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Abstract 

 

Spatial and seasonal variations of the oxidation of Fe(II) and As(III) have been previously documented in the Carnoulès 

(Gard, France) Acid Mine Drainage (AMD) by bulk analyses. These variations may be correlated with the variations in the  

activity of indigenous As(III)- and Fe(II)-oxidizing bacteria living in the As-rich Carnoulès water. The activity of these bac- 

teria indeed plays an important role in the nature and composition of the solid phases that sequester arsenic at this site. In 

order to better understand the interactions of microbes with Fe and As in the Carnoulès AMD, we combined Transmission 

Electron Microscopy (TEM) and Scanning Transmission X-ray Microscopy (STXM) to collect near-edge X-ray absorption 

fine structure (NEXAFS) spectra at high spatial and energy resolution and to perform high spatial resolution imaging at the  

30–50 nm scale. Spectromicroscopy was performed at the C K-edge, Fe L2,3-edge, and As L2,3-edge, which allowed us to 

locate living and/or mineralized bacterial cells and to characterize Fe and As oxidation states in the vicinity of those cell s. 

TEM was used to image the same areas, providing higher resolution images and complementary crystallographic and com- 

positional information through electron diffraction and EDXS analysis. This approach provides unique information on 

heterogeneous geochemical processes that occur in a complex microbial community in an AMD environment at the microm- 

eter and submicrometer-scale. Bacterial cells in the Carnoulès AMD were frequently associated with mineral precipitates, and 

a variety of biomineralization patterns were observed. While many mineral precipitates were not associated with bacterial  

cells, they were associated with pervasive organic carbon. Finally, abundant biomineralized organic vesicles were observed 

in  the  Carnoulès  AMD.  Such  vesicles  may  have  been  overlooked  in  highly  mineralized  extreme  environments  in  the  past 

and may represent an important component in a common biomineralization process in such environments. 

 

 
 

1. INTRODUCTION 

 
Acid Mine Drainage (AMD) is generated by the micro- 

bially catalyzed oxidization of sulfide minerals (usually 
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pyrite and arsenopyrite) exposed to the atmosphere and 

meteoric waters in metal sulfide mines and associated mine 

wastes (e.g., Evangelou and Zhang, 1995; Williams, 2001). 

The resulting waters are highly acidic and enriched in sul- 

fates and in ferrous iron. The dissolution of As-bearing 

sulfides can also release As(III) and heavy metals which 

cause major environmental problems. The subsequent 
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transformations of those pollutants in AMD systems and 

the processes immobilizing them have received special 

attention with regard to their geochemistry, mineralogy, 

microbiology, and genomics with the aim of designing effi- 

cient remediation protocols. AMD systems and some 

chemically similar (acidic and As-rich) hydrothermal 

springs are also interesting models for low-diversity 

extreme environments in which adapted microbial commu- 

nities thrive and drive geochemical cycles (e.g., Baker and 

Banfield, 2003). Studying the release of sorbed or surface- 

bound As, one of the highly toxic elements in these sys- 

tems, is of particular interest; its molecular-level specia- 

tion, which is responsible for its degree of toxicity and 

geochemical behavior, is controlled by a complex interplay 

between biotic and abiotic reactions. The predominant 

species   of   arsenic   in   AMD   systems   are   arsenite, 

H3As III O3
0 (pH < 9 and depending on pE),  which  is 

highly toxic and relatively soluble, and two forms of arse- 

nate, H3As(V)O4, and H2As V O4 
— (depending on pH and 

pE), which are less toxic, less soluble, and sorb more 
strongly than H3As III O3

0 to positively charged iron 

oxyhydroxides under acidic  conditions  (pH < 5)  (Dixit 

and Hering, 2003). As(III) oxidation is slow especially un- 
der acidic conditions (Eary and Schramke, 1990), but it 
can be catalyzed by diverse microorganisms including 

Thiomonas sp. (Ilyaletdinov and Abdrashitova, 1981; Sim- 

eonova et al., 2004; Bruneel et al., 2003; Battaglia-Brunet 

et al., 2006; Inskeep et al., 2007; Budinoff and Hollibaugh, 

2008). As both As(V) and As(III) can be sorbed (either 

adsorbed or coprecipitated) mostly by hydrous ferric oxi- 

des (Dixit and Hering, 2003; Ona-Nguema et al., 2005), 

variations in the composition of  microbial  communities 

and thus variations in the relative rates of As oxidation 

and mineral precipitation can lead to spatial and seasonal 

variations in arsenic speciation in the solid phases. Such 

variations have been documented by bulk EXAFS studies 

in the Carnoulès AMD, Gard, France (Morin et al., 2003; 

Morin and Calas, 2006). 

The  Carnoulès  AMD  results  from  the  percolation  of 

water through sulfide-rich mining tailings (Leblanc et al., 

1996). The acidic Reigous Spring (pH 2.5–4) that flows 

through the  mine  site  is  strongly  enriched  in  Fe  (0.5– 

1 g l—1), sulfate (1–3 g l—1), and arsenic (80–350 mg l—1) 

(Leblanc et al., 1996).  At 30 m downstream,  20–60% of 

the As has been removed by the formation of authigenic 

yellow to orange As-rich (up to 22 wt% As) sediments. 

These sediments are rich in ferric iron hydroxysulfates, 

whose structures have been investigated by Bigham et al. 

(1990), Carlson et al. (2002), and Morin et al. (2003). The 

formation of such precipitates is the major process respon- 

sible for trapping arsenic by coprecipitation in the Car- 

noulès  AMD  (Morin  et  al.,  2003),  and  it  has  also  been 

reported as a significant process for the removal of other 

heavy metals in other AMD systems (e.g., Clarke et al., 

1997). It has been proposed that microbes may play a sig- 

nificant role in this precipitation process either by catalyz- 

ing iron oxidation and/or  providing  nucleation  sites  for 

the precipitations of ferric hydroxysulfates (e.g., Clarke et 

al., 1997; Kawano and Tomita, 2001), but this latter phe- 

nomenon is less well understood. Several studies have char- 

acterized the diversity of microorganisms and of specific 

metabolic genes  in  AMD  systems  (e.g.,  Lopez-Archilla 

et al., 2004; Bruneel et al., 2006; Baker et al., 2006; Lo 

et al., 2007), and the spatial and temporal compositional 

and mineralogical  variations  using  bulk analyses  (Morin 

et al., 2003; Casiot et al., 2003, 2005). Other studies have 

developed models to identify the different abiotic and biotic 

actors involved in the evolution of As speciation (e.g., Laz- 

aroff et al., 1982; Bruneel et al., 2003; Duquesne et al., 2003; 

Wang et al., 2007). However, only a few studies have pro- 

vided chemical, mineralogical and biological data at the 

submicrometer spatial scale (e.g., Clarke et al., 1997; Ohnu- 

ki et al., 2004). Such data are needed to document the asso- 

ciation of organics with minerals in AMD systems and 

hence to reveal how microbes impact As cycling in such set- 

tings. These data could also provide potential biosignatures 

within mineral precipitates that could be looked for in the 

geological record of AMD systems and geothermal springs 

(e.g., Brake et al., 2002; Phoenix et al., 2005). However, few 

techniques provide information at this spatial scale on both 

organics and mineral phases. 

In this study, we have combined Scanning Transmis- 

sion X-ray Microscopy (STXM), which  allows  imaging 

and acquisition of near-edge X-ray Absorption Fine Struc- 

ture (NEXAFS) spectra at high spectral and spatial reso- 

lution (e.g., Bluhm et al., 2006; Yoon et al.,  2006; 

Benzerara et al., 2007), and Transmission Electron 

Microscopy (TEM) to explore the variations of As speci- 

ation in association  with  organic  polymers  and  bacteria 

at  the  30 nm  scale  in  samples  from  the  Carnoulès  AMD. 

We show that variations  of As  oxidation  state and  types 

of microorganisms and associated organics can be local- 

ized in heretofore unknown ways. Our observations sug- 

gest that in  addition  to  metabolic  redox  transformations 

of As, other biological processes may play a role in the 

precipitation   of   As–Fe-rich   phases   in   the   Carnoulès 

AMD. 

 
2. EXPERIMENTAL METHODS 

 
2.1. Site description and sampling 

 

The Carnoulès AMD, which is located on the southeast- 

ern border of the Massif central, Gard, France, has been 

extensively described by Leblanc et al. (1996), Morin et 

al. (2003) and Casiot et al. (2003). The mining activity, 

which  stopped in 1962  at this  site, resulted in about  1.5 

Mt of sulfide-containing mine tailings containing 0.7 wt% 

Pb, 10 wt% Fe, and 0.2 wt% As. The acidic Reigous Spring 

(pH 2.5–4) collects meteoric waters percolating through 

these tailing and yields the Carnoulès AMD. Due to dilu- 

tion effects, dissolved As concentrations (80–350 mg l—1) 

in the AMD are anticorrelated with the flow rate of the 

spring (0.2–1.3 l s—1), which varies as a function of rainfall, 

which, in turn, varies seasonally, with long drought periods 

in the summer and intense precipitation events in the spring 

and fall (Casiot et al., 2003). 

A systematic analysis of the mineralogy of the yellow to 

orange Fe- and As-rich deposits covering the bed of the 

creek was performed by Morin et al. (2003) using X-ray 



absorption spectroscopy, X-ray powder diffraction, and 

scanning electron microscopy. Massive microbial concre- 

tions characterized by stromatolite-like laminations, at 12 

and 38 m downstream from the acidic spring, mainly con- 

sist of nanocrystalline tooeleite, Fe6(AsO3)4(SO4)(OH)4, 

4H2O, a ferric arsenite hydroxysulfate mineral with a 

layered structure (Morin et al., 2007), mixed with minor 

amounts of X-ray amorphous As(III)– and As(V)–Fe(III) 

hydroxysulfates. The bed sediments show spatial and 

temporal variations and are composed mostly of tooeleite 

upstream (formed during the wet season), and of X-ray 

amorphous As(V)–Fe(III) hydroxysulfates downstream 

(formed during the dry season). 

In this study, we focused on two samples collected in 

July 2005: (i) sample C12Jul05 from the microbial concre- 

tion 12 meters downstream from the spring, which 

contains a mixture of tooeleite and X-ray amorphous As–

Fe(III) hydroxysulfates, as indicated by bulk XRD analyses 

(see Electronic Annex), and (ii) sample S32Jul05 

collected 32 meters downstream from the spring that 

contains primarily As(V)–Fe(III) hydroxysulfate in addition 

to bacteria and associated organics (see  Elec- tronic 

Annex). For STXM and TEM analyses, one drop of  a  

suspension  collected  in  the  Carnoulès  AMD  was 

deposited on the membrane of a lacey carbon-coated 

200 mesh copper grid a few hours after sampling and air-

dried. STXM  observations  were  performed  less  than 2 

weeks after sample collection. Cell lysis likely occurred 

during and after drying leading to  some  degradation  of 

cell internal structures; however, based on the present 

observations and numerous previous studies  using  the 

same sample preparation method (e.g., Benzerara et al., 

2004a; Yoon et al., 2004), it can be inferred that no mas- 

sive export of organics occurs over several micrometers 

between the preparation of the sample and  its  observa- 

tion. Bulk XRD and SEM analyses were also conducted 

on the same air-dried, centrifuged solids (see Electronic 

Annex). 

Model compounds used for interpreting As L3-edge 

spectra  of  the  Carnoulès samples  included  crystalline  too- 

eleite from Tooele County, Utah (Cesbron and Williams, 

1992; Morin et al., 2003 and Morin et al., 2007), X-ray 

amorphous As(V)–Fe(III) hydroxysulfate synthesized by 

Thiomonas sp. (sample B1 from Morin et al., 2003), crystal- 

line scorodite (FeAsO4 2H2O), as well as commercial crys- 

talline sodium arsenite (AsNaO2) and sodium hydrogen 

arsenate (Na2HAsO4). 

 
2.2. Scanning transmission X-ray microscopy (STXM) 

 
STXM observations were performed at the Advanced 

Light Source (ALS) (Lawrence Berkeley National Labora- 

tory) on branch line 11.0.2.2 following the same procedures 

described in Yoon et al. (2004) and Bluhm et al. (2006). 

During our measurements, the ALS storage ring operated 

at 1.9 GeV and 200–400 mA stored current. A 1200 l/mm 

grating and 40 lm exit slit were used for carbon imaging 

and spectroscopy, providing a theoretical energy resolution 

of 72 meV. A 1200 l/mm grating and 30 lm exit slit were 
used for iron imaging and spectroscopy, providing a theo- 

retical energy resolution of 160 meV. A 1200 l/mm grating 

and 30 lm exit slit were used for arsenic imaging and spec- 

troscopy,  providing  a  theoretical  energy  resolution  of 

400 meV. Energy calibration was accomplished using the 

well-resolved 3p Rydberg peak at 294.96 eV of gaseous 

CO2  for  the  C  K-edge,  the  major  peak  of  hematite  at 

709.5 eV for the Fe L2,3 edges, and the second major As L3-

edge peak of scorodite at 1329.8 eV. The experimental 

protocols for  STXM  data  acquisition  and  analysis  that 

we used can be found in Hitchcock (2001) and Jacobsen 

et al. (2000). Observations were first made at the C K-edge, 

then at the Fe L2,3-edges, then at the As L3-edge. NEXAFS 

spectra were obtained by performing mostly line scans on 

reference compounds and mostly stack images for sample. 

Image stacks and line scans are collected by scanning the 

sample in x–y direction (image stack) or x direction (line 

scan)  of  selected  sample  areas  at  energy  increments  of 

0.1 eV for carbon, 0.15 eV for iron and 0.3 eV for arsenic 

over the energy range of interest (280–310 eV for carbon, 

700–730 eV for iron and 1315–1360 eV for arsenic). Here, 

x refers to the horizontal direction, y to the vertical direc- 

tion, and the x–y plane to the plane perpendicular to the X-

ray beam. The stack image procedure thus consists of 

measuring the NEXAFS spectrum for a specific element 

on each pixel (one pixel can be as small as 30 nm) of the im- 

age. Counting times are of the order of few milliseconds or 

less per pixel. Normalization and background corrections 

of the As and Fe L2,3-edge and C K-edge NEXAFS spectra 

were performed by dividing each spectrum by a second 

spectrum from a Fe-, As-, or C-free location on the same 

sample. Enhanced contrast images were obtained by sub- 

tracting the image taken at an energy just above the absorp- 

tion edge of interest from another image obtained at an 

energy below the absorption edge of interest. 

 

2.3. Transmission electron microscopy, EDXS and EELS 

analyses 

 
In addition to the drop-deposited samples observed by 

STXM, ultrathin sections of the same samples were pre- 

pared for TEM observations by standard diamond knife 

ultramicrotomy.  Liquid  samples  collected  from  Carnoulès 

were fixed for 2 h in 1% glutaraldehyde at 4 °C, centri- 

fuged (6500 rpm), rinsed three times in a 0.1 M acetic acid 

buffer (pH 4.4) and left in the last rinsing solution for 18 h 

at 4 °C, then dehydrated (ethanol and propylene oxide) 

before embedding in an Epon resin (Epon 812). The fixa- 

tion step limits lysis of cell structures. Ultrathin sections 

(70-nm thick) were cut with a LEICA ultramicrotome 

(Ultracut E). Thin sections were  not stained.  Because of 

the potential modifications of the  mineralogy  resulting 

from this treatment,  we  characterized  the  minerals  only 

in the drop-deposited samples. It can be noted, however, 

that no significant difference was detected on the ultram- 

icrotomy and the drop-deposited samples  (e.g.,  Fig.  6A 

and C). 
TEM observations were carried out on a JEOL 2100F 

microscope operating at 200 kV, equipped with a field emis- 

sion gun, a high resolution UHR pole piece, and a Gatan 

energy filter (GIF 200). Energy dispersive X-ray spectrom- 



etry (EDXS) analyses were performed using a JEOL detec- 

tor with an ultrathin window that allowed detection of low- 

Z elements. The dwell time was optimized to acquire suffi- 

cient signal intensity and to limit beam damage. 

 
3. RESULTS 

 

3.1. Analysis of As speciation and mineralogy in Carnoulès 

samples at the nanoscale 

 
Fig. 1 shows the As L3-edge NEXAFS spectra of refer- 

ence mineral phases containing either arsenite, As(III)O3
3—, 

or arsenate, As(V)O4
3—. The energy position of the second 

peak in the L3-edge of scorodite was arbitrarily fixed at 

1329.8 eV and was used as an energy calibration standard. 

The As L3-edge spectra of As(III)-containing solids show a 

single peak at 1326.2 eV, while an additional peak  at 

1329.8 eV can be observed for As(V)-containing phases. 

As L2,3-edge spectra were acquired consecutively as a func- 

tion of time on the same area, and no changes in the spectra 

were detected with increasing spectral acquisition time, 

indicating the absence of  X-ray  beam-induced  oxidation 

or reduction during data acquisition. The XANES spectra 

at the L3-edge are thus sensitive to the redox state of As, 

and no significant difference were observed among the arse- 

nite-containing reference compounds or among those con- 

taining arsenate. Based on the spectroscopic differences 

between arsenite- and arsenate-bearing compounds, their 

spatial distribution could be assessed by energy-filtered 

imaging at a spatial resolution of less than 100 nm in Car- 

noulès samples. 

Fig. 2 shows the image of a cluster of mineral particles in 

sample C12Jul05 taken at an energy below the As L3-edge 

(1320 eV). By taking STXM images at different energies 

(i.e., below the As L3-edge at 1320 eV, at 1326.8 eV 

(absorption peak for both arsenite and arsenate) and at 

1329.8 eV (absorption peak for arsenate only) and measur- 

ing the variations in X-ray absorption at these different 

energies, it was possible to infer the spatial distribution of 

total arsenic, arsenite, and arsenate in this cluster (Fig. 2). 

NEXAFS spectra measured at the As L3-edge confirmed 

that most of the cluster is composed of an As(III)-contain- 

ing phase while a small portion of the sample located on the 

bottom left of Fig. 2 is composed of an As(V)-containing 

phase (Fig. 2E). NEXAFS spectra were extracted  from 

stack images obtained on the same cluster at the Fe L2,3 

edges and showed that the two different areas contain only 

Fe(III) (Fig. 2F). The same cluster was located and ana- 

lyzed by TEM (Fig. 2G), which provided complementary 

information with higher spatial resolution images, multi- 

elemental analyses by EDXS, and crystallographic informa- 

tion by electron diffraction. The As(III)-rich area detected 

by STXM is composed of very fine-grained, platy crystal- 

line phases containing As, S, and Fe and showing lattice 

spacings at 3.2 Å  (Fig. 2H). These phases where highly sen- 

sitive to the electron beam and the acquisition of electron 

diffraction patterns required very low electron doses in or- 

der to prevent them from becoming amorphous almost 

instantaneously. All of these observations, taken together, 

are consistent with this phase being tooeleite, a layered min- 

eral  identified  in  nanocrystalline  form  in  the  Carnoulès 

AMD by Morin et al. (2003, 2007). The As(V)-rich area de- 

tected by STXM (Figs. 2 and 3) is composed of clusters of 

100–200 nm particles which are amorphous by electron dif- 

fraction and contain Fe, S, and As (Fig. 2I). These mineral 

phases are similar in morphology, chemical composition, 

and As redox state to the As(V)–Fe(III) hydroxysulfates 

from   the   Carnoulès   AMD   described   by   Morin   et   al. 

(2003). The same analyses were performed on mineral clus- 

ters from sampleS32Jul05 (Fig. 3). Consistently with bulk 

analyses (see Electronic Annex), only Fe(III)–As(V)-con- 

taining phases were detected in this sample using STXM en- 

ergy-filtered imaging. 

 

3.2. Localization of microorganisms in Carnoulès AMD 

samples 
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The same samples were also imaged by STXM at the 

C K-edge. Microorganisms can be localized using the 

absorption of characteristic carbon functional groups 

(peptides) in proteins at 288.2 eV, which is the most 

prominent absorption  feature  in  the  NEXAFS  spectrum 

of microorganisms at the  C  K-edge  (e.g.,  Benzerara  et 

al., 2006). Peptide-bond maps were obtained on both 

Carnoulès  AMD  samples,  which  showed  two  morpho- 

types,  a  long  rods  up  to  4 lm  in  length  and  0.2 lm  in 

width  and  shorter  rods  around  2 lm  in  length  and 

Fig. 1. NEXAFS spectra of As(III)- and As(V)-containing refer- 

ence compounds at the As–L3 edge. Dashed lines indicate energy 

positions at around 1326.2 and 1329.8 eV, which are maximum 

absorption peaks of As(V). 

0.5 lm in width (Figs. 4–6). NEXAFS spectra were sys- 

tematically acquired at the C K-edge on these microor- 

ganisms (Figs. 4 and 5C) and were similar to the 

spectra from reference bacteria and archeal cells (Benzer- 
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hydroxysulfates (Casiot et al., 2003; Morin et al., 2003). 

This latter mechanism is thought to dominate downstream 

in the dry season and can explain the unique mineralogical 

composition of Carnoulès sample S32Jul05, which consists 

predominantly of As(V)–Fe(III) hydroxysulfates. In con- 

trast, the former mechanism is thought to dominate in the 

formation of the massive stromatolite-like concretions, 

which mainly consist of tooeleite (sample C12Jul05). In this 

study, the intimate association of minor amounts of As(V)– 

Fe(III) hydroxysulfates with tooeleite in this sample sug- 

gests either the coexistence of various metabolic activities, 

or of particulate transport and aggregation, following the 

formation of these phases. In such complex assemblages, 

simultaneous observation of microorganisms and minerals 

on the submicron scale may help in better localizing where 

the biomineralization processes occur. However, the detec- 

tion of microorganisms is usually difficult in highly miner- 

alized samples as shown by various attempts to do so by 

TEM studies (e.g., Benzerara et al., 2006). In contrast, 

STXM spectromicroscopy allows the detection of living 

and/or fossilized microorganisms by characterizing and 

mapping, within a mineral matrix, organic  functional 

groups comprising microbial cells (see, e.g., Benzerara et 

al., 2004a and Benzerara et al., 2006). This approach allows 

one to study whether there is a selective mineralization of 

microorganisms by specific mineral phases in the Carnoulès 

AMD as was proposed by Jones and Renaut (2007) in the 

Waiotapu geothermal springs (New Zealand). Such selec- 

tive  biomineralization  was  not  observed  in  the  Carnoulès 

AMD system as microorganisms were found to be inti- 

mately associated with both in the tooeleite and the As(V)–

Fe(III) hydrosulfate clusters. However, no inference on the 

identities of the microbial species can be made using 

NEXAFS spectra and only the observed morphologies can 

provide inconclusive hints. Although sequences similar to 

Gallionella ferruginea were dominant in the 16S rDNA li- 

braries obtained by Bruneel et al. (2006) from bacterial 

samples  collected  from  the  Carnoulès  AMD  system,  no 

stalk-like compounds that are commonly observed in Gal- 
lionella-rich environments,  were  observed  (e.g.,  Chan et 

al., 2004; Hallberg and Ferris, 2004). Although epifluores- 

cent microscopy and fluorescent in situ hybridization 

(FISH) are powerful tools to locate specific microbial tax- 

ons in AMD samples at the micrometer-scale (e.g., Lo- 

pez-Archilla et al., 2004; Bouchez et al., 2006), these 

techniques are limited regarding the achieved spatial resolu- 

tion and the chemical information provided about associ- 

ated mineral phases. However, a combination of 

epifluorescent microscopy, STXM, and TEM on the same 

samples (e.g., Lawrence et al., 2003) would provide the nec- 

essary information on the structure and composition of 

mineral-biofilm assemblages to infer correlations between 

specific microbial groups and mineral phases comprising 

the Carnoulès AMD system. 

Studying the biomineralization patterns of microorgan- 

isms  in  the  Carnoulès  AMD  system  is  of  interest  because 

such patterns can help in determining if they can serve as 

nucleation sites for the formation of As-rich phases and if 

the biominerals exhibit unique textures that  could  be 

looked for in the fossil record of acidic As-rich environ- 

ments (e.g., Brake et al., 2002; Baker and Banfield, 2003). 

Some previous studies have investigated the role of micro- 

organisms in the precipitation of hydroxysulfates in both 

acid mine drainage (Clarke et al., 1997) and hydrothermal 

environments (Inskeep et al., 2004). Clarke et al. (1997) 

investigated the precipitation of Zn-rich ferric hydroxysul- 

fates on microorganisms in AMD lagoon sediments. They 

observed precipitates within the polysaccharide-rich capsule 

surrounding the bacteria and on the outer cell walls and 

concluded that  bacteria  facilitated  mineral  precipitation. 

In Beowulf Spring at Yellowstone National Park, Inskeep 

et al. (2004) showed that most of the iron-arsenic hydroxy- 

sulfate precipitates in the sediments they collected were 

associated with microbial filaments reminiscent of some Fe-

oxidizing bacteria that produce sheaths. Interestingly, Foster 

and Ashley (2002) showed that different types of mats 

dominated by cyanobacteria or by Leptothrix, seques- ter 

arsenic in different ways by sorption on polysaccharides or 

Fe-oxyhydroxides, respectively. In the Carnoulès AMD 

system, however, we have shown that microbes are fre- 

quently encrusted by minerals but that most of the Fe– As-

containing precipitates were not directly associated with 

microbial cells. Culture- and molecular-based analyses of 

the  microbial  diversity  of  the  Carnoulès  AMD  system  as 

well as mineral precipitation experiments using microcosms 

suggest that microorganisms play a major role in the forma- 

tion of these phases but that they are not the major nucle- 

ation sites (Casiot et al., 2003; Morin et al., 2003). 

It is interesting to consider the diversity of the biominer- 

alisation patterns that can be observed in thin sections and 

to compare them with observations made by Inskeep et al. 

(2004). Similar to what this earlier study reported for sam- 

ples from Yellowstone National Park, we observed in the 

Carnoulès AMD samples many cross- and longitudinal sec- 

tions of cells showing isolated spheres of Fe–As–S-rich pre- 

cipitates agglomerating outside the cell wall and forming, in 

some cases, thick continuous layers around the cells (Fig. 

6C). In addition to these biomineralization patterns, we 

sometimes observed cells surrounded by a texturally more 

homogeneous mineralized crown of nearly constant thick- 

ness of around 50 nm (Fig. 6B). Such biomineralization 

patterns can be compared tentatively with those observed 

by Benzerara et al. (2004b) for an experimentally calcified 

Gram-negative bacterium in  which  calcium  phosphates 

had precipitated within the periplasm, forming a crown of 

nearly constant thickness of around 30 nm. The biological 

processes responsible for the precipitation of calcium phos- 

phates within the periplasm of some Gram-negative bacte- 

ria are not yet understood; however, the similar chemical 

behavior of arsenate compared to phosphate suggests that 

similar mechanisms might be involved. Alternatively,  all 

the precipitates that  are  observed  may  be  extracellular 

and differences may relate to variations in the cell wall 

chemistry of different microorganisms. Moreover, on some 

cells, bulges of the mineralized crowns were frequently ob- 

served (Fig. 6). Those might be reminiscent of similar 

bulges observed by Obst et al. (2006) for calcifying cyano- 

bacterial cells and by Baker et al. (2006) for bacterial con- 

sortia from AMD systems. The observed variations of 

different biomineralization patterns might be related either 



to different growth stages of the same species or to differ- 

ences in the biomineralization processes between different 

species. Finally, some features were observed on the miner- 

alized cells for which we do not know an analog or origin, 

such as the electron dense twirled pattern observed in one 

of the bulges of a cross-section of a cell shown in Fig. 6B, 

or the two-layer pattern in Fig. 6A with one massive exter- 

nal layer lying on a thin fibrous internal layer. These obser- 

vations demonstrate that very fine ultrastructural  details 

can be fossilized in such As-rich environments similar to 

the ordered mosaics of proteins called S-layers that Phoenix 

et al. (2005) observed in Waiotapu hot springs (New Zea- 

land). Experimental biomineralization of different strains 

isolated from the Carnoulès AMD system would be inter- 

esting to perform in order to further investigate this issue. 

While some previous studies have stressed the ability of 

microorganisms to favor mineral precipitation (e.g., Clarke 

et al., 1997; Jones and Renaut, 2007), we observe in the 

Carnoulès samples that some precipitates are not associated 

with microbial cells (e.g., Fig. 7). Those are, however, asso- 

ciated with other organic compounds that might have a sig- 

nificant impact on their formation or subsequent behavior. 

Although the association of pervasive organics associated 

with the As(V)–Fe(III)-containing nanophases has not been 

observed prior to the present study, intimate intergrowths 

of polysaccharides and submicrometer-sized aragonite 

spheres have been detected in carbonate microbialites 

(e.g., Benzerara et al., 2006; Dupraz and Visscher, 2005). 

Whether these organic polymers have an origin exogenous 

to  the  Carnoulès  AMD  system  or  are  produced  by  the 

numerous indigenous autotrophic microbes found at Car- 

noulès cannot be determined from our spectroscopic data, 

which reveal only the main carbon functional groups com- 

prising them. Identification of these organics by bulk or- 

ganic geochemistry analyses, including mass spectrometry 

on purified fractions may help to better understand their 

origin. Chan et al. (2004) demonstrated that microbially de- 

rived organic polymers can provide nucleation sites in 

AMD systems and can lead to the formation of mineral 

phases that do not form away from these polymers. We sug- 

gest that organics in the Carnoulès AMD system might im- 

pact the nucleation and/or growth of the tooeleite and 

As(V)–Fe(III) hydroxysulfate phases in a similar way. 

Moreover, these polymers might modify the surface proper- 

ties of these As-containing phases and might foster their 

aggregation. Further experiments are however needed to 

address these possibilities. 

Finally, it has been shown that microbial dissimilatory 

ferric iron reduction can take place in acidic media  as 

AMD, involving a variety of heterotrophic acidophilic 

microorganisms (e.g., Johnson and McGinness, 1991; 

Bridge and Johnson, 2000; Baker and Banfield, 2003) that 

can use the organic carbon produced by autotrophic bacte- 

ria as electron donors (Clark and Norris, 1996). Moreover, 

anaerobic  ferric  iron  respiration  can  be  processed  by 

chemolithoautotrophic acidophilic bacteria such as Acidi- 
thiobacillus ferrooxidans under anoxic conditions (Pronk 

et al., 1991). While this metabolism has not been studied 

in  the  Carnoulès  AMD  system,  the  close  association  of 

the electron acceptors Fe(III) and As(V) with organic car- 

bon polymers in the amorphous Fe–As hydroxysulfate pre- 

cipitate might provide a suitable substrate for heterotrophic 

metabolisms, provided that the anoxic conditions for these 

metabolisms would occur. However, such reductive metab- 

olisms are not thought to constitute an alternative pathway 

for the formation of As(III)-containing phases in Carnoulès 

waters, since dissimilatory reduction of As(V) to As(III) has 

been only shown yet to be active in near-neutral and alka- 

line media (Macy et al., 1996; Newman et al., 1998; Stolz 

and Oremland, 1999; Gihring and Banfield, 2001; Orem- 

land and Stolz, 2003; Kocar et al., 2006; Lloyd and Orem- 

land, 2006). In contrast, processes involved in arsenic 

resistance, that are widespread in prokaryotes, and  are 

based on arsenate reduction and arsenite efflux (Rosen, 

2002), could favor the formation of As(III)–Fe(III) mineral 

phases, especially in the case of Acidithiobacillus ferrooxi- 
dans (Butcher et al., 2000; Duquesne et al., 2003). 

 

4.3. Vesicles 

 
The abundant mineralized vesicles detected on dried 

drops and on cross-sections in the Carnoulès AMD samples 

constitute another type of biomineral. While the discussion 

of their origin remains tentative, their resemblance in terms 

of texture and size to vesicles observed in several other stud- 

ies is striking. Such vesicles have been observed, for exam- 

ple, in association with lollingite (FeAs2) precipitation in 

hot springs in Japan (Tazaki et al., 2003). Such vesicles have 

been interpreted by these authors as parasitic or symbiotic 

bacteria. However, several lines of evidence indicate that 

they are not microbial cells. First, their size is smaller than 

that of any known bacterium. Moreover, the C K-edge 

NEXAFS  spectra  measured  on  the  Carnoulès  vesicles  are 

not consistent with that of a bacterium because the spectra 

do not show any contribution from proteins at 288.2 eV. 

Similar spherules with a low electron density have also been 

observed by Ohnuki et al. (2004) (see Fig. 5b) in the Gunma 

AMD (Japan), in the Iron Mountain AMD (Baker et al., 

2006), and in calcifying cultures of Gram-negative sulfate- 

reducing bacteria (Aloisi et al., 2006). While they could 

be lysis products of bacterial cells formed during biominer- 

alization (e.g., Benzerara et al., 2004b; Southam and Don- 

ald, 1999), we could also speculate that these vesicles 

resemble the outer membrane  vesicles  (OMV)  produced 

by a wide variety of Gram-negative bacteria (Beveridge, 

1999). These vesicles consist of outer membrane and peri- 

plasmic material and are released from the bacterial surface 

without loss of membrane integrity. It has been shown that 

they can be an abundant component of bacterial biofilms 

that has been overlooked until recently (Schooling and 

Beveridge, 2006; Matias and Beveridge, 2006). Some 

authors have proposed that they are released under condi- 

tions of stress (e.g., Nevot et al., 2006; McBroom and 

Kuehn, 2007), and it has also been suggested that they were 

used as new forms of secretions of various compounds such 

as virulence factors. The morphology of the vesicles (includ- 

ing their narrow size distribution) and the presence  of 

bulges of similar size on the microbial cells from the Car- 

noulès AMD system might be consistent with vesiculation 

patterns. 



Finally, although not unambiguous, the C K-edge 

NEXAFS spectrum measured on these vesicles is consistent 

with that of reference membrane-forming lipids such as 1,2- 

Diarachidonoyl-sn-Glycero-3-Phosphocholine measured by 

Dynes et al. (2006), with a major absorption feature at 

288.7 eV and another feature at 285.1 eV. Differences be- 

tween these spectra might be interpreted  either as  being 

due to a different C-containing molecule comprising the 

Carnoulès  vesicles  and/or  to  chemical  variations  subse- 

quent to biomineralization occurring in the Carnoulès ves- 

icles. Further studies using bacterial strains isolated from 

the  Carnoulès  AMD  system  will  be  needed  to  investigate 

the processes of biomineralization and to provide more 

definitive evidence for the potential involvement  of OMV 

in the formation of these vesicles. 

 

5. CONCLUSIONS 

 
This study presents a microscopic characterization of 

both organics and mineral phases in the Carnoulès AMD sys- 

tem, characterized by exceptional As concentrations in the 

dissolved and solid phases (Morin and Calas, 2006). Both 

As(III)- and As(V)–Fe(III) hydroxysulfate minerals (respec- 

tively, tooeleite and an amorphous phase) previously identi- 

fied as the main mineral phases of the Carnoulès sediments 

(Morin et al., 2003) were detected at the submicrometer-scale 

in intimate association with organic and biological compo- 

nents, by combining TEM and STXM at the As L3-edge anal- 

yses. Living and/or mineralized microbial cells were imaged. 

They were frequently associated with mineral precipitates, 

and a variety of biomineralization patterns were observed 

with precipitates forming either extracellularly  or  within 

the periplasm. Using STXM at the C K-edge, pervasive or- 

ganic carbon was detected in association with the mineral 

precipitates observed in the Carnoulès AMD. Finally, abun- 

dant biomineralized organic vesicles resembling the outer 

membrane vesicles produced by Gram-negative bacteria 

were documented and may represent a significant biominer- 

alization process in AMD systems. 
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APPENDIX A. SUPPLEMENTARY DATA 

 

SEM images, XRD and SAED pattern of the Carnoulès 

samples C12Jul05 and S32Jul05. Supplementary data asso- 

ciated with this article can be found, in the online version, 

at doi:10.1016/j.gca.2008.05.046. 
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