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Far-from-equilibrium steady-state basaltic glass dissolution rates were measured using newly developed
Bacterial Mixed-Flow Reactors (BMFR) at 25 °C. Experiments were performed in aqueous pH 4, 6, 8, and 10
buffer solutions with and without nutrients and in: 1) the absence of bacteria, 2) the presence of 0.1-
0.4 gyet/L dead Pseudomonas reactans, and 3) in the presence of 0.9-19.0 g.¢/L live P. reactans extracted
from a deep subsurface oxygen-bearing basaltic aquifer. The BMFR allows steady-state rate measurements
at constant concentrations of live or dead bacteria. Experiments ran for 30-60 days on a single basaltic
glass powder, initially at bacteria- and nutrient-free conditions until Si steady-state glass dissolution was
achieved. Then, in 2-4 steps, either live or dead P. reactans were added via nutrient-rich or nutrient-free
inlet solutions, and the flux of Si and other mineral constituents from the basaltic glass were measured
until a new chemical steady state was attained. Scanning Electron Microscope and X-ray Photoelectron
Spectroscopic techniques verified the presence of live bacteria on the basaltic glass surfaces through biofilm
formation, bacterial dissolution imprints, and enrichment of surface layers in Cand N. The presence of either
live or dead P. reactans lowers constant pH steady-state basaltic glass dissolution rates by no more than
~0.5 log units which is close to combined analytical and experimental uncertainties of the experiments.
The presence of bacteria did not cause any significant modification in trace element release rates from dis-
solving basaltic glass within the uncertainty of the measurements. Experiments in nutrient-rich solutions
yielded close to stoichiometric release of all major elements from basaltic glass at pH 6-8 likely as a result
of organic ligand complexation with aqueous Al and Fe, which would otherwise form hydroxy-precipitates.
As the results of this work suggest, at most, a small inhibiting effect of live or dead P. reactans on basaltic glass
dissolution rates, geochemical modeling of mineral reactivity in basaltic aquifers likely does not require explicit
provision for the presence of heterotrophic bacteria on basaltic glass reactivity.

© 2011 Elsevier B.V. All rights reserved.

Editor: J. Fein

Keywords:

Basaltic glass

Pseudomonas reactans
Mineral-bacteria interaction
Dissolution kinetics

Bacterial mixed-flow reactors
CO, sequestration

1. Introduction Hutchens et al., 2003; Edwards et al., 2004; Rogers and Bennett, 2004;

Wau et al., 2007, 2008; Hutchens, 2009; Uroz et al., 2009; Hutchens et

The role of bacteria on geochemical processes is receiving increasing
attention as it has become apparent that bacteria can act as both a
catalyst and an inhibitor of mineral precipitation and dissolution re-
actions (Ehrlich, 1981; Kalinowski et al., 2000; Ganor et al., 2009).
Numerous laboratory and field studies have shown that bacteria can
significantly affect alumino-silicate and metal oxide dissolution rates
at Earth-surface conditions (Bennett and Casey, 1994; Vandevivere
et al.,, 1994; Welch and Vandevivere, 1994; Grantham et al., 1997;
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al., 2010). These observations may be due to several and sometimes
competing effects including: a) fluid pH changes due to bacterial
acid production or proton consumption (Wu et al., 2007, 2008),
b) bacterial exometabolites and lysis production which may complex
aqueous ions at the mineral surface and in the fluid phase, thereby
changing the fluid saturation state with respect to the dissolving
solid and/or secondary minerals, c) metal adsorption on cell walls
(e.g. Fein et al., 1997) which together with aqueous metal complexation
can alter multi-oxide mineral dissolution rates due to their dissolution
mechanism (Gout et al., 1997; Oelkers and Schott, 1998; Schott
et al., 2009), and d) biofilm formation, composed of exopolysacchar-
ides (EPS), which could inhibit dissolution by blocking mineral sur-
face-fluid interface (Welch and Vandevivere, 1994; Lee and Fein,
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2000; Buchardt et al,, 2001; Hutchens et al,, 2010). Certain soil Gram-
positive bacteria have also been observed to promote silicate dissolu-
tion via acidic exopolysaccharide production (Belkanova et al., 1985,
1987; Malinovskaya et al., 1990). Due to the large number of bacteri-
al influenced processes effecting mineral dissolution rates, bacteria
may have distinct effects depending on its environment (Hutchens et
al., 2006). In addition, certain bacteria have been observed to diversify
their biofilm composition depending on the ions available to them
(Liermann et al., 2000b).

To further our understanding of bacterial-surface interaction, this
study reports basaltic glass dissolution rates in the presence and absence
of heterotrophic bacteria. Generally, one would expect a different effect
of bacteria on alumino-silicate reactivity compared to Al-free, Ca- and
Mg-bearing “basic silicate” reactivity due to their different dissolution
mechanisms (e.g., see Pokrovsky et al., 2009, 2010; Berner, 2010 for
recent discussion). Basaltic glass represents an intermediate case
between the alumino- and “basic” silicates, because its dissolution re-
quires removal of both Al, and Ca and Mg from the surface (c.f. Oelkers,
2001).

An additional motivation for this study is the potential for using
basalts for carbon storage via mineral carbonatization (c.f. Oelkers and
Schott, 2005; Oelkers et al., 2008a). This possibility is currently being
tested at the Hellisheidi geothermal power plant in Iceland (Gislason
et al,, 2010). Heterotrophic aerobic bacteria, extracted from groundwa-
ter collected from well HK-31 at the Hellisheidi power plant (see Fig. 1),
were used in this study of basaltic glass dissolution. Basaltic glass
contains a large variety of major and trace elements allowing direct
evaluation of the extent that weathering may be influenced by the
solid's nutritional potential (i.e. Bennett et al., 2001; Bailey et al.,
2009).

Despite the fact that basaltic glass leaching in biotic soil and marine
systems has been extensively investigated (Thorseth et al, 1992;
Benedetti et al., 2003 and references therein), there are few laboratory

studies of basalt and basaltic glass interaction with bacteria available
in the literature (Thorseth et al., 1995; Aouad et al., 2006; Wu et al.,
2007). These studies, however, used batch reactors, in which the reactor
fluid composition evolved continuously during the experiments. This
approach prevents the rigorous determination of the dissolution rates
required for the predictive modeling of water-rock interaction processes.
The present work is aimed at overcoming these limitations by performing
rate measurements in newly developed Bacterial Mixed-Flow Reac-
tors (BMFR). BMFR reactors allow determination of water-rock reac-
tion rates at constant bacterial concentrations and at steady-state
conditions. The purpose of this paper is to present the results of basaltic
glass dissolution rate measurements performed in these reactors and
to use these results to better understand the role of bacteria on these
rates.

2. Theoretical background

The standard state adopted in this study is that of unit activity of
pure minerals and H,O at any temperature and pressure. For aqueous
species other than H,O0, the standard state is unit activity of species in
a hypothetical 1.0 mol/kg solution referenced to infinite dilution at
any temperature and pressure. Thermodynamic calculations reported
in this study were performed using the PHREEQC 2.17 computer code
(Parkhurst and Appelo, 1999) together with its linl.dat and minteqv4.dat
databases. The thermodynamic properties of hydrated leached ba-
saltic glass with the composition, SiAlg3502 (OH); s, was added to the
minteqv4 database. The equilibrium constant (K) for the leached glass
dissolution reaction given by:

SiAly 350, (OH), 45 + 1.0SH" 4 0.95H,0 = 0.35A1" + H,Si0] (1)

was calculated from the stoichiometric sum of the equilibrium constants
of amorphous SiO, and amorphous Al(OH); hydrolysis reactions (see
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Fig. 1. Cross-section of the geological setting for the CO, injection at the Hellisheidi geothermal power plant in Iceland. The Pseudomonas reactans bacteria used for this study was
extracted from water collected from well HK-31 at 400-800 m depth. Well HN-02 is the CO, injection well, HN-01 is the groundwater source, and HN-04, HK-34, HK-31 and HK-26

are the monitoring wells.
Modified from Alfredsson et al. (2008).



GJ. Stockmann et al. / Chemical Geology 296-297 (2012) 1-18 3

Bourcier et al., 1990; Wolff-Boenisch et al., 2004b and references therein).
Log K for reaction (1) is calculated to be 1.07 and its corresponding
AH; to —22.47 kJ/mol at 25 °C.

Glass dissolution rates based on the release of the ith element (1 ;
;) were calculated from:

_ ACG f
rij= voAm (2)

where AC; stands for the concentration of the ith element in the outlet
fluid minus its concentration in the inlet fluid, fr refers to the fluid
flow rate, v; is a stoichiometric factor equal to the number of moles
of the ith element in 1 mol of the glass (assumed to contain one Si
atom), A; designates the specific surface area of the basaltic glass,
and m denotes the mass of glass used in the experiment. The index j
refer to rates calculated either using the measured BET surface area,
Aggr or the geometric surface area, Age,.

Consistent with the dissolution mechanism and rate equations
provided by Oelkers and Gislason (2001) and Gislason and Oelkers
(2003), surface area normalized far-from-equilibrium basaltic glass
dissolution rates can be quantified using:

a,3.,+ %
Tysij = k<aA13 ) 3)

where k denotes a rate constant, and j refer to rates normalized to either
the BET surface area, Aggr or the geometric surface area, Ageo. Eq. (3)
is based on the assumption that the rate-limiting step for basaltic
glass dissolution is the liberation of partially detached Si tetrahe-
drons formed by the exchange of one adjacent Al with three aqueous
protons (Oelkers, 2001; Oelkers and Gislason, 2001; Wolff-Boenisch
et al., 2004b, 2006; Schott et al., 2009). According to Eq. (3), basaltic
glass dissolution rates exhibit a U-shaped curve as a function of pH,
which reaches a minimum around pH 6-7 at 25 °C. At high pH, the
rates increase due to aqueous Al® © complexation with hydroxide ions
forming Al(OH)4 . Similar U-shaped dissolution rate versus pH curves
are found for other aluminum-containing silicates, i.e. feldspars
(Oelkers and Schott, 1998) and muscovite (Oelkers et al., 2008b). Any
complexing of aqueous Al>* at low pH with anions like F~ and SO3 —,
or organic molecules leads to increased basaltic glass dissolution rates
(Oelkers and Gislason, 2001; Wolff-Boenisch et al, 2004a, 2011;
Flaathen et al., 2010), whereas at high pH aqueous Al-OH complexing
is strong and the rates are relatively unaffected by other complexing
ions (Wolff-Boenisch et al., 2004a; Flaathen et al., 2010; Wolff-Boenisch
etal, 2011).

The elements released by basaltic glass dissolution in the pres-
ence of bacteria and exometabolites can a) remain free aqueous ions,
b) complex with cell exometabolites, ¢) adsorb on the bacteria surface,
d) be consumed and assimilated into bacteria cells and/or e) be seques-
tered by secondary minerals (Neaman et al., 2005a,b, 2006; Shirokova
et al., 2012). Bacterial surfaces contain large quantities of functional
groups including carboxyl, hydroxyl, and phosphoryl groups (Fein
et al., 1997), and exometabolites comprised of long organic sugar
molecules, together with pieces of lysed and dead bacteria cells. Both
surface complexes and exometabolites could affect mineral dissolution,
through complexing with the aqueous Al** and divalent cations,
primarily Ca?*, Mg?* and Fe? . Complexing aqueous AI>* could lead
to increased dissolution rates of basaltic glass at low pH as described
by Wolff-Boenisch et al. (2004a) and Flaathen et al. (2010), whereas
bacterial surface adsorption or intracellular consumption of divalent
cations would decrease element availability for secondary mineral
precipitation. Surface passivation via binuclear or multinuclear complex
formation is another possible rate inhibition mechanism of microorgan-
isms and their exometabolites and lysis products.

3. Material and methods
3.1. Basaltic glass

The basaltic glass used in this study was collected from the Stapa-
fell Mountain in Southwest Iceland and is the same material as was
previously described by Oelkers and Gislason (2001), Gislason and
Oelkers (2003), and Stockmann et al. (2011). A size fraction of
45-125 pm basaltic glass was used for all experiments performed in
this study. The grinding, sieving, and cleaning procedures of this
glass powder were described in detail by Stockmann et al. (2011).
The chemical composition of the basaltic glass, as determined by X-ray
Fluorescence analysis, is listed in Table 1 and is consistent with the
formula: Sij.00 Alo.3so Feo.187 MNgo03 Mgo.292 Cao.263 Nag.o76 Ko.oo7
Tio.024 Po.ooa O3.371. The Fe? ©/Fe3*-ratio of this glass was not deter-
mined, but Oelkers and Gislason (2001) reported iron in Stapafell basaltic
glass to be predominantly Fe? *. Trace element analysis is included in
Table 1 and selected trace elements were chosen to test the effect of
bacteria uptake and absorption in this study.

The specific surface area, Aggr, of the cleaned basaltic glass powder
was determined to 5878 +400 cm?/g by the multi-point krypton
adsorption BET method, and the geometric surface area, Ageo, Was
calculated to 251 cm?/g (Stockmann et al., 2011). Dividing the BET
surface area by the geometric yields a roughness factor of 23. Surface
roughness and fine-scale porosity within the glass are the likely
reasons for the higher BET surface area compared to the geometric
surface area. Dissolution rates of basaltic glass based on both BET
and geometric surface areas are reported in this study. However, BET
dissolution rates are shown in figures to be consistent with previous
reports of abiotic basaltic glass dissolution (Oelkers and Gislason,
2001; Gislason and Oelkers, 2003; Stockmann et al., 2011). Additional
BET measurements were performed on the basaltic glass at the end of
selected experiments to assess if the dissolution in the presence of
bacteria had dramatically affected surface areas.

3.2. Bacterial culture

Bacteria were extracted from groundwater collected from well
HK-31 at the Hellisheidi power plant from 400 to 800 m depth (see
Fig. 1). Water chemistry data from HK-31 at the time of sampling is
provided in Table 2. Heterotrophic aerobic Gram-negative strain of
Pseudomonas reactans (called HK 31.3), as identified by DNA extracting
(UltraClean® Microbial DNA Isolation Kit MO BIO) and 16S rRNA
gene amplifying (Shirokova et al., 2012), was separated and purified

Table 1
Chemical composition of basaltic glass from the Stapafell Mountain, SW Iceland.
Results of X-ray fluorescence analysis (XRF).

Major Weight Trace elements
elements *° %
ppm ppm ppm ppm

Si0, 48.55 Ag 0031 Hf 189 Sr 201 Cs <01
Al;04 14.43 As 0126 Hg 0004 Ta 0717 Pr 342
Ca0 11.94 Au 0.005 Li 427 Te 0016 Nd 151
Fe,0; 12.08 B 106 Mo 0901 Th 0944 Sm 3.74
FeO - Ba 796 Nb 155 Tl 0011 Eu 131
K>0 0.274 Be 0704 Ni 153 U 0248 Gd 426
MgOo 9.51 Bi 0008 Pb 0841 V 296 Tb  0.653
MnO 0.192 Cd 0147 Rb 684 W 0253 Dy 417
Na,0 191 Co 519 Re 0001 Y 216 Ho 0817
P,05 0.199 Cr 646 S 326 Zn 162 Er 251
TiO, 1.570 Cu 1362 Sb 0054 Zr 953 Tm 0345

Ga 155 Sc 404 la 119 Yb 215
Total 10000 Ge 190 Sn 192 Ce 263 Lu 0331

¢ Major elements were re-analyzed at the University of Edinburgh, 2011 and thus
differs slightly from values in Stockmann et al. (2011).

b Fe,05 represents total Fe in the glass. Oelkers and Gislason (2001) determined Fe
to be predominantly Fe? * in Stapafell basaltic glass.
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Table 2

Water chemistry data for well HK-31 at Hellisheidj,
Iceland.

source: Shirokova et al. (2012) except for O, which was
obtained by H.A. Alfredsson (personal comm., 2011).

PHexit 9.44
Texit 18.2°C
Na 46 mg/1
Si 16 mg/1
Ca 3.6 mg/l
Mg 0.6 mg/1
Al 50 pg/l
Fe 8 g/l
0, 0.081 mmol/L
DOC 0.44 ppm

using agar plate technique and cultured under laboratory conditions
in nutrient broth-rich (NB) media. P. reactans is a common rod-
shaped groundwater and soil bacteria averaging 2 um in size; it has
already reported to occur in underground Siberian water repositories
(Nazina et al,, 2006, 2010). A further description of P. reactans is provid-
ed by Shirokova et al. (2012). Freshly-grown bacterial cultures having
the identical age, physiological, and initial nutritional status were used
in all experiments.

Dead (heat-killed) cells were produced via autoclaving a freshly
grown bacterial biomass for 30 min at 130 °C, followed by thorough
rinsing in sterile 0.1 M NaCl. Although the heat-killing procedure can
significantly modify the cell surface structure, it still remains a widely
used method for producing biological control material (e.g. Ngwenya,
2007; Martinez et al., 2008; Pokrovsky et al., 2008; Kenward et al.,
2009; Martinez et al., 2010). Scanning electron and optical microscopic
examination showed that heat-killed cells maintained their integrity
and shape after heat treatment. Inactivated cells were produced
using 0.01 M sodium azide (NaN3) during selected experiments.
The use of NaN3 as metabolic inhibitor for heterotrophic bacteria is
well established in the literature (i.e., Urrutia Mera et al., 1992;
Johnson et al., 2007).

Active bacteria number counts (colony forming-units, CFU/mL)
were performed using Petri dish inoculation on nutrient agar (0.1,
0.2, and 0.5 mL of sampled solution in three replicates) in a laminar
hood box. Inoculation of blanks was routinely performed to assure
the absence of external contamination. The biomass of live bacteria
suspensions was also quantified by measuring wet (after it was cen-
trifuged 15 min at 10,000 rpm) and freeze-dried weight in duplicates.
The conversion ratio wet/freeze-dried weight of the studied microor-
ganisms is equal to 8.4+ 0.5. The conversion factor of optical density
(600 nm, 10 mm path) and wet biomass (gwet/L) to the cell number
(CFU/mL) was equal to (54 1) x 108 and (8.041.5) x 107, respectively
as determined by triplicate measurements. Live biomass concentration
during BMFR experiments ranged from 0.9 to 19 g,./L. Before the
preparation of the inlet fluid for BMFR experiments, cells were rinsed
twice in either the appropriate fresh culture media or a sterile 0.1 M
NaCl solution using centrifugation with ~500 mL of solution for 1 g of
wet biomass, to remove adsorbed metals and cell exudates from the
surface.

3.3. Dissolution rate experiments in Bacterial Mixed-Flow Reactors (BMFR)

Steady-state basaltic glass dissolution rates were obtained at distinct
fluid compositions and pH using a Bacterial Mixed-Flow Reactor
(BMFR) system; the design of this system is shown in Fig. 2. This system
consists of a 40 ml mixed-flow reaction vessel immersed in a water bath
held at a constant temperature of 25.0 4 0.5 °C. This reactor is fitted
with 10 or 20 pm poresize Magna Millipore Nylon outlet filters to
allow bacteria to pass while retaining the 45-125 um glass powder in
the reactor. This reactor system thus maintained a constant biomass
concentration in the reactor, equal to that of the inlet fluid. The input
fluids were kept in 1L polypropylene bottles closed with Biosilico®
ventilated caps. These fluids were stirred continuously during the ex-
periments and were changed typically each 7 days. This allowed main-
tenance of a constant and stable stationary phase bacterial culture in the
bacteria-bearing inlet fluids. Bacteria concentration was verified by pe-
riodic sampling of inlet and outlet fluids for cell optical density (total
biomass) and live cell numbers (via agar plate counting). Prior to each

Inlet solutions with bacteria
NaAcetate/NaCl ~ MES buffer NaHCO, NaHCOg/NayCO3

pH 4 pH 6 pH 8 pH 10
- - - -
[ I ]
Magnetic stiring |plate
- J
( /
J
Flowrate
0.02-0.2 ml/min
Pump Fluid outlets
N
— P [
16 R
10 or 20 pminlet filters “ “ “ “
=T TdT 1o
40 ml mixed-flow reactors [— —]
with 0.5-1 gram of basaltic glass Magnetic stiring plate

Fig. 2. Reactor system used for the experiments performed in this study. Inlet solutions containing bacteria were continuously stirred to keep solutions homogenous. Outlet solutions
passed through 10 or 20 um filters, which allow bacteria to pass while retaining the basaltic glass powder.
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Table 3a

Summary of experimental results at steady state for all the basaltic glass dissolution experiments performed in this study. All experiments were performed at 25 °C.
Exp.® mpg Sper Fr Duration pHi,  pHou Bact;,” Bact.  Nutrj, Bactoy”  DOCou [Si]? (Al [ca]? [Mg]¢ [Fe]d

— - o T . status©
(8) (m?) (g/min) (days) (Mgwe/L) (%) (CFU/mL)  (mg/L) (umol/kg) (umol/kg) (umol/kg) (umol/kg) (umol/kg)

4-1 1.00 0.59 0.03 15 407 433 0 0 36.57 15.64 22.95 26.75 10.8
4-2 097 0.57 0.02 14 458 4.63 100 Dead 0 17.19 1.85 b.d. 3.99 0.61
4-3 097 057 0.03 11 428 458 430 Dead 0 10.79 1.38 530 2.80 043
4-4° 089 053 0.02 22 418 744 700 Live 0 1.0E+07 11.14 0.39 217 4.70 0.22
6-1 052 030 033 4 586 592 0 0 0.60
6-2 052 030 021 3 581 598 0 0 0.84
6-3 052 030 0.21 3 622 638 0 1 0.58
6-4 052 030 0.21 6 633 644 O 10 1.30
6-5 094 055 023 7 605 604 O 0 1.98 0.06 0.51
6-6 094 055 0.22 9 6.12 615 118 Dead 0 0.63 0.06 0.21
6-7 094 0.55 022 4 6.12 6.17 100 Dead 0 0.62 0.11
6-8 094 055 022 2 6.16 6.19 198 Dead 0 0.68
6-9 094 055 022 15 640 635 368 Dead 0 b.d. 0.21 0.87
6-10 1.05 0.62 0.02 21 6.10 619 O 0 13.10 0.14 5.09 3.29 0.04
6-11 1.00 0.59 0.02 26 6.23 632 200 Dead 0 b.d. b.d. b.d. 0.92 0.004
6-12  1.00 0.59 0.02 11 6.10 624 430 Dead 0 6.72 0.04 6.71 1.46 b.d.
6-13¢° 094 0.55 0.02 22 6.08 6.02 700 Live 0 2.8E+407 445 0.58 b.d. 3.75 0.15
E5-1 098 0.57 0.02 8 nm. 659 0 0 23.00 0.67 7.29 7.24 0.93
E5-2 098 0.57 0.02 7 nm. 622 870 Live 0 6.0E+07 15.90 0.29 114 2.80 0.34
E5-3 098 0.57 0.02 12 nm. 7.15 6500 Live 0 8.51 0.52 9.63 2.80 0.70
E3-1 1.03 0.61 0.02 13 nm. 743 0 10 18.16 6.38 7.56 11.44 2.22
E3-2 1.03 0.61 0.02 12 nm. 7.78 8900 Live 10 9.0E 408 18.65 345 5.89 5.06 217
E3-3 1.03 0.61 0.02 6 nm. 7.62 12,000 Live 10 19.19 1.96 6.69 6.05 2.20
8-1 050 03 042 4 792 792 0 0 1.23
8-2 050 03 0.28 3 794 791 0 0 1.18
8-3 050 0.3 0.28 3 783 734 0 1 0.79
8-4 050 0.3 0.28 6 789 767 0 10 0.46
8-5 096 0.56 0.26 7 855 837 0 0 341 1.19 0.81
8-6 096 0.56 0.26 9 846 824 12 Dead 0 241 0.78 0.49
8-7 096 0.56 0.26 4 833 804 70 Dead 0 1.70 0.40
8-8 096 0.56 0.26 2 855 804 195 Dead 0
8-9 096 0.56 0.25 13 8.10 8.01 368 Dead 0 0.59 0.26 0.83
8-10 1.01 0.59 0.03 21 855 889 0 0 28.32 10.53 232 5.54 0.89
8-11 099 0.58 0.03 26 8,57 863 200 Dead 0 11.57 2.53 0.56 3.13 0.05
8-12 099 0.58 0.02 11 836 861 430 Dead 0 34.43 1.10 125 5.06 b.d.
8-13° 098 0.58 0.02 22 853 793 700 Live 0 2.5E4+08 18.0 1549 3.37 4.05 8.83 1.56
E6-1 1.06 0.63 0.02 8 nm. 899 00 0 21.41 6.82 3.77 7.49 0.48
E6-2 1.06 0.63 0.02 7 nm. 874 870 Live 0 83E+07 84 18.69 434 9.31 5.80 0.70
E6-3 1.06 0.63 0.02 12 nm. 848 6500 Live 0 333 18.37 247 4.84 745 0.20
E4-1 1.16 0.68 0.02 13 nm. 802 00 10 20.54 3.26 6.54 5.72 1.83
E4-2 1.16 0.68 0.02 12 nm. 806 8900 Live 10 17.87 2.15 4.37 6.01 1.34
E4-3 1.16 0.68 0.02 6 nm. 790 19,000 Live 10 18.65 247 4.69 13.04 2,61
10-1 099 058 0.03 15 1005 999 O 0 117.89 3147 8.51 18.2 1.07
10-2 093 055 0.03 14 10.02 9.83 100 Dead 0 100.99 2331 13.65 14.92 1.04
10-3 093 055 0.03 11 994 9.01 430 Dead 0 68.81 11.60 11.88 8.38 1.40
10-4° 080 047 0.02 22 10.11 835 700 Live 0 33E4+07 175 14.99 6.31 5.10 68.35 0.39

n.m.: not measured.
b.d.: below detection limit.

2 Each experimental series is denoted by the solid horizontal lines drawn in the table.

Concentration of Pseudomonas reactans in inlet (Bact;,) and outlet (Bact,y) solution measured in mgy./L and colony-forming units (CFU/mL), respectively.

Dead Pseudomonas reactans (dead) plus NaNj3 or live Pseudomonas reactans (live) 4 nutrient broth was added to the inlet solution.

Concentration of element determined from its concentration in the outlet fluid minus its concentration in the inlet fluid.

The amount of Si, Al, Ca, Mg and Fe in the inlet solutions is estimated from the concentration of these ions in experiments with the same inlet electrolyte and bacteria

b
c
d

e

concentration.

experiment, all reactor system parts including tubing were sterilized at
130 °C for 30 min and rinsed with sterile MilliQ water.

The experiments conducted within in this study can be divided
into three categories 1) bacteria- and nutrient-free, 2) dead bacteria
in nutrient-free media, and 3) live bacteria. Live bacteria experiments
can further be subdivided into two categories: 3a) nutrients added
and 3b) no nutrients added. Experiments were performed in series.
At the beginning of each series 0.5-1 g of fresh basaltic glass powder
was added to the reactor system. A sterile bacteria-free fluid was
injected into the reactor at a constant flow rate until a steady-state

outlet fluid composition was attained. This provided a reference point,
to compare results with subsequent bacteria-bearing dissolution exper-
iments. Once steady state was attained, live or dead bacteria + nutrients
or sodium azide (NaN3) were added to this inlet solution. Sodium
azide was added to the inlet fluids containing dead bacteria to avoid
any possible external contamination and bacterial growth during the
experiment. Additional live or dead bacteria were added to the inlet
fluid after a second steady-state element release rate was attained.
This step was repeated until the experimental series was stopped.
To assess the effect of nutrients on rates, a 1:10 diluted Aldrich nutrient
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Table 3b
Steady-state dissolution rates, log (r.,;/(mol/cm?/s)) for basaltic glass at 25 °C determined in the present study.

Exp. PHout Bact;,”  Bact, Nutry, A*9¢ Log Log Log Log Log Log Log Log Log Log
a N status ©

(25°C) (mg/L) (%) (kJ/mol)  ry siper T4 sigeo '+ ALBET 't Algeo I'ycaBeT  Tcageo T+ MgBET  I'+Mggeo  I'+FeBET 't Fegeo
4-1 433 0 0 18.15 —1457 —1320 —1448 —1311 —1419 —1282 —14.17 —1280 —1437 —13.00
4-2 4.63 100 Dead 0 —1494 —1357 —1545 —14.08 —15.04 —1367 —1566 —14.29
4-3 4.58 430 Dead 0 —1510 —1373 —1554 —14.17 —1483 —1346 —1516 —1379 —1578 —1441
4-4 7.44 700 Live 0 —-1511 —-13.74 —16.11 —1474 —1524 —1387 —1495 —1358 —16.09 —14.72
6-1 5.92 0 0 23.46 f —1496 —13.59
6-2 598 0 0 2220 —1501 —13.64
6-3 6.38 0 1 —15.18 —13.81
6-4 6.44 0 10 —1483 —13.46
6-5 6.04 0 0 21.40 & —1487 —1350 —1593 —14.56 —14.93 —13.56
6-6 6.15 11.8 Dead 0 —1537 —1400 —1594 —14.57 —15.32 —13.95
6-7 6.17 100 Dead 0 —1538 —1401 —1568 —14.31
6-8 6.19 198 Dead 0 —1535 —13.98
6-9 6.35 368 Dead 0 —1540 —14.03 —14.71 —13.34
6-10 6.19 0 0 15.81% —1509 —13.72 —1659 —1522 —1492 —1355 —1516 —1379 —1688 —15.51
6-11 632 200 Dead 0 —1575 —1438 —1792 —16.55
6-12 6.24 430 Dead 0 —1547 —1410 —1723 —1587 —14.89 —1352 —1559 —14.22
6-13  6.02 700 Live 0 —1557 —1420 —16.00 —14.63 —15.11 —1374 —1631 —1494
E5-1  6.59 0 0 13.18 ¢ —1487 —1350 —1595 —1458 —1479 —1342 —1484 —1347 —1554 —14.17
E5-2 622 870 Live 0 —15.06 —1369 —1634 —1497 —1462 —1325 —1528 —1391 —16.00 —14.63
E5-3 715 6500 Live 0 —1531 —1394 —16.06 —1469 —1467 —1330 —1525 —13.88 —1566 —14.29
E3-1 743 0 10 —1500 —1363 —1500 —1363 —1480 —1343 —1467 —1330 —1519 —13.82
E3-2 778 8900 Live 10 —1499 —-1362 —1527 —1390 —1491 —1354 —15.02 —13.65 —1520 —13.83
E3-3  7.62 12,000 Live 10 —1500 —13.63 —1553 —1417 —1488 —1351 —14.97 —1360 —1521 —13.84
8-1 7.92 0 0 2317 ° —1453 —13.17
8-2 7.91 0 0 2334 —1473 —13.36
8-3 7.34 0 1 —1490 —13.53
8-4 7.67 0 10 —1513 —13.76
8-5 8.37 0 0 20.72 —1458 —1321 —1458 —13.21 —1467 —13.30
8-6 8.24 12 Dead 0 —1473 —1336 —1476 —1340 —1489 —13.52
8-7 8.04 70 Dead 0 —1489 —1352 —15.06 —13.69
8-8 8.04 195 Dead 0
8-9 8.01 368 Dead 0 —1536 —1399 —1526 —13.89 —1467 —13.30
8-10 8.89 0 0 16.50 —1470 —1333 —1468 —1331 —1521 —1384 —1488 —13.51 —1548 —14.11
8-11 8.63 200 Dead 0 —-1508 —13.71 —-1529 —1392 —1582 —1445 —-1512 —13.75 —1672 —15.35
8-12 861 430 Dead 0 —1473 —1336 —1577 —1440 —1459 —1322 —15.03 —13.66
8-13 793 700 Live 0 —1499 —1362 —1520 —1383 —1499 —1362 —1470 —1333 —1526 —13.89
E6-1 899 0.0 0 16.15 —1492 —1355 —1496 —1359 —1510 —1373 —1484 —1347 —1584 —1447
E6-2 874 870 Live 0 —1496 —1359 —15.14 —1377 —1468 —1331 —14.93 —1356 —1566 —14.29
E6-3 848 6500 Live 0 —1495 —1358 —1536 —1399 —1495 —1358 —14.381 —1344 —16.18 —14.81
E4-1 8.02 0.0 10 —15.00 —13.63 —1534 —1397 —1491 —1354 —15.02 —1365 —1532 —1395
E4-2 8.06 8900 Live 10 —15.08 —13.71 —1554 —1417 —-1511 —1374 —15.02 —13.65 —1548 —14.11
E4-3  7.90 19,000 Live 10 —-1508 —13.71 —1551 —1414 —1510 —1373 —1470 —1334 —1521 —13.84
10-1  9.99 0 0 16.44 —1406 —1269 —14.18 —1281 —1462 —1325 —14.33 —1296 —1537 —14.00
10-2 9.83 100 Dead 0 —1411 —-1275 —1430 —1293 —1440 —13.03 —1441 —13.04 —1537 —14.00
10-3  9.01 430 Dead 0 —1426 —1289 —1458 —1321 —1445 —13.08 —1464 —1327 —1523 —13.86
10-4 835 700 Live 0 —1490 —1353 —1482 —1345 —1478 —1342 —13.70 —1233 —1575 —14.38

¢ Each experimental series is denoted by the solid horizontal lines drawn in the table.

Chemical affinity of hydrated basaltic glass layer.

Calculated by PHREEQC modeling version 2.17.

Calculated with hypothetical stoichiometric release of [Al].

Modeled with PHREEQC assuming same inlet solution as in experiments 6-1 to 6-4.

@ = 0 a0 o

broth, comprised of 0.1 g/L glucose, 1.5 g/L peptone, 0.6 g/L NaCl, and
0.3 g/L yeast extract, was added to selected live bacteria experiments.
These experiments were compared to live bacteria experiments per-
formed with no added nutrients. During 4 of the experimental series
(following experiments 4-3, 6-12, 8-12, and 10-3) less than 10% of
the basaltic glass was removed for SEM analysis. In all other cases, all
of the original basaltic glass remained in the reactor until the exper-
imental series was completed.

The chemical compositions of each individual inlet solution used for
the experiments in this study are listed in Appendix 1 along with its
ionic strength and pH at 25 °C. Inlet fluids were comprised of MilliQ

Concentration of Pseudomonas reactans in inlet (Bact;,) solution measured in mgye/L.
Either dead Pseudomonas reactans plus NaNs or live Pseudomonas reactans was added to the inlet solution.

water and analytical grade chemicals including NH4Cl, NH,OH, Na-
acetate, CgH3NO4S (‘MES’ buffer), NaHCO3, Na,COs, NaCl (99.5%
pure), HCl, and NaOH. Experimental series were performed using
four distinct inlet pH buffers: 4, 6, 8, and 10, comprised of a 0.01 M
Na acetate-NaCl-HCl solution, a 0.001 M or 0.01 M MES solution, a
0.01 M NaHCOs solution, and a 0.004 M NaHCOs + 0.003 M Na,CO;
solution, respectively. The ionic strength was ~0.01 mol/kg for the pH
4,8, and 10 inlet fluids and 0.001 or 0.01 mol/kg for the pH 6 inlet fluids.
Inlet fluid pH generally remained stable within + 0.1 units throughout
each experimental series. Outlet fluid pH varied within + 0.3 units,
except for the live bacteria experiments performed at pH 4 and 10,
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where pH changed by as much as + 3.0 units from the initial to the
steady-state value. All outlet fluid samples were filtered through
0.45 um Millipore acetate cellulose filters and acidified with ultrapure
2% HNOs before chemical analysis. The exception was samples collected
for dissolved organic carbon determination, which were filtered and
stored at 4 °C before the analysis. Inlet fluids were routinely analyzed
at the beginning, in the middle, and at the end of each experiment
and were filtered and processed using exactly the same protocol as
the outlet fluids. All chemistry data for the outlet fluids at steady-state
are provided in Tables 3a and 3b.

To assess possible adsorption of released aqueous metals to bio-
mass surfaces additional non-filtered outlet fluid samples were col-
lected, and 0.01 M EDTA was added to these unfiltered samples.
After 10 min the biomass was separated using centrifugation. The
amount of Mg, Ca, and Al released to the fluid after this EDTA treat-
ment was considered to be reversibly adsorbed on the surface (e.g.,
Knauer et al., 1997; Le Faucher et al., 2005). This amount never
exceeded 10% of total dissolved (<0.45 um) filtered concentration
of each metal and therefore was not considered in the mass balance
calculations presented below.

Mechanical steady state was achieved in the BMFR after 24 h of re-
action. Chemical steady state was assumed when measured Mg, Ca, Al,
Si, and trace metal concentrations varied by less than 5% for concen-
trations of > 5 pM but 15% for concentrations of <5 pM in 4 to 5 sam-
ples collected at least 24 h apart. Measured steady-state Mg, Ca, Al,
Si, and trace metal concentrations and fluid flow rates (reproducibil-
ity of 4+-10%) were used for calculating dissolution rates. The largest
uncertainty on reported rates generated in this study stem from the
AG; values in Eq. (2). As the analytical uncertainty was 5-10% and
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the experimental reproducibility was 10-20% the overall uncertainty
on log Ry, and log Rs; values reported in this study range from 0.1 to
0.2 units.

3.4. Batch experiments performed to assess live bacteria interaction with
mineral-free solutions in the presence of mineral constituents

These experiments were designed to quantify the amount of ba-
saltic glass constituents (Mg, Ca, Al, Si, metals) retained by bacteria
via both long-term intracellular uptake (e.g. active assimilation) and
passive cell wall adsorption. They also provide insight into the biopre-
cipitation processes that might occur on the cell walls or in the media
due to metabolically induced fluid chemistry changes. In addition,
these experiments provide insight into potential element release
originating from the bacterial biomass as a result of cell lyses. Dupli-
cate experiments were performed in closed-system 250-mL polypro-
pylene containers with 1 to 8.5 gwe¢/L rinsed biomass of P. reactans
HK 31.3 and initial concentrations of Si, Ca, Mg, Fe, Al, Sr, and As
ranging from 2 to 3500 pg/L. Three types of aqueous fluids were
used: 1) a 0.1 M NaCl and 0.01 M NaHCO; solution amended with
a 10% NB protein-rich media to allow active bacterial growth and in-
tracellular uptake in cells, 2) the same media with 0.01 M NaN;
added to prevent bacterial metabolism to assess metal interaction
with bacterial cell walls without active assimilation, and 3) a
nutrient-free 0.1 M NaCl+ 0.01 M NaHCOs solution with 0.01 M
NaN; added to allow cell lysis but minimum element uptake. The
typical duration of these experiments was 220 h. The 250-mL poly-
propylene reactor vessels with biomass were aerated and shaken in the
dark at 25°C and periodically sampled. For each sampling, 10 mL

b
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Fig. 3. Total dissolved Si and Mg concentration evolution as a function of time during basaltic glass dissolution experiments with 0, 100 or 200, and 430 mg./L dead Pseudomonas
reactans HK 31.3 added sequentially to the inlet fluid at 25 °C and (a) pH ~4 (exps. 4-1 to 4-3), (b) pH ~6 (exps. 6-10 to 6-12), (c) pH ~8 (exps. 8-10 to 8-12), and (d) pH ~10 (exps.
10-1 to 10-3). The filled circles and diamonds correspond to measured Si and Mg concentrations. The error bars in these plots correspond to 4= 2 pmol/kg uncertainty.
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aliquots of homogeneous solution + bacteria were collected using ster-
ile serological pipettes and transferred in sterile polystyrene vials for
pH, optical density, bacterial number by agar plate counting. Aqueous
metal concentrations were measured in these samples after they
were filtered through a 0.45 pm membrane. The biomass/fluid ratio
remained constant during experiments and the concentration of
bacteria was not affected by the sampling. Sterile controls were rou-
tinely run using both nutrient media and 0.01 M NaCl solutions; no
bacterial contamination was detected.

3.5. Analytic methods

Filtered solutions were analyzed for all elements using a Agilent
7500 Ion Coupled Plasma Mass Spectrometer (ICP-MS), the ‘molyb-
date blue method’ for silicon (Koroleff, 1976), and a Perkin Elmer Zee-
man 5000 Atomic Absorption Spectrometer (AAS) for magnesium
and aluminum. ICP-MS measurements were made with and without
helium gas. Indium and rhenium were used as internal standards,
and corrections for oxide and hydroxide ions were made for the
rare earth elements (REE) and metals (Ariés et al., 2000). The inter-
national geostandard SLRS-4 (Riverine Water Reference Material
for Trace Metals certified by the National Research Council of Cana-
da) was used to check the accuracy and reproducibility of each anal-
ysis (Yeghicheyan et al, 2001). We obtained good agreement
between replicated measurements of SLRS-4 and the certified values
(relative difference<10%), except for B and P (30%).

Selected solid samples were examined using a JEOL 6360 LV and a
JEOL JSM840a Scanning Electron Microscope (SEM) after gold or
graphite metallization, and by X-ray Photoelectron Spectroscopy
(XPS). Energy Dispersive X-ray Spectroscopy (EDS) was used togeth-
er with SEM to identify primary and secondary mineral phases, and
to detect organic signals originating from the bacteria itself or from
bacterial processes. XPS analyses used to quantify the stoichiometry
of the basaltic glass surface (<100 A) layer, were performed using a
Kratos Axis Ultra DLD instrument. The excitation energy was a
monochromatic AlKoe (hv=1486.6eV) at a power of 180 W. The
base pressure in the chamber was 5x10~'°Torr and never
exceeded 5x 10~ Torr. A charge balance system was used to com-
pensate for surface charging and for the adventitious carbon. For sur-
vey scans, a pass energy of 160 eV and a step size of 0.5 eV was used,
and for high resolution scans, these settings were 10 eV and 0.1 eV,
respectively. Data interpretation was made with the commercial
software CasaXPS, using a Shirley background. The uncertainty for
these analysis methods is estimated to 5% for the ICP-MS, 3% for
the spectrophotometer, 2% for the AAS analysis, and 10% for the
XPS analysis.

4. Experimental results
In total 46 steady-state basaltic glass dissolution experiments were

performed in this study. The steady-state fluid chemistry of these 46
experiments is listed according to pH in Tables 3a and 3b, and the
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Fig. 4. Measured basaltic glass dissolution rates based on Si, Al, Ca, Mg and Fe during experiments with dead Pseudomonas reactans HK 31.3 sequentially added to the inlet fluids at
25°C and (a) pH ~4 (exps. 4-1 to 4-3), (b) pH ~6 (exps. 6-10 to 6-12, and 6-5 to 6-9), (c) pH ~8 (exps. 8-10 to 8-12, and 8-5 to 8-9), and (d) pH ~10 (exps. 10-1 to 10-3). The
symbols are defined in the legend shown in the figure. The error bars in the lower left of each plot correspond to +0.15 log units uncertainty on the rates.
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main results of these mixed-flow reactor experiments are described in
Sections 4.1 and 4.2 below.

4.1. Basaltic glass dissolution in the presence of dead bacteria in BMFR

To test the effect of dead P. reactans on the basaltic glass dissolu-
tion rates over a broad pH-range, four dissolution experiment series
were performed at pH ranging from 4 to 10 at 25 °C (experiments
4-1 to 4-3, 6-10 to 6-12, 8-10 to 8-12, and 10-1 to 10-3). Fig. 3
shows the fluid Si and Mg concentrations originating from basaltic
glass dissolution as a function of elapsed time as the dead bacteria
concentration was increased. Steady-state Si and Mg concentrations
were attained within a few days after the bacteria were added to the
system. There was a general trend of a decreasing Si concentration
with increasing dead bacteria concentration in each series (see
Fig. 3). This effect was less pronounced for Mg. Dissolution rates
for these experiments based on the five major elements, Si, Al, Ca,
Mg, and Fe are shown in Fig. 4. These plots suggest that the presence
of dead bacteria inhibited basaltic glass dissolution rates by as
much as a 0.5 log units during experiments 4-1 to 4-3. Some of
this decrease likely stems from the shift in outlet solution pH due
to cell lysis and organic matter release from the dead cells (see
Section 5.1 below). The DOC concentration in the dead bacteria ex-
periments typically varied from 10 to 30 mg/L for the biomass
range from 1 to 6.5 gwe(/L, suggesting the presence of cell lysis prod-
ucts in the reactive fluids.

PHREEQC modeling of the initial bacteria-free system indicates
that Al-phases (i.e. boehmite, diaspore, gibbsite) were supersaturated
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in the pH ~4 outlet fluids of experiments 4-1 to 4-3, which could ex-
plain, at least in part, the observed decrease in fluid phase Al concen-
tration, when the dead bacteria were added (see Fig. 4a). There is no
obvious saturated iron phase that could explain the decrease in Fe,
but this could be due to Fe** and/or FeOH?* adsorption onto dead
bacteria surfaces. At pH ~6 (experiments 6-10 to 6-12), both Al-
and Fe-hydroxides (i.e. gibbsite, goethite) were highly supersaturated
and most likely contributed to the initially low Al and Fe release rates
observed in Fig. 4b. However, in an additional experimental series con-
ducted at this pH (experiments 6-5 to 6-9), Al release exhibited slight-
ly increasing rates (see Fig. 4b). The presence of cell lysis products
could increase oxy(hydr)oxide solubility via aqueous complexing
of Al and Fe with DOC. Unfortunately, this process cannot be quanti-
fied due to lack of knowledge of the identity of the organic ligands
present and the paucity of metal-ligand stability constants. In con-
trast to Fe and Al, the Si, Mg and Ca dissolution rates did not show
any distinct evolution with increasing dead bacteria concentration
at near to neutral pH. According to thermodynamic calculations,
the outlet solutions of experiments 10-1 to 10-3 were supersaturat-
ed with respect to several secondary phases including calcite, arago-
nite, gibbsite, kaolinite, smectite, mesolite, natrolite, scolecite, and
stilbite. Nevertheless, the results of these pH ~10 experiments
showed only a slight decrease in dissolution rates based on Si, Al,
and Mg release of 0.2-0.4 log units in the presence of dead bacteria
(see Fig. 4d), which is almost within the + 0.15 log unit experimen-
tal uncertainty of the combined measurements. The basaltic glass
itself was strongly undersaturated in all of the initial bacteria-free
experiments with an A* greater than 10 kJ/mol (see Table 3b),
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Fig. 5. Measured basaltic glass dissolution rates based on trace element release during experiments with dead Pseudomonas reactans HK 31.3 sequentially added to the inlet fluids at
25 °Cand (a) pH ~4 (exps. 4-1 to 4-3), (b) pH ~6 (exps. 6-10 to 6-12), (c) pH ~8 (exps. 8-10 to 8-12), and (d) pH ~10 (exps. 10-1 to 10-3). The symbols are defined in the legend
shown in the figure. The error bars in the lower right of each plot correspond to 4-0.15 log units uncertainty on the rates.
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Fig. 6. Scanning Electron images of basaltic glass surfaces: a) basaltic glass surface prior to experiments, b) after experiments 10-1 to 10-3 performed in the presence of dead
bacteria, ¢) and d) after experiments 8-10 to 8-13 performed in the presence of dead bacteria showing rounded particles and dissolution etch pits, e) after experiments E5-1
to E5-3 performed in the presence of live bacteria and nutrients showing biofilm-looking coverage of the surface, f) after experiments E3-1 to E3-3 performed in the presence

of live bacteria experiment and nutrients showing bacterial “imprints”, g) and h) close-up of biofilm coverage of glass surfaces after experiments E5-1 to E5-3 and E3-1 to E3-3,
respectively.
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where A* refers to the chemical affinity of the hydrated basaltic
glass in Eq. (1).

Dissolution rates based on selected trace elements, Ti, Mn, Zr, Sr,
Rb, La, U, As, V, Cr, Co, Ni and Zn are plotted on Fig. 5 as a function
of fluid phase dead bacteria concentration. Among studied elements,
only arsenic (As) at pH ~4 showed increasing release rates, of 0.5-
1.5 log units, in the presence of dead bacteria (see Fig. 5a), whereas
at pH 8-10, a 0.5-order of magnitude decrease in As release rate was ob-
served (see Fig. 5¢c, d). Note also that there was an order of magnitude
increase of Cr release rates with increasing dead biomass concentration
at pH 8-10. Other than for these exceptions, the other trace elements
generally showed the same pattern as the major elements. Their rates,
however, tend to be lower than those predicted from Si rates and the
stoichiometry of basaltic glass (see Table 1). Of the trace elements,
only arsenic appeared to have higher stoichiometric release rates than
Si based on XRF analysis (see Fig. 5a-d).

SEM photos of the basaltic glass prior to experiments were com-
pared with glass from bacteria-free and post-bacterial experiments
in Fig. 6a-d. The only dissolution features evident are etch pits
(see Fig. 6d); there is no evidence of a specific effect due to either
the dead bacteria or their lysis products. In general, the post-
experimental glass surfaces appeared smooth and free of secondary
precipitates.

4.2. Basaltic glass dissolution in the presence of live bacteria in BMIFR

Similar experiments were performed in the presence of live bacteria.
Fig. 7 illustrate the temporal evolution of Si and Mg concentration in
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the fluid phase as live bacteria were added to the inlet fluids. Note
the presence of live bacteria shifts the inlet fluid pH from pH 4 and 10
towards neutral in the outlet fluid likely due to bacterial metabolism.
As such these experiments were only run at pH 6 to 8.7 corresponding
to the natural pH range of P. reactans growth (Shirokova et al., 2012).
Various bacteria concentrations were tested in experiments with
and without nutrients added to the inlet fluids to assess the effect
of bacterial nutritional status on element release rates from basaltic
glass.

No significant decrease in outlet fluid Si concentration was found
for experiments with live bacteria (see Fig. 7), except for experiments
E5-1 to E5-3 performed with no added nutrients (see Fig. 7a). In this
one instance a 50% decrease in Si release rates with increasing bacte-
ria concentration from 0 to 6.5 gy.t/L was observed. The release rates
of the five major elements of basaltic glass shown in Fig. 8 depicts an
interesting effect of nutrient addition. As described above for dead
cells, Al- and Fe-hydroxide precipitates are almost unavoidable at
pH 6 to 8. However, in the presence of nutrients, basaltic glass disso-
lution shows almost perfect stoichiometric behavior even at neutral
pH. This is interpreted to be a consequence of the presence of organic
molecules, originating from the nutrients, which contains peptone or
yeast extract, which can complex Al and Fe ions in aqueous solution.
This change of aqueous Fe and Al speciation increased the stability of
these elements in the fluid phase preventing secondary precipitate
formation.

Trace elements follow the same pattern as the major elements in
response to the addition of live bacteria (not shown). Mn and Ti are re-
leased stoichiometrically when nutrients are added, but the remaining
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Fig. 7. Total dissolved Si and Mg concentration evolution as a function of time during basaltic glass dissolution experiments in the presence of selected live Pseudomonas reactans HK
31.3 concentrations at 25 °C and a) pH 6 to 7 without nutrients (exps. E5-1 to E5-3), b) pH ~7.5 with 10% nutrient broth (exps. E3-1 to E3-3), ¢) pH 8.5 to 9 without nutrients (exps.
E6-1 to E6-3), and d) pH ~8 with 10% nutrient broth (exps. E4-1 to E4-3). The filled circles and diamonds correspond to measured Si and Mg concentrations. The error bars cor-

respond to =4 2 pmol/kg uncertainty.
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on the rates.

trace elements do not show any distinct dissolution patterns. Arsenic
concentration is below the analytical detection limit (~0.01 ppb)
for the majority of the live bacteria experiments and therefore no
substantial increase in its release rates is observed, in contrast with

Table 4

Results of X-ray photoemission spectroscopy (XPS) analysis of basaltic glass surfaces.

the experiments conducted with dead bacteria. The difficulty of quanti-
fying trace element release rates in experiments with live bacteria
may result from 1) their uptake by the bacteria (discussed below),
2) analytical uncertainty in the ICP-MS analysis (£ 5%), or 3) the small

Sample:* Atomic percentage ratio

C/Si 0/Si Si/Si Fe/Si Mg/Si Ca/Si Na/Si Ti/Si P/Si Al/Si N/Si
Basaltic glass original 1 0.22 248 1.00 0.08 0.15 0.10 0.01 0.02 0.00 0.35 0.00
Basaltic glass original 2 0.21 2.56 1.00 0.09 0.17 0.09 0.02 0.02 0.00 0.34 0.00
Basaltic glass original av. 0.22 2.52 1.00 0.09 0.16 0.10 0.02 0.02 0.00 0.34 0.00
8-13°
Post expt. 8-13 live 1 0.59 2.46 1.00 0.05 0.10 0.05 0.04 0.02 0.00 0.34 0.09
Post expt. 8-13 live 2 0.60 2.32 1.00 0.04 0.12 0.06 0.04 0.01 0.00 0.33 0.09
Post expt. 8-13 av. 0.60 2.39 1.00 0.05 0.11 0.06 0.04 0.02 0.00 0.33 0.09
E6-3°
Post expt. pH 8 live, no nutr. 1 1.74 2.73 1.00 0.06 0.07 0.03 0.01 0.02 0.05 0.45 0.22
Post expt. pH 8 live, no nutr. 2 1.79 2.74 1.00 0.08 0.06 0.04 0.01 0.02 0.07 0.43 0.25
Post expt. pH 8 live, no nutr. av. 1.76 2.73 1.00 0.07 0.07 0.03 0.01 0.02 0.06 0.44 0.23
E4-3°
Post expt. pH 8 live, 10% nutr. 1 2.66 2.63 1.00 0.04 0.10 0.03 0.00 0.01 0.00 0.39 0.41
Post expt. pH 8 live, 10% nutr. 2 249 247 1.00 0.04 0.11 0.03 0.00 0.01 0.00 0.40 0.36
Post expt. pH 8 live, 10% nutr. av. 2.57 2.55 1.00 0.04 0.10 0.03 0.00 0.01 0.00 0.40 0.38

2 There is a duplicate (‘2’) of each analysis, and the average is listed in the line marked “sample name” and “av.”

b Refers to exp. names in Tables 3a-3b.
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Fig. 9. Temporal evolution of dissolved Mg, Si, Al, Ca, Sr, and As concentration in closed system mineral-free experiments with live bacteria performed in an aqueous 0.01 M NaCl,
10% NB inlet fluid, and inactivated bacteria performed in an aqueous 0.01 M NaNj inlet fluid. The biomass concentration increased from 0.1 to 1.2 gL for live bacteria experiments
(black diamonds and squares) and stayed constant at 1 g../L for inactivated bacteria (white triangles and circles). The error bars correspond to the estimated uncertainty and

reproducibility of the measurements, which ranged from 7 to 10%.

difference between the inlet and outlet concentration of these elements
at steady-state. In any case, it is clear that the presence of live bacteria
does not lead to any large increases (>30%) in trace element release
rates from basaltic glass into the fluid compared to bacteria-free
experiments.

SEM images of basaltic glass samples collected after the live bacteria
experimental series show the presence of a biofilm-looking layer on
the glass surfaces (see Fig. 6e). Furthermore, some surface features
suggestive of bacterial imprints are observed (see Fig. 6f) which con-
trast to typical dissolution features such as etch pits (see Fig. 6d).
However, this biofilm-like layer is patchy and heterogeneous as
most surfaces appear clear and smooth.

Results of post-experimental basaltic glass surface analysis by XPS
provided in Table 4 show a depletion in surface Fe, Mg, and Ca con-
centration, consistent with cation leaching, and some Al enrichment,
perhaps in the form secondary phases, not explicitly identified during
SEM analyses. An enrichment in C and N, especially in experiments
performed at pH ~8 with live cultures in nutrient media, confirms the
presence of biofilms as inferred from the SEM observations (see
Fig. 6e, g, h).

BET surface area measurements of the basaltic glass at the end of
experiments with live bacteria yielded the value close to 3000 cm?/
g, which is ~50% lower than the initial BET surface area. It supports
the observations made by comparing various SEM images that the
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basaltic glass grains were smoothed and rounded during the exper-
iments. There is therefore no indication that the presence of live P.
reactans increased specific surface area.

4.3. Element assimilation and release by bacteria cells in basaltic glass
free, closed-system batch experiments

The temporal evolution of fluid phase Mg, Ca, Al Si, and trace element
concentrations in basaltic glass-free, closed-system batch experiments
with live and dead bacteria and in nutrient-free media is shown in
Fig. 9; a summary is provided in the electronic annex. In Mg-poor fluids
(100-300 pg/L) and nutrient-rich media there is a <10% decrease of
Mg concentration, likely due to intracellular uptake of this element.
Extrapolating these results to the typical bacterial concentrations
used in the experiments suggest that <1 pmol/L of the Mg released
to solution by basaltic glass dissolution was consumed by bacterial
cells via intracellular uptake. The Si concentration evolution during
bacterial growth does not exhibit a systematic variation within the
experimental uncertainty (see Fig. 9b) confirming that Si uptake/
adsorption and release due to cell lysis are negligible at the investigated
conditions. The uptake of Ca, Mg, and Sr was also small and within the
experimental reproducibility of 20-30%. The Al concentration did not
exhibit any systematic change during of bacterial growth, although
the assimilation of 100 pug Al/gwer was observed in nutrient-bearing
0.01 M NaCl solution (see Fig. 9c). Bacterial uptake of As was absent,
but there was a small release of As from the inactivated biomass with
1 g As/gwer over ~190 h. Taken together these results suggest that
bacterial absorption and bacterial uptake play a minor role in the
BMFR experiments performed in this study. Thus the observed changes
in chemical composition of the solutions in the BMFR experiments
mainly stems from dissolution of the basaltic glass.

5. Discussion

5.1. The effect of cell wall adsorption and bacterial assimilation on mass
balance calculations

The elemental constituents released from the glass surface in the
presence of bacteria can be incorporated into: (i) the <0.45 pm fluid
fraction consisting of ions and molecules, simple organic complexes,
and organic colloids of the lysis products and cell exometabolites; (ii)
cell wall surfaces via adsorption, and (iii) bacteria interiors via as-
similation (e.g. Hutchens et al., 2003; Neaman et al., 2005a,b, 2006).
Whereas the mass of released elements incorporated into the fluid frac-
tion was measured directly after these fluids were passed through
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Fig. 10. Variation of measured steady-state BET normalized basaltic glass dissolution
rates based on Si release as a function of pH. The symbols correspond to rates measured
in the present study whereas the curve was generated from equations and parameters
reported by Oelkers and Gislason (2001) for a total aqueous Al concentration of
10~ ® mol/kg.

0.45 pm filters, the mass incorporated into cell walls or into bacteria
could only be estimated via bacterial growth experiments in basaltic
glass-free, Mg, Ca, Al, Si-bearing solutions. Measurement of the Mg,
Ca, and Al desorbed from the cell surface upon EDTA treatment suggests
that less than 20% of all elements released from our basaltic glass disso-
lution experiments were incorporated into cell walls or the bacteria in-
teriors. As such this contribution to mass balance was neglected when
calculating rates whose typical uncertainty was 4 0.1 log R units.

5.2. Effect of nutrients and bacteria on basaltic glass element release
rates

The degree to which the presence of bacteria affects basaltic glass
dissolution rates can be assessed with the aid of Fig. 10. Rates measured
in the absence of bacteria are for the most part consistent with corre-
sponding dissolution rates reported for this glass by Oelkers and
Gislason (2001). Further comparison of Si release rates obtained in
this and previous studies is shown in Table 5. The results shown in
this table confirm that the rates obtained in this study are consistent
with previous results (Oelkers and Gislason, 2001; Gislason and
Oelkers, 2003; Stockmann et al., 2011).

Within the scatter of the data, the effect of the presence of either live
or dead P. reactans is identical; rates in the presence of P. reactans are on
average 0.3 log units lower than corresponding rates measured in
bacteria-free experiments. This observation suggests that the influence
of metabolic activity on basaltic glass dissolution rates at our experi-
mental conditions is small. Note the average 0.3 log unit difference be-
tween rates measured in biotic versus abiotic experiments are within
the combined uncertainty of the respective rate measurements.

Since both “starving” and “healthy” bacteria were tested (in nutrient-
free and nutrient-rich media) over a wide range of biomass concentra-
tion, we suggest our experiments cover the likely range of conditions
found in natural systems and as such these results can be extrapolated
to basaltic glass during natural weathering.

There are several possible reasons why the presence of bacteria
affects negligibly basaltic glass dissolution rates. First, the attachment
of P. reactans exometabolites to basaltic glass surfaces may not be suffi-
cient to facilitate the rupture of Si-O bonds, the main rate-controlling
factor of glass dissolution. Moreover such effects may be balanced by
the inhibiting effects of bacterial attachment blocking active sites on
the basaltic glass surface; bacterial biofilm formation on surfaces is
known to inhibit dissolution (Welch and Vandevivere, 1994; Ullman
et al., 1996; Buchardt et al., 2001; Hutchens et al., 2006; Davis et al.,
2007; Aouad et al., 2008; Hutchens, 2009; Hutchens et al., 2010), and
the excretion of complex polysaccharides may also decrease dissolution
rates (Welch and Vandevivere, 1994; Welch et al., 1999). It has also been
suggested that microbially mediated dissolution may be less effective
when bacteria are in direct contact with mineral surfaces (Hutchens
et al.,, 2006). For example, a typical environmental bacterium, Shewa-
nella oneidensis MR-1 was reported to decrease calcite dissolution rates
via biofilm formation by inhibiting etch pit formation at screw or
point dislocations (Liittge and Conrad, 2004).

5.3. Comparison with literature data on the effect of bacteria on silicate
minerals dissolution

Over the past decades, extensive research has focused on the effect
of organic ligands on mineral dissolution rates (Ganor et al., 2009;
Pokrovsky et al., 2009 and references therein). However, in contrast to
our relatively good understanding of the effect of the presence of organ-
ic ligands on Ca, Mg-bearing silicate dissolution rates, there is relatively
little quantitative literature data on the effect of bacteria on these rates.
For example, it has been shown that a soil strain of Pseudomonas is
capable of producing 2-ketogluconic acid from glucose and thus promot-
ing the dissolution of the Ca, Zn, Mg silicates, wollastonite, apophyllite
and olivine via formation of Ca-2 ketogluconate (Webley et al., 1960;
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Table 5

Steady-state Stapafell basaltic glass dissolution rates obtained from abiotic experiments at 25 °C reported from various sources. All rates are given in units of mol/cm?/s.
pH Log Log Log Log pH® Log Log pH Log Log Log Log

Ty siBET 'y sigeo ? T4 si,BET b 'y sigeo b Ty siBer 'y sigeo N 'y si,BET d 'y sigeo d 't caMgBET de 'y caMg,geo de

4.5 —14.2 —12.2 43 —14.6 —13.2 —14.2 —12.8
6.0 —152 —132 —15.0 —13.0 6.0 —15.0 —13.6 —149 —13.6
6.5 —15.0 —13.0 6.6 —14.9 —135 —14.8 —134
7.0 —15.1 —13.1 —14.9 —12.9 7.0 —15.1 —13.7
8.0 —14.8 —1238 —14.6 —12.6 7.9 —14.7 —133 7.9 —14.6 —133
8.5 —144 —124 8.6 —1438 —134 84 —14.6 —132 —14.7 —133
9.0 —144 —124 —14.2 —122 8.9 —14.8 —134 —15.0 —13.6
10.0 —14.1 —12.1 —13.9 —11.9 10.1 —143 —13.0 10.0 —141 —12.7 —143 —13.0
2 From Oelkers and Gislason (2001).
> From Gislason and Oelkers (2003). A roughness factor of 92 is used to calculate T4 geo fTOM '} ger.
€ From Stockmann et al. (2011). The basaltic glass roughness factor is 23.
94 This study, bacteria- and nutrient-free experiments.
e

Duff et al., 1962; Webley et al., 1963); however, no quantitative descrip-
tion of the process were generated. A recent study of soil rhizospheric
bacteria Pseudomonas aureofaciens suggests these bacteria have little
effect on wollastonite dissolution rates both in nutrient-free and
nutrient-rich solutions (Pokrovsky et al., 2009). Fayalite (Fe,SiO4)
dissolution at pH=2 in the presence of acidophilic, iron-oxidizing
bacteria was significantly inhibited compared to abiotic controls
(Santelli et al., 2001). This inhibition was attributed to formation of
unreactive laihunite-like (Fe?"Fe3™,(Si04),) surface regions due
to bacterial oxidation of released Fe?* (Welch and Banfield, 2002).
Such mechanisms, however, are unlikely to occur at the conditions
of our experiments because of they were performed at higher pH,
and, as a result, significantly lower dissolved Fe concentration.

xAluminosilicates and Fe-bearing minerals are generally consid-
ered to be much more susceptible to microbial-promoted dissolution
than Ca, Mg-bearing orthosilicates (see Berner, 2010; Pokrovsky et al.,
2010 for discussion). The main reason is the change of aqueous Al and
Fe speciation due to the presence of bacterial exometabolites and
siderophores. Aqueous complexation decreases the activity of aque-
ous AI** and Fe>*, which (i) avoids secondary mineral formation,
(ii) increases overall dissolution rates (Welch and Ullman, 1993;
Vandevivere et al., 1994; Oelkers and Schott, 1998; Liermann et al.,
2000a,b; Maurice et al., 2001) and (iii) increases the selective uptake
of trace metals (Brantley et al., 2001). It is also worth noting that de-
spite a common belief that microbes accelerate weathering (Robert
and Berthelin, 1986; Thorseth et al., 1992; Uroz et al., 2009), there
are numerous studies that conclude this effect is either rather weak
or inhibiting (see Valsami-Jones and McEldowney, 2000; Balogh-
Brunstad et al., 2008; Hopf et al., 2009; Hutchens, 2009; Sverdrup,
2009).

5.4. Application to subsurface CO, storage and soil weathering

The results of this study provide insight into the potential impact
of heterotrophic bacteria on basaltic glass dissolution and during
subsurface CO, storage efforts. Typical concentrations of live P. reactans
cells used in the experiments presented above are 107-108 cells/mL.
This is 6 orders of magnitude higher than the total concentration of cul-
turable heterotrophic aerobic bacteria measured in the Icelandic ground-
water samples used to separate P. reactans (n- 10 —n - 100 CFU/mL,
Shirokova et al., 2009). However, the bacterial concentrations con-
sidered in our experiments are comparable with i) average bacterial
populations in soils, which commonly range from 10° to 10° cells/
cm? (Atlas and Bartha, 1993), ii) bacterial concentrations in shallow
aquifers (106 cells/mL, Ehrlich, 1996), and (iii) in deep subsurface
environments (Sinclair and Ghiorse, 1989; Stevens and McKinley,
1995; Pedersen, 1997). Although culturable bacteria represent only
a small proportion of the species present in natural systems (e.g.
Pedr6s-Alio, 2006), the high concentrations of bacteria used in this

This study, average of Ca and Mg dissolution rates. For the pH 10.0 experiment, only Mg rates are given.

present study allow straightforward evaluation of the degree to which
the heterotrophic bacteria are capable of influencing glass dissolution
in natural settings.

The relatively weak effect of bacteria and microbial exometabolites
on basaltic glass observed in this study, together with similar observa-
tions on olivine (Shirokova et al.,, 2012), and other Ca-Mg-bearing sili-
cates such as wollastonite (Pokrovsky et al., 2009) suggests that the
impact of heterotrophic aerobic culturable bacteria on “basic” mineral
and aluminosilicates chemical weathering rates in soils and during car-
bon sequestration efforts may be weaker than generally thought.

6. Conclusions

The experiments presented above show that the presence of live
or dead bacteria affects only mildly basaltic glass dissolution rates
based on Si release; constant pH rates were observed in this study
to decrease by no more than a factor of 3 in the presence of P. reac-
tans. Other major cations including Al, Ca, Mg, and Fe exhibit a simi-
lar behavior. A decrease in Al concentration due to the presence of P.
reactans was observed in nearly all of the experiments. Al might be
adsorbed on bacteria surfaces, but little aqueous Al-complexing
with bacteria and exometabolites is indicated by the lack of acceler-
ation in basaltic glass dissolution rates in their presence. The pres-
ence of nutrient components in solution prevented AlI** and Fe**
from forming secondary precipitates, most likely through organic
molecular complexation. No increase of trace elements release
from basaltic glass was observed, except for an increase in arsenic re-
lease rates at pH 4 in the presence of dead P. reactans. As little effect of
their presence was found on laboratory dissolution rates it seems likely
that P. reactans will have a little effect on basaltic glass dissolution rates
during either soil weathering or subsurface CO, storage efforts in basalts.
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Appendix 1. Chemical composition of the inlet fluids used in the BMFR experiments

Exp. Inlet fluid (mol/kg) Ionic strength Inlet pH STDEV Outlet pH STDEV Bacteria Bacteria Nutrient
(mol/kg) (25°C) pHin (25°C) PHout (Mgwer/L) status ¢ (%)
4-1 0.003 m NaOOCCHj3 + 0.003 m NaCl 4 0.003 m HCl 0.009 4.07 0.02 433 0.19 0 0
4-2 0.003 m NaOOCCHj3 + 0.003 m NaCl + 0.003 m HCl 0.009 4.58 0.04 4.63 0.19 100 Dead 0
4-3 0.003 m NaOOCCH3 4 0.003 m NaCl + 0.003 m HCl 0.009 4.28 0.06 4.58 0.04 430 Dead 0
4-4 0.003 m NaOOCCH3 4 0.003 m NaCl + 0.003 m HCl 0.009 418 7.28 143 700 Live 0
6-1 0.00998 m NH,4Cl +-0.000003 m NH,OH 0.010 5.86 0.15 5.92 0.10 0 0
6-2 0.00998 m NH,4Cl + 0.000003 m NH,OH 0.010 5.81 0.02 5.98 0.03 0 0
6-3 0.00998 m NH4Cl + 0.000003 m NH,OH 0.010 6.22 0.10 6.38 0.06 0 1
6-4 0.00998 m NH,4Cl +0.000003 m NH,OH 0.010 6.33 0.06 6.44 0.06 0 10
6-5° 0.001 m MES + 0.0004 m NaOH 0.001 6.05 0.01 6.04 0.04 0 0
6-6° 0.001 m MES + 0.0004 m NaOH 0.001 6.12 0.01 6.15 0.03 11.8 Dead 0
6-7° 0.001 m MES + 0.0004 m NaOH 0.001 6.12 0.01 6.17 0.02 100 Dead 0
6-8° 0.001 m MES + 0.0004 m NaOH 0.001 6.16 6.19 0.02 198 Dead 0
6-9° 0.001 m MES + 0.0004 m NaOH 0.001 6.40 6.39 0.01 368 Dead 0
6-10° 0.001 m MES + 0.0004 m NaOH 0.001 6.10 0.04 6.19 0.05 0 0
6-11° 0.001 m MES + 0.0004 m NaOH 0.001 6.23 0.04 6.32 0.03 200 Dead 0
6-12° 0.001 m MES + 0.0004 m NaOH 0.001 6.10 0.03 6.24 0.02 430 Dead 0
6-13° 0.001 m MES + 0.0004 m NaOH 0.001 6.08 6.15 0.12 700 Live 0
E5-17 0.01 m MES 0.01 n.m. 6.59 0.14 0 0
E5-2¢ 0.01 m MES 0.01 n.m. 6.22 0.10 870 Live 0
E5-37 0.01 m MES 0.01 n.m. 7.15 0.25 6500 Live 0
E3-1¢ 0.01 m MES 0.01 n.m. 743 0.23 0 10
E3-2° 0.01 m MES 0.01 n.m. 7.78 0.07 8900 Live 10
E3-37 0.01 m MES 0.01 n.m. 7.62 0.13 12,000 Live 10
8-1° 0.0096 m NH,Cl + 0.0004 m NH,OH 0.010 7.92 0.02 7.92 0.03 0 0
8-2° 0.0096 m NH4Cl + 0.0004 m NH4OH 0.010 7.94 0.01 7.91 0.02 0 0
8-3° 0.0096 m NH4Cl + 0.0004 m NH4OH 0.010 7.83 0.09 7.34 0.25 0 1
8-4° 0.0096 m NH4Cl + 0.0004 m NH4OH 0.010 7.89 0.08 7.47 0.25 0 10
8-5 0.01 m NaHCO3 0.010 8.55 0.02 8.37 0.06 0 0
8-6 0.01 m NaHCO3 0.010 8.46 0.03 8.24 0.07 12 Dead 0
8-7 0.01 m NaHCO3 0.010 8.33 0.13 8.04 0.06 70 Dead 0
8-8 0.01 m NaHCO3 0.010 8.55 8.04 0.06 195 Dead 0
8-9 0.01 m NaHCO3 0.010 8.10 8.01 0.13 368 Dead 0
8-10 0.01 m NaHCO3 0.010 8.55 0.04 8.89 0.02 0 0
8-11 0.01 m NaHCO3 0.010 8.57 0.11 8.63 0.08 200 Dead 0
8-12 0.01 m NaHCO3 0.010 8.36 0.16 8.61 0.08 430 Dead 0
8-13 0.01 m NaHCO3 0.010 8.53 8.09 0.27 700 Live 0
E6-1 0.01 m NaHCO; 0.010 n.m. 8.99 0.04 0.0 0
E6-2 0.01 m NaHCO3 0.010 n.m. 8.74 0.11 870 Live 0
E6-3 0.01 m NaHCO3 0.010 n.m. 8.48 0.15 6500 Live 0
E4-1 0.01 m NaHCO; 0.010 n.m. 8.02 0.04 0.0 10
E4-2 0.01 m NaHCO3 0.010 n.m. 8.06 0.06 8900 Live 10
E4-3 0.01 m NaHCO3 0.010 n.m. 7.90 0.10 19,000 Live 10
10-1 0.003 m NaCOs3 + 0.004 m NaHCO3 0.013 10.05 0.00 9.99 0.04 0 0
10-2 0.003 m Na,CO3 + 0.004 m NaHCO3 0.013 10.02 0.01 9.83 0.12 100 Dead 0
10-3 0.003 m Na,CO3 + 0.004 m NaHCO3 0.013 9.94 0.17 9.01 0.33 430 Dead 0
10-4 0.003 m NayCOs3 + 0.004 m NaHCO; 0.013 10.11 8.37 0.45 700 Live 0

n.m. = not measured.
2 MES is an organic buffer with the chemical composition CgH;3NO,S.

> N, was bubbled through the inlet solution for 30 min prior to use to minimize the amount of dissolved CO, in solution.

Appendix 2. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.chemgeo0.2011.12.011.
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