
Bishop Tuff, pyroxenes, magnetite, and 
biotite, all have rather similarly shaped 
light REE-enriched partition coefficient 
patterns with typical values of 5 to 20 
for cerium and with CelYb ratios com- 
monly of 3 to 5. Bulk distribution coeffi- 
cients for the high-temperature, allanite- 
free sample are about 0.9 for cerium and 
0.1 for the heavy REE (6, 10). Michael 
(6) and Mittlefehldt and Miller (7) have 
pointed out that the addition of only 
trace quantities of allanite to the mineral 
assemblage will result in bulk distribu- 
tion coefficients greater than 1 for cerium 
and neodymium and consequently deple- 
tion of the light REE with crystal frac- 
tionation. 

If one determines bulk distribution co- 
efficients of pumice samples by the 
"groundmass-mode" method (lo), one 
avoids uncertainties encountered by Mi- 
chael (6), arising from estimating the 
amounts of accessory minerals, estimat- 
ing minerallmelt partition coefficients, 
using average compositions, and assum- 
ing that whole-rock (nonpumice) compo- 
sitions represent the compositions of liq- 
uids. Using "groundmass-mode" bulk 
distribution coefficients and the Rayleigh 
equation, I find that the REE pattern of 
the medium-temperature pumice can be 
modeled by subtraction of 23 percent 
crystals (that is, 0.77 weight-fraction liq- 
uid remaining) from the parent high-tem- 
perature pumice. The low-temperature 
pumice can be modeled by subtraction of 
42 percent crystals (that is, 0.58 weight- 
fraction liquid remaining) from the medi- 
um-temperature pumice. Thus the REE 
calculations suggest about 55 percent 
fractionation (that is, 0.45 weight-frac- 
tion liquid remaining) is required to de- 
rive the low-temperature pumice from a 
magma similar in composition to the 
high-temperature sample. The strontium 
isotopic diagram for the Bishop Tuff pre- 
sented by Hildreth (3) requires some 
assimilation to accompany fractional 
crystallization. The REE were probably 
less sensitive to assimilation than stron- 
tium because there was less of a concen- 
tration difference between the magma 
and the wall rock for the REE than for 
strontium. 

The major conclusion from these anal- 
yses is that the Bishop Tuff "earlyllate" 
REE trend reported by Hildreth mimics 
the groundmass/whole-rock relations of 
allanite-bearing pumice; that is, more 
differentiated rocks differ from less dif- 
ferentiated rocks as the groundmass dif- 
fers from the whole rock in a single 
sample. Thus the trend reported by Hil- 
dreth is precisely that expected to result 
from crystal fractionation, and there is 
no need to invoke liquid-state differenti- 

ation to explain the REE geochemistry 
of the Bishop Tuff. 

Hildreth (I) emphasized that the 
chemical gradients in the Bishop Tuff 
magma chamber were established before 
crystallization of the phenocrysts found 
in the rocks. The results of this study 
indicate that the REE gradients in the 
magma chamber could be the result of 

slightly welded deposits. Sample HB77 is from a 
single block 45 cm in diameter, but samples 
HB133 and HB52 are composites, each consist- 
ing of three to five identical appearing smaller 
pumice blocks collected from w~thin a few me- 
ters of one another. Hematite-stained alteration 
rinds were cleaned from the specimens, and 
only the fresh white interiors were analyzed. 
After crushing, the samples were split. One 
aliquot was set aside for the whole-rock analy- 
sis, and the other was used for separation of 
groundmass glass. The glass was concentrated 
with the use of heavy liquids and a Franz 
isodvnamic seaarator. and then it was hand- 
pickkd free of hnpurities under a microscope. fractionation of phases in miner- 10. Bulk distribution coefficients can be calculated 

a l 0 g ~  and in relative Dr0~0rtion to those bv two methods. In the "mineral-mode" meth- 
found in the rocks. ~ i l d r e t h  has convinc- 
ingly demonstrated that crystals neither 
settled nor floated in the magmas cham- 
ber. The mechanism of crystal fraction- 
ation remains speculative; it may, how- 
ever, involve precipitation or accretion, 
or both, of crystals onto the chamber 
walls. 

KENNETH L. CAMERON 
Board of Earth Sciences, 
University of California, 
Santa Cruz 95064 
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The Association of Iron and Manganese with Bacteria on 
Marine Macroparticulate Material 

Abstract. Evidence of in situ metal (iron and manganese) deposition onto bacteria 
associated with rapidly sinking particles in the open ocean is reported. Below 100 
meters, bacteria are found with extracellular capsules containing metal precipitates; 
the frequency of these capsules increases with depth. The capsular metal deposits 
appear to contribute a major portion of the weakly bound fraction of the particulate 
iron .flux. 

Microbes have frequently been impli- 
cated in the phase changes (for example, 
from dissolved to solid) and redox trans- 
formations of metals such as iron and 
manganese in soils (I), springs, streams, 
and lakes (1-5). Although bacteria capa- 
ble of oxidizing manganese in culture 
have been reported from seawater (2, 6), 
evidence of their in situ activity in ma- 
rine environments has thus far been 
found only in sediments and certain 

stratified areas such as Saanich Inlet (a 
British Columbian fjord with seasonally 
anaerobic conditions in its deep waters) 
(2, 7), in hydrothermal vent systems (8),  
and possibly in ferromanganese nodules 
(2, 9), but not in pelagic environments. 
We report here the discovery of iron and 
manganese deposits associated with bac- 
teria commonly found with macropar- 
ticulate material in the oceanic water 
column. Our distributional data and a 
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vertical profile of the relative abundance 
of iron-depositing bacteria suggest that 
these biologically induced iron deposits 
may contribute significantly to the iron 
content of the mid-depth particle flux 
and consequently to the scavenging and 
vertical removal of this element from the 
water column. 

Most samples in this study were col- 
lected with sediment traps on the VER- 
TEX I and I1 expeditions; additional 
materials were obtained from the 
manned submersible R.V. Alvin (10) and 
the unmanned submersible sled Deep 
Tow, which was equipped with an open- 
ing-closing net (11). The locations of 
sampling stations and details of the col- 
lection devices and depths sampled are 
given in Table 1. Standard techniques for 
sample preparation, examination, and 
counting by transmission electron mi- 
croscopy (TEM) were used (12). The 
metal-depositing bacteria were easily 
recognized by their characteristic extra- 
cellular capsules, which consisted of fi- 
brillar-like matrices enclosing the cell 
(Fig. 1, a and b) (13, 14). Samples with 
capsules were further examined and ele- 
mental microanalyses performed by en- 
ergydispersive x-ray spectrometry (EDS) 
in conjunction with either a Hitachi scan- 
ning transmission electron microscope 
(STEM) or energy-dispersive x-ray anal- 
ysis instrument (Fig. Id). We chose 
TEM because it revealed the bacterial 
source of the polymer-like matrices. In 
contrast, scanning electron microscopy 
(SEM) would not allow us to differenti- 
ate "capsules" from other amorphous 
microparticles such as flocculated fine 
clays (IS). We emphasize that our meth- 
ods cannot elucidate the mechanism of 
metal deposition, nor do they indicate 
whether the bacteria are actively mediat- 
ing the deposition. Rather, we use 
the general term "metal-depositing bac- 
teria" to indicate a simple form of indi- 
rect, or "induced" (16), biomineraliza- 
tion whereby the bacteria have at least 
incidentally provided the substrate (the 
capsule material) on which the metal 
deposits. 

The metal-depositing bacteria were 
usually associated with flocculant amor- 
phous aggregates [marine snow (lo)], 
although they were occasionally also 
found to be abundant in some fecal pel- 
lets. The bacterial cells are small, Gram- 
negative cocci (a few rod-shaped cells 
were found), 0.3 to 0.5 pm in diameter. 
The overall diameter of the cell plus the 
capsule is usually 1 to 2 pm (Fig. 1, a and 
b). These capsules are very similar to 
those of iron- and manganese-dispositing 
bacteria reported from soils (I) and 
streams (4) and to those found in Saanich 
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Inlet (6). The results of EDS analyses on 
the capsular material (Fig. 1, a and b) are 
shown in Fig. Id (curves i and ii, respec- 
tively). 

Strong iron peaks were always associ- 
ated with capsules, whereas manganese 
was detected only in capsules from the 
deeper samples. Bacterial capsules are 
ubiquitous in most environments but are 
generally not visible under TEM without 
the application of polyanion stains 
(largely ruthenium red) (13). It has been 
noted that metal deposits may have con- 
tributed to the electron denseness of 
some capsule matrices from marine sedi- 
ments that were not subjected to such 
stains (14). In our study capsules were 
visible (TEM) without ruthenium red, 
although its use significantly strength- 
ened the image. 

The metal deposits are apparently 
structurally amorphous or microcrystal- 
line since electron diffraction analysis 
revealed no diffraction patterns. Signifi- 
cant iron or manganese peaks were also 
associated with occasional lithogenic, 
iron-rich aluminum silicates in the sam- 

ples, but these were easily distinguish- 
able both morphologically (Fig. lc) and 
by their EDS spectra (Fig. Id, curve iii). 
The occurrence of metal-depositing bac- 
teria among the samples surveyed is pre- 
sented in Table 1. Iron-depositing bacte- 
ria were found in all sediment-trap sam- 
ples below 120 m, all Alvin samples, and 
the nepheloid layer sampled by the Deep 
Tow at about 2800 m. Generally, surface- 
collected particles do not host metal- 
depositing bacteria (17). However, bac- 
teria isolated from these surface waters 
were able to oxidize manganese and iron 
in culture (9). Bacterial-mediated metal 
oxidation often results in the extracellu- 
lar deposition of the metal on polymer 
matrices similar to those described here 
(2, 18). 

A depth profile of capsuled bacteria as 
a percentage of total bacteria from the 
VERTEX I1 station sediment trap sam- 
ples (Fig. 2) indicates an absence of 
capsuled bacteria in the near-surface 
samples. There is a subsurface (100 to 
200 m) increase to 5 percent, and at mid- 
depths (400 to 1450 m) over 30 percent of 

Fig. I .  (a and b) TEM micrographs of metal-depositing bacteria; (c) TEM micrograph of an 
aluminum silicate mineral (scale bars, 0.5 wm); (d) EDS spectra for selected microoarticles from 
sediment trap material: curves i and G ,  extracellula; capsule material from' (a) and (b), 
respectively; curve iii, the mineral in (c); curve iv, a fecal pellet; curve v, a bacterium with no 
visible (TEM) capsule material; and curve vi, background resin near a capsule. The horizontal 
scale is in kiloelectron volts; the vertical scale for curves i through iii is five times the scale for 
curves iv through vi. 



the total bacteria are in the aggregate 
material. 

The complexity arising from the mix- 
ture of living and nonliving organic mate- 
rials and inorganic biogenic and litho- 
genic detritus in the samples, plus the 
variability of the capsule polymer densi- 
ties, preclude straightforward quantifica- 
tion of the contribution of the capsule 
iron or manganese deposits to the total 
flux. Nevertheless, we made tentative 
estimates of the contribution of iron- 
depositing bacteria to the particulate iron 
flux by making some conservative ex- 
trapolations of the iron content of the 
capsules and using other VERTEX I1 
data on bacterial abundance and total 
particle flux (19). Comparing the metal 
deposits associated with the capsuled 
bacteria with the weakly bound (weak 
acid-soluble) iron flux data derived from 
replicate sediment traps of the same de- 
ployment (20), we found that the estimat- 
ed bacterial capsule contribution was 0 
percent in the surface, 26 to 100 percent 
at mid-depths (120 to 800 m), and 9 to 70 
percent for deep waters (1450 to 1950 m). 

There are two potential sources for the 
iron deposited on the capsules. The first 
source is soluble iron, but, since the 
stable form of iron in oxygenated seawa- 
ter, Fe(III), is highly insoluble, oceanic 
dissolved iron concentrations are typi- 
cally very low, - 0.5 to 1 nmole kg-' 
(21). Another possible source is particu- 
late Fe(II1) resolubilized within aggre- 
gate microenvironments; this process 
could create microzones of dissolved 
iron. Aggregates support a community of 
actively metabolizing microorganisms 
( lo) ,  which may impose local conditions 
of reduced O2 concentrations, leading to 
reduced pE (the negative logarithm of 
the redox potential) and the reduction 

Cops Boct / Total Boct 
0.00 0.20 0.40 0.60 0.80 

Fig. 2. Depth profile of metal-depositing bac- 
teria. The ratio of metal-depositing bacteria 
(Caps Bact) to total bacteria (Total Bact) is 
plotted against depth for the VERTEX I1 
station in the eastern subtropical North Pacif- 
ic. Samples were collected by sediment traps. 

and resolubilization of particulate 
Fe(OH)3 or FeOOH to Fe(II), a more 
soluble form of iron than Fe(II1). In 
addition, the concentration of dissolved 
and surface-active organic acids in the 
particles may increase substantially, rel- 
ative to the surrounding seawater, which 
would further promote iron reduction or 
Fe(II1) solubility (22). A similar scenario 
can be described for capsule manganese 
sources. 

The iron- and manganese-depositing 
bacteria appear to constitute at least a 
locally significant influence on iron and 
manganese marine geochemistry. The 
precise nature of the bacteria-metal de- 
posit relation is not known. It may in- 
volve some adaptive advantage for the 
cell (23), but none has yet been ade- 

Table 1. Summary of observations of metal-depositing bacteria at five Pacific Ocean stations; 
collection devices and depths (or depth ranges) sampled are also given. The presence (+) or 
absence (-) of detectable iron or manganese deposits associated with the bacterial capsules is 
noted. 

Metal-depositing bacteria 
Collection Depths 

Station device sampled Depths Deposits 
(m) observed 

(m) Fe Mn 

3S035'N, 133"501W 
(September 1980) 

17"46'N, 108O57'W 
(November 1981) 

32"311N, 118O03'W 
(August 1979) 

21°46'N, 104"50fW 
(December 1982) 

0"33'S, 8S033'W 
(April 1978) 

Knauer 
sediment 
traps (19) 

Knauer 
sediment 
traps (19) 

Alvin (10) 

Alvin (10) 

Deep Tow (11) Nepheloid Nepheloid + t 
layert layer 

*Inclusive range of sample depths. tLocated 10 to 100 m above the sea floor at depths of 2700 to 2900 m. 

quately demonstrated. In any event, the 
distribution of the associated iron and 
manganese deposits would still be influ- 
enced by the water column geochemistry 
in concert with the microbes' microenvi- 
ronment. 

JAMES P. COWEN 
MARY WILCOX SILVER 
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