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Abstract--Clay samples of greenish colour were collected from submarine hydrothermal chimneys of the 
Galapagos Rift and Mariana Trough. Mineralogical and chemical investigations of the clay by scanning 
and transmission electron microscopy, X-ray diffraction, differential thermal analysis, infrared-spectros- 
copy, X-ray fluorescence, and determination of specific surface area, and oxygen isotope composition 
identify it as a well crystallized nontronite. This nontronite ofhydrothermal origin has a nearly monomin- 
eralic character, a low Al-content, and a formation temperature of 21.5 to 67.3"C. The most remarkable 
characteristic, however, of the nontronite deposit is its mierostructure, a network of microtubes composed 
of fine frequently folded clay sheets. These delicate filaments show close similarity in size and form to 
sheath forming bacteria. The correlation between clay mineral and chemical characteristics, as well as 
biological conditions at marine hydrothermal smoker chimneys, let us suggest that Fe oxidizing, sheath 
forming bacteria are playing a decisive role in nontronite formation at these sites. 
Key Words--Authigenic formation, Bio-catalysis, Hydrothermal, Mierostructure, Nontronite, Scanning 
electron microscopy, Silicate smoker chimney. 

I N T R O D U C T I O N  

Deep-sea hydrothermal vents were discovered in 
1977 along the Galapagos Rift, a part of the globe- 
encircling system of sea-floor spreading axes (Weiss et 
a l  1977; Corliss et al  1979). Many hydrothermal fields 
have since been identified along the ridges of the East 
Pacific Rise and other sea-floor spreading sites (Rona 
1984). 

The vent solutions frequently give rise to precipitates 
that form chimneys of up to l0 m height and 50 cm 
diameter (e.g., Edmond et al  1982; Spiess et al  1980). 
With precipitates dominated by black sulfides these 
chimneys are called "black smokers." They are char- 
acterized by hot vent solutions (about 350 ~ _+ 30~ 
with flow velocities of m s -1. The vent solutions of 
"white smokers" have a lighter color due to the pres- 
ence of relatively high concentrations of Ca-sulfates 
and colloidal silica. Less hot (270~ to 350~ to warm 
(< 100~ solutions are emitted from these vents with 
flow velocities o f c m  s I (e.g., MacDonald et al  1980; 
Haymon and Kastner 1981; Haymon and MacDonald 
1985; Von Damm 1990). Commonly the chimneys 
appear as groups or colonies on slight elevations or 
"mounds,"  which are composed of vent precipitates 
and debris of disintegrated chimneys. The lifetime of 
a smoker is limited, commonly not exceeding a few 
tens of years (Tunnicliffe and Juniper 1990). 

The precipitates that build the chimney vary in re- 
lation to the composition and temperature of the hy- 
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drothermal solutions, and to parameters that deter- 
mine the rate of their dilution in sea water. These 
variations, often cyclical in nature, have been described 
in detail for black smokers (e.g., Haymon 1983; Hay- 
mon and MacDonald 1985; von Damm 1990; Hay- 
m o n e t  al  1993). At white smokers the vent solutions 
contain in addition to Fe, Mn and S, substantial con- 
centrations of Si. With the exit of these solutions, all 
Fe, precipitates as sulfides, and only Mn-oxides pre- 
cipitate subsequently. With a ratio F e / H 2 S  < 1 in the 
vent solution, initially all Fe, precipitates as sulfides, 
and only Mn-oxides precipitate subsequently. With Fe/ 
H2S > 1, both Fe- and Mn-oxides precipitate (Edmond 
et a! 1979) with Fe oxides closer to the vent exit. Silica 
precipitates intermittently, commonly in the form of 
opal A (Juniper and Fouquet 1988). This indicates that 
white smoker chimneys are essentially composed of 
Ca-sulfates, Fe- and Mn-oxides, accompanied by 
amorphous silica, in contrast to black smoker chim- 
neys where sulfides are dominating. 

Hydrothermal nontronite formation has been stud- 
ied intensively in the Red Sea (Bischoff 1972; Cole and 
Shaw 1983; Cole 1983). Nontronite in these deposits, 
which are very recent (<25,000 Ma), has been found 
to occur both in association with sulfides and iron rich 
amorphous  mater ial  (the "su lphide /s i l i ca te /amor-  
phous facies") in an anoxic environment,  and in as- 
sociation with poorly crystallized Fe 3+ oxides and 
manganosideri te  (the "si l icate/carbonate/oxide fa- 
cies") in oxic environments.  In both environments,  the 
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Table 1. Locations of the sample sites. 

Position 

Sample Latitude Longitude 

Watel-- 
depth 
(m) 

Galapagos Rift 
SO 32/179 0*46 10'N 85*54 90'W 2580 
SO 39/181 0~ 04'N 85*54 62'W 2529 
SO 39/188 0*46 10'N 85~ 10'W 2535 

Mariana-Trough 
SO 57/18 18~ 78'N 144*42 51'E 3614 
SO 57/19 18"12 86'N 144%2 46'E 3607 

formation of  the nontronite is thought to occur by 
sorption of  silica supplied by the incoming hydrother- 
real brines onto Fe-oxyhydroxide,  which settled from 
the upper brine pool layers. Poorly crystalline iron hy- 
droxides, associated with nontronite in the upper part  
of  a sediment column from the Atlantis II Deep (Red 
Sea), were proposed as precursor minerals for non- 
tronite (Singer and Stoffers 1987). Condit ions were as- 
sumed to have been oxic in this environment.  Follow- 
ing the earlier work o f  Bischoff (1972), Badaut et al 
(1985, 1990, 1992) proposed that the first iron-rich 
smectite formed is ferrous-tri-octahedral,  and that it 
quickly oxidizes to a ferric form, releasing free iron. 
Under  higher redox conditions a nontronite is formed 
in int imate association with hisingeritic and with poor-  
ly-ordered iron precipitates (ferrihydrite or  feroxy- 
hyte). Due to this association it appears that the non- 
tronite is formed from the compounds.  

Oxygen isotopic investigations (McMurtry et al 1983; 
Cole 1983; Singer et al 1984) indicate that authigenic 
nontronites have formation temperatures o f  30~ to 
150~ This large temperature range, combined with 
variabil i ty of  redox conditions, raised questions about 
the chemical processes involved in their genesis. Most  
o f  the studies suggested processes o f  direct precipita- 
t ion from hydrothermal  fluids and combinat ion of  Fe- 
oxyhydroxides with hydrothermal  (or biogenic) silica 
under more or less anoxic condit ions (Heath and Dy- 
mond  1977; Cole and Shaw 1983; Cole 1985). Based 
on synthesis experiments,  Harder  (1976, 1978) con- 
cluded that Fe-smectites could only form from solu- 
tions containing Fe z+ and/or  Mg 2+. In a series of  ex- 
perimental  studies, Decarreau and Bonnin (1986) 
showed that the synthesis of  ferric smectites could be 
carried out at relatively low temperatures (75~ by 
aging coprecipitated gels of  silica and Fe 2+ sulphate 
under initially reducing, then oxidizing conditions. Un- 
der strictly reducing conditions only nuclei of  a tri- 
octahedral ferrous stevensite were observed and crystal 
growth did not take place. When a spontaneous oxi- 
dation, in contact with air, was effected, the ferrous 
smectite nuclei t ransformed rapidly into a ferric, non- 
tronite-like smectite. In a later study, Decarreau et al 
(1987) showed that the crystallization of  a di-octahe- 

dral smectite, containing only Fe 3+ in the octahedral 
sheet is also possible under strictly oxidizing condi- 
tions. Crystal growth, however, under these condit ions 
is slow and goes to complet ion only at sufficiently high 
temperatures. Thus, the study of  natural occurrences 
(particularly in the Red Sea) as well as synthesis ex- 
periments suggest that hydrothermal  nontronite is like- 
ly formed in initially reducing conditions, with Fe prin- 
cipally in the ferrous state, and then oxidizing conditions 
(Decarreau et al 1987). 

Based on the numerous reports on clay mineral for- 
mat ion at deep hydrothermal  sites (see review in 
Chamley 1989) and on the first reports on nontronite 
formation on smokers (e.g., KShler 1991; KiShler and 
Singer 1992), the objective of  this study was to identify 
and characterize authigenic clay minerals, formed at 
some white smoker chimneys (Galapagos Rift and 
Mariana Trough). 

S A M P L I N G  LOCATIONS AND MATERIALS 

Hydrothermal  clay samples from white smoker 
chimneys were collected with TV-controlled grabs on 
expeditions of  the research vessel "Sonne" to the Ga- 
lapagos Rift (1984, 1985) and to the backarc Mariana 
Trough (1988). The locations of  the samples are given 
in Table 1. Yellowgreen to dark green clay was attached 
to the outer wall of  the silicate material  of  the smoker 
chimneys and to the upper inner wall of  the vent chan- 
nel. The thickness o f  this clay layer varies from 1 m m  
to several cm. A thin Fe-oxide crust occasionally exists 
between the silicate material  and the nontronite layer. 

All clay samples from the Galapagos Rift are o f  bright 
olive green color and have a loose, soft consistency. 
The color of  the clay material  of  the Mariana Trough 
varies from weak olive brown (SO 57/18) to more yel- 
lowish green (SO 57/19). The consistency is more grainy. 
The associated chimney material  consisted of  a porous, 
brittle, yellowish to brownish silicate-rich precipitate, 
partly coated with Fe-oxides. Stoffers et al (1989) de- 
scribed this material  as opal, aragonite and Mn,Fe-  
hydroxides. The chimney material  o f  sample SO 57/ 
19 contained in addi t ion sulfides (pyrite, marcasite), 
barite, and alumite. 

METHODS 

After selections based on prel iminary X-ray diffrac- 
tion (XRD), the dispersed, Na-saturated,  material  was 
washed with distilled water until free of  salts, as tested 
with AgNO 3. The fraction <2  #m was separated by 
sedimentation under thermoconstant conditions (22~ 
Most  analyses were carried out with Mg-saturated, 
freeze-dried subsamples of  the fraction <2 ~m. For  
X-ray diffraction (XRD) analysis, a Phillips PW 1710 
diffractometer with Co-radiation,  graphite monochro-  
meter, and automatic  divergence slit was used. The 
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XRD analyses were done on unoriented specimens and 
with oriented air-dried, glycolated and heated (520~ 
2 h) specimens. 

Differential thermal analysis (DTA) was performed 
on a Perkin Elmer Model 1700 System 4 apparatus. 
For analysis 30 mg of material (< 2 #m fraction), equil- 
ibrated at 58% RH, were heated at a rate of 10~ ra in-  1. 
Infrared spectroscopy (IRS) was carried out on a Ni- 
colette FTIR apparatus. For analysis, KBr-disks were 
used. For transmission electron microscopy (TEM), a 
JEM 100 CX apparatus was used. Na-saturated, freeze- 
dried, suspensions were taken for analysis. 

For scanning electron microscopy (SEM), principally 
a Cambridge S 150 instrument with attached EDAX 
element analyser was used. A part of the original un- 
disturbed clay sample without any other pretreatment 
was dried and coated with carbon for analysis. Much 
attention was paid to the methodology of preparation 
of the samples. The methods of preparation tested in- 
cluded (a) air-drying at 20~ (b) freeze-drying, and (c) 
replacement of porewater with a mixture of ethanol 
with acrylic resin, followed by heat hardening. The 
latter method was discarded because distinct structural 
changes occurred caused by shrinkage. Drying in air 
and freeze-drying caused the appearance of some salt 
effiorescences, but they were negligible. Freeze-drying 
was preferred because the original structures appeared 
to be preserved, while air-drying tended to cause rolling 
and aggregating of clay particles. 

Chemical composition was determined by X-ray 
fluorescence analysis on a Philips XR spectrometer 
using a rhodium tube and an attached Philips PH com- 
puter. To determine the concentration of the major 
elements samples were fused with Spectromelt A 12 
by Merck (66/34 (w/w) di-lithiumtetraborate/lithium- 
metaborate), while for trace elements Elaviz 55 was 
used. For specific surface area determinations, the eth- 
ylene-glycol-monoethylene (EGME) method (Carter et 
al 1965) was used. 

Oxygen isotope determinations were carried out on 
clay material from which opaline material had been 
separated manually under the microscope. Free Fe- 
and Mn-oxides had been removed by the method of 
Mehra and Jackson (1960). Oxygen was extracted from 
silica samples by fluorination with C1F 3 (Borthwick and 
Harmon 1982) after heating the samples for 4 h at 
150~ for dehydration. The precipitation temperatures 
of the clay material can be calculated using the equation 
for the smectite/water equilibrium 1000.1n o~ = 2.67. 
106/T / - 4.82 (T in ~ (Yeh and Savin 1977). For 
the opaline material, the min imum isotopic tempera- 
ture is calculated using the equation 1000. In ~ = 3.09. 
106/T 2 - -  3.29 (Knauth and Epstein 1976), and for the 
maximum temperature the equation 1000-In a = 3.38. 
106/T 2 - 3.40 (Clayton et al 1972). In these calcula- 
tions, we assumed that the 6180 composition of the 
vent water was 0V~. 

RESULTS 

The most notable feature of the white smoker chim- 
ney clays was their micromorphology. Scanning mi- 
croscopy data will therefore be presented first. 

Scanning electron microscopy (SEM) 
Galapagos rift. The greenish samples SO 32/179, SO 
39/181 and SO 39/188 displayed a sponge-like basic 
structure with a high porosity (Figure la). In the voids 
(pores) at high magnifications, aggregates of tube-like 
structures could be discerned that were attached to the 
channel walls and extended towards the void center 
(Figure lb). The diameter of these tubes was 2.5 + 0.5 
#m, with a wall thickness of 1 + 0.2 #m. The diameter 
of the inner cavity was 1 + 0.2 ~tm. The length of the 
microtubes was difficult to measure, but it commonly 
exceeded 10 #m. In some areas, intergrowth of the 
microtubes had started, so that at fracture surfaces only 
a network of intertwining rills with a width of 1-1.2 
um could be discerned (Figures lc and ld). All sizes 
are taken from SEM-photographs. Under  highest mag- 
nification, the microtubes could be seen to be com- 
posed of fine, frequently folded clay sheets. Chemical 
analyses by EDAX showed the predominance of Si and 
Fe, with only minor  amounts of Mg and K. No qual- 
itative chemical differences could be seen between the 
clay minerals forming the well shaped microtubes and 
those filling the interspaces (e.g., Figures lc and ld). In 
sample SO 32/179 the microtubes were particularly 
well-developed. In samples SO 39/181 and SO 39/188, 
variability was larger with well-developed microtube 
groups alongside. 

Mariana trough. The microstructures from this site 
exhibited many of the characteristics of the Galapagos 
site. In sample SO 57/18 the (micro)structure was very 
open, loose, sometimes of a net-like character. Micro- 
tubes, with a width of 1.9 _+ 0.3 /~m and a length of 
over 10 ~tm grew in all directions from the substrates 
into the voids. The submicrostructure of the micro- 
pores consisted, as in the Galapagos site samples, of 
folded clay sheets composed of Si and Fe with traces 
of Mg, Ca and K (Figure 2). The clay material in sample 
SO 57/19 was more heterogeneous. It appeared at some 
parts in form of open, net-like aggregates, elongated, 
inflated or rounded. The microtubes that grew inward 
into the pore voids were curved or spiral-turned, with 
a total width of 2.9 + 0.5 #m. The clay particles were 
concentrically arranged. In well-preserved portions, they 
were rolled in but enmeshed the tubes with sheets or 
thin bands (Figures le and If). 

X-ray diffraction (XRD) 
Galapagos rift. The bulk samples SO 32/179, SO 39/ 
181 and SO 39/188 had a very similar mineralogy that 
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Figure 1. Micromorphology of the chimney clay from Galapagos Rift and Mariana Trough. a) sponge-like basic structure; 
b) filamentous microtubes; e) and d) network of intertwining rills; e) microtubes; f) microtube opening. 

consisted almost monomineral ical ly o f  smectite with 
traces o f  opal. The smectite in the clay fraction o f  these 
samples appeared to be fairly crystalline, with full ex- 
pansion to 17 ~ after glycol saturation. A 060 spacing 

o f  1.516-1.518 A indicated that they are dioctahedral  
smectites (Figure 3). 

Mariana trough. The bulk samples had a very similar 
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Figure 2. Nontronite microtube and EDAX-analysis. 

composition dominated by smectite. In some samples 
traces of opal were present too. All smectites were di- 
octahedral, with a 060 spacing between 1.511 and 1.518 
/k (Figure 3). 

Differential thermal analysis (DTA) 
The thermograms of all smectite clays displayed sim- 

ilar features (Figure 4); a very large low-temperature 
dehydration endotherm, a smaller dehydroxylation en- 
dotherm, and a weak high-temperature exotherm. The 
low-temperature dehydration endotherms took place 
between 120~ and 134~ The most striking feature 
of the thermographs are the very low dehydroxylation 
endotherms. In the Galapagos Rift clays, they range 

between 434~ and 44 I~ in the Mariana Trough clays 
between 446~ and 452~ The weak exothermic re- 
action took place in the temperature range of 816 ~ 
848~ in the Galapagos clays and 852~ and 863~ in 
the Mariana Trough clays. 

Infrared spectroscopy (IR) 
The clay from samples SO 32/179, SO 39/181 and 

SO 39/188 all displayed similar IR spectral features 
(Figure 5). The strong adsorption at 3545-3555 cm-1, 
as well as that at 816-818 cm -~ are associated with 
vibrations of the Fe3+-Fe 3+-OH stretching. These ad- 
sorption bands indicate the Fe occupancy of the oc- 
tahedral sites. The Si-O stretching adsorptions at 1017 
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Figure 4. Differential thermal analysis (DTA) tracings of the 
clay fraction (<2 um). 

cm -~ and 492--494 cm ~ suggest only minor  substi- 
tution by Fe(III) in the tetrahedral layer. The IR spectra 
of the Mariana Trough clays were similar to those of 
the Galapagos Rift. The adsorption band at about 800 
cm ~ indicates similar amounts of octahedral Mg 2+. 

Transmission electron microscopy (TEM) 
The dominant  particle morphology of the Galapagos 

Rift and Mariana Trough clays is one of fine slightly 
folded sheets, less than 1 #m in diameter (Figures 6a 
and 6b). Sometimes the edges of the sheets are slightly 
rolled in or folded (Figures 6c and 6d). A less common 
form is that of weakly developed laths and fibers. The 
laths, with an average width of 0.1 #m, were also rolled 
along the edges (Figure 6f). In sample SO 32/179, the 
proportion of lath and fibrous particles was particularly 
large. Sometimes the margins of the sheets or laths 
appeared to disintegrate into fibers (Figure 6e). 

Chemical composition 
The major element concentrations of the fractions 

<2  #m are presented in Table 2. The major elements 

4~00 4000 35O0 ~00 2~00 2O00 1500 t000 500 

waveuumber (col-I) 

Figure 5. Infrared spectra of the Mg-saturated clay fractions 
(<2 #m). 

of the clay materials consisted of Si and Fe. AI contents 
were extremely low. This is consistent with the trend 
observed in many submarine hydrothermal nontron- 
ites. If adsorbed Mg is subtracted from total, Mg con- 
tents were also very low. The relatively low potassium 
contents indicated the absence of significant amounts 
of illitic layers. The exciding large ignition losses in 
samples SO 39/181 and SO 39/188 are probably due 
to organic matter. The samples from the Galapagos 
Rift appeared to be enriched in heavy metals as As 
and Zn. High Cu, As, and Zn concentration levels are 
reported by from this area of the Galapagos Rift. 

Specific surface area 
The specific surface area for Mariana Trough clays 

ranged from 862 m2/g (SO 57/18) to 903 m2/g (SO 57/ 
19). They compared well with the values obtained for 
standard Manito, Washington, nontronite (884 m2/g) 

Figure 3. X-ray diffraction pattern (COKal-radiation), peak numbers in/~; a) unoriented bulk sample, air-dried, Mg-saturated; 
c) oriented clay fraction (< 2 #m), glycolated, Mg-saturated. 
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Figure 6. Transmissi•ne•e•tr•nmicr•graphs•fthec•ay-fracti•n(<2um).a)-d)fines•ight•yf••dedsheet;e)sheetdisintegrate 
into fibres; f) lath rolled and curled (the numbers in the right corner of the photographs represent the film numbers). 

and Fe-rich smectite from Grant  County, Washington 
(SWA-1) (882 m2/g). 

Oxygen isotope analysis 
Oxygen isotope analysis was carried out from Mar- 

iana Trough materials, separately for the clay and for 
the opaline material. The formation temperatures cal- 
culated for the smectite of  the Mariana Trough vary 
from 21.5 ~ (26.3 ~lsO) in sample SO 57/19 to 67.3~ 
(18.4 6~sO) in sample SO 57/18. With the opaline ma- 

terial of  sample SO 57/19 a 6' s O o f 31.2 was measured 
representing a calculated temperature of 28.4~ (min- 
imum) to 44,0~ (maximum) (Botz and Stoffers 1992). 
The clay SO 32/179 from the Galapagos Rift yielded 
a formation temperature of 52~ (20.7 6lsO). 

DISCUSSION 

Submarine nontronites have repeatedly been de- 
scribed from near hydrothermal brine environments 
(see review in Chamley 1989). 
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Table 2. Results of the chemical analysis of the clay fraction by XRF. 

697 

Fe2Oj SiO2 A1203 MgO MnO Na20 K20 TiO2 CaO P205 
Sample (weight %) 

SO 39/181 34.7 35.3 0.09 3.6 0.08 < 0.20 < 0.17 0.46 
SO 39/188 31.1 29.0 0.07 3.5 0.12 < 0.30 < 0.14 0.37 
SO 57/18 35.17 52.41 0.11 3.23 0.03 0.75 0.29 0.01 0.03 0.93 
SO 57/19 30.75 52.37 0.28 6.03 0.06 0.18 0.15 0.03 0.05 1.74 

SO~ ZnO As203 Sm203 GeO 2 V205 Cr203 C1 LOI Sum 
Sample (weight %) 

SO 39/181 0.13 0.045 0.010 0.017 < < < 0.082 25.00 99.89 
SO 39/188 0.10 0.092 0.010 0.011 0.014 < < 0.052 35.00 99.88 
SO 57/18 0.02 0.01 -- -- -- < < 0.41 7.88 100.85 
SO 57/19 0.03 0.01 -- -- -- < < 0.76 8.97 100.64 

- not analysed, < = < 1 O0 ppm. 

In  t he i r  r ev iew o f  au th igen ic  smec t i t e s  in  recen t  m a -  
r ine  sed imen t s ,  Cole  a n d  Shaw (1983)  m e n t i o n  th ree  
m o d e s  o f  f o r m a t i o n :  a l t e ra t ion  o f  vo lcan ic  rocks  a n d  
glasses, l o w - t e m p e r a t u r e  c o m b i n a t i o n  o f  b iogen ic  sil- 
ica a n d  Fe-oxyhydroxides ,  a n d  d i rec t  p rec ip i ta t ion  f rom 
h y d r o t h e r m a l  fluids. T h i s  m e c h a n i s m  of  d i rec t  prec ip-  
i t a t i on  has  b e e n  p r o p o s e d  for  the  f o r m a t i o n  o f  au th i -  
genic  n o n t r o n i t e  in  the  h y d r o t h e r m a l  field o f  the  G a -  
lapagos  Rift ,  whe re  i t  occurs  in  m o u n d s  t h r o u g h  w h i c h  
w a r m  fluids (up to 30~ perco la te  ( M o o r b y  a n d  Cro-  
n a n  1983, M c M u r t r y  et al 1983). Singer  et al  (1984)  
desc r ibed  a smec t i t e  close to the  pu re  Fe  e n d m e m b e r  
o f  the  be ide l l i t e -non t ron i t e  series in  the  fine clay sep- 
a r a t ed  f rom a 354 c m  long s e d i m e n t  core  in  the  sou th -  
wes t e rn  Pacific Basin.  Oxygen  i so tope  va lues  de ter -  
m i n e d  on  au th igen ic  quar tz ,  f o u n d  in a s soc ia t ion  w i th  
the  n o n t r o n i t e ,  i n d i c a t e d  a f o r m a t i o n  t e m p e r a t u r e  o f  
a b o u t  22~ A similar  f o r m a t i o n  t e m p e r a t u r e  was also 
d e t e r m i n e d  for  a n o n t r o n i t e  depos i t  f r om the  Lau  Ba- 
sin,  S W  Pacific (Stoffers et al 1990). T he  a r g u m e n t s  for  
the  h y d r o t h e r m a l  origin o f  the  s m oke r - non t r on i t e s  were 

b a s e d  on  the  fo l lowing features:  (1) the i r  pu r i ty  a n d  
m o n o m i n e r a l i c  charac ter ,  (2) t he i r  ex t remely  low A1 
con ten t ,  (3) re la t ive ly  low c o n t e n t  o f  accessory  m i n o r  
e lements ,  pa r t i cu la r ly  Ba, a n d  (4) t he i r  oxygen i so top ic  
c o m p o s i t i o n ,  w h i c h  suggested re la t ive ly  w a r m  for- 
m a t i o n  t empera tu re s .  

Tab le  3 gives the  chemica l  c o m p o s i t i o n  o f  h y d r o -  
t h e r m a l  f luids as d e t e r m i n e d  at  va r ious  vents .  P r o m -  
i n e n t  are the  ve ry  h igh  Fe, M n  a n d  Si c o n c e n t r a t i o n s  
in  c o m p a r i s o n  to a m b i e n t  sea water ,  par t icu la r ly  in  the  
e n d m e m b e r s  as calculated.  

T h e  con tac t  o f  these  r is ing acidic  a n d  reduc ing  so- 
lu t ions  wi th  oxic  sea wa te r  resul ts  in  the  p rec ip i t a t i on  
o f  silicates,  me ta l  oxides,  a n d  hydroxides .  T h e  lower  
r edox  c o n d i t i o n s  r equ i r ed  for  the  ox ida t i on  o f  Fe  2+ 
c o m p a r e d  to t h a t  o f  M n  2+ ( S t u m m  a n d  M o r g a n  1981) 
resu l t  in  the  p rec ip i t a t ion  o f  i ron  oxides  c loser  to  the  
ven t ,  whi le  M n  is t r a n s p o r t e d  fu r the r  before  precipi -  
t a t ion .  

F requen t ly ,  these  p rec ip i t a t ed  oxides  h a v e  b e e n  ob-  
s e rved  to exh ib i t  a f i l amen tous  mic ros t ruc tu re .  Al t  

Table 3. Composition of ambient  seawater, seawater vent fluid mixtures, and vent fluids (calculated) for different ocean 
hydrothermal waters. Data from Karl et al 1988", and Von Damm 1990"*. 

East Pacific** Southern** Ambient seawater* 
Rise 2 I*N Juna de Fuca Axial volcano** Hawaii, Loihi* 980 m near 
vent OBS vent 1 inferno Pele's Vent Pele's Vent 

Temperature (~ 350 285 149-328 30 3.5 
pH 3.4 3.2 3.5 5.3-5.5 7.5 
Na (mmol/kg) 432 661 500 464 455 
C1 (mmol/kg) 489 896 625 524 534 
Mg (mmol/kg) 0 0 0 50.3 52.2 
SO4 (mmol/kg) 0.50 - 1.30 -- 27 28.8 
K (mmol/kg) 23.2 37.3 27.5 12.3 10.2 
Ca (mmol/kg) 15.6 84.7 46.8 11.2 10.3 
Si (#mol/kg) 822.6 1065.7 705.8 1285 123 
Fe 0tmol/kg) 960 10,349 1006 1010 0.05 
Sr 0tmol/kg) 81 230 -- 88.5 86.9 
Li (~tmol/kg) 891 1108 637 36.5 23.6 
Mn (~mol/kg) 960 2611 1081 21.1 0.01 
Rb ~mol/kg)  28 28.0 -- 2.85 1.25 
Ba (#mol/kg) > 8 -- -- 0.71 0.07 
A1 (/~mol/kg) 5.2 . . . .  

https://doi.org/10.1346/CCMN.1994.0420605 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1994.0420605


698 K~Shler, Singer, and Stoffers Clays and Clay Minerals 

(1988) described it for amorphous Fe-oxyhydroxides, 
hematite and goethite from the Larson and Red Sea- 
mount,  East Pacific Rise, Karl et al  (1988) for iron 
oxides from Loihi Seamount, Hawaii, Juniper and 
Fouquet (1988) for Fe-oxides and opal-A from diverse 
hydrothermal sites in the East Pacific, Juan de Fuca 
and Explorer Ridge, and Stackelberg et al  (1990) for 
Mn-oxides and Fe-silicates from the Lau Basin. Fila- 
mentous microstructures have also been observed for 
metal sulfides (Ag, Cu, Fe, Pb) in the Sea Cliff hydro- 
thermal field of the northern Gorda Ridge, NE Pacific 
(Zierenberg and Schiffmann 1990). 

Intensive explorations (by small submersibles) of 
various vent sites have established the presence of dense 
communities of bacteria and specialized macrofauna. 
For example Karl et a l (1988) described thick, orange 
colored bacterial mats with iron oxide coatings that 
cover lava fields on the periphery of Loihi Seamount, 
Hawaii, active vents. Karl et a l  (1989) hypothesized 
that these bacteria may use ferrous iron as energy source. 
In the mixing zone between the oxic and anoxic marine 
environment  the density of bacterial populations was 
estimated to be up to 107 cells per ml (Jannasch and 
Mottl 1985). Detailed descriptions of  microbial pop- 
ulations associated with deep sea hydrothermal vents 
were given by Jannasch and Mottl (1985), Juniper and 
Fouquet (1988), and Tunnicliffe and Juniper (1990). 
In a study of oxide and nontronite deposits on sea- 
mounts  in the East Pacific, Alt (1988) described long 
delicate filaments, about 1 #m in diameter, remarkably 
similar in morphology to genera of Fe oxidizing bac- 
teria. The similarity was particularly striking for the 
sheath forming Sphaerotilus-Leptothrix and the Fe ox- 
idizing strain of Metallogenium. Cowen et al  (1986) 
and Alt (1988) suggested that bacteria were probably 
important in catalyzing the oxidation and precipitation 
of iron from hydrothermal fluids. Tunnicliffe and Fon- 
taine (1987) described extra-cellular accumula t ions  of 
hydroxides by sheathed bacteria that colonize the sur- 
faces. 

Moreover, silica precipitation too has been attrib- 
uted to processes associated with the presence of bac- 
teria. In an examination of a silica chimney near Phi- 
losophers vent on Explorer Ridge, NE Pacific, (and 
some other sites, too), Juniper and Fouquet (1988) 
observed branching filaments of iron oxide and amor- 
phous silica (opal). The presence of organic matter and 
identifiable filamentous bacteria in one sample led the 
authors to suggest that both the iron and silica were 
deposited in association with filamentous microorgan- 
isms. 

One of the unusual micromorphological features of 
the nontronite occurrences at the smokers is the fre- 
quent organization in form ofmicrotubes. Though ob- 
served at different sites, the microtubes have very sim- 
ilar dimensions. While length is quite variable (being 
dependent on state of preservation and observation 

section) tube diameter and tube wall thickness are fairly 
uniform. This suggests the control by a factor that is 
independent of local conditions. The shape and di- 
mensions of the nontronite microtubes, observed in 
the Galapagos and Mariana hydrothermal sites, match 
very closely those given for the sheath forming bacteria 
such as Leptothrix (Berthelin 1988). This suggests that 
Fe oxidizing bacteria had been involved in the for- 
mation of the smoker nontronites, too. 

The synthesis experiments of Harder (1976, 1978) 
and Decarreau and B onnin (1986) discussed above in- 
dicate that for nontronite precipitation very narrow 
concentration ranges of silica and very specific redox 
potential conditions are required. The nontronite lay- 
ers appear inside the upper part of the vent channel 
and in contact to the vent channel outside the chimney. 
This is the mixing domain between the reduced hy- 
drothermal solution and oxic seawater. The direct con- 
tact of these different phases could be expected to result 
in quick dilution and increase in the redox potential 
(Haymon and Kastner 1981), leading to Fe-oxyhy- 
droxide and not to nontronite precipitation. In some 
parts of the samples SO 57/19 from the Mariana Trough 
a thin iron oxide crust is forming the intermediary layer 
between opal frame and nontronite. Nontronite for- 
mation, on the other hand, would be enhanced by the 
presence of a stabilizing, retarding factor that would 
limit dilution, and keep redox conditions stable for 
some time. Iron oxidizing, chemolithotrophic bacteria 
might very well have fulfilled this function. It can be 
envisaged that the passage of the solutions through the 
dense bacterial mats retarded dilution of the hydro- 
thermal solutions by seawater. Moreover, it is also pos- 
sible that metabolic activities of the microorganisms 
had, on a microscale range, an effect on the redox po- 
tential. The dilution of Si may have been sufficient to 
prevent supersaturation with regard to opal but not 
that of  nontronite (Harder 1976, Singer et al  1984). 
According to Haymon and Kastner (1981) the effects 
of dilution on Si saturation counteract those of tem- 
perature decrease. Therefore, precipitation of silicates 
would require controlled cooling with minimal  mixing. 
Also, assuming a pH of 5.6 and temperatures of 10 ~ 
15~ as measured by Alt (1988) at the Red Seamount, 
the oxidation rate would be so slow that precipitation 
of massive Fe-oxyhydroxides would be prevented. 
Thus, any additional retardation of the mixing effect 
would be favorable for nontronite precipitation. 

The likelihood for this biocatalytically induced non- 
tronite precipitation process is increased if the advan- 
tages derived for the biological partner are recognized. 
These might be numerous, in analogy to smectite mi- 
croorganism interaction in the terrestrial domain: the 
clay sheath might act (a) as a shield preventing over- 
heating, rapid changes in solute flow rate or concen- 
trations and in general preserving the microenviron- 
ment (Marshall 1968, 1969); and/or as a stabilizer of 
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Figure 7. Degradation of microtubes with a secondary intergrowth of nontronite (SEM observations). 
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p H  condi t ions  in a range favorable  for the microor -  
ganism against strong f luctuat ion (Stotzky 1966; Stotz- 
ky and R e m  1966); (b) as a s t imula t ion  o f  metabol ic  
act ivi ty  (Marshall  1971; Ehrl ich 1981); (c) as a regu- 
la t ion o f  the release o f  inorganic  and organic nutr ients  
(retained as exchangeable cat ions in the clay material)  
(Ehrlich 1981); a n d / o r  as inac t iva t ion  mechan i sm o f  
toxic substances by the cat ion exchange m e c h a n i s m  o f  
the clay (Filip 1979). 

The  first biocatalyt ical ly induced nont ron i te  crys- 
tallites fo rmed  might  have  served as crystal l izat ion nu-  
cleii for addi t ional  precipi tat ion.  

Al t  (1988) observed  a close relat ion be tween smoker  
ac t iv i ty  and the fo rmat ion  o f  such minera l ized  micro-  
tubes. Well  fo rmed  micro tubes  are associated with ac- 
t ive  smokers  whereas  at inact ive ch imneys  the tubes 
are mechanica l ly  dis turbed and al tered by secondary 
crystall ization.  This  corresponds  to the ac t iv i ty  o f  the 
bacteria  popula t ion,  which can only survive  at act ive 
smokers.  Observa t ion  o f n o n t r o n i t e  in different ch im-  
neys or  parts o f  it suggested a degradat ion and sec- 
ondary  intergrowth o f  the nont ron i te  tubes accompa-  
neys or  parts o f  i t  suggested a degradat ion and sec- 
ondary  in tergrowth o f  the non t ron i te  tubes accompa-  
nying the deac t iva t ion  o f  the ch imney  (Figure 7). 

C O N C L U S I O N S  

Nont ron i te ,  in associat ion with  Fe-oxyhydroxides  
and amorphous  silica, is found on the outer  and inner  
walls o f  ven t  ch imneys  in silicate smokers.  

Mic romorpho logy ,  chemica l  compos i t ion  and oxy-  
gen isotope data  indicate  that  the non t ron i te  is authi-  
genic and had fo rmed  f rom the iron and silica present  
in the hydro the rma l  ven t  solutions.  

The  dis t inct  micro tube- l ike  morpho logy  o f  the non-  
t roni te  clay aggregates suggests that  sheath forming,  Fe 
oxidiz ing bacteria  play a decis ive role in nont ron i te  
format ion.  
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