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Abstract

This study used batch reactors to characterize the rates and mechanisms of elemental release during the interaction of a
single bacterial species (Burkholderia fungorum) with Columbia River Flood Basalt at T = 28 �C for 36 days. We primarily
examined the release of Ca, Mg, P, Si, and Sr under a variety of biotic and abiotic conditions with the aim of evaluating
how actively metabolizing bacteria might influence basalt weathering on the continents. Four days after inoculating P-limited

reactors (those lacking P in the growth medium), the concentration of viable planktonic cells increased from �104 to 108 CFU
(Colony Forming Units)/mL, pH decreased from �7 to 4, and glucose decreased from �1200 to 0 lmol/L. Mass-balance and
acid–base equilibria calculations suggest that the lowered pH resulted from either respired CO2, organic acids released during
biomass synthesis, or H+ extrusion during NH4

þ uptake. Between days 4 and 36, cell numbers remained constant at
�108 CFU/mL and pH increased to �5. Purely abiotic control reactors as well as control reactors containing inert cells
(�108 CFU/mL) showed constant glucose concentrations, thus confirming the absence of biological activity in these experi-
ments. The pH of all control reactors remained near-neutral, except for one experiment where the pH was initially adjusted to
4 but rapidly rose to 7 within 2 days. Over the entire 36 day period, P-limited reactors containing viable bacteria yielded the
highest Ca, Mg, Si, and Sr release rates. Release rates inversely correlate with pH, indicating that proton-promoted dissolu-
tion was the dominant reaction mechanism. Both biotic and abiotic P-limited reactors displayed low P concentrations. Chem-
ical analyses of bacteria collected at the end of the experiments, combined with mass-balances between the biological and fluid
phases, demonstrate that the absence of dissolved P in the biotic reactors resulted from microbial P uptake. The only P source
in the basalt is a small amount of apatite (�1.2%), which occurs as needles within feldspar grains and glass. We therefore
conclude that B. fungorum utilized apatite as a P source for biomass synthesis, which stimulated elemental release from coex-
isting mineral phases via pH lowering. The results of this study suggest that actively metabolizing bacteria have the potential
to influence elemental release from basalt in continental settings.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Numerous field and laboratory investigations have fo-
cused on basalt weathering, owing to its important role in
the regulation of river, seawater, and soil geochemistry as
well as the long-term evolution of Earth’s climate (e.g., Gis-
lason and Eugster, 1987a,b; Bluth and Kump, 1994; Brady
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and Gislason, 1997; Chadwick et al., 1999, 2003; Taylor
and Lasaga, 1999; Vitousek et al., 1999; Dessert et al.,
2001, 2003; Oelkers and Schott, 2001; Stewart et al., 2001;
Dupré et al., 2003; Pokrovsky et al., 2005; Das et al., 2006;
Wolff-Boenisch et al., 2006). These studies have revealed
much about basalt dissolution and its primary controls,
although largely from an inorganic perspective. Less is
known about biologically mediated basalt weathering. A
few investigations have examined the influence of vascular
plants, organic acids, and ligands (e.g., Drever, 1994; Coch-
ran and Berner, 1996; Drever and Stillings, 1997; Moulton

mailto:lingling@earth.northwestern.edu


Elemental release during microbe–basalt interactions 2225
and Berner, 1998; Oelkers and Schott, 1998; Brady et al.,
1999; Moulton et al., 2000; Oelkers and Gislason, 2001; Nea-
man et al., 2005), and there is a growing literature concerning
the microbial alteration of seafloor basalt (e.g., Thorseth
et al., 1992, 1995; Staudigel et al., 1995, 1998; Fisk et al.,
1998; Torsvik et al., 1998; Reysenbach and Shock, 2002; Ed-
wards et al., 2003; Daughney et al., 2004; Aouad et al., 2006;
Bach et al., 2006). However, very few studies have explicitly
considered how and to what extent actively metabolizing
bacteria influence basalt weathering on the continents.

Recent research has demonstrated that microorganisms
can accelerate elemental release from geologic materials,
either directly through the acquisition of limiting nutrients
required for biomass synthesis (e.g., P and Fe) (Rogers
et al., 1998; Kalinowski et al., 2000; Bennett et al., 2001;
Welch et al., 2002) or indirectly through the release of exo-
products that lower pH, complex cations, and/or change
mineral saturation states (Vandevivere et al., 1994; Ullman
et al., 1996; Barker et al., 1998; Liermann et al., 2000). In
contrast, other work has shown that microbial activities
can inhibit elemental release by facilitating development
of an amorphous leached layer (Benzerara et al., 2004,
2005), promoting adsorption of polysaccharides onto min-
eral surfaces (Welch et al., 1999), preventing formation of
etch-pits (Lüttge and Conrad, 2004), and releasing ferric
iron that interacts with surface sites (Santelli et al., 2001;
Welch and Banfield, 2002). Thus, an underlying motivation
for this study was to help resolve whether actively metabo-
lizing bacteria either enhance or inhibit elemental release
from silicate minerals. We specifically focused on basalt be-
cause it is an abundant reservoir of P and Fe relative to
other crustal rocks (e.g., Li, 2000; Wolff-Boenisch et al.,
2004). It therefore follows that basalt could be a convenient
source of limiting nutrients required for microbial growth,
which could have important consequences for elemental re-
lease compared to purely abiotic conditions.

To test this hypothesis, we characterized the rates and
mechanisms of elemental release during microbe–basalt
interactions under laboratory-scale conditions nominally
representative of some terrestrial environments (e.g., tropi-
cal watersheds). We primarily examined major elements in-
volved in the carbonate-silicate geochemical cycle (Ca, Mg,
and Si), life-supporting nutrients (P), and trace elements
(Sr) whose isotope composition (87Sr/86Sr) is used as a
proxy for chemical weathering processes (e.g., Taylor and
Lasaga, 1999; Berner and Kothavala, 2001; Dessert et al.,
2001; Das et al., 2006; Lerman and Wu, in press). Although
the idea that microbes can influence basalt weathering is
not new (Staudigel et al., 1995, 1998; Daughney et al.,
2004), this study quantifies for the first time the release of
the aforementioned elements during microbe–basalt inter-
actions at the whole-rock scale. The data reveal that the
bacterium studied (Burkholderia fungorum) accelerates ele-
mental release through pH lowering. Within this context,
our findings imply that microbe–basalt interactions have
the potential to influence a variety of Earth surface phe-
nomena ranging from the evolution of atmospheric CO2

(e.g., Berner and Kothavala, 2001) to base cation cycling
during basaltic soil formation (e.g., Vitousek et al., 1999;
Chadwick et al., 2003).
2. MATERIALS AND METHODS

2.1. Characterization and preparation of basalt samples

Samples of the Columbia River Flood Basalt (CRFB) were
purchased from Ward’s Scientific (Product # 47E 1043). The bulk
rock chemistry was determined by ActLabs in Ontario, Canada.
Samples were digested by fusion with LiBO2, and major and trace
element concentrations were measured by ICP-OES and ICP-MS,
respectively. Repeated analyses of NIST 1633b yielded an external
reproducibility better than 2%.

Polished thin sections for microscopic analyses were pre-
pared by Mineral Optics Laboratory in Wilder, VT. The ele-
mental composition and relative abundances of minerals
comprising the basalt were determined by the GeoAnalytical
Laboratory at Washington State University in Pullman, WA
using a Cameca Instruments electron microprobe following
standard procedures. The volume proportions of major rock-
forming minerals were estimated by a point counting procedure,
where 441 points were analyzed in a 4 · 4 mm square in the
middle of the thin section.

Basalt samples were broken with a hammer, and fresh pieces
devoid of visible weathering rinds were crushed in a shatter box
equipped with a tungsten carbide grinding container. The crushed
rock was wet sieved to isolate the 45–850 lm size fraction. To re-
move fine particles resulting from the crushing process, the sieved
samples were repeatedly ultrasonicated in MilliQ water and dried
at T = 60 �C. No fines were observed when the cleaned particles
were subsequently examined by SEM. The multi-point BET (Bru-
nauer, Emmett and Teller)-N2 specific surface area of the particles
(5.57 m2/g) was determined by Quantachrome Instruments in
Boynton Beach, FL.
2.2. Growth media

The objective of this study was to examine how bacteria influ-
ence the release of base cations and other elements (e.g., Sr, P, and
Si) from basalt when they are forced to acquire P from the rock
matrix. Standard growth media typically lack Si, and it is not
difficult to eliminate additives that contain P. However, most for-
mulae yield media with very high base cation concentrations that
could potentially mask the effects of rock dissolution. To circum-
vent this problem, we developed a specially formulated medium
that primarily contains C and N required for cell growth but en-
tirely lacks Ca and Fe and has minimal amounts of Mg, Na, and K.

The idealized formula is provided here, and bulk chemical
analyses are presented in Section 3. Per liter of solution, the major
constituents are glucose (0.2 g), NH4Cl (0.04 g), KCl (0.0005 g),
and MgSO4 (0.0005 g), and the minor constituents are MnCl2Æ4-
H2O (12 lg), CoCl2Æ6H2O (4.8 lg), CuSO4 (1.2 lg), Na2MoO4Æ2-
H2O (3.6 lg), ZnCl2 (2.4 lg), LiCl (0.6 lg), H3BO3 (1.2 lg), KBr
(2.4 lg), KI (2.4 lg) and BaCl2 (0.6 lg). Hereafter, this formula is
referred to as the P-limited medium. According to Geochemist’s
Workbench, the P-limited medium has a low ionic strength of
0.0008 mol/L. For experiments where P was not a limiting nutrient,
either 0.3 g of NaH2PO4 or 0.03 g of KH2PO4 were added per liter
of solution. Hereafter, these formulae are referred to as the P-

bearing media. These media have ionic strengths of 0.035 and
0.0035 mol/L, respectively. All media were prepared using MilliQ
water, and when possible, high-purity reagents. All media were
adjusted to pH 7 using ammonium hydroxide and were sterilized in
pyrex glassware by autoclaving prior to use. Although the media
were prepared in glassware, the release of Si from glassware during
autoclaving was negligible, as evidenced from the chemical analyses
presented in Table 2.
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2.3. Model microorganism

The experiments were conducted using Burkholderia fungorum,
a rod-shaped Gram-negative microorganism available from the
American Type Culture Collection (ATCC #BAA-463) (Coenye
et al., 2001). B. fungorum is a novel member of the Burkholderia

cepacia complex. As such, considerable effort is now being directed
towards characterizing its ecological and physiological properties.
Recent work has identified B. fungorum in association with basalt
comprising the Snake River Plain, Idaho (Sebat et al., 2003) and
young (42–300 yr) Hawaiian volcanic deposits (Dunfield and King,
2005). B. cepacia has the ability to solubilize mineral-bound
phosphate (Babu-Khan et al., 1995) and precipitate metal phos-
phate (Templeton et al., 2003). It is reasonable to assume that
B. fungorum has similar capabilities since B. cepacia and B. fun-

gorum belong to the same genus and can be isolated from similar
environments.

2.4. Culture preparation

Prior to initiating the batch experiments described in Section
2.5, the bacteria were preconditioned in the presence of sterilized
basalt particles. To sterilize the particles, 1-g samples were mixed
with 5 mL of 6.15% NaOCl for 1 h in sterile 250 mL polycarbonate
Erlenmeyer culture flasks with leak proof caps, washed five times
with 50 mL of MilliQ water, and autoclaved in 1 mL of MilliQ for
1.5 h. The sterilized particles were then resuspended in 100 mL of
P-bearing medium. One milliliter of the culture suspended in an
optimal growth medium (Difco nutrient broth) was extracted and
centrifuged at 5000 rpm for 5 min. After discarding the superna-
tant, 1 mL of P-bearing medium was added, the mixture was vor-
texed and centrifuged, and the supernatant was again discarded.
This step was repeated three times. The resulting cell pellet was
resuspended in 1 mL of P-bearing medium, and the optical density
of the mixture was measured at 600 nm using a Spectronic 20
Genesys spectrophotometer. The washed culture was added to the
flasks containing the sterilized particles and was incubated at
T = 28 �C for 3 days. Conventional plate counting techniques
showed that the initial cell density was �104–105 CFU (Colony
Forming Units)/mL.

To prepare the inoculum for the batch experiments, 80 mL of
the preconditioned culture were extracted and centrifuged at
5000 rpm for 10 min. The cell pellet was washed three times with
20 mL of P-limited medium as described previously. Based on
optical density measurements of the final suspension, 100 lL was
added to the batch reactors described in Section 2.5 in order to
achieve an initial cell density of �105 CFU/mL.

2.5. Batch experiments

Sterile 250 mL polycarbonate Erlenmeyer culture flasks with
vented caps (0.22 lm PTFE membranes) were used for the batch
experiments. All elemental release experiments were conducted
using a fluid:rock mass ratio of 100 or alternatively, a fluid vol-
ume:rock area ratio of 18 mL/m2 (200 mL fluid: 2 g sterilized basalt
with a BET surface area of 5.57 m2/g).

Four elemental release experiments involving viable bacteria
were conducted: B1 (bacteria + P-limited medium), B2 (bacte-
ria + P-limited medium), B3 (bacteria + P-bearing medium with

NaH2PO4), and B4 (bacteria + P-bearing medium with KH2PO4).
The two reactors with P-limited medium (B1 and B2) can be viewed
as duplicate reactors due to their identical experimental conditions.
The reactors were incubated on a shaker table at T = 28 �C for 36
days. At 1–7 day intervals, 10.3 mL aliquots were collected with
sterile serological pipettes and transferred to acid-cleaned 30-mL
LDPE bottles. Each 10.3 mL aliquot was immediately processed as
follows: 10 mL was passed through a 0.2 lm nylon syringe filter for
concentration and pH measurements, 200 lL was similarly filtered
for glucose measurements, and 100 lL was left unfiltered for plate
counting.

To further constrain the importance of P limitation with respect
to bacterial growth, we conducted two additional experiments in the
absence of basalt: B5 (bacteria + P-limited medium) and B6 (bacte-
ria + P-bearing medium with KH2PO4). The reactors were inoculated
in the same manner as described above. The initial cell density in
each reactor after inoculation was�105 CFU/mL. The reactors were
incubated on a shaker table at T = 28 �C for 36 days. An unfiltered
100 lL sample was collected for plate counting at 1–7 day intervals.

Five control experiments were conducted: C1 (P-limited med-

ium), C2 (nonviable cells + P-limited medium), C3 (P-bearing

medium with NaH2PO4), C4 (P-bearing medium with KH2PO4), and
C5 (P-limited medium with initial pH adjusted to 4 with ultrapure
HCl). Experiment C2 was designed to test the importance of cell
wall-solute interactions on elemental release in the absence of
metabolic activity. To simulate the stationary phase of the biotic
reactors, a final cell density of �108 CFU/mL was adopted.
Approximately 100 mL was extracted from an optimal medium
suspension containing �109 CFU/mL cells. The sample was auto-
claved and centrifuged. The resulting cell pellet was washed three
times with 20 mL of P-limited medium and was resuspended in
100 mL of P-limited medium. After vortexing, the mixture was
added to a reactor containing 100 mL of P-limited medium and 2 g
of sterilized particles. Experiment C5 was designed to test the
importance of low pH on elemental release. The experiment was
terminated after two days, when the reactor solution reached pH 7.
Samples from all control reactors were extracted and processed in a
manner identical to the biological experiments.

2.6. Collection and preparation of cell biomass for chemical analyses

On day 36, the remaining fluid in reactors B1 and B2 (�85 mL)
was collected to measure intracellular elemental concentrations.
The liquid samples were weighed, and centrifuged at 10,000 rpm
for 20 min. The cell pellet was washed with MilliQ water three
times and dried at T = 60 �C. The dried biomass was completely
digested in concentrated ultrapure HNO3, and the resulting solu-
tions were passed through 0.2 lm nylon syringe filters, dried, and
redissolved in 5% HNO3.

2.7. Chemical analyses

pH was measured with a VWR benchtop meter (Model #8100)
and a VWR sympHony Gel 3-in-1 electrode with an uncertainty of
±0.01 pH units. Glucose concentrations were measured using a
Bio-tek FLx 800 Microplate Fluorescence Reader and an Invitro-
gen Amplex Red Glucose/Glucose Oxidase Assay Kit. Repeated
analyses of gravimetrically prepared glucose standards yielded an
uncertainty better than ±5%. Elemental concentrations were
measured by Inter-Mountain Laboratories in Sheridan, WY, using
a combination of ICP-OES (Varian Vista Pro CCD) and ICP-MS
(Varian Ultra Mass 700). Elemental concentrations are better than
±5%. Detection limits were: Ca(1.3 lmol/L), Mg(2.1 lmol/L),
P(0.2 lmol/L), Fe(0.9 lmol/L), Na(2.0 lmol/L), Si(3.6 lmol/L),
Sr(0.06 lmol/L), and Ba(0.04 lmol/L). Saturation indices for ma-
jor minerals were calculated using Geochemist’s Workbench.

3. RESULTS AND DISCUSSION

3.1. Basalt mineralogy and geochemistry

Table 1 shows the chemical composition of the bulk ba-
salt and its major minerals. By volume, the CRFB used in
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this study contains 40.8% feldspar (95% plagioclase and 5%
orthoclase), 29.3% clinopyroxene (Mg0.76Fe0.68Ca0.51Al0.06-
Si1.94O6), 22.4% glass, 3.2% illmenite, and 1.2% apatite (Ta-
ble 1). No olivine was detected. In brief, Ca mainly occurs
in feldspar and pyroxene, Mg mainly occurs in pyroxene,
and Fe mainly occurs in pyroxene and ilmenite. Glass is rel-
atively devoid of elements other than Si, Al, and K. The
only source of P is apatite, which occurs as needles within
feldspar and glass. We were unable to directly determine
the composition of apatite with the microprobe due to the
small grain size of the needles (�2 lm). According to Rob-
erts et al. (2004), apatite in CRFB occurs as chlorapatite
(Ca5(PO4)3Cl).
3.2. Glucose consumption, bacterial growth, and pH trends

Table 2 shows the pH, glucose concentrations, and cell
densities measured in the growth media and the experimen-
tal reactors. Hereafter, we assume that the initial composi-
tions of the reactor solutions (time = 0 days) were
equivalent to those of the respective growth media. Imme-
diately after inoculation, reactors B1, B2, B3, and B4 had
initial cell densities of �104–105 CFU/mL. Within 4–7 days,
glucose concentrations decreased to zero (Table 2, Fig. 1a).
Simultaneously, cell densities increased to a maximum of
�108 CFU/mL (Table 2, Fig. 1b). Between days 4 or 7
and 36, cell densities remained constant at �108 CFU/mL.

We interpret the glucose and cell density trends to reflect
simple exponential bacterial growth followed by a pro-
longed stationary phase most likely sustained by the inter-
nal recycling of organic matter and nutrients (Finkel,
2006). We infer that no foreign microorganisms contami-
nated the reactors. Firstly, each plate counting experiment
yielded morphologically identical cell colonies. Secondly,
according to observations by confocal scanning laser
microscopy, the size (�1 lm length) and shape of the bac-
teria (rod) remained consistent throughout the entire exper-
imental period (Wu et al., 2006). Neither glucose
consumption nor viable cells were observed in the five con-
trol reactors (Table 2, Fig. 1a). Although we are unable to
explain the glucose data for C3, it is unlikely that the pat-
tern resulted from bacterial metabolism, since the reactor
did not contain viable cells or display any other character-
istics of microbial activities (e.g., pH changes).

In the case of the P-limited experiments, the most plau-
sible explanation for prolific cell growth is that B. fungorum

utilized apatite as a P source for biomass synthesis (e.g.,
Welch et al., 2002; Rogers and Bennett, 2004). Results ob-
tained from reactors B5 (bacteria + P-limited med-

ium � basalt) and B6 (bacteria + P-bearing medium with

KH2PO4 � basalt) support this assertion. The cell density
in B5 increased one order of magnitude to �106 CFU/mL
after 1 day, remained constant between days 2 and 7, and
then decreased to �105 CFU/mL by day 36 (Fig. 1b). By
comparison, the cell density in B6 increased 3 orders of
magnitude to �108 CFU/mL by day 2 and remained con-
stant until day 36 (Fig. 1b). In B5, B. fungorum likely
adapted to the P-limited environment by assimilating P
from complex sources, such as inert cells or extracellular
polysaccharides, consequently utilizing less P on a per cell



Table 2
General characteristics of reactor solutionsa

Reactor ID Time
(days)

pH Log (cell density)
(CFUb/mL)

Glucose
(lmol/L)

Ba
(lmol/L)

Ca
(lmol/L)

Fe
(lmol/L)

K
(lmol/L)

Mg
(lmol/L)

Na
(lmol/L)

P
(lmol/L)

Si
(lmol/L)

Sr
(lmol/L)

P-limited medium 6.50 — 1274 — — — 6 — 7 — — —
P-limited medium (low pH) 4.34 — n.m. — 3.8 — 15 4 14 — — 0.08
P-bearing medium (NaH2PO4) 6.88 — 1109 — — — 12 — 2809 2755 4 —
P-bearing medium (KH2PO4) 6.84 — 1395 — — — 206 3 — 243 — —
B1 1 6.28 0.30 1385 — 10.8 — 18 — 20 — 11 —

4 4.01 7.68 552 — 46.8 2.2 16 15 15 — 28 0.09
7 4.54 8.49 3 0.07 89.8 10.8 24 35 19 — 57 0.18

10 4.82 8.26 3 0.07 102 14.5 21 43 20 — 78 0.22
13 5.05 8.20 3 0.11 129 19.2 23 73 20 — 100 0.27
16 4.90 8.34 3 0.10 123 13.1 16 60 17 — 103 0.25
23 5.10 8.32 3 0.11 135 15.4 21 72 21 — 132 0.27
30 5.24 8.48 2 0.11 138 12.4 24 77 21 — 153 0.30
36 5.10 8.32 2 0.12 146 10.0 37 86 25 — 171 0.31

B2 1 5.39 6.90 1309 — 11.5 — 16 — 12 — 11 —
4 4.38 8.04 2 0.05 79.3 10.9 16 29 16 — 46 0.16
7 4.67 7.84 3 0.07 94.5 11.3 21 38 18 — 68 0.19

10 4.80 8.28 3 0.07 102 14.0 21 42 20 — 82 0.21
13 4.90 8.26 3 0.10 136 17.7 19 69 17 — 103 0.27
16 4.99 8.30 3 0.10 133 13.8 17 69 19 — 107 0.25
23 5.05 8.30 2 0.12 163 14.2 22 85 21 — 149 0.33
30 5.17 8.20 2 0.10 148 9.9 25 77 20 — 153 0.29
36 5.20 8.18 1 0.10 158 7.7 22 84 22 — 167 0.31

B3 1 6.60 7.11 1166 — 13.3 — 24 — 2665 2642 14 —
4 6.04 7.65 146 — 26.0 — 19 6 2678 2619 28 —
7 6.28 7.23 0 — 33.0 — 23 15 2730 2697 46 —

10 6.52 7.60 0 — 35.8 — 23 17 2765 2710 57 —
13 6.64 7.76 0 — 28.5 — 19 14 3009 2739 57 0.11
16 6.66 7.72 0 — 33.3 — 21 18 3265 2755 75 0.11
23 6.56 7.57 0 — 40.3 — 35 27 3704 3452 117 0.15
30 6.72 7.51 0 — 45.0 — 35 28 3470 3055 121 0.08
36 6.74 7.38 0 — 49.5 — 41 31 3530 3168 139 0.08

B4 1 4.15 8.08 836 — 11.8 — 237 — 121 201 25 —
4 5.42 8.48 0 0.04 67.8 4.1 238 19 127 168 60 0.10
7 5.78 8.49 0 — 84.0 1.3 251 23 131 167 71 0.11

10 5.98 8.60 0 — 88.5 — 236 24 140 167 82 0.11
13 6.15 8.51 2 — 89.3 — 229 25 132 167 89 0.10
16 6.34 8.52 4 — 89.3 — 175 26 105 171 107 0.18
23 6.50 8.49 0 — 107 — 204 31 133 198 142 0.21
30 6.66 8.48 0 — 105 — 219 32 107 182 142 0.17
36 6.67 8.38 0 — 111 — 212 36 113 195 153 0.17

C1 1 6.73 — 1283 — 2.0 — 30 2 132 — 18 —
4 6.94 — 1353 — 8.8 — 30 3 133 — 28 —
7 7.12 — 1171 — 17.3 — 40 5 136 — 39 —

10 7.19 — 1395 — 21.5 — 94 7 144 — 43 —
13 7.08 — 1255 — 31.8 — 30 10 142 — 50 —
16 7 09 1339 34 0 30 11 146 53
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10 5.98 8.60 0 88.5 236 24 140 167 82 0.11
13 6.15 8.51 2 — 89.3 — 229 25 132 167 89 0.10
16 6.34 8.52 4 — 89.3 — 175 26 105 171 107 0.18
23 6.50 8.49 0 — 107 — 204 31 133 198 142 0.21
30 6.66 8.48 0 — 105 — 219 32 107 182 142 0.17
36 6.67 8.38 0 — 111 — 212 36 113 195 153 0.17

C1 1 6.73 — 1283 — 2.0 — 30 2 132 — 18 —
4 6.94 — 1353 — 8.8 — 30 3 133 — 28 —
7 7.12 — 1171 — 17.3 — 40 5 136 — 39 —

10 7.19 — 1395 — 21.5 — 94 7 144 — 43 —
13 7.08 — 1255 — 31.8 — 30 10 142 — 50 —
16 7.09 — 1339 — 34.0 — 30 11 146 — 53 —
23 7.02 — 1283 — 38.0 — 18 13 114 — 68 0.11
30 7.21 — 1297 — 43.5 — 21 12 117 — 82 0.13
36 7.22 — 1353 — 48.3 — 35 15 117 5 89 0.10

C2 1 6.58 — 1465 — 2.8 — 38 — 131 — 14 —
4 6.84 — 1437 — 8.0 — 75 4 143 — 25 —
7 6.92 — 1479 — 11.0 — 27 5 135 — 36 —

10 6.98 — 1367 — 15.8 — 31 7 140 — 43 —
13 6.94 — 1423 — 17.0 — 30 7 138 — 46 —
16 6.91 — 1339 — 17.8 — 28 9 140 — 53 —
23 6.82 — 1395 — 19.3 — 20 8 120 — 71 0.14
30 7.00 — 1437 — 27.0 — 28 13 116 — 82 0.11
36 7.16 — 1409 — 29.0 — 198 14 134 — 93 0.07

C3 1 6.76 — 1003 — 13.0 — 40 5 2596 2735 25 —
4 6.84 — 933 — 26.8 — 51 10 2600 2752 36 —
7 6.87 — 933 — 24.8 — 50 10 2643 2729 46 —

10 6.87 — 947 — 31.5 — 101 14 2665 2797 53 —
13 6.80 — 989 — 31.5 — 43 12 2696 2806 64 —
16 6.81 — 1269 — 40.5 — 39 16 2722 2813 71 0.06
23 6.80 — 1003 — 39.3 — 36 18 3413 2858 100 0.14
30 6.87 — 947 — 47.5 — 35 24 3548 2981 114 0.15
36 6.85 — 933 — 48.8 — 35 17 2991 3013 128 0.11

C4 1 6.88 — 1283 — 10.3 — 269 3 117 223 25 —
4 7.17 — 1269 — 47.8 — 225 9 118 223 36 —
7 7.22 — 1269 — 61.5 — 233 11 121 227 43 0.07

10 7.25 — 1269 — 68.8 — 245 11 132 219 50 0.07
13 7.25 — 1339 — 75.5 — 232 14 128 227 53 0.08
16 7.27 — 1213 — 73.3 — 163 9 97 206 64 0.15
23 7.28 — 1339 — 89.5 — 199 16 130 252 85 0.19
30 7.27 — 1381 — 89.8 — 197 19 97 249 89 0.11
36 7.29 — 1339 — 99.3 — 210 23 104 255 96 0.14

Time (h)
C5 4 6.12 — 1276 — 8.3 — 20 4 80 — 11 —

8 6.61 — 1325 — 17.8 — 121 6 97 3 14 —
12 6.91 — 1268 — 24.3 — 46 6 87 — 18 —
24 7.14 — 1219 — 51.8 — 50 10 95 — 21 0.08
28 7.22 — 1284 — 60.0 — 23 9 97 — 25 0.08
32 7.32 — 1382 — 71.0 — 125 12 93 7 25 0.10
36 7.33 — 1268 — 80.5 — 33 13 91 — 25 0.10
48 7.33 — 1325 — 96.8 — 22 14 85 — 28 0.11

a Raw elemental concentrations.
b CFU, Colony Forming Units.
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Fig. 1. Glucose concentrations (a), cell density (b), and pH (c)
versus time for all experimental reactors (see Section 2.5). Data for
reactors B5 and B6 only appear in (b).
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basis (Allison and Vitousek, 2005). However, this process
reached a maximum and ultimately led to a net decrease
in viable cells. Because the cell growth pattern observed
for B6 is virtually identical to the patterns observed for
the other biotic reactors containing basalt, in particular
B1 and B2, we infer that B. fungorum utilized apatite-bound
P for biomass synthesis.

Coincident with the period of exponential cell growth
and glucose depletion, the pH in all biotic reactors rapidly
decreased from an initial value of 6.68. The pH in reactors
B1 and B2 decreased to 4.20 by day 4. The pH in reactors
B3 decreased to 6.04 by day 4, and the pH in B4 decreased
to 4.15 by day 1. Following the period of cell growth and
glucose utilization, pH values gradually increased. By day
36, the pH in reactors B1 and B2 rose to 5.15, while the
pH in reactors B3 and B4 rose to 6.70. As discussed below
in more detail, we attribute the initial acidification to micro-
bial metabolism and the final pH increase to proton uptake
during elemental release from basalt. The higher final pH in
reactors B3 and B4 (P-bearing media) versus B1 and B2 (P-

limited medium) most likely resulted from the added effect
of buffering by dissolved P species (Stumm and Morgan,
1981). Reactor B3 displayed a smaller pH variation relative
to B4 because B3 contained an order of magnitude more P
(2755 versus 243 lmol/L).

In contrast to the biotic reactors, the pH in control reac-
tors C1, C2, C3, and C4 generally remained near neutral,
which is consistent with lack of microbial activity in these
experiments. The pH slightly increased by day 1, most likely
due to modest proton uptake during elemental release, and
then leveled off with time. This pattern is consistent with
prior work focusing on inorganic basalt dissolution (e.g.,
Gislason and Eugster, 1987b; Gislason et al., 1993). The
one exception to the aforementioned trends is C5, which
was initiated at pH 4.34 in an attempt to simulate the
behavior of the biotic reactors. Unlike the biotic experi-
ments, the pH of this experiment rapidly rose to 7.33 by
day 2, thus suggesting that HCl-mediated dissolution is
not an ideal analogue for microbially mediated dissolution.
3.3. Source of acidity

Here, we develop a stoichiometric equation for bacterial
growth to explore factors that led to the initial pH decrease
observed in the biotic reactors. In our experiments, B. fun-

gorum used glucose as both an energy source (electron do-
nor) and a carbon source for biomass synthesis. We can
write the energy reaction (aerobic glucose oxidation) as:

C6H12O6 þ 6O2 ! 6CO2 þ 6H2O ð1Þ

and the cell synthesis equation, using NH4
þ as a N source,

as:

7C6H12O6 þ 8NH4
þ þ 8HCO3

�

! 8C5H8O2Nþ 10CO2 þ 30H2O ð2Þ

where C5H8O2N is an assumed chemical formula for a pure
culture of prokaryotic cells (Rittman and McCarty, 2000).
Assuming that B. fungorum used 80% of the electron equiv-
alents in glucose for energy production and the remaining
20% for cell synthesis (Rittman and McCarty, 2000), we
can write the overall reaction for microbial growth as:

11C6H12O6 þ 24O2 þ 8NH4
þ þ 8HCO3

�

! 8C5H8O2Nþ 34CO2 þ 54H2O ð3Þ

Given Eq. (3), one hypothesis to explain the lowered pH is
that the bacteria produced carbonic acid (H2CO3) by sparg-
ing respired CO2 directly into the reactor solutions. This
phenomenon has been widely observed in both natural
and experimental settings, even under conditions partially
open to the atmosphere (Ho et al., 1987; Morel and Hering,
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1993; VanBriesen and Rittman, 1999). If we make the sim-
plifying assumption that the rate of CO2, and hence,
H2CO3, addition to solution is sufficiently fast relative to
reactions governing CO2 loss (e.g., diffusion, basalt dissolu-
tion etc.), we can use Eq. (3) and relations governing the
dissolved carbonate system to estimate the maximum possi-
ble effect of microbial metabolism on solution pH. The ini-
tial glucose concentration in B1 and B2 was 1274 lmol/L.
According to Eq. (3), the complete consumption of glucose
would yield 2752 lmol/L of CO2 ð¼ H2CO3

�Þ. At T =
30 �C, the pKa of H2CO3

� is 6.33 ðK ffi ½Hþ�½HCO3
��=

½H2CO3
��Þ. Thus, respired CO2 could have lowered pH

to 4.45, which is in reasonable agreement with the measured
values of 4.54, 4.38, and 4.15 in B1, B2, and B4,
respectively.

An alternative hypothesis is that the lowered pH re-
sulted from production of organic acids. Previous work
concerning a related microorganism (Burkholderia solanece-

rum) has shown that the partial oxidation of glucose can
lower pH via the production of gluconic acid (Welch and
Ullman, 1999). Gluconic acid accumulates in the medium
until glucose is exhausted, at which time bacteria respire
gluconate to CO2. To quantify the effect, it is necessary to
measure gluconate concentrations. Although we did not
conduct such measurements, we can use data presented in
Welch and Ullman (1999) to estimate the amount of glu-
conic acid produced in our experiments, recognizing that
gluconic acid production depends on many factors, such
as the nutritional, physiological, and growth conditions of
various cultures. According to Welch and Ullman (1999),
a maximum of �10% of the initial glucose was released as
gluconic acid at T = 20 �C. Given our initial glucose con-
centration of 1274 lmol/L, we estimate that B. fungorum

could have produced 127 lmol/L of gluconic acid. Glu-
conic acid is a weak acid with a pKa of 3.7 (Ramachandran
et al., 2006). Thus, the theoretical pH of a 127 lmol/L glu-
conic acid solution is 4.05, which is also broadly consistent
with the measured values in reactors B1, B2, and B4.

Lastly, other laboratory work has shown that bacteria
as well as fungi can acidify their surrounding medium
through an ionic exchange mechanism involving the uptake
of NH4

þ and the extrusion of H+ with a 1:1 stoichiometry
(Roos and Luckner, 1984; Gyaneshwar et al., 1998; Reyes
et al., 1999). This reaction is especially pervasive in experi-
mental systems such as ours, where glucose is supplied as a
C source and ammonium is supplied as a N source.
Although we did not measure NH4

þ concentrations, we
may use Eq. (3) to estimate the pH drop associated with
the NH4

þ–Hþ exchange mechanism. According to Eq.
(3), the complete consumption of 1274 lmol/L of glucose
would yield 1223 lmol/L of cells. Each bacterial cell con-
tains one mole of N, thus yielding a theoretical pH of 2.9.
Although this result is considerably lower than the mea-
sured values, we nonetheless view the exchange mechanism
as plausible given the approximate nature of the calcula-
tions. For example, none of our calculations consider the
amount of H+ lost by reaction with basalt, which would
raise all of the aforementioned pH estimates to higher val-
ues. While additional work is required to constrain the
source of acidity in our experiments, it is clear that micro-
bial metabolism led to substantial changes in solution pH.
As discussed in the following section, these changes had
important consequences for the rate of elemental release
from basalt compared to abiotic conditions.

3.4. Dissolved elemental concentrations

Table 2 lists the elemental concentrations measured in
the growth media and the experimental reactors. Aside
from Na, K, and P, all elements in the growth media were
below detection limit, thus confirming that basalt supplied
the remaining elements in the reactor solutions. The very
high Na, K, and P concentrations in the P-bearing media re-
sulted from the reagents used to construct the media (see
Section 2.2). To evaluate the concentration data in more de-
tail, we first corrected the raw results reported in Table 2 for
the decrease in fluid volume and the loss of elemental mass
during sampling using the equation:

C�j;i ¼
Cj;i½V 0 � ðj� 1ÞV s� þ

Pj�1
h¼1Ch;iV s

V 0

ð4Þ

where C�j;i is the corrected concentration of element i in the
jth sample (j = 1,2, . . . , 9), Cj,i is the measured concentra-
tion (Table 2), V0 is the initial fluid volume (0.2 L), Vs is
the sampling volume (0.0103 L), and the term

Pj�1
h¼1Ch;iV s

accounts for the mass of element i extracted during sam-
pling. By comparing initial and final fluid volumes, we esti-
mate that �10% of the fluid evaporated over the course of
the experiments. The correction does not account for this
loss because we do not know how evaporation varied with
time. However, since evaporation likely affected all reactors
in the same way, it is reasonable to ignore the effect because
our primary goal is to make relative comparisons between
the biotic and abiotic experiments.

Fig. 2 shows the corrected elemental concentrations as a
function of time. In general, we observed the highest ele-
mental concentrations in the P-limited reactors (B1 and
B2), followed by the P-bearing reactors (B3 and B4) and
the abiotic controls. Most elemental concentrations (Ba,
Ca, Mg, Si, and Sr) increased linearly until days 7 to 10
and then either reached or began to approach apparent,
near steady-state conditions. This parabolic pattern is com-
mon to batch dissolution experiments (e.g., Wollast, 1967;
Luce et al., 1972; Busenberg and Clemency, 1976). We
interpret the data to represent incongruent elemental re-
lease controlled by two phenomena giving rise to essentially
the same elemental profiles, namely ion diffusion through a
thickening leached layer and the approach to saturation
with respect to secondary phases (e.g., hydrous alumino-sil-
icates) (e.g., Wollast, 1967; Luce et al., 1972; Paces, 1973;
Eick et al., 1996). We can reasonably discount the dissolu-
tion of ultrafine particles because the basalt was thoroughly
cleaned prior to use (Holdren and Berner, 1979).

We evaluated mineral saturation indices using Geochem-
ist’s Workbench. All solutions were undersaturated with re-
spect to calcite. B3 and B4 were saturated with respect to
whitlockite (Ca3(PO4)2) and hydroxyapatite (log Ksp =
�11.5 at T = 25 �C) owing to the relatively high P concen-
trations in the P-bearing media. We evaluated the aCa=a2

H

vs aSi composition of the fluids to examine their stability
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Fig. 2. Ba (a), Ca (b), Fe (c), Mg (d), Na (e), P (f), Si (g), and Sr (h) concentrations versus time for all experimental reactors. Error bars
indicate 5% relative uncertainty. Symbols identical to Fig. 1.
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with respect to various clay minerals (Gislason and Eugster,
1987b). The solutions were stable with respect to gibbsite
and kaolinite but not smectite. Hence, it is reasonable to as-
sume that Si (and Al, although it was not measured as part
of the study) were removed from solution. It is less likely
that the formation of gibbsite and kaolinite removed Ba,
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Ca, Mg, and Sr because in general, these minerals do not
contain appreciable concentrations of divalent cations.
Nonetheless, we cannot entirely rule out the possibility that
divalent cations adsorbed onto secondary mineral surfaces.
Lastly, we cannot discount ion removal in the biotic reactors
by organic precipitates (e.g., Ca-oxalate) (Welch et al., 2002)
because we did not evaluate particle surfaces at the end of
the experiments. However, because Ca concentrations in
the abiotic reactors leveled off with time in a manner similar
to the biotic reactors, we do not view this effect as critical in
our experiments. We therefore conclude that Ba, Ca, Mg, Si,
and Sr release rates decreased with time as a consequence of
the kinetic limitations noted above.

Exceptions to the aforementioned behavior include Fe,
P, K, and Na. The Fe concentrations in B1 and B2 in-
creased linearly until day 13 and then decreased. This trend
may reflect an initial enhancement of Fe release due to the
presence of microbially produced chelators followed by Fe
removal by either biological uptake or the formation of sec-
ondary Fe phases (Liermann et al., 2000). P concentrations
in B1, B2, C1, and C2 were below the detection limit of the
method. The high P concentrations in the remaining reac-
tors reflect the composition of the P-bearing media. Fig. 2
does not include K because no trends were observed. In
general, basalt is not a significant reservoir of K. B3 and
C3 had high Na concentrations due to the addition of
NaH2PO4. However, in contrast to other base cations,
C1, C2, and C4 had much higher levels of Na than B1
and B2. The levels were even higher than that observed in
C5, which had an initial pH of 4.3. We attribute this pattern
to the incomplete removal of bleach during the particle ster-
ilization procedure. Hereafter, we exclude K and Na from
further consideration.

3.5. Elemental release rates

In this section, we evaluate the kinetics of Ba, Ca, Mg,
Fe, Si, and Sr release using two rate laws, a linear rate
law and a bulk-effective rate law. The linear rate law (zeroth
order kinetics) yields a straightforward result that describes
elemental release under far-from-equilibrium conditions
(Brantley, 2003). The linear rate law is one of the most
widely utilized rate laws. Thus, we report linear release rates
so that direct comparisons can be made to other studies.

We use the bulk-effective rate law to describe the gross
chemistry of the reactor fluids throughout the entire exper-
imental period. The bulk-effective rate law provides a more
complete interpretation of the data relative to the linear rate
law, in that it accounts for the effect of changing fluid chem-
istry on elemental release (Wollast, 1967). This rate law, or
some variation thereof, is most commonly utilized to quan-
tify the dissolution of individual minerals, but a few studies
have applied the rate law to mixed phase systems (Paces,
1973; Lerman, 1979). More sophisticated rate laws have
been developed for describing the dissolution of multioxide
silicates (Oelkers, 2001), but their implementation requires
key information not available for the present study, includ-
ing equilibrium constants for metal/proton exchange reac-
tions, the stoichiometry of the precursor complex, and
dissolution rate constants. Although the bulk-effective rate
law is less complex, it is sufficient for making relative com-
parisons between the biotic and abiotic reactors.

The linear rate law is given by the equation:

Rl
i ¼

dC�i
dt

V 0

Am
; ð5Þ

where Rl
i is the linear release rate of element i (mol/m2/s),

dC�i =dt is the slope of the line describing C�i versus time
in Fig. 2 over the interval of 0 to 7 or 10 days, V0 is the ini-
tial fluid volume (0.2 L), A is the BET-N2 surface area
(5.57 m2/g), and m is the mass of basalt particles (2 g).

The bulk-effective rate law is given by the equation:

Rbe
i ¼ kiðCeq

i � C�i Þ
V 0

Am
; ð6Þ

where Rbe
i is the release rate of element i (mol/m2/s), ki is a

first-order rate constant for the release of element i, Ceq
i is

the equilibrium concentration of element i (mol/L), C�i is
the corrected concentration of element i (mol/L), and the
remainder of the parameters are defined above. Ceq

i is esti-
mated by extrapolation to infinite time (Garrels et al.,
1960; Plummer and Mackenzie, 1974). For the elements
that reached near steady state conditions (e.g., Ca and
Mg), Ceq

i approximately equals the maximum concentration
in the reactor solutions. Eq. (6) does not account for ion re-
moval by secondary mineral formation.

The rate constant, ki, is obtained by noting that

dC�i
dt
¼ kiðCeq

i � C�i Þ; ð7Þ

which when integrated yields

lnðCeq
i � C�i Þ ¼ lnðCeq

i � C0
i Þ � kit; ð8Þ

where C0
i is the initial concentration of element i in the reac-

tor at time zero (the growth medium reported in Table 2).
Plotting lnðCeq

i � C�i Þ versus �t yields a line with a slope
equal to ki.

Inspection of Eq. (6) shows that the release rate, Rbe
i ,

varies with concentration (or time). Rbe
i is maximum when

C�i ¼ C0
i and zero when C�i ¼ Ceq

i . To aid comparisons be-
tween the various reactors, it is convenient to calculate
the average release rate of element i ð�Rbe

i Þ over the course
of the entire experiment:

�Rbe
i ¼

Ceq
i ð1� e�kitf Þ � C0

tf

� �
V 0

Am
; ð9Þ

where tf is the final sampling time (36 days).
Table 3 shows results for the linear rate law and the

bulk-effective rate law, including ki, �Rbe
i , and the maximum

value of Rbe
i at t = 0 day. When fit to the data, both rate

laws generally yield R2 values greater than 0.90, although
a few are between 0.70 and 0.80. The most notable excep-
tions pertain to Sr and Fe. In some cases, there were too
few data for Sr to obtain reliable fits. The bulk-effective rate
law is not appropriate for Fe because Fe concentrations de-
creased after 13 days. Overall, for Ca, Mg, and Sr, the lin-
ear rate law gives a slightly better fit than the bulk-effective
rate law and vice versa for Si.

Consistent with the equations presented above, release
rates calculated with the linear rate law are �2- to 4-fold



Table 3
Linear elemental release rates ðRl

iÞ calculated from linear rate law
and rate constants (ki), average elemental release rates ð�Rbe

i Þ and
maximum elemental release rates ðRbe

i Þ calculated from the bulk-
effective rate law

Reactor ID Ba Ca Fe Mg Si Sr

Rl
i (10�12 mol/m2/s)

B1 0.0016 2.47 0.28 1.00 1.51 0.0050
B2 0.0020 2.84 0.37 1.17 1.92 0.0057
B3 — 0.87 — 0.43 1.13 —
B4 — 2.49 — 0.72 1.95 0.0037
C1 — 0.47 — 0.13 0.99 —
C2 — 0.30 — 0.15 0.91 —
C3 — 0.67 — 0.27 1.06 —
C4 — 1.79 — 0.31 1.05 0.0017
C5 — 8.36 — 0.82 6.87 0.012

ki (1/day)
B1 0.127 0.174 0.034 0.09 0.08 0.136
B2 0.068 0.091 0.022 0.10 0.10 0.082
B3 — 0.076 — 0.09 0.08 0.036
B4 — 0.177 — 0.10 0.10 0.064
C1 — 0.087 — 0.08 0.08 —
C2 — 0.083 — 0.07 0.08 —
C3 — 0.110 — 0.04 0.07 —
C4 — 0.093 — 0.06 0.10 0.042

�Rbe
i (10�12 mol/m2/s)

B1 0.0009 0.98 0.07 0.54 1.11 0.0021
B2 0.0006 0.96 0.05 0.53 1.15 0.0018
B3 — 0.34 — 0.24 1.03 —
B4 — 0.66 — 0.19 1.07 0.0009
C1 — 0.31 — 0.09 0.57 —
C2 — 0.16 — 0.07 0.60 —
C3 — 0.31 — 0.08 0.82 —
C4 — 0.52 — 0.09 0.62 0.0009

Maximum Rbe
i (10�12 mol/m2/s)

B1 0.0040 6.14 0.12 1.85 3.42 0.0102
B2 0.0017 3.29 0.07 1.90 4.20 0.0055
B3 — 0.99 — 0.78 3.15 —
B4 — 4.21 — 0.68 4.12 0.0024
C1 — 1.01 — 0.26 1.78 —
C2 — 0.49 — 0.20 1.77 —
C3 — 1.26 — 0.15 2.35 —
C4 — 1.82 — 0.22 2.53 0.0017
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higher than the average release rates calculated with the
bulk-effective rate law. Nonetheless, both rate laws show
that B1 and B2 experienced higher release rates relative to
C1 and C2 for all elements. Ca release rates in B1 and B2
were �3- to 9-fold higher relative to C1 and C2. Similarly,
for Mg and Si, the relative differences were �6- to 9-fold
and 2-fold, respectively. The Sr release rates were elevated
several orders of magnitude because Sr was generally below
detection limit in C1 and C2.

Among the control reactors, the Ca release rates in C1
were �2-fold higher relative to C2, the control reactor that
contained inert cells. The Mg and Si release rates were com-
parable between C1 and C2. We conclude from these latter
results that the chemical properties of cell surfaces are less
critical than active metabolism in terms of influencing ele-
mental release from basalt. Reactor C5, which was adjusted
to pH 4 with HCl, experienced the highest Ca, Mg, Si, and
Sr release rates compared to all other reactors. Surprisingly
however, B1 and B2 yielded orders of magnitude greater Fe
and Ba release rates relative to C5. The high Fe release rate
may have resulted from the presence of microbially pro-
duced chelators (Liermann et al., 2000; Kraemer, 2004;
Aouad et al., 2006). A similar mechanism may explain the
Ba release rates. This could have implications for under-
standing dissolved Ba fluxes from basaltic watershed (Das
and Krishnaswami, 2006). However, more work is required
to understand microbial controls on Ba geochemistry.
Overall, comparisons between B1, B2, and C5 demonstrate
that HCl mediated dissolution is not an appropriate ana-
logue for microbially mediated dissolution.

The linear Ca, Mg, Na, and Si release rates reported
here are either equal to or �2-fold lower than those for
crystalline basalt (Gislason and Eugster, 1987b), with the
exception of C5. However, these rates were determined un-
der basic conditions (pH 9), where dissolution proceeds
more rapidly relative to the pH conditions examined in this
study (Oelkers and Gislason, 2001; Brantley, 2003; Gisla-
son and Oelkers, 2003). Likewise, the Ca and Mg release
rates reported here are �2 orders of magnitude lower than
average rates compiled by Wolff-Boenisch et al. (2006).
However, these rates largely correspond to dissolution by
strong mineral acid solutions at pH 4, where dissolution
is also expected to be rapid. Indeed, the rates reported by
Wolff-Boenisch et al. (2006) are generally consistent with
those determined for reactor C5, which clearly followed a
different reaction path relative to the biotic reactors. In
terms of biologically mediated elemental release, the Mg,
Ca, and Si release rates reported here are up to �2 orders
of magnitude higher than plant-induced release rates at
pH 6–7 (Hinsinger et al., 2001).

It is possible that discrepancies between biotic and abi-
otic release rates may in part result from the presence of or-
ganic molecules (such as extracellular polysaccharides) in
biotic experiments that bind to mineral surfaces and effec-
tively shield reactive surface sites from dissolution reactions
(Sverdrup, 1990; White, 1995; Ullman et al., 1996; Welch
et al., 1999; Benzerara et al., 2004, 2005). The internal com-
parisons made in this study demonstrate that microbial
activities accelerate elemental release, but it is evident that
generalizing findings among various studies is problematic
due to differences in experimental conditions. As well, com-
pared to the number of studies examining inorganic weath-
ering phenomena, relatively few investigations have
examined the release of base cations from silicate minerals
in the presence of actively metabolizing bacteria. This infor-
mation is required to better understand the role of biowea-
thering phenomena in key elemental cycles.

In either case, plotting �Rbe
i versus average pH provides

strong evidence that the elemental release rates were pH
dependent (Fig. 3). Consistent with prior studies focusing
on the dissolution of basalt and other geologic materials,
Fig. 3 shows that the highest elemental release rates
occurred at low pH, while the lowest rates occurred at
near-neutral pH (Blum and Stillings, 1995; Brantley, 2003;
Gislason and Oelkers, 2003). We infer that ligand-pro-
moted dissolution was less important because the P-limited

and P-bearing reactors experienced nearly identical rates of
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microbial growth, but the P-bearing reactors displayed
overall lower dissolution rates at near-neutral pH, where
presumably, the effect of ligand-promoted dissolution
would be most evident (Vandevivere et al., 1994; Welch
and Ullman, 1999). This finding does not negate the impor-
tance of ligand-promoted dissolution. Rather, it highlights
the diverse range of interactions that can occur between
microorganisms and geologic materials.

3.6. Elemental uptake by bacteria

Table 4 reports intracellular elemental concentrations
for bacteria collected from reactors B1, B2, and B3 on
day 36. We determined these values by normalizing the
measured concentrations of the digested biomass to the to-
tal number of bacterial cells remaining in the reactors at the
termination of the experiments [i.e., final fluid volume mul-
tiplied by the final cell density corrected according to Eq.
(4)]. The intracellular elemental concentrations reported in
Table 4
Chemical composition of planktonic cells

Reactor
ID

Ba (10�10

lmol/cell)
Ca (10�10

lmol/cell)
Fe (10�10

lmol/cell)
K (10�10

lmol/cell)

B1 — 0.01 0.02 0.07
B2 — 0.06 0.04 0.11
Table 4 are likely maximum estimates because we probably
digested both live and dead biomass but the cell density re-
fers only to viable planktonic cells. As well, it is possible
that the 0.2 lm filter did not capture mineral particles
encrusting cell walls and/or colloidal phases mixed with
bacteria.

To investigate if elemental uptake by bacteria was signif-
icant with respect to solute concentrations in the reactor
fluids, we multiplied the data in Table 4 by the cell densities
in Table 2, corrected according to Eq. (4). Note that while
the per cell elemental concentrations reported in Table 4
could be maximum estimates, the calculation described here
could produce underestimates because it does not account
for cells attached to basalt particles. The calculation shows
that the uptake of Ca, Fe, and Mg by bacteria was small to
moderate compared to the fluid concentrations, �0–1% for
Ca, 2–7% for Fe, 0–11% for K, and 3–9% for Mg. However,
P uptake was significant, especially for reactors B1 and B2,
where P in the fluid phase was below detection limit (Table
Mg (10�10

lmol/cell)
Na (10�10

lmol/cell)
P (10�10

lmol/cell)
Sr (10�10

lmol/cell)

0.10 — 0.58 —
0.14 — 0.75 —
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2). As shown in Fig. 4, bacterial P reached levels between
�10 and 20 lmol/L with respect to the fluid. We therefore
conclude that B. fungorum quantitatively scavenged all of
the P released from apatite dissolution. However, we are
unable to resolve whether B. fungorum directly dissolved
apatite to acquire P or whether dissolution occurred as a
consequence of pH lowering during growth, which in turn,
stimulated additional dissolution and further growth. In
either case, based on these observations, we estimate that
apatite dissolution provided �16% of the dissolved Ca in
B1 and B2 and that some combination of feldspar and
pyroxene dissolution provided the remainder.

Using the data in Fig. 4 and the two rate laws given
above, we can calculate P release rates. According to the
linear rate law, the P release rates in B1 and B2 were 0.23
and 0.24 · 10�12 mol/m2/s, respectively. According to the
bulk-effective rate law, the P release rates were 0.084 and
0.065 · 10�12 mol/m2/s, respectively. The linear P release
rates reported here are �2–3 orders of magnitude lower
than those reported elsewhere. For example, Welch et al.
(2002), who used batch reactors to investigate microbially
mediated apatite dissolution at pH 4–5.2 and T = 22 �C, re-
ported values of 2 · 10�9–2 · 10�10 mol/m2/s. Köhler et al.
(2005) and Guidry and Mackenzie (2003), both of whom
used flow-through reactors to study fluorapatite dissolu-
tion, reported values of 0.31 and 2.4 · 10�10 mol/m2/s at
pH 6.5, respectively. This apparent discrepancy can be
attributed to several factors, the most important of which
is that we investigated elemental release from whole-rock
samples, whereas the aforementioned studies focused on
single mineral specimens. The whole-rock surface area mea-
sured for the basalt may not accurately represent the sur-
face area of the apatite that comprises the basalt. Other
possible explanations are that we underestimated the
amount of P released, used different fluid-rock ratios rela-
tive to the other studies, and/or allowed the pH of our
experiments to drift. Nonetheless, the general comparison
between the biological and fluid phases provides reasonable
evidence that the B. fungorum accelerated the rate of apatite
dissolution relative to the abiotic control experiments.
4. CONCLUSIONS AND IMPLICATIONS

This study used batch reactors to examine how actively
metabolizing bacteria (B. fungorum) influence elemental re-
lease from Columbia River Flood Basalt at T = 28 �C when
utilizing glucose as a C source, ammonium as a N source,
and trace apatite in the basalt as a P source. Microbial
activity substantially elevated the release of Ca, Mg, Si,
and Sr relative to inorganic conditions. Bacterial metabo-
lism also accelerated the release of apatite bound P, but
the liberated P was quantitatively scavenged during cell
synthesis. We attribute the accelerated elemental release
to pH lowering during biomass production.

While additional work is required to characterize micro-
bial interactions with basalt and other geologic materials in
both laboratory and field settings, the results of our study
provide evidence that bacterial activity could have impor-
tant implications for several phenomena involving conti-
nental weathering. For example, according to the
experimental data presented herein, when microorganisms
utilize basalt as a P source for cell synthesis, they greatly
accelerate the release of dissolved Sr. Microbe–basalt inter-
actions could therefore represent a previously overlooked
mechanism linking the emplacement and weathering of
basaltic provinces to the evolution of seawater 87Sr/86Sr ra-
tios (e.g., Taylor and Lasaga, 1999; Dessert et al., 2001; Das
et al., 2006). In addition to influencing the Sr isotope bud-
get of seawater, basalt weathering is also crucial for the
long-term global C cycle (e.g., Dessert et al., 2003; Dupré
et al., 2003). Although the emplacement of basaltic prov-
inces releases large quantities of CO2 into the atmosphere,
both theoretical and field studies have demonstrated that
the weathering of Ca–Mg silicate minerals in basalt results
in a net drawdown of CO2 over geologic timescales (e.g.,
Taylor and Lasaga, 1999; Dessert et al., 2003). For every
mole of Ca and Mg released by the dissolution of basaltic
silicate minerals, one mole of CO2 is removed from the
atmosphere. This relationship is generally independent of
the dissolving acid, in that weathering by either carbonic
acid or organic acids can lead to the consumption of atmo-
spheric CO2 (Berner and Berner, 1996). Our study has
shown that through the relatively simple mechanism of
pH lowering, bacterial metabolism enhances the release of
silicate-derived Ca and Mg to solution. This suggests that
microbe–basalt interactions could play a role in the geo-
chemical and climatic evolution of Earth.
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