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ABSTRACT 
-Two distinct sedimentary facies produced by sea-floor hydrother- 
mal activity were cored during Deep Sea Drilling Project Leg 54. The 
first is equivalent to the typical basal iron- and manganese-rich, clayey 
mud recovered at many DSDP sites. It was tampled as a dispersed 
component throughout the cores taken in small \ediment ponds in 
several sites within 120 km of the Eart Pacific Rise at 9"N. We infer 
that this component was originally deposited as iron hydroxides dis- 
persed from high-temperature bents over the axial magma chamber 
of the East Pacific Rise. In the \ediments, the iron hydroxides have 
reacted diagenetically with siliceous microfossil tests and detrital 
clays to form K- and Fe-rich clays with variable SiO2/FezO3 and 
Fe20,/A120, ratios. - 

The second facies was cored in the active Galapagos Mounds hy- 
drothermal field 21 km south of the Galapagos Rift. Mounds \edi- 
ments consist of a capping of Mn oxides and up to 15 meters of green 
nontronitic mud overlying about 10 meters of carbonate ooze and 
fresh basalt. The green muds and Mn oxides were precipitated from 
fluid carrying components derived from alteration of 5olid basaltic 
rocks during the early cooling of a consolidated, but thin, oceanic 
lithosphere. The nontronite has apprectable SiO: and Mg0 not 
found in the axial iron-hydroxide facies, a high Fe,O,/FeO ratio, vir- 
tually no Al@,, and a comparatively fixed Si02/Fe?0, ratio of 
about 2:l. These geochemical features allow it to be disringuished 
from the compositionally more variable K-Fe montmorillonite of the 
East Pacific Rise sites which forms diagenetically. On this basis. 
mounds-type nontronites occur in both Bauer Deep and DOMES 
Site C tediments. on the flanks of the East Pacific Rise. The con- 
trasts with the diagenetically produced clays also support the conclu- 
sion that the mounds nontronites are direct precipitates from hydro- 
thermal solutions encountering sea water, rather than the products 
of diagenetic reactions between the solutions and components of the 
sediments. 

INTRODUCTION In this chapter, we summarize the post-eruptive his- 
tory of al1 the sites drilled on Leg 54. This includes the 

During Leg 54, the Glomar Challenger cored a series sedimentary history of the sites and the modification of  
of  holes in two regions of the tropical eastern Pacific, basement basaltic rocks by interaction with sea water, 
one near 9"N on the flanks of the East Pacific Rise, in- pore fluids, and  possible hydrothermal fluids. The per- 
cluding a site in the Siqueiros fracture zone, the other on spective of  this report is that oceanic crust. sediments, 
the flanks of the Galapagos Rift near the equator at  sea water, and pore fluids constitute a complex system 
about 86"W (Table 1 and Figure 1) .  The purposes of al1 of  components that interact t o  varying degrees depend- 
these sites were to  explore the origin of intermediate and ing on such factors as heat flow, sedimentation rate, 
fast-spreading segments of non-rifted oceanic crust, and bottom current activity, structural setting, and depth 
their subsequent modification by physical and chemical below the calcite compensation depth. We examined a 
processes at low o r  high temperatures. At Sites 424 and spectrum of sites in two contrasting settings where the 
425 on the Galapagos Rift, the primary objectives of various geothermal phenomena are quite different. Im- 
drilling were geothermal, and site selection was based portant features of  these settings are as follows: 
primarily on measurements of heat flow and near-bot- 1) Most of the East Pacific Rise sites are thinly sedi- 
tom observations of geothermal phenomena. rnented ponds o r  shallow structural depressions o n  the 
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TABLE 1 
Site Locations 
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tlanks o f  a fast-spreading (6-cm/y. half raie) segment o f  
oceanic crust. Nearly bare rock crops out over perhaps 
70 to 90 percent o f  the surrounding sea floor. Heat flow 
measurements scattered throughout the area are mostly 
low (1.4-3 HFU; Rosendahl and Dorman, this volume), 
sediments are siliceous nannofostil oozes and marls, and 
ba\ement ages at the dri l l  sites are between 1.2 and 
4.6 m.y. 

2) Site 424, about 18 km south o f  the axis o f  the Ga- 
lapagoe Rift, consists o f  four holes drilled into very 
young basalts (about 600,000 y.) in an area which nevcr- 
thelesî i c  sediniented to depth\ o f  25 to 30 meters (Klit- 
gord and bliidie. 1974: Lonsdale. 1977a). Basement re- 
lief i s  less than 50 meters, rypically lest than 10 meters. 
Basement cropc out in lesc than 20 per cent o f  the near- 
by sea tloor. and only on prominent fault scarps. This is 
an area o f  hyporhe\ized geothrrmal act i~ i t '  ac e\idrricçd 
by high but variable heat flow (Williams et al., 1974; 
Williams et al.. 1979) and the occurrence o f  sedirnentary 
mounds o f  apparent hydrothermal origin (Lonsdalc, 
1977a) from which hot fluids have been sampled (Cor- 
liss et al., 1978). The geothermal system appearc to re- 
flect convective circulation o f  sea water through the 
crust and sediments (e.g.. Williams et al., 1979). 

I n  addition to these major targets, we also drilled Site 
425, about 62 km north o f  the Galapagos Rift, on crust 
about 1.9 m.y. old. The rite and surrounding sea tloor 
are uniformly sedimented with siliceous calcareou ooze 
to depths of  79 meters. Heat tlow measurements within 
5 km of the site (Sclater et al.. 1974) are moderately high 
(3.3 HFU) and uniform. corresponding to values pre- 
dicted for condtictive cooling o f  the underlying oceanic 
lithosphere. Probably because o f  hiph sedimentaiion 
rates ( -50 m1m.y.). a conductive temperature gradient 
is clorer to the epreading axis here than at most. i f  not 
all, other ridge crests. This allows i t  to be unusually 
steep. 

WC have several objectives in this report. First. wc 
shall discuss evidence for a \ignificant geothermally pro- 
duced component to sediments \ve cored on the tlankc 
of the East Pacific Rise near 9"N (the Siqueiroc fracturc 
zone region) which has come IO light as the resuli o f  dc- 
terminationc o f  bulk sediment chemi\try (DonneIl?. (hi\ 
volume and Appendix). Thesc we shall compare with es- 
sentially pure Galapago\ Mounds sediments o f  likelq gc- 
othermal origin. For the latter, ive \hall decelop e\pe- 
cially the ~iewpoint\ o f  the Leg 54 scientific party. which 
are by no mean\ unanimous. as well as those o f  various 
shore-based contributors to this volume. With thc 
mounds area recently re-occupied by the G' lo~i~ur Cltul- 
1c.nyerduring Leg 70. we \ee no need to olfcr a final ter- 
dict on these riewpoints. but instead will outline arcs\ 

Irhere we feel additional \tudy will ot'lèr tome recolu- 
tion o f  divergent opinions. More importantly. we chall 
emphasire the contrasting settingc o f  East Pacific Ricc 
and Galapagoi Rift geothermal activity, as well a\ offer 
a computational technique, modified from and partlq 
combining those of Heath and Dymond (1977) and 
Bischoff et al. (1970a). for delincatin_e rarieties o f  "geo- 
thermal" components in largely hiogenic pelagic \edi- 
ments. This wiII also allow u\ to illu\tratc an iniportant 
diflèrencc between the chemictrp o f  hydrotherrnally 
produced sedimentt at thc East Pacifie Ricc and tlic Ga- 
lapagos Rift. 

1,1THOI.O~;IC VARIATIOYS 1% 
EAST PAClFlC RISE JEDIMk:NTS 

Sediments at Sites 419, 420. 421. 422. 423, 427. and 
428 were continuously cored to basaltic basement; they 
consist primarily of gray-green siliceoiis calcarcou\ 007- 
ec with varying proportions o f  nannotoc\ils, t'oramini- 
fere. diatom\. and radiolarians. Thew arc interbedded 
with reddish brown and dark olicc-bronn ciliceou\ cal- 
careous clays (Figure 2). particularly toward the tope o f  
the variou\ holes. Sedimente at Site 427. in the deepest 
part o f  the Siqueiros fracturc zone, are more \iliçeous 
and are generall! rlark and p)rititeroii\. iridiiatirig dcp~  
o\ition in an environmcnt o f  more rectricted owygen 
than the other \hallowcr \itet. Thi\ rnay be the rewlt o f  
stagnant bottom watcr in thic deep portion o f  thc frac- 
ture rone. 

The alternating gray-green and reddith brown lith- 
ologies in  the se~eral holec are a widesprcad charactcric- 
tic o f  sediments in the eastern equatorial Pacitic. Thi\ 
feature was co prevalent in  tore\ recocercd in the uppcr 
portions o f  several DSDP \ites cored on L.cg\ 8 and 9, 
that a formation name, the Clipperton, was assigned to 
this facies (Tracey, Sutton et al.. 1971). Our \ediment\ 
can be considered to be epecifically equivalcnt IO thc 
"c>clic member" o f  the Clipperton Formation (Ha>\ et 
al., 1972). Although the principal componentc o f  the 
clay-rich interbeds cored during Legs 8 and Y werc found 
to be cmectitec, aniorphous iron owidec, and biozenic 
silica. the origin o f  \O wideiprcad a facies (reaching 
from the East Pacific Rise to Site 77, \orne 600 km IO 

the wect). was not resolved by the Leg 9 scientific party 
(Cook, 1972). 
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Figure 1 .  Locations of sites drilled during Leg 54 where sedittlenrs were recovered. Bathyinerry of region near the Siqueiros fracture zone fronl Rosen- 
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On the one hand, the low carbonate abundance, high 
biogenic silica abundance, and indications of moderate 
to extensive carbonate dissolution huggested approach 
of the sites to the lysocline and the possibility that "cy- 
cles" of dissolution had occurred. On the other hand, 
particularly near the rise crest, hydrotherrnal compo- 
nents, espeçially the "amorphous iron oxides," might 
have been added in significant proportions to the sedi- 
ments, contributing to their brown color. 

Partial resolution of this problem has been obtained 
by correlating abundances of calcium carbonate in 
DSDP and other cores from the region with detailed bi- 
ostratigraphy and paleomagnetic fluctuations (e.g., 
Dunn and Moore, in press). The carbonate fluctuations 
result from changes in dis\olution (Broecker, 1971; Ber- 
ger, 1973) on the sea floor (Berger, 1967), reflecting 
changes in the corrosiveness of deep waters. These 
changes can be correlated from place to place, especially 
closer to the belt of equatorial high productivity. 

In Our drilling arra, however, correlation of such 
fluctuations from hole to hole cannot be made because 
al1 the targets were small sediment ponds amidst virtual- 
ly bare igneous outcrops. Redistribution of sedinients 
by currents must have been a factor in accurnulating 
even the small thicknesses of sediments we managed to 
core. Although detailed lithologic evidence for this is 
limited by intense drilling disturbance of the cores, sev- 
eral factors support thi5 view: 

1) Locally sharp bedding contacts occur between 
rnarly and calcareous sedirnents that arc not disturbed 
by bioturbation; 

2) there are local concentrations of siliceous, pyritic, 
and in one case, vitric sediments, suggestive of size and 
density sorting by currents, and probable slumping; 

3) fragments of basaltic glass, presumably mostly 
derived from surrounding baserncnt highs by ero\ion, 
are an  ubiquitous rninor component in al1 the sediments; 

4 )  there are contrasting sedimentation rates at dif- 
ferent sites with diasterns in some but not in others; 

5) there is clear biostratigraphic ecidencr for inter- 
vals of rapid ~edirnentation in some cores (i.e., redeposi- 
tion or slumping); 

6 )  there is general lack of correlation of individual 
marly andcalcareous mud zones among holes (Figure 2); 
and 

7) there is lack of agreement between basement ages 
inferred from magnetic anomalies and the oldest (but 
still younger) sediments in several holes. 

Nevertheless, dissolution effects, especially on for- 
arninifers, are considerable in Our drilling area (Krash- 
eninnikov, this volume; Lynts, this volume). We suggest 
that the probable increased flux of colder, corrosive, 
bottom waters in the Pleistocene, coupled with a low 
sedimentation rate, allowed long residence time of sed- 
irnents on igneous outcrops before redistribution by cur- 
rents. This promoted locally greater dissolution on the 
sea floor, following the arguments of Berger (1967). 
Sediments swept by currents into troughs or hollows 
may have collected quickly, been buried, and thus been 
rernoved from contact with corrosive bottom waters. 
Hence they preserved their carbonate fraction. Redistri- 

bution by currents resulted in alternating lithologies that 
do  not correlate from pond to pond. 

Therefore, although we view enhanced carbonate dis- 
solution in the Pleistocene as an important factor con- 
tributing t o  the composition of sediments cored on the 
East Pacific Rise during Leg 54, by itself it cannot ex- 
plain the alternating lithologies in the upper cores at OUT 

sites. We turn now t o  evaluation of hydrothermal input 
to these sediments. 

CHEMISTRY OF SEDIMENTS CORED AT 
SITE 420. EAST PACIFIC RISE. 

AND SITE 425, GALAPACiOS RIFT 

Among East Pacific Rise sites, complete major-oxide 
chernical cornpositionr have been obtained on sediments 
only for Site 470, the longest East Pacific Rise sediment 
section (120 m) cored on I.eg 54, by Donnelly (this vol- 
ume and Appendix). Partial major-oxide and trace ele- 
ment abundances have been deterrnined on sediments of 
several sites by Schrader and Furbish (this volume). To- 
gether, these data confirm that there is indeed a major 
metalliferous component of probable hydrothermal ori- 
gin in young sedirnents on the flanks of the East Pacific 
Rise. Because they make a useful contrast to  Site 420, 
sediments of Site425, located 62 km north of the tialap- 
agos Rift in the Panama Basin, will also be discussed 
here. also based on analyses by Donnelly (this volume 
and Appendix). Site 425 sediments, like those of the 
East Pacific Rise. are mainly siliceous calcareous oozes, 
but they were depo5ited at higher rates of accumulation 
(sec Galapagos Site Report), and in close proximity t o  
the equatorial high-productivity belt. 

We have choten two procedures to illustrate tiie me- 
talliferous component of East Pacifiç Rise sediments- 
one graphical, the other computational. For the first, 
sediment compositions were recalculated carbonate-free 
by assigning al1 C a 0  t o  CaCO? (and a minor amount, 
with PIOS, to apatite), and normali~ed to 100 per cent. 
On Figures 3 through 5, various oxides normalized in 
this fashion are plotted versus SiO-. Lines drawn from 
any phen point to 100 per cent SiO: \hould reprcwnt 
trends of dilution with biogenic silica, having removed 
the effects of biogenic carbonate in the normaliration 
procedure. The slopes of these lines are negative, as in- 
dicated on  the figures. A strong correlation of an oxide 
with one of these dilution lines means that its propor- 
tion in the non-biogenic fraction is essentially constant. 
Sorne scatter about an "average" dilution trend line 
rneans that the oxide was contributed to the sediment by 
two or more components in which the proportion of the 
oxide differed, or that the proportion of a single contri- 
buting 5ource was variable. Some idea of what these 
cornponents are can be deduced from the diagrams by 
cornparing fields of data points with potential pure end 
components. For example, on Figure 3 the field for site 
425 analyses trends roughly toward 100 per cent SiO: on  
the abscissa from approxirnately a pure pelagic clay 
composition. The field for site 420 also trends toward 
100 per cent SiO: on the abscissa. but starting at a com- 
position with higher FezO,/SiOz than average pelagic 
clay. Similarly, we can deduce from Figure 4 that Site 
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Figure 5. M n 0  versus Si02 for sediments from Sires 
420 (East Pacific Rise) and 425 (Galapagos Rrfr). 
Dura from Donnelly lrhis volume. Appendrx). Data 
points are plorred afrer recalculuring sedrments CaC03- 
free and normalizing to 100 per cent. 

the effect of biogenic silica dilution (Figure 4B). The 
dispersion of Fe20, and AIZO, away from silica dilution 
trends on these diagrams can therefore be taken to 
represent variable metalliferous input to the sedirnents, 
more pronounced for Site 420 than Site 425. Figure 6 
summarizes the Fe20, and A120,  contrast between Sites 
420 and 425; only one Site 420 sample has Fe20, as low 
as any of the Site 425 samples; and several of the latter 
have Fe203/A1203 virtually identical to  Pacific pelagic 
clay (Bischoff et al., 1979a). 

The computational approach involves a combination 
of two procedures, both of which are based on types of 
normative calculations for eastern Pacific sediments. 
The first is the method of Heath and Dymond (1977), 
only here modified for ovide rather tliüri elemental 
abundances. The procedure is t o  calculate for each ox- 
ide those proportions which are detrital (i.e.. eolian), 
hydrothermal, biogenic, or hydrogenous in origin using 
assignments based on geochemically plausible assump- 
tions. The basic equations are Equations 178 in ~ e a t h  
and Dymond (1977). but modified to oxide format. 
Without Ni data, however, the hydrogenous component 
(based on  their Equation 9) cannot be explicitly calcu- 
lated. This is not important for Si02,  Al207, and Fe203, 
since the method assumes that no fraction of  these ox- 
ides is hydrogenous in origin. Of critical importance 
here are the assumptions that both Fe20, and A1,0, 
consist solely of hydrothermal and detrital components, 
and that detrital.Fe20,/AI20, is fixed at a ratio compa- 
rable to that of typical pelagic clay (0.567 for the oxide 
ratio, indicated on Figure 6). Using this procedure, the 
proportions of detrital and hydrothermal Fe203, and det- 
rital, hydrothermal, and biogenic Si02,  are plotted ver- 
sus depth for both Sites 420 and 425 (Figure 7). Biogenic 
Si02 is determined by difference after hydrothermal and 

Figure 6. Fe,O, versus Al2O1 for sediments from Site 
420 (Easr Pacific Rise) and 425 (Gulapugos Kiff). 
Daru from Donnelly frhis volume, Append1.r). Data 
pornts are plorred uffer reculculuring sedrmenrs CaC0,- 
free und normalizrng ro 100 per cenf. Line.~ show 
ratros of Fe201/A 1,01 for averuge DOMES pelagic 
clay 1= 0.567; Bischoff er al.. 1979) and Cronan's 
11 972) average Pucific pelugic clav (PpC]. 

m. 
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detrital components have been calculated. This figure i l-  
lustrates that hydrothermal Fe,(), has been a major 
fraction (50-80'70) of al1 the Fe20, in Site 420 sediments 
regardless of how diluted with biogenic carbonate and 
SiO,. With the exception of one sample, the proportion 
of hydrothermal Fe20, shows a general increase with 
depth, and is over 80 per cent of the total Fe:O, in the 
deepest sample analyzed. The proportion of hydrother- 
mal Fe20, in Site 425 sediments, however, is much 
lower (2-38Vo), consistent with the qualitative impres- 
sion given by Figure 4. 

Without Ni data, as  aireadj mentioned, there is no 
way to estimate what proportion of M n 0  is hydrother- 
mal and what proportion is hydrogenous. The detrital 
proportion is trivial. Heath and Dymond (1977) indicate 
that C o  would be a somewhat better element than Ni to 
use in estimating hydrogenous abundances of other ele- 
ments, based on  ratios of these elements to C o  in hydro- 
genous material. Although we also lack C o  data on the 

.Site 420 EPR 
i Site 425 GR 

- 
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Figure 7. Percentage of biogenic (b), detrital Id), and 
hydrothermal (h) SiO2 versus depth, and defrital (d) 
and hydrothermal (h) Fe20, versus depth, Sires 420 
(A and B) and 425 (Cand D) compured using the pro- 
cedure of Heath and Dymond (1977). The scale for 
SiO, is expanded io show the low hydrorhermal Si02 
or both sires calculared by rhis procedure. Data from 
Donnelly (this volume, Appendix). 

specific samples plotted on Figures 3 through 6, Schrad- 
er and Furbish (this volume) measured Co on a number 
of samples from several sites drilled on Leg 54. Their 
data show no correlation between low Co abundances 
(44-339 ppm) and usually very high Fe or Mn values. Co 
is nearly as low as in demonstrably hydrothermal sedi- 
ments at Site 424 (e.g., Natland et al.. 1979; Hoffert et 
al., this volume). By the assumptions of Heath and Dy- 
mond (1977), this implies that most M n 0  in the Site 420 
sediments is hydrothermal in origin. 

Somewhat different geochemical relations between 
Sioz, Fe203, and M n 0  are indicated by the computa- 
tional procedure of Bischoff et al. (1979a). This, too, in- 
volves assigning proportions of various oxides to pelagic 
clay (here an explicit average composition based on sed- 
iment analyses is assumed), and to an average manga- 
nese nodule composition for the DOMES area they in- 
vestigated. This area, on Miocene East Pacific Rise 
crust northwest of the Siqueiros region, is of some inter- 
est here because the oldest metalliferous sediment at the 
DOMES sites appear to have been deposited very near 
the crest of the rise at an almost identical paleolatitude 
as the Leg 54 sediments (Bischoff et al., 1979b). Al- 
though most of the DOMES sediments conform closely 
to pelagic clay and hydrogenous manganese nodule 

components, DOMES Site C has a distinctive iron-rich 
metalliferous component inferred to have been hydro- 
thermal in origin. 

The procedure of Bischoff et al. (1979a) involves cal- 
culating "excess" Fe203, Sioz, and other oxides. Excess 
Fe203, for example, is Fe203 not in pelagic clay, as de- 
termined for any particular sediment bulk composition 
using the ratio of Fe20,/Alz03 in pelagic clay, plus bulk 
Fe203 and AI2O3 (this assumption is identical to that of 
Heath and Dymond, 1977). Hydrothermal Fe203, simi- 
larly, is excess Fe203 minus the proportion of iron com- 
bined with manganese in average DOMES manganese 
nodules (excess Fe203-0.32 MnO). This assumption 
entails that al1 M n 0  be considered hydrogenous. We 
have already argued that at Site 420 especially, most of 
it is hydrothermal. But with no Co or Ni data, we can- 
not calculate hydrogenous MnO. Therefore, hydrother- 
mal Fe20, may be underestimated by 0.1 to 1.2 percent 
for most samples, and possibly by greater than 3 per 
cent for the two samples with over 9 per cent normalized 
MnO. This does not seriously affect conclusions reach- 
ed later in this section, since hydrothermal Fe203 is con- 
servatively estimated in al1 cases. 

When excess S i 4  (i.e., not in a pelagic clay compo- 
nent) is plotted against the calculated hydrothermal 
Fe203, important features of tropical eastern Pacific 
sediments emerge (Figure 8). Site 425 sediments have lit- 
tle hydrothermal Fe203 and high excess Sioz, the hall- 
mark of biogenic Sioz. In these respects, they resemble 
two of the three DOMES sites (compare with Figure 8 of 
Bischoff et al., 1979a). Site 420 sediments clearly in- 
clude some also enriched in biogenic silica, but others lie 
near the trend line for Bauer Deep metalliferous sedi- 
ments, as do  a fair proportion of sediments analyzed 
from DOMES Site C. Two of the samples, however, have 
excess SiO2 below that of Bauer Deep-DOMES Site C 
sediments, implying an unusual enrichment in Fe203. 

The explanation for the rather fixed ratio of hydro- 
thermal Fe,O,/excess SiO2 in Bauer Deep and DOMES 
Site C sediments is important to consider here. Bischoff 
et al. (1979b) proposed that diagenetic reaction between 
hydrothermal amorphous iron oxides and biogenic silica 
produced a clay mineral in the DOMES Site C sediments 
with a very specific composition. On the other hand, we 
note that the ratio of Fe203/Si02 in green hydrothermal 
nontronites we cored at Site 424 in the Galapagos 
Mounds hydrothermal field (which we shall discuss in 
more detail later) is the same as the ratio for the Bauer 
Deep and DOMES Site C sediments, as indicated on 
Figure 8. In fact, Bischoff et al. (1979b) noted that a fair 
amount of Mg0  was supplied hydrothermally to 
DOMES Site C. The values of Mg0  for Site 424 green 
nontronites are remarkably similar to DOMES Site C 
values, especially if calculated MnO-free (Table 2). We 
shall later argue, as others have, that the mounds-type 
nontronite is a direct precipitate from hydrothermal 
solutions that has both elevated Fe203 and appreciable 
SiO2. It therefore represents a facies distinct from the 
rise-crest iron hydroxide facies, which has very low 
SiO2. Figure 8, then, can be taken as evidence that a 
mounds-type nontronite may be the iron-bearing hydro- 
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Figure 8. Excess SiO, versus excess Fe20, - 0.32 Mn0 
for sediments from Sites 420 (East Pacific Rise) and 
425 (Galapagos Rifrl. Data from Donnelly (this vol- 
ume, Appendix). Data points calculated from proce- 
dure of Bischoff et al. 119791. Sediment totals were 
first normalized to 100 per cent. Trend lines for 
Bauer Deep and DOMES Site C metal1r;ferous sedi- 
ment from Bischoff et al. (in press) and Site 424 green 
nontronitic mud (Hekinian et al., 1978) are also shown. 

TABLE 2 
Calculated Average Compositions of Site 424  

Green Muds (Table 3) and Metalliferous 
Sediment Fractions o f  DOMES 

Site C and Bauer Deep 

1 2 3 4 

S ioz  60.4 59.2 57.0 (59.4) 
Fe203 35.1 28.9 33.3 (34.7) 
Mg0 4.4 7.3 5.8 ( 6.0) 

I 4 .6  4 .0  - Mn0 - - - 
r 100 100 100 

Notcs' 
1 = Green mud, Site 424 (Table 3). 
2 = Average DOMES (Bischoff et al., 1979b). 
3 = Bduer Deep dverage (Bischoff and Rosen- 

bauer, 1977). 
4 = Bduer Deep average calculated MnO-free. 

thermal component both at Bauer Deep and DOMES 
Site C. 

We shall return to this point later. At present, how- 
ever, we wish to emphasize that the occurrence of a hy- 
drothermal facies with appreciable SiO, means that the 
proportion of  hydrothermal Si0, calculated using the 
procedure of Heath and Dymond (1977), and shown on  
Figure 7, could be seriously underestimated without inde- 
pendent verification that iron hydroxides are the predom- 
inant hydrothermal component, rather than a mounds- 
type iron nontronite. 

At Site 420, we have such verification. lron hydrox- 
ides have been identified among Sites 420 sediments by 
X-ray diffraction techniques and by microscopie obser- 
vation (Rateev et al., this volume). These authors also 
identified a type of iron-rich montmorillonite as the pre- 
dominant clay mineral in East Pacific Rise sediments 
cored on Leg 54. The iron montmorillonite could be dis- 
tinguished readily from common (detrital) montmoril- 
lonite, because it has prominent X-ray diffractogram 
peaks that disappear after heating in 10 per cent HCI at 
80°C for one hour. Other detrital minerals in the clay 
fraction are iliite (20%-35%), kaolinite (10%-20%). 
and chlorite (<5%) .  The compositions of the iron 
montmorillonite at Site 420 obtained by Rateev et al. 
(this volume) have quite variable SiO2/Al20, ratios 
(4.23-8.56), but they are still clearly distinct from Site 
424 green nontronites where this ratio is >32. Fe203/ 
A1203 in the Site 420 iron montmorillonites ranges from 
1.44 to 2.01, values considerably lower than in the green 
nontronites of Site 424 ( > 14). However, at Site 420, the 
Fe,O3/AI2O3 ratio of the iron montmorillonites is com- 
parable only to the lowest bulk sediment values. This im- 
plies that there is additional iron in many of the sedi- 
ments not in clay minerals at al], but in some form of 
iron hydroxide. It is important in this respect that the 
compositions of Site 420 iron montmorillonites reported 
by Rateev et al. (this volume) do  not lie on  a mixing line 
on Figure 8 between Pacific pelagic clay and Site 424 
green nontronites. Therefore no similar nontronite com- 
ponenl exists at al1 in the Site 420 sediments. 

The origin o f  the iron montmorillonite appears to be 
authigenic. Rateev et al. (this volume) describe its oc- 
currence as  filling cavities in radiolarian skeletons, re- 
placing worm burrows, forming nodules o r  globules 
that are surrounded on  their periphery by earthy Mn 
compounds, and interestingly, resulting from decompo- 
sition of "vitroclastic" basaltic materials. They identify 
phillipsite, hematite, and Mn compounds associated 
with iron montmorillonite in X-ray diffractograms. 

Excess Fez03 is plotted versus M n 0  on  Figure 9. 
There are no  samples from either Sites 420 or  425 which 
resemble average DOMES manganese nodules, based 
on this diagram. M n 0  therefore does not seem to have a 
hydrogenous origin, consistent with our earlier deduc- 
tion based on low Co in the sediments. It therefore is 
primaiily hydrothermal in origin. The lack of correla- 
tion with excess Fe20, shows that deposition of manga- 
nese oxides was effectively decoupled from precipitation 
of  iron-rich hydrothermal sediments. 
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some reaction between iron hydroxides and detrital 
clays must also occur, given the high AI2O3 and low 
Fe2O3/Al20, of the clay fractions analyzed by Rateev et 
al. (this volume). 

Site 420, then, is a clear example of the course that 
diagenetic reaction between iron hydroxides and sili- 
ceous components in the sediments should take. Most 
importantly, it does not produce a clay mineral with a 
specific composition. We are therefore skeptical of a di- 
agenetic origin for clay minerals with a fixed Fe20,/ 
SiO2 ratio at DOMES Site C and Bauer Deep as argued 
by Bischoff et al. (1979b). Heath and Dymond (1977) 
also concluded that diagenetic reactions involving iron 
hydroxides and siliceous components occurred in the 
Bauer Deep sediments, but only after adopting the as- 
sumption that hydrothermal SiO2 was very low. Al- 
though this might be true for most of the equatorial Pa- 
cific sediments examined by Heath and Dymond, our 

4 1 1  \;s,TE, x 1 analysis here indicates that this need not be the case for 
the Bauer Deep. 

In summary, although there is a type of iron mont- 
morillonite in Leg 54 East Pacific Rise sediments, much, 
if not all, of it appears to form diagenetically by re- 

Mn0 1%) action between Fe-Mn hydroxides and biogenic silica, 
detrital clays, and minor volcanic glass. This iron mont- 

Fiaure 9. Excess Fe,O, versus Mn0 for sediments from morillonite differs chemically from considerably less 
Sites 420 (East ~ i c i f c  Rise) and 4% (Galapagos ~ $ 1 ) .  
Data from Donnelly (ihis volume, Appendix). Excess 
Fe203 was calculated following Bischoff et al. (1979). 
Average DOMES hydrogenous manganese nodule 
ratio is indicated by the line. Data points wereplotted 
afrer sediment iotals werefirst normalized to 100per 
cent. 

Heath and Dymond (1977) argued that most of the 
iron and manganese in the eastern Pacific sedirnent 
samples which they examined were originally deposited 
as poorly crystallized ferro-manganese hydroxides. These 
later reacted with silica, mainly biogenic, to  form iron 
hydroxides, well-crystallized manganese oxides (mainly 
todorokite), and iron-rich smectites. Such reactions ap- 
pear to explain the mineral assemblages in our Leg 54 
East Pacific Rise sediments, and are consistent with the 
lithologic observations of Rateev et al. (this volume). 
Poor preservation of radiolarians in many East Pacific 
Rise sediment samples (Goll, this volume) could well 
have resulted from such reactions. Rateev et al. (this 
volume), however, place the origin of the iron mont- 
morillonite not in reaction with biogenic silica, but in 
decomposition of basaltic glass which they observed mi- 
croscopically. We cannot support this view for the bulk 
of the iron montmorillonites, since T i 0 2  in typical East 
Pacific Rise basaltic glasses ranges from 0.9 to 2.2 per 
cent (Natland and Melson, this volume). values far in 
excess of the levels observed in sediments calculated 
CaC0,-free (Figure 3). in which values are mainly those 
of detrital components (Le., pelagic clay diluted with bio- 
genic silica). Volcanic glass therefore can only be a mi- 
nor component of the sediments. On  the other hand, 

aluminous green ferruginous smectites that occur in the 
Galapagos Mounds geothermal field, and evidently, at 
the Bauer Deep and DOMES Site C.  The original hy- 
drothermal sediment among the Leg 54 East Pacific 
Rise sediments was primarily iron and manganese hy- 
droxides. 

ALTERATION IN EAST PACIFIC 
RlSE BASALTS 

Alteration in the drilled East Pacific Rise basalts is 
confined mainly to distinctive 1- t o  3-cm-wide alteration 
rinds which appear to have paralleled fracture and flow- 
surfaces. Even in these rinds. cornbined water (H,O*) is 
rarely more than 1 percent (Humphris et al., alteration 
chauter, this volume). The urinciual alteration minerals . . . - 
are smectites, with lesser calcite, and rarely zeolite (phil- 
lipsite). Chlorite o r  other high-temperature alteration 
minerals are absent. Chemically, the principal effects o f  
the alteration appear to have been (1) an increase in the 
ratio FeZO,/FeO in the rinds compared with the fresher 
cores, and (2) uptake of K 2 0  from sea water (Humphris 
et al., alteration chapter, this volume). Within the ba- 
salts, the mineral most affected by alteration is olivine. 
which tends to be partly or completely replaced in alter- 
ation rinds by smectites and iron hydroxides. Glass is al- 
so partially replaced by smectites of various colors 
(bright green, light brown, bright orange-brown). Clay 
minerals also form fracture-surface coatings and fiIl 
vesicles. The most abundant clay mineral, which re- 
places olivine and groundmass, is enriched in K and Fe 
(Humphris et al., alteration chapter, this volume). Sap- 
onite replaces plagioclase in sorne samples from Site 
429. Titanomagnetites are also affected by oxidation, 
which releases a considerable amount of Fe from the 
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spinel structure. Petersen and Roggenthen (this volume) 
have demonstrated that most titanomagnetite oxidation 
on the East Pacific Rise and the Mid-Atlantic Ridge oc- 
curs within less than three million years of extrusion and 
speculate that this could be an important source of  the 
iron found in rise-crest hydrothermal precipitates. The 
final product of this alteration is cation-deficient titano- 
maghemite. These authors infer that oxidation occurred 
at low temperatures-most likely, bottom-water tem- 
perat ures. 

Small and narrow vein sulfides occur in basalts only 
at Sites 427 and 428. Pyrite also occurs as one of several 
vesicle filling secondary phases, including clays. iron ox- 
yhydroxides, and calcite (Schrader and Furbish, this 
volume). it is not possible to say whether these vesicle- 
filling wlfides are deuteric or  hydrothermal in origin. .. 1 . 
At Site 428, vein sulfides (pyrite and chaicopyrite) are 
also associated with oxidized titanomagnetite. Schrader 
and Furbish (this volume) suggest that the iron released 
from the oxide minerals during their oxidation (e.g., 
Petersen and Roggenthen, this volume) reacted with sul- 1976 

fate-bearing hydrothermal solutions to  produce both D::Li:,!" 
pyrite and iron hydroxide. There are no data as yet AREAS ~ O ' N  

which would indicate what the temperatures of these so- 
lutions might have been. 

These small indications of alteration notwithstand- 
ing. it is evident that the extent of alteration in these sur- --\ 
ficial basalts could contribute only a trivial fraction to 8 6 ' 1 5 ' ~  05'w 

the signifiant hydrothermal component in the sedi- Figure Setring of Go,apagos georher- 
ments. The source of these çomponents must be, over- 
all, considerably deeper in the crust and involve a much 

mol field on rhe sourh flonk of the Gulupagos R ~ f t ,  

larger bolurne of rock (or magma) than is represented by from Lonsdale (19770) wrth permrssron. 

the basalts we cored. Full assessment of East Pacific 
Rise geothermal activity still awaits a comprehensive tion, obtained during an investigation of crustal geo- 
deep crustal drilling program. morphology, structure, magnetics, and spreading his- 

GEOTHERMAL ACTlVlTY AND 
ASsOCIATED SEDIMENTS 

NEAR THE GALAPAGOS RIFT 

The Calapagos Spreading Center (Lonsdale and Klit- 
pord. 19'8). ha\  been the fociis of a contiderable effort 
to  understand sea-floor geothermal processes by means 
of direct obserkations using submersibles (Corliss et al., 
1978). deep-tow studies (Lonsdale, 1977a; Weiss et al., 
1977). heat flow measurements (Sclater and Klitgord, 
1973; Williams et al., 1974: Detrick et al., 1974; Wil- 
liams et al., 1979). and, during I.eg 54, drilling (Hekini- 
an et al., 1978; Natland et al., 1979; this volume). Most 
of this activity has been concentrated in two areas: the 
axic of the Galapagos Rift near I "N, 86"W. and the Ga- 
lapagos Mounds geothermal field, located between 17 
and 22 km south of this portion of the rift (Figure 10). 

It is a matter of some historical interest that the first 
observations of the mounds deposits using near-bottom 
sonar devices attached to the deep-tow device of Scripps 
Institution's Marine Physical Laboratory produced es- 
sentially the correct interpretation of their hydrothermal 
origin (Klitgord, 1974; Klitgord and Mudie, 1974). This 
was achieved without a color bottom photograph, with- 
out a bottom sample, and without heat-flow measure- 
ments o f  the mounds themselves. This chance observa- 

tory, prompted al1 the activitj that has occurred ince .  
and has made the Cialapagos Rift and environs one of  
the most completely studied portions of  sea floor o n  
earth. 

The second deep-tow survey of the mounds region 
( 1  on\dale, 1977ai wa\ de\igned \pecifically to in~eqti-  
gate the mounds. and led to  the first integrated hypothe- 
sis of their origin. The mounds are arrayed in rows, 
ridges, and strips above small (1-to 20-m) offsets in the 
basement basalts that were produced by faulting. Lons- 
dale (1977a) proposed that the mounds are direct precip- 
itates from hydrothermal fluids whiçh leak out of the 
basement rocks along these faults. Three aspects of the 
mounds depotits revealed by the deep-tow survey indi- 
cated very recent or even active present-day addition o f  
materials to  the mounds. These were (1) upward arching 
o f  two reflectors in the regional sediment blanked in the 
immediate vicinity of the mounds (Figure 11); (2) steep- 
sloped. even pinnacle-like mound geomorphologies, not 
degraded by gravitational collapse of soft and brittle 
materials, and (3) absence o f  al1 but the thinnest dusting 
of carbonate sediments on the mounds, in an area with 
among the highest biogenic carbonate sediment accu- 
mulate rates in the world (-50 m/m.y.; Klitgord and  
Mudie, 1974; Pisias, 1976). Prior to the Leg 54 drilling, 
surface samples of  the mounds had been obtained by 
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SEAFLOOR PHENOMENA ON SLS 

2 6 5 0  - I ISOLATEO PATCH OF MN CRUS1 A CONE 

iiiiiiii DOTTED WlTH PATCHES i RIDGE 
1 DISCONTINUOUS MN f STRIPE BETWELN I N T E R M L  RECIECTORS , , STRlPE 1 CONES 

\ INFERRED BEDR0C.K FAIJUS 
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l 

INTERNAL REFLECTOR /SEAFLOOR 
SEDI MENT / / FASALT 

Figure 1 1. (A-D) near-bottom, 3.5-kHz profiles of the mounds geothermal field; 
(E) derail of mound from deep-tow 3.5-kHz records. (A-E) from Lonsdale 
(1977~) with permission. Note upward arching of refectors toward mound. The 
refectors appear locally discontinuous and at different deprhs on right side of 
record. 

dredging (Corliss et al., 1978) and were found to consist 
primarily of dark Fe-Mn oxides, brown to yellow oxy- 
hydroxides, and the smectite mineral nontronite. Simi- 
lar samples were recovered by submersible (Corliss et 
al., 1979a) as well as hot water samples (5-12OC) from 
the mounds. They were seen to support a thriving bot- 
tom comrnunity of clams and varieties of tube Worms. 

In our previous discussion, we had focused on hydro- 
thermal sedimentary precipitates dispersed in biogenic 

pelagic sediments in small ponds more than 100 km West 
of the East Pacific Rise. The Galapagos Mounds geo- 
thermal field, however, is only 17-25 km south of the 
Galapagos Rift on crust about 600,000 years old (esti- 
mated from magnetic anomalies; Klitgord and Mudie, 
1974), and is uniformly blanketed with about 25-30 me- 
ters of sediments apart frorn the mounds. It is well south 
of the axial magma reservoir (Rosendahl and Dorman, 
this volunle), and has variable heat flow, including some 
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very high values, arranged in a pattern that is thought to 
characterize venting of heated, convectively circulating 
waters from the crust (e.g., Williams et al., 1974; Lister, 
1972, 1974; Williams et al., 1979). It is such convective 
flow of water within basement that is the main agent of 
lithospheric cooling, shrinking, and subsidence near ridge 
crests (e.g., Sclater et al., 1971). 

Drilling operations in the mounds area are described 
in the Galapagos Rift Site Report (this volume). Briefly, 
four holes were drilled; in three of them sediments were 
cored continuously (Figure 12). Two of these holes 
(Holes 424 and 424A) were targeted directly on mounds; 
one other is in a zone of flatter sediments with no evi- 
dent basement faults between rows of mounds (Hole 
424B). At the fourth hole, Hole 424C, only a mudline 
core was taken in the sediments. 

MINERALOGY AND CHEMISTRY 
OF MOUNDS SEDIMENTS 

The hydrothermal deposits from Site 424 consist of 
two major types of material; a green, clay-rich fraction, 
and Fe-Mn concretions which cap the mounds and 
which have been mixed by drilling with the clay-rich ma- 
terials near the tops of the mounds. Green clays are es- 
pecially abundant in Hole 424B where Mn oxides are ab- 
sent, and in the lower portions of the two mounds holes, 
Holes 424 and 424A (Figure 13). 

The green, clay-rich material is relatively soft and 
consists of irregular, semi-indurated chunks which are 
grayish olive, dark yellowish green, greenish black. and 
dusky brown. Under the microscope the individual 
grains are platey and have a very low birefringence. 
They are very friable, and have no apparent interna1 
bedding. Separate chunks of this material are between 
0.1 and 0.5 cm in diameter. In places these deposits ap- 
pear to be entirely free of organic fragments or other 
pelagic materials. X-ray diffraction patterns of the 
green, clay-rich material show peaks at 11.5-12.0 A 
which expand upon glycolation to 17 A. The greener 
clays have peaks closer to 11 A, whereas those having a 
dusky brown color are closer to 12 A. These clays there- 
fore are al1 trioctahedral smectite (Hoffert et al., this 
volume). Other minor constituents occur, such as amor- 
phous silica, geothite (4.19 A peak), and a clay mineral 
with a basal 10 A peak, perhaps glauconite or celado- 
nite. 

Chemically the green, clay-rich material found in 
Holes 424, 424A, and 4248 has uniformly high Fe 
(about 22% on average) and Si (up to 26%), appreciable 
Mg (Table 2) but low Mn ( ~ 1 % )  and Al  (<1%)  (Ta- 
bles 3 and 4). Fe203/Fe0 is high, since there is typically 
less than 1 per cent Fe0  (Donnelly, this volume and Ap- 
pendix; Rateev et al., this volume). Transition trace me- 
ta1 abundances are low (Table 4) with Ni averaging less 
than 20 ppm, Cu less than 40 ppm, and Co less than 30 
ppm. The green, clay-rich material of Hole 424B differs 
slightly from that in the other holes in having higher Zn 
(about 120 ppm) and Cu (about 100 ppm) contents (Ta- 
ble 4), and low rare-earth element abundances (Hoffert 
et al., this volume), with a distinctly low Ce content. 
This apparently reflects precipitation of the clay miner- 

ais from sea water. The green, clay-rich material differs 
considerably from Cronan's (1972) average Pacific pe- 
lagic clay and manganese nodules (Table 3). In their 
general characteristics, the green, clay-rich deposits 
described here are similar to the clay-rich hydrothermal 
deposits found in transform fault "A" in the FAMOUS 
area (Hoffert et al., 1978) and in the Gulf of Aden 
(Cann et al., 1977). The Ni, Cu, and Co contents from 
al1 these deposits are less than 100 ppm each, al1 less 
than half that in average pelagic clay. 

The chemical variation among the different types of 
hydrothermal materials, and also between these and 
other types of deposits, can be visualized using a ternary 
diagram with apices Fe, Mn, and Cu + Ni + Co (Fig- 
ure 14). The field of green. clay-rich material clusters 
near the Fe corner, whereas Pacific manganese nodules 
and the Fe-Mn encrustations of basaltic rocks are far 
more enriched in Cu + Ni + Co than any of the green, 
clay-rich deposits. 

Donnelly (this volume) used bulk sediment analyses 
of the green, clay-rich materials to calculate structural 
formulae. He computed two types. The first was based 
on a hypothetical Al-free basis assuming al1 Fe as ferric: 

The second formula was computed assuming end-mem- 
ber compositions, allotting Na and Ca to interlayered 
positions, and assigning al1 the Al to tetrahedral posi- 
tions: 

Both X-ray diffraction determinations and these struc- 
tural formulae thus indicate that the green, clay-rich 
material consists essentially of nontronite and mixed- 
layer celandonite-nontronite. 

lron and manganese concretions are disseminated 
throughout the green. clay-rich material at the tops of 
Holes 424 and 424A (Figure 12). In Hole 424A, they 
mainly occur in discrete portions of Cores 1 and 2. The 
FeMn concretions occur usually in individual chunks 
with irregular shapes (3-4 cm in diameter), often with a 
black or dark gray sub-metallic luaer (Figure 13). Other, 
somewhat platey materials are earthy in appearance, and 
dark gray in color. These consist of two end compo- 
nents, Fe-Mn oxides, and clay minerals chemically 
equivalent to the green nontronites deeper in the holes 
(Schrader et al., this volume). Mineralogically. the Fe- 
Mn oxides are mainly todorokite, with some birnessite 
(Schrader et al., this volume; Hoffert et al., this vol- 
ume). The more pure Fe-Mn oxides have botryoidal 
surface textures. One tabular fragment from Hole 424 
(Section 1-1; Figure 13) has a conical shape resembling a 
small ice-cream cone; we presume it to have formed 
around the home of some organism. 

Chemically, the Fe-Mn concretions are rich in Mn 
(about 33%). relatively poor in Fe (22%). and contain 
much lower concentrations of transition metals (Zn 200 
ppm, Cu 50 ppm, Ni 100 ppm) than typical Pacific man- 
ganese nodules (Table 2; Figures 14, 15. and 16). In these 
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Figure 12. Lithologic columns for sedirnents of Sites 424 and 425. Holes 424, 424A. 
- 424B, and 424C were drilled approximarely 300 meters frorn each other on a north- 

sourh line. Core recovery is indicated by black bars to right of colurnns (top of each 
bar is top of a core). Lines between columns indicate possible biostmtigraphic cor- 
relations. Dashed line at top indicaies in ferred sedirnent surface based on deepto w 
survey ILonsdale, 1977~) and mudline core of Hole 424C. Stippled schematic base- 
ment profile below Site 424 colurnns is shown to indicate placement of baserneni 
faults. 
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Figure 13. Photographs of hydrothermal materials at Site 424. (A) Tube of organism replaced by Fe-Mn material 
about 2.5 cm long; (B) Clump of green nontronitic material (3.6 cm in length; (C) Chunk of Fe-Mn concretion 
about 4.2 cm in length (Sample 424-3-4, 120-122 cm). 

TABLE 3 
Composition of Galapagos Hydrothermal Sediment From Holes 424 

and 424A with Other Sediment Types for Cornparison 

Fe Mn Ni Co Pb Zn Cu A l  Me. 
(%) (5) (mm) ippm) ippm) IPPrn) (PPm) i%) i%) 

Noter 
1 Average values in 1 1  Calapa~or g r e n  clayr from Mounds Area (Hekmian el a l ,  

I O ? " ,  . , ", 
2 =Average of Rcdie pehgie chy (CIOMD and Toomr. 1969: Turckm and Wedcpohl, 

19l,1, . .. 
3; Ferrornrn~ancrc umoriions Iiom Moundr AI- (th- vorki 
4 = Avciagc ol Paldi. nini*rnc\e nurldrr ICrunan. 1972) 

' A n i ~ s s  by atomic ahwrplion iprrirophotornetry 

respects, the Fe-Mn concretions from the drilled holes 
are similar to hydrothermal deposits from the FA- 
MOUS area (Hoffert et al., 1978), from the surfaces of 
other mounds in the Galapagos Mounds region (Corliss 
et al., 1978; Dymond et al., this volume), from the Gulf 
of Aden (Cann et al., 1977), and from the TAG area 
near 26ON on the Mid-Atlantic Ridge (M. R. Scott et 
al., 1974, 1979; R. B. Scott et al., 1972; Temple et al., 
1979). They are also similar to thick Fe-Mn encrusta- 
tions on basalts found on the Galapagos Spreading Cen- 
ter in and near its axial rift West of the Galapagos Is- 
lands (Moore and Vogt, 1976) and from the caldera re- 
gion of a seamount near thecrest of the East Pacific 
Rise in the Siqueiros region (Lonsdale et al., in press). 
These, however, have no associated Al-poor nontron- 

ites, and perhaps should be thought of as variants of the 
iron hydroxide facies already discussed, but in very con- 
centrated form (e.g., Edmond et al., 1979~). 

As mentioned earlier, the hydrothermal deposits of 
the mounds region lie within a pelagic sediment cover. 
Although interlaying between the nontronites and nor- 
mal pelagic sediments occurs, the contacts are typically 
sharp. Some of the hydrothermal material, however, is 
intermixed with up to 10 per cent of pelagic sediments, 
especially in Hole 424, Core 3, Section 5; Hole 424A, 
Core 2, Section 3, and Hole 424B. Core 3, Section 5, 
and al1 of Core 4. It is probable that much of this was 
caused by drilling disturbance, but some of it certainly 
occurred because of simultaneous deposition of biogen- 
ic and hydrothermal material. The pelagic sediment is 
made of foraminifer-nannofossil ooze containing about 
15-20 per cent foraminifers, 55-70 per cent nannofos- 
sils, and about 15-20 per cent clay particles, mainly of a 
detrital nature. A siliceous nannofossil ooze is found 
only near the top of HoIe 424C and consists of about 
50-65 per cent nannofossils, 10-15 per cent foramini- 
fers, about 10 per cent clay, 5-20 per cent diatoms, and 
about 5 per cent sponge spicules. 

This latter core does not contain any particular amount 
of hydrothermal material (Figure 12). X-ray diffraction 
patterns of the 2-micon fraction mixed with the pelagic 
sediments show a 15 A peak which corresponds to dmec- 
tite. Since both illite and chlorite are associated with this 
smectite, it is probably detrital in origin. Dymond et al. 
(this volume) used a linear programming technique to 
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TABLE 4 
Chemical Analyses of Representative Samples from the Calapagm Sprepding Center 
-- 

Oxides - - r F o G i r  
Nannofossil Fe-Mn 

Greey Clay.Rich Material Ooze Connetion 
424-1-1, 424-2-2, 424-24. 424A-2-2. 4248-2-2, 4 2 4 4 6 .  424-3-5. 

) 90 11-13 30-33 9-11 50-52 3941  3540 

Total 

Tnce Elements 

Notes: Sampleî 424-1-1. 90 cm; 424-24. 30-35 cm; and 424-3-5. 3 5 4 0  cm were analyzed by X-ray nu0- 
rescence (Cambon and Etoubleau. analyits.COB). Samples 424-2-2, 11-13 m ; 4 2 4 4 4 .  3 9 4 1  m,424B- 
2-2. 50-52 cm; and 424A-2-2. 9-11 m. were analyzed by arc spectrometry (Univerrit.! de Strasbourg). 
Ign. indicales ignition lossat 1000°C (Hoffert et al., this volume). 

establish the mineralogical composition of Site 424 sedi- 
ments by calculating bulk compositions into various end 
members (Le., nontronite, biogenic carbonate, hydro- 
genous manganese oxides, biogenic opal, hydrothermal 
birnessite-todorokite, detrital silicates, and barite). 
They found that basal pelagic oozes in Holes 424 and 
424B. in particular, have virtually no nontronite compo- 
nent, but between 11 and 14 per cent detrital silicates, 
which must be mainly clays. Dymond et al. (this vol- 
ume) also found them t o  contain a small "oxalate-solu- 
ble" iron hydroxide component which probably was 
added to the basal sediments at the Galapagos Rift axis. 

HYPOTHESES ON THE ORIGIN OF THE MOUNDS 
The Leg 54 scientific party has advanced three hy- 

potheses on the origin of the mounds. The first two stem 
from a close similarity of the mounds deposits to  those 
adjacent to small vents in fracture zone "A" in the 
FAMOUS area in the North Atlantic (see Figures 15 and 
16) as described by Hoffert et al. (1978). The two hy- 
potheses, cited in Hekinian et al. (1978) are (1) that the 
hydrothermal sediments form within the sediment blan- 
ket as precipitates from fluxes venting from basement, 
and (2) that the precipitates form by reaction between 
sea water and fluxes on the sea floor, with the bedded 
nature of the deposits resulting from alternations of hy- 
drothermal discharge and intervals of pelagic sediment 
deposition. In both of these hypotheses, mounds were 
viewed as local phenomena, forming strictly above 
source vents. In both cases, the separation of Mn from 

Fe was ascribed t o  the fractional precipitation of iron 
fol1owing.a mixing of hydrothermal solutions with sea 
water (Krauskopf, 1957). 

The third hypothesis attempted t o  integrate the 
mounds stratigraphy and the acoustic stratigraphy of 
the region into a unified explanation for the distribution 
and origin of the hydrothermal sediments (Natland et 
al., 1979). Several features of the stratigraphy implied a 
possible widespread distribution of the green muds: 

1) The basal carbonate later is about the same thick- 
ness in Holes 424, 424A, and 424B (Figure 12). 

2) The top and bottom of the green mud layer in 
Hole 424B. which was deliberately cored for an off- 
mounds reference section of the local sediment blanket, 
approximate the depths of two reflectors charted with 
the deep-tow 3.5-kHz system (see Galapagos Site 
Report, this volume, for details). 

3) We recovered no ash layers, hypothesized by 
Lonsdale (1977a) t o  account for the reflectors. 

4) The top of the basal carbonate layer in al1 three 
holes was deposited about 300,000 years ago (assuming 
a normal depositional sequence rather than an  injection 
or  replacement phenomenon), based on  uniform sedi- 
mentation rates. 

5) This age matches that of basement inferred from 
uniform spreading rates (Klitgord and Mudie, 1974), 
where the deeper of the two reflectors pinches out on 
basement some 7 km to the north. 

6) The green muds in Hole 424B are compositionally 
very pure and uniform from top to bottom (Hoffert et 
al., this volume; Natland et al., 1979). are the same 
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Figure 14. (Cu + N i  + Co) IO - Fe - M n  ternary dia- 
gram showing the field of Pacific manganese nod- 
ules, metalliferous sediments Jrom the Red Seo /Bis- 
chofJ 1969) and Bauer Deep (Sayles and Bischoff, 
1973), and hydrorhermal deposits from the Antarc- 
tic, Pac.ific, and Indian oceans lHoJfert et al.. 1978; 
R. B. Scort et al., 1972; M. R. Scott er al., 1974; Cann 
et al., 1977). (3) is average of II green nontronitic 
sediments from Site 424. (5) is average of composite 
Fe-Mn concretions Jrom Sire 424. (6) is average of 
Pacific Fe-Mn nodules (Cronan, 1972); (4) is average 
of Pac~fic pelugic clay (Cronan, 1972). (L) is Fe-Mn 
concrerions from tmnsform Jault "A" in the FA- 
MOUS area (HoJJert et al., 1978). The diugonally 
srriped Jield is green nontronitic deposits from trans- 
form fault "A .  " The vertically striped field is Fe-Mn 
coatrngs of basaltic rock from the FAMOUS area. 
Open squares are Fe-Mn concretions from the Gulf 
of Aden (Cann er al., 1977). 1+)  is green clay and a 
mix of Fe-Mn oxidesfrom the GulfoJAden (Cann et 
al., 1977). 1.) is nontronite and Fe oxide coarings 
from the Galapagos Rifr (Corliss et al., 1978). /' ) is 
Fe-Mn courrngs Jrom a PaciJic seamounr (Bonarti 
and Joensuu. 1966). (A) is Fe-Mn coatings from the 
T A C  area in the North Atlantic (M. R. Scotr et al., 
1974). 

composition as green muds in the other two holes, and 
in Hole 424B lack a capping of Mn oxides (Figure 17). 

7) There are several small, flat-lying interbeds of 
green mud below the principal thick beds of hydrother- 
mal material in al1 the holes (Figure 12). 

Natland et al. (1979) consequently proposed that 
there is a widespread green mud layer underlying the sea 
floor in the region, and that the mounds themselves are 
more recent and restricted manifestations of a once 
much wider field of hydrothermal precipitates. Origi- 
nally, the mounds deposits were proposed to  be almost 
exclusively iron smectites. Now they are both iron smec- 
tites and Mn oxides. These changes were proposed to  re- 
flect changes in the underlying crustal hydrothermal sys- 
tem itself. shifting from rock-dominated basalt/sea wa- 

Figure 15. Cu-Zn variation diagram of green nontro- 
nitic materials (i ;), Fe-Mn concretions IX), pelagic 
sediments (L), and basemeni rocks I ) from Holes 
424, 424A, 4248, and 424C. Sediment and Fe-Mn 
concretion dafa Jrom Hoffert et al. (this volume). 
Basa11 data Jrom Mattey and Muir (this volume) and 
Srivastava er al. (this volume). 

ter interactions, to water-dominated interactions through 
time. The sequence of precipitates was compared to sea 
water/basalt experiments which showed a higher pro- 
portion of solubilized metals in water-dominated than 
in rock-dominated systems (Seyfried and Bischoff, 
1977). 

We emplasize that we did not core into basernent 
vents actively fluxing hydrothermal fluids, nor did we 
recover hydrothermally modified sedirnents just above 
basement. Either basement vents are very narrow, and 
we missed them, or there is no necessarily direct path- 
way from basement vents to the mounds. Natland et al. 
(1979) suggested that the mounds could form simply 
along structural discontinuities in basement which intro- 
duce lines of weakness in the incompetent sediment lay- 
er. This would be possible with a widespread green rnud 
layer. Without such a layer, the mounds would in some 
way have to lie directly over source vents, for which we 
had no evidence. 

Variations of the two hypotheses presented in Hekin- 
ian et al. (1978) have been proposed independently by 
others. Williams et al. (1979) argue that the nontronites 
may form internally by dissolution of carbonate and 
transformation of biogenic opal to nontronite as it in- 
teracts with Fe- and Si-bearing hydrothermal solutions. 
They see the mounds as features which expand internal- 
ly as precipitates are added from underneath. The Mn 
oxides capping the mounds precipitate as the hydrother- 
mal fluids react with oxygenated sea water. These cap- 
pings d o  not become excessively thick because the Mn 
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Figure 16. Ni-Co variation diagram of hydrothermal 
material and associated basaltic rocks from the Ga- 
lapagos Rift and the FAMOUS area (37"N, Mid- 
Atlantic Ridge). (O)  green nontronitic materialfrom 
Site 424; (1) is the maximum value of Ni /Co obtained 
/rom analysis of green nontronitic material f Table 2); 
(2) is the minimum value; (3) is the average value; (4) 
is average Pacific pelagic clay (Table 2); (5) compos- 
ite Fe-Mn concretions from Site 424. Basalt data for 
Site 424 from Matrey and Muir (this volume) and for 
FAMOUS area from Hekinian et al. (1976). FA-  
MOUS area "breccias" include fragments of olivine- 
rich basalts set in a ferruginous matrix {analyses by 
quantometry; C. R. P. G.,  Nancy, France). The FA- 
MOUS area Fe-Mn coalings were scraped from rhe 
rock surfaces. 

on the inside of cappings can redissolve, leaving the Fe 
to react with Si to form nontronite. Williams et al. 
(1979) imply that here should be a zone of diagenetically 
altered siliceous-carbonate ooze beneath mounds, even 
though we found no  evidence for this in Our cores. 

Dymond et al. (this volume) find aspects of the non- 
tronite layer hypothesis and the carbonate-opal dissolu- 
tion hypothesis attractive. However, they question the 
former on the grounds that it apparently requires direct 
preçipitation f ~ o m  hydrothermal solutions on the sea 
îioor under at least mildly oxidizing conditions, and 
that it requires some sort of a ponding mechanism, sirni- 
lar to that in the Red Sea (e.g., Bischoff, 1969). This is 
difficult to  envision in an open area of sea floor with 
low relief covering at least 380 km2 (Williams et al., 
1979). They question the dissolution hypothesis on the 

grounds that the pelagic sediments cannot supply al1 of 
the Si and Fe in the green muds, and that the proposed 
transformation does not explain IOSS of most of the Al, 
Sc, La, Co, and Ba originally present in the pelagic sedi- 
ments. These elements are particularly immobile in the 
sedimentary environment. lnstead of either of these hy- 
potheses, Dymond et al. (this volume) favor addition of  
hydrothermal precipitates to the sediment column at 
each mound, under the influence of  a pronounced oxi- 
dation gradient at the sediment-water interface. This 
fractionates Mn from Fe in the manner suggested in He- 
kinian et al. (1978). The major difficulty they see with 
this hypothesis is that half or more of the entire sedi- 
ment column a t  each mound must be either displaced or  
replaced by mainly nontronites. While some of this may 
be explained by sediment redistribution (local variations 
in sedimentation rate), this cannot be a wholly satisfac- 
tory solution, and some form of  sediment dissolution 
may need to occur, despite their criticisms of this hy- 
pothesis. 

The recent drilling on the Galapagos Mounds during 
Leg 70 confirmed some, but not the most important, of 
the stratigraphic relationships inferred by Natland et al. 
(1979). Using the hydraulic piston corer, and recovering 
virtually undisturbed sediments, the green muds were 
indeed found t o  be interlayered with pelagic sediments. 
A basal carbonate layer several meters thick was found 
to underlie al1 three mounds cored. but the regional sed- 
iment blanket was found to be entirely pelagic in com- 
position (Honnorez, Von Herren. et al., in press). The 
green muds in Hole 424B must be, as suggested by Wil- 
liams et al. (1979) and Dymond et al. (this volume), part 
of a buried mound. Some other cause for the reflectors 
must exist. Possibly, as suggested by Williams et al. 
(1979) they "represent the normal banding of equatorial 
pelagic calcareous deposits that is due to changes in car- 
bonate dissolution (Berger and Mayer, 1978)." 

Although this development entails that the mounds 
indeed are localized above basement vents on  fault 
scarps, only detailed studies of the undisturbed piston 
cores and associated pore fiuids will eliminate other im- 
portant aspects of the hypothesis presented in Natland 
et al. (1979). It is most important to decide whether the 
green mud interbeds formed as depoîits on the sea 
floor, were injected into the carbonate îediment blanket 
laterally, or formed by dissolution and replacement of 
pelagic sediments. If they were formed as deposits on 
the sea floor, then the question of why each interbed, 
and the buried mound at Hole 424B. are not associated 
with manganese oxides becomes important. Based on  
the experiments of Seyfried and Bischoff (1977), we d o  
not believe that manganese need necessarily have been 
an abundant dissolved constituent in the hydrothermal 
fluids during the earlier history of the mounds field. 
Consequently, we hold it to  be possible that green muds 
only were deposited next to source vents until quite 
recently. This hypothesis does not require large-scale 
ponding of  brines to produce pure green muds, since 
they would still be localized around basement source 
vents. The possibility that the stratigraphic sequence in 
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the mounds reflects a fundamental change in the com- TABLE 5 
position of geothermal fluids exiting basement should Microprobe Analyses of Secondaw clay ~ a t e r i a l  Found in Ves- 

ides and in the Groundrnass as Interstitial Products of Base- stiH be explored. ment Rocks Associated with the Hydrothemal Deposits 
We are skeptical that dissolution and diagenetic reac- 

tion between hydrothermal fluids and siliceous tests of 
micro-organisms (Williams et al., 1979) is an important 
process in producing the meters of nontronites cored. In 
addition to the objections of Dymond et al. (this 
volume) to dissolution, we again emphasize that the 
nontronites are quite pure, and have a very uniform 
composition (Figure 17; Tables 2 and 3; see Hoffert et al., 
this volume). Although the facies is not similar, the dia- 
genetic reaction of iron hydroxides and siliceous micro- 
fossil tests at Site 420 on the East Pacific Rise, described 
earlier, has produced no such uniform nontronite com- 
positions (e.g., Rateev et al., this volume). Moreover, 
green nontronites virually identical to mounds non- 
tronites have been found encrusting basalts in the Gulf 
of Aden (Cann et al.. 1977) and as beds 10 to 100 cm 
thick stop several meters of carbonate sediment d a -  

Notes: Ti was detected and the total Fe was calculated as 
cent to fissures into basement, which are presumed to be FeO. The colors are compared to Munsell rock-color chuts. 
source vents, in fracture zone "A" in the FAMOUS 
area at 37"N in the Atlantic (Hoffert et al., 1978). In 
these two studies. the green nontronites are inferred to  
be direct precipitates from hydrothermal solutions. not 
the product of diagenetic reactions between hydrother- 
mal fluids and sediments. This is our interpretation of 
the Galapagos Mounds deposits. The Gulf of Aden and 
fracture zone "A" deposits are also sufficient proof 
that a thin skin of sediments is not required to produce 
the oxidation gradients thought by Williams et al. (1979) 
to be necessary for fractionation of Fe from Mn. Ap- 
parently, simple mixing of hydrothermal fluids with 
bottom waters can produce zoned deposits (Hoffert et 
ai., 1978). 

ALTERATION OF BASALTS AT SITE 424 

424B-6-1, 36-39 
(Piece 6) 

Light olive 
(10 GY 514) 

Average of 2 
1 4.5 

45.7 46.8 
4.8 5.2 
25.7 27.6 
4.6 4.1 

<0.5 <0.5 
O .6 0.6 

< 0.5 <0.5 
6.4 5.3 

<0.5 0.00 

Sample 
(Interval in cm) 

- Color 

Lab No. 

Basalts at Site 424 are remarkably fresh even though 
they supposedly lie in the pathways of warm fluids dis- 
charging from the crust. The lack of alteration minerals 

424-5-1.38-40 
(Piece 5) 

Moderate yellow- 
ish brown 
(10 YR 514) 

Average of 2 
24 25,26 

is surprising considering that these fluids presumably 
are laden with dissolved constituents that precipitate 

Si02  53.6 52.6 
;:$O3 2.2 2.1 

13.3 13.4 
Mg0 19.6 19.3 
Mn0 <0.5 0.00 
Ca0 0.6 <0.5 
Na20 0.5 <0.5 
K20 <o.s 10.5 
P205 0.00 0.00 

mounds materials only a few meters above. ~ " m ~ h r i s  et 
al. (Alteration chapter, this volume) describe the same 
type of alteration rinds at this site as in the East Pacific 
Rise sites and find no evidence whatsoever for high-tem- 
perature (> 120°C) alteration. Some traces of green 
clays with compositions similar to the green muds (Ta- 
ble 5) fiIl rare vesicles and line some microfractures. 
Traces of secondary sulfides occur in basalts of Hole 
424. Presumably this alteration could have occurred by 
the action of fluids little warmer (10"-50°C) than those 
sampled from the mounds. 

ORIGIN OF MARINE SEDIMENTARY 
HYDHOTHERMAL DEPOSITS 

We propose that there are two fundamental marine 
sedimentary hydrothermal facies: one produced at high 
temperatures generally above magma chambers of fast 
and intermediate spreading rises, the second, as a result 

of circulation of hydrothermal fluids to deep levels (3-5 
km?) in consolidated but still hot oceanic crust on the 
flanks of rises and ridges. We relate the hydrothermal 
component in our East Pacific Rise sediments to the 
first, and consider the Galapagos Mounds deposits to be 
type examples of the second. We shall consider each of 
these in turn. 

The lron Hydroxide Facies 
A great variety of near-bottom observations, sam- 

ples, and laboratory experiments allow us to state with a 
fair degree of certainty that the iron hydroxide facies so 
abundant on the East Pacific Rise originates upon ex- 
pulsion of high-temperature hydrothermal fluids from 
source vents at the axes of the East Pacific Rise and the 
Galapagos Rift. Early studies had shown that the iron- 
and manganese-hydroxide facies is concentrated near 
the Rise crest (e.g., Bostrom and Peterson, 1966; Bos- 
trom et al., 1969; Dymond et al., 1973., Sayles and Bis- 
choff, 1973; Heath and Dymond, 1977), but did not 
document the conditions of its formation. More recent- 
ly, however, exhalations of Fe- and Mn-rich solutions 
have been sampled over both the Galapagos Rift (Weiss 
et al., 1977; Corliss et al., 1979a; Edmond et al., 1979b) 
and the East Pacific Rise at 21 ON (Lupton et al., 1979; 
Macdougall et al., 1979; Haymon et al., 1979). At the 
Galapagos Rift, they apparently contribute to a fine 
dusting of orange-brown sediment on adjacent bare ba- 
salts (Crane, 1978; Lonsdale, 1977b). A manganiferous 
component of this type apparently occurs in basal silice- 
ous carbonate oozes in al1 three holes at Site 424 (Nat- 
land et al., 1979). Evidence for this is that the ratio 
Mn/AI abruptly increases just above basalt, whereas the 
ratio (Ni + Co + Cu)/Mn decreases (Figure 17). By the 
criteria discussed earlier, this Mn enrichment therefore 
is not hydrogenous, and consequently must be hydro- 
thermal in origin. In addition, "oxalate-soluble" iron 
(occuring in hydroxide rather than clay-minerai form) is 
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Zn from Fe may occur within or near the vents, leaving 
a primarily ferruginous extract to  disperse great dis- 
tances from them. 

Manganese is also being emitted from the sulfide 
vents at 21 "N on the East Pacific Rise. Sharp spikes in 
"total dissolved Mn" as well as 'He/4He occur in the 
water column some 200 meters above the sea floor and 
the vents (Lupton et al., 1979). Mn is present in even 
higher abundances in waters sampled just above the 
vents; it therefore appears to be precipitating near the 
vents in some forrn. Much of it, however, must be fairly 
widely dispersed, based on  Weiss's (1977) 1000 km dis- 
persal distance from the Galapagos Rift. We therefore 
argue that both the Fe and the Mn enrichments within 
Leg 54 East Pacific Rise sediments could have stemmed 
from sulfide vents at the rise crest. 

One potential source of axial hydrothermal sediments 
that has yet to be observed is volcanic activity itself. Sea 
water and formation-fluid fluxes undoubtedly will be 
greatly acclerated even by subterranean magma move- 
ments as the extreme heat of molten material approaches 
the sea floor. Eruptions will promote extremely violent 
and large-volume exchange between hydrothermal wa- 
ters and sea water. Thermal plumes should rise to corre- 
spondingly greater heights in the water column, and dis- 
persal distances will be greater. Components leached 
from heated rock as well as those in magmatic fluid phases 
will be mixed with bottom waters. Rateev et al. (this vol- 
ume) describe fragments of volcanic glass in Leg 54 East 
Pacific Rise sedirnents that are partly transformed to 
clays, and partly encrusted with "earthy" iron hydrox- 
ides. Although most of the glass must have been incor- 
porated into the sediments during slumping from sur- 
rounding outcrops and redistribution by currents, some 
of it could well have come from volcanic eruptions, whose 
great heat so agitated bottom waters that small glassey 
particles added to them were turbulently carried great 
distances from the rise crest. Since most igneous materi- 
als recovered or observed from the East Pacific Rise are 
basaltic flows or pillows, it is perhaps natural to  sup- 
pose that eruptions there are typically fairly passive, as 
they are on Hawaii. But the degree of submarine phrae- 
tomagmatic activity could well be underestimated. For 
example, hollow, vertical, vesicular lava pillars above 
lava lakes on the Galapagos Rift have been interpreted 
as loci for passage of supercritical fluids through mol- 
ten, ponded lava (Ballard et al., 1979). These may have 
resulted in something similar to subaerial lava fountain- 
ing. In any case, we see no reason to assume that such 
activity has only a negligible role in the production and 
dispersal of the rise-crest iron- and manganese-hydrox- 
ide facies. The evidence for it is incomplete. but dis- 
persed volcanic glass, and dispersed high-temperature 
alkali feldspars in eastern Pacific sediments (Peterson 
and Goldberg, 1962; Bonatti and Arrhenius, 1970) may 
indicate that rather explosive volcanic activity is abun- 
dant on  rise axes. 

The Iron-Nontronite Facies 

The iron-nontronite facies of the Galapagos Mounds 
is not among the sediment types linked by the model of 

Edmond et al. (1979~).  From its occurrence directly 
above source vents in the mounds field, we would like to 
propose this as a type locale for this type of deposit, just 
as  the East Pacific Rise crest is the type locale for the 
iron hydroxide facies. Following Williams et al (1979). 
we believe that the most important aspect of the mounds 
locale is its position in fault-block terrain well houth of 
the Galapagos Rift. In several papers which we have 
cited, Williams and CO-workers identify the area as one 
with cellular-type hydrothermal circulation. The cells 
circulate entirely in hot, but nevertheless solid, rock to 
depths of perhaps 3-5 km in the crust (e.g., Williams et 
al., 1974; Wolery and Sleep, 1976). 

The Galapagos mounds type locality for this facies is 
not unique. Two other occurrences that we have men- 
tioned are the fracture zone "A" deposits (Hoffert et 
ai., 1978) and the Gulf of Aden deposits (Cann et al., 
1977). Like the mounds deposits, the fracture zone "A" 
deposits are definitely off-axis. The Gulf of Aden de- 
posits are from a median rift setting. but this is a slow- 
spreading ridge (0.9-1.1 cm/y.; Laughton et al., 1970) 
where axial magma reservoirs are probably small and in- 
termittently developed (Nisbet and i-owler, 1978; Sleep 
and Rosendahl, 1979). Circulation of hydrothermal flu- 
ids to depths of several kilometers in the crust, and low- 
er exit temperatures, are perfectly consistent with both 
situations. 

Two additional probable occurrences of the iron- 
nontronite facies were discussed in connection with 
methods for evaluating sediment chemistry. rhese are 
the Bauer Deep and DOMES Site C sediments, which 
both occur on fast-spreading crust generated at the East 
Pacific Rise. A case can be made that both are off-axis 
deposits, although this has been disputed for the Bauer 
Deep sediments (see below). Also. although these de- 
posits have been extensibely studied, no one has hereto- 
fore identified them with the iron-nontronite facies. Ris- 
choff et al. (in press) have argued for a diagenetic origin 
of the DOMES Site C hydrothermal sediments (basical- 
ly the iron hydroxide-biogenic opal reaction of Heath 
and Dymond. 1977). We have disagreed with this inter- 
pretation, because there should be a complcte spectrum 
of clay compositions with variable, rather than fixed, 
ratios of excess Fe.0, to  excess S ioz ,  and Fe201/A1203. 
But these ratios at DOMES Site C are fixed, and identi- 
cal to  that of the mounds iron nontronites. Bi\choff et 
al. (in press) realized that a very precise and persistent 
set of geochemical conditions would need to exist to  
produce clay compositions by diagenesis which are so 
uniform. We offer a much simpler alternative: that 
DOMES Site C sediments include an iron-nontronite 
(and manganese oxide) hydrothermal component virtu- 
ally identical to that at the Galapagos Mounds. 

On the basis of heat flow data, Anderson and Halu- 
nen (1974) favored a local (off-axis) origin for the Bauer 
Deep metalliferous sediments. Lonsdale (1976). how- 
ever, argued that prevailing bottom currents wafted the 
sediments from the East Pacific Rise, some kilometers 
to the West, to  the Bauer Deep. We feel, however, that if 
this were the case, the sediments would look like those 
at Site 420. Instead, the Bauer Deep sediments resemble 
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Figure 18. Sawed surface of veined basalt, Section 425-9-1 (Piece 10). Vein 
to right is lined with green clays and cored with Fe-Mn hydroxides. 
Darker material in vein lo right is mainly Fe-Mn hydroxides. Sample is 
about 5.5 cm long. 

Experimental data, and consideration of the geo- 
chemical consequences of the alteration of oceanic igne- 
ous rocks to greenschist facies, provide a useful frame- 
work within which to view the origin of the two types of 
sediments. Of considerable importance are the higher 
ratio of Fe/Si in solutions produced experimentally by 
reacting sea water with basalt at high temperatures 
(300-5O0C), plus the generally reduced state of those 
solutions. We argue that in some high-temperature rise- 
axis regimes (e.g., the East Pacific Rise), similar solu- 
tions vent directly onto the sea floor because of proxim- 
ity to axial magmas. But in off-axis settings, even if hy- 
drothermal solutions reach such elevated temperatures, 
it can only be at depths of several kilometers, and the 

and iron from Cu and Zn, by gradients in oxygenation 
and temverature. Cu and Zn concentrate vrincivally in 
sulfide minerais in the crust or at axial venis, debending 
on the conditions affecting exiting hydrothermal fluids. 
Except in trace quantities, they are never dispersed far 
from axial vents. lron precipitates at high temperatures 
as sulfides in the crust or at axial vents, and can be dis- 
persed as iron hydroxides far froni such vents. Manga- 
nese is alrnost entirely dispersed into bottom water away 
from high-temperature axial vents. Even at low-temper- 
ature vents such as the Galapagos Mounds, Mn oxides 
form further from sources than any other precipitate. 
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