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Organic carbon source controlled
microbial olivinedissolution insmall-scale
flow-through bioreactors, for CO2 removal
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Ivan A. Janssens6, Lukas Rieder5, Eric Struyf6, Michiel Van Tendeloo 8, Siegfried E. Vlaeminck8,
Sara Vicca 6,7 & Anna Neubeck1

The development of carbon dioxide removal methods, coupled with decreased CO2 emissions, is
fundamental to achieving the targets outlined in the Paris Agreement limiting global warming to 1.5 °C.
Here we are investigating the importance of the organic carbon feedstock to support silicate mineral
weathering in small-scale flow through bioreactors and subsequent CO2 sequestration. Here, we
combine two bacteria and two fungi, widely reported for their weathering potential, in simple flow
through bioreactors (columns) consisting of forsterite and widely available, cheap organic carbon
sources (wheat straw, bio-waste digestate of pig manure and biowaste, and manure compost), over
six weeks. Compared to their corresponding abiotic controls, the inoculated straw and digestate
columns release more total alkalinity (~2 times more) and produce greater dissolved and solid
inorganic carbon (29% for straw and 13% for digestate), suggesting an increase in CO2 sequestration
because of bio-enhanced silicate weathering. Microbial biomass is higher in the straw columns
compared to the digestate andmanure compost columns, with a phospholipid fatty acid derived total
microbial biomass 10 x greater than the other biotic columns. Scanning ElectronMicroscopy imaging
shows the most extensive colonisation and biofilm formation on the mineral surfaces in the straw
columns. The biotic straw and digestate columns sequester 50 and 14mgC more than their abiotic
controls respectively, while there is no difference in the manure columns. The selection of organic
carbon sources to support microbial communities in the flow through bioreactors controlls the silicate
weathering rates and CO2 sequestration.

Safe and scalable carbon dioxide removal methods (CDR) will be
required to meet the goal of the Paris agreement to limit warming to
well-below 2 °C1–5. It has been estimated that CO2 removal needs to
reach 0.5 Gt CO2 y

−1 by 2030, increasing to 5 Gt CO2 y
−1 by 2050, and

10 Gt CO2 y
−1 by 21003,6. Enhanced silicate weathering is one of the

proposed CDRs, with an estimated climate changemitigation potential
of 2–4 Gt CO2 y−1 7. Silicate weathering buffers atmospheric CO2

partial pressure, balancing emissions over geologic timescales thereby
stabilising the climate to habitable conditions8,9. Enhanced silicate
weathering, based on the acceleration of natural microbial silicate
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weathering processes, could have the potential to significantly mitigate
climate change5,10.

Silicate weathering is a natural process whereby silicate minerals are
dissolved in the presence of water and CO2, subsequent precipitation of
carbonate minerals can provide long term storage of CO2

11. Biota play an
important role in the silicate weathering cycle. Biological processes can
complement physical and chemical processes to mobilise nutrients from
within minerals12. Approximately 90% of terrestrial plant species form
symbiotic relationships with mycorrhizal fungi13, supplying organic carbon
to their symbiotic partners in exchange for water and nutrients that the
fungus take up after release from organic and mineral substrate in soil,
including from silicate rocks during dissolution14. Further, many free-living
saprotrophic fungi can also access nutrients from organic matter15. Plant
roots may stimulate dissolution through improving soil structure and
hydrology16. Earthworms can increase mineralisation and mineral dis-
solution, through the ingestion of soil particles and fresh residues17.

Dissolution of silicate minerals in the presence of atmospheric CO2

results in the formationof alkalinity (Fig. 1). The subsequentprecipitationof
carbonate minerals in the soil or receiving waters, as calcium carbonate for
example, provides longer-term stable storage of CO2

11. Silicate weathering is
driven by a range of abiotic and biotic processes (to support nutrient
uptake).Microbial silicateweathering is attributed to: (i) oxidoreduction; (ii)
acidolysis; (iii) chelation/siderophores (complexolysis); and, (iv) physical
disruption18–21 (Fig. 2).

In oxidoreduction reactions, microorganisms can meet their meta-
bolic/energetic needs by utilising alternative electron acceptors, such as
nitrate and sulfate, instead of oxygen as the electron acceptor18. Insoluble
iron (Fe3+) within minerals can also be used, however, direct contact (e.g.,

biofilms) with the mineral surface is required for electron transfer via
excreted and/or membrane-associated molecules18,22–25. Minerals are sus-
ceptible to dissolution in the presence of inorganic and organic acids, and
more complex molecules produced by microorganisms18,26. Organic acids
and chelators such as siderophores, can drive mineral dissolution through,
(i) adherence to mineral surfaces and nutrient extraction via electron
transfer, (ii) breaking oxygen links, and (iii) creating cation/anion con-
centration imbalances via chelation through their carboxyl and hydroxyl
groups27. The production of CO2 during microbial respiration can produce
carbonic acid, stimulating further mineral weathering28. Physical weath-
ering via the formation of new cracks/fissures in mineral/rocks, due to
increased pressures induced by fungal colonisation of, and hyphae growth
in, rock particle depressions, pores and mineral cleavage planes has been
postulated19–21. Microbial/rock weathering interactions are already taken
advantage of in industrial processes, particularly in biomining where
microbes have been used in the bioleaching of Cu, Co,Ni, Zn,U, andAu29,30.

Microbial silicate weathering has been extensively investigated25,31–35,
but the focus has not been on the CDRpotential.Most studies have focused,
however, on the innatura silicateweathering and the effects on soil biota36,37,
or single microorganisms with specific growth media combined with rela-
tively small masses of minerals25,31,32,38,39. Flow through bioreactor experi-
ments with one or two fungi or bacteria, supplied with specific nutrient
media, have produced mixed results in terms of enhanced mineral
dissolution38,40. There remains a need to establish the weathering ability of
fungi and bacteria under non-optimal (e.g., low temperature, and without
specific nutrient media) bioreactor conditions, for the development of ex
natura CDRs to sequester CO2 at low energy cost. Here, we sought to
enhance the weathering of forsterite to promote inorganic carbon

Fig. 1 | Simplified summary of silicate weathering, and microbial processes/mechanisms which promote silicate weathering—in the flow through bioreactors (columns).

Fig. 2 | Column schematic. A Filled column with
leachate collected in lower chamber. B The under-
side of the upper chamber. C Upper chamber with
nylon mesh (20 μm) installed.
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sequestration, though the combination of fungi and bacteria, and widely
available organic carbon sources.

Methods and materials
Eighteen flow-through (Table 1) bioreactors (referred to as columns
henceforth) containing 200 g of dunite with 5 g of one of three organic
carbon sources were used. Half of the columns were inoculated with a
combination of two bacteria and two fungi. The following sections
detail the mineral, microbes, organic carbon sources, experimental
setup, and analyses utilised.

The rock chosen for this experiment was dunite (Sibelco, Norway),
containing 95% forsterite (composition of Mg1.86Fe0.14SiO4)

41, with a grain
size of 1mm (d80 = 937.51 μm) and a BET (Quantachrome Autosorb iQ,
USA) determined surface area of 1.128 ± 0.005m2 g−1. The three organic
carbon sources utilised were wheat straw, digestate, and manure compost
(details are provided in section “Experimental setup”).

The dunite consisted of primarily forsterite olivine (Mg2SiO4) rather
than fayalite olivine (Fe2SiO4), henceforth olivine was used synonymously
for dunite and forsterite.

Bacteria and fungi selection
The selection of the microbes was based on the following criteria: (i) the
ability to grow on solid surfaces, and/or form biofilms42; (ii) documented
ability to interact with mineral/rock surfaces and/or bioleach42; and, (iii)
being non-pathogenic/safe to use. The fungi selected were Knufia petricola
A95 (K. petricola) (Westerdijk Fungal Biodiversity Institute, Netherlands),
and Aspergillus niger (DSM 821 - Doelger 2) (Leibniz Institute, Germany).
The bacteria selected were Bacillus subtilis (NCBI 3610) (B. subtilis), and
Cupriavidus metallidurans (type strain CH34) (C. metallidurans) (Leibniz
Institute, Germany).

Knufia petricola is a non-pathogenic, extremotolerant, and rock-
inhabiting fungus43, which has been reported to enhance the weathering of
olivine33,38. K. petricola have been shown to form biofilm layers that
sequestered significant amounts of Fe, thereby preventing the formation of
the weathering limiting Fe hydroxides at the mineral surface33,38.

Aspergillus niger has been reported to weather biotite, through the
formation of fungal-mineral aggregates and organic acids (e.g., citric acid
andoxalic acid), resulting in the releaseofpotassium,magnesiumand iron39.
A. niger is a filamentous fungus, widely used for the production of food
grade acids (e.g., citric acid), enzymes and secondary metabolites44.

Bacillus subtilis is a soil bacterium widely distributed in various
environments, capable of causing physical and chemical breakdown of
granite substrate, with plagioclase composing minerals showing increased
vulnerability compared to biotite31. Granite weathering was influenced by
the formation of etch pits, and despite an unknown mechanism for the
increased weathering by B. subtilis, localised changes in pHwas observed in
the experiments, which may have influence the surface alteration31. B.
subtilisweathering interactions with basalt have also been investigated with
mixed results42.

Cupriavidusmetallidurans is a heavymetal-resistant bacterium, which
has been widely investigated for its weathering potential of basalts25,42,45. C.
metallidurans promotes rock weathering through the up-regulation of
porins and transporters associated with biofilm formation, changing the
microbe-mineral surface chemical equilibrium, reducing the Fe saturation
state25,42,45. Both B. subtilis and C. metallidurans are risk group 1, under the
Technical Rules for Biological Agents46.

Culturing
Cultures were received freeze dried and were subsequently rehydrated and
propagated following the supplier instructions. 100mL of growth media
solution was transferred into 500mL Erlenmeyer flasks, which were stop-
pered and sealed with aluminium foil prior to autoclaving at 121 °C for
20min, and then allowed to cool prior to inoculation. New cultures were
prepared by transferring a hundredth volume of the culture to fresh
media38,47. All reagents were purchased from Merc (Sweden).

K. petricola (Westerdijk Institute, TheNetherlands) was grown in a
malt extract broth (MEB), containing 2% (w/v) malt extract, 0.1% (w/v)
casein-digested peptone, and 2% (w/v) D-(+)-glucose, in MilliQ
(18.2 mΩ) water33,38,48. A. niger (Leibniz Institute, Germany) was grown
in potato dextrose broth (PDB). The PBDwas prepared by gently boiling
200 g of cleaned and sliced potatoes in 500 mL of MilliQ water for
60 min, before sieving and collecting the potato extract solution. 10 g of
D-(+)-glucose was dissolved in the extract solution, and subsequently
made to 500 mL with MilliQ water. Both fungi were grown at room
temperature, on an orbital shaker, in darkness. A sterile kitchen blender
was used to disaggregate the cultures by pulsing gently, to avoid heat
generation.

B. subtilis and C. metallidurans (Leibniz Institute, Germany) were
grownonnutrient broth (DSMZmedia 1). The nutrient brothwas prepared
by dissolving 5.0 g peptone, 3.0 g NaCl, and 3.0 g meat extract in MilliQ
(1000mL). The pH was adjusted to 7.0 using 1mol L−1 NaOH and HCl.
Both bacteria were grown at 30 °C, in darkness on an orbital shaker
at 30 rpm.

Organic carbon sources
Three widely available organic carbon sources were selected to support the
microbial growth in the columns:wheat straw (Welkoop, TheNetherlands);
phosphorus depleted digestate of pig manure and biowaste (Groene
Mineralen Centrale, The Netherlands); and manure compost (Weibulls,
Sweden). The major components were determined via HR-ICP-MS
(Thermo Element 2, Thermo Fisher Scientific, USA), upon a modified
salicylic acid/sulfuric acid digestion (Table 2)49. Total carbon and nitrogen
were determined using an elemental analyser (FlashSmart, Thermo Fisher
Scientific, USA), upon drying and grinding.

Nuclear magnetic resonance (13C NMR) was performed to provide
further insight to the nature of the carbon compounds within the organic
carbon sources. NMR methods and results were included in the Supple-
mentary Information. There was little difference in the 13C NMR of the
wheat straw and the digestate, while the 13C NMR of the manure compost
indicated increased the presence of aldehyde C=O, and potentially alkene
C=C, compared to the digestate and wheat straw.

Experimental setup
The columns consisted of 200 g of dunite (olivine) and 5 g of the respective
organic carbon source (wheat straw, digestate, andmanure compost), which
was well mixed. The straw was passed through a 6mm grinder. The dunite
and organic carbon sources were dried at 40 °C for 24 h prior to weighing
and mixing. Upon weighing and mixing, the dunite and organic carbon
sourcemixeswere autoclaved three times at 121 °C for 30min to sterilise the
columns and the mixtures in each column. The inoculated columns were
stored separately to the abiotic control columns, and each set of columns

Table 2 | Major element and nutrient composition of the
organic carbon sources

Component (mg/g)

Ca Fe K Mg Zn C N P

Straw 2.83 0.11 8.10 0.48 0.00 452.1 4.3 0.48

Digestate 9.79 0.96 2.75 1.22 0.13 447.1 9.2 3.70

Manure Compost 19.55 4.44 2.3 2.73 0.06 433.6 13.5 1.52

Table 1 | Experimental setup and number of replicates

Carbon Source

Straw Digestate Manure Compost

Biotic 3 3 3

Abiotic Control 3 3 3
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(abiotic and inoculated) were worked upon separately under sterile
conditions.

A mixed inoculum was prepared by sieving (20 μm nylon mesh filter)
the fungal cultures to remove the bulk of the liquid, andmixing with 50mL
of each bacteria culture in a 500mL beaker, before blending gently with a
sterile kitchen blender, pulsing to avoiding heating the mixture. In total 6
columns were prepared for each organic carbon source, 3 control and 3
inoculated (with 10mL each) columns.

The columns were watered with 50mL of autoclaved distilled water
(pH 5.0) using a volumetric flask, daily fromMonday to Friday for 6 weeks.
Leachate was collected in the bottom chamber over eachweek and removed
for analysis before watering began at the start of eachweek. For weeks 5 and
6 the watering schedule of the inoculated straw columns had to be altered
(150mL total rather than 250mL), due to the growth of A. niger over the
filter membrane which slowed the water flow through rate and caused the
column to flood. This change in flowwas factored into subsequent leachate
analyses and calculations.

Solid samples (two per column) were collected from the column at the
end of the 6 weeks, after homogenisation of each column. Samples for were
placed in sterile 50mL DNA/RNA free centrifuge tubes, and stored at
−20 °C for PLFA and solid carbon analyses.

Geochemical analyses
The leachate was analysed weekly for pH, alkalinity, conductivity, and
dissolved organic and inorganic carbon (DOC and DIC). Filtered samples
were frozen for low molecular weight organic acids, and major cations and
anions. Samples were filtered to 0.25 μm using polyethersulfone filters
(Fisherbrand, USA), prior to analysis.

The pH and conductivity of the leachatewas determined using pH and
conductivity probes. Alkalinity was determined via manual end point
titration (Piston Burette E 274,Metrohm, Switzerland) of 40mL of leachate
to pH4.5with 0.02mol L−1 HClwhile stirring.DOCandDIC analyses were
performed using a Sievers M9 (General Electric, USA). Due to the high
organic carbon concentrations, samples fromweeks 1 and 2–3 were diluted
gravimetrically (1:20 and 1:10, respectively) for DOC and DIC analysis, to
remain within the quantification window.

Low molecular weight organic acids (LMWOAs), and the major
cations and anionswere determined via ion chromatography (Metrohm ion
chromatography system 883 basic IC Plus). A Metrosep A Supp 5
(250 × 4.0 mm) separation column was used for the citrate, oxalate, acetate
and the major anions (NO3

−, SO4
2−, PO4

3−, Cl−, and F−) analyses. The
oxalate, acetate and anion analyses utilised 3.2mmol L−1 Na2CO3 and
1.0mmol L−1 NaHCO3 as the eluents. Citrate analyses were performed
separately using 4.5 mmol L−1 NaOH and 14.5 mmol L−1 Na2CO3 eluent
solutions. A Metrosep C6 (250 × 2.0mm) separation column and
4.0mmol L−1 nitric acid and 1.0 mmol L−1 dipicolinic acid eluent solutions
were utilised for cation (Na+, K+, Mg2+, Ca2+, and NH4

+) analyses.
The column contents were analysed for solid organic and inorganic

carbon (SOC and SIC) via loss of ignition and elemental analysis respec-
tively (Costech Instruments ECS 4010). Briefly, subsamples from the
homogenised columns (and an unreactedmineral blank)were oven dried at
105 °C for 24 h.The sampleswere allowed to cool in adesiccator, afterwhich
theywere ground at 650 rpm for 10min in a ball mill (Retsch PM 100CM).
For each ground sample 10 g were weighed into muffled ceramic crucibles,
and combusted at 550 °C for 3 h, before reweighing. SOCwas calculated as
the loss of mass due to combustion upon conversion using the weight
percentage of carbon in the carbon source (Table 2). Subsamples of the
combusted samples were taken (~20mg), for SIC (sequestered inorganic
carbon) analysis via combustion in an elemental analyser. A series of
acetonitrile standards (71.09% carbon) were used produce a calibration
curve, alongside EDTA and high organic carbon sediment quality controls.

Scanning electron microscopy (SEM)
A glutaraldehyde, ethanol gradient and bis(trimethylsilyl)amine (HMDS)
method was used to fix the fungal and bacteria cells, to prevent collapse of

the cells and maintain the structural integrity of the biofilms prior to SEM.
Briefly, excess water was removed from the samples under vacuum using a
0.8 μmmembrane filter. The 0.8 μmmembrane filters were placed in 40mL
of glutaraldehyde (0.16mol L−1) and phosphate buffer (0.1 mol L−1), cov-
eredwith parafilm, and left for 4 h. Thefilterswere thenplaced in phosphate
buffer solution (0.1 mol L−1) for 10min, twice, prior to drying via an ethanol
gradient. The ethanol gradient used was 50, 70, 80, 90, 95, 100, 100, and
100%v/v. Thefilterswere then placed inHMDS for 5min, and left to air dry
overnight.

SEMmeasurements of palladiumcoated sampleswasperformed,using
aZeiss Supra 35VP (Carl Zeiss SMT,Oberkochen,Germany)field emission
SEM, on the organic carbon sources, minerals, and samples from the col-
umns after the experiment, was performed to visualise the colonisation of
the organic carbon sources and mineral grains by the bacteria and fungi, as
well as the structural changes of the organic carbon sources and mineral.

PLFA extraction and analysis
The PLFA extraction involved three steps, firstly extraction, then lipid
fractionation, and finally alkaline methanolysis. All vials and glass pipettes
were muffled at 500 °C for 3 h before use. A solid sample for each column,
collected at the end of the experiment, was freeze dried prior to extraction.

Bligh andDyer reagent (5mL) was added to 6 g of freeze-dried sample
in a 10mL glass vial (vial 1), then vortexed briefly and left to stand for 2 h.
The samples were then centrifuged, and the supernatant was removed to
separate clean25mLglass vials (vial 2).These extraction stepswere repeated
three times, i.e., 5 mL of Bligh and Dyer reagent were added vial 1, then
vortexed, left to stand and centrifuged before the supernatant was collected
in vial 2. Citrate buffer (4 mL of 0.16mol L−1) and chloroform (4ml of
>99.5%) were added to the extractant (vial 2), before vortexing and leaving
to stand overnight. A total of 4.5 mL of lipid extractant was transferred to
1.5mL vials, and evaporated under a nitrogen stream at 40 °C (1.5mL
at a time).

BondElut SPE columns (Agilent,USA), one per sample,were placed in
a vacuum manifold and conditioned with 1mL of chloroform (>99.5%).
Chloroform (100 μL of >99.5%) was added to the dried samples, vortexed
gently, and transferred to the individual SPE columns (repeated three
times), before applying vacuum. Chloroform (1.4mL of >99.5%)was added
to remove the neutral lipids, followed by three 1.5 mL acetone (>99.5%)
washes to remove the glycolipids. Methanol (1mL of >99.5%) was added to
the SPE column, to remove the phospholipids, and collected inmuffled vials
and evaporated under nitrogen at 40 °C (repeated three times).

Alkaline methanolysis was performed by briefly vortexing the samples
with 0.2mL of concentrated methanol and toluene solution (1:1), followed
by incubation for 15min at 37 °C. The samples were cooled and 0.4mL of a
hexane and chloroform solution (4:1), 0.06mL acetic acid (1mol L−1), and
0.4mL of MilliQ water were added, followed by further vortexing. The
samples were left to stand for 2 h for the phases to separate, before the upper
organic phasewas transferred to speratemuffled vials and evaporated under
nitrogen at room temperature. The vials were sealed with PTFE caps, and
stored at −20 °C before dissolution in 0.15mL of hexane and analysis
via GCMS.

Fungal and Bacterial Acid Methyl Ester (FAME and BAME) mixes
were used to identify the peaks, and a nonadecanoate internal standard was
used to calibrate the peaks. PLFAanalyses alonewere utilised tomeasure the
total biomass given that peaks 14:0, 15:0, 16:0, and 17:0 occur in all
microorganisms and should sufficiently capture combined fungal and
bacterial biomasses50. Further, Aspergillus Niger can be saprophytic, and
gram positive and gram negative bacteria, are well accounted for in the
PLFA standards50,51.

Weathering rate
The calculated weathering rates represent an average rate for the whole
column, accounting for non-linear chemical gradients through the column
due to the flow through transport of reaction products52, and potential non-
homogenous biotic weathering effects. Weathering rate was calculated as
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total alkalinity release rate. Weathering rates calculated on the release of
individual cations (for example Mg2+) may misrepresent the weathering
rate, due to their potential to add significantly to the cationbinding potential
for alkalinity production52. Experiments using the same olivine (dunite)
found that while Mg2+ constituted 99% of the cations in the fresh material,
the cumulative released fraction ofMg2+was 14% (Ca2+ = 23%, Na+ = 32%,
and K+ = 32%) over 300 days52.

The release rate of the total alkalinity (R) was calculated in mol m2 s−1,
using Eq. 1, where Q was the outflux volume (L) from the column per time
step t (s), C was the total alkalinity concentration (mol L−1) at time t, m was
thematerialmass in the column (g), Awas the specific surface area (m2 g−1),
and τ (s) was the residence time of the solution occupying thematerial pore
space52.

R ¼ Qt ×Ct

m×A× τ
ð1Þ

Residence time was calculated using Eq. 2, where Vc was the column
volume occupied with mineral (m3), Vo was the outflow volume (m3), mc

was the initial mass of the starting material (g), p was the material specific
density (gm−3) for time t (s)52.

τ ¼
Vc � mc

p

Vo
× t ð2Þ

Statistical analyses
All statistical analyses were performed using PRISM 9.5.0 (GraphPad
Software, USA). Standard deviation (n = 3) was calculated for all replicates
and is provided in the tables and graphs.Where accumulative averageswere
calculated, the values for each individual column were summed, before
being averaged with their replicates and the standard deviation calculated.

Repeated measures two-way analysis of variance (ANOVA) tests was
performed to determine the effect of time and column composition

(inoculation and organic carbon source) on dissolved inorganic carbon, and
weathering rate. A standard ANOVA test was performed to determine the
effect of column composition on total inorganic carbon. Tukey’s test was
performed to determine the significance of difference between groups, for
p < 0.05. Pearson correlation was computed to determine the relationship
between dissolved inorganic carbon and weathering rate.

Results
Total Alkalinity release rate and weathering
Weathering rates, based on total alkalinity released to the leachate, decrease
through time for all columns (Fig. 3a). All the biotic weathering rates were
about 2 times their abiotic control, the largest enhancement of weathering
rate, compared to the abiotic controls, was in columns utilising straw
(1.43 × 10−11 mol m2 s−1 larger at day 4 and 4.21 × 10−12 mol m2 s−1 larger at
day 25). The weathering rates for the biotic and abiotic straw columns
converged between day 32 and 39, with the abiotic weathering rate
becoming larger by day 39, likely due to the reduced volume applied to the
biotic straw columns over that period due to clogging. The weathering rate
for the biotic and abiotic digestate columns at day 4 were 1.90 × 10−11 and
8.79 × 10−12 mol m−2 s−1, decreasing to 3.52 × 10−12 and
2.83 × 10−12 mol m−2 s−1 respectively at day 39. The biotic and abiotic
manure compost columns produced weathering rates at day 4 of
3.75 × 10−12 and 2.48 × 10−12 mol m−2 s−1 respectively, decreasing to
2.26 × 10−12 and 1.83 × 10−12 mol m−2 s−1 by day 39.

There was a strong relationship (R2 = 0.6902) between weathering rate
and dissolved inorganic carbon (Fig. 3b), which increases in strength
(R2 = 0.8124) when the outliers (abiotic straw day 4) are removed. The
correlation between weathering rate and dissolved inorganic carbon pro-
vided Pearson r values of 0.8308 and 0.9013, respectively, with two-tailed
p < 0.0001 (Pearson’s correlation). Suggesting there is a strong statistical
relationship betweenweathering rate anddissolved inorganic carbon, that is
not due to random sampling. Repeated measures ANOVA test of the
importance of time and column composition, to weathering rate, deter-
mined that the interaction between time and column composition
accounted for 26.1% of the total variation in the weathering rate
(P < 0.0001), while time and column composition accounted for 54.1%
(P < 0.0001) and 21.2% (P < 0.0001) of the total variation respectively (P
values from Two-way ANOVA).

Carbon and Alkalinity
The biotic columns generally sequestered more carbon than their corre-
sponding abiotic controls both as solid and dissolved inorganic carbon
(Table 3). The biotic straw produced ~50mg more inorganic carbon than
the abiotic straw, and ~101mg more than biotic digestate, the next best
biotic system. The production of inorganic carbon was as follows: biotic
straw > abiotic straw > biotic digestate > abiotic digestate > abiotic manure
compost ≥ biotic manure.

All biotic columns produced more inorganic carbon and alkalinity
than their abiotic controls (Table 3 and Fig. 4). The biotic straw columns
produced themostDICand alkalinity, and showed the greatest difference to
the respective abiotic control columns (~50mgC).

Based on the repeated measures two-way ANOVA analysis, the
interaction between time and the column composition (biotic/abiotic,
and organic carbon source) accounted for 5.2% of the total variance in
dissolved inorganic carbon. The interaction was extremely significant
(P < 0.0001). Time accounts for 31.6% of the total variance
(P < 0.0001), and the column composition accounts for 61.0% of the
total variance (P < 0.0001) in dissolved inorganic carbon (P values
from Two-way ANOVA). The Tukey’s multiple comparisons test
determined that there was a statistically significant difference in pro-
duction dissolved inorganic carbon between all the columns, except
between the abiotic digestate columns and the abiotic straw columns,
and the abiotic digestate columns and abiotic manure columns.

The ANOVA analaysis of the effect the organic carbon source and
incoulation status on the total inorganic carbon determined that the

Fig. 3 | Weathering rate and dissolved inorganic carbon through time. aAverage
weathering rate for each sampling period, calculated as total alkalinity release.
b Dissolved inorganic carbon versus weathering rate. Error bars represent standard
deviation.
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interaction between inoculation status and the organic carbon source
accounted for 4.1% of the total variance, the interaction was not quite
significant (P = 0.0538). The inoculation status accounted for 4.5% of the
total variance (P = 0.0148), and the organic carbon source accounted for
84.8% of the total variance (P < 0.0001) in the total inorganic carbon (P
values from Two-way ANOVA).

Dissolved organic carbon (DOC), the labile organic carbon fraction,
was used as a proxy for bioavailable carbon. The strawproducedmoreDOC
in comparison to both the digestate andmanure compost, while the release
of DOCdecreased through time for all columns throughout the experiment
(Fig. 4c). The SOC was similar in all columns at the completion of the
experiment (Table 3).

Microbial growth
Microbial growth was greatest in the columns which utilised straw
(straw > digestate >manure compost) as the organic carbon source (Fig. 5
and Table 4). The fungi and bacteriamore extensively colonised the organic
carbon source and importantly the mineral grains (Fig. 5). Extensive bio-
films were visible growing on mineral grains in the biotic straw columns,
they were less extensive and more difficult to locate in the digestate and
manure compost columns.

The PLFA peaks in the chromatograms were low for all samples,
suggesting low total microbial biomass. The limited growth was likely
due to the system becoming strongly nutrient limited by 25 days
(Fig. 7). Growth was up to 23 times greater in the straw columns than
in the other columns. Based on the repeated measures two-way
ANOVA analysis, the interaction between the microbial speices and
the column composition (biotic/abiotic, and organic carbon source)
accounted for 15.9% of the total variance in bacterial, fungal and total
PLFA biomass, but was not significant (P = 0.926). The column
composition and microbial taxa accounted for 41.2% (P = 0.0005)
and 12.5% (P = 0.0455) of the total variance in bacterial, fungal and
total PLFA biomass, respectively (P values from Two-way ANOVA).
The large and significant effect of column composition on the
total variance in PLFA biomasses suggests that the growth of the
inoculated microbes depended most strongly on the organic carbon
source.

LMWOAs
The LMWOAs tested were more abundant in the leachate from the straw
columns compared to both the digestate and manure compost columns
(Fig. 6). The increased organic acid mass in the straw leachate reflects the
greater organic carbon mass in the leachate (Fig. 4). The acid mass trended
down as the experiment progressed, converging as the masses approached
zero, like the nutrient and ion masses in the leachate (Fig. 7 and Supple-
mentary Fig. 2). The greater production of acetate and citrate in the abiotic
straw columns suggested the breakdown of straw, and indeed all the carbon
substrates, produced organic acids, independent of the microbial activity.

Nutrients
Nutrient masses (nitrogen, and phosphorus) present in the leachate gen-
erally trended down over the course of the experiment (Fig. 7), towards 0,
suggesting the systems became heavily nutrient limited. This was most
pronounced in the straw columns where nitrogen and phosphorous were
close to 0mg at 25 days.

Ammonium mass was indistinguishable between all the columns at
each sampling period (3mg at day 4, and 0mg at day 39), despite the
nitrogen differences present in the starting material (Table 2). Phosphate
mass decreased for both the straw (~0.2–0.5mg at day 4, to 0mg a day 39)
and digestate columns (~6mg at day 4 to ~1.8 mg at day 39), while it
remained stable in the manure compost columns, potentially reflecting the
low microbial biomass (Table 4—PLFA) or stable dissolution from the
manure compost. The phosphate present in the leachate of digestate col-
umns was an order of magnitude greater than the straw and manure
compost columns, reflecting the much higher phosphorus mass present in
the digestate starting material (Table 2). The greater digestate phosphate
mass did not result in increased microbial biomass and colonisation of
mineral grains (Fig. 5 and Table 4). Nitrate mass decreased rapidly over the
first 2 weeks, converging for all columns after 21 days. Nitrate mass present
in the leachate was greater in the abiotic columns compared to their biotic
counterparts (Fig. 7b).

The magnesium mass produced each week decreased throughout the
experiment (Supplementary Fig. 2A), for both the biotic systems and their
abiotic controls. The biotic systems, however, released more magnesium
than their abiotic controls, with the greatest difference between the biotic

Table 3 | Average total solid organic (SOC) and inorganic carbon (SIC), dissolved organic and inorganic carbon (DIC), and total
inorganic carbon (TIC) with standard deviation, produced over the 6 weeks

SOC (g) SIC (mg) DOC (mg) DIC (mg) ΔTIC* (mg)

Biotic Straw 1.06 ± 0.14 307.0 ± 21.9 172.9 ± 9.8 35.2 ± 5.7 224.4 ± 22.8

Abiotic Straw 0.97 ± 0.15 276.0 ± 15.9 154.3 ± 6.2 15.5 ± 1.5 173.7 ± 16.2

Biotic Digestate 0.97 ± 0.10 218.1 ± 10.4 55.1 ± 2.4 22.9 ± 1.2 123.2 ± 10.8

Abiotic Digestate 0.96 ± 0.19 214.1 ± 14.9 75.5 ± 3.5 12.8 ± 1.3 109.1 ± 15.2

Biotic Manure Compost 1.11 ± 0.48 186.5 ± 2.1 37.3 ± 0.8 16.2 ± 0.9 84.8 ± 3.6

Abiotic Manure Compost 0.71 ± 0.41 193.0 ± 21.9 42.7 ± 1.4 9.9 ± 0.6 85.3 ± 22.1

Olivine (unreacted) 117.8 ± 2.8

Time and column Composition ANOVA - Source of Variation % of total P value

Interaction 5.2 <0.0001

Reactor Composition 61.0 <0.0001

Time 31.6 <0.0001

Inoculation Status and Organic Carbon Source ANOVA- Source of
Variation

Interaction 4.1 0.0538

Organic Carbon Source 84.8 <0.0001

Inoculation Status 4.5 0.0148

Summary of 2-Way ANOVA results.
*TIC equals the sum of SIC and DIC, minus the SIC of the unreacted olivine.
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and abiotic straw columns (~0.3mmol at day 4, and 0.06mmol at day 39).
Simlarly to the DIC/DOC and alkalinity (Fig. 4), there was considerable
variance in the average magnesium mass in the first week for all systems
which decreased as the experiment progressed.

Therewas little differencebetween the biotic and abiotic controls in the
leachate calcium, sodium, and potassium masses (Supplementary Fig. 2).
Initial spikes in the masses decreased rapidly in the first 3 weeks,
approaching zero thereafter. The difference between the masses present in
the leachate between organic carbon sources reflects their compositions

(Table 2). For example, the digestate columns produced about 20mg of
calcium more than the straw and manure columns in week 1, and have
~14mg g−1 more calcium present in the starting material.

Discussion
Monitoring the release of appropriate olivine dissolution products can
enable the determination of olivine dissolution rate53,54, given the non-
stoichiometric release ofmagnesium and other cations52, total alkalinity was
used to calculate weathering rate. Total alkalinity release rate, and therefore
weathering rate, decreased through time for all columns (Fig. 3a). The
inoculated columns, however, released more total alkalinity in comparison
to their abiotic controls, with the biotic straw column releasing the most.
The effects of time (54.1% of total variation) and column composition
(21.2% of total variation), and the interaction of time and column com-
position (26.1% of total variation), on the weathering rate were extremely
significant (P < 0.0001 - from two-way ANOVA). Suggesting the mixed
cultures of Knufia petricola, Aspergillus niger, Bacillus subtilis and Cupria-
vidus metallidurans enhanced the weathering of the forsterite olivine pre-
sent in the dunite grains for all organic carbon sources butmost significantly
in the straw columns. Abiotic forsterite weathering rates are strongly pH
dependent, with surface area normalised rates ranging from 10−7 to 10−12

from pH 1 to 12 at 25 °C11. The weathering rates (3.3 × 10−11 maximum at
20 °C) in this experimentwere similar to forsteriteweathering rates (10−10 to
10−11) at 25 °C and at comparable pH (7 to 8)11. It is, however, difficult to
compare weathering rates between experiments as experimental conditions
(temperature, surface area, water flow through rate, etc) play a significant
role in determining the weathering rate. The weathering rates reported here
may underestimate the true weathering rate, given that cations released
during weathering could enter the exchangeable pool in the material,
increasing the cation exchange capacity and exchangeable bases which
could lower total alkalinity55.

The total alkalinity released in the biotic straw columnswas affected by
a change in watering rate. Microbial growth on the filter of the biotic straw
columnswas so great, that the volume of water applied inweeks 5 and 6was
decreased to avoid overflow of the columns. This resulted in less leachate
volume and therefore total alkalinity in the leachate, which in part may
explain the sharp decrease in dissolution rate for the straw columns in week
5. In future experiments alterations to the column design are required to
ensure clogging does not occur.

The contribution of organic alkalinity due to the presence of dissolved
organic carbon to the total alkalinity was not determined. The contribution
is typically considered negligible and not included in total alkalinity
calculations56, however, this could present errors in the weathering rates
calculated here based on total alkalinity. Studies estuarine systems found
organic alkalinity contributed between 0.3 and 12% to total alkalinity,
however, there was not a strong relationship between dissolved inorganic
carbon and organic alkalinity57. Future studies comparing the effect of dif-
ferent carbon sources onmineral weathering should include potentiometric
titrations58, and carbon source controls to better estimate the contributionof
dissolved organic species to total alkalinity.

The presence of microbes increased weathering of the olivine in
comparison to abiotic controls (~100% increase), even as weathering rate
decreases through time overall. This was most pronounced in the straw
columnswhere the weathering rate increased by 1.43 × 10−11 mol m−2 s−1 in
the biotic columns than the abiotic controls at 4 days, decreasing to
4.21 × 10−12 mol m2 s−1 greater after 25 days. Microbial weathering studies
of artificially aged minerals in natural soils found a 30% increase in the
dissolution of olivine in biotic experiments, and that although mineral-
specific bacterial communitiesdeveloped, the reactivity of agedpowderswas
not restored59.

The decrease in dissolution rate through the course of the experi-
ment for all columns, suggests abiotic processes were the primary con-
trols of the dissolution rate. The presence, however, of the microbes
resulted in the release of more total alkalinity than the abiotic controls
(Fig. 4), likely resulting from a slower decrease in themineral weathering

Fig. 4 | Alkalinity, dissolved inorganic carbon, and organic carbon through time.
a Alkalinity, accumulative sums of (b) dissolved inorganic carbon and (c) dissolved
organic carbonmoles in the leachate, and (d) the total sequestered carbon versus the
released organic carbon for each column. Error bars represent standard deviation.
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rate. Dissolution was controlled by both transport and interface reac-
tions, the slowest process being rate-controlling60. The initial rapid
silicate dissolution of fine particles or high surface energy sites60, was
likely limited by the transport of column products away from the
reaction sites. As the reactive sites were consumed or unreactive
biproducts were produced, interface reactions likely became limiting.

The potential role of the microbes in maintaining greater dissolution in
the inoculated columns was multi-fold. The production of siderophores
and other chelators in the biotic columns, may have helped maintain a
greater cation imbalance for example. While also acting to maintain the
reactive surface through the inhibition of unreactive reaction products.
The role of the microbes is discussed in more detail below.

Fig. 5 | Scanning electronmicroscopy (SEM) of the
materials before and afterweathering. SEM images
before experiment: (a) and (b) dunite (olivine)
mineral grain; (c) manure compost; (d) digestate;
and (e) straw. SEM images of the mineral grains at
completion of experiment for the inoculated: (f) and
(g) straw column; (h) digestate column; and (i) and
(j) manure compost column.
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The saturation of dissolution products in sediment and soil pores in
marine olivine weathering studies have found pore saturation occurs within
approximately 20 days, resulting in decreasing dissolution rates53. Transport
of the dissolution products away from the mineral surfaces, as in flow
through column experiments like this, may help address the transportation
issues which produces decreasing dissolution rates associated with satura-
tion of olivine weathering reaction productions.

The increased weathering of the olivine in the biotic systems, in
comparison to the abiotic controls, reflects similar results in flow-through
experiments utilising albite and Knufia petricola fed with sterile nutrient
solution61.Knufia petricola inoculation resulted in increasedweathering, the
growth of which and the formation of biofilms was enhanced in mixed
cultures, further enhancing the dissolution of calcium61. The potential for
symbiotic relationships to promote biofilm formation and microbially
driven weathering, was the basis for using a mixed culture in this study.
Single culturemineral dissolution experiments have alreadywidely reported
the ability of the fungi and bacteria utilised to weather silicate
rocks25,31,33,38,39,42,45. The potential and extent for symbiosis should be
addressed in future work.

Flow through column experiments, utilising microbially inoculated
minerals, have produced mixed results in terms of biotically enhanced
weathering. The microbial effect on the weathering of diopside utilising
heterotrophic bacterium Pseudomonas Reactants and the soil fungus
Chaetomium Brasiliense was weak, with the acceleration in dissolution
solely due to adecrease inpH in theporewaters40. Further studieshave found
that the solubilisation and binding of significant amounts of Fe released
during the dissolution of Fe-bearing olivine by wild-type Knufia petricola
accelerated olivine dissolution in comparison to abiotic treatments38. Due to
the efficient prevention of Fe oxidation at the mineral surface, mediated by
wild type-specific extracellular polymeric substances38. In this study we also
saw a weak effect of microbes on olivine dissolution in the columns con-
taining digestate andmanure compost as organic carbon sources, however a
significant increase in dissolution was observed in the biotic columns uti-
lising straw where PLFAmicrobial biomass was highest. This highlights the
importance of selecting a combination of highly weathering microbes and
an organic carbon source that can sustain extensive microbial growth and
colonisation of mineral grains, to maximise the potential of microbially
enhanced silicate weathering.

It was difficult to associate all inorganic carbon (TIC) in the columns
and leachate to the sequestration of carbon from the atmosphere, and not
driven by microbial respiration or the breakdown of the organic carbon
source. It may be that the additional CO2 released due to respiration was
greater than the inorganic carbon sequestered. The released DOC that was
not consumed by themicrobes, furthermore, has the potential to be respired
in the receiving environment.

The strong relationship between total alkalinity release rate andDIC in
the leachate throughout the experiment (Fig. 3b), suggests there was a

relationship between the dissolution of the olivine and inorganic carbon
captured in the leachate. This relationship strengthened when the day 4
abiotic straw columns were excluded, likely due to the contribution of DOC
to total alkalinity. DOC can have a non-negligible influence on total
alkalinity56, due to the presence of carboxyl groups62. The average of the day
4biotic straw samples fall along the linear regression (Fig. 3b), suggesting the
DOC contribution in the straw columns proportionally influenced the total
alkalinity and therefore weathering rate, similarly to the DOC produced by
the digestate and manure compost columns.

Carbon isotope analyses and CO2 flux measurements, in future
experiments, could enable the differentiation of the inorganic carbon pools,
based on microbial respiration of the organic carbon source, and atmo-
spheric carbon63. As evident in the increase in DIC and SIC in the biotic
systems (Fig. 4b and Table 3), however, the inoculation of olivine with
mixed fungi and bacterial cultures, resulted in an increase in inorganic
carbon stored both in the column and the leachate. These results were
statistically significant, as evidenced in the 2-Way ANOVA analyses of the
column composition and time, and organic carbon source and inoculation
status (Table 3). This provides encouragement for further investigation of
silicate weathering bioreactors for inorganic carbon sequestration.

Many microbial weathering processes require direct contact, for
example through the formation of biofilms, with the mineral
surface18,22–25. The extensive biofilm formation of both the organic car-
bon source and the mineral grains, and statistically significant larger
PLFA biomass (Table 3), in the biotic straw columns was evidence to the
increased production of total alkalinity being driven by microbial pro-
cesses (i.e., oxidoreduction and complexolysis). The increased coloni-
sation of the mineral grains in the straw columns may have been driven
by the lower iron mass present in the straw, compared to the other
organic carbon sources (Table 2), as the microbes were driven to break
down the olivine to access iron. Oxidoreduction and complexolysis
reactions, require direct contact to the mineral surface, for example
through the formation of biofilms for electron transfer and nutrient
extraction via excreted and/or membrane-associated molecules such as
siderophores18,22–25,27. While microbial respiration produces CO2 leading
to further mineral weathering through the formation of carbonic acid28.

The increase in microbial growth did not appear to be dependent on
the presenceofmajor nutrients, suchas nitrogen andphosphorus (Fig. 7), as
the columns all became nutrient limited at about 25 days. Ammonium was
indistinguishable between all the columns, while the digestate provided
phosphate masses an order of magnitude greater than the manure and
straw.Thedecrease innitratemass in thebiotic columns for thefirst 2weeks,
in comparison to their abiotic controls, was likely due to the consumption of
nitrate by the microbes. This does not explain the increased biofilm for-
mation in the straw columns in comparison to the digestate and manure
columns, however, as the straw did not release more nitrate than the other
organic carbon sources.

Table 4 | Phospholipid fatty acid (PLFA) derived biomass (nmol g−1 soil) and 2-Way ANOVA summary

Bacteria Fungi Total Fungi:Bacteria Ratio Δ Total

Biotic Straw 0.54 ± 0.17 1.48 ± 0.60 2.02 ± 0.77 2.62 ± 0.48 1.17 ± 0.56

Abiotic Straw 0.44 ± 0.10 0.42 ± 0.14 0.85 ± 0.25

Biotic Digestate 0.45 ± 0.06 0.53 ± 0.12 0.98 ± 0.15 1.19 ± 0.23 0.05 ± 0.01

Abiotic Digestate 0.49 ± 0.06 0.44 ± 0.10 0.93 ± 0.21

Biotic Manure Compost 0.32 ± 0.07 0.10 ± 0.02 0.42 ± 0.09 0.33 ± 0.09 0.14 ± 0.09

Abiotic Manure Compost* 0.26 0.02 0.28

Source of Variation % of total P value

Interaction 15.9 0.0926

Organic Carbon Source 41.2 0.0005

Taxa 12.5 0.0455

*no replicates to calculate standard deviation, due to sample contamination. Standard deviation of Δ Total was calculated as a2+ b2 = c2, except biotic manure where it was carried through from Total.
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Labile organic carbon (DOC), or bioavailable carbon, appears to
determine the extent of the biofilm formation. This was unsurprising given
that the availability of simple labile carbon energy sources to microbes
results in increasedmicrobial respiration (i.e.,microbial activity), whichwas
further enhanced by a range of organic carbon sources of varying
complexity64. The controlled additionof simplebioavailable nitrogenand/or
phosphorus could further increase microbial growth and mineral coloni-
sation, and subsequent weathering. This requires further investigation, to
ensure sequestered CO2 was not offset by more potent greenhouse gases,
such as N2O.

The abiotic control and inoculated columns were stored and
worked upon separately under sterile conditions, however, the fre-
quency with which they were worked upon could have resulted in
contamination. Any potential contamination did not, however, appear
to affect the differences in weathering rates between the biotic and
abiotic columns. Further, PLFA analyses did not show fungal or bac-
terial growth in the abiotic control columns. Fluorescence in situ
hybridisation (FISH) staining could be used in future experiments to
assess whether the biofilms were stable communities working syner-
gistically to promote bio-weathering or a single species dominated and
was primarily responsible for the bio-weathering. Similarly, sequen-
cing could be used to provide more extensive analysis of the column
microbiome and the relative abundancies of the inoculated species and
potential sources of contamination.

Low molecular weight organic acids (LMWOAs) are often purported
as tools employed by microbes for the dissolution of silicate minerals19,26.
The presence of citrate, acetate and oxalate in the leachate of the columns in
this experiment, was not enhanced by the presence of silicate weathering
microbes whichmay utilise LMWOAs as a dissolutionmechanism (Fig. 6).
All biotic columns produced lower masses of the LMWOAs tested than the
respective abiotic controls, suggesting the LMWOAs present in the leachate
were released from the organic carbon sources themselves. The straw col-
umns produced the largest citrate and acetate masses in the leachate. The
decrease in the biotic straw columns, compared to the abiotic straw controls,
of citrate and acetatemay have been due to the consumption of the acids by
the fungi and bacteria. Straw has been demonstrated as a source of
LMWOAs when incorporated into soils65, and acetate (conjugate base of
acetic acid) was regularly used as a food source to support microbes in
bioreactor technologies for nitrate removal and biogas generation66,67.

Citrate also has a strong complexation tendency with tri- and divalent
metal cations (e.g., Fe3+ and Mg2+)68, forming metal colloids which would
not be analysed via ion chromatography (measured dissolved species). The
increase in magnesium, as a result of increased weathering, in the biotic
straw columns, could result in greater complexation and less free citrate in
the leachate. The complexation could also lower the saturation state of the
dissolved magnesium, further promoting the dissolution of magnesium20.
Analysis via ICP-MS of acidified leachate samples for the total magnesium,
could provide an estimate of the total complexed magnesium (i.e., the dif-
ference between the ICP-MS and IC magnesium masses).

The low LMWOA masses of the biotic columns, compared to the
respective abiotic controls, does not mean that LMWOAs were not pro-
duced by the fungi and bacteria communities, to weather the olivine.

Fig. 6 | Low molecular weight organic acid moles through time. a Acetate, (b)
citrate and (c) oxalate moles, and standard deviation, in the leachate each week.
Citrate was not detected in the digestate or manure compost samples.

Fig. 7 | Nutrient moles through time.Moles of (a) ammonium, (b) nitrate, and (c)
phosphate present in the leachate each week. Error bars represent standard
deviation.
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Localised decreases in pH in mineral pore spaces due to the formation of
LMWOAs by microbes may not translate measurably to their overall mass
in the leachate40. The conditions, furthermore, were not optimised to
encourage the microbes to produce LMWOAs. For example, the optimum
pHforAspergillus niger to produce citric acidwas between2.5–3.569. ThepH
of the leachate in this system was between 7 and 8 (Supplementary Fig. 1).
Optimising the conditions of the columns (i.e., the addition of acid to
decrease pH), to encourage LMWOA formation, is unlikely to be a viable
solution to increasing microbially produced organic acids and acid induced
weathering because of the increased energy (and therefore carbon emis-
sions) associatedwithmonitoring pH, producing and storing the acids, and
addition of the acids to the weathering system.

Geophysical concerns of the application of olivine for in natura
weathering in coastal and terrestrial ecosystems, such as increases in sus-
pended particle matter, clogging of sediment pore spaces, smothering, and
the release of toxic metals53, are not largely relevant to ex natura silicate
weathering bioreactors where aqueous column products and not solid
reactants are dispersed/discharged into the environment.

The large-scale implementation of silicate weathering bioreactors, and
the discharge of the biological and chemical column products could have
significant effects on receiving ecosystems.Discharge ofmicrobial species to
waterways or soils could altermicrobial community structure and function,
and the wider ecosystem70, thus paramount to column design and the
successful implementation of a bioreactor is the careful selection of
microbial species for column inoculation. Whereby considerations are
made not only to the potential to enhance silicate weathering but the
pathogenicity, presence, and abundance of the species in the receiving
environments.

Discharge of highly alkaline waters to rivers and coastal ecosystems are
desired for climate engineering53, they could also play a role in offsetting
ocean acidification71. The extent towhichdischarge from silicateweathering
bioreactors could offset ocean acidification, however, requires further study
and the development of large-scale columns. Primary production stimula-
tion in receivingwaters by the additionof silicon and ironolivinedissolution
products could promote additional carbon sequestration53,72. If the organic
matter produced reaches the ocean, it can be stored for thousands to mil-
lions of years in ocean sediments if left undisturbed73, however decom-
position of the organic matter once it dies and falls through the water
column, before it reaches the ocean floor, consumes oxygen, risking the
development of eutrophic and hypoxic zones74. The increased flux of toxic
metals, such as nickel, from the dunite (olivine) mineral matrix could have
considerable well established ecotoxicological consequences. Increased
fluxes in organic carbon from the columnsmay alsohavepositive ecological,
and public health consequences. For example, the increased complexation
of toxic metal species such as aluminium and subsequent decrease in
bioavailability75.

In this study we sought to establish the importance and efficacy of the
organic carbons source to support microbial silicate weathering of dunite
(forsterite olivine), and subsequent CO2 sequestration, in small-scale flow
throughbioreactors.Amixture of dunite and three differentwidely available
cheap organic carbon sources. The production of inorganic carbon was as
follows: biotic straw > abiotic straw > biotic digestate > abiotic digestate >
abiotic manure compost ≥ biotic manure. The enhanced weathering of the
forsterite, and inorganic carbon production, in the microbially inoculated
columns, compared to their abiotic controls, demonstrates it is worthwhile
to continue investigating and developing microbial silicate weathering as
carbon dioxide removal strategies. Further investigation of the optimal
conditions (e.g., mineral size and type, biology, microbial synergies,
watering frequency and volume, and nutrient supplementation) is required.
In combination with considerations to the environmental consequences,
positive and negative, of discharging column products into waterways or
onto soils. This study focused on the short-term effects of microorganisms
on the weathering of dunite and carbon sequestration in simple flow-
through columns. Further studies are required to determine the extent to

which the dunite is altered long-term by the inoculation of bacteria and
fungi in simple flow-through columns.

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.

Data availability
All data analysedduring this study are included in this published article [and
its supplementary information files]. The datasets used and analysed during
the current study available from the corresponding author on request.
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