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Galapagos Hydrothermal Mounds: Stratigraphy and 

deeper in the holes. Green muds form 
discrete thin beds in holes 424 and 424A 
and a bed severai meters thick in hole 
424B, sandwiched between two layers of 
foraminifer-nannofossil ooze (Fig. 1); 
these contain no manganese oxides. 
About 12 ta 15 m of foraminifer-nanno- 
fossil ooze occurs at the base of holes 
424, 424A. and 424B. 

Hole 4248 is important because it rep- 
resents the regionai sediment blanket, 
which is uniformlv about 25 &O 30 m thick 

Chemistry Revealed by Deep-Sea Drilling in the area. Two reflectors in this sedi- 
ment blanket, thought to be ash layers, 

Abstract. The Galupagos mounds sea-f lo~r hydrothermal system 1s al least were found by the deep tow survey u). 
300,000 years old and once produced manganese-poor srdimenrs. njhich neurlv blun- However, hole 424B has no ash layers. 
keted the area of the present mounds field. Present-duy mound depo'irt~ are limited Instead, the top and bottom of the green 
manganese-rich exposures, suggesting that the system has changed from rock- to mud layer in that hole provide sufficient 
n~ater-dominated and has diminished in intensity wirh tirne.- acoustic impedance contrasts (the muds 

are abouf 30 percent dcnscr than the cal- 
In May 1977 the drilling ship Glomar elevated mound structures in holes 424 careous oozes) to explain the reflectors. 

Challenger, during Deep Sea Drilling and 424A. Consequently, we believe that the green 
Project (DSDP) leg 54, found and cored Three types of sediments were recov- muds at hole 4248 represent a nearly 
small mounds of sea-floor hydro- ered: (i) dark gray, semilithified, soft but continuous layer between older and 
thermally produced sediments in an area brittle Fe-Mn oxides and clays; (ii) a dis- younger calcareous oozes throughout 
of high heat flow 22 km south of the Ga- tinct green mud, consisting almost en- the area of the mounds field [about 350 
Iapagos Rift (1,  2). A deep tow survey tirely of Fe-nch, Mn-poor smectites ( 5 ) ;  km2 ( 1 ,  3)]. The age of basement at site 
had shown the mounds to be arrayed in and (iii) foraminifer-nannofossil ooze 424 estimated from sea-floor magnetics 
rows, strips, and ndges above small, with a moderate siliceous component ( 1 )  and shipboard biostratigraphy is 
near-vertical basement faults, and to be (Fig. 1). This represents the stratigraphic about 600.000 years. Assuming a uni- 
op to 10 m high and 25 m in diameter (3).  sequence in the two holes on mounds. form carbonate sedimentation rate (8) 
They also have high water temperatures; The process of drilling severely mixed and an effectively "instantaneous" rate 
have surfaces consisting of dark Fe-Mn the dark gray and green sediments at the for the nearly carbonate-free green 
oxides, brown to yellow iron oxyhydrox- top of the two holes, but individual chips muds, the deepest green muds in hole 
ides, and clay minerais; and support of the dark gray matenal consist of two 4248 (15 m above basement) were first 
thriving communities of macrobenthos mineralogic end-members, Fe-Mn oxides deposited about 300,000 years ago. The 
(4)-  (mainly todorokite with some birnessite) basal reflector pinches out about 12 km 

The drilling provided the first com- and Fe-rich. Mn-poorclay minerals iden- from the Galapagos Rift on crust about 
plete sedirnent sections through any sea- tical to the more uniform green muds 300,000 years old [assuming uniform sea- 
floor hydrothermal deposits and reached 
basaltic basement in four places, pene- 
trating as much as 45 m below the sedi- 
ments in one hole. We have already pre- 

21Cü 
sented data (5) on the composition of the 
sediments and basalts cored in the four 
holes at DSDP site 424, showing the 
sediments to be similar to reported hy- 1 7 1 0 -  

drothermal deposits from the Mid-Atlan- Fig. ,. Lithologic columns for 
tic Ridge (6) and the Gulf of Aden (7). holes 424, 424A, and 424C 
Here, we explore the consequences of (sediments and top of base- 
the stratigraphy and transition metal ment only). Columns to the 
chemistry of the deposits. right of each lithologic column 

show recovery for each core. 
The four holes were drilled along a the recovered interval be- 

north-south line and spaced about 300 m ginning at the top of  each core 
apart (Fig. 1 ) .  Holes 424 and 424A were (DSDP convention). Litholog- %t'a- 

directly on mounds, and hole 4248 was i~ boundaries have b~~~ 

in a flat area between them. Hole 424C ~ ~ ~ e ~ ~ , , ~ ~ u b i n ~ ~ ~ e $  
tla was not completely cored beacuse of rive ,,fthe entire 9.5-,,, interval 

time constraints, but provided an undis- of each core. 
turbed "mud-line" core (the top 10 cm 
are oxidized surface sediments). allow- 2750- 

ing US to reconstruct the sediment profile 
(Fig. 1 )  from the deep tow survey (3) by 
using water depths uetermined by drill- 
string length (rather than acoustically). 
This confirmed that we had cored two 
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floor spreading (1, 3)], the same age as 
the base of the green muds predicted by 
stratigraphic rneans (9). If the cause of 
the reflector that far north is the same 
layer of green mud, then the hydro- 
thermal field was once much larger than 
the present area of the mounds. 

The arrangement of the rnounds in 
chains and ridges above basernent faults 
originally suggested that the faults 
served as pathways for source hydro- 
thermal solutions leaking from the crust 
(3). Basaltic basement directly beneath 
two mounds, however, is fresh. Only 

active hydrotherrnal vents. The base- 
ment relief may simply provide zones of 
weakness in the sediment blanket, local- 
izing the exit of dispersed hydrothermal 
fluxes. The mounds may in part be 
piercement structures, with the green 
rnud layer arched upward over basement 
faults by more recent hydrothermal ac- 
tivity (including flow of hot water and ad- 
dition of new material). Deep tow pro- 
files show that, indeed, the two reflec- 
tors in the sediments arch upward 
toward the centers of rnounds (3). 

High concentrations of Mn (10 to 30 
traces of clay mineral alteration occur in percent) compared with other trace met- 
the basalts. Cornbined water (H,O+) in als [Ni, Co, Cu, and Zn, which are pres- 
29 basalt samples measured on board ent at only tens to a few hundred parts 
Glomur Challenger ranged from 0.3 to 1 per million (ppm)] distinguish these and 
percent. The Fe,O.JFeO ratio is also other sea-floor hydrotherrnal deposits 
low, averaging 0.43 I 0.008 (5). Either from typical manganese nodules or ba- 
basement vents beneath the mounds are salt encrustations (5, 10). The green 
very narrow (c 5 m) and we missed muds are virtually free of CaCO, and 
them, or there is no direct vertical con- have high iron (24 to 31 percent calcu- 
nection between the mounds and actual lated at Fe,O,) but low AI,O,, (1 to 2 per- 
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Fig. 2. Plots of (A) MniAl and ( B )  (Ni + Co + Cu)/Mn against depth for holes 424. 424A. and 
424C. Data are from Hoffert et al. ( 2 0 ) .  Depth intervals were assigned by assurning that cote 
recovery is representative of the entire 9.5-rn interval of each core. Abbreviations: APPC'. aver- 
age Pacific pelagic clay (10) and A P M N ,  average Pacific manganese nodiile ( 21 ) .  

cent), manganese (0.1 to 0.3 percent cal- 
culated as Mn30J, and transition trace 
rnetals (Ni, Co, Cu, and Zn levels of 10 
to 100 ppm); this distinguishes them from 
pelagic clays (IO), which are largely de- 
rived from windblown dust and volcanic 
material, both high in Al. Element ratios 
such as MniAl and (Ni + Co + Cu)/Mn 
can thus be used to monitor the input of 
hydrothermally derived manganese rela- 
tive to both "pelagic clay-manganese 
nodule" and terngenous inputs to the 
sedirnent column, and they eliminate the 
dilution effect of biogenic carbonate and 
silica (Fig. 2). 

Hole 424 has the least disturbed se- 
quence of mound materials. The drop of 
MdAI with depth (Fig. 2A) to levels sim- 
ilar to those in the green mud layer of 
hole 424B shows how surficial the Mn- 
rich deposits are. The shallowest green 
muds in hole 424 are at the level of the 
upper carbonate ooze in hole 4248; the 
mounds are thus cored with green mud, 
derived from the more widespread green 
mud layer. 

In al1 three holes, MdAl increases in 
the lowest 10 m of carbonate and 
(Ni + Co + Cu)/Mn drops (Fig. 2B). 
There is thus no preferential enrichment 
of hydrothermal Mn at the bases of the 
two mound holes that have drastically 
higher surficial MnlAI. This is stronger 
evidence than basalt freshness that hy- 
drothermal flux is not along basement 
faults immediately beneath mounds; it 
must be elsewhere. Instead, we believe 
that the modest Mn enrichment in the 
basal carbonate reflects ridge-crest hy- 
drothermal activity. Hydrocasts and 
near-bottom sampling at the Galapagos 
Rift 22 km north of site 424 show a 
steady increase in dissolved and particu- 
late Mn downward in the water column, 
culminating in distinct plumes of hot wa- 
ter emanating from fissures at the axis of 
spreading ( I l  ). The residence time of this 
Mn in the Panama Basin is about 50 
years and its mean dispersal distance is 
1000 km (12). Thin deposits of reddish 
brown or orange presumed ferromanga- 
nese oxides have been photographed (13) 
near where the hot-water plumes were 
sampled. Because of the low velocities 
of bottom currents throughout the Pan- 
ama Basin (14). the amount of Mn depos- 
ited at one place in the sediments should 
diminish as the site moves away from the 
rift by sea-floor spreading. This is what 
we believe happened at site 424. 

About 300.000 years ago, however, 
the site was far enough away from the 
Galapagos Rift, and its underlying ig- 
neous rocks were cool and thick enough 
to allow seawater fairly deep access in 
the crust. A major hydrothermal system 
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developed which may have deposited 
green muds over a much wider area than 
the present mounds field, but at least 
nearly blanketed the entire area of the 
rnounds field. Because the green muds 
are so free of Mn oxides and form dis- 
crete beds a few centimeters to several 
meters thick, the mounds stratigraphy 
implies that the surîicial mounds Mn 
oxides were deposited later. We do not 
think that the Mn oxides were "fraction- 
ated" from the green muds during an in- 
terval of simultaneous deposition. Nor 
do we believe that the present high sur- 
face abundance of Mn oxides results 
from their having been leached or re- 
mobilized from buried green muds. In- 
stead, we propose that the mounds 
stratigraphy and the probably wide- 
spread green mud layer imply an evolu- 
tion of the Galapagos mounds sea-floor 
hydrothermal system. Early in its his- 
tory, voluminous Mn-poor sediments 
were deposited as flat-lying beds. Today, 
Mn-rich materials are being deposited in 
a smaller area of restncted outcrop- 
pings, the mounds. 

Experiments tracing the alteration of 
basalts in varying proportions of sea- 
water show that in rock-dominated sys- 
tems (high rocklwater ratios), metals ini- 
tially dissolved from the rock are soon 
reprecipitated as alteration minerals in 
the rocks. This occurs as Mg, the most 
important element extracted from sea- 
water to form secondary minerals, be- 
cornes depleted in circulating hydro- 
thermal fluids (15).  In this rnodel, the 
amount of metal in solution is buffered. 
The p H  is low (and metals stay in solu- 
tion) during Mg extraction. The p H  in- 
creases when Mg is depleted in the fluids 
and hydrolysis of silicates become pro- 
nounced. In water-dominated systems, 
Mg is never completely extracted from 
the circulating fluids; thepH remains low 
and metals stay in solution. In these sys- 
tems, the rocks become almost com- 
pletely altered, and Mg extraction is lim- 
ited by the volume of rock interacting 
with hydrothermal fluids. 

We propose that the Galapagos hydro- 
thermal system was initially rock-domi- 
nated because deep crustal rocks were 
tresh and hydrothermal circulation had 
~ u s t  begun to reach them. As the system 
hccame estahlished and rocks more al- 
ter-ed, i t  became water-dominated and 
more and rnore soluble metals reached 
the sea floor. In its rock-dorninated 
phase, Mg-Fe silicates were deposited 
over exhalative vents. In its most recent 
water-dominated phase, Fe-Mn oxides 
have become more abundant. 

Alternatively or simultaneously, a de- 
crease in volume of hydrotherrnal solu- 
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tions reaching the sea floor may have af- 
fected the composition of the hydro- 
thermal deposits. For particular expen- 
mental hydrothermal solutions, mix- 
ture with seawater will cause precipi- 
tation of (i) amorphous silica, (ii) Mg lay- 
er-lattice silicates, or (iii) pure ferric oxy- 
hydroxides as seawater dilution increas- 
es from 1 : 1 to 1 : 39 (15). The green muds 
and Fe-Mn deposits of the mounds may 
be analogs of (ii) and (iii), respectively. 
The greater abundance of Fe-Mn oxides 
in the most recent deposits could then re- 
flect a lower flow rate of hydrothermal 
solutions reaching the sea floor. The dif- 
ficulty with this hypothesis is that huge 
volumes of hydrothermal solutions 
would have been needed to reduce bot- 
tom waters sufficiently to delay precipi- 
tation of Mn as the widespread green 
muds were deposited. Unless such solu- 
tions could have been ponded as brines, 
this is unlikely. The green mud layer, 
traced with seismic reflectors, is too uni- 
form in thickness and too widespread (3) 
and basement relief is too low and lin- 
eated ( 1 )  for ponding to have occurred. 

Finally, the change from deposition of 
Fe-rich, bedded green muds 300,000 
years ago to Mn oxides in the present 
mounds may partly reflect a recent in- 
crease in the oxygen level of Panama Ba- 
sin bottom waters. Efficient segregation 
of Mn from Fe can occur in solutions 
moving through a relatively reducing mi- 
lieu (16) ;  Fe-Mn oxides precipitate when 
oxygen availability is higher. The green 
color of the clays apparently reflected 
the presence of Fe2+ in the solutions 
from which they precipitated (17)  on the 
sea floor. The precise chemical condi- 
tions are difficult to estimate because the 
p H  and the activities of certain anions 
(such as bicarbonate) may affect Fe and 
Mn solubilities (18). We note that the 
Panama Basin is virtually enclosed (19)  
and suggest than an increase in bottom- 
water residence time or even temporary 
density stratification may have occurred 
if colder, denser, and more voluminous 
bottom waters entered the Panama Basin 
via the Peru-Chile trench (12) at times in 
the Pleistocene. Oxygen depletion would 
have occurred rapidly in response to 
equatorial high productivity, allowing 
Mn to stay in solution in bottom waters 
while Fe-rich green muds precipitated. 
Although this is highly speculative, we 
regard sea-floor hydrothermal materials 
as thc products of cornplex interactions 
among igneous rocks, sediments, hydro- 
thermal fluids, and seawater. These 
subtle interactions could easily be influ- 
enced by oceanographic conditions, and 
this hypothesis better explains the purity 
of the green muds (Mn-oxide and car- 

bonate-free), their stratification, and 
their possible lateral extent than other 
hypotheses so far advanced. In eHèct. 
we suggest that a type of basinal. rather 
than local, ponding may explain these as- 
pects of the deposits. 
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