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Abstract 

Pyrite oxidation dri v es ir on and sulfur av aila bility acr oss Earth’s subsurface and is partl y micr obiall y mediated. Subsurface microbial 
communities accelerate this process at cir cumneutr al pH directly by weathering pyritic surfaces and indir ectl y by causing changes 
to the surrounding microen vironment, thereb y further accelerating pyrite weathering. However, our understanding of community 
structure dynamics and associated biogeochemistry in Fe- and S-rich lithologies, e.g. pyritic coal, is limited. Here , w e present the first 
compr ehensi v e r eg ional and seasonal g en us-lev el surv ey of bacterial gr oundw ater comm unities in a pyritic coal-based aquifer in the 
South Wales Coalfield (SWC), using 16S rRNA gene amplicon sequencing. Seasonal changes in community structure were limited, 
suggesting limited influence of surface processes on subsurface communities. Instead, hydro geolo gically distinct mine water blocks 
(MWB) and coal rank largely explained bacterial community structure variation across sites. Fe(II)-oxidizing Betaproteobacteriales 
genera Gallionella and Sideroxydans dominated the bacterial communities across nine sites and seven MWBs, while three sites within 

a single MWB, were dominated by S-oxidizing Epsilonbacteraeota genera Sulfuricurvum and Sulfurovum . The cooccurrence of pairs 
of Fe(II)- and S-oxidizing bacterial genera suggests functional redundancy, which coupled with genus-specific morphologies and life 
str ate gies, indicates the importance of distinct environmental and ecological niches within the SWC gr oundw ater at seasonal and 

regional scales. 

Ke yw ords: bacterial comm unity structur e; biogeochemistr y; F e-oxidizing bacteria; p yritic coal-based aquifers; S-oxidizing bacteria; 
subsurface microbial ecology 
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Introduction 

Iron and sulfur are k e y elements in Earth’s biogeochemical cy- 
cles. Weathering of pyrite (FeS 2 ), the most abundant iron-sulfide 
mineral in Earth’s crust, is dependent on both abiotic and micro- 
biall y mediated pr ocesses and is ther efor e affected by the pres- 
ence or absence of the bacteria and archaea involved in these 
processes (Larsson et al. 1990 ). Depending on its composition, the 
in situ micr obial comm unity structur e can thus either enhance 
p yrite w eathering or act as a biogeochemical bottleneck in lo- 
cal iron and sulfur elemental c ycles (Falko wski et al. 2008 ). Pyrite 
oxidation under aerobic conditions releases ferrous iron (Fe 2 + ) 
and sulfate (SO 4 

2 −), with Fe 2 + being easily oxidized to ferric iron 

(Fe 3 + ) in the presence of oxygen (Moses and Herman 1991 ). Fer- 
ric iron is in turn a strong oxidizer of pyrite, through a reaction 

resulting in the net release of H 

+ , thereby lowering the surround- 
ing pH. While this process occurs abiotically, pyrite weathering 
Recei v ed 5 November 2024; revised 5 Mar c h 2025; accepted 8 April 2025 
© The Author(s) 2025. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
an be accelerated by the activity of various bacteria under a
ange of conditions. A w ell-kno wn example is one of the most
idely studied Fe(II)-oxidizing bacteria, Acidithiobacillus ferrooxi- 

ans , which is able to accelerate pyrite weathering under aerobic
onditions in acidic environments (Hoffmann et al. 1981 ). How- 
 v er, man y mor e gener a hav e been implied in micr obiall y medi-
ted cir cumneutral p yrite w eathering (P er cak-Dennett et al. 2017 ,
iu et al. 2021 , Na pier alski et al. 2022 ), in a range of environmen-
al settings, including under aer obic ( Thiobacillus , Brad yrhizobium
p ., and Mesorhizobium sp .) and anaerobic ( Denitrobacter and Sul-
urimonas ) conditions. Due to buffering by surrounding geologies,

an y natur al and anthr opogenic envir onments hav e circumneu-
ral pH and, under these conditions, pyrite oxidation potential in-
r eases with O 2 concentr ations (Blo¨the and Roden 2009 , P er cak-
ennett et al. 2017 ). Although abiotic aerobic pyrite oxidation is
ossible at circumneutral pH, recent evidence demonstrates the 
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mportance of bacterially mediated circumneutral aerobic pyrite
xidation (Na pier alski et al. 2022 ). Chemolithotrophic bacteria,
uch as genus Thiobacillus , oxidize pyrite dir ectl y by oxidizing the
ineral surface via outer membrane proteins bearing sulfhydryl

roups and a persulfide intermediate, leading to the production
f sulfate and thin amorphous Fe(III) oxide coatings on the min-
ral surface (P er cak-Dennett et al. 2017 , Napieralski et al. 2022 ).
n pyritic coal-based aquifers , F e- and S-cycling bacteria often in-
er act syntr ophicall y in m ultiple wa ys , e .g. the production of sul-
de by sulfate-reducing bacteria resulting in abiotic reduction of
e(III), thereby further promoting sulfur disproportionation and
ther, bioticall y driv en, biogeoc hemical pr ocesses (Hansel et al.
015 , Blackwell et al. 2019 ). Howe v er, to date we do not know
ow communities within pyritic coal-based aquifers are struc-
ur ed ov er space and time. While the Beta pr oteobacteriales genus
allionella has r ecentl y been identified as a k e y member of the mi-
r obial comm unity in oc hr eous sediment in the entrance of the
nysarwed mine adit in the pyrite coal rich South Wales Coalfield

SWC), (Fig. 1 ), ther e is curr entl y no lar ge-scale understanding of
he comm unity structur e dynamics of the micr obial comm unities
n the subsurface waters in the SWC (Blackwell et al. 2019 ). 

Her e, we pr esent the first compr ehensiv e r egional and sea-
onal survey of genus-le v el comm unity structur e in coalfield
round water, deri ved from the flooded mine workings and sur-
ounding aquifers in the SWC, using 16S rRNA gene amplicon
equencing. We (i) demonstrate that microbial communities in
he SWC are hydrogeologically compartmentalized by mine wa-
er bloc ks (MWB) thr oughout the year, r egionall y separ ating Fe-
nd S-cycling consortia, (ii) show that these microbial communi-
ies ar e heavil y influenced by the coal rank of the surrounding ge-
logy, and (iii) identify codominant pairs of Beta pr oteobacteriales
nd Epsilonbacteraeota genera as the putative main Fe- and S-
yclers in the coalfield, indicative of hydrogeological partitioning
aintaining separation of partially overlapping niches for pyrite-

xidizing bacteria in subsurface mine waters. 

aterials and methods 

ocation, hydrology, geology and mineralogy 

he bedr oc k of the SWC (Fig. 1 ) is rich in pyrite with a concentra-
ion of 2%–4% (wt/wt) (Evans et al. 2006 ). T he SWC co vers an area
f ca. 2200 km 

2 and has been mined since Roman times, with the
ost significant period of mining occurring from the nineteenth

entury until the colliery closures in the 1980s (Brown et al. 2002 ).
tructur all y the SWC is an east–west trending syncline of Car-
oniferous Westphalian age strata and can be divided into the Up-
er, Middle, and Lo w er Coal Measures (hereafter UCM, MCM, and
CM). The Coal Measures sequence mostly comprises of cyclic se-
uences of fluvio-deltaic origin, with coarsening upw ar ds series
f mudstones , siltstones , and fine-grained sandstones, seatearths
oal and numerous marine bands (Robins et al. 2008 ). The UCM
re dominated by thick well-joined feldspathic and micaceous
andstones and some mudstones whilst the MCM and LCM are
ominated by mudstones (Robins et al. 2008 ). Significant fault
tructur es, tr ending both NE–SW and NW–SE across the SWC,
ere important for controlling the lateral extent of mining at in-
ividual collieries and are reflected in the delineation of a series
f hydr aulicall y separ ate compartments, so-called ‘mine water
locks’ (Fig. 1 ). MWBs represent flooded collieries that are inter-
onnected and exhibit a continuous gradient of water le v el acr oss
heir area (Coal Authority 2018 ). Conversely, different MWBs are
ener all y hydr aulicall y isolated fr om eac h other (Mona ghan et al.
024 ). Used pr edominantl y as a tool for mine water management
y the Mining Remediation Authority (formerly, the Coal Author-

ty), the geology and mineralogy of individual MWBs can be ex-
r emel y v aried, containing str ata fr om the UCM, MCM, and LCM
nd also workings of coal of various ranks for multiple intercon-
ected collieries . T he UCM, consisting mainly of sandstones and
udstones, is known to be more permeable and holds younger,

ess geoc hemicall y e volv ed mine water (Le wis et al. 2000 ). Both
he MCM and the LCM comprise less permeable mudstones and
ontain older, more geochemically evolved mine water with re-
uced flow (Robins and Davies 2016 ). While siliciclastic mineral-
gy dominates in the coal measures, the coal measures are sulfur-
ic h, incr easing in sulfur content from west to east as coal rank
ecr eases fr om anthr acite in the west to high volatile coals in the
ast (Alderton et al. 2004 ), with pyrite as the primary source, vary-
ng in concentrations of 2%–4% (wt/wt) (Evans et al. 2006 ). 

Following the colliery closures in South Wales, dewatering
f the mines ceased and the workings were allowed to flood
ith groundwater. As a result of the increased residence time,

he oxidation of pyrite and other iron-sulfide minerals has con-
ributed to the generation of waters highly concentrated in SO 4 

2 −,
 e , and metals (e .g. Zn and Pb), whic h ar e tr ansported into the
urr ounding hydr ogr a phical basin (Robins and Davies 2016 ). Al-
hough direct sampling of these underground systems would be
r ohibitiv el y expensiv e and logistically difficult, sampling the dis-
 har ge of bulk waters from flooded mine workings within each
iscrete MWB offers a potentially attractive system for exploring
he interactions between microbes and subsurface hydrochem-
stry in this pyritic coal-based system. Ther efor e, we sampled
r oundwater fr om discr ete MWBs, eac h c har acterized by differ-
ng hydr ogeological r egimes, acr oss the SWC and thr ee differ ent
oal ranks [anthracite (very low volatile coal), low and medium
olatile coals] to c har acterize the resident bacterial communities
sing 16S rRNA gene amplicon sequencing in relation to spatial,
empor al, and geoc hemical c hange. 

ite descriptions and sampling 

roundw ater samples w ere collected from accessible 13 sites (12
r avity-driv en or pumped mine water outflows and one thermal
pring) in the SWC, UK, in April (12th –14th), August (first, third,
nd fifth) and December (5th–8th) 2016 ( Table S1 ). The 12 mine
ater sites r epr esented se v en of the 22 hydr ogeologicall y distinct
WBs identified by Lewis et al. ( 2000 ). All samples were collected

t emerging mine water outflows, as close to the exit as possi-
le in order to reduce interaction with the atmosphere . Mo ving
rom west to east through the SWC (Fig. 1 ), sites Lindsay and Moun-
ain Gate were affiliated to MWB 2 and lie within the anthracite
oal rank with associated very low volatile and sulfide content
George 1970 , Alderton et al. 2004 , Evans et al. 2006 , Chou 2012 ).
orlais is affiliated to block 3, Ynysarwed to block 6, Glyncastle to
lock 8, Dinas is in block 10, and Cefn Hengoed and Taff Bargoed in
lock 11. These lie within the low volatile coal ranks with low sul-
de content. MWB 12, holding gener all y warmer, older and more
eoc hemicall y e volv ed gr oundwater encompassed sites Six Bells ,
rumlin Navigation , and Cel ynen North , l ying within the medium
olatile coal ranks with the highest sulfide content of the sites
ampled. Despite also being located in MWB 12, mine water at
laenavon is hydr ogeoc hemicall y v ery differ ent to the other thr ee
ites, as it r eceiv es a substantial pr oportion of its water fr om the
CM. In contrast, Taff’s Well represents an underlying groundwa-

er system draining through Carboniferous limestone and under-
 ying De vonian upper old r ed sandstone and is consider ed sep-

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf039#supplementary-data
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Figure 1. Map of the SWC (top panel), indicating sampling sites (coloured dots) and mine water block divisions according to Lewis et al. ( 2000b ) ( ©The 
Coal Authority). Carboniferous Lo w er, Middle, and Upper Coal Measures indicated by yellow, light gray, and dark gray shading, r espectiv el y. Based on 
British Geological Survey 1:50 000 Bedrock Maps © UKRI. For further information, see Site descriptions and Sampling. Geogr a phicall y independent 
groups of samples (bottom panel) were identified based on Na + /(Na + + Ca 2 + ) ratio (indicative of groundwater depth (Robins et al. 2008 )) and Cl −

concentr ation (indicativ e of gr oundwater a ge; Fr eeze and Cherry 1979 ). The sha pe of the markers indicates coal r ank, wher eas their size indicates 
temper atur e. 
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arate to the o verla ying mined la yers and thus is not associated 

with any one MWB. This groundwater is at least 5000 years old 

and r eac hes depths of at least 400 m as it follows the base of the 
synclinal structure of the SWC, r ec har ging in the north before dis- 
c har ging at ∼21 ◦C as a spring in the south of the coalfield (Farr and 

Bottrell 2013 ). 
For disc har ge data, av er a ge v alues published by The Mining
emediation Authority (formerly, The Coal Authority) was used 

Table 1 ): Blaenavon (Wyatt and Parker 2024 ); Cefn Hengoed and
el ynen North (P ark er and Fo x 2024 ); Dinas (Mallin Martin et al.
004a ); Gl yncastle and Yn ysarwed (P arker and Wyatt 2024 ); Lind-
ay, Morlais and Mountain Gate (Fox and Wyatt 2024 ); Six Bells
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Table 1. Summary of k e y features and geochemical variables for each sampling site. Values given as mean ( ±1 SD). Discharge values 
are mean values published by The Mining Remediation Authority (formerly The Coal Authority); for references, see the section “Material 
and methods”: site descriptions and sampling. 

Site name Site type Block Coal rank Discharge (L/s) Temp (ºC) pH Eh (mV) ∗ EC ( μS cm 

−1 ) DO (%) SO 4 
2 − (mM) HS − (ug/l) ∗ Fe 2 + (mM) 

Mt. Gate FeOB-rich 2 Anthractite 10 11.9 (0.08) 6.26 (0.08) 852 (117) 63.2 (20.0) 1.52 (0.32) 0.0473 (0.00) 

Lindsay FeOB-rich 2 Anthractite 21 15.0 (0.06) 6.81 (0.13) 143 (19.7) 1160 (113) 0.422 (0.89) 2.04 (0.29) 64.3 (7.8) 0.302 (0.01) 

Morlais FeOB-rich 3 Lo w v olatile 125 13.9 (0.07) 6.55 (0.20) 219 (47.5) 1020 (146) 6.53 (10.1) 3.3 0.20) 21.0 (0.0) 0.274 (0.02) 

Ynysarwed FeOB-rich 6 Lo w v olatile 24 13.0 (0.09) 6.25 (0.09) 227 (50.7) 1600 (29.0) 33.1 (1.78) 9.56 (1.58) 31.5 (9.6) 1.45 (0.06) 

Glyncastle FeOB-rich 8 Lo w v olatile 14 12.5 (0.09) 5.95 (0.19) 237 1270 (109) 12.1 (7.11) 7.8 (1.54) 0 0.301 (0.04) 

Dinas FeOB-rich 10 Lo w v olatile 30 12.7 (0.42) 6.64 (0.21) 532 (64.2) 26.1 (31.5) 0.652 (0.04) 0.0868 (0.00) 

Cefn Hengoed FeOB-rich 11 Lo w v olatile 103 11.4 (0.00) 6.64 (0.06) 780 (26.4) 1.56 (2.80) 1.9 (0.08) 0.0506 (0.00) 

Taff Bargoed FeOB-rich 11 Lo w v olatile 100 12.1 (0.12) 7.02 (0.22) 607 (100) 63.0 (15.5) 1.23 (0.12) 0.105 (0.00) 

Blaenavon FeOB-rich 12 Medium volatile 15 10.2 (2.64) 6.71 (0.11) 235 576 (101) 90.3 (10.1) 1.84 (2.86) 5 0.105 (0.01) 

Celynen North SOB-rich 12 Medium volatile 47 13.1 (0.08) 6.89 (0.19) 52 (30.6) 1160 (179) 10.8 (1.58) 2.45 (0.21) 4470 (1710) 0.0546 (0.04) 

Crumlin Nav. SOB-rich 12 Medium volatile 10 19.4 (0.45) 7.33 (0.32) −59.7 (12.9) 2090 (153) 51.4 (11.9) 2.48 (0.19) 23 600 (2050) 0.000628 (0.00) 

Six Bells SOB-rich 12 Medium volatile 40 18.5 (0.13) 6.99 (0.13) 363 2680 (156) 68.9 (6.95) 10.0 (1.04) 23 0.0249 (0.07) 

Taff’ s W ell FeOB-rich – – 1 21.1 (0.13) 7.26 (0.11) 152 514 (7.40) 24.7 (6.97) 0.233 (0.00) 10 0.0266 (0.00) 

Min 10 10.2 5.95 −59.7 514 0.422 0.233 5 0.000 628 

Max 125 21.1 7.33 363 2680 90.3 10 23 600 1.45 

Median 27 13 6.71 185.5 1020 26.1 2.04 27 0.0868 

Mean 44.9 14.2 6.72 166 1142 34.8 3.46 3530 0.218 

∗Measur ed fr om 30 samples collected on 1 J une 2021, 1 J une 2022, 1 J uly 2022, 1 September 2022, 1 November 2022, and 1 January 2023. 
Lindsay n = 6, Morlais n = 2, Ynysarwed n = 6, Glyncastle n = 1, Blaenavon n = 1, Celynen North n = 6, Crumlin Navigation n = 6, Six Bells n = 1, and Taffs Well n = 
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Mallin Martin et al. 2024b ); and Taff Bargoed (Mallin Martin et
l. 2024c ). For Crumlin Navigation, disc har ge data from Farr et al.
 2016 ) was used and, for Taff’s Well, disc har ge data fr om Farr and
ottrell ( 2013 ) was used. 

At eac h visit, thr ee independent r eplicate water samples were
ollected from the mine adit or outflow at 20–40 min intervals.
he collection interval at each site was calculated to ensure that a
inim um of thr ee times the underw ater v olume of the outer adit

tructure had passed between samples. At each replicate sam-
ling e v ent, water temper atur e, pH, electrical conductivity, and
issolv ed oxygen (DO) wer e measur ed (Orion Star A329 portable
eter, ThermoFisher) and water was collected for geochemical

nd DNA anal ysis. P air ed 45 ml samples of filter ed (0.2 μm cel-
ulose nitrate membrane filter, Whatman) w ater w ere collected
n sterile 50 ml Falcon tubes, for anion anal ysis (untr eated) and
ation and trace element analysis (acidified to pH < 2 with 100 μl
f 50% (v/v) trace metal grade HNO 3 ). Samples for geochemi-
al anal ysis wer e r efriger ated upon r eturn to the laboratory and
tored at + 4 ◦C until analysis. Water for the DNA analysis was col-
ected into a 1 l scr e w ca p pol ypr opylene bottle that had been acid-
ashed and autoclaved prior to use. The bottle was rinsed with

hree volumes of sample water immediately before the sample
as collected. Samples were refrigerated upon return to the labo-

atory and filtering of 1 l water samples for DNA analysis through
.2 μm Steriv ex ® filters (Merc k KGaA) began within 12 h. These
ere then k e pt at −20 ◦C until DNA extraction. 

N A extr action and Illumina amplicon 

equencing 

N A w as extracted using the DNeasy ® Po w erWater ® Kit (QIAGEN),
isualized on a 1% a gar ose gel (5 μl DNA per lane) and quanti-
ed using the Qubit ® dsDNA high-sensitivity assay kit (Invitrogen;
 μl DNA per assay) following manufacturers’ recommended pro-
ocols. DNA extracts were stored at −80 ◦C until further use. 

The V3–V4 region of the bacterial 16S rRN A gene w as ampli-
ed thr ough pol ymer ase c hain r eaction (PCR) using the following
ecipe: 25 μl Accuzyme Mix (2x, Bioline ®), 10 μl Forw ar d primer
1 μM, 5 ′ -CCTA CGGGNGGCWGCA G-3 ′ ), 10 μl Re v erse Primer (1 μM,
 

′ - GA CTA CHV GGGTATCTAATCC-3 ′ ) (Klindworth et al. 2013 ), and
 μl sample DNA (final volume 50 μl). Samples were run on a ther-
al cycler (G-Storm GS1, G-Storm Ltd.) using the following pro-

ram: 95 ◦C for 3 min, 28 cycles of (95 ◦C for 30 s, 55 ◦C for 30 s, and
2 ◦C for 30 s), follo w ed b y a final 72 ◦C step for 5 min. Four PCR
ontr ols, in whic h nuclease-fr ee w ater w as added instead of DN A,
ere included in the run. Amplification success was confirmed by

unning 5 μl of PCR product on a 1% agarose gel. Amplification
r oducts wer e cleaned-up using Ampur e ® beads at a 1.8x r atio
nd clean-up success confirmed by running amplicons on a 1%
 gar ose gel. 

A second-stage PCR was used to add Illumina ® Nextera
T indices to the cleaned-up amplicons . T he recipe for this
tage consisted of 12.5 μl Accuzyme Mix (2x), 2.5 μl Nex-
era XT Index Primer 1 (5 ′ -C AAGC AGAAGACGGC A T ACGAGA T
i7 adapter] GTCTCGTGGGCTCGG-3 ′ ), 2.5 μl Nextera XT Index
rimer 2 (5 ′ -AA TGA T A CGGCGA CCA CCGA GA TCT A CA C [i5 adapter]
CGTCGGCAGCGTC-3 ′ ), 5 μl PCR-grade water, and 2.5 μl cleaned-
p amplicon product (final volume 25 μl). Samples were run on
 thermal cycler (G-Storm GS1, G-Storm Ltd.) using the following
r ogr am: 95 ◦C for 3 min, 8 cycles of (95 ◦C for 30 s, 55 ◦C for 30 s, and
2 ◦C for 30 s), follo w ed b y a final 72 ◦C step for 5 min. Success of the
econd stage PCR was confirmed by running the indexed amplicon
roducts on a 1% agarose gel. A final 1.8x Ampure ® beads clean-
p was followed by visual confirmation on a 1% a gar ose gel and
ubit ® dsDNA high-sensitivity quantification. Finally, cleaned-up

ndexed amplicons were pooled in equimolar concentrations in
 solution of 10 mM Tris–HCl (pH 8) and 0.1% TWEEN 

® and sub-
ected to 2 × 300 bp paired-end Illumina MiSeq 

® sequencing at
he Aberystwyth University Illumina sequencing facility. 

Sequence data are available at the European Nucleotide
rc hiv e (ENA) at EMBL-EBI under accession number PRJEB44467. 

equence processing and bioinformatics 

 air ed-end Illumina MiSeq 

® reads had their primer and adapter
equences r emov ed using cutadapt ( https:// github.com/ marcelm/
utada pt ), after whic h they wer e subjected to an amplicon se-
uence variant (SV) calling pipeline by means of the D AD A2

https://github.com/marcelm/cutadapt
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R pac ka ge ( https:// github.com/ benjjneb/ dada2 ; Callahan et al.
2016 ), follo wing the standar d recommended w orkflo w ( https:// 
benjjneb .github .io/ dada2/ bigdata _ paired.html ). Forw ar d and re- 
v erse r eads wer e trimmed to 260 bp and 200 bp, r espectiv el y, fol- 
lowing visual analysis of Phred scores. One million reads were 
subsampled from the forw ar d and reverse FASTQ files in or- 
der to generate an error model for the run, which, following 
dereplication and denoising, was used to accur atel y call SVs 
with the dada algorithm. Called SVs for each sample’s forw ar d 

and r e v erse r eads wer e then mer ged, after taking into account 
denoised dereplicated reads, to create an SV table (analogous 
to an operational taxonomic unit (OTU) table). Bimeras (arte- 
fact amplicon sequences composed of two different amplicon 

sequences, usually as a result of polymerase error) were re- 
moved using D AD A2’s de novo bimera removal function and iden- 
tical sequences that differed in length were removed using the 
CollapseNoMismatc h function. Finall y, taxonomy was assigned to 
species le v el using the SILV A 132 database ( https://www .arb-silva. 
de/ documentation/ release-132/ , (Quast et al. 2012 ). 

SILVA-assigned taxonomy was imported along with the SV and 

metadata tables as a phyloseq ( https:// joey711.github.io/ phyloseq/ 
index.html ; McMurdie and Holmes 2013 ) object within R. The de- 
contam R pac ka ge ( https:// github.com/ benjjneb/ decontam ; Davis 
et al. 2018 ) was applied to identify potential contaminant SVs by 
means of their pr e v alence in true controls . T he phyloseq object 
containing SV taxonomy and abundance, as well as the associ- 
ated metadata ( Table S1 ), was used as the basis for subsequent 
data exploration and analysis. 

Geochemical analysis 

Anion (F −, Cl −, NO 3 
−, and SO 4 

2 −) concentrations in prefiltered 

samples were determined using a Dionex DX 100 ion c hr omato- 
gr a ph (Thermo Scientific, Sunn yv ale, CA, USA), with a 3-point cal- 
ibr ation (accur acy ± 4%; pr ecision ± 2%.) Major, minor and trace 
element (for a total of 54 elements r anging fr om Li to U) concen- 
tr ations wer e determined using an Ag ilent 7700x ICP-MS (Ag ilent,
Santa Clara, CA, USA). All total dissolved Fe assumed as Fe 2 + as 
modeled on PHREEQC (Parkhurst and Appelo 1999) based on the 
circumneutr al pH r ange (pH 5.95–7.33) of our samples. All sam- 
ples were run in duplicate and using a 3-point external calibration 

(accuracy ± 6%; precision ± 2%.). All concentration data passing 
an initial quality filter were converted to millimolar concentra- 
tions and included as metadata in the phyloseq object ( Table S1 ).

Due to repeated probe failure, redox potential (Eh) was not 
recorded at the time of sampling. Supplemental data for dissolved 

H 2 S and Eh measurements collected from a subset of sites in 2021 
(1st June), 2022 (1st June, 1st July, 1st September, and 1st Novem- 
ber) and in 2023 (1st January) were obtained after the main sam- 
pling effort. The sites included in this second survey were Lind- 
say ( n = 6), Morlais ( n = 2), Ynysarwed ( n = 6), Glyncastle ( n = 

1), Blaenavon ( n = 1), Celynen North ( n = 6), Crumlin Naviga- 
tion ( n = 6), Six Bells ( n = 1), and Taffs Well ( n = 1) with a to-
tal of 30 samples. Dissolved H 2 S and redox (Eh) measurements 
were taken immediately at the time of sample collection, with re- 
dox potential being measured using an Orion Star A329 portable 
meter (ThermoFisher) with a Hanna oxidation −reduction poten- 
tial probe (Ag/AgCl electrode), while H 2 S was determined using 
an Hach portable spectrophotometer using the Methylene Blue 
method (Hach Method 8131). The measured values were coher- 
ent between both datasets for matc hed par ameters (including pH,
temper atur e, and electrical conductivity; data not shown). 
ta tistical anal yses 

equence v ariant ric hness (number of SVs pr esent), Shannon’s
iversity and Simpson’s evenness indices (Heip et al. 1998) were 
alculated as per phyloseq ’s implementation of vegan ’s diversity
unction (Shannon and Weaver 1949 , Dixon 2003 ). Welch’s inde-
endent t -test (equal variance not assumed) was used to com-
ar e SV ric hness, Shannon’s div ersity, and Simpson’s e v enness
etween Epsilonbacter aeota-ric h sites (Cel ynen North, Crumlin 

avigation, and Six Bells) and Beta pr oteobacteriales-ric h sites
all other sites) using the stat_compare_means function within the 
gpubr R pac ka ge ( https://r pkgs .datano via.com/ggpubr/; Welch
947 ). Perm utational anal ysis of v ariance anal ysis (PERMANOVA)
as performed via the adonis function within vegan using 1000
erm utations with r eplicates as str ata . Constr ained anal ysis of
rincipal coor dinates (CAP) or dinations w ere calculated follo w-

ng the generation of a Jensen −Shannon dissimilarity matrix by
eans of phyloseq ’s implementation of vegan ’s metaMDS and cap-

cale , r espectiv el y (Dixon 2003 , Fuglede and Topsoe 2004 ). The
orrelation between a subset of geochemical variables (Table 1 )
ere tested using Spearman’s rank correlation test using PAST 

4.17 (Hammer et al. 2001 ). All plots were generated using gg-
lot2 ( https:// github.com/ tidyverse/ ggplot2 ; Wickham and Chang
008 ). Repr oducible Rmar kdown scripts for all analyses and figures
resented in this paper are available here: https://github.com/ 
eoMicr oSoar es/sgg _ data _ analysis . 

esults 

igh-throughput 16S rRNA gene amplicon profiles were generated 

or 117 water samples originating from 12 mine water outflows
cross the SWC and one thermal spring (Fig. 1 , top) across three
easons, resulting in 9656 492 trimmed and quality-filtered reads.
n total, 69 596 SVs were generated, of which three were deemed
o be contaminants due to their pr e v alence in negativ e contr ols
nd thus r emov ed fr om the dataset. 

Major ion geochemistry (Table 1 , Tables S1 and S2 ) defined
our main hydr ogeoc hemicall y independent groups of sites across
he dataset (Fig. 1 , bottom). The Cl − concentration is indicative
f the age of the groundwater (Freeze and Cherry 1979 ), while
he Na + /(Na + + Ca 2 + ) r atio is indicativ e of the depth fr om whic h
t has been drawn (Robins et al. 2008 ), with Na + -type waters
Na + /(Na + + Ca 2 + ) ratio > 0.5] being typical of deeper groundwater
hat has had more time to evolve geochemically through weather- 
ng of more geochemically inert silicate minerals than shallo w er
r younger Ca 2 + -type waters [Na + /(Na + + Ca 2 + ) ratio < 0.5], which
eflect weathering of more geochemically reactive carbonate min- 
rals. Taff’ s W ell, with its Na + -type water, a Cl − concentration
bove 0.75 mM and a water temperature of ca. 21 ◦C, had the deep-
st, oldest and warmest groundwater in the dataset and sits in a
roup of its own. Half of the sites (Celynen North, Crumlin Nav-
gation, Dinas , Lindsa y, Morlais , and Six Bells) had water of the
a + -type, indicati ve of dee per water that has had more time to
 volv e geoc hemicall y. The r emaining sites (Blaenavon, Cefn Hen-
oed, Glyncastle , Mountain Gate , Taff Bargoed, and Ynysarwed)
ad cooler water of the Ca 2 + -type and r elativ el y low Cl − concen-
rations ( < 0.5 mM), indicative of the mine water coming from
hallo w er depths and having had less time to e volv e geoc hemi-
ally. Of the six sites with Na + -type water and Cl − concentrations
elow 0.75 mM, Six Bells and Crumlin Navigation had particularly
igh water temper atur es ( > 18 ◦C) and Cl − concentrations (0.55–
.73 mM), suggesting that the mine water at these sites came from
reater depths and were older than that of the other mine water

https://github.com/benjjneb/dada2
https://benjjneb.github.io/dada2/bigdata_paired.html
https://www.arb-silva.de/documentation/release-132/
https://joey711.github.io/phyloseq/index.html
https://github.com/benjjneb/decontam
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf039#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf039#supplementary-data
https://rpkgs.datanovia.com/ggpubr/
https://github.com/tidyverse/ggplot2
https://github.com/GeoMicroSoares/sgg_data_analysis
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf039#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiaf039#supplementary-data
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ites . T he geochemistry of the water at Celynen North, with its
a + -type water and Cl − concentrations of 0.48–0.50 mM, places it

n an intermediate position within the sites with Na + -type water,
o w e v er this is likely reflecting the influence of y ounger, shallo w er
roundwater being mixed with the older, deeper mine water as it
o ws to w ar ds the surface . T his is further supported by the inter-
ediate water temper atur e ( ca. 13 ◦C) at this site (Table 1 ). Further

nsight into subsurface biogeochemical conditions and variations
etween the different sites can be gleaned from comparisons be-
ween differ ent geoc hemical v ariables. Temper atur e r anged be-
ween 10.2 ◦C at Blaenavon and 21.1 ◦C at Taff’s Well, while DO
e v els v aried between 0.4% at Lindsa y and 90.3% at Blaena von.
issolved Fe ranged between 0.0006 mM at Crumlin Navigation
nd 1.45 mM at Ynysarwed and Fe(II) exhibited an ov er all negativ e
orrelation with pH (Spearman’s rank correlation coefficient ρ =
0.61, P = .028). Sulfate concentrations ranged between 0.233 mM
t Taff’ s W ell and 10 mM at Six Bells and had a str ong positiv e
orrelation ( ρ = 0.91, P < .0001) with electrical conductivity, which
 anged fr om 514 μS cm 

−1 at Taff’ s W ell to 2680 μS cm 

−1 at Six Bells.
her e wer e no other significant corr elations between the contin-
ous variables included in Table 1 . The difference between sites
ecomes clearer when including data on redox potential and dis-
olved sulfide (HS −) concentrations from a subsequent sampling
ampaign. For the nine sites included in both datasets, Eh ranged
rom 363 mV at Six Bells to −59 mV at Crumlin Navigation, with
wo sites with the lo w est Eh (Celyn North (52 mV) and Crumlin
avigation) exhibiting very high HS − concentrations of < 23 600
g l −1 , whereas the remaining seven sites, which all had higher
h (143–363 mV) had low HS − concentrations of 5–63 ug l −1 (Ta-
le 1 ). 

Bacterial communities at all but one (Lindsay) of the sam-
led sites were dominated by members of either Beta pr oteobac-
eriales (Gamma pr oteobacteria) or Epsilonbacter aeota acr oss all
hree sampling occasions (Fig. 2 ) and in total these two taxa rep-
esented 57.3% of total number of reads in the dataset. While bac-
erial communities at the majority of sites were dominated by

embers of the Beta pr oteobacteriales, thr ee sites (Celynen North,
rumlin Navigation, and Six Bells) were dominated by members of

he Epsilonbacteraeota. At these three sites, all other taxa where
nl y pr esent in v ery low abundances, with the exception of “Other
amma pr oteobacteria” on two occasions [av er a ge 16% ± 1% (1 SD)
t Celynen North in April and 17% ± 1% at Crumlin Navigation in
ugust]. 

For the majority of sites, large parts of their taxonomic pro-
les could be r esolv ed to genus-le v el thr ough mor e fine-gr ained
lassification of SVs (Fig. 3 ). Ov er all, genus-le v el r esolution was
c hie v ed for up to 58.66% of taxonomic profiles in the dataset.
nown Fe(II)-oxidizing genera Gallionella and Sideroxydans (Gal-

ionellales and Gallionellaceae) and S-oxidizing genera Sulfu-
icurvum and Sulfurovum (Campylobacterales and Helicobacter-
ceae) accounted for a total of 54.3% and 93.2% of all the Beta pr o-
eobacteriales and Epsilonbacteraeota present in the dataset, re-
pectiv el y. 

In Taff’s Well, Ferriphaselus (Gallionellales and Gallionellaceae),
nother known Fe(II)-oxidizing genus, cooccurred with Gallionella
nd Sideroxydans across all sampling occasions and e v en domi-
ated the putative Fe(II)-oxidizing consortium in the December
amples (56.4% of all reads for that month and site). Other Be-
a pr oteobacteriales gener a, suc h as Rhodoferax (Burkholderiales
nd Comamonadaceae), were also commonly found across the
ataset, albeit in smaller av er a ge r elativ e abundances, as was
enus Thiothrix (Thiotrichales and Thiotrichaceae) of Gammapro-
eobacteria. 
In contrast, nondominant taxa were more prominent in
he Beta pr oteobacteriales-ric h comm unities . For instance ,
atescibacteria comprised up to 17% ±1% (at Mountain Gate)
n April, 22% ± 0% (at Cefn Hengoed) in August and 23% ±1%
at Mountain Gate) in December of the communities in
eta pr oteobacteriales-ric h sites (Fig. 2 ). In total, 9964 SVs af-
liated to 14 Patescibacteria classes were seen across the dataset.
hylum Omnitr ophicaeota (pr e viousl y Candidate Division OP3;
inke et al. 2013 ) and Patescibacteria accounted for 37.05%
f all reads in the Beta pr oteobacteriales-ric h sample pr ofiles.
nter estingl y, P atescibacteria and Omnitrophicaeota were the

ost prominent taxa at Lindsay, with r elativ e abundances of
8%–29% and 13%–17%, r espectiv el y (Fig. 2 ). Actinobacteria wer e
ot abundant in the dataset and, a part fr om a small peak in
bundance in Blaenavon during December (10.58 ±3.3%), they
nly constituted a small fraction of the total bacterial community
cross all sites and sampling occasions. 

Ov er all, the Beta pr oteobacteriales-ric h comm unities had sig-
ificantly higher SV richness (W elch’ s t tests 2.94, 6.38, 5.04, re-
pectiv el y, P < .0001) and Shannon’s diversity (W elch’ s t tests 5.71,
.91, 7.81, r espectiv el y, P < .0001) than the Epsilonbacter aeota-ric h
ommunities (Fig. 4 ). The Simpson’s evenness was also higher in
eta pr oteobacteriales-ric h samples (W elch’ s t test 2.46, P < .05 for
pril, W elch’ s t test 4.75 and 3.56 and P -values of < .01 for August
nd December). Seasonality mer el y explained ∼0.1% ( P < .0001)
f bacterial community structure variation (Table 2 ) and did not
mpact SV richness, Shannon’s diversity, or Simpson’s evenness of
either Beta pr oteobacteriales- nor Epsilonbacter aeota-ric h com-
unities (Fig. 4 ). 
Instead, bacterial community structure variation across sites

as lar gel y (68.1%) explained by MWB affiliation (37.8%, PER-
ANOVA, F -statistic = 47.32, R 

2 = 0.37756, P < .001) and coal
ank affiliation (30.3%, F -statistic = 63.33, R 

2 = 0.30318, P < .001,
able 2 ). The other included variables contributed much less to
he total variation, with F e , temper atur e, and DO explaining 4.2%,
.7%, and 2.1% of the variation in microbial community structure,
 espectiv el y ( P < .001 for all three). All remaining included vari-
bles explained less than 2% of the variation each (Table 2 ). 

A CAP coordinates explained a total of 44.3% (CAP 1: 22.9%, CAP
: 11.5%, and CAP 3: 9.9%) of the original Jensen–Shannon dissim-
larities . T he C AP r esults highlight, whic h envir onmental factors
ere important in shaping the bacterial community structure of

ach site (Fig. 5 ). The first axis delineated the differences between
acterial communities at three of the sites in MWB 12 (Celynen
orth, Crumlin Navigation, and Six Bells) and at Taff’s Well, on the
ne hand, and those at all other sites, on the other hand (Fig. 5 A).
here is less of a clear trend for the second and third C AP axes .
or CAP 2, the bacterial communities of Blaenavon, Cefn Hen-
oed, Mountain Gate, and Taff Bar goed had a higher positiv e CAP
oading factor, whereas Ynysarwed and, in particular, Molais were
ssociated with a negative loading factor. For CAP 3, there was
 str ong positiv e corr elation with the bacterial communities at
nysarwed and, in particular, Glyncastle, but also a negative cor-

elation with the bacterial community at Taff’s Well. For the envi-
onmental factors, water temperature, pH, and the concentrations
f boron (B), Cl −, Na + , potassium (K 

+ ), and Ca 2 + had strong posi-
iv e corr elations with C AP 1 eigen values (Pearson’s r ≥ 0.5, P < .05,
ig. 5 B). Ther e wer e also less str ong, positiv e corr elations between
 AP 1 eigen v alues and Mg 2 + and SO 4 

2 − concentr ations (Pearson’s r
 0.4 and 0.2, r espectiv el y, P < .05), as well as a negative correlation
etween Fe(II) concentration and CAP 1 eigenvalues (Pearson’s r =
0.3, P < .05). CAP 2 eigenv alues onl y had significant correlations

o three en vironmental variables , SO 4 
2 − and F e(II) concentrations ,
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Figure 2. Phylum- and proteobacterial class-level ( y -axis) relative abundance (averaged from triplicates) across study sites in the SWC ( x -axis) and 
month (horizontal panels). SVs r epr esenting less than 1% of each phylum were grouped into “Other ( < 1%)”. 
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and DO (Pearson’s r = −0.4, −0.5, and 0.2, r espectiv el y, P < .05).
Ther e wer e mor e significant corr elations between envir onmental 
factors and the C AP 3 eigen values , including strong positive cor- 
relations with Mg 2 + , Ca 2 + , and SO 4 

2 − (Pearson’s r ≥ 0.5, P < .05),
with some of these correlations being of an opposite sign when 

compared to CAP 1 correlations (Fig. 5 B), i.e. Cl − concentration 

(Pearson’s r = −0.5, P < .05), Fe(II) (Pearson’s r = 0.4, P < .05), pH 

(Pearson’s r = −0.7, P < .05) and water temper atur e (Pearson’s r = 

−0.3, P < .05). In comparison, sampling Month did not correlate 
to C AP 1, C AP 2, or C AP 3 eigen values . Coal rank w as w eakly posi-
iv el y corr elated with C AP 1 and C AP 2 eigen values , and negatively
orrelated to CAP 3 (Pearson’s r = 0.2, 0.3, and −0.4, r espectiv el y, P
 .05). MWB was positiv el y corr elated to C AP 1, C AP 2, and C AP 3
igenvalues (Pearson’s r = 0.4, 0.3, and 0.2, respectively, P < .05). 

The r elativ e abundances of Gallionella , Sideroxydans , Sulfuri-
urvum , and Sulfurovum correlated significantly with pH, B, Li, and
a (Fig. 5 C). Ho w e v er, the dir ection and ma gnitude of the corr e-

ations varied between taxa and each of these four geochemical
ariables . For example , the corr elation with Na was negativ e for
allionella (Pearson correlation ρ = −0.57, Pearson’s product mo- 
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Figure 3. Genus-le v el ( y -axis) heatmap of relative abundances (averaged across triplicates) across month (horizontal panels), organized by site ( x -axis). 
SVs r epr esenting less than 1% of a genus wer e gr ouped into one category “Other ( < 1%).” Eac h bar corr esponds to mean r elativ e abundance of triplicate 
samples. 
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ent correlation coefficient P -value < .001) and Sideroxydans ( ρ =
0.19, P < .01), but positive for Sulfuricurvum ( ρ = 0.51, P < .001)
nd Sulfurovum ( ρ = 0.75, P < .001). Similarly, the r elativ e abun-
ances of Gallionella and Sideroxydans were negatively correlated
ith pH ( ρ = −0.43, P < .001 and ρ = −0.26, P < .01, r espectiv el y)
nd Li ( ρ = −0.42, P < .001 and ρ = −0.18, P < .01, r espectiv el y),
her eas the r elativ e abundances of Sulfuricurvum and Sulfurovum
er e positiv el y corr elated with the same v ariables (pH: ρ = 0.39,
 < .001 and ρ = 0.46, P < .001, r espectiv el y; Li: ρ = 0.48, P < .001
nd ρ = 0.79, P < .001, r espectiv el y) (Fig. 5 C). The r elativ e abun-
ance of Gallionella was positiv el y corr elated to the two redox met-
ls dissolved manganese (Mn, ρ = 0.59, P < .001) and cobalt (Co, ρ
 0.59, P < .001) (Fig. 5 C). The r elativ e abundance of Sideroxydans
orr elated significantl y with Fe (II) ( ρ = 0.49, P < .001; Fig. 5 C) and
ith arsenic (As, ρ = 0.39, P < .001). The r elativ e abundance of

erriphaselus also correlated significantly both positively and neg-
tiv el y with se v er al geoc hemical v ariables, ho w e v er the pattern
e viated fr om both other pairs of gener a (Fig. 5 C). MWB corre-
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Figure 4. Scatter and violin plots of SV richness (top), Shannon’s diversity (middle) and Simpson’s e v enness (bottom) for each month comparing 
Beta pr oteobacteriales- and Epsilonbacter aeota-ric h sites (labelled FeOB-rich and SOB-rich, respectively). Each dot represents an individual sample. 
P -values indicate significant differences between group means according to W elch’ s t -test. 
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Table 2. PERMANOVA statistics for included environmental variables and the 
variation in bacterial community structure explained by each variable. Df = 

degrees of freedom. Significant P -values ( P < .05) are highlighted in bold. 

Df Sums of squares R 2 F Model P -value 

MWB 5 7.8309 0.37 756 47.3181 .000999 
Coal rank 3 6.2882 0.30 318 63.3271 .000999 
Month 2 0.181 0.00 873 2.7339 .001998 
Temper atur e ( ◦C) 1 0.5549 0.02 675 16.7652 .000999 
pH 1 0.3324 0.01 603 10.043 .000999 
EC ( μS cm 

−1 ) 1 0.2443 0.01 178 7.3813 .000999 
56 Fe He 1 0.8615 0.04 153 26.0265 .000999 
S O 

2 −
4 1 0.1734 0.00 836 5.2387 .000999 

Ca 2 + 1 0.112 0.0054 3.3823 .003996 
DO 1 0.4267 0.02 057 12.8924 .000999 
Mg 2 + 1 0.065 0.00 313 1.9639 .056943 
K + 1 0.1725 0.00 832 5.211 .000999 
Na 2 + 1 0.0901 0.00 434 2.7215 .001998 
Cl − 1 0.2338 0.01 127 7.0629 .000999 
N O 

−
3 1 0.0305 0.00 147 0.9206 .587413 

11 B 1 0.0656 0.00 316 1.9817 .025974 
Residuals 93 3.0782 0.14 841 
Total 116 20.741 1 

Figur e 5. C AP loadings of Jensen–Shannon dissimilarities and normalized environmental variables per site and month (A), and environmental 
variables (B). Higher loadings are depicted by darker shades, while lo w er are closer to white. In panel B, tr anspar ency of cell borders is proportional to 
significance. MWB = mine water block, DO = dissolved oxygen, and Temp = water temper atur e. Heatma p of Pearson correlations between genus-le v el 
16S rRNA gene r elativ e abundances and normalized metadata variables (C). In panel C, significance is indicated by the thickness of each cell contour. 
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lated positiv el y with the r elativ e abundance of Sulfuricurvum and 

Sulfurovum (both ρ = 0.42, P < .001) and negativ el y with the rel- 
ative abundance of Sideroxydans and Ferriphaselus ( ρ = −0.43 and 

ρ = −0.44, r espectiv el y, P < .001). Ther e was a positiv e corr elation 

between the r elativ e abundance of Ferriphaselus and coal rank ( ρ
= 0.56, P < .001) and a negativ e corr elation between coal rank and 

the r elativ e abundance of Sideroxydans ( ρ = −0.25, P < .01). 

Discussion 

This work describes the genus-le v el comm unity structur e of 
groundwater bacteria in a coalfield aquifer with flooded mine 
workings across 13 sites and three seasons, highlighting stark con- 
trasts between sites despite high within-site stability. Differences 
in bacterial community structure across sites were best explained 

by coal rank and MWB affiliation, but not by seasonality. This sug- 
gests a fundamental geological contr ol, r elated to the volatile con- 
tent as defined by coal rank, and hydrogeological control within 

eac h bloc k, as well as confinement fr om meteoric water inputs 
(Robins et al. 2008 , Robins and Davies 2016 , Coal Authority 2018 ,
Monaghan et al. 2024 ). The high stability of microbial commu- 
nity profiles across site and month indicates a perhaps surpris- 
ing lack of temporal change across seasons, with the exception 

of Taff’s Well, where the December samples were distinctly differ- 
ent to those taken from the same site in April and August. This 
may be due to an inflow of surface or near-surface waters during 
high flows in December (Farr and Bottrell 2013 ). MWBs that were 
c har acterized b y colder, y ounger, and geoc hemicall y less e volv ed 

mine water, originating from the UCM and MCM (Fig. 1 ), and of 
anthracite or low volatile coal ranks with low sulfide content, pre- 
sented bacterial communities dominated by Fe(II)-oxidizing Be- 
ta pr oteobacteriales (Fig. 2 ). In contr ast, thr ee sites, Cel ynen North,
Crumlin Navigation, and Six Bells (all located in MWB 12) con- 
sistently exhibited community compositions that were distinctly 
different to those of all the other sites, yet r emarkabl y similar 
between the three sites, with the communities at all three sites 
being dominated by S-oxidizing members of Epsilonbacteraeota 
(Fig. 2 ). These sites were distinguished by warmer , older , and geo- 
c hemicall y mor e e volv ed mine water associated with the LCM 

(Fig. 1 ; Lewis et al. 2000 ), as well as of medium volatile coal ranks 
with higher sulfide content (George 1970 , Alderton et al. 2004 ,
Evans et al. 2006 , Chou 2012 ). There w ere, ho w ever, some addi- 
tional differences independent of MWB and coal rank, e.g. de- 
spite Lindsay (MWB 2) being situated only a short distance from 

the Beta pr oteobacteriales-ric h site Mountain Gate (also MWB 2) 
and its groundwater being geochemically similar to that of Mor- 
lais and Dinas (Fig. 1 ), the bacterial community at Lindsay had a 
unique taxonomic profile with stronger contributions from Omni- 
trophicaeota and Patescibacteria (Fig. 2 ). Taff’s Well, which drains 
an underlying system of deeper and older groundwater (Fig. 1 
bottom), displayed phylum-le v el taxonomic similarities with the 
Beta pr oteobacteriales-ric h sites. Ho w e v er, genus-le v el taxonomy 
in this site r e v ealed higher proportions of Fe-oxidizing genus Fer- 
riphaselus , follo w ed b y Sideroxydans and Gallionella (Fig. 3 ), poten- 
tiall y r eflecting the influence of the distinct geological and hydro- 
geological c har acteristics of this site. Gr oundwater emer ging at 
Taff’ s W ell spring is estimated to be ca. 5000 y ears old, ho w e v er,
its path to the surface from depths of ca. 400 m in the SWC may 
cause limited mixing with shallo w er groundw ater (Farr and Bot- 
tr ell 2013 ), whic h may explain the differ ences seen in both the 
hydr ogeoc hemical (Fig. 1 ) and the 16S rRNA gene data (Fig. 3 ). 

Although sites with similar water types (based upon water res- 
idence time and source depth, as derived from Cl − concentrations 
nd Na + /(Na + + Ca 2 + ) ratios in Robins et al. ( 2008 )) had very simi-
ar bacterial community profiles and despite the observed correla- 
ions between environmental factors and CAP eigenvalues, none 
f the measured water geochemistry variables individually ac- 
ounted for more than a small proportion of the observed varia-
ion in bacterial community structure (Table 2 ). This included DO,
e(II), SO 4 

2 − despite these being k e y factors in Fe- and S-oxidizing
rocesses. Instead, most of the variation in bacterial community 
tructure between sites is explained by MWB affiliation and coal
ank (Table 2 ) suggesting that the unique hydrogeological char-
cteristics created by the interconnection and continuous hydro- 
ogical gradient within each block, as well as the volatile and sul-
de contents of coal, which dictate coal r ank, contr ol the bacterial
omm unity structur e (Fig. 5 ). 

Almost all of the bacterial communities in the SWC were 
ominated by either a pair of genera belonging to Beta pr o-
eobacteriales or by a pair of genera belonging to Epsilonbacter-
eota. The Beta pr oteobacteriales-ric h sites wer e dominated by
he Fe(II)-oxidizers Gallionella and Sideroxydans (Blo¨the and Ro- 
en 2009 , Fabisch et al. 2013 , Kato et al. 2015 ), whereas the
psilonbacter aeota-ric h sites wer e dominated by S-oxidizers Sul- 
uricurvum and Sulfurovum (Fig. 3 ) (Hamilton et al. 2015 ). This
 ppar ent functional redundancy, with coexisting but taxonomi- 
ally distinct bacteria able of encoding the same energy-yielding 
etabolic functions, contrasts with the expectation that species 

eed to occupy distinct metabolic niches in order to coexist with-
ut competition and is suggestive of some underlying mechanism 

hat maintain the cooccurrence of these genera despite niche 
v erla ps. Due to minor differences in metabolic potential or life
tr ategies (e.g. fr ee-living v ersus attac hed to miner al surfaces v er-
us biofilm-forming) between the two genera in each pair, small-
cale differences in local geochemical conditions (such as het- 
rogeneity in geological and hydrological conditions) may create 
iches favouring one genus over the other, while still sustain-

ng large populations of both genera. For example, coal seam- 
ssociated bacteria have been shown to be dependent on mineral
vailability and coal surface topology (Probst et al. 2014 , Vick et
l. 2019a , McLeish et al. 2021 ). Closel y r elated bacterial taxa iso-
ated from an Australian coal seam have revealed genomic and
henotypic adaptations that allo w ed their cooccurrence in sim-

lar ecological niches (Vick et al. 2019a , b ). Likewise, there are
any similarities between Gallionella and Sideroxydans . Both gen- 

ra comprise microaerophilic, neutrophilic F e(II)-oxidizers , with 

imilar r equir ements with r egards to gr owth conditions. Members
f Sideroxydans are typically able to cope with a wider range of en-
ironmental conditions, including being more tolerant of oxygen- 
epleted conditions than Gallionella (Emerson et al. 2013 ). How- 
 v er, Gallionella can maintain active growth at lower temper atur es
r eported gr owth r anges of 4 ◦C–30 ◦C and optimal temper atur e
anges of 17 ◦C–20 ◦C) than Sideroxydans (r eported gr owth r ange
0 ◦C–37 ◦C and optimal temper atur e of 30 ◦C) (Hallbeck and Peder-
en 1990 , Emerson et al. 2013 , Kato et al. 2014 , Khalifa et al. 2018 ).

Described members of Gallionella and Sideroxydans are motile,
ith one polar flagellum and twitching pili, ho w ever motility can
e a variable trait depending on growth conditions (Emerson et al.
013 , Kato et al. 2015 ). Whereas Sideroxydans has been described
s pr edominantl y motile, the type species Gallionella ferruginea is
nl y fr ee-living under favour able conditions supporting exponen-
ial growth (Emerson et al. 2013 ). Many (but not all) members of
enus Gallionella are known to grow long twisted stalks at circum-
eutral pH and under microaerophilic conditions (Hallbeck and 

edersen 1990 , Konhauser et al. 2011 , Suzuki et al. 2011 ). Stalk
ormation is commonly described as a survival mechanism that 
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llows these Fe(II)-oxidizing bacteria to avoid encrustation by pre-
ipitating Fe(III) (o xyhydr)o xides by ele v ating the cells abov e the
urface on which they are growing. This can also be a strategy
o maintain position in the narrow band of a sim ultaneousl y mi-
r oaer obic and stable r educed envir onment, formed by opposing
 2 and F e 2 + gradients , that is optimal for Fe(II)-oxidizing bacteria

Emerson et al. 2013 ). 
The niche ov erla p and differ ences in life str ategies between the

wo Fe(II)-oxidizing genera open up for potential, interesting inter-
ctions between these two populations at Beta pr oteobacteriales-
ic h sites acr oss the SWC, with the pH- and redo x-sensiti ve stalk-
orming capabilities of genus Gallionella contr asting a gainst the
ypoxia-tolerant and motile nature of genus Sideroxydans. Under
ertain conditions , G . ferruginea has been r eported ca pable of ox-
dizing S 2 − and S 2 O 3 

2 −, which has a higher energy yield than ox-
dizing Fe(II), but also causes profuse secretion of extracellular
olymeric substances instead of stalk formation (Lütters-Czekalla
990 ). Small, fine-scale differences in one or se v er al envir onmen-
al v ariables, suc h as water temper atur e , DO, F e 2 + , metal, and

etalloid concentr ations, whic h cannot be ascertained from bulk
ater chemistry, may tip the balance in favour of one of the

wo genera, as may specific metabolic responses to those condi-
ions (Cooper et al. 2020 ). Ho w e v er, it might also be the case that
her e ar e ample r esources av ailable in these flooded mine work-
ngs pr e v enting inter- or intraspecies competition fr om de v elop-
ng. Members of Ferriphaselus —a genus of motile, micr oaer ophilic,
eutrophilic Fe(II)-oxidizers that was particularly prominent in
he Taff’ s W ell comm unity pr ofiles—ar e also ca pable of forming
talks under similar conditions to those that cause stalk forma-
ion in Gallionella . F e-oxidizers , including Gallionella and Siderox-
dans ar e commonl y found coexisting in ir on-ric h systems (in-
luding wetland root zones; Weiss et al. 2007 ) and environments
ffected by acid mine dr aina ge (Mühling et al. 2016 , Gr ettenber ger
t al. 2020 ), but work to identify the underlying factors driving
hese cooccurrence of phylogenetically close Fe-oxidizing bacte-
ia is still ongoing (Emerson et al. 2013 ). Gr ettenber ger et al. ( 2020 )
ound that multiple species within a same Fe-oxidizing genus
ooccurred in the same ecological niche and associated that with
pecies-le v el metabolic ada ptations . T his highlights the potential
mpact of niche overlap and fluctuations in environmental condi-
ions on the interactions between coexisting species and on the
 esulting comm unity structur e (Kato et al. 2014 ). 

While the measured bulk water geochemistry could not pro-
ide sufficient evidence for geochemical control of bacterial com-
 unity structur e, a number of significant correlations were appar-

nt between geochemical variables and genus-level relative abun-
ances (Fig. 5 C). Across the boar d, tw o groupings w ere evident,
ith the pair consisting of Gallionella and Sideroxydans , and the
ther pair consisting of Sulfuricurvum and Sulfurovum. Within each
air, the magnitudes and directions of the correlations were sim-

lar, whereas when compared to each other the two pairs showed
ontr asting tr ends (Fig. 5 C), suggesting opposing geoc hemical con-
rols on Gallionella and Sideroxydans , compared to Sulfuricurvum
nd Sulfurovum . 

The pr e v alence of Gallionella and Sideroxydans at the major-
ty of sites in the SWC suggests that these Fe(II)-oxidizers may
ave crucial impacts on the regional aquatic Fe biogeochemistry.
o w e v er, onl y Sideroxydans corr elated significantl y with Fe (II)

Fig. 5 C), likely indicating that abiotic processes of Fe 2 + -hydrolysis
nd -oxidation to solid Fe(III) (oxyhydr)oxides predominate in
allionella -rich sites. In the process of oxidizing dissolved Fe(II) for

heir metabolic processes, both genera cause the precipitation of
e(III) (o xyhydr)o xide miner als, a pr ocess that may also cause co-
recipitation of k e y dissolved elements, including As (Blackwell
t al. 2019 ). In our sample set, As was positiv el y corr elated with
he r elativ e abundance of Sideroxydans , but not with the r elativ e
bundance of Gallionella (Fig. 5 C), a further indication that Siderox-
dans may have a role in the formation of Fe(III) (o xyhydr)o xides
n the SWC. Inter estingl y, the r elativ e abundance of Gallionella was
ositiv el y corr elated to two redox metals (Mn and Co; Fig. 5 C), to
hic h r esistance has been pr e viousl y demonstr ated in Gallionella

Johnson et al. 2012 , Emerson et al. 2013 ), suggesting that metal re-
istance could be an additional factor shaping niches in the SWC.

A similar situation is evident for the Epsilonbacteraeota-rich
ites, with a codominant pair of S-oxidizing genera consisting of
ulfurovum and Sulfuricurvum . Members of Sulfurovum tend to be
onmotile, facultativ e anaer obes, with r eported gr owth temper-
tur e r anges of 4 ◦C–50 ◦C and r eported optimal gr owth temper a-
ures of 28 ◦C–37 ◦C, whereas Sulfuricurvum is composed of motile
naerobes with a narro w er gro wth temperature range of 10 ◦C–
5 ◦C and slightly lo w er r eported optimal gr owth temper atur e of
5 ◦C (Kodama and Watanabe 2004 , Han et al. 2012 , Jeon et al. 2017 ,
ie et al. 2021 ). While genus Sulfurovum has mainly been described
s biofilm-forming, Sulfuricurvum has been found in diverse plank-
onic en vironments , e .g. dee p ground water and lakes (Bomberg et
l. 2015 , Llorens-Marès et al. 2015 ). Yet despite their differences,
hey also have several similarities , e .g. both genera are known to
xidize S and thiosulfate (S 2 O 3 

2 −), as well as tolerating a range
f metal-rich conditions (Dahle et al. 2013 , Handley et al. 2014 ,
amilton et al. 2015 ). By oxidizing pyrite dissolution-derived sul-

ur compounds, these sulfur-oxidizing genera are likely important
odifiers of the r elativ e pr oportions of these sulfur compounds
ithin the coalfield. Cultivated facultative anaerobic representa-

ives of coal seam microbiomes have previously provided genomic
vidence for less common opportunistic metabolisms that could
lso benefit Sulfuricurvum and Sulfurovum in the SWC (Vick et al.
019b ). While dissolved HS − and redox conditions could not be
ncluded in statistical analysis because they were not sampled
t the same time as other variables, nor at all sites, the high
oncentrations of HS − and low Eh at the Epsilonbacter aeota-ric h
ites Crumlin Navigation and Celynen North suggests that highly
educing conditions and high concentrations of reduced sulfur,
riven by the high sulfide content of the medium volatile coals,
re critical for their dominance . T he lack of correlations found
etween the r elativ e abundances of Sulfurovum and Sulfuricurvum
nd SO 4 

2 − concentrations in the SWC (Fig. 5 C) is reflective of the
nimportance of oxidized forms of sulfur to these species . T he
nomalously low HS − and high SO 4 

2 − at Epsilonbacteraeota-rich
ite Six Bells likely reflect the unique situation of this site, where
 ater w as pumped to the surface from a deeper borehole and then
llo w ed to cascade over a series of high steps . T his is likely to have
xygenated the water and increased its Eh, thus driving the late-
ta ge c hemical oxidation of HS − to SO 4 

2 −. Ov er all, the pr e v alence
f these genera in the warmer, more geochemically evolved mine
aters of MWB 12, draining coals with higher volatile and sulfide
ineral content, suggests that these play a k e y role in local S bio-

eochemistry, further supporting the potential for MWB 12 as a
-cycling hotspot in the SWC, due to the rank and sulfide content
f the coal. 

The geochemical factors that likely control the presence of
hese genera were not easily captured by the bulk water geochem-
stry measured. Indeed, the primary geochemical composition of
ubsurface r oc ks and sediments in contact with subsurface wa-
ers, as well as the formation of secondary Fe and S precipitates,

ay impart a stronger control on community composition and
enus abundance than the measured bulk dissolved geochemi-
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cal v ariables, but giv en the pr actical limitations of the subsurface 
sampling of such materials, the sampling of these would not have 
been feasible. Ne v ertheless, determining the composition of lo- 
cal bacterial communities could prove a useful tool for improv- 
ing the delineation of hydrogeological connections in abandoned 

mines, in addition to tr aditional hydr ogeological and geochemical 
tec hniques, especiall y if combined with establishing the isotopic 
( δ2 H and δ18 O) signature of the mine water to further constrain its 
sources and trace any contributions from surface waters. 

Distinct microbial taxonomic profiles across the SWC were 
sha ped mainl y by the hydr ological r egimes within separ ate MWBs 
and the rank and sulfide content of the coal, rather than by bulk 
water chemistry. The Fe(II)-oxidizing Beta pr oteobacteriales gen- 
era Gallionella and Sideroxydans codominated most sites in the an- 
thracitic and low volatile coal ranks, while S-oxidizing Campy- 
lobacter ales gener a Sulfuricurvum and Sulfurovum codominated 

three sites within MWB 12 and the medium volatile coal ranks.
Species-le v el genomic adaptations are suggested to drive the co- 
occurrence of Fe- and S-oxidizing bacterial genera pairs . T hus ,
specific physiological and metabolic c har acteristics should de- 
fine similar but differentiated microbial niches in the SWC. The 
likely distinct characteristics in the biogeochemical roles of plank- 
tonic and attached microbial taxa could play an important role 
in shaping regional Fe- and S- cycling in the SWC and else- 
where, highlighting the importance of genus-le v el identification 

of these communities . T his work pro vides the first large-scale,
spatio-tempor all y r esolv ed surv ey of bacterial gr oundwater com- 
munities in a coal-based aquifer and reveals the importance of 
hydrogeological units and coal rank in shaping mine water bacte- 
rial communities and regional Fe- and S-biogeochemistry. 
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