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Large non-mass-dependent iron isotope
fractionation in an oxic-anoxic transition
zone of lake sediments
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Liuting Song 1,2 , AlfonsoMucci 3, Franck Poitrasson4, Peter Dillon5, Shuhai Xiao 6, Xiaodi Zheng1,2,
Yilong Song7, Zhongliang Wang8, Congqiang Liu 7 & Huiming Bao 9

Laboratory studies detected non-mass-dependent Fe-isotope fractionation during magnetotactic-
bacteria-controlled iron (III) reduction, suggesting its potential as a biomineralization proxy. In nature,
the preservation of the non-mass-dependent Fe-isotope signature may be difficult due to the
abundance of other Fe-richmaterials. Herewe report a set of distinctly large non-mass-dependent Fe-
isotope composition in the top 6.5 cm of the oxic-anoxic transition zone from a sediment core of Lake
Aha, southwesternChina. NegativeΔ'57Fed-δ'

56Fed andpositiveΔ'
57Fed-[Mn] correlations support that

an abundance of manganese (IV) and ongoing sulfate reduction created a zone of Fe-limited
porewaters in the top 6.5 cm of the sediment where magnetotactic bacteria thrived. Non-mass-
dependent Fe-isotope signatures were not detected in a sediment core taken at a nearby site in the
same lake where in the oxic-anoxic transition zone porewater Fe concentrations were orders-of-
magnitude higher. The discovery of non-mass-dependent Fe-isotope signatures in natural sediment
offers clues to detecting similar biosignatures.

Iron (Fe) is an essential element to nearly all living organisms. Whereas
some bacteria may access Fe as a micronutrient, others derive energy from
changes in its oxidation state1,2. The mineralization of Fe by magnetotactic
bacteria (MTB) is one of the most intriguing biotic processes. A chain of
magnetite (or greigite) crystals with a size range of 30–140 nm is generated
inside the bacterial cell3,4. The crystals are often of stable single-magnetic
domain with distinctive morphologies, indicating an intimate physiological
control by MTB4,5, and can be preserved in sediment as magnetofossils that
can be interpreted as a signature of ancient6,7 or possibly extraterrestrial life8.
Recent culture experiments have highlighted that Fe isotopes undergo non-
mass-dependent (NMD) fractionationduringMTB-controlledmagnetic Fe
mineral formation9,10, making NMD Fe-isotope anomalies a new and more
specific biosignature ofMTB activity than themorphology of themagnetite
crystals or the δ'56Fe signature alone (See Materials and methods for defi-
nitions). Nevertheless, despite numerous studies of Earth materials11,12,
distinct NMD Fe-isotope fractionation has not been reported in natural
systems.

MTB are ubiquitous prokaryotes in aquatic systems and commonly
concentrated at the upper oxic-anoxic transition zone (OATZ) of
sediment5,6. Reasons why NMD Fe-isotope fractionation has not yet been
detected in natural systems include the fact that Fe is a major constituent of
sediment or rocks and, thus, the “anomalous” Fe if present would have been
diluted by the large “normal” Fe pool. Furthermore, early diagenetic reac-
tions may erase evidence of NMD Fe-isotope fractionation.

Whereas bulk sediments or pyriteminerals seemhopeless in recording
MTB-controlledNMDFe-isotope fractionation, porewater Femaypreserve
evidence of MTB activity. Amor et al.9,10,13 proposed that NMD Fe-isotope
fractionation by MTB likely occurs when Fe redox reactions occur in the
magnetosome membrane and the produced Fe(II) can then diffuse both
into the magnetosome cytoplasm to produce magnetic Fe minerals and out
of the cell to the growth medium. In nature, porewaters at the top OATZ
could serve as a MTB “growth medium”. When the MTB produced Fe(II)
accounts for a considerable proportion of the porewater Fe, NMD Fe-
isotope fractionation may be detectable.
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One potential target to detect NMD Fe fractionation is porewater in
which MTB thrive and dissolved Fe is in limited supply. Lake Aha, in
southwestern China, hosts an MTB-thriving zone at the top of the OATZ
(Supplementary Fig. 1) found near the organic-rich sediment-water inter-
face during the winter season when bottom waters are oxygenated14–17. The
abundance and differential reactivity of electron acceptors such as Mn(IV),
Fe(III), NO3

-, and SO4
2- in the lake sediments or water column generate

diverse vertical redox zonation profiles within the sediment and, therefore,
including porewater profiles that may provide an ideal setting to test our
hypothesis. Indeed, we have discovered distinct NMD Fe-isotope fractio-
nation in some of these porewater samples. We further examined the ver-
tical distribution of electron acceptors in the porewaters at two sites in the
same lake to investigate the preservation mechanism as well as origin of
these large, NMD porewater Fe-isotope signatures.

Sampling site
Lake Aha have been shown to be a seasonally stratified lake bymany recent
studies14–17 (Fig. 1).During summerstratification, dissolvedO2 is sufficiently
removed from the bottom strata of Lake Aha and a pseudo redox boundary
(DO, 2mg.L−1) is established over the hypolimnion (e.g., 10m). The dis-
solved O2 is as low as 0.1–0.2 mg L−1 near the sediment-water interface. In
winter, after the fall overturning, the water column is well mixed with
dissolved oxygen concentrations reaching as high as 4–9mg L−1 near the
sediment-water interface17,18. Meanwhile, bacterial sulfate reduction, Mn
oxides reduction anddissimilatory iron reductionprevail in the sediments, a
well-established OATZ is developed near the water/sediment interface with
a ca. 0.5 cm reddish-brown surface layer in winter15,16, where MTB thrived
(Supplementary Fig. 1). Several mine dumps drain into the lake after the
acidic effluents have been neutralizedwith lime18, resulting in an abundance
of reactive oxidants (electron acceptors, e.g., Fe oxides, Mn Oxides and
SO4

2-) in the water column and in the organic carbon-rich (2.5–4.5 OC%19)
sediment of the lake. Youyu river is one of the tributaries drained with the
mine dumps18. Fe and Mn were decoupled along the water flows from the
shore (Youyu tributary) to downstream, near the lake center (Liangjiang-
kou) since the oxidation of Fe2+ by dissolved O2 is nearly instantaneous,
whereas the oxidation of Mn2+ by O2 is relatively slow20–23, resulting in a
higher content of MnT and higher MnT/FeT at the Liangjiangkou station
than that of Youyu station15,24. Short (<25 cm) sediment cores with an
undisturbed sediment-water interface were recovered using a gravity corer,
respectively, at Liangjiangkou station and Youyu station (Fig. 1).

Results
Porewater Fe, Mn, SO4

2- concentrations in the OATZ
At Liangjiangkou, porewater Fe concentrations ([Fed]) are low, ranging
from 1.2 to 2.9 µM over the top ~6.5 cm, belowwhich they increase linearly
until they reach a relatively constant value (100–120 µM) beneath 9.5 cm
(Fig. 2A-a and Supplementary Table 1-A). Porewater NO3

− concentrations
were below the detection limit (3 µM) in the top 0–1.5 cm, although its
concentration in the overlying water column was ~98 µM. Porewater Mn
concentrations increase rapidly from below detection limit in the overlying
waters to a peak value of 223 µM1.5 cmbelow the sediment-water interface.
They then decrease gradually with depth, reaching less than 5 µM below
~12.5 cm (Fig. 2A-a and Supplementary Table 1-A). Porewater SO4

2−

concentrations decrease steadily from 2.46mM at the sediment-water
interface to aminimumof 0.19mMat 8.5 cm (Fig. 2A-c and Supplementary
Table 1-A).

At Youyu, porewater Fe concentrations increase rapidly below the
sediment-water interface, peak at ~100 μM by 1.5 cm and decrease to less
than 20 μM below 3.5 cm (Fig. 2B-a and Supplementary Table 1-B). They
are much higher than in the Liangjiangkou sediment (Supplementary
Fig. 2A). In contrast with the porewater profiles at Liangjiangkou, the
porewater Mn concentration at Youyu peaks at 2.5 cm, close to but slightly
deeper than the porewater Fe peak. According tomeasurements carried out
using the Diffusive Gradients in Thin Films Technique (DGT), porewater
sulfide concentrations peak below 8 cm25.

Triple Fe isotope compositions (δ'56Fed and Δ'57Fed) of porewater
Fe in the OATZ
At Liangjiangkou, porewater δ'56Fed values in the top 6.5 cm range from
−4.57‰ to −2.59‰, with the most negative value located in the top-
most layer (0–0.5 cm) (Fig. 2A-d and Supplementary Table 2-A). Pore-
waters extracted beneath 6.5 cm have δ'56Fed values ranging from −2.53
to −0.35‰, all less negative than those at shallower depths. In the top
6.5 cm, porewater Δ'57Fed (See Materials and methods for definitions)
ranges from +0.44‰ to +1.60‰, displaying large NMD Fe-isotope
anomalies. Beneath 6.5 cm, the Δ'57Fed remains between −0.06 and
+0.04‰ (Fig. 2A-e and Supplementary Table 2-A), displaying mass-
dependent triple Fe-isotope fractionation within the uncertainty of the
measurements (<±0.14‰, 2 SD) (Supplementary Methodology and
Supplementary Fig. 3). There is a good negative correlation (r2 = 0.64)
among the porewater data in the top 6.5 cm of the core in Δ'57Fed-δ'

56Fed
space (Fig. 3B). Data of top layer porewaters (≤6.5 cm) fall into one
cluster with lower δ'56Fed and positive Δ'57Fed under Fe-limited condi-
tions, while data of deeper layer porewaters (>6.5 cm) fall into another
cluster with higher δ'56Fed and no distinct NMD 57Fe signature was
observed under Fe-rich conditions (Fig. 3C, D). At Youyu, porewater
δ'56Fed ranges from−2.0‰ to−0.74‰ between 0.5 and 13.5 cm, with no
distinct NMD 57Fe anomaly (Fig. 2B-c and Supplementary Table 2-B).

Other concentrations and Fe isotope data in the OATZ
FeT/Al can be used to determine their authigenic enrichment since Al is
conservative detrital elementwhile Fe is redox sensitive element and reactive
Fe could be reduced and precipitated as authigenic Fe minerals, e.g., FeS,
under suboxic and anoxic conditions26–28. Similarly, Mn could undergo
diagenetic remobilization and reprecipitate asMnoxides under suboxic and
oxic conditions near the sediment surface29. At Liangjiangkou, bulk sedi-
ment Fe (FeT), Mn (MnT), S (ST), MnT/Al, FeT/Al, MnT/FeT, and δ'

56FeT as
well as δ'56FeHCl (i.e., 1M-HCl extractable) profiles provide additional
constraints on the redox zonation in the upper OATZ. Some of the out-
standing features are highlighted here. (1) FeT is nearly constant (from 1.05
to 1.45mmol/g) within the top 6.5 cm of the core, peaks (3.14mmol/g) at
8.5–10.5 cm, and averages twice that content in the deeper section than in
the top 6.5 cm (Supplementary Table 1-A). The vertical profiles of FeT/Al,
MnT/Al, andMnT display similar patterns, with constant and low values in
the top 6.5 cm of the sediment, peaking at 8.5–10.5 cm, and decreasing to
low or even lower values than in the top 6.5 cm below (Fig. 2A-b, f and
Supplementary Fig. 2). (2)MnT/FeT peaks in the topmost 0.5 cm, decreases
progressively downcore and becomes very small (average at 0.02) below
10.5 cm (Fig. 2A-f). This vertical pattern broadly mimics the Δ'57Fed profile
andmirrors that ofδ'56Fed over the entire~25 cm long core (Fig. 2A-d, e). (3)
ST is higher than 0.5% in the top 10.5 cm of the core, but lower beneath
10.5 cm (Fig. 2A-c). 4) Both δ'56FeT and δ'

56FeHCl display a narrow range of
values, from −0.46‰ to −0.60‰ and from −1.17‰ to −1.39‰, respec-
tively, in the top 6.5 cm, and show a notable negative excursion (to−1.72‰
and−2.02‰ and to−2.42‰ and−2.70‰, respectively) at 8.5 and 10.5 cm
before they return tonearly identical and constant values at depth (Fig. 2A-d
and Supplementary Table 2-A) with no discernable NMD 57Fe anomaly
throughout the Liangjiangkou core (Fig. 2A-e). At Youyu, MnT is much
lower (up to one order ofmagnitude at some depths) than at Liangjiangkou,
with an average MnT/FeT of 0.07 and 0.29, respectively, in the top 3.5 cm
(Fig. 2B-b, Supplementary Table 1-B and Supplementary Fig. 2A).

Discussion
An unusual redox zonation resulting in low porewater
Fe concentrations at the top OATZ
MTB require both iron and lower level of oxygen to produce their intra-
cellular nano-sized magnetic crystals, limiting the optimum MTB growth
zone to the upper part of the OATZ in a water column30,31, soil32, or
sediment33,34. In many organic-rich sediments, Fe(III) reduction inevitably
leads to the accumulation of porewater Fe(II) in the upperOATZbut, at the
Liangjiangkou station in Lake Aha, a set of environmental factors have
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combined to generate Fe-limited porewaters in the top 6.5 cm of the lake
sediments.

In a classical, thermodynamically-controlled redox sequence, organic
matter isfirst oxidized by dissolvedO2, followed by nitrate,Mn (IV), Fe(III),
and then sulfate22,35–37 (Fig. 4). At Liangjiangkou, a distinct redox zonation
developed within the sediment, as indicated by the vertical solid and solute
profiles (Fig. 2 and Supplementary Table 1-A). At this site, the redox
zonation started with O2 and nitrate being used as the electron acceptors in
the top 0–1.5 cm of the sediment, followed by Mn-oxide reduction and
sulfate reduction at 0.5–8.5 cm, whereas Fe-oxide reduction was only
apparent below7.5 cm(Fig. 4). This redox zonationdiffers from the classical
thermodynamic sequence in that Fe(III) reduction does not occur imme-
diately beneath the Mn(IV) reduction zone but after sulfate reduction has
been initiated. The apparent “violation” of the thermodynamic sequence
must be driven by kinetic factors, e.g., availability of degradable organic
carbon, reactivity of Fe(III) minerals as well as energetic factors pertinent to
the microbial ecology and physiology38,39. It is noteworthy that the low and
nearly constant porewater Fe concentrations (1.2–2.9 µM) average only ~3
times of the detection limit (0.5 μM) in the top 6.5 cm, much lower than
thoseobservedat greaterdepth (average110 µM) (Fig. 2A-a, Supplementary
Fig. 2 and Supplementary Table 1-A). Note, however, that the measured
porewater Fe could include soluble organic-Fe(III) species and even some
colloidal magnetite grains in addition to soluble Fe(II)40,41.

We believe that the dearth of porewater Fe in the top 6.5 cm of the
Liangjiangkou core reflects the combination of three factors that contrast
with profiles in the Youyu core: (1) Delayed reductive dissolution of Fe(III)
minerals because of their limited abundance and reactivity (Fe(III)HCl,
Fe(III)HCl/FeHCl, Supplementary Fig. 4 and Supplementary Table 1-A)
within this depth interval; (2) Accumulation of porewater Fe(II) in the top
OATZ inhibited by the abundance of solid Mn(IV) phases (MnT, see
Fig. 2A-b, B-b and Supplementary Tables 1-A, B). In winter, after the fall
overturning,Mn(IV, III) oxides precipitated at the sediment-water interface
forming aMn-rich layer in the topOATZ15,17,42 (MnT andMn/Al, Fig. 2A-b,
f and Supplementary Table 1-A).Mn oxides can readily oxidize Fe(II) to an
amorphousFe(III) oxide22,43, as indicated by the elevated [Mnd] (see Fig. 2A-
a, B-a); (3) The very early onset of sulfate reduction (Fig. 2A-c) and
sequestration of Fe(II) as insoluble and bio-inaccessible sulfides (Fe(II)HCl,
Supplementary Fig. 4; ST, Fig. 2A-c), which is consistent with the results in
previous studies19,44 since sulfate reduction prevails in the top sediment
layers15,16,45. In addition, the early onset of sulfate reduction in the OATZ
would prevent the accumulation of porewater Fe(II) and its upward diffu-
sion to the top of the OATZ where it could be oxidized and Fe(III) phases

could bediagenetically recycled. This interpretation is supported by thehigh
porewater Fe concentrations observed below 11 cm, i.e., beneath the sulfate
reduction zone andby thenearly constant FeT/Al that is similar to that of the
settling particulates18 throughout the core, except within the 8–11 cm
sediment interval where diagenetically remobilized Fe is accumulating
(Fig. 2A-a, f and Supplementary Table 1-A). It appears that porewater Fe
andMn are precipitated out at 8–11 cm, likely in the form of FeSx withMn
(II) strongly adsorbed to FeS46–48.

Interpretation of the Liangjiangkou redox zonation is only possible by
considering both thermodynamic and kinetic constraints among the
competing microbial consortiums49 but impractical at this time as many
kinetic (e.g., Michaelis-Menten) parameters are either uncalibrated in
controlled experiments or untested in natural environments. Qualitatively,
the solid and solute distributions in the Liangjiangkou sediment point to a
consistent scenario, i.e., porewater Fe concentrations are limited in the top
6.5 cmof the sediment due to the limited abundance and reactivity of Fe(III)
minerals (low Fe(III)HCl and Fe(III)HCl/FeHCl), the abundance ofMn(IV) as
well as the early onset of sulfate reduction and precipitation of iron sulfides
(elevated Fe(II)HCl and ST).

Anomalous isotopic composition of porewater Fe in the top
OATZ: an Fe-limited model
The negative correlation between Δ'57Fed and δ'56Fed (Fig. 3B) in the top
6.5 cm of the Liangjiangkou sediment can be explained by a two-
endmember mixing model. In the mixing model, endmember 1 would be
FeHCl with a δ'

56Fe of−1.3‰ and aΔ'57Fe of 0.0‰, as given by the intercept
of the linear least-squares regression line inFig. 3B, andendmember2would
be the product ofMTB-controlled Fe(III) reductionwith a δ'56Fe <−4.57‰
and a Δ'57Fe >+1.60‰, as indicated by the Group 2 data array in Fig. 3B.
This pattern fits well with the proposedmodel9,10 in which Fe in the growth
media, likely released fromMTB cells, has amore negative δ'56Fe value than
the source Fe or FeHCl. It also implies, as observed, that the growth media
should yield a positiveΔ'57Fe rather than a zeroΔ'57Fe value for the source Fe
or FeHCl. Our observed trends inΔ'

57Fed-δ'
56Fed space suggest thatNMDFe-

isotope fractionation during theMTB-controlled Fe(III) reduction to Fe(II)
in the cell’s lysate favors the production of lighter Fe isotopes, but the δ‘57Fe
signature is higher than themass-dependent rule would dictate. In addition,
the magnetosome crystals, bearing lower δ'56Fe but positive Δ'57Fe values,
could release into the porewater upon cell lysis because of the small sizes of
these crystals (usually, 30–140 nm in size4,50), lower than the 0.45 μmpores.
These colloidal magnetite grains are soluble in acidic conditions, could also
“contaminate” the porewater samples.

Fig. 1 |Mapof Sampling locations in LakeAha,Guizhou, southwesternChina. A Sampling sites of the two sediment cores, Liangjiangkou andYouyu stations in LakeAha.
B Photo of the sediment core sampled in this study, with an undisturbed sediment-water interface and an oxic surface layer, where a well-established OATZ was developed.

https://doi.org/10.1038/s43247-025-02931-9 Article

Communications Earth & Environment |           (2025) 6:973 3

www.nature.com/commsenv


Fig. 2 | Vertical chemical and Fe-isotope profiles of porewaters or sediments of
Lake Aha. A Liangjiangkou station. B Youyu station. Subscript “d” stands for dis-
solved (porewater) species, subscript “HCl” for Fe extracted by the 1MHClmethod,
and subscript “T” for elements in the bulk sediments. Data labels are identified by a

symbol to their left and adjacent to their corresponding horizontal axis. Errors bars
for Fe,Mn, SO4

2- and ST are ±3%, ±5%, ±3% and±1.5%, respectively, while error bars
for δ'56Fe, δ'57Fe, and Δ'57Fe are ±0.10‰, ±0.16‰ and ±0.14‰ (2 SD), respectively.
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ThisNMDfractionationmechanism requires Fe-limited porewaters in
order to preserve the NMD signatures, i.e., to avoid dilution of the NMD
signature by Fe(II) resulting from dissimilatory Fe(III) reduction. This
mechanism could be tested by measuring the triple Fe isotope composition
of theMTB-generatedmagnetite. In this mixingmodel, the Fe(III) to Fe(II)
reduction mechanism proposed by Amor and colleagues9,10 would yield a

positiveΔ'57Fe for themagnetite. The nucleus-electron spin-pairing in 57Fe is
likely responsible for the observed NMD Fe- isotope fractionation9,51, a
hypothesis that would generate no NMD anomaly in the corresponding
δ'58Fe values due to the lack of nuclear spin in 58Fe, 56Fe, or 54Fe. Such a test
would require a scaled-up sampling protocol due to the unusually low
porewater Fe concentrations in the top 6.5 cm of the Liangjiangkou core.

Fig. 3 | Isotopic compositions of porewater Fe and their relationships with each
other and with the dissolved Fe concentrations of the Liangjiangkou core.
A δ'57Fed versus δ'

56Fed for all data from the top ~25 cm of the core. Group 1 data
(hollow) were from depths below the Mn reduction zone (>6.5 cm) and they fall
closely along a high-temperature-limit mass-dependent fractionation (MDF) line
defined by a slope of 1.475 (solid line). Group 2 data (filled) were from the top 6.5 cm
(≤6.5 cm) of the core and display significant deviations from theMDF line.BΔ'57Fed
versus δ'56Fed for all data from the top ~25 cm of the core with the Δ'57Fe being more
positive with decreasing δ'56Fe porewater values in the top 6.5 cm (R2 = 0.64). The

gray horizontal band (±0.14‰, 2 SD) covers samples with no distinct NMD Fe
isotope signature. A linear least-squares regression line through samples of Group 2
intersects with samples ofGroup 1 at a δ'56Fe of−1.3‰.C δ'56Fed versus Fed diagram.
Data of Fe-limited porewaters (≤6.5 cm) fall into one cluster with δ'56Fed lower than
those of Fe-rich porewaters (>6.5 cm) in another cluster. D Δ'57Fed versus Fed dia-
gram. Data of Fe-limited porewaters (≤6.5 cm) fall into one cluster with positive
Δ'57Fed while those of Fe-rich porewaters (>6.5 cm)with no distinct NMDFe isotope
signatures fall into another cluster. Error bars for δ'56Fe, δ'57Fe, and Δ'57Fe are
±0.10‰, ±0.16‰ and ±0.14‰ (2 SD), respectively.
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An array of element/ion concentrations and triple Fe isotope data
provide strong and consistent support for this Fe-limited model. (1) The
three solid samples in the top 6.5 cm of the Liangjiangkou sediment core
have an average δ'56FeHCl of−1.3‰ and δ'56FeT of−0.5‰ (Supplementary
Table 2-A), in agreement with the expected FeHCl isotopic fractionation
relative to the parent Fe(III) oxides52. (2) The FeT/Al peaked at 8–11 cm
below the sediment-water interface, where themobile Fewas sequestered as
sulfides upon diffusion from the underlying reducing sediments and where
themost negative δ'56Fe values for bulk sediment (−1.72‰ to−2.02‰) and
for FeHCl (−2.42‰ to −2.70‰) were observed (Figs. 2A-d, f and Supple-
mentary Table 2-A). (3) The δ'56Fe in the top 6.5 cm of the bulk sediment
(−0.60‰ to−0.46‰) andHCl-extract (FeHCl =−1.39‰ to−1.17‰) vary
over narrow ranges (Fig. 2A-d and Supplementary Table 2-A), suggesting
that the top 6.5 cm of the sediment behaves as a nearly closed system with
respect toFe remobilization,without substantial Febeing shuttled toor from
deeper sediments.

The proposed Fe-limited model predicts that porewater triple Fe-
isotope compositions will display mass-dependent fractionation if the
porewater Fe content is high in the OATZ. The Youyu station data
provide a test of this prediction. Porewater Fe concentrations at Youyu
were 1–2 orders of magnitude higher than at Liangjiangkou in the top
OATZ (Supplementary Fig. 2A). Both porewater Fe and Mn reached
peak concentrations close to the surface (Fig. 2B-a and Supplementary
Table 1-B) and displayed a peak porewater sulfide content below 8 cm25, a
redox zonation that closely mimics the classical thermodynamic
sequence. All 7 porewater Fe samples measured in the top 13 cm of this
core exhibit mass-dependent Fe-isotope signatures (Fig. 2B-c and Sup-
plementary Table 2-B). The MnT content in the Youyu sediment is, on
average, 5 times lower than in the top 6.5 cm of the Liangjiangkou
sediment core (Supplementary Fig. 2A) where NMD Fe-isotope sig-
natures are detected in porewater Fe.

Only a few triple Fe-isotope measurements of porewater Fe can
be found in the literature53–57. None of these studies have reported
NMD Fe- isotope anomalies. A common feature is that the porewater
Fe concentrations in the top of the OATZ of all the studied sites were
~30 to 1000 times higher than at the Liangjiangkou station in Lake
Aha. For example, the two marine sediments off the coast of Cali-
fornia display a nearly classical redox zonation, show similarly
negative δ'56Fe values of porewater Fe as those in Liangjiangkou but
no porewater Fe NMD anomaly56. Hence, we believe that the low
porewater Fe concentrations in the first 6.5 cm of the sediment in the
Liangjiangkou core and, therefore, the large fraction of the porewater
Fe pool involved in the MTB-controlled Fe redox cycling within this
interval allows for the preservation of the NMD Fe-isotope fractio-
nation signature.

Implications for geological records
If the origin of the NMD Fe-isotope signatures is the MTB-controlled Fe
redox cycling and transport, we must first look for environments where
MTB thrive and where the accumulation of porewater Fe is minimal. The
presence of bioavailable organic matter would be required to sustain these
communities. If the joint effect of abundant Mn (IV), early onset of sulfate
reduction and consequent sequestration of Fe(II) as solid sulfides is the key
to maintain porewater Fe concentrations below 3 µM at the top of the
OATZ, both Mn(IV) and SO4

2− must be available in the organic-rich
sediment. These two prerequisite conditions may not be hard to meet in
modern sedimentary environments. Future efforts canbe directed atfinding
other natural environments where NMD Fe-isotope fractionation can be
documented and conditions conducive to the process aswell as preservation
of the signal can be identified. Porewaters are not preserved in the rock
record but the isotopic composition of porewater-Fe may be recorded in
some authigenic minerals (e.g., carbonate, chert, and barite) precipitated
from Fe-limited porewaters where MTB thrived.

Despite some uncertainties on Fe-isotope fractionation and reservoir-
transport effects within and among porewater systems, the vertical dis-
tribution of electron acceptors, their reaction products, and Fe-isotope data
in Lake Aha sediment profiles paint a consistent scenario: (1) Large NMD
Fe-isotope fractionation resulting from the activity ofMTBcanbepreserved
in the porewater Fe at the top of the OATZ; (2) A prerequisite for the
preservation of the NMD Fe-isotope signature in porewater is its low Fe
concentration in MTB-thriving sediments, a condition that can be facili-
tated by the presence of a high Mn content and an early onset of microbial
sulfate reduction in the top OATZ of the sediment.

Materials and methods
All samples were handled and treated following standard protocols estab-
lished in the community (see references below and further details in Sup-
plementary Methodology).

Sample handling
All polypropylene (PP) tubes and bottles used in the field and in the
laboratory were soaked for 48 h in a 6MHCl bath and subsequently rinsed
repeatedly with 18.2 MΩ Milli-Q water (no HCl rinsing for sulfate mea-
surement). Sediment cores were taken from a boat using a poly-
methylmethacrylate tube with a 5.9 cm internal diameter. Within 3 h of
recovery, the lake sediment cores were sectioned at 1-cm intervals on shore
inN2-filled glove bags andkept in 50mL screw-capPPcentrifuge tubes. The
porewaterwas then extracted by centrifugation at about 2000 × g for 20min.
The centrifuge tubes were returned to a N2-filled glove bag where the
supernatant was filtered through a 0.45 µmMillipore HAmembrane with a
50-mL plastic syringe. Filtered porewaters formetal ion concentrations and

Fig. 4 | Redox zonation models. A A model of the
redox zonation and the consequent Fe-limited
porewaters in the top 6.5 cm at the Liangjiangkou
station core, Lake Aha. Individual ion concentra-
tions are normalized to their respective, highest
concentrations (NO3

−= 100 µM; Mnd = 250 µM;
Fed = 150 µM; and SO4

2−- = 2.6 mM) on the hor-
izontal axis. Note the overlap of the sulfate reduction
zonewith theMnand Fe reduction zones.BAclassic
thermodynamics-based redox zonation, taken from
Froelich et al.35 and Madison et al.37 for coastal
marine sediment. Scales of the x and y axes in B are
arbitrary.
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Fe isotope analyses were acidified using ultrapure HNO3 to pH < 2 whereas
those for sulfate concentration measurements were diluted with Milli-Q
water. The solid sediments in the 50-mL centrifuge tubes were freeze-dried
and ground into powder (<200 mesh) with an acid-cleaned agate mortar
and pestle.

Analysis of sediment and porewaters
The freeze-dried sediments were reacted with a 1M HCl solution at room
temperature for 16 h to determine the amount of reactive Fe, following the
methoddescribedbyHuerta-Diaz andMorse58.Aliquots of porewaters,HCl
extracts and bulk sediments were digestedwith aqua regia and concentrated
HF and then purified twice using an AGMP-1 anionic resin (Bio-Rad, 100-
200 mesh, chloride form), according to an established protocol (See Sup-
plementary Methodology). Porewaters as well as the HCl-extracts and
digested-sediment solution Fe,Mn, andAl concentrations were determined
at the Chinese Academy of Geological Sciences by ICP-AES (Thermo
Fisher, TJA-IRIS-Advantage) with a detection limit of 0.5 µM, 0.2 µM, and
3 µM, or uncertainty of ±3%, ±5%, and ±7%, respectively. Porewater NO3

−

and SO4
2− concentrations were determined by ion chromatography (Dio-

nex, ICS-90) at the Chinese Academy of Sciences laboratory with an
uncertainty of 3% and respective detection limits of 2 µM and 3 µM. Total S
was determined using an elemental analyzer (Wanlianda, CS902) with a
precision better than 0.1% and an uncertainty of 1.5%.

Triple Fe-isotope compositions
Fe isotope measurements were conducted on a Neptune MC-ICP-MS
(Thermo-Fisher, Germany) at the Water Quality Centre, Trent
University (Canada) and on a Neptune Plus MC-ICP-MS (Thermo
Fisher, Germany) at the Beijing Createch Testing Technology Co.,
Ltd. (China). The purified sample solutions were introduced into an
argon plasma by a peristaltic pump with an ion beam of 9 V on 56Fe
for a 3.0 mg/L Fe solution on the Neptune Plus MC-ICP-MS or by a
Cetac Aridus Desolvating nebulizer with an ion beam of 12 V on 56Fe
for a 0.2 mg/L Fe solution on the Neptune MC-ICP-MS. All mea-
surements were carried out in high-resolution mode, a mass resolving
power (m/Δm) of ~9000 for the Neptune MC-ICP-MS and ~7000 for
the Neptune Plus MC-ICP-MS, so that the isobaric interferences
(e.g., 40Ar14N+ on 54Fe+, 40Ar16O+ on 56Fe+ and 40Ar16OH+ on 57Fe+)
were resolvable (Supplementary Fig. 5). The standard-sample
bracketing (SSB) method was applied with the reference Fe stan-
dard IRMM-014 throughout the study to minimize instrumental
mass bias. Given the low porewater Fe concentrations and, thus, the
low 58Fe signal on the mass spectrometer, we did not attempt to
measure the δ'58Fe for the entire set of samples. The performance of
the Neptune instrument was assessed by repeated measurements of
an internal laboratory reference (ICP Fe, n = 12) and a purified
sample solution (porewater extracted from 8.5 cm in the Liang-
jiangkou core, n = 27). The average isotopic compositions, obtained
in high-resolution mode under optimized conditions, are
δ'57Fe =−0.15 ± 0.12‰ (2 SD) and δ'56Fe =−0.12 ± 0.09‰ (2 SD) for
the ICP-Fe solution; and δ'57Fe =−3.70 ± 0.16‰ (2 SD),
δ'56Fe =−2.53 ± 0.10‰ (2 SD) and Δ'57Fe = 0.03 ± 0.14‰ (2 SD) for
the porewater (Supplementary Fig. 3). The precision of measure-
ments on the Neptune Plus, operated in high-resolution mode under
optimized conditions, was derived from repeated measurements of an
internal laboratory reference (CAGS-Fe, n = 71) for which the aver-
age δ'57Fe = 1.17 ± 0.14‰ (2 SD) and δ'56Fe = 0.80 ± 0.08‰ (2 SD)
(Supplementary Fig. 3), values that are statistically identical to its
reported isotopic compositions, δ'57Fe = 1.20 ± 0.13‰ (2 SD) and
δ'56Fe = 0.83 ± 0.07‰ (2 SD)59. Further testing revealed that the NMD
Fe-isotope signatures are analytically robust (see Supplementary
Methodology and Supplementary Table 3 for detail). The robustness
of the triple Fe-isotope compositions is also supported by the smooth
distribution pattern of the data (Supplementary Fig. 3) obtained by
two different spectrometers in two different laboratories.

Fe isotope notations
Fe isotopedata are reported as δ'xFe (δ'56Fe,δ'57Fe) inparts per thousand (per
mil,‰) deviations relative to IRMM-014.

δ056Fe ¼ ln½ð56Fe=54FeÞsample=ð56Fe=54FeÞIRMM�014�

δ057Fe ¼ ln½ð57Fe=54FeÞsample=ð57Fe=54FeÞIRMM�014�

Δ057Fe ¼ δ057Fe� 1:475 × δ056Fe

δ0 ¼ lnð1þ δÞ

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

Data availability
All data are available in themain text and theSupplementary Informationor
available via Figshare at https://doi.org/10.6084/m9.figshare.30375154.v3.
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