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Abstract

The criteria to assess the origin of magnetite are of prime importance because of their significance as biomarkers for
extraterrestrial life and paleoenvironmental indicators. It is still unclear if morphology and magnetic properties of crystals do
quantitatively allow differentiating abiotic from biotic magnetite crystals of nanometer size. In this study, inorganic magnetite
nanocrystals synthesized under controlled experimental aqueous conditions are compared with biogenic magnetite of similar size
and morphology formed by magnetotactic (intracellular magnetite) and other (extracellular magnetite) bacteria. Structural
properties such as oxygen isotope fractionations and crystal size distributions were explored. Not surprisingly, none of the single
properties are able to differentiate inorganic crystals from those having a bacterial origin, either specifically extracellular or
specifically intracellular. However, oxygen isotope fractionation allows the differentiation between abiotic and biotic magnetite
when the temperature of formation is known and when it does not fall into a crossing region (35 <7 (°C) <55) while crystal size
distributions discriminate inorganic from intracellular magnetite. Therefore, a combination of these two properties may be a
successful tool for an accurate determination of a reliable biogenicity criterion.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The extensive debate about a possible biogenic origin
of nano-sized magnetite crystals in the Martian mete-
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orite ALH84001 emphasized that bacterial magnetite
cannot always be obviously differentiated from inor-
ganic magnetite (see among others [1-7]). Magne-
totactic bacteria display one of the clearest behavioural
responses to the geomagnetic field of any living organ-
ism, and are one of the few known prokaryotes which
have the ability to intracellularly produce magnetic na-
nocrystals [8,9]. Magnetic bacteria provide an important
supply of nano-sized grained magnetite to sediments,
where these are supposed to be preserved after bacterial
death [10—12]. Fossil bacterial magnetosomes, termed
magnetofossils [13,14], have the same morphology
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and crystal structure as the crystal in the living bacteria
[15].

However, magnetite found in sediments and sedi-
mentary rocks may also have an authigenic origin as
phases formed in situ by abiotic processes [16,17]. A
large number of works have reported nanometric-sized
bacterial (intracellular and extracellular) magnetite (see
for example [18—21]). The number of studies reporting
magnetite formed inorganically from aqueous solutions
increases because of the rising interests for nanosciences
[22,23] and biotechnologies [24,25]. Some of these
studies have emphasized the role of pH and ionic
strength on the precipitation of magnetite nanocrystals
and specifically on the dimension of the formed crystals.
In addition, experimental synthesis routes have been
suggested to understand the reaction pathway or to
model environmental conditions or particles properties
(see exhaustive references in Cornell and Schwertmann
[26]). Numerous synthesis methods allowing magnetite
formation in aqueous media without any control of the
parent solution have been reported [7,26,27]. However,
specific crystals properties cannot, in this case, be related
to the formation conditions as the chemical affinity
changes during the crystal growth. Particles obtained by
those synthetic pathways have for example various mor-
phologies and dimensions that lead to broad crystal size
distributions (CSDs) [7]. Such synthesis routes therefore
lead to crystals that can be similar to crystals formed by
Bio-Induced Mineralization (BIM). Solution control, via
pH-control [28-30], via the addition of proteins
produced by magnetotactic bacteria [31] or via the use
of micro-environments such as phosphatidycholine uni-
lamellar vesicles [32], can affect the formed particles.
Indeed, crystals may have size, morphology, structure,
chemical composition, and/or CSD that are related to
their conditions of formation as it is the case in Bio-
Controlled Mineralization (BCM).

In this study, the oxygen isotopic fractionation be-
tween water and nanometer-sized abiotic magnetites
formed in the laboratory at low temperature and under
controlled chemical affinity were measured in order to
better understand the acquisition of specific oxygen
isotope compositions by natural magnetite. With the
help of previous experimental studies, we have also tried
to connect geochemical properties to the formation con-
ditions of the nanocrystals.

2. Experimental approach
Rate and mechanism of heterogeneous reactions are a

function of the reaction chemical affinity. Classically
mineral dissolution and precipitation reaction rates have

most often been expressed in terms of a functional de-
pendence. Using the Lasaga formalism [33] the rate of
reaction R, and the chemical affinity 4 can be linked by:

Roet = Ry (1-¢ /%) (1)

where R is the perfect gas constant, R. is the rate for
the forward reaction in Eq. (2) and T is the temperature
(in K). A variation of the chemical affinity might have
an important effect on the global rate of the reaction
affecting the reaction pathway and the mechanism of
mineral formation. These changes in reaction mecha-
nism and rates will in turn affect the geochemical pro-
perties of the product of reaction, being in our case the
formed mineral.

A series of controlled experimental magnetite pre-
cipitations were carried out by co-precipitation of fer-
rous and ferric ions in aqueous solution under a constant
pH condition [28]. The selected methodology allowed
forming magnetite nanocrystals under constant and con-
trolled affinity conditions. At a given constant pH, the
overall reaction of magnetite precipitation can be sche-
matically represented by a simplified mass balance
equation:

2Fe*t 4 Fe*t + 4H,0<% Fe;04 + 8HT (2)

where R, is the rate of the forward reaction and R_ is the
rate of the reverse reaction. Since the reaction produced
protons, pH was held constant by an automatic adding of
sodium hydroxide solution. These experimental con-
ditions were suitable to form magnetite at low temper-
ature under constant chemical affinity. Classically, the
state of saturation, £, is defined by:

2

Ap2+ Ay 54
Q=——r 3)
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where ay is the activity of the species X and Ky is the
thermodynamic magnetite solubility. Typical values for
Kg are in the range between 10%°" and 10'%% [27,34]. It
was however difficult to estimate the real saturation state
in our experimental conditions as solubility constants of
magnetite are known at high temperature [34,35] and
extrapolations to low temperature are hazardous. In
addition, recent solubility estimations on nanometer size
minerals [22,23,36] showed that at this scale, mineral
solubility is several orders of magnitude different from
that evaluated at the micro- and millimetre scale. An
operative empirical and experimental way to verify the
magnetite-solution equilibrium condition was therefore
to use the total iron concentration [28].
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The effect of temperature was here specifically in-
vestigated to evaluate its effect on the oxygen isotopic
composition and on crystal dimension. Analyses of
oxygen isotopic compositions were performed by fluo-
rination methods [37]. Solutions containing magnetite
nanocrystals were carefully washed and evaporated
under vacuum directly after the wash. These are crucial
steps for obtaining reliable 8'*0 for fine-grained, low-
temperature precipitates [38,39]. In our case, the oxygen
isotopic value could be modified by salts used to main-
tain ionic strength. As checked by TEM, nitrate salts
were always completely removed from samples to be
analyzed for isotope fractionation measurements. When
present in unwashed samples, nitrates form a well re-
cognizable gangue around magnetite nanocrystals.
Nearly 20 mg of solid material were necessary for
each analysis. The solids were placed in Ni tubes,
evacuated and preheated at 150 °C for 4 h to remove
adsorbed water. Tubes were then heated to 650 °C for
12 h with a 5 times excess of BrFs. Oxygen was then
separated from other gases by passage through liquid
nitrogen traps that retained other volatile gases by con-
densation. Oxygen was trapped on a zeolite-filled cold
finger cooled with liquid nitrogen, quantified by mea-
suring the volume of the extracted oxygen in order to
calculate the yield of the isotopic analyses and finally
transferred to the mass spectrometer (VG Optima)
where intensities associated to the ions of masses 32
and 34 were measured. Yields are calculated as the ratio
of experimental and theoretical yield. Based on the
perfect gas law, a theoretical yield 8.63 pmol of O,/mg
of magnetite is obtained. Runs with yields greater than
90% were accepted, while the others were rejected.
Repetitive analyzes of NBS 28 (quartz, 6'*0=9.35+
0.11%o, n=10) and Circe 93 (basaltic glass from mid-
oceanic ridge, 6'*0=5.72+0.13%o, n=25) were used as
calibration procedure (true values: NBS 28, §'*0=9.58
and Circe 93, 6'%0=5.72) with an overall error of
+0.2%o. The 6'%0 of water, prior to and after magnetite
precipitation, were determined by CO,—H,0 equilibra-
tion. One or two drops of 100% H3PO, were previously
added to the solutions to neutralize the alkaline media
used for precipitation.

3. Crystal properties and formation conditions
3.1. Conditions for abiotic magnetite formation

In natural Earth surface environments, total iron con-
centrations change from 0.1 umolxL ™' in superficial

oxidative conditions to 100 mmolxL ™" in oxygen-free
pore seawaters [40,41]. Using the numerical thermody-

namic model EQ3NR [42], we found that magnetite is
the only mineral stable phase at pH of 10.5 for a large
range of total iron concentration (i.e. from 1 mmol x L™
to 1 molxL ™ ") when the Fe*" /Fe*" ratio is 0.5 and for a
large range of temperature (5 to 70 °C) (Table 1). This
stands clearly in contrast with previous experimental
observations [28] where it was found that at 25 °C, when
parent solutions with iron stoichiometric Fe*" /Fe*" ratio
of 0.5 have a total iron concentration lower than about
20 mmolxL™ ', goethite particles (a-FeOOH) coexist
with poorly crystallized matrix of iron oxides and hy-
droxides, and with some magnetite crystals. Nanometer-
sized magnetite was the only mineral formed when the
total iron concentration exceeds 30 mmolxL ™" in the

Table 1
Summary of measurements at the total iron concentration of 0.150 M
(Fe(I)/Fe(1lT)=0.5)

Sample T %0, %0, 80y, 10’ Inay,
(°C) (%) (%0) (%0) (o)

IST5/1 55 =750  —6.01  -599  —1.13(0.53)
~7.49

IST5/2 56  —656 588  —5.80
-6.63

ISTIS/1 151 =676 =596  —592  —0.88(0.53)
-6.87
~7.19

ISTI152 152 —6.12  -580  —576
-5.97
-6.18

IST25/1 245  —747  —6.62  —6.60  —0.83(0.27)
-7.09

IST25/2 245 760 —6353  —6.51

IST30/1 298  -592  -601  -591 0.08 (0.33)
~6.42

IST302 298 =577 —616  —6.14
-5.78

IST40/L 396 —6.14 -622  —615  —0.08(0.37)
-5.91
-5.81

IST40/2  39.6  —6.69  —604  —599
-6.35

IST50/1 493 621  —6.08  —6.04 0.03 (0.19)
~6.01

IST502 493  -583  -606  —6.00

IST60/1 587 =516  —625  —5.99 0.89 (0.56)
-4.81

IST60/2 587  —588  —624  —6.18

IST70/L  69.0  —2.08  -429  —4.05 1.41 (0.62)

IST70/2  69.0  -323  -427  -4.04
-2.98

Results of isotope analyses are given as fractionation of magnetite
(6"%0,,), water (5'%0,,) and as fractionation factors (10° Inoi, ),
measured between magnetite nanocrystals and water. Analyses are
performed for water in triplicates, prior to reaction start (6180W‘) and at
the end of the reaction ((5180%). The mean value is used. Each
measurement has been at least duplicated. Mean values of fractionation
factors (10° Ino,, ) are given in column with variance in brackets.
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absence of inorganic and organic catalysts. This
indicates that present available thermodynamic data do
not accurately scale down to low temperature conditions
to operatively establish a proper thermodynamic
equilibrium condition in the case of magnetite crystals
having nanometer size.

Inorganic syntheses were carried out under [Fe]i=
150 mmolxL™'. This concentration was shown to
exclusively produce magnetites [28,43] that have an
average dimension of about 10 nm. This dimension is in
the same order of magnitude than biogenic magnetites
studied in previous oxygen isotope studies [44,45]. This
size was not changed when the temperature of synthesis
is varied from 5 to 69 °C (Fig. 1) indicating a similar
reaction mechanism under pure abiotic conditions.
Furthermore, electron diffraction patterns, Fourier
analysis of high resolution images and EDX have
confirmed that only magnetite was formed over the
whole temperature reported in this study.

Structural properties have commonly been proposed
to determine magnetite nanocrystals origin [5,46—51].
Indeed, biogenic magnetite crystals have high chemical
purity, narrow size ranges, species-specific crystal
morphologies and exhibit specific arrangements within
the cell. These features indicate that the formation of
biogenic magnetite by magnetotactic bacteria requires
precise biological control and should leave an indelible

Fig. 1. Typical high resolution transmission electron micrographs of
magnetite crystals. Overprinted are the crystallographic indexes and
the faces of simulated crystals. Simulations are based on electronic
diffraction properties and on the hypothesis of cubo-octahedron [43].
Zone axes are respectively [1 1 2], and [0 1 1]. The simulated crystals
showed good agreement with the typical magnetite crystals shown.

imprint to the particle. Nanocrystals formed in our
inorganic conditions at constant chemical affinity are
essentially free of internal defects as shown in Fig. 1
and in Faivre et al. [43]. The absence of internal defects
has also been observed in BCM of magnetite [5,7].
Typical morphologies obtained in our study are cubo-
octahedral. This form is a combination of the isometric
forms {111} and {1 0 0} as showed in Fig. 1. Since a
simple low-temperature, organic-free solution, reflec-
ting sedimentary conditions, can lead to the precipita-
tion of well defined crystals, such as those observed for
BCM [8,21,52—55] we propose that there is no need for
biological intervention to control the shape of the
nanocrystals of magnetite. Our inorganic crystals have
different morphology than the critical crystals produced
by the magnetotactic bacteria of strain MV-1. However,
Golden et al. [51] have shown that ALH84001 crystals
were elongated cubo-octahedron, not truncated hexa-
octahedron (the MV-1 crystals morphology). They have
shown that thermal decomposition products of Fe-rich
carbonate, a high temperature process, produced by
inorganic hydrothermal precipitation in laboratory
experiments can form particles with morphology
similar to that of particles observed in ALH84001.
However, the temperature in the meteorite is also
controversial (see for example [56,57]). Here, we show
that even low temperature inorganic aqueous syntheses
can produce crystals with a similar morphology to that
found in the meteorite ALH84001. To our knowledge,
no previous low temperature inorganic processes
producing crystals having similar morphologies than
the ones from the ALH84001 were reported. The
crystal morphology seems thus not to be a univocal
parameter to be used as biogenicity criterion, at least in
the case of the ALH84001 meteorite.

3.2. Crystal origin determination

Fig. 2 shows that the magnetite—water oxygen iso-
topic fractionation (o,_,,) obtained in our abiotic
conditions increases by about 2.5%o as function of the
temperature in the low temperature range, between 5
and 69 °C. Fig. 3 reports the parameterization of these
experimental results and associate them to that of
Mandernack et al. and Zhang et al. [44,45] on biogenic
magnetite where its is found that the biogenic mag-
netite—water oxygen isotope fractionation decreases by
about 3.5%0 between 4 and 70 °C. Biogenic fraction-
ation factors are obtained from both bacterial magnetite
produced intracellularly (BCM magnetite) [44] and
extracellularly (BIM magnetite) [45]. Fig. 3 clearly
shows that abiotic magnetite give fractionation factors
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Fig. 2. Oxygen isotope fractionation factor between magnetite and
water (10° Inoy, ) plotted as a function of temperature (10%7% T
in K). The generic equation of the hyperboles is: y=cx’+ax+b
(upper limit: a=—1.59, b=11.43, ¢=0.048, lower limit: ¢=0.50, b=
—0.15, ¢=-0.043).

that increase as a function of temperature whereas bio-
logical magnetite fractionation factors decrease as a
function of temperature suggesting that oxygen isotope
composition of magnetite is a suitable tool for magnetite
genesis biosignature if the formation temperature is
known. However, such a tool cannot easily be applied if
the temperature of formation of the crystal falls in the
crossing region corresponding to the temperature range

3
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Fig. 3. Schematic magnetite—water oxygen isotope fractionation
(otm_w) diagram; inorganic fractionation of this study (bold line)
increases by about 2.5%o0 between 5 and 69 °C according to (7 in K):
10° Iy, =—0.55 (£0.13) (10%/7%)+5.64 (+£1.42), whereas biogenic
magnetite—water oxygen isotope fractionation (dashed line) [44,45]
decreases by about 3.5%o between 4 and 70 °C according to (7' in K):
10° Inoyy_=0.79 (10%/7%)—7.64.

between 35 and 55 °C. The large difference between
abiotic and biotic curves at temperatures from 5 to about
25 °C enhances the interest of such a diagnostic tool at
these temperatures. Therefore, differentiation between
biotic and abiotic magnetite is based on both biologi-
cally controlled magnetite produced intracellularly by
magnetotactic bacteria [44] and biologically induced
magnetite produced extracellularly by thermophilic bac-
teria [45]. Another criterion would thus be necessary to
specifically differentiate abiotic magnetite from intra-
cellularly formed magnetite and abiotic magnetite from
extracellularly formed magnetite.

CSD of minerals may discriminate the condition of
mineral formation as crystal growth history has an
impact on the particle dimension [58]. Specific pro-
perties of the whole population are naturally more
reliable than properties of a given sample of this pop-
ulation (morphology) since they are based on a greater
number of crystals [59]. Fig. 4 shows schematic CSDs
for both inorganic and biogenic populations of magne-
tite nanocrystals. Inorganic particles exhibited a log-
normal CSD. Log-normal CSDs are asymmetric and
with cut-off toward smaller sizes. When the solution
chemistry is variable, magnetite crystals are formed
under conditions of variable affinity, and a broadening
of the CSD is observed. CSDs for biogenic magnetite
populations of three different strain of magnetotactic
bacteria also exhibited asymmetric CSDs, but inverse
log-normal CSDs i.e. with sharp cut-offs toward larger
size [7]. The difference between the mode and the mean
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Fig. 4. Schematic crystal size distributions for populations of
magnetite nanocrystals. Biogenic populations (dashed line) show
inverse log-normal CSDs [7], whereas inorganic populations (bold
line) show log-normal CSDs [7,43] and are usually a little broader. The
size of crystals is normalized to the larger crystal of the respective
populations.
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of the normalized population (size normalized by the
maximal crystal size of the population) is also usually
greater for the biogenic population. This feature,
however, might not be statistically meaningful. The
opposite asymmetry of the CSDs from biogenic and
nonbiogenic synthesis is therefore the remaining param-
eter. Therefore, the statistical analysis of size might
provide a robust criteria for distinguishing between
intracellular biogenic and other crystals (extracellular
and nonbiogenic particles) [7,60].

4. Implications and conclusions

At standard Earth surface temperatures, the forma-
tion of magnetite nanocrystals is kinetically a function
of the ferrous iron [28,61]. In sedimentary environmen-
tal conditions, inorganic nanocrystals of magnetite
would be possible in specific systems where the iron
concentration is particularly high. Recent direct pore
water measurements have indicated that especially in the
case of environmental accident [41], high level of iron
are measured. The reaction pathway including ferrous
iron activity control on magnetite formation is similar to
that observed for biogenic magnetite formation. Indeed,
Frankel et al. [62] found that ferric oxides are first
formed intracellularly and the only in a second step a
mineral transformation produces nanocrystal of magne-
tite. Therefore, it is possible that a single and universal
mechanism could be responsible for magnetite forma-
tion in aqueous environmental conditions, but probably
with different ferric intermediates.

Criteria of biogenicity have to be defined in the case
of similar sizes when magnetic properties might not be
sufficient to differentiate inorganic and biogenic parti-
cles. Structural properties have consequently been
studied. Cubo-octahedral morphologies are observed
for crystals formed by inorganic synthesis, also for
crystals found in the Martian meteorite ALH 84001.
Therefore, in that case, morphology cannot be used as
biogenicity criterion. Fractionation factors of oxygen
isotopes during magnetite precipitation at different tem-
perature allow the differentiation between biotic and
abiotic magnetite without the limit of the crossing
region. Moreover, opposite asymmetries of the CSDs
from biogenic and nonbiogenic synthesis are observed.
Finally, the analysis of CSDs should thus provide a
criterion to distinguish BCM crystals from others (BIM
and inorganic particles). We therefore propose a com-
bination of oxygen isotopic property and crystal size
distribution as a tool for an accurate determination of a
reliable biogenicity criterion. Isotopic fractionation and
CSDs have yet to be evaluated for other mechanisms of

magnetite formation to confirm or not the possibility of
using such a biogenicity criterion.
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