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ABSTRACT 

 
 The oxygen isotope compositions of magnetite and siderite have been proposed as 
individual biosignatures, however no study has analyzed the oxygen isotope composition 
of both minerals to determine whether fractionation between the two reflects 
dissimilatory iron reduction. This study analyzed siderite and magnetite precipitates from 
incubations of Geobacter metallireducens and seven Shewanella strains. The oxygen 
isotope composition of siderite samples analyzed through phosphoric acid digestion was 
consistent with experimentally derived low-temperature, microbially mediated 
fractionation equations. The oxygen isotope composition of magnetite-rich samples 
analyzed through high-temperature pyrolysis was found to be much more positive (α = 
1.0035 to 1.0075) than empirical fractionations. Based on anomalous yields, the high 
fractionation factor for magnetite-rich samples is thought to result from sample 
heterogeneity, potentially masking biological effects. Interpretation of the results from 
this study supports the use traditional analytical techniques but encourages further 
exploration into high-temperature pyrolysis as a method for oxygen isotope analyses. 
This study emphasizes the need for oxygen isotope analyses of magnetite and siderite 
coprecipitated at mesophilic temperatures.  
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BACKGROUND 

Microbes are involved with chemical reactions in every aspect of the environment 

from groundwater systems and desert rock interiors to chemical weathering and 

diagenesis. Microbes constantly affect their surroundings directly, through enzymatic 

reactions, and indirectly, as products of their metabolism cause physical and chemical 

changes to their environment. When products that reflect biological processes are 

preserved, they are referred to as “biosignatures” (Lyons et al., 2003). In such unfamiliar 

settings as the early Earth or other planets, isotopic fractionation caused by metabolic 

reactions is one of the features of life most likely to be preserved. Isotopic biosignatures 

have been applied to questions regarding metabolic activity early in the Earth’s history 

(e.g. Shen, Buick and Canfield, 2001; Fedo and Whitehouse, 2002), in Martian meteorites 

(e.g. McKay et al., 1996; Greenwood et al., 2003), and in present-day environments (e.g. 

Mortimer and Coleman, 1997).  

Dissimilatory iron reduction (DIR), a process by which certain bacteria are able to 

derive energy for survival, may have been among the earliest metabolic pathways 

(Canfield, Rosling and Bjerrum, 2006; Archer and Vance, 2006; Nealson and Conrad, 

1999). DIR is an important process in early diagenesis (Duan et al., 1996; Mortimer et al., 

1997) in marine and estuarine sediments (eg. Lovley and Philips, 1986), and in 

groundwater aquifers (e.g. Nevin and Lovley, 2002). Mineral precipitation that 

accompanies DIR is extracellular and essentially abiotic, unlike the formation of 

magnetosomes (Bazylinski and Frankel, 2003; Faivre et al., 2004), and follows reactions 

such as equation (1). 

(1)  CH3COO- + 3HCO3 +16FeOOH + 4H+  4FeCO3 + 4Fe3O4 + CO2 + 13H2O 
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The products of equation (1), magnetite (Fe3O4) and siderite (FeCO3), coexist in modern 

sediments (Fortin and Langley, 2005, Mortimer and Coleman, 1997), concretions, 

sedimentary and metamorphic rocks, and banded iron formations (Klein, 2005).  

The oxygen isotope compositions of magnetite and siderite have been studied 

individually for use in geothermometry but rarely considered for use as biosignatures. 

Oxygen isotope fractionation between siderite and water (αsid-H2O) is well constrained and 

primarily temperature dependent (Carothers et al., 1988; Zhang et al., 2001; Mortimer 

and Coleman, 1997). Magnetite-water (αmag-H2O) oxygen isotope fractionation is also 

temperature dependent, but the temperature dependance of fractionation for biogenic 

magnetite may be opposite that of abiotic magnetite (Figure 1; Faivre and Zuddas, 2006).  

Few studies have attempted complementary analyses of the oxygen isotope 

composition of microbially mediated siderite and magnetite although these two minerals 

are commonly observed in incubations of DIR bacteria (e.g. Roh et al., 2003). Parallel 

analyses of this kind could clarify the influence of microbial activity on the isotopic 

composition of microbially mediated precipitates. Future work with this project will 

extend current research, determining whether oxygen isotope fractionation between 

coprecipitated siderite and magnetite (αsid-mag) can be used as a biosignature for modern 

sedimentary settings, and rocks from the early Earth or Mars.  

 This study addresses two experimental tasks assessing the use of oxygen isotope 

composition as a biosignature for iron minerals. Previous studies have concentrated on 

magnetosomes and thermophilic DIR bacteria (Faivre and Zuddas, 2006, and references 

therein) and did not investigate precipitates from mesophilic DIR. Dissimilatory iron 

reducing bacteria utilize a variety of reduction mechanisms, (e.g. Nevin and Lovley,  



Figure 1.  Temperature versus fractionation factor for magnetite-water presented 
in Faivre and Zuddas, 2006. 
Abiotic: 10^3 ln alpha(mag-H2O) = -0.55 (+/- 0.13)(10^6/T^2) + 5.64 (+/- 1.42)
Biological: 10^3 ln alpha(mag-H2O) = 0.79 (10^6/T^2) - 7.64
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2002, 2000; Lies et al., 2005; Reguera et al., 2000), which may influence the chemical 

conditions of the immediate environment. The bacterial strains used in this experiment 

are ubiquitous (Nevin and Lovley, 2005), well-studied, mesophilic dissimilatory iron 

reducers with distinctly different reduction mechanisms but similar electron donor and 

environmental preferences. 

The second objective of this project was to tailor existing analytical methods to 

analysis of coprecipitated magnetite and siderite. The oxygen and carbon isotope 

compositions of siderite are analyzed through CO2 produced by phosphoric acid digestion 

(Ball, Crowley and Steel, 1998, Rosenbaum and Shepherd, 1986, Wachter and Hayes, 

1985). Magnetite oxygen isotope analyses are typically conducted using laser fluorination 

(Rumble et al, 1997). The very fine-grained magnetite precipitates that accompany DIR 

must be pressed into pellets to avoid grain size effects (Kirschner and Sharp, 1997). 

Gehre and Strauch (2003) suggested that CO produced through high-temperature 

pyrolysis can be used to measure the oxygen isotope composition of iron oxides. High-

temperature pyrolysis avoids fluorine compounds and increases the array of tools 

applicable to oxygen isotope studies. In the context of this study, direct access to an on-

line Thermo-Finnigan Thermal Conversion/Elemental Analyzer capable of high-

temperature pyrolysis made the less-established technique preferable.  

 

METHODS 

Bacteria Incubation and Mineral Precipitation 

 Incubation media were based on the carbonate medium of Lovley and Philips 

(1988), with electron donors selected to preferentially precipitate magnetite and/or 
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siderite (Appendix I). Amorphous ferric iron oxyhydroxide (FeOOH), prepared according 

to methods described in Mortimer (1995), served as sole iron source and terminal 

electron acceptor. Dissolved oxygen was removed from the media (batches 7/18/2006 

and 7/21/2006) by bubbling with a 5:1 N2:CO2 gas mixture for one hour before adjusting 

the media to approximately pH 7.  All vials were capped and flushed with nitrogen gas 

prior to autoclaving and inoculation. Samples from Geobacter metallireducens or 

Shewanella oneidensis incubations were examined for motile bacteria before inoculation. 

Once inoculated, the jars were incubated in a dark oven at 25ºC for about 4 weeks. 

Darkening and strong response to a magnet held nearby (Figure 2) signaled reduction and 

mineral precipitation. Samples exhibited magnetism after three to five days. No 

darkening or magnetism was observed in controls where cells were not added or where 

cells were introduced but killed by sodium azide. Shewanella samples from the 

University of Southern California (USC) were incubated in anaerobic conditions at 22°C 

for 5 days in a carbonate-buffered medium with lactate electron donor, hydrous ferric 

oxide iron source, and 95:5 N2:H2 atmosphere. Three sets of pre-existing lab cultures of 

Geobacter metallireducens with higher concentrations of precipitates than the 

incubations intended specifically for this study were also analyzed.  

Media Analysis 

 The oxygen isotope composition of the liquid media before and after incubation 

was analyzed through CO2 equilibration (Epstein and Mayeda, 1953). Three 0.5 mL 

samples of liquid were withdrawn from the media prior to addition of FeOOH and 

inoculation, added to vials then immediately capped and flushed with helium. At the end 

of incubation, replicate 0.5 mL samples were withdrawn, injected into vials, capped, and  



Figure 2. Carbonate medium with cysteine electron donor and iron oxyhydroxide 
inoculated with G. metallireducens 7/18/2006. A. center jar exhibits darkened 
precipitates in contrast to left jar, bacteria killed by addition of sodium azide; and right 
jar, to which no cells were added. B. lack of response to magnet held next to 
controls. C. magnetism in dark precipitates.

6

A.

B. C.
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flushed with helium for 5 minutes. Following the helium flush, CO2 was introduced to the 

vials for 24-hour equilibration. Seven aliquots of the equilibrated CO2 were withdrawn 

via an on-line Thermo-Finnigan Gas Bench and analyzed with a Thermo-Finnigan MAT 

253 continuous flow mass spectrometer. Oxygen isotope compositions were calibrated 

according to SMOW, SLAP, GISP reference materials and a lab standard included in 

each set of analyses. 

Identification and Imaging of Precipitates 

 At the conclusion of the incubation period, each incubation jar was opened and its 

contents divided into 2.5 mL centrifuge tubes. Type I water was boiled for ten minutes, 

cooled, and added to each tube. Each tube was thoroughly mixed then centrifuged to 

separate the minerals from the salt-bearing supernatant. After centrifugation, the 

supernatant was poured off, new water was added and the process repeated three times.  

Following rinsing, one portion of each sample was reserved for mineralogical 

characterization through x-ray diffractometry (XRD) and environmental scanning 

electron microscope (ESEM) imaging while the remainder was prepared for carbonate 

and/or pyrolysis analysis.   

Carbonate Analyses 

 Samples were isolated for phosphoric acid reaction (McCrea, 1950) by retaining 

magnetic precipitates with a magnet while most of the suspended FeOOH and water was 

poured off. The magnetic minerals were then divided into replicate vials for drying 

overnight in an 80ºC vacuum oven.  After drying overnight, the sample vials were 

capped, heated, and flushed with helium. The samples were reacted with ~0.1 mL of 

>100% H3PO4 at 70°C for more than two hours before the acid-liberated CO2 gas was 
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analyzed with a Thermo-Finnigan MAT 253 continuous flow mass spectrometer. All 

samples were run in triplicate along with air, acid “blanks,” and the Beijing and 

Carbonatite lab standards. Each replicate was measured seven times and the average of 

those measurements was used to calculate the composition of the sample. The oxygen 

isotope composition was then calibrated according to the best fit equation generated by 

analysis of the lab standards included in the run and corrected for phosphoric acid-

released CO2 – siderite fractionation (αCO2-Siderite = 1.0094 as outlined in Ball, Crowley 

and Steele, 1996).  

Contribution from organic materials 

 High-temperature pyrolysis releases all oxygen from a sample, including very 

light (negative) oxygen from organic contaminants. Fresh samples and samples in which 

the organic materials had been removed by exposure to oxygen plasma were combusted 

in an Elemental Combustion Analyzer. The potential oxygen contribution was calculated 

from sample yield as carbonate. Oxygen contribution from organic materials, in both 

untreated samples and samples baked in the oxygen plasma ashing oven, was found to be 

less than 1%. Due to the low organic contribution (≤0.94% of total oxygen), oxygen 

plasma ashing was left out of sample preparation protocol.  

Magnetite Analyses 

 Sample preparation for high-temperature pyrolysis differed from phosphoric acid 

preparation only in that the reserved magnetic fraction was kept in a single container and 

a magnet was held against the side during drying in an 80ºC vacuum oven. Primitive 

magnetic separation also proved to be the best method for separating samples for ESEM 

imaging.  
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 High-temperature pyrolysis was conducted with a Thermo-Finnigan Thermal 

Conversion Elemental Analyzer. Gases with similar mass (e.g. N2) were prevented from 

contributing to CO measurements by separation with an in-line gas chromatography 

column. Samples of 0.1100-0.1350 mg were weighed into silver foil capsules with 0.3 

mg baked, ground nickel carbon (NiC) wool and 0.3 mg silver chloride. When there was 

sufficient sample material, replicate samples were weighed out. NiC wool was added 

following the procedure outlined by Gehre and Strauch (2003), with the exception that a 

measured amount of NiC wool was added directly to the samples rather than as a layer 

within the glassy carbon tube. All chemicals and samples were kept in a vacuum oven 

between uses.    

 Once loaded with sample and catalysts, the capsules were crushed and folded to 

reduce the amount of trapped air. Capsules were then dropped via an automated dispenser 

into a graphite crucible at 1450ºC or 1530ºC where the sample within pyrolyzed. Benzoic 

acid reference materials IAEA 601 and IAEA 602 were run throughout each set of 

analyses for oxygen isotope copmosition calibration.  

Pyrolysis was optimized by elevated reactor temperature (1450-1530ºC) and 

addition of the NiC wool catalyst. Baked, ground NiC wool was preferred to other 

catalysts (eg. Teflon tape, BrF5) for its low oxygen contribution, low potential to 

scavenge oxygen, and low likelihood of introducing harmful fluorine compounds into the 

mass spectrometer apparatus. To minimize contribution from oxygen adsorbed to the NiC 

wool, the NiC wool was baked overnight at 1450ºC prior to use and the potential oxygen 

contribution from the NiC wool catalyst was calculated from the results of a set of NiC 

“blanks” that accompanied each set of analyses. The contribution from oxygen associated 
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with baked NiC wool was less than 6% of total yield, resulting in a  ≤ 0.5 per mil 

(average 0.3 per mil) change in oxygen isotope composition.Silver chloride was included 

in every sample to reduce the potential for oxygen retention and the time between 

samples was extended to ensure that any oxygen scavenged by cations in the reactor was 

removed before the analysis. Reducing the grain size of natural magnetite samples 

immediately before analysis may also positively affect pyrolysis. Oxygen isotope 

compositions presented in this paper are for samples that produced only one gas arrival, 

with the caveat that the presented oxygen isotope value for samples analyzed following 

high temperature pyrolysis is a bulk composition.  

 

RESULTS 

 The results of microbial incubations are presented in Table 1. Shewanella samples 

(Figure 3) fell into three groups, containing magnetite, magnetite and goethite, or no 

detectable crystalline precipitates. Geobacter incubations consisted of siderite, magnetite, 

or hematite (Figure 4). ESEM images (Figure 5) of rinsed samples from the 8-05-2005 

lab cultures revealed ~10 µm rhombohedral to egg-shaped crystalline precipitates with 

the appropriate Fe, C and O proportions for siderite. Magnetite crystals are typically only 

tens of nanometers in size (Vali et al., 2004; Zhang et al., 1997) and so were not observed 

by ESEM. Magnetite and siderite were poorly crystalline, if present at all, in the 

Geobacter incubations (Figure 4). Attempts to improve incubation results by modifying 

headspace composition (N2, N2:CO2; Roh et al., 2003) and incubating a later set of 

cultures under nitrogen in a glove box did not significantly encourage FeOOH reduction. 

A major result of the limited bacterial reduction in the Geobacter incubations is that  



Strain Buffer Electron donor Fe(II) source Atmosphere Result

G. metallireducens HCO3 Acetate Fe Citrate N2 no new precipitates

G. metallireducens HCO3 Acetate FeOOH N2 new precipitates?

G. metallireducens HCO3 Acetate FeOOH N2 (N2:CO2)
* magnetite

G. metallireducens HCO3 Cysteine Fe Citrate N2 no new precipitates

G. metallireducens HCO3 Cysteine FeOOH N2 magnetite

G. metallireducens HCO3 Cysteine FeOOH N2 (N2:CO2)
* magnetite ^

G. metallireducens PIPES Lactate Fe Citrate N2 no new precipitates

G. metallireducens PIPES Lactate FeOOH N2 new precipitates?

G. metallireducens PIPES Lactate FeOOH N2 (N2:CO2)
* new precipitates?

S. oneidensis HCO3 Acetate Fe Citrate N2 no new precipitates

S. oneidensis HCO3 Acetate FeOOH N2 no new precipitates

S. oneidensis HCO3 Cysteine Fe Citrate N2 no new precipitates

S. oneidensis HCO3 Cysteine FeOOH N2 no new precipitates

S. oneidensis PIPES Lactate Fe Citrate N2 no new precipitates

S. oneidensis PIPES Lactate FeOOH N2 no new precipitates
(continued)

Table 1. Conditions and results of incubations
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Strain Buffer Electron donor Fe(II) source Atmosphere Result

G. metallireducens HCO3 Acetate FeOOH ? (N2) magnetite, siderite

G. metallireducens HCO3 Acetate FeOOH ? (N2) magnetite

S. amazonensis SB2B HCO3 Lactate HFO† 95:5 N2:H2 magnetite, goethite

S. putrefaciens CN32 HCO3 Lactate HFO 95:5 N2:H2 magnetite, goethite

S. species MR-4 HCO3 Lactate HFO 95:5 N2:H2 magnetite

S. baltica OS1551 HCO3 Lactate HFO 95:5 N2:H2 magnetite

S. denitrificans OS217 HCO3 Lactate HFO 95:5 N2:H2 magnetite

S. loihica PV-4 HCO3 Lactate HFO 95:5 N2:H2 magnetite

Hydrous Ferric Oxide HCO3 Lactate HFO 95:5 N2:H2 noncrystalline

Table 1. Conditions and results of incubations (continued)
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Note: * Bubbled one hour with 50:10 N
2
:CO

2
, headspace flushed five minutes with N

2
 as all others; 

^ all replicates successfully reduced iron; † Hydrous Ferric Oxide (HFO); 
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Figure 5. ESEM images of precipitates from: A. G. metallireducens, acetate, 8/5/05; 
B. G. metallireducens, acetate, 7/11/05; C. precipitates G. metallireducens, acetate, 
7/11/05;D Electron backscatter image of precipitates from G. metallireducens, acetate, 
7/11/05; E. ESEM image and Spot composition of siderite from G. metallireducens, 
acetate, 7/11/05.. Images taken by Randall E. Mielke.
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Figure 5. continued    

16
C.

D.

21.78 atomic% C
56.46 a% O
0.12 a% Si
0.07 a% P
1.55 a% S
20.03 a% Fe

E.
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samples were very small and precipitates constituted a relatively minor portion of the 

sample compared to FeOOH gel. The absence of samples with sufficient quantities of co-

precipitated magnetite and siderite precluded calculation of magnetite-siderite 

fractionation factors. 

 The oxygen isotope composition of samples from carbonate, media, and pyrolysis 

analyses are presented in Table 2. Oxygen isotope values from carbonate are presented in 

SMOW rather than PDB for ease of comparison and not given for analyses with very 

small quantities of released CO2 (area less than 1). Samples bearing both magnetite and 

siderite are 10 per mil higher when analyzed by high-temperature pyrolysis than 

replicates analyzed using phosphoric acid digestion. However, samples with siderite 

alone are >3 per mil more positive when analyzed following phosphoric acid digestion 

than when analyzed through high-temperature pyrolysis. Yields for magnetite-bearing 

samples are consistently well over 100% when calculated as magnetite. The results for 

the Shewanella incubations (Table 3) fall within 0.6 per mil, except for the S. oneidensis 

samples, which were analyzed in a different set of samples and experienced greater 

exposure to air. Yields for Shewanella samples were all ≥ 95%.  

 

DISCUSSION 

Early siderite-water fraction equations were based on abiotic precipitation 

experiments at 33-197°C (Carothers et al., 1988). It was soon recognized that the high 

temperature fractionation equation might not apply at the relatively low temperatures of 

diagenesis (Mortimer and Coleman, 1997; Zhang et al., 2001). Mortimer and Coleman 

(1997) proposed that biological activity, specifically DIR, might be responsible for  
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Mineralogy δ18Ocarbonate δ18Omedium prior δ18Omedium alpha(mineral - H2O)
(H3PO4) (CO2 ebn) (CO2 ebn)

GmA 7-21-06 magnetite -2.2 (1) 107 Area <1 -9.6 ± 0.1 -9.6 ± 0.1 1.0075
GmC 7-18-06 magnetite -3.86 ± 0.03 (2) 111 ± 3 Area <1 -9.7 ± 0.1 -9.7 ± 0.1 1.0059
GmC 7-21-06 magnetite, magh? goe? -6.5 (1) 107 Area <1 -9.7 ± 0.1 -9.9 ± 0.1 1.0035
GmC 7-21-06 magnetite, magh? goe? -5.4 ± 0.3 (2) 103 ± 1 Area <1 -9.7 ± 0.1 -9.9 ± 0.1 1.0045

magnetite, magh? goe? 
goe?

-4.8 ± 0.5 (3) 107 ± 3 Area <1 -9.7 ± 0.1 -9.9 ± 0.1 1.0052
Gm 7-21-06 magnetite -4.72 ± 0.02 (2) 105 ± 6 Area <1 -9.9 ± 0.1 1.0052
GmA 8-5-05 siderite -- -- 21.0 ± 0.1 -8.9 ± 0.2 1.0302
GmA 8-5-052 siderite 16.0 (1) 76 -8.9 ± 0.2 1.0251
GmA 8-5-05

3
siderite 17.0 ± 0.2 (3) 100.5 ± 0.9 -8.9 ± 0.2 1.0262

GmA 7-11-05 siderite, magnetite, hem 8.1 ± 0.1 (2) ? 18.6 ± 0.2 (2)
GmA 7-11-054a siderite, magnetite, hem 8.4 ± 1.1 (3) ? 19.3 ± 0.2 (2)
GmA 7-11-054b siderite, magnetite, hem 20.4 ± 0.2 (2)
Water -- -9.96 ± 0.04
H3PO4 -- -- -- Area <1
FeOOH no crystals detected 5 Area <1
NaHCO

3
-- -- -- 4.9 ± 0.6

Natural Siderite siderite 16.0 ± 0.3 (2)

Table 2. Oxygen isotope composition of precipitates from Geobacter metallireducens incubations

Note: Geobacter metallireducens (Gm) incubated in acetate (A) and cysteine (C) media at 25ºC. All values are given relative to 
SMOW for ease of comparison. Parentheses indicate number of replicates. Abbreviations: magn. magnetite; magh. maghemite; 
hem. hematite; goe. goethite; sid. siderite. 1. See Table 4 for discussion of yield calculation; 2. Not corrected for NiC 

contribution; 3. Sample treated with ~0.5N HCl for 5 minutes to remove FeOOH; 4. In addition to normal sample preparation, 
minerals were: a. sonicated, and b. sonicated and subjected to oxygen plasma ashing. Value is not corrected for NiC wool oxygen 
contribution; 5. See discussion for comments on FeOOH analyses.

Sample  δ18Omineral

(Pyrolysis)
Yield1

(%BA)

GmC 7-21-06
Gm 7-21-06



Shewanella Strain Mineralogy (XRD) d18O   

(SMOW)

Yield  (%BA) 

Fe3O4

Hydrous ferric oxide (control) no crystals detected -6.8 ± 0.2 (2) 94 ± 6

S. amazonensis SB2B magnetite, goethite -7.2 (1) 99

S. putrefaciens  CN32 magnetite, goethite -7.4 ± 0.8 (3) 94 ± 4

S. species MR-4 magnetite -6.8 (1) 99

S. baltica  OS155 1 magnetite -7.2 ± 0.8 (3) 98 ±12 

S. denitrificans  OS217 magnetite -7.3 ± 0.2 (3) 96 ± 1

S. loihica  PV-4 magnetite -7.2 ± 0.4 (2) 95 ± 4

S. oneidensis 2 magnetite -8.0 ± 0.2 (3) 98 ±12

Table 3. Oxygen isotope composition of precipitates from Shewanella  incubations.

Note: Parentheses indicate number of replicates with yields between 90-100%. 

Oxygen isotope values are average and standard deviation of indicated replicates. 

1. Individual sample yields from 84-104%; 2. Sample analyzed separately from 

others, and not immediately after opening. 

19
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anomalously high apparent diagenetic temperatures. Zhang et al. (2001) found that the 

high temperature, abiotic fractionation equation was comparable to oxygen isotope 

fractionation in microbially mediated siderite incubations at 45-75°C, but proposed a 

different equation for siderite precipitated below 45°C (Figure 6). As shown in Figure 6, 

oxygen isotope composition of siderite is also influenced by bicarbonate concentration 

(Zhang et al., 2001), manganese substitution (Mortimer and Coleman, 1997), and kinetic 

processes related to precipitation rate and initial CO3
2- concentration (Mortimer and 

Coleman, 1997; Zhang et al., 2001).  

The siderite sample from this study that was analyzed according to the traditional 

phosphoric acid technique plots close to the fractionation temperature dependence 

calculated by Zhang et al. (2001; Figure 6). Siderite replicates analyzed via high-

temperature pyrolysis are less positive than the sample analyzed through phosphoric acid 

digestion but still within the range of values predicted through the empirically determined 

temperature dependence of fractionation in microbially mediated siderite. It is unlikely 

that the high value for the acid-treated sample is a result of incomplete siderite 

dissolution, as an incomplete reaction would include less δ18O, producing a lighter (more 

negative) value. Instead, because pyrolysis releases oxygen from the entire sample rather 

than just the carbonate constituent, the low values for siderite analyzed by pyrolysis may 

be a product of mixing with a relatively 18O-enriched contaminant. Unless sample purity 

can be assured, phosphoric acid digestion is preferable to high-temperature pyrolysis for 

analysis of microbially mediated siderite precipitates.  

The temperature dependence of oxygen isotope fractionation in biogenic 

magnetite is nearly opposite that of abiotic magnetite (Figure 7; Faivre and Zuddas,  
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2006). Faivre and Zuddas (2006) derived a biogenic temperature-fractionation 

relationship by combining oxygen isotope fractionation factors from magnetosome 

magnetite (Mandernack and Bazylinski, 1999) with fractionation factors from magnetite 

precipitated in the presence of thermophilic DIR bacteria (Zhang et al., 1997). While this 

is likely not a completely valid combination, if the temperature dependence Faivre and 

Zuddas (2006) propose can be combined with morphological (e.g. Devouard et al., 1998) 

and/or temperature constraints, it may prove a valuable tool in discerning the formation 

history of magnetite particles (e.g. Thomas-Keprta et al., 2001).  

When plotted with the temperature dependence relationships of Faivre and 

Zuddas (2006), magnetite-water fractionation factors from this study lie far above the 

range of values for both “biogenic” and abiotic precipitates (Figure 7). The yield for 

samples analyzed through pyrolysis is determined as a percentage of the amount of 

oxygen released by complete reaction of a pure sample of known composition. Yields 

may be less than 100% when reaction is not complete, but may also be greater or less 

than 100% if the actual composition of the sample deviates from the composition used to 

calculate its yield (Table 4). The hydrous ferric oxide used in this study may mineralize 

during drying to form hematite and/or goethite (Figure 4) which may undergo oxygen 

isotope fractionation as they dry (Bao and Koch, 1999). The oxygen isotope composition 

and yields for magnetite samples from this study are consistent with a mixture of 

magnetite and other iron oxides (Figure 8; Table 4). High-temperature pyrolysis may be a 

useful method for magnetite analyses, provided pure magnetite may be obtained. High-

temperature pyrolysis offers the additional benefit of a consistent method for all sample 

compositions, however calibration with conventional fluorination techniques will be  



Sample

Yield (%BA) 

Magnetite 

Fe3O4

Yield (%BA) 

FeOOH

Yield (%BA) 

Maghemite/Hematite 

Fe2O3

GmA 7-21-06 106.74 81.92 98.16

GmC 7-18-06 113.22 86.9 104.12

GmC 7-18-06 108.87 83.56 100.11

GmC 7-21-06 107.93 82.84 99.26

GmC 7-21-06 102.56 78.71 94.31

GmC 7-21-06 104.09 79.89 95.72

GmC 7-21-06 105.24 80.77 96.78

GmC 7-21-06 107.2 82.28 98.58

GmC 7-21-06 111.24 85.37 102.29

Gm 7-21-06 113.47 87.09 104.34

Gm 7-21-06 101.09 77.58 92.96

Gm 7-21-06 103.3 79.29 95

Table 4. Yield calculations for magnetite-bearing samples.
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Note: Sample heterogeneity likely accounts for yields >100%. Yields 
<90% result from heterogeneous samples or incomplete pyrolysis.  
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necessary to establish pyrolysis as an accepted method for measuring the oxygen isotope 

composition of magnetite. 

One potential application of siderite-magnetite oxygen isotope fractionation is as 

a refinement to low-temperature paleothermometry. Zhang et al. (2001) proposed a 

preliminary oxygen isotope fractionation equation for coexisting magnetite and siderite 

(1000 ln αsid-mag = 1.76 X 106/T2 + 9.43) by combining the siderite-water fractionation 

equation from Zhang et al. (2001) with the magnetite-water equation from Zhang et al. 

(1997). Zhang et al. (2001) then used their temperature dependence equation with the 

oxygen isotope compositions of coexisting magnetite and siderite in a Devonian 

sedimentary ironstone from the Wadi Shatti District of Libya to refine diagenetic 

temperatures from 45-120°C to 10-76°C.  

Iron and carbon isotopes are biosignatures that could readily be combined with 

siderite-magnetite oxygen isotope fractionation to better ascertain biological activity. 

Johnson et al. (2005) proposed a model for BIF formation wherein magnetite bands with 

positive δ56Fe precipitate abiotically from MOR-derived iron with a δ56Fe of ~-0.5 per 

mil while magnetite bands with a δ56Fe ≤ 0.0 per mil precipitate in conjunction with 

dissimilatory iron reduction.  

If the δ18O of magnetite is as sensitive to biological activity as Zhang et al. (2007) 

and Mandernack and Bazylinski (1999) suggest, siderite-magnetite fractionation could be 

used to identify biological activity. Outside laboratory context, it may not be practical to 

determine the degree of recrystallization or interaction with fluids a rock has undergone 

and may be difficult to verify coprecipitation, all of which would be necessary to validate 

use of a siderite-magnetite oxygen isotope biosignature.  
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CONCLUSIONS 

 The oxygen isotope fractionation factors of siderite precipitates from incubations 

of dissimilatory iron reducing bacteria analyzed by phosphoric acid digestion are 

consistent with the oxygen isotope fractionation equation of Zhang et al. (2001). 

Magnetite precipitates from incubations of dissimilatory iron reducing bacteria were 

found to have higher oxygen isotope fractionation factors than expected, possibly due to 

sample heterogeneity. Review of the literature suggests that siderite-magnetite oxygen 

isotope fractionation could refine low-temperature paleothermometry and contribute to 

combined isotope biosignatures. Oxygen isotope fractionation between siderite and 

magnetite needs to be investigated by a study that succeeds in coprecipitating magnetite 

and siderite in abiotic and microbially mediated conditions. The combination of 

phosphoric acid digestion with high-temperature pyrolysis may be useful for geological 

contexts if a pure magnetite sample can be obtained through acid washes, magnetic 

separation or other techniques.  
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Appendix I. Media Compositions 
 
Fresh Water Medium (after Lovley 
and Philips, 1988) 
 
Siderite 
1L 18MΩ nanopure H2O 
2.5g NaHCO3 
1.5g NH4Cl 
0.6g NaH2PO4 · H2O 
0.1g KCl 
1mL 10x Vitamin Mix 
1mL 10x Mineral Mix 
1mM cysteine 
 
Magnetite 
1L 18MΩ nanopure H2O 
2.5g NaHCO3 
0.25g NH4Cl 
0.6g NaH2PO4 · H2O 
0.1g KCl 
1mL 10x Vitamin Mix 
1mL 10x Mineral Mix 
2.9g Na-acetate 
 
MR-1 Minimal Medium (Vivianite) 
1L 18MΩ nanopure H2O 
0.91g PIPES Buffer 
0.3g NaOH 
1.5g NH4Cl 
0.6g NaH2PO4 · H2O 
0.1g KCl 
4.8g Fumaric Acid 
1mL 10x Mineral Mix 
1mL 10x Vitamin Mix 
1mL Amino Acid Mix 
6mM Na-Lactate 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Mineral Mix (10x) 
100mL 18MΩ nanopure H2O 
1.5g NTA trisodium salt 
3.0g MgSO4 
0.5g MnSO4 H2O 
1g NaCl 
0.1g FeSO4· 7H2O 
0.1g CaCl2· 2H2O 
0.1g CoCl2· 6H2O 
0.13g ZnCl2 
0.01g CuSO4· 5H2O 
0.01g AlK(SO4) · 12H2O 
0.01g H3BO3 
0.025g Na2MoO4· 2H2O 
0.024g NiCl2· 6H2O 
0.025g Na2WO4· 2H2O 
 
Vitamin Mix (10x) 
100mL 18MΩ nanopure H2O 
0.002g Biotin 
0.005g Pantothenic Acid 
0.0001g B-12 
0.005g p-Aminobenzoic Acid 
0.005g Thiotic Acid 
0.005g Nicotinic Acid 
0.005g Thiamine 
0.005g Riboflavin 
0.01g Pyridoxine HCL 
0.002g Folic Acid 
 
Amino Acid Mix (10x) 
2g L-glutamic Acid 
2g L-arginine 
2g DL-serine 
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Appendix II. Oxygen isotope analysis of microbially mediated iron minerals: 
protocols for Isolab (JPL) as of summer 2006. 
M Rohrssen (SURF 06) 
 
I. CO2 Equilibration of Starting Media 
 1. After adding finished media to jars, pipette 0.5mL into each of three vials.  
 2. Cap and crimp immediately. 
 3. Flush 5 minutes with CO2 and allow to equililbrate for 24 hours 
 4. Analyze through usual CO2 method (TF gas bench to TF Mat) 
 nb. remember to include reference materials (SMOW, SLAP, GISP) and/or the  

lab standard (Mars water). 
 
II. CO2 Equilibration of Media Post Incubation 
 1. At end of incubation period, shake jars thoroughly then allow to settle. 

2. Use syringe and needle (doesn’t need to be big - #20 is plenty large) to draw off  
5mL of liquid. 

3. squirt liquid into vial, cap and crimp immediately.  
 4. Repeat to get total of three replicates. 
 5. Immediately flush with CO2 for five minutes, equilibrate, and analyze as above. 
 
III. Mineral Analysis Set-Up 
 1. Boil distilled, deionized (nano)water  ~15mins. nb. the water will take time to  

cool down enough to handle, start this well before opening jars! 
 2. For Each Jar: 
  a. Shake/mix to suspend minerals and uncap 
  b. Distribute mixture (via pipette) into small (~2mL), labeled, centrifuge  

tubes (preferably 3 tubes, but will depend on quantity of mixture) 
  c. spin down (~2minutes, medium speed) and pour off supernatant into  

waste. Add ~1mL of boiled water and mix well.  
d. Spin down and drain.  
e. Repeat 3-5 (or more…) times. When there is a great deal of FeOOH the  

water will turn orange-ish; if that’s the case, keep rinsing, but don’t 
waste too much time on it.  

f. end after pouring off supernatant.  
 
IV. Samples for Carbonate Analyses (H3PO4) 
 Keep in mind that it takes several hours to heat the block up to 70C, so start that 
early. Concentrating the phosphoric acid can also take some doing. It needs to be 
>100% (I don’t understand either) or about 1.9g/mL. Check out isogeochem. 
 1. Add 1.5mL of the boiled water to one tube and mix well. 

2. Pipette 0.5mL into each of 3 vials. Use the plug-type lids but DO NOT CAP! 
3. Place in vacuum oven to dry – approx. 3hours to overnight with pump running  

constantly. nb. concentrate minerals in bottom of vial using a magnet –  
makes effective acid addition easier. 

4. After completely dry, flush each sample with He (5 minutes) as it is placed  
in the block. 
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5. If you can figure out the acid pump/sample needle combination (see gas bench  
manual), do that. Otherwise, add ~0.1mL hot, dry H3PO4 to each vial.  
allow to react 2 hours at 70C and analyze.  

nb. it’s helpful to run air blanks (cap an empty vial and, if you’re concerned about  
popping, insert the flushing needle with He flow turned off until the vial is 
warm) and acid-only samples as well as the usual standards (Beijing and 
ctite - a carbonatite!). FeOOH and the bicarbonate initially added to the 
media also make interesting samples. 

 
V. Samples for Non-Carbonate Analysis (High Temperature Pyrolysis) 

Again, the TC/EA and GC column have to “bake out” overnight after the reactor 
is replaced – cooling the GC down and heating the TC/EA will take time. Ground NiC 
wool also needs to “bake” overnight at 1400C. Use crucible retriever at <800C and 
don’t bother to replace reactor afterwards, just make sure everything goes back together 
properly… Although the jury is still out, it may be important to make certain to calibrate 
like to like – that is, to use sulfate reference materials with sulfate samples, and so forth. 
Don’t run oxides with phosphate reference materials, for instance; the benzoic acids 
alone are sufficient as they provide both yield and a reference oxygen composition. 
Finally, a large cup of coffee ~1hour beforehand makes weighing out samples go much 
more smoothly ; ) 

1. Add ~0.5mL boiled water to remaining tube and mix well. Hold minerals to  
bottom of jar using magnet and pour out remaining liquid. nb. Here is a  
good place to add soaking in 0.5N HCl for 15 minutes or so to dissolve 
the siderite and solubilize remaining FeOOH – check duration and 
concentration. 

2. Transfer minerals to glass jar for drying – use another 0.5 – 1mL or so to  
rinse all minerals from tube to jar. 

3. A magnet held against the side of the jar during drying aids in further isolation  
and concentration of mineral precipitates. 

4. Dry in vacuum oven 2hours to overnight with pump running constantly (filling  
oven with argon before vacuuming may be a good idea.) 
nb. three jars can be clustered around one of the little rare-earth magnets 
and left in the oven – no problem.  

5. When completely dry, scrape isolated minerals (should be up on the wall near  
where the magnet was, may also be along edges a little, easy enough to 
find with the magnet). 

6. Put 0.1100-0.1350mg precipitate, 0.3mg baked NiC wool, and 0.3mg AgCl in  
pressed (not smooth) Ag capsule, fold and seal. I suspect that Nessie-
features –ask Ben, or wait to see for yourself – are due to addition of 
either more magnetite or more FeOOH than the reactor can handle in one 
dose. If < 0.1200 is working well (good yields, not too high a percent 
influence from baked NiC) maybe mess around with finding the right 
amount. 

7. Run samples at 1450C with GC at 60, with a long run time (~2000seconds) to  
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make sure waves don’t carry over from sample to sample (with <0.13mg 
shouldn’t be a problem, but…). Standards can run for less time 
(~1500seconds). 
nb. weigh out benzoic acids just before run – otherwise they have a 
tendency to sublimate and mess up everything. 
nb. 2 make sure to run at least 3 NiC wool “blanks” to get regression line 
for blank removal. 

 
VI. Samples for XRD and ESEM/SEM 
 1. XRD 

a. Reserve one drained tube for XRD analysis. (Talk to Bill Abbey – he  
knows his stuff.)  

b. If precipitates aren’t dominant fraction, add ~0.5mL boiled water, mix,  
and chase out droplet of minerals with magnet. 

   c. If by some merical there is enough sample, grind it in a small agate  
mortar and pestle. 

d. Smear sample on a clean, extra-large glass slide, - can put several  
clearly labeled samples along top of one slide – and ask questions 
about diffraction patterns, exotic evaporites, and Star Trek: The 
Next Generation.) 

2. ESEM/SEM 
a. The nicest ESEM/SEM photos are from well-rinsed samples (beware of  

beards… ask Randy) – leftovers from XRD will work well, 
especially when isolated/dried as though for TC/EA.  

b. Also, filtering with ~2 to 8um filter paper works well.  
i. Set up for filtration (big flask with a hose attachment, cup-like  

filter on top in a rubber stopper) 
ii. Wet filter paper of desired size with squirt bottle, and place it on  

top of the filter with the cup magnetically stuck on top 
holding it in place. 

   iii. Pour in sample and vacuum down. 
iv. Rinse or scrape sample into jar and dry in oven. Know the filter  

composition (sulfur, silica, polycarbonate, etc) else Spot 
analyses will be confusing.  

v. Put powder (precipitate) into Al well-shaped sample holder.  
  c. Take lots of pictures and do Spot analyses of everything. Remember  

that the mouse on the left-hand screen is right click for everything. 
Counts should be around 60seconds for analyses you care about, 
otherwise even a short time will give you the general idea.  
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