
the maximum insolation anomaly), and this age is 
used here. The third point (90.7 m) refers to the 
decline of Mediterranean elements and is assigned an 
age of 122.6 ka (event 5.51 of the SPECMAP time 
scale) on the basis of joint pollen and isotopic data 
from marine cores (23). Finally, the uppermost point 
(83.2 m), after which NAP percentages begin to  
exceed 50%, represents the transition from the last 
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Iron Isotope Biosignatures 
Brian L. ~eard, ' *  Clark M. johnson,' Lea Cox,' Henry Sun,' 

Kenneth H. Fdealson,' Carmen Aguilar3 

The 56Fe/s4Fe of Fe-bearing phases precipitated in sedimentary environments 
varies by 2.5 per mil (Ss6Fe values of +0.9 to -1.6 per mil). In contrast, the 
s6Fe/s4Fe of Fe-bearing phases in igneous rocks from Earth and the moon does 
not vary measurably (Ss6Fe = 0.0 = 0.3 per mil). Experiments with dissimilatory 
Fe-reducing bacteria of the genus Shewanella algae grown on a ferrihydrite 
substrate indicate that the S56Fe of ferrous Fe in solution is isotopically lighter 
than the ferrihydrite substrate by 1.3 per mil. Therefore, the range in Ss6Fe 
values of sedimentary rocks may reflect biogenic fractionation, and the isotopic 
composition of Fe may be used to trace the distribution of microorganisms in 
modern and ancient Earth. 

Fractioilation of light stable isotopes sucll as 
C. 0. N, and S is controlled by iilorgallic 
processes related to telnperahlre cllallges and 
phase traasitions. and by biological processes 
( I ) .  This dual coiltrol call make it difficult to 
illteiyret the origin of isotopic differeilces in 
rocks. For exainple. excursioils in 6°C x.al- 
ues in deep-sea sedi~neilts call be iilteiyreted 
as a fuilctio~l of changes ill the productivity of 
tlle oceans or the paitial pressure of C 0 2  of 
the atmosphere ( 2 ) .  Ill contrast. interalediate- 
Inass eleinellts sucll as Fe may not be frac- 
tionated substantially by iilorgallic processes 
because the relative inass difference betwee11 
Fe isotopes is less than that of C. 0 .  K. or S 
isotopes. However, biological processes may 
produce ineasurable Fe-isotopic fractiollatioll 
because the lnetabolic processing of Fe in- 
1.olx.e~ a iluillber of steps. such as transport 
across inelllbrailes and uptalce by enzymes 
( 3 ) ,  that may fractionate isotopes. 

Few studies have docu~nented biological 
fractionation of trailsitioil illeta1 eleinellts ( 4 )  
because of the difficulty of ~neasurillg pre- 
cisely the isotopic ratios of trailsitioll metals 
(j). T11ennal iollization Inass spectromet~y 
(TIXIS) call produce high-precision isotope 
ratio ineasureillellts of these ~netals and, in 
the case of Fe. is not subject to large inter- 
ferences by Ar-contaiaiag species (for exam- 
ple. "Ar"0 and JOAr'JK), as is inducti\~ely 
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coupled plasina inass spectrometl-y. Howev- 
er, TIMS produces large ~nass-depeadent iso- 
tope fractionations during the course of a 
measurement. n-l~icll inust be corrected be- 
fore the ilahlral isotopic colnpositioil of a 
salnple call be deteralined. Previous atteinpts 
to correct inst~-umental, mass-dependent iso- 
topic fractionation of Fe used an einpirical 
approach that produced data with a l a  preci- 
sion of only 2 to 3 per inil for 6Fe '54Fe  (6). 
an unceitainty that exceeds the range in na- 
ture. Here we used a inixed double spike to 
correct for iilstrulnelltal inass bias (7-9). 
\\;it11 tlle use of this teclnlique, it is possible to 
inalte Fe isotope ratio measurements that are 
precise to 2 0 . 2  to 0.3 per inil ( lm)  for 56Fe' 
"Fe. \t7e report Fe-isotopic ratios in conven- 
tiollal per inil notation: 

6"Fe = [('6Fe''4Fe) ,,,,,,, 
("Fe '4~e) ,~ , ,  - 11 X 1000 

where ('"e' "Fe),.,, is the average 5hFe ' 
"Fe measured for 15 terrestrial igneous 
roclts. ranging in coillpositioll from peridotite 
to rhyolite. and fi1.e high-Ti luilar basalts. 
The average '"Fe."Fe measured for the 
Earth-moon syste~n is 15.7028 ( 7 ) .  Terrestri- 
al and lunar roclts colllprise an isotopically 
hoinogeaous igileous iron reser\.oir that is 
thought to represent the bullc isotopic com- 
position of Earth and tlle moon. 

TKO sets of experi~neilts were performed 
to deterinine the magnitude of Fe-isotopic 
fractionatio~~ that might be produced by mi- 
croorganisms. Experiinellt l ,  run in duplicate 
at the University of \Visconsin-Mil\va~11~ee 
(U.\V.-bIilwaulcee), used S, t rk i re (strains 
BChf 8 and BrY) gronil on a ferrihydrite 
substrate in an LhI growth illedi~lin (10). 
After inoculation of the ferrihydrite + growth 

medi~ulll solutioa with the cells, the bacteria 
were allowed to reduce Fe for 8 hours. One 
1x11 was coiltailled in a 10,000 inolecular 
weight dialysis bag (ferrihydrite .+ cells + 
gron8tll medium) suspellded in a 100-in1 flaslc 
of LbI groxvtll n~ediuin. which allowed the 
ferrillydrite and cells to be removed from the 
groxvth medium. The other rLm was done in a 
100-m1 flask, followed by separation of the 
ferrihydrite and cells fro111 the gron-th medi- 
11111 + hydrolyzed Fe(II), by filtration. Fer- 
rous isoil in the growth ~nediuin solution was 
precipitated by adding ultrapure ammonia. to 
increase tlle pH to 9 to 10 ilninediately after 
the solutioll ivas exposed to the atmosphere. 
and tlleil alloxved to sit for 3 to 5 days. 
Abiological coiltrol experiineilts x-ere l-ua in 
parallel: additio~l of alnlllollia did not precip- 
itate any iron. confirming that 110 substailtial 
ainouilt of f e l~ous  Fe was generated. The 
aininoilia precipitation procedure effectively 
removes the Fe(I1) fro111 the growth inediuin 
as a ferric oxyhydroxide, nhich  was centri- 
filged and washed three tiines ill doubly dis- 
tilled H,O. The precipitate was dissolx.ed in 6 
11 HC1. after n-hich folloned cheinical pro- 
cessing and isotopic analysis nit11 the 1112th- 
ods of (7. 8).  

Experinleilt 2. perfor~ned at the Jet Pro- 
pulsioll Laboratory (JPL). used S. nlgne BrY 
grown on ferrihydrite in an LB grov-th ine- 
diunl (11). Three runs were made. 11arx.esting 
Fe 13, 15. and 23 days after inoculation, 
which produced Fe(I1) coiltellts of 5.5, 11.1, 
and 35.6 paits per lnillioil (ppln) Fe, respec- 
tively (12). Each solutioll was sterilized n-ith 
a 0 . 2 - I J , ~  filter. Reacted ferrihydrite from 
11111s 2 and 3 was saved for Fe isotope anal- 
ysis. Splits (50 1111) of the Fe(I1) solutioils 
Tere evaporated to dl-yness and the organic 
inaterial coinbusted in quartz crucibles in a 
muffle fi~rnace at 700iC for 8 hours. The 
remaining solids were dissolved in 6 Ic.1 HC1 
and processed for Fe isotope analysis as in (7. 
8 ) .  X parallel set of 50-in1 aliquots fiom each 
izln was processed, for comparison ~ i t h  the 
samples that were combusted, where Fe {vas 
har\,ested as an oxyhydroside usi~lg 10 1111 of 
30'6 HZO, in a ~ n ~ n o ~ l i a  to bring the pH to 9 to 
10. The precipitated Fe oxyhydroxide was 
treated in the same maniler as in the U.\V.- 
r\Iilwaultee experiments. 7112 JPL experi- 
illents also iilcluded an abiological control. 
n811ich xvas harvested by the H,02 - ainmo- 
ilia precipitation technique. as well as by the 
evaporation and coinbustioll technique. 

The high levels of Fe(1I) that are produced 
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in the experiments that contain bacteria, relative 
to those in the abiological controls, are inter- 
preted to reflect biologically produced Fe(I1) 
because the 54Fep6Fe of the Fe(II) is signifi- 
cantly less than the 56Fep4Fe ratio of the start- 
ing fenihydrite substrate (Fig. 1 and Table 1). 
These data show that the Fe-reducing bacteria 
S. algae preferentially reduce 54Fe relative to 
56Fe, as reflected in a 1.3 per mil negative shift 
in ES6Fe values. The U.W.-Milwaukee experi- 
ments (contained in dialysis bags) do not dis- 
play as large an iron isotope fractionation as the 
experiments that were run in flasks-the differ- 
ences in the isotopic compositions are smaller 
than the analytical error of the measurements-- 
but the results are consistent (Table 1). Al- 
though Fe(1I) concentrations were not mea- 
sured in the U.W.-Milwaukee experiments, 
clumping of the f d y d r i t e  in the dialysis bag 
experiments effectively reduced the amount of 
substrate surface area available to the bacteri- 
um. The arrnoring of the fenihydrite by clump 
ing probably drove the reaction further to com- 

pletion, toward the original isotopic wmposi- 
tion of the starting f d y d r i t e ,  which would 
have produced higher ZI~~F~(I I )  values in the 
experiments that were contained in dialysis 
bags, compared with the flask experiments. 

The JPL experiments were scaled so that 
the isotopic composition of the abiological 
control could be analyzed. This control has an 
anomalously low 656Fe compared with the 
Fe(I1) from the bacterial experiment. More- 
over, there are significant differences be- 
tween the Fe-isotopic compositions deter- 
mined by the precipitation technique and the 
evaporation and combustion technique, for 
harvest 1 as well as for the abiological control 
(Fig. 1 and Table 1). The low 656Fe of the 
abiological control can be interpreted in two 
ways. One explanation is that partial dissolu- 
tion of femhydrite occurs in the complex 
organic medium, and this produces signifi- 
cant Fe isotope fractionation. If the low 656Fe 
of the abiological control is a result of isoto- 
pic fractionation caused by dissolution offer- 

Fig. 1. (A) 6"Fe venus 
the inverse of iron con- 

A 
centration (in parts per 
million) of the Fe pro- 
duced from Fe-reducing 
bacteria, starting feni- 0.5 
hydrite, and abiological g 
control of the experi- E -1 
ments conducted at JPL 
The Fe-isotopic compo- 
sition of the abiological 
control can be explained 
by mixing a low P6Fe 
value that is inferred 
from the growth media 
and the hi& EiS6Fe value 
of the femhydrite (see 
text for discussion). The 
low 6%Fe of the iron 
reduced by bacteria is 1 /Fe 
best explained by mass- 
dependent fractionation 
caused bv bacteria 
,ferentiaiY reducing I 

4Fe relative to  56Fe. Reactant 
The curves are closed (ferrihydrite) 
system Rayleigh dis- .- FH3 - 
tillation curves with E - 
aferrihydrite-F~(II) values - 
of 1.0013 (solid curve) 
and 1.0026 (dashed 

- 
I : ;  z A .  

Product 
curve). Tick marks for I - 

(D 
-. 

LO 
the curve with an a f-0 - ( ~ e ' ~ )  H3 - 
value of 1.0013 repre- 
sent the proportion of 
ferrihvdrite consumed 
and f;om right to  left 
are 0.003,0.004,0.005, 
0.01, 0.02, 0.03, 0.04, 
0.05, 0.1, 0.2, 0.4, 0.6 
and 0.8. FH, ferrihy- 

0.0 0.02 0.04 0.06 0.08 0.10 
Proportion ferrihydrite consumed 

drite; FSC, ferrihydriie 
starting composition; AC, abiological control; HI, Fe(ll) from harvest 1; HZ, Fe(ll) from harvest 2; H3, 
Fe(ll) from harvest 3. (B) 656Fe versus the proportion of ferrihydrite consumed by Fe-reducing bacteria. 
The Fe isotope composition of the ferrous Fe produced by bacteria and the reacted ferrihydrite may be 
consistent with a closed system Rayleigh distillation process that has a fractionation factor of 1.3 per 
mil for the 56Fe/54Fe. FH2, ferrihydrite harvest 2; FH3, femhydrite harvest 3. 

rihydrite in the growth medium, the fraction- 
ation factor (Fe(I1)-femhydrite) would be 
about -2.6 per mil for 56Fe/54Fe, as calcu- 
lated from the Fe contents of the abiological 
control (0.34% of the total femhydrite). An 
alternative explanation is that the low fjS6Fe 
value of the abiological control represents a 
mixture between Fe of normal isotopic com- 
position (no isotopic fractionation during par- 
tial dissolution of ferrihydrite) and the Fe 
blank of the growth medium with an anom- 
alously low 656Fe. The JPL growth medium 
has an Fe blank of 0.32 ppm, the bulk of 
which comes from the tryptone and yeast 
extract. We have been unable to measure 
precisely the Fe isotopic composition of the 
growth medium because of the low Fe con- 
tents and the processing complexities associ- 
ated with the organic matrix. If the low 656Fe 
of the abiological control reflects a mixture of 
growth medium blank and normal Fe (partial- 
ly dissolved femhydrite), then mass balance 
calculations show that the growth medium 
blank must have a Ss6Fe of -8 per mil (Fig. 
1A). Such a low 656Fe could be produced 
through multicyclic processing of Fe by yeast 
during preparation of the commercial yeast 
extract. 

The Fe-isotopic compositions of the Fe(I1) 
produced by Fe-reducing bacteria grown on 
femhydrite are consistent only with biologi- 
cally produced Fe isotope fractionation, de- 
spite the fact that the abiological control pro- 
duced low SS6Fe values. The Fe(I1) contents 
of the biological experiments (5.5 to 35.6 
ppm Fe) are too large to have been affected 
by the Fe blank of the growth medium or the 
abiological control, even if the abiological 
control reflects only isotopic fractionation 

Proterozo~c 
banded won Archean 
formation Q banded Iron 

format~on 

Fig. 2. Ss6Fe of iron deposited in sedimentary 
environments. The shaded band is the baseline 
for the isotopic composition of inorganic Fe, as 
determined from analysis of a variety of igne- 
ous rocks from Earth and the moon (7). The 
measured range of Fe isotope compositions in 
natural samples is 2.5 per mil, which is an order 
of magnitude larger than the analytical uncer- 
tainty. Variations in the measured Fe isotope 
composition of these natural samples are best 
explained by biological processes (see text for 
discussion). 
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produced during the dissolution of fersihy- 
drite (Fig. 1). For example. if there was no 
biological fractionation of Fe isotopes and the 
bacteria sewed only as a catalyst for the 
ferrihydrite dissolution that was accompanied 
by Fe isotope fractionation; then the products 
harvested from the three experiments should 
lie along a Rayleigh distillation cur\:e that 
defines a fractionation factor (Fe(I1)-felvihy- 
drite) of -2.6 per mil (Fig. 1).  Alternatively. 
if the Fe(I1) in the experiments reflects a 
mixture of biologically produced Fe that 
was not isotopically fractionated and a 
"blank" of low 656Fe (abiological control). 
then the isotopic compositions of the bio- 
logical experiments should plot along a 
mixing line defined by the S56Fe of the 
stock ferrihydrite and the abiological con- 
trol (Fig. 1). Neither of these explanations 
is consistent with the relation observed be- 
tween 656Fe and l.'Fe, and it seems most 
likely that Fe(I1) produced in the bacteria- 
containing experiments undergoes biologi- 
cally produced Fe-isotopic fractionation. 

The differences between the Fe-isotopic 
compositions of the Fe(I1) halliested by the 
precipitation techniq~le. and of that harvested by 
the co~nbustion teclmique for the abiological 
control and ha~vest 1 (which contained the low- 
est Fe contents) probably reflect differing pro- 
portions of biologically produced Fe and Fe 
blank. The evaporation and combustion lnethod 
includes Fe(I1) that has been produced by bac- 
teria and ally Fe blank in the gro\vth media 
(which may have a low 656Fe, as indicated by 
the abiological control). In contrast. the Fe pre- 
cipitation method most likely contains only Fe 
that has been processed by bacteria if the blank 
Fe of the gronth media is complexed by an 
organic ligand. 

The Fe-isotopic fractionation produced by 
S. nlgire BrY grown on a fersihydrite sub- 
strate may follow a Rayleigh distillation law 
(Fig. 1B); where the fractionation factor (fer- 
rihydrite-Fe(I1)) is 1.3 per mil for 56Fe.'54Fe. 
If confinned by longer experimental 11111s. 
extreme isotopic fractionations may be pro- 
duced in the remaining fe~vihydrite substrate. 

For example, when 80% of the substrate is 
consunled. the remaining fraction u~ould have 
a 6j6Fe of + 1.8 per mil and the felvous iron 
produced would have a S56Fe of -0.8 per 
mil. Low 57Fe.'56Fe values have been report- 
ed for Fe that has been processed by Fe- 
reducing bacteria (13). 

We have measured anomalous Fe-isotopic 
compositions in iron-bea~ing minerals fiom 
sedimentary environments. including Fe-MI 
nodules fro111 the Pacific and Atlantic Oceans 
and individual layers from banded iron folma- 
tions (Fig. 2 and Table 1). Mode~n sediments 
(Fe-Mn nodules) and ancient sedimenta~y rocks 
(Precamnbrian banded iron fonnations) show 2 
to 3 per mil Fe-isotopic variations that can be 
explained by bacterially produced fiactionation. 
given the collstancy of Fe-isotopic composi- 
tions measured in igneous rocks from Earth and 
the moon (7). 

Two banded Fe folmations have been ana- 
lyzed. a Proterozoic sample frorn the Empire 
Mine in l/lichigan and an Aschean sample from 
the Sudan Mine in Minnesota. 656Fe values of 
the dark-colored Fe-rich layers fiom the Asche- 
an and Proterozoic samples are close to zero. In 

Table 1. Fe isotope compositions o f  sedimentary Fe and bacteria-mediated Fe products. Pacific Ocean 
nodules collected a t  the following: sample 1, 16"N, 125"W; sample 2, 57"S, 95"W; sample 3, 1O0N, contrast. the Fe-poor layers 'lave 

136"W; sample 4, 3S0N, 160°W. Atlantic nodule sample 5 was collected f rom the Blake Plateau. positive 656Fe The 656Fe of 
Analytical methods are reported in (7, 8). Isotopic ratios are the averages o f  "nu duplicate isotopic redlayers ofthekcheansample overlap that of 
analyses. Errors in the 656Fe values reflect internal statistics (n  = 1) or  external error based on duplicates the bulk earth. whereas the green layer from the 
( n  2 2). Proterozoic sample has a positive 656Fe value 

of +0.9 per mil. 
Sample 54Fe/56Fe 57Fe/56Fe 58Fe/56Fe 656Fe 1SD n Our ex~e~imental results predict that the 

Pacific Ocean Fe-Mn nodule light-colored; Fe-poor layers of banded iron 

Sample 1 0.063748 0.023076 0.0030584 - 1.01 0.21 2 fonnations should have positive Sj6Fe values if 
Sample 2 0.063762 0.023073 0.0030577 -1.24 0.13 3 Fe-reducing bacteria were involved in Fe mo- 
Sample 3 (outer layer) 0.063760 0.023074 0.0030578 -1.21 0.25 4 bilization. Because mobile (reduced) Fe should 
Sample 3 (inner layer) 0.063763 0.023073 0.0030577 -1.25 0.13 2 ha,, negatiT:e 656Fe \ralues (Fig, 1); we infer 
Sample 4 0.063786 0.023069 0.0030566 - 1.62 0.22 that loss of reduced Fe during the development 

Atlantic Ocean Fe-Mn nodule 
Sample 5 0,063744 0,023077 0,0030585 0,04 of banded iron fonnations should produce Fe- 

Banded Fe formation Proterozoic poor residues with high 6j6Fe values. It has 
Dark layer 0.063705 0.023083 0.0030604 -0.34 0.31 1 been proposed that Fe(I1I) in sediments may be 
Light layer 0.063625 0.023098 0.0030646 0.91 0.21 4 reduced bv bacteria. dissolved. and transported 

Red layer 
Black layer 
Red layer 
Black layer 

Stock ferrihydrite 
Shewanella alga (dialysis bag) 
Shewanella alga (fi ltered) 
BCM 8 (dialysis bag) 
BCM 8 (fi ltered) 

Harvest 1 (precipitation) 
Harvest 1 (combustion) 
Harvest 2 (precipitation) 
Harvest 2 (combustion) 
Harvest 3 (precipitation) 
Harvest 3 (combustion) 
Stock ferrihydrite 
Ferrihydrite harvest 2 
Ferrihydrite harvest 3 
Control  (precipitation) 
Control  (combustion) 

Average Earth-moon 

Banded Fe formation Archean 
0.063661 0.023091 0.0030624 
0.063679 0.023088 0.0030616 
0.063673 0.023089 0.0030619 
0.063683 0.023087 0.003061 4 

U. W.-Milwaukee experiments 
0.063693 0.023086 0.0030609 
0.063738 0.023078 0.0030589 
0.063771 0.023072 0.0030573 
0.063746 0.023076 0.0030585 
0.063768 0.023072 0.0030574 

JPL experiments 
0.063786 0.023069 0.0030566 
0.06381 5 0.023064 0.0030559 
0.063779 0.023070 0.0030570 
0.063784 0.023070 0.0030567 
0.063768 0.023072 0.0030575 
0.063766 0.023073 0.0030576 
0.063703 0.023084 0.0030605 
0.063702 0.023084 0.0030605 
0.063696 0.023085 0.0030608 
0.063834 0.023061 0.0030544 
0.063853 0.023057 0.0030535 

Fe from igneous rocks 
0.063683 0.023087 0.0030614 

from its place of deposition during the genesis 
of banded iron fonnations (14), which would 
leave behind a substrate with a positive 656Fe. 
In contrast. if dark, Fe-poor layers result fiom 
lnorganlc Fe precipitation, then no   so topic 
anomalies would be expected. It is unclear if the 
lack of large Fe-isotopic anomalies in the Ar- 
chean formation indicates a lack of biologic 
activity or if the Fe-isotopic composition of this 
sample was homogenized by supergene enrich- 
ment, as suggested by the specular hematite 
veins that cross cut layers in the analyzed sam- 
ple. High 57Fe;56Fe in aquifer sediment 
leachates and low 57Fei56Fe for groundwater 
fiom the same site (4) are thought to reflect 
mass balance in a biologically mediated system. 
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The biomineralization of Fe304 is known to 
occur by either biologically induced mineral
ization or biologically controlled mineraliza
tion (1). In the former, Fe304 is formed 
extracellularly, as a result of dissimilatory 
reduction of Fe3+ (2). In the latter, the Fe304 

particles are produced intracellularly by mag-
netotactic bacteria and some higher organ
isms and are well-ordered crystals that exhib
it narrow size distributions and species- or 
strain-specific morphologies (1). The Fe304 

particles in the magnetotactic bacteria are 

1 Department of Chemistry and Geochemistry, Colo
rado School of Mines, Golden, CO 80401, USA. d e 
partment of Microbiology, Iowa State University, 
Ames, IA 50011, USA. 3U.S. Geological Survey, 973 
Denver Federal Center, Denver, CO 80225, USA. 4 Wa-
ter Resources Division, U.S. Geological Survey, MS 
420, 345 Middlefield Road, Menlo Park, CA 94025, 
USA. 

*To whom correspondence should be addressed. E-
mail: kmandern@mines.edu 

9. A mixed double spike composed of 7.8% 58Fe and 
92.2% 54Fe was added to an aliquot of each analyzed 
sample to normalize the measured iron isotope ratios 
for instrumental mass bias. 

10. U.W.-Milwaukee experiments were performed in a 
Coy Laboratory anaerobic hood; ferrihydrite was pro
duced according to the method of C.-F. Lin and M. 
Benjamin [Environ. Sci. Technol. 24, 126 (1990)]; LM 
growth medium is 0.1 g of peptone, 0.2 g of yeast 
extract, and 1 g of NaCl per liter of H 2 0 [C. R. Myers 
and J. M. Myers, J. Appl. Bacteriol. 76, 253 (1993); B. 
Little et al., in CORROSION/97 (Paper No. 215, NACE 
International, Houston, TX, 1997). Each experiment 
was run with 2 X 107 cells/ml. 

11. LB growth medium is 10 g of tryptone, 5 g of yeast 
extract and 1 g of NaCl per liter of H20. Ferrihydrite 
was made according to the method of U. Schwert-
mann and R. M. Cornell [Iron Oxides in the Laborato
ry: Preparation and Characterization (V.C.H., New 
York, 1991)]. Each experiment was run in 1-liter 

within the single-domain size range (35 to 
120 nm in length) and are usually arranged in 
a chain motif, providing the cell with a per
manent dipole moment. This arrangement 
causes the cell to align along Earth's inclined 
geomagnetic field lines, functioning as an 
efficient means of locating and maintaining 
an optimal position in vertical chemical gra
dients (3). 

Fe304-producing magnetotactic bacteria 
produce a number of crystal morphologies, 
including cubo-octahedra, elongated hexa-
and octahedra, and bullet- or arrowhead-
shaped forms (1). The presence of single-
domain Fe304 crystals with these apparently 
unique morphologies, termed magnetofossils 
(4), as determined by electron microscopy of 
magnetic material separated from sediments 
and soils, has been used to.identify the pres
ence of magnetotactic bacteria (5). These ap
parently unique ciystal forms of Fe304 have 
been used to distinguish a bacterial (intracel-
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hilar) origin from an inorganic origin (1, 
4-9), although not without controversy. A 
recent study showed that a statistical analysis 
of the sizes and shapes of fine-grained Fe304 

crystals might prove to be a robust criterion 
for distinguishing between biogenic and non-
biogenic Fe304 (10). The presence of single-
domain Fe304 with some of these morphol
ogies has been used as evidence for the 
biomineralization of Fe304 by magnetotactic 
bacteria occurring as early as 2 billion years 
ago on Earth (8) and as partial evidence for 
ancient life on Mars (77). Stable O and Fe 
isotopic ratios might provide additional crite
ria for distinguishing between inorganically 
and biologically produced Fe304. 

Fe304-producing magnetotactic bacteria are 
ubiquitous in marine and freshwater environ
ments, where they generally inhabit the mi-
croaerobic oxic-anoxic interface (7). Because 
of their preference for environments having 
little or no 02 , magnetotactic bacteria may have 
been more widespread during Earth's ancient 
past, when an oxidizing aerobic atmosphere 
was developing (12). The O isotope composi
tion [reported as 8180 values (73)] of bacteri-
ally produced metal oxides may reflect chemi
cal or biological origins, temperature of forma
tion, 8180 values of the formation waters, and 
whether molecular 0 2 is incorporated during 
biomineralization (14, 15). Bacterial Mn4+ 

manganates precipitated extracellularly incor
porate as much as 50% of the O from 02 , thus 
serving as potentially important paleo-oxygen 
indicators. The bacterial manganates show dif
ferent 8180 values from chemically produced 
Mn4+ manganates, presumably because of dif
ferences in reaction pathways or mechanisms 
(or both) that result in vaiying proportions of O 
derived from 0 2 and H20 being incorporated 
into the mineral (75). Because O isotopes of a 
variety of materials have been used to assess 
paleoenvironmental conditions (16-19), the 
8180 values of single-domain Fe304 particles 
preserved in Earth's sedimentary rock record 
might provide important paleoenvironmental 
information. 

Oxygen and Iron Isotope 
Studies of Magnetite Produced 

by Magnetotactic Bacteria 
Kevin W . Mandernack,1* Dennis A. Bazylinski,2 

Wayne C Shanks III,3 Thomas D. Bullen4 

A series of carefully controlled laboratory studies was carried out to investigate 
oxygen and iron isotope fractionation during the intracellular production of 
magnetite (Fe304) by two different species of magnetotactic bacteria at tem
peratures between 4° and 35°C under microaerobic and anaerobic conditions. 
No detectable fractionation of iron isotopes in the bacterial magnetites was 
observed. However, oxygen isotope measurements indicated a temperature-
dependent fractionation for Fe304 and water that is consistent with that 
observed for Fe304 produced extracellularly by thermophilic Fe3+-reducing 
bacteria. These results contrast with established fractionation curves estimated 
from either high-temperature experiments or theoretical calculations. With 
the fractionation curve established in this report, oxygen-18 isotope values 
of bacterial Fe304 may be useful in paleoenvironmental studies for deter
mining the oxygen-18 isotope values of formation waters and for inferring 
paleotemperatures. 
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