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paragonite contain high Cr, but it is uncertain whether these represent
incorporation of Cr into a Cr-paragonite (a Na-fuchsite), or more
probably represent analyses contaminated by the cryptocrystalline
Cr-phase. Similarly, in contrast to paragonite in veins and filling
open spaces which contains essentially no Ti, analyses of paragonite
replacing basalt commonly contain significant amounts of TiO, (1 to
2 wit%,; not plotted in Fig. 5). The high Ti contents are attributed to
contamination by cryptocrystalline anatase, which was identified by
X-ray diffraction in the intensely altered basalts. Other than these Ti-
and Cr-contaminations no consistent difference was detected among
paragonites from different occurrences: that is, precipitates in open
spaces, replacing basalt, or among the different drill sites where par-
agonitewas found (TAG-1, TAG-4, or TAG-5).

Chlorite, Smectite, and Mixed-L ayer
Chlorite-Smectite Minerals

Chlorite from TAG exhibits a wide range of compositions, with
distinct compositional fields for different sites beneath the mound
(Fig. 6). Chlorites from the deep chloritic stockwork at TAG-1 are
Fe-clinochlores having Fe/Fe+tMg = 0.3 to 0.5, which are more au-
minous than other reported chlorites from the seafloor (Fig. 7).
Bailey’s (1980) classification of chlorites was used in this work.
Variations in chlorite compositions are generally limited, but in some
cases, significant differences occur on a small scale: in Sample 158-
957E 18R-1, 47 cm, chlorite replacing a plagioclase phenocryst ex-
hibits the full range of compositions detected in the deep chloritic
stockwork. There are no consistent differences in compositions for
different occurrences of chlorites in the deep stockwork in vesicles or
veins, or replacing olivine, plagioclase, or groundmass. Nor was any
difference detected between chlorite replacing basalts in the deep
chloritic stockwork (i.e., early chlorite) and later chlorite in quartz +
pyrite veins of the shallower paragonitic stockwork. A possible ex-
ception to this is chlorite at the reaction front where chlorite is being
replaced by paragonite in Sample 158-957E 18R-122@&m (see
Pl. 8, Figs. 1 and 2). Here, chlorite in the rock and vein has a compo-
sition typical of the deep chloritic stockwork, but chlorite at the reac-
tion front has higher Si, Na, and interlayer cation totals, indicating
that paragonite layers are present at a scale finer than detected by
BSE images. This may reflect the transition toward the compositions
in equilibrium with the hydrothermal fluids, and also suggests that
the chlorite at the reaction front is undergoing replacement and that it
is only an intermediate step in the reaction and not in equilibrium
with the hydrothermal fluids.

Chlorite replacing pillow rim glass from beneath the southeast
margin of the mound at TAG-2 is a Mg-rich clinochlore (Fe/Fe+Mg
= 0.17; Fig. 6). It is among the most magnesian chlorites reported
from the seafloor (Fig. 7).

Chlorites in the chloritized alteration halos on basalts from be-
neath the northwest margin of the mound at TAG-4 are Mg-cha-
mosites (Fig. 6), richer in Fe and higher in Si than chlorite from the
deep chloritized stockwork. Trends of increasing Si contents and in-
terlayer cation totals, and decreasing Al and Fe/Fe+Mg in phyllosili-
cates from the chloritized halos, are consistent with the presence of
mixed-layer chlorite-smectite minerals (Fig. 6). These are similar to
compositional trends observed for chlorite-smectite in typical sea-
floor metabasalts (Fig. 7).

Smectite in the host rocks beneath the margins of the mound at
TAG-4 and TAG-2 are similar Mg-rich trioctahedral smectites (sapo-
nite), which range in composition from near talc to increasing Al and
interlayer cation contents (Fig. 6B). These saponites fall within the
range typical of smectites in seafloor basalts affected by low temper-
ature alteration (150°C; Alt et al., 1986; Alt, 1995), but the low-
charge smectites are also similar to stevensite replacing basalt asso-
ciated with higher temperature (~200°C) hydrothermal venting (Zie-
renberg et al., 1995).
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Table 1. Representative electron microprobe analyses and structural formulasfor paragonite, chlorite, smectite, and mixed-layer chlorite smectite.

N: 5 608 32 41 605 132

Core, section,
interval (cm): 957E-17R-1, 43-45 957B-4R-1, 29-38 957M-9R-1, 35-37 957M-10R-2,17-19 957E -8R-1, 20-24 957E-18R-1, 41-43

Chlorite-smectite

Chlorite (replacing glass;  Chlorite-smectite Smectite Paragonite Paragonite

(Wt%0) Wt%) (Wt%) (Wt%0) (Wt9%0) (Wt%)
SO, 2391 3322 30.53 52.27 52.25 50.06
Al,O4 2227 14.77 14.60 3.86 34.88 36.88
MgO 15.15 26.84 16.17 2353 0.18 0.24
FeO 24.26 8.89 23.40 11.65 0.53 111
MnO 0.09 0.05 0.08 0.03 0.04 0.00
TiO, 0.06 0.00 0.04 0.00 0.09 0.03
CaO 0.06 0.22 0.64 0.78 0.36 0.40
Na,O 0.05 0.00 0.11 0.10 418 5.00
K,0 0.01 0.02 0.12 0.08 1.07 0.74
Total 85.85 84.01 85.69 92.31 95.44 94.46
S 5.14 6.63 6.50 7.32 6.68 6.39
Al IV 2.86 1.37 1.50 0.64 1.32 1.61
Al total 5.64 347 3.66 0.64 5.25 5.54
Al VI 2.78 211 217 3.93 3.94
M 4.85 7.98 513 491 0.03 0.05
Fe* 4.35 1.48 4.16 1.36 0.06 0.12
Mn 0.02 0.01 0.01 0.00 0.00 0.00
Ti 0.01 0.00 0.01 0.00 0.01 0.00
VI total 12.01 11.58 11.48 6.27 4.04 4.10
Ca 0.01 0.05 0.15 0.12 0.05 0.05
Na 0.02 0.00 0.05 0.03 1.03 1.23
K 0.00 0.01 0.03 0.01 0.17 0.12
CatNatK 0.04 0.05 0.23 0.16 1.25 141
Fe/lFetMg 0.473 0.156 0.448 0.217 0.62 0.72

Notes: Formulas calculated on the basis of alayer charge of 28 oxygens for chlorites and mixed-layer chlorite-smectites, and on 22 oxygens for paragonites. All iron as ferric iron.

Several analyses of mixed-layer chlorite-smectites from TAG-4 vine crystals and filling cracks, vesicles, and miarolitic voids. On the

fall in the intermediate areas of the trends between smectite and chlo- other hand, plagioclase microlites, plumose clinopyroxenes, and Cr-
rite in Figures 6A and 6B but are not plotted because the analyses spinel crystals are generally unaltered. Such basaltic basement sam-
were contaminated by Ti oxides. These data indicate that a continu- ples from the distal drill holes have been affected by a very slight al-

ous series of mixed-layer chlorite-smectite probably exists between teration by cold, oxidizing seawater without having undergone the
chlorite and smectite in the alteration halos and host rocks at TAG-4. various hydrothermal alteration stages listed below.
The first stage of hydrothermal alteration is the chloritization of
Talc the basaltic basement as a result of interaction, at high temperature,
with Mg-bearing hydrothermal solutions. Chloritization processes
In the lowest sections of Holes 158-957B and 957M, in TAG-2 differed, however, in basement beneath the southeastern portion of
and TAG-4 areas, respectively, talc wasidentified in several samples the mound (TAG-2 area) compared to the western mound margin
of slightly altered (3—15 vol%) dark gray basalt in which olivine (TAG-4 area), and both differ from the central, deeper chloritic stock-
microphenocrysts are fresh or partly replaced by, and vesicles and iwork (TAG-1 area). The basal part of distal Hole 957B (TAG-2 area)
terstitial voids are filled with saponite-talc mixtures. Talc was identi-contains, besides slightly altered smectite-bearing dark gray basalts
fied on the basis of optical properties (colorless in plane polarize(see above), chloritized rocks that differ from those in the deep, cen-
light, high birefringence between crossed polarizers), X-ray diffractral chloritic stockwork. In the lower portion of distal Hole 957M
tion, and electron microprobe analyses (see paragraph above affthG-4 area), the slightly altered, smectite-bearing, dark gray basalts
Figs. 6A, 6B, 7). High Fe contents of talc-rich samples (FeO total upre bordered by cm-wide chloritized alteration halos surrounded by
to 8 wt%) suggest the presence of Fe-rich talc as observed in other alillimeter-thick outer red halos. In the deepest section reached by
tered seafloor rocks (Shau and Peacor, 1992). drilling in the central TAG-1 area, near the present-day fluid up-flow
zone, pervasive chloritization generated greenstones in which all of
the primary minerals, except Cr-spinel, are replaced by chlorite, with
DISCUSSION minor quartz and pyrite. In most of the chloritized rocks, the se-
Sequence of Alteration Processes guence of secondary minerals precipitation in veins and vesicles is
with chlorite, followed by quartz and pyrite. Calculated slight gains
The petrographic and mineralogical study of the variously alteredf Mg by chloritized rocks and O and Sr isotope data indicate reaction
basaltic fragments observed in the cores drilled during Leg 158 allowith end-member fluids having a slight seawater component, that is,
the reconstruction of the sequence of alteration processes. The #dg-bearing hydrothermal solutions at temperatures of about 300°C
guence is not complete in any single sample and not even in any ot and Teagle, Chap. 21, this volume; Teagle et al., Chapghi®2,
section drilled through the TAG active mound. The following com-volume).
plete alteration sequence is compiled from observations of all of the The second stage of hydrothermal alteration is the paragonitiza-
studied samples. tion, silicification, and pyritization of the basalt clasts. During this
Basement beneath the mound margins (Hole 957B on the soutktage, earlier formed clay minerals (i.e., chlorite, smectite, and chlo-
east and Hole 957M on the west) contains the least altered rocks, rite-smectite mixed-layer minerals) as well as the relict primary min-
well as hydrothermally altered rocks. The dark gray basalt cores, sperals were replaced by paragonite.The typical white mica character-
radically surrounded by variously colored alteration halos, contairistic of sericitization of the host-rocks associated with land-based and
minor amounts of smectite and rare iddingsite partially replacing olia few other oceanic massive sulfide deposits is K-rich. However, it is
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Figure 6. A. TAG chlorite, talc, smectite and mixed-layer chlorite-smectite
compositions. Formulas calculated on the basis of alayer charge of 28 oxy-
gens. Open circles = chlorites from TAG-1; solid circles = chlorites, mixed-
layer chlorite-smectite minerals, and smectites from TAG-4; open boxes =
smectites from TAG-2; open triangle = mixed-layer chlorite-smectite mineral
from TAG-2. Chlorites from different drill sites beneath the mound fall in
distinct fields. Chlorite in a plagioclase pseudomorph from TAG-1 exhibits
the full range of compositional variation for this site (see Pl. 8, Fig. 3). Chlo-
riteinthevein shownin Pl. 8, Figs. 1 and 2, has a composition typical for the
TAG-1 site, but chlorite at the reaction front where it is being replaced by
paragonite (Plate 8, Figure 2) has higher Fe/FetMg and Si (solid squares).
Chlorites, mixed-layer chlorite-smectite (+talc), and smectite-talc in chlori-
tized ateration halos and host rocks from Hole 957M exhibit trend of
decreasing Fe and increasing Mg and Si. Smectite and smectite-talc from
Hole 957B shown for comparison. B. Interlayer cation contents vs. Al for
TAG chlorite, talc, smectite, and mixed-layer chlorite-smectite (same sym-
bols asin Fig. 6A). Formulas calculated on the basis of alayer charge of 28
oxygens. Chlorite being replaced by paragonite at the reaction front is not
represented because it has higher interlayer cation contents, reflecting the

Fe/Fe+Mg

Si

Figure 7. TAG chlorite compositions compared to those of chlorites and
chlorite-smectite-talc mixed-layer phyllosilicates from other hydrothermally
altered oceanic rocks.

not surprising to find a Na-rich silicate of aluminum as an alteration
product of basaltic basement forming the stockwork under the TAG
active sulfide mound because of the high Na/K ratio of the present-

day hydrothermal fluids discharged by the TAG black smokers com-
pared to those of other black smokers (Von Damm, 1995). Such a

high Na/K ratio shifts the present day TAG hydrothermal fluid com-
position to the stability field of paragonite from that of muscovite
corresponding to the lower Na/K ratios of black smoker fluids from

the other localities. Moreover, crystallization temperatures of up to
360°C similar to those of the TAG black smoker fluid were inferred
from the O isotope analyses of the quartz associated with paragonite
(Alt and Teagle, Chap. 21, this volume). The hydrothermal fluid gen-
erating the paragonite was Mg-poor.

The second stage of hydrothermal alteration was also responsible
for intense silicification and pyritization of the basaltic rocks. It was
probably concomitant with the paragonitization process described
above. Petrographic observations in and around the basaltic clasts, of
disseminated euhedral pyrite crystals surrounded by quartz coronas
and frequently zoned quartz + pyrite veins confirm that the basaltic
stockwork was affected by recurrent silicification and pyritization.
This process led to the “explosion” of the basalt clasts, probably
through hydrofracturing and infilling of the fractures by quartz and
pyrite. As a consequence, the clasts “melted” away into the quartz +
pyrite matrix of the various types of silica-pyrite breccias which
form, by far, most of the massive sulfide mound. Pyritization appears
to have been the most intense in Hole 957P section through the TAG-
5 area near the northern margin of the mound.

As aresult of hydrothermal alteration stage 2, the basaltic primary
minerals and textures were progressively erased and replaced by mix-
tures of “dirty” quartz, pyrite, and interstitial paragonite which are
extremely difficult to distinguish from the directly precipitated quartz
+ pyrite + paragonite matrix of the pyrite-silica breccias. The most re-
sistant primary mineral is the Cr-spinel that is still commonly ob-
served in the completely chloritized basalt samples but has disap-
peared in the paragonitized, silicified and pyritized clasts. However,
Cr-rich paragonites were found in interstitial position among “dirty”

presence of paragonite at a scale finer than the microprobe analysis (~1 “'Ghartz and pyrite crystals cementing strongly hydrothermally altered
Arrow indicates trend toward paragonite composition. Chlorite and mixedghoritized basalt clasts, and as replacement product after basalt
layer chlorite-smectite from alteration halos in Hole 957M trends towardg|gsts. At the present stage of our study, it is not possible to say
smectite, but the low interlayer cation contents indicate that talc is alsqhether a Cr-bearing paragonite analogous to fuchsite, i.e., the Cr-
present in the mixed layer samples. At higher Si contents, interlayer catiollfearing muscovite, formed in the TAG mound. The end product of

decrease toward talc compositions in the less altered host rocks.
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thisintense and pervasive alteration of the basaltic basement by high the hole so fast that it was carrying mud and rock fragments (i.e., drill
temperature hydrothermal solutions are mixtures of various propor- cuttings of up to 2 cm for sediments and 5 mm for sulfides) and form-
tions of quartz, pyrite and paragonite from which hydrothermally “in-ing a cloud more than 30 m above the seafloor.”
compatible” elements have been leached away and only Fe, S, Si, Al, When, in winter, soil interstitial water migrates into a freezing
and Na with some Cr and Ti remain, forming the hydrothermal minfront, it forms ice lenses that take more volume than when water is
erals. liquid in summer. “Frost heave” involves actual migration of unfro-
The last stage of hydrothermal mineralization corresponds to arzen water into the freezing front, followed by freezing into ice lenses
hydrite precipitating in open spaces such as veins, voids in the brecdérmwinter. Fine-grained frozen soils still contain unfrozen water at
matrix, or on exposed sample surfaces. Anhydrite precipitation resub-zero temperatures because of surficial tension in fine pores. Wa-
sults from the entrainment of seawater into the hot hydrothermal syter is drawn into these fine-grained soils as they freeze, and the result-
tem. ing volume expansion of the soil is often much greater than the ex-
Finally, some of the basalt fragments from the basement under thansion caused by the water-ice transition alone. Ice forms in a direc-
margins of the mound (e.g., TAG-4 area) and displaying green chldion that maximizes energy lost, i.e., upwards with the geothermal
ritized halos resulting from the first stage of hydrothermal alterationgradient, and by volumetric increase at the ice/water phase boundary,
were later altered by cold seawater. As a consequence these halosiaexpands toward the least resistance, i.e., free surface. This results
now stained red by Fe-oxyhydroxides replacing the disseminated pyr a “frost mound,” i.e., a general but uneven lifting of the ground sur-
rite that was associated with the chlorite. The low temperature of thimce and any overlying structures such as pavement. On the other
“submarine weathering” process is confirmed by oxygen isotopéand, “frost jacking or thrusting” is a mechanism by which rock from

analyses (Alt and Teagle, Chap. 21, this volume). pebbles to boulders are uplifted to the ground surface through perma-
frost and other periglacial soils. The frost heave-related volumetric
WHY ARE THE CLASTS FOUND SO HIGH increase displaces toward the ground surface whatever object the soll

had trapped when freezing, e.g., rock fragments. When the frost melts
ABOVE THE INFERRED BASEMENT LEVEL during the next warm season, the rock fragments are left behind, i.e.,
UNDER THE MOUND? higher relative to their original position. Moreover, upon thawing of
the soil which froze to the sides of objects, the meltwater-washed sed-
Hydrothermally altered basalt clasts were found at shallow depthisent infills spaces below the uplifted object and the latter will not
in the TAG-1 central area, 84, 81 and 42 m above the hydrothermaliyove back downwards as much. Both frost heave and frost jacking
altered stockwork, that is, 16, 20 and 49 mbsf, in Holes 957G, 957@rocesses are related and often concomitant. The processes are regu-
and 957E, respectively (see “Alteration Lithostratigraphy” sectionlarly repeated every year and the rock fragments progressively move
and Fig. 3). Similarly, beneath the distal margins of the mound, hytoward the ground surface until they finally outcrop (Williams and
drothermally altered basalt clasts were observed at depths as shall®mith, 1977 in Williams and Fremond, 1977; Anderson-Duwayne
as 0.74 mbsf (i.e., 41 m above the chloritized basement in TAG-dnd Williams, 1985 and ref. therein). Similarly, one can imagine that
Hole 957M). What process could have transported the clasts so hidpasalt clasts could progressively move up from the basement beneath
in the mound, several tens of meters above the depth of the initithe TAG mound when the host basalt of the stockwork is replaced by
ocean floor inferred from the depth of the plane surface connectinigwer density pyrite + quartz + paragonite breccias with lower bulk
the tops of the basement encountered in the distal drill holes? Sevedansities as a result of repeated hydrofracturing. The cracks would
mechanisms could be responsible for transporting basalt clasts fratmen fill and replace the clasts with hydrothermal minerals during the
the basement to or near the mound surface. Among these mechanissasond hydrothermal alteration stage. Alternatively, the recurrent
are entrainment in high-velocity hydrothermal fluid, processes analcsuccession of anhydrite precipitation during the last hydrothermal
gous to “frost jacking and heave,” and the nearly complete replacetage (0.4< 1(° tons of anhydrite are estimated in the TAG mound)
ment of basement. and later dissolution (anhydrite dissolves whenever hydrothermal ac-
Hydrothermal fluid flow rates up to several meters per secondivity stops and cold seawater seeps through the mound) in pore spac-
have been measured at black smoker chimney vents (e.g., Conveeseand fissures within the sulfide-rich mound could mimic the effects
et al., 1984), implying that fluid discharge with similar velocities of repeated freezing and thawing of water during “frost heave and
have to prevail in the subsurface upflow zones of seafloor hydrothefrost jacking.” As a consequence of its dissolution at low tempera-
mal systems. Such high flow rates could result from the confinemertire, anhydrite is not found in ancient land-based VMS deposits
of the hydrothermal solutions along fault zones and other fissureshich, on the other hand, often display brecciated, cavity filling, and
which channel them toward the surface. Near the seafloor, the hydroellapse structures both in the massif sulfide and the underlaying
thermal solutions are even more focused into vents restricted by tHgropylitized” stockwork. Volume change calculations taking into
cooling-induced precipitation of secondary minerals that throttle the@ccount the various mineral phase densities and their proportions
conduit (“garden hose effect”) and might end up in completely sealwithin the various types of breccias are needed to confirm the feasi-
ing the exit vents. This mechanism was discussed by Delaney et &ility of the “frost heave and frost jacking” hypothesis.
(1987), who considered it to be responsible for the formation of The last process is probably the most difficult to demonstrate. The
quartz-cemented, pyrite-bearing greenstone breccias recovered pgesence of hydrothermally altered basalt clasts above the level of the
dredging and submersible from the Mid-Atlantic Ridge near itshasement could be explained by an almost complete replacement of
southern intersection with the Kane Fracture. Clasts in the greenstoadasaltic mound by the siliceous pyrite breccias as a result of an ex-
breccias range in size from 0.01 to 1.5 cm. Calculations based dremely intense hydrothermal alteration. Such a process would leave
Shields’s criterion (1936; in Delaney et al., 1987) for threshold conin situ only a few small relicts of deeply altered basalt in quartz + py-
ditions of particles set in motion by Newtonian fluid during sedimentrite + paragonite mixtures, and the top of the easily recognizable
motion show that clasts 1 cm in diameter would require conduit flovbasement would effectively sink below its original level down to
rates of about 1 m/s to achieve minimum entrainment. This flow rateshere the stockwork was encountered by drilling. This hypothesis
is the same order of magnitude as that measured in black smokers @rplies that the inferred basement surface was neither flat nor plane
iting from the central TAG chimneys. Rock fragments were recenthput that the hydrothermal mound was superimposed on a now ob-
observed being transported above the seafloor by hydrothermal sokscured dome-shaped volcanic edifice similar to those observed near-
tions flowing out of a man-made hole into a hydrothermal site. Acby in the TAG hydrothermal field (Rona et al., 1993), consistent with
cording to an October 1996 ODP press release, as Hole 1035F wlasitsyn’s et al. (1989) hypothesis (see “Alteration Lithostratigra-
being drilled during Leg 169, “hot (286°C) water was rushing out ofphy” section, this chapter). Such volcanic edifices do not appear to be
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petrochemically different from the adjacent basaltic seafloor. How- Guidotti, C.V., Sassi, F.P., Blencoe, J.G., and Selverstone, J., 1994. The para-
ever, one could ask the question why hydrothermal discharge would gonite-muscovite soluvus: |. P-T-X limits derived from the Na-K compo-
preferentially take place through a thicker volcanic sequence when sitions of natural, quasibinary paragonite-muscovite p&beochim.

: : ~ Cosmochim. Acta, 58:2269-2276.
g;?e%atart“%i}/n?;rlﬁ gg/grjzﬂy:nagﬁirc?stancewould probably be lo Harper, G.D., Bowman, J.R., and Kuhns, R.J., 1988. A field, chemical, and

stable isotope study of subseafloor metamorphism of the Josephine Ophi-
olite, California-OregonJ. Geophys. Res., 93:4625-4656.
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Plate 1. Basalts from distal Hole 957B into the TAG-2 southeast basement. 1. Samples 158-957B-4R-1 (Piece 2 to Piece 4, 15-43 cm) of chlori-
tized basalt fragments and pillow breccia. The basalt fragments display red chloritic and hematitic alteration halos around dark gray, slightly
altered cores, whereas the pillow breccia (i.e., Piece 3) is made up of chlorite, hematite, and quartz. 2. Sample 158-957B-4R-1 (Piece 6, 43-50
cm) of aphyric basalt exhibits a 5- to 7-mm thick reddish brown halo around a slightly altered dark gray core. 3. Photomicrograph of slightly
altered dark gray basalt inner core from Sample 158-957B-4R-1 (Piece 7, 51-54 cm); smectite fills vesicles (e.g., upper center), vugs (upper
right and lower left corners), and veins (the largest one is about 0.1 to 0.15 mm thick), and partly replaces the two olivine microphenocrysts.
Uncrossed polars, field of view = 1.5 mm. 4. Backscatter electron photomicrograph of a diffuse hematite + lepidocrosite vein (0.3 to 0.5 mm
thick) in the outer reddish brown halo of Sample 158-957B-4R-1 (Piece 6, 48-49 cm). 5. Photomicrograph of areddish brown outer halo in Sam-
ple 158-957B-5R-1 (Piece 2, 7-9 cm) showing a smectite + iddingsite pseudomorph after an olivine microphenocryst (at center) and numerous
Fe-oxyhydroxide replacement of plagioclase microlites. Uncrossed polars, field of view = 1.5 mm. 6. Photomicrograph of slightly altered dark
gray inner core of the same sample as above showing unaltered plagioclase microlites (white), cryptocrystalline groundmass (gray), and opagues,
whereas the glomerophyric olivine microphenocryst aggregate, in center left, is replaced by smectite. Uncrossed polars, field of view = 1.5 mm.
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Plate 2. Basalt samples from distal Hole 957M into TAG-4 northwest basement. 1. Sample 158-957M 9R-1, (Piece 6, 31-37 cm) exhibits a 1-cm-
thick, outer green chloritized halo concentric with 2-mm-thick, inner black halos surrounding an inner, unaltered dark gray core. 2. Sample 158-
957M-10R-1, (Piece 21, 140-146 cm) shows an outer, 2- to 3-mm-thick, green, chloritized halo surrounding an inner, 1- to 2-mm thick, black halo
around a unaltered dark gray core. Notice, in both samples, the sharp contacts of the black halos against the unaltered inner cores, whereas their con-
tacts with the outer green halos are diffused. 3. Three basalt samples displaying the variolitic texture characteristic of pillow rims. The sample on the
left, Sample 158-957M-9R-1, (Piece 3, 13-18 cm), and the sample on the right, Sample 158-957M-10R-2, (Piece 7, 31-34 cm), are pervasively
chloritized and crossed by a 2-mm-thick vuggy pyrite vein (in the left sample) or a2-mm-thick pyrite + quartz vein bordered with a double light-dark
chloritic halos (in the right sample). Sample 158-957M-9R-1 (Piece 8, 45-52 cm), in center, is sightly altered and contains smectite. 4. Photomicro-
graph of Sample 158-957M-9R-1 (Piece 12, 72-79 cm) shows euhedra olivine microphenocrysts slightly altered to smectite, in an unaltered sub-
variolitic groundmass. Uncrossed polars, field of view = 1.5 mm. 5. Chlorite-smectite mixture aimost completely replacing two skeletal olivine
microphenocrysts and filling miarolitic voids (center-left and upper right corner) and vesicles (in center and upper left corner) in the green, outer halo
of Sample 158-957M-10R-1 (Piece 9, 61-66 cm). Uncrossed polars, field of view = 1.5 mm.
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Plate 3. Chloritization and transition to paragonite + quartz + pyrite alteration from the deeper, central part of the mound. 1. Chloritized basalt
Sample 158-957E-18R-1 (Piece 1, 0-8 cm) crossed by four 0.005- to 1-mm-thick quartz + pyrite + chlorite (together or alone) veins and bordered

by a 1-cm-thick pyrite + anhydrite vein. Dark spotsin the host rock are chlorite pseudomorphs after olivine and plagioclase microphenocrysts. 2.
Photomicrograph of the sample above showing chlorite filling vesicles, miarolitic voids and veins, and replacing the groundmass; a glomerophyric
aggregate of olivine microphenocrysts (lower left corner) isreplaced by quartz, pyrite, chalcopyrite, and minor chlorite; two plagioclase microphe-
nocrysts (upper right corner and center) are replaced by quartz and chlorite with minor pyrite. Uncrossed polars, field of view = 1.5 mm. 3: 0.75-
mme-thick quartz (along selvages) + pyrite (in center) vein in the sample above. Notice the screen of “dirty” quartz betergenpyvide crystal
aggregates in the center of the vein, in the upper left corner. In the host rock, plagioclase microlites are mainly replatedvith minor chlo-

rite. 4. Sample 158-957E-18R-1 (Piece 4;-28 cm) of a basaltic breccia formed by clasts which were initially chloritized, then paragonitized,
silicified and pyritized. The clasts are cemented by a quartz + pyrite + paragonite matrix. Several dark green (darle giagtagthph) chlori-
tized angular clast cores are surrounded by light buff-colored paragonitized halos. The sample is crossed by severabizeltinjetetz +
pyrite veins and bordered, from top to lower left, by a 1-cm-thick pyrite + quartz vein. Notice in the triangular, dafkayitzed clast core, in
center right, a 1-mm-thick, darker chlorite vein that continues, in the light buff halo on both sides, as a white parag(set vext figure)b.
Sketch illustrating the part of the chloritized clast core grading into a paragonitized halo in the sample described adaliechilogite veins in

the chloritized cores give way, in the paragonitized alteration halos, to paragonite veins that are themselves inteetectpyrity + quartz
veins.6. Photomicrograph of Sample 158-957E-18R-1 (Piece-®28m) of a silicified and paragonitized hyaloclastite with a chalcedony matrix
and disseminated fine grained pyrite. In the dark, angular shards, the basaltic glass has been mainly replaced by cbéwrite thehBght-col-
ored shards, it has been replaced by paragonite. Two generations of quartz veins crosscut each other and interseahbottatriastdncrossed
polars, field of view = 6 mm.
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Plate 4. Photomicrographs of hand specimens of the “silicified wallrock breccia” (i.e., silicified, pyritized, and pardgginitkagork) and the
various types of “pyrite silica breccias” containing pervasively silicified, pyritized, and paragonitized basalt clastsalthaalsts illustrated
range from subangular to subrounded in shag@ample 158-957H-5N-2 (Piece 1C-26 cm) from TAG-2 south distal area showing, in a stock-
work sample, the “expansion” of the basalt clasts as a result of recurrent and pervasive hydrothermal replacements.ddutcal frayments
belonging to the same clasts (e.g., center to upper right corner) are still contiguous. The white veins, ranging frasnnn5 ito thickness, are
formed by late anhydrite2. Sample 158-957H-5N-1 (Piece 7,69 cm) from the same TAG-2 area, showing several hydrothermally altered
basalt clasts in a “nodular pyrite silica breccia.” The clast at center, about 5.5 cm in length, exhibits two verticaitopEhdral numerous mil-
limeter-thick veins mainly filled with quartz. On the other hand, the thicker veins crossing the upper part of the saropder@amnglibare formed

by late anhydrite3. Sample 158-957P-12R-2 (Piece 4526 cm) from the TAG-5 north distal area showing, along the left edge, a 3-cm-long, per-
vasively altered basalt clast in a “nodular pyrite silica breccia.” The basalt clast is cut by a late vuggy pyrite veinowigfuaniz 4. “Nodular

pyrite silica breccia” Sample 158-957P-12R-2 (Piece #38Zm) from TAG-5 area showing a 3-cm-long hydrothermally altered basalt clast, in
the center of the sample, and another one, about 2.5 cm long, along the upper right edge. In both samples shown indFgtnesdgaarations

of brecciation and cementation by quartz and pyrite are observed as the basalt clasts are intersected by a networkiofttipyrjtguzeins and

are cut by later pyrite veins. The clasts are enclosed in a matrix of dark gray silica with disseminated pyrite, whickheesnagitsr massive,
granular pyrite clasts.
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Plate 5. Photomicrographs illustrating the progressive silicification, pyritization, and paragonitization of the stockwork from beneath the central part of the

mound. 1. Euhedral pyrite crystals locally surrounded by quartz rims are disseminated in a silicified and argilized (both chlorite and paragonite are present)

basalt clast in Sample 158-957E-14R-1 (Piece 11, 52-55 cm). The 150-um diameter vesicle, right center, is lined with a 10-um-thick layer of quartz and filled
with fibroradial paragonite. The argilized groundmass displays a clear microlithic texture. A quartz + pyrite vein is obteeuguber left corner. Uncrossed
polars, field of view = 1 mnR2. Basalt clast pervasively replaced by quartz + pyrite + paragonite in Sample 158-957C-16N-2 (Piee@BCm34The pri-

mary subvariolitic texture has almost completely been erased except in the lower left corner. Notice the quartz + pgdteite paeamdomorph after an oliv-

ine microphenocryst (about 0.25 mm in length) in the center. Quartz appears “dirty” because of the numerous submicresiopgcdhglaragonite and
fluids. Uncrossed polars, field of view = 1.5 mBnCentral part of a basalt clast in Sample 158-957E-14R-1 (Piece 5, 17-20 cm). The subvariolitic texture is
clearly visible and two plagioclase microlites, about 0.75 mm in length (e.g., upper left corner and just below centen) heplabed by quartz, whereas ves-
icles about 0.1 mm in diameter (e.g., near the microlite below center) were filled with paragonite. Euhedral pyrite agis@giom 0.02 to 0.25 mm on
edge are disseminated throughout rock; they are often surrounded by 10- to 50-um-thick quartz coronas. In the upper,rigiticeothe orange-brown
(lighter gray in the figure) patch of groundmass that is less altered. Uncrossed polars, field of view4: Anearadjacent to a quartz + pyrite vein (along sel-
vages and in center of the vein respectively), near the margin of the same clast. Near the vein, the pyrite crystalsiareroumeamd their quartz coronas
merge into one another. Same sample, same condBiodargin of a basalt clast grading into the quartz + pyrite matrix of “pyrite silica breccia” Sample 158-
957C-14N-2 (Piece 1A, X203 cm). The subvariolitic texture of the basalt is still visible in a series of 0.3- to 0.5-mm patches in the third paghioatihe

figure. Uncrossed polars, field of view = 15 m@n.The subvariolitic texture has almost completely disappeared from the margin of a basalt clast as it was
replaced by festoons of merging pyrite with quartz coronas (upper half) and graded into the pyrite + elongated quaratrixy$talen half). Notice that the
matrix quartz is often “dirty” in the parts farther away from the contacts with the pyrite. Sample 158-957C-16N-1 (PietelB8,d8). Uncrossed polars,

field of view = 6 mm.7. The basalt clast(s) in “pyrite silica breccia” Sample 158-957E-4R-1, (Piece-B4 t®h) has (or have) been almost completely
replaced by quartz + pyrite + paragonite. Only two relicts, about 5 and 3 mm in diameter, displaying faint subvariobcatextlrserved in lower center and

in lower left corner. They are crossed by festoons of quartz (along selvages) + pyrite (in center) veins. The breccia masacd®f isolated euhedral pyrite
crystals (e.g., near center), or pyrite aggregates surrounded by clear quartz crystals coronas grading into “dirty’ quintgtitiancrossed polars, field of
view = 15 mma8. Any trace of primary basaltic texture has disappeared from all of the other parts of the sample of “pyrite silica breeciosbof this
sample is made up of often large pyrite aggregates surrounded by an elongated quartz crystal corona grading into “disiyt qutertitial paragonite.
Uncrossed polars, field of view = 6 mm.
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Plate 6. “Dirty” quartz in “wallrock silicified breccia,” (i.e., silicified, pyritized, and paragonitized stockwork from betheatentral part of the
mound).1. Photomicrograph of Sample 158-957E-14R-1 (Piece H5%2m) shows, on the right, the margin of an altered basalt clast with sub-
variolitic texture and criss-crossed by numerous quartz + pyrite veinlets (less than 0.5 mm thick); and, on the left, iekRemantth+ pyrite

vein in the center, whereas elongated quartz crystals up to 0.6 mm long and perpendicular to the clast rim form its lselveijegudrtz crys-

tals are often “dirty” because of numerous paragonite and fluid inclusions. The large quartz crystals with the distiectiv# petusion trails,
extending through the middle of the pyrite vein, on the left, are magnified in the next figure. Uncrossed polars, fiele 6fmieu2. Detail of

the vein quartz from the preceding figure (i.e., “dirty” quartz at center, rim of the basalt clast on the right, and eein giyeiteft) showing the
trails of inclusions in two adjacent “dirty” quartz crystals (center left). This inclusion pattern is similar in size anth shapibvariolitic tex-
tures of the basalt clasts. The other quartz crystals forming the vein contain numerous but randomly distributed inctrsssed Palars, field

of view = 1.5 mma3. Similar trails of inclusions cutting across several large, elongated “dirty” quartz crystals in a quartz + pyrite veilen Samp
158-957C-16N-1 (Piece 16, 13437 cm). Uncrossed polars, field of view = 1.5 mm.
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Plate 7. Photomicrographs of veinsin silicified, pyritized, and paragonitized clasts in the hydrothermally altered stockwork, and interstitial occur-
rences of paragonite in the completely replaced clasts and in the pyrite + quartz + paragonite matrix of the “pyritecisd breeins of
pyrite (in center) and quartz (along selvages) in the rim of an “expanded” basalt clast (right half of the figure) in siliggyliteccia” from the
silicified, pyritized, and paragonitized stockwork beneath the central part of the mound (Sample 158-957C-16N-2 (Pie86 8@).3%he veins
range from 0.05 to 0.6 mm in thickness. Compare the paragenetic similarity of the veins with the large pyrite aggregatedsoyrauuartz
corona forming the breccia matrix (left half of the figure): the intraclast veins appear to merge into the matrix. Netitey, ithe poorly defined
boundary between the basalt clast and the matrix. Uncrossed polars, field of view 26Ar#r5-mm-thick vein of quartz (along selvages) and
euhedral pyrite crystals or crystal aggregates (at center) crosses through a silicified, pyritized, and paragonitizast ha<zdintple 158-957E-
17R-1 (Piece 3, X2 cm). Subparallel thinner quartz + pyrite-festooned veins are observed in the host basalt clast on either side of the thicker
vein. Notice that the 0.5-mm-thick elongated quartz crystal corona surrounding the large (i.e., 1.5 mm on edge) euhenlyatayitecenter,
mimics the cubic shape of the pyrite crystal. Uncrossed polars, field of view = 7.8. idomerous paragonite flakes forming sheaf-like aggre-
gates (up to 50 um in length) disseminated in “dirty” anhedral quartz that is interstitial among aggregates of euhedrgstaysiteplacing a
completely pyritized, silicified, and paragonitized basalt clast in “pyrite silica breccia” Sample 158-9571-1N-1 (Pieeg@2n7)5from the dis-

tal TAG-4 west area. Uncrossed polars, field of view = 1.5 mr8howing an interstitial phyllosilicate—paragonite and/or chlorite (dark gray, in
center of figure)— among the subhedral crystals of a pyrite aggregate surrounded by a “dirty” quartz corona. Sample 158 D87i€c®4lA,
10-13 cm) of silicified, pyritized, and paragonitized stockwork from the central part of the mound TAG-1 area.
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Plate 8. Backscattered electron photomicrographs of chlorite replacement by paragonite in Sample 158-957E-18R-1 (Piece 4, 20-24 cm). Dark areas

are poorer in Fe and lighter areas arericher in Fe. 1. Reaction front showing replacement of chlorite by paragonite. Rock in lower half of photo consist-

ing of chlorite (light gray), quartz (gray), and pyrite (white) is replaced in upper half by paragonite (dark gray), quartz (gray), and pyrite (white). The
reaction is strikingly visible in the center of the photo, where the 25-um-wide chlorite vein (light gray) running frometheftaw upper right has

been transformed into paragonite (dark gray) at the upper 2ighlose-up of reaction front within vein from Figure 1. Chlorite laths (light gray) are
enclosed within and are being replaced by surrounding paragonite. Analyses of this chlorite reveal higher Fe/Fe+Mg,t8iaNataridyer cations

than chlorite farther from the reaction front, suggesting partial equilibration with hydrothermal fluids and that parygositedaresent within the
chlorite at a scale finer than can be detected in the photogdaplackscattered electron photomicrograph of portion of plagioclase phenocryst
replaced by chlorite in Sample 158-957E-18R-1 (Piece-1c4n). Microprobe analyses of these different zones are shown in Figure 7 and illustrate
extreme compositional variation on a scale of tens of micrometers.
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