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A B S T R A C T

The iron isotope composition of iron-bearing carbonates is commonly used to obtain insights into ancient envi-
ronmental conditions. However, it is often challenging to target only Fe‑carbonates (e.g. siderite and ankerite)
from samples containing a variety of other Fe-bearing minerals, such as observed in Precambrian iron forma-
tions. Chemical extraction (i.e. leaching) methods of Fe‑carbonates could be an alternative to in-situ measure-
ments and/or micro-drilling techniques applied to isotopic studies. Yet, only a few studies have looked at the ef-
fects of leaching carbonates (e.g. partial and/or total dissolution) on their Fe isotope composition. Here, we
tested several leaching protocols, using 5 to 20% acetic acid (HAc) and 0.4 M HCl, on a siderite standard and
three natural samples, including an iron formation, Fe-rich and Fe-poor carbonates. We showed that carbonate
mineralogy has a strong control on how much of each mineral phase was being dissolved, and that variations in
HAc concentration from 5% to 20% are less likely to change how much siderite dissolves (e.g. ~30% dissolution)
under a 12 h period at room temperature. Importantly, the Fe isotope composition of partially dissolved siderite
had indistinguishable values within error from the whole-rock composition (i.e. complete dissolution) as shown
with HAc and HCl attacks. Carbonates from the three natural samples were almost completely dissolved under
the same protocol with 5 to 20% HAc, while 0.4 M HCl attacks dissolved additional mineralogical phases, which
might contribute to the Fe leachate. Moreover, the iron isotope composition of carbonate leachates was pre-
served without generating anomalous results. Hence, weak chemical leaches represent a reliable tool to study Fe
isotopic composition of carbonate to understand how the Fe cycle was operating throughout Earth's history.

1. Introduction

Sedimentary iron-bearing minerals are ancient archives largely used
to track changes in the chemical evolution of Earth's oceans through
time (Konhauser et al., 2017). There is a general view that iron-bearing
carbonates (e.g. siderite and ankerite) and associated iron formations
reflect environmental conditions in which they formed, specifically re-
lated to anoxic and ferruginous seawater chemistry prior to the Great
Oxidation Event (Holland, 2002). Siderite [FeCO3] and ankerite
[Ca(Fe2+, Mg, Mn,)CO3] represent the dominant and best-preserved
carbonate minerals in iron formations (Fe-dolomite and calcite being
less common), and have provided key insights into the biogeochemical
cycles of iron and carbon throughout Earth's history (Beukes and Klein,
1990; Holland, 1984; James, 1954; Kaufman et al., 1990; Klein, 2005;

Klein and Beukes, 1989; Konhauser et al., 2005, 2017; Raiswell and
Canfield, 2012). Significant contributions towards the origin of Fe‑car-
bonates in Precambrian rocks have been made, which rely to some ex-
tent in measuring the carbon and iron isotope compositions of these
rocks.

Carbon and iron (Fe) isotope signatures are widely used as tools for
understanding the processes of Fe‑carbonate formation, such as the
remineralization of organic matter to produce a depleted 13C inorganic
carbon source (Beukes et al., 1990; Fischer et al., 2009; Heimann et al.,
2010; Johnson et al., 2013), the identification of biological reduction of
Fe(III) minerals leading to the enrichment of light Fe isotope (i.e. 54Fe)
in the reduced Fe phase (Craddock and Dauphas, 2011a; Johnson et al.,
2008a; McCoy et al., 2017), and the distinction of kinetic effects associ-
ated to mineral precipitation (Jiang et al., 2022; Jiang and Tosca,
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2019). Carbon isotope composition in carbonates is easily measured in
iron formations through gas extraction via reaction of whole-rock pow-
ders with orthophosphoric acid (Becker and Clayton, 1972; Busigny et
al., 2013; Fischer et al., 2009; Garcia et al., 2021; Kaufman et al., 1991;
Lebeau et al., 2014). In contrast, the analysis of Fe isotope composition
of distinct Fe-mineral phases such as carbonates, as well as oxides (e.g.
magnetite, hematite), sulfides (e.g. locally pyrites), and minor phyl-
losilicates (e.g. stilpnomelane, riebeckite), is often more challenging.
Previous studies have tackled this issue using micro-drilling techniques
(Heimann et al., 2010), in-situ analysis (Marin-Carbonne et al., 2020;
Steinhoefel et al., 2010), and chemical leaching procedures to target
distinct minerals (Frost et al., 2007; Hyslop et al., 2008; von
Blanckenburg et al., 2008). In the case of carbonates, this might be diffi-
cult using only micro-drilling techniques, particularly in IFs, where
siderite and/or ankerite can be disseminated in chert matrixes closely
associated and surrounded by Fe-oxides with varying sizes (e.g. nm to
cm) (e.g. Kaufman et al., 1990).

A simple method used for isotope analysis of carbonates is weak
acetic acid extractions, as illustrated for Sr isotopes measurement
(Bayon et al., 2002). However, only a few studies have reported the ef-
fect of leaching carbonates on their Fe isotope composition (Hyslop et
al., 2008; von Blanckenburg et al., 2008). Therefore, it is not clear if
acetic acid can be efficiently applied for Fe isotope analysis of Fe-
bearing carbonates. Importantly, when targeting only carbonates, all of
the other mineral phases should be avoided. The sequential extraction
of Fe‑carbonates with sodium acetate has shown to be an efficient tech-
nique dissolving completely the carbonates contained in sediments (PC
method; Poulton and Canfield, 2005, Oonk et al., 2017). However, the
PC method has also proven to be challenging particularly in carbonates
exposed to higher metamorphic grades (Slotznick et al., 2018), al-
though no Fe isotopic work has been done examining specifically the Fe
speciation proxy in Precambrian rocks (only modern sediments were
studied; Henkel et al., 2016). The present contribution aims at filling
this gap by testing the effect of a simple weak acetic acid leaching pro-
tocol on iron isotope fractionation in a siderite standard and three nat-
ural rock samples. The selected natural samples contain various mix-
tures of Fe minerals with different shapes and sizes, and include one
Precambrian iron formation (Fe-oxide facies), as well as one Fe-rich and
one Fe-poor carbonate. The protocols are shown to be reproducible, re-
liable and accurate, and can therefore be used as a tool for targeting
carbonates in the ancient rock record without significantly dissolving
other minerals. More importantly, this method provides a means to
identify Fe isotope signatures that could be masked when utilizing
other mineral separation and/or dissolution methods.

2. Samples and method

The three samples analyzed in this study comprise an iron forma-
tion, and Fe-rich and Fe-poor carbonates from the 2.7 Ga-old Carajás
Formation, Brazil, and were recently described in Rego et al. (2021).
Additionally, a siderite powder (SID) from the deposits of La Mûre,
France (Lebeau et al., 2014), was selected for our experiments. Interna-
tional geostandards used uniquely for Fe isotopic measurements in-
cludes BCR-2 (basalt, Columbia River, Oregon, USA – USGS), BHVO-2
(basalt, Kilauea, Hawaii, USA – USGS), AC-E (granite, Ailsa Craig Is-
land, Scotland – SARM), IF-G (iron formation, Isua, Greenland –
SARM), and an internal Fe standard referred to as ISVB (Institut de
Physique du Globe de Paris - IPGP, France). All of the following proce-
dures and measurements were performed at IPGP.

2.1. Leaching protocol

Approximately 40 mg of whole rock powder of iron formation (FD-
55463), Fe-rich (FD-55521) and Fe-poor carbonates (FD-55478) were
digested in a pre-cleaned 15 ml polypropylene tube by adding 3 ml of

ultra-pure acetic acid (HAc) with different concentrations (5%, 10%,
and 20% v/v). In parallel, the procedure was also performed using
0.4 M HCl (Fig. 1). All the samples were left overnight at room tempera-
ture (12h), and centrifuged (6 min/5000 rpm) the next day. The clear
supernatant was then transferred into acid-cleaned Savillex Teflon
beakers, while the residues were washed three times with MilliQ H2O,
dried, and weighed to record any mass loss after digestion. The super-
natant was evaporated, and subsequently digested with concentrated
HNO3 and HCl (2:1 volume ratio) and heated overnight at 100 °C. Sam-
ples were evaporated the next day and were brought back into solution
in 6 M HCl. The same complete procedure was applied to the siderite
standard (SID), but only 4 mg of SID powder was used and digested in
3 ml of 5%, 10%, and 20% HAc, and in 5 ml of HCl 0.4 M. At least two
replicates were made for each treated sample.

Fig. 1. Chemical leaching protocol utilized in this study.
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2.2. Iron isotope analysis

Iron isotopic compositions were measured on the leachate fraction
(see above) and on whole rock samples, including the siderite SID and
international geostandards. In the case of whole rock measurements,
approximately 10 to 20 mg of rock powder were dissolved with concen-
trated mixtures of HF, HCl, HNO3 to ensure complete digestion and that
all iron was in its ferric state.

All samples were dissolved in 6 M HCl prior to iron column chem-
istry. Iron was purified twice through anion exchange chromatography
following an adaptation from Dauphas et al. (2004, 2009) which has
been described in previous studies (e.g. Busigny et al., 2014, 2017,
2018). In brief, Bio-Rad Poly-Prep columns were filled with 1 ml anion
exchange resin (AG1-X8 200–400 mesh chloride form). The resin was
cleaned three times with 10 ml H2O and 5 ml 1 M HNO3. It was then
preconditioned in HCl medium by running 10 ml H2O, 10 ml 0.4 M
HCl, 5 ml H2O and 2 ml 6 M HCl. Matrix elements were eluted in 8 ml
6 M HCl, whereas Fe(III) was strongly adsorbed on the resin and quanti-
tatively retained. Iron was subsequently eluted in 10 ml 0.4 M HCl.

Iron isotope compositions were measured using a ThermoFischer
Neptune MC-ICP-MS (Multiple Collector Inductively Coupled Plasma
Mass Spectrometer) at the Institut de Physique du Globe de Paris
(IPGP). The samples were introduced into the mass spectrometer with a
quartz cyclonic spray chamber and analyzed in 0.3 M HNO3 at a con-
centration of ~2–3 ppm, which gave a signal of ~16 to 20 V on 56Fe.
The isotopes 54Fe+, 56Fe+, 57Fe+ and 58Fe+ were measured simultane-
ously, while 53Cr+ and 60Ni+ were also measured to monitor and cor-
rect any contribution on 54Fe+ and 58Fe+, respectively. Faraday cups
were collecting masses 53, 54, 56, 57, 58, and 60 in Low 3, Low 2,
High 1, High 2, and High 4, respectively. Iron isotopes were fully re-
solved from argide interferences (40Ar14N+, 40Ar16O+, 40Ar16O1H+) us-
ing the high-resolution mode of the Neptune (Weyer and Schwieters,
2003). Instrumental mass discrimination was corrected using the con-
ventional sample-standard bracketing (SSB) approach (Rouxel et al.,
2003). The 56Fe/54Fe and 57Fe/54Fe ratios were expressed in the usual δ
notation in per mil (‰) as,

where the standard is IRMM-014, a pure synthetic Fe metal from the
Institute for Reference Materials and Measurements (Taylor et al.,
1992). The Fe blank level of the present procedure has been evaluated
by systematic analyses of one blank in each sample series, prepared as
described above but without any sample powder. The blank was always
below 20 ng Fe, thus representing <0.3% of the total Fe measured in
sample solutions.

Accuracy and analytical precision were determined by measuring
international rock geostandards AC-E, BCR-2, BHVO-2, and IF-G as
shown in Table 1, while long-term δ56/54Fe, δ57/54Fe, and δ57/56Fe mea-

Table 1
Measured iron isotopic composition of international geostandards.
Standard δ56Fe (‰)a ±2SDb δ57Fe (‰)a ±2SDb

AC-E 0.324 0.006 0.505 0.052
0.310 0.044 0.483 0.080
0.323 0.016 0.497 0.052

BCR-2 0.071 0.028 0.116 0.056
BHVO-2 0.107 0.020 0.145 0.048

0.103 0.042 0.178 0.052
IF-G

(n = 12)
0.613 0.021 0.895 0.076

surements of IF-G and the internal standard ISVB are shown in Fig. 2.
The Fe isotopic compositions of the geostandards had external precision
and accuracy always better than 0.046 ‰ for δ56Fe and 0.08 ‰ for
δ57Fe (2SD) and were in good agreement with recommended values
(Craddock and Dauphas, 2011b).

2.3. Iron concentration

Iron concentrations were obtained using an Agilent 7900 quadru-
pole ICP-MS at IPGP. Measurements were done using a collision-
reaction cell with helium gas (5 ml/min) to remove polyatomic inter-
ferences. A scandium internal-standard was injected after inline mix-
ing with the samples to correct for signal drift and matrix effects. A
set of iron calibration standards was analyzed to confirm and model
(through simple linear regression) the linear relationship between
signal and concentration. The model was then used to convert mea-
sured sample counts concentrations. Reported uncertainties were
calculated using error propagation equations and considering the
combination of standard deviation on replicated consecutive signal
acquisitions (n = 3), internal-standard ratio and blank subtraction.
The non-linear term (internal-standard ratio) was linearized using a
first-order Taylor series expansion to simplify error propagation.

2.4. Mineralogy

Mineralogical characterization was determined from thin sections
observation by reflected and transmitted light microscopy at the Uni-
versité de Montpellier. This was complemented by scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) on
carbon-coated samples, utilizing a Zeiss EVO MA10 SEM for semi-
quantitative SEM-EDS analysis at the Institut de Physique du Globe de
Paris (IPGP). Standard operating conditions for SEM imaging and EDS
analysis were 15 kV accelerating voltage, working distance of 12 mm,
and 2–3 nA electron beam current (see detailed conditions in Rego et
al., 2021).

2.5. Carbonate content

Approximately 40 mg, 10 mg, and 5 mg of sample powder was used
for IF, Fe-rich, and Fe-poor carbonates, respectively. The powder was
loaded in Labco Exetainer® sample vials, flushed with helium and
treated with 100% phosphoric acid at 130 °C for 2 h to dissolve all car-
bonates, including siderite (Busigny et al., 2013; Lebeau et al., 2014;
Rosenbaum and Sheppard, 1986). The produced CO2 was measured us-
ing a continuous-flow mass-spectrometer (AP-2003) operated with he-
lium as a carrier gas (Lebeau et al., 2014). Carbonate content in samples
was estimated from the ion intensity of the CO2 peak in the mass-
spectrometer with a precision better than ±10% (2SD).

2.6. Magnetite separation

In order to test if acetic acid treatments dissolves, even partially,
magnetite, a mineral commonly present with carbonates in Precam-
brian sediments, we separated ~10 mg of magnetite grains from two
samples, including an iron formation and an Fe‑carbonate (Fig. 3).
Magnetite was separated from whole-rock powders by utilizing a
neodymium‑iron‑boron magnet (disc magnet with a diameter of 5 mm
and a height of 5 mm). Whole-rock samples were washed in a pre-
cleaned 15 ml polypropylene tubes at least 10 times using MilliQ H2O
and magnetite was removed simultaneously with an aid from the mag-
net. The non-magnetic fraction was discarded and the sample was
washed until all the magnetic fraction was separated. After washing,
the magnetic fraction was dried in an oven at 50 °C overnight. The fol-
lowing day, the same leaching protocol described previously (5%, 10%,
20% HAc; 12 h reaction, room temperature; see section 2.1) was ap-
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Fig. 2. Long-term measurements of the iron isotope compositions of IF-G geostandard and ISVB (internal Fe standard).

plied to the magnetite grains. The dissolution was monitored by mea-
suring Fe concentration by ICP-MS in the supernatant solution after the
leaching treatment.

3. Results

As explained above, weak acid leaching protocols were tested on a
siderite (FeCO3) standard (Lebeau et al., 2014) and in Neoarchean
(~2.74 Ga) iron formation and carbonate samples from Carajás, Brazil
(Rego et al., 2021). The results of the leaching experiments and whole
rock sample dissolution are reported in Tables 2 and 3. It includes sam-
ple's mass loss (wt%) after each treatment, whole-rock carbonate con-
tent (%) determined from CO2 extraction and measurement, the frac-
tion of Fe‑carbonate dissolved (%) calculated based on the Fe concen-
tration in solution after leaching treatments (i.e. assuming that ankerite
was the dissolved Fe‑carbonate phase for all Neoarchean samples), and
Fe isotope compositions of various leachates or bulk powder dissolu-

tions. Additionally, acetic acid (HAc) leaching protocol was also per-
formed on pure magnetite grains to identify any dissolution, which
could bring a potential source of contamination to the carbonate frac-
tion leached from natural samples (Table 4).

3.1. Siderite standard

The siderite standard was leached with three distinct HAc concen-
trations (i.e. 5%, 10%, and 20% HAc) for 12 h (h) at room temperature.
When treated with 5% HAc, the mass loss ranged from 27.7 to
31.6 wt% (average of 29.7 ± 2.69%, n = 2) while treatments with 10
and 20% HAc induced a mass loss between 22.2 and 37.1 wt% (average
of 29.65 ± 10.54%, n = 2), and 33.3 to 59.3 wt% (average of
46.3 ± 18.38%, n = 2), respectively (Table 2). Specifically, one sam-
ple treated with 20% HAc had significantly larger mass loss (i.e.
59.3 wt%) when compared to all other samples (Table 2). The average
dissolved Fe‑carbonate content for our siderite standard (Fe-carbsiderite)
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Fig. 3. Magnetite grains of varying sizes removed from (A) an iron formation sample and from (B) Fe-rich carbonate sample.

Table 2
Results of various leaching protocols showing changes in mass loss, Fe dissolved in leachate, and iron isotopic compositions of the leachate fraction for specific
carbonate phases. Literature data are added when available.
Acid treatments Samples Time

(h)
Temp.
(°C)a

Mass loss
(wt%)b

Fe‑carbonate dissolved in
leachate (%)c

δ56Fe
(‰)d

±2SDe δ57Fe
(‰)d

±2SDe References

5% HAc Siderite (SID) 12 20–21 31.6 13.5 −0.29 0.02 −0.44 0.03 This study
5% HAc Siderite (SID) 12 20–21 27.8 34.4 −0.30 0.02 −0.46 0.03 This study
10% HAc Siderite (SID) 12 20–21 22.2 34.0 −0.30 0.04 −0.48 0.06 This study
10% HAc Siderite (SID) 12 20–21 37.1 20.6 −0.33 0.02 −0.53 0.03 This study
10% HAc Dolomite 12 20–21 34.2 von Blanckenburg et

al., 2008
10% HAc Stromatolitic calcite

LN-01
12 20–21 54.7 von Blanckenburg et

al., 2008
10% HAc Stromatolitic calcite

BL-1
12 20–21 68.9 von Blanckenburg et

al., 2008
10% HAc Ankerite 12 20–21 93.6 von Blanckenburg et

al., 2008
20% HAc Siderite (SID) 12 20–21 33.3 25.8 −0.33 0.03 −0.50 0.04 This study
20% HAc Siderite (SID) 12 20–21 59.3 36.8 −0.30 0.01 −0.46 0.02 This study
20% HAc Siderite powder 24 40 61.5 Hyslop et al., 2008
0.4 M HCl Siderite (SID) 96 20–21 101.81 −0.31 0.08 −0.49 0.18 This study
0.4 M HCl Siderite (SID) 96 20–21 95.45 −0.35 0.05 −0.48 0.28 This study
0.4 M HCl Siderite (SID) 96 20–21 80.06 −0.29 0.08 −0.42 0.09 This study
0.75 M HCl Siderite powder 43 20–21 99.6 Hyslop et al., 2008
Whole rock/complete

dissolution
Siderite (SID) −0.31 0.08 −0.45 0.14 This study

Whole rock/complete
dissolution

Siderite (SID) −0.34 0.03 −0.53 0.10 This study

a Temperatures between 20 and 21 °C are considered room temperature.
b Mass loss weight percent calculated by weighting the residue after leaching protocol.
c The amount of Fe‑carbonate (i.e. siderite) dissolved calculated relative to the Fe content in the leachate solution. Fe concentrations were measured by ICP-MS.
d Iron isotopic (δ56Fe and δ57Fe) ratios are reported in per mil difference relative to iron metal standard IRMM-014.
e Analytical errors are reported as 2 standard-deviation (2SD).

was calculated based on the amount of Fe measured in the leachate
fraction after HAc treatments. The values were 23.95 ± 14.78%
Fe‑carbonatesiderite dissolved for 5% HAc (n = 2), 27.30 ± 9.48%
(n = 2), and 31.30 ± 7.78% Fe‑carbonatesiderite dissolved (n = 2) for
10% and 20% HAc, respectively. A similar protocol was implemented
utilizing 5 ml of 0.4 M HCl to leach the same siderite powder. All three
replicates were almost completely digested with 80.6 to 101.81% of
dissolved siderite after a 96 h treatment at room temperature (Table 2).

The average δ56Fe value for the whole rock siderite standard was
−0.33 ± 0.02 ‰ (n = 2), indistinguishable from the leaching with
5%, 10%, and 20% HAc, after 12 h reaction time at room temperature
(−0.30 ± 0.01 ‰ (n = 2), −0.31 ± 0.02 ‰ (n = 2),
and − 0.31 ± 0.02 ‰ (n = 2), respectively). Moreover, siderite sam-
ples leached with 0.4 M HCl after a 96 h reaction time at room tempera-
ture, had an average δ56Fe value of −0.32 ± 0.03 ‰ (n = 3) (Fig. 4).

3.2. Iron formation and carbonates

The studied samples consisting of IF, Fe-rich and Fe-poor carbonates
from Carajás basin have been previously described in Rego et al. (2021)
and the mineralogical assemblages were similar to those shown by
Justo et al. (2020). Carbonates in IF facies in Carajás occur commonly
as ankerite [Ca(Fe2+,Mg,Mn)CO3] disseminated in a microcrystalline
quartz (chert) matrix (Fig. 5A,B). Other Fe-mineral phases in IF include
abundant euhedral magnetite crystals, microscopic spheroidal
hematite, minor Fe-silicates, and very few pyrites (Rego et al., 2021).
Iron-rich and iron-poor carbonate rock samples show higher carbonate
content, but differ from each other particularly by the occurrence of
calcite [CaCO3] and framboidal pyrites [FeS2] within Fe-poor facies
(Figs. 5C and 3.8).
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Table 3
Variations in mass loss, amount of Fe dissolved, and iron isotopic compositions for different acid leachates using rock matrix (IF, Fe-rich, and Fe-poor carbon-
ates), including carbonate content measured on whole-rock.
Sample Lithology Acid

treatment
Mass loss
(wt%)

Fe‑carbonate dissolved in
leachate (%)a

Carbonate
(calcite %)b

Carbonate
(ankerite %)b

Carbonate
(siderite %)b

δ56Fe
(‰)c

±2SDd δ57Fe
(‰)c

±2SDd

FD55
463.52

IFs 5% HAc 18.4 9.72 9.34 9.41 10.83 0.14 0.04 0.23 0.06

5% HAc 13.6 8.48 9.44 9.52 10.96 0.15 0.08 0.22 0.09
10% HAc 13.0 6.56 0.14 0.04 0.16 0.06
10% HAc 18.0 6.80 0.17 0.06 0.23 0.07
20% HAc 12.9 5.60 0.12 0.06 0.18 0.09
20% HAc 13.8 6.83 0.14 0.06 0.20 0.12
0.4 M HCl 38.2 0.20 0.05 0.31 0.08

FD55
521.63

Fe-rich
carb.

5% HAc 28.5 26.88 25.12 25.32 29.14 −0.74 0.06 −1.12 0.06

5% HAc 28.2 48.31 24.71 24.91 28.67 −0.73 0.07 −1.10 0.08
10% HAc 27.2 35.78 −0.70 0.03 −1.06 0.08
10% HAc 27.7 39.33 −0.70 0.04 −1.05 0.06
20% HAc 29.1 36.65 −0.73 0.04 −1.06 0.07
20% HAc 27.4 35.87 −0.71 0.05 −1.06 0.11
0.4 M HCl 32.9 −0.67 0.06 −1.00 0.08

FD55
478.03

Fe-poor
carb.

5% HAc 55.3 35.69 61.81 62.30 71.70 −0.15 0.05 −0.22 0.07

5% HAc 56.7 41.80 51.54 51.82 59.63 −0.16 0.07 −0.20 0.10
10% HAc 58.0 39.34 −0.16 0.02 −0.29 0.03
10% HAc 59.0 46.82 −0.14 0.02 −0.20 0.05
20% HAc 60.1 43.97 −0.14 0.03 −0.23 0.07
20% HAc 58.6 45.22 −0.17 0.07 −0.26 0.11
0.4 M HCl 54.8 −0.19 0.06 −0.27 0.10
0.4 M HCl 64.3 −0.19 0.04 −0.27 0.07

a The amount of Fe‑carbonate (i.e. ankerite) dissolved calculated relative to the Fe content in the leachate solution. Fe concentrations were measured by ICP-MS.
b Carbonate content measured on whole-rock in AP-2003 after reaction with 100% orthophosphoric (2 h at 130 °C). Relative error of ±10 wt% established after

measuring siderite standard (average = 103.3 ± 9.5 wt%,1sd, n = 3).
c Iron isotopic (δ56Fe and δ57Fe) ratios are reported in per mil difference relative to iron metal standard IRMM-014.
d Analytical errors are reported as 2 standard-deviation (2SD).

Table 4
Magnetite dissolution tests with 5% and 10% acetic acid (HAc).
Sample Treatment Weight

(mg)a
Fe in leachate
(%)b

Magnetite 1 5% HAc, 25 °C, 12 h 11.2 0.04
Magnetite 2 5% HAc, 25 °C, 12 h 7.1 0.003
Magnetite 3 10% HAc, 25 °C, 12 h 9.1 0.08
a weight of sample loaded for magnetite dissolution experiment (acetic acid

volume was 5 mL).
b Fe in leachate corresponds to the fraction of Fe expressed relative to total Fe

(calculated from the magnetite mass and assuming a pure Fe3O4).

In order to target only carbonate phases, we applied the same leach-
ing protocol (i.e. 5%, 10% and 20% HAc and 0.4 M HCl) among three
distinct samples, including an IF (FD 55–463.55), Fe-rich (FD
55–521.63) and Fe-poor (FD 55–478.03) carbonate sample. The aver-
age mass loss after HAc treatment (5%, 10%, and 20% HAc, 12 h, room
temperature) for the IF sample was 14.95 ± 2.5 wt% (n = 6), while
Fe-rich and Fe-poor carbonate samples lost 28.02 ± 0.7 wt% (n = 6)
and 57.95 ± 1.7 wt% (n = 6) of their masses, respectively (Table 3).
The amount of Fe‑carbonate dissolved after HAc treatment, here con-
sidering that carbonates were ankerite (Fe‑carbonateankerite), was lower
for the IF sample, ranging from 5.60 to 9.72% (average of 7.3 ± 1.5%
n = 6), and higher for Fe-rich and Fe-poor carbonates, varying between
26.88 and 48.31% (average of 37.1 ± 6.9%, n = 6), and 35.69 to
46.82% (average of 42.1 ± 4.1%, n = 6), respectively. Additionally,
samples treated with 0.4 M HCl with the same experimental conditions
(12 h at room temperature) showed higher mass loss, particularly the IF
sample. Iron formation and Fe-rich carbonate samples lost 38.2 wt%
and 32.9 wt% of their masses, respectively, while Fe-poor carbonate
sample lost up to 64.3 wt% of its mass (Table 3). The carbonate content
estimated from CO2 measurements of IFs and Fe-rich carbonates was

9.5 ± 0.08% (average, n = 2) and 25.12 + 0.29% (average, n = 2),
respectively. These values were calculated by assuming that ankerite
[Ca(Fe2+,Mg,Mn)CO3] is the dominant carbonate phase in those sam-
ples. In Fe-poor carbonates, calcite content increases, and carbonate es-
timates based on CO2 extraction averages 56.68 ± 7.26% CaCO3
(n = 2).

The iron isotope composition of IF leachates treated with 5%, 10%,
and 20% HAc varied between +0.12 ‰ to +0.17 ‰ with an average of
+0.14 ± 0.02 ‰ (n = 6), slightly lighter compared to 0.4 M HCl
treatment that showed a δ56Fe value of +0.20 ± 0.05 ‰ (Table 3, Fig.
7). Iron-rich carbonate leached with HAc displayed δ56Fe values aver-
aging −0.72 ± 0.02 ‰ (n = 6), again slightly lighter compared to the
HCl treatment (i.e. δ56Fe value of −0.67 ± 0.06 ‰). In contrast, the
iron-poor carbonate sample had moderately heavier iron isotopic com-
position for HAc leachates (e.g. average δ56Fe value of −0.15 ± 0.01
‰, n = 6) compared to the HCl leachate (e.g. δ56Fe = −0.19 ± 0.01
‰, n = 2, Table 3, Fig. 7).

3.3. Magnetite dissolution

Magnetite grains treated with 5% and 10% HAc at room tempera-
ture for 12 h showed a negligible fraction of Fe in their leachate solu-
tion, ranging from 0.003% 5o 0.08% of Fe with an average of
0.04 ± 0.04% Fe (n = 3) after both treatments (Table 4).

4. Discussion

4.1. Partial dissolution of Fe‑carbonate standard but preservation of its Fe
isotope composition

We tested the acetic acid leaching protocol on a siderite (FeCO3)
standard (Lebeau et al., 2014) with the aim of (i) estimating how much
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Fig. 4. Iron isotope (δ56Fe) composition of whole-rock siderite and leachates utilizing acetic acid (HAc) of different concentrations (5 to 20%) and 0.4 M HCl. Error
bars represent analytical errors reported as 2 standard-deviation.

of the carbonate is being dissolved and (ii) determining if the Fe isotope
composition of the dissolved fraction is representative of its whole rock
composition. There was no significant mass loss variation (22.2 wt% to
37.1 wt%) for acid digestions with distinct HAc concentrations (Table
2). Although a single sample lost 59.3 wt% of its mass when treated
with 20% HAc, this may be due to mass loss while washing, drying d
weighting the sample (i.e. not related to siderite dissolution). Specifi-
cally, the amount of Fe‑carbonatesiderite dissolved, as calculated relative
to the Fe concentration in the leachate fraction for this sample, was not
significantly different from other samples. All HAc treatments (e.g. 5%,
10%, and 20% HAc) yielded an average of 27.51 ± 9.2% (n = 6) of
Fe‑carbonatesiderite dissolved in the leachate (Table 2), suggesting a par-
tial digestion of siderite for all treatments. This is in agreement with
previous estimates that performed similar tests (e.g. 10% HAc diges-
tion, 12 h period, room temperature) in dolomitic carbonate (34.2% Fe
dissolved), however lower than expected when compared to Fe dis-
solved in stromatolitic calcite (57.4%) and ankerite (93.6%) (von
Blanckenburg et al., 2008) (see literature data also compiled in Table
2). Interestingly, Hyslop et al. (2008) reported that siderite dissolution
during longer time (24 h) and at higher temperature (40 °C) was also
partial (61.5%) (Table 2). Altogether, the present and previous results
indicate that carbonate mineralogy (composition, structure, grain size,
porosity) has a strong control on how much of each mineral phase is be-
ing dissolved, and that variations in HAc concentration from 5% to 20%
are less likely to change how much siderite is being dissolved under a
12 h period at room temperature.

Other dissolution techniques, such as the utilization of sodium (Na)
acetate to target Fe‑carbonates from modern and ancient sediments,
have shown to dissolve ~100% of the Fe‑carbonate phase in the sample
(Poulton and Canfield, 2005). Only few studies have adapted this se-
quential extraction protocol with an aim to measure the Fe isotope com-
position of different Fe-phases in modern and Phanerozoic sediments
(Havas et al., 2021; Henkel et al., 2016). Despite showing a good ex-
traction efficiency for Fe‑carbonates, the Na-acetate method is signifi-
cantly longer and cumbersome (e.g. adjusting pH, removing Na-acetate
prior to Fe chromatography, etc.) compared with the proposed proto-
col. Therefore, identifying other efficient carbonate leaching tech-
niques, such as weak HAc and HCl digestions, could be advantageous
and suitable for Fe isotopic studies.

Even though our results supports previous findings that diluted
HAc does not achieve complete dissolution of siderite (e.g.

Rongemaille et al., 2011), the remaining question is whether partial
dissolution of siderite, as opposed to near complete dissolution (see
Table 2), could still preserve the Fe isotopic composition of the bulk
siderite. Given that a fraction of ~30% of Fe‑carbonate was dissolved
with different HAc concentrations, we show that the iron isotopic
composition of the leachates (−0.30 ± 0.01 ‰ for 5% HAc;
−0.31 ± 0.02 ‰ for 10% HAc; and − 0.31 ± 0.02 ‰ for 20% HAc)
had undistinguishable values within error from the whole-rock com-
position (−0.33 ± 0.02 ‰, n = 2) (Fig. 4). Moreover, there is also no
significant difference in Fe isotope composition between different
acid treatments (Fig. 4). This shows that HAc (5%, 10% and 20%) and
0.4 M HCl are capable of leaching siderite and still preserve its Fe iso-
topic composition despite partial or almost complete dissolution of
the Fe‑carbonate phase. The lack of fractionation observed between
the partially dissolved and completely dissolved siderite is expected
given that there was no exchange between other Fe mineral phases.
This is in contrast with previous studies that leached granite and
basalts and recorded fractionation between fluids and solids (e.g. ki-
netic effects associated to light isotopes being preferentially leached
over the heavy isotopes, Chapman et al., 2009; (Nie et al., 2020)) If
any fractionation occurred between fluid and solid phase this was
likely small and could not be resolved within analytical uncertainty.
Finally, this will have implications particularly when applying the
leaching protocol to powders from complex rock matrixes, in which
the presence of other mineralogical phases (e.g. Fe-oxides, phyllosili-
cates) might challenge the precise targeting of carbonates.

4.2. Reliable iron isotope measurements of carbonates in natural samples
from acetic acid leaching

In order to evaluate complete and/or partial carbonate dissolution
in typical Archean samples, such as IF, Fe-rich and Fe-poor carbonates,
we examine the results of three independent methods, and compare (i)
carbonate content measured on whole-rock powders from CO2 extrac-
tion with (ii) changes in mass loss determined after HAc leaching, and
with (iii) the amount of Fe‑carbonate estimated from Fe concentrations
obtained in the leachate fraction (Table 3). The IF sample had a carbon-
ate content of 9.5 ± 0.08% (n = 2) calculated for ankerite based on its
whole-rock composition, and had a similar amount of
Fe‑carbonateankerite determined from Fe in the leachate (e.g. average of
7.33 ± 1.5%, n = 6). This implies that most of the Fe‑carbonates, pre-
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Fig. 5. Petrographic context of an (A) iron formation, (B) Fe-rich, and (C) Fe-
poor carbonate samples showing ankerite disseminated in a chert matrix sur-
rounded by magnetite grains (A and B), while calcite is more abundant in the
Fe-poor sample also containing framboidal pyrites (C).

dominantly ankerite as shown by petrographic work (Figs. 5 and 6)
(Justo et al., 2020; Rego et al., 2021), were dissolved. The average mass
loss of 14.95 ± 2.5 wt% (n = 6) after HAc treatments was slightly
higher when compared to the carbonate content and Fe‑carbonateankerite
dissolution estimates. This difference may reflect additional dissolution
of another phase (containing no Fe) and/or a systematic error associ-
ated to the mass loss estimate (e.g. by weighing the sample before treat-
ment, weighing empty tubes, weighing samples after treatment, wash-

ing and removing solution after centrifugation, etc.). The relative un-
certainty on carbonate content determination from mass loss may be
high particularly in this sample because of its low carbonate content
compare to other samples.

Iron-rich carbonate sample has a higher carbonate content of
25.12 ± 0.29% (n = 2) as determined from CO2 production, close to
the value of 28.02 ± 0.7 wt% (n = 6) estimated from its mass loss af-
ter HAc treatment (Table 3). This suggests again that most carbonates
were dissolved after HAc treatment. However, the average fraction of
dissolved Fe‑carbonateankerite calculated based on the Fe concentration
in the leachate was significantly higher, with a value of 37.14 ± 6.9%
(n = 6).

This difference possibly results from the dissolution an additional
Fe-bearing phase during acid treatments. Comparably, the HAc treat-
ments dissolved all carbonates in the Fe-poor carbonate sample, as
shown by indistinguishable values in measured carbonate content (e.g.
56.68 ± 7.26%, n = 2) and mass loss values (e.g. 57.95 ± 1.7 wt%,
n = 6). Given that the Fe-poor carbonate sample contains a large
amount of calcite in addition to ankerite (Figs. 5 and 6; Rego et al.,
2021), a lower fraction of dissolved Fe‑carbonateankerite determined
from the HAc leachate is expected in this sample. This is supported by
our data that show only an average of 42.14 ± 4.1% (n = 6) dissolved
Fe‑carbonateankerite based on the Fe content in the leachate. Therefore,
the present data suggest that HAc leachates dissolved most (if not all)
carbonates, including calcite and Fe‑carbonates among the IF, Fe-rich
and Fe-poor studied samples.

Samples treated with 0.4 M HCl showed larger mass loss compared
to HAc treatments, particularly for IF and Fe-rich carbonate samples.
This implies that other mineralogical phases (distinct from carbonates)
may have been dissolved. This inference is supported by the slightly
heavier δ56Fe values observed in the 0.4 M HCl leachates for IF
(+0.20 ± 0.05 ‰) and Fe-rich carbonate (−0.67 ± 0.06 ‰) com-
pared to average δ56Fe values from HAc leachates (IF, +0.14 ± 0.02
‰, n = 6; Fe-rich carbonate, −0.72 ± 0.02 ‰, n = 6; Fig. 7). In this
case, partial dissolution of other phases, such as Fe-oxides which are of-
ten enriched in 56Fe compared to Fe‑carbonates (Frierdich et al., 2014,
2019; Johnson et al., 2008b; Wiesli et al., 2004) may have contributed
to a heavier isotopic composition in the HCl treatments. In contrast,
iron-poor carbonates treated with 0.4 M HCl showed slightly lower
δ56Fe value compared to HAc treatments possibly reflecting partial dis-
solution of a depleted 56Fe source. Pyrite is abundant in this Fe-poor
carbonate sample and represents a potential contributor to the dis-
solved iron pool (Fig. 5C; Rego et al., 2021). An important conclusion is
that, despite a small difference in Fe isotope composition between HCl
and HAc treatments, the values are relatively similar considering ana-
lytical error and isotopic variability between different samples (Table 3,
Fig. 7).

Importantly, no analytical artefact was observed related to carbon-
ate dissolution utilizing 5, 10 or 20% HAc treatments as illustrated with
the lack correlation between the amount of Fe‑carbonate dissolved and
its δ56Fe values (Fig. 8). A previous study observed anomalous Fe iso-
tope fractionation related to dissolution of magnetite with 20% HAc
(Hyslop et al., 2008), however, von Blanckenburg et al. (2008) were not
able to reproduce such anomalies. Additionally, we performed similar
dissolution tests with HAc (5% and 10%) in pure magnetite grains of
variable sizes (Fig. 2), and the results support previous findings in
which only very low Fe content was measured in the leachate (i.e. <
1% Fe, Table 4) after treatment (von Blanckenburg et al., 2008).

To summarize, the differences in HAc concentrations (5, 10, and
20%) do not change the amount of mass loss variation, the fraction of
Fe‑carbonate being dissolved, and the iron isotope composition of IF,
Fe-rich and Fe-poor carbonate leachates, at least when using the pre-
sent protocol (i.e. room temperature, reaction time of 12 h). Weak HAc
dissolution is shown to achieve complete dissolution of carbonates in
IF, Fe-rich and Fe-poor carbonate samples. Dissolution tests with 0.4 M
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Fig. 6. Elemental map done by scanning electron microscopy (SEM) showing (A) Fe, (B) Si, (C) Ca, (D) Mg, (E) Mn, and (F) a composite showing the occurrence
ankerite and calcite together in the Fe-poor carbonate sample.

HCl demonstrate higher mass loss compared to carbonate content, thus
likely reflecting partial dissolution of other mineralogical phases (e.g.
Fe-oxides, Fe-sulfides). Previous studies have shown that weak HAc at-
tacks can dissolve most ankerite (93.6% fraction of Fe in leachate) (von
Blanckenburg et al., 2008), and even though only partial digestion of
siderite is attained with 5 to 10% HAc (e.g. Rongemaille et al., 2011;
this study), we show here that its iron isotope composition is preserved
without generating anomalous results. Accordingly, when targeting Fe
isotope composition of carbonate minerals in Archean IF and Fe‑car-
bonates samples, weak HAc should be preferentially used to avoid dis-
solution of other mineralogical phases. This method could represent an
alternative to other mineral-specific extraction protocols (e.g. Poulton
and Canfield, 2005; Henkel et al., 2016) and to in-situ measurements,
and providing key insights into isotopic fractionation associated to
Fe‑carbonate formation processes and Fe biogeochemical cycle in the
Precambrian ocean.

4.3. Implications for paleo-environment reconstructions

By measuring the Fe isotope composition of carbonates, we can ob-
tain insights into mineral formation processes, which could be related
to either mineral precipitating from a primary seawater component or
result from early to late diagenetic transformations (e.g. Johnson et al.,
2013). The δ56Fe values of Fe‑carbonates extracted from IF, Fe-rich, and
Fe-poor carbonates in Carajás Formation are +0.14 ± 0.02‰ (n = 6),
−0.74 ± 0.02‰ (n = 6), and − 0.15 ± 0.01‰ (n = 6), respectively.
Given that dissolved Fe(II) was hydrothermally sourced to the Carajás
Basin (e.g. Rego et al., 2021) with similar isotopic composition of mod-
ern hydrothermal fluids (−0.5 < δ56Fehydrothermal fluid < +0.1; Sharma
et al., 2001; Beard et al., 2003; Johnson et al., 2008a; Bennett et al.,
2009; Rouxel et al., 2016), Fe‑carbonates (i.e. siderite) forming in equi-
librium with Archean seawater are expected to have δ56Fe values be-
tween ~ − 0.26 to −0.70‰ as determined experimentally (Wiesli et al.,
2004). Therefore, iron-rich carbonate (ankerite dominated) with δ56Fe

9



PR
OO

F

E.S. Rego et al.

Fig. 7. Iron isotope (δ56Fe) composition of leachates using acetic acid (HAc 5%, 10% and 20%) and 0.4 M HCl from three natural samples, including an iron forma-
tion, Fe-rich and Fe-poor carbonate.

Fig. 8. Iron isotope (δ56Fe) composition of leachates using acetic acid (HAc 5%, 10% and 20%) from three natural samples (iron formation, Fe-rich and Fe-poor car-
bonate) and its relation to the amount of Fe‑carbonate dissolved after each treatment. Analytical errors for each measurement is reported with error bars as 2 stan-
dard-deviation, while dashed line represents the average δ56Fe value among all HAc treatments and gray-shaded area represents the 1 standard-deviation.

values of −0.74 ± 0.02‰ (n = 6) is consistent with a precipitation in
equilibrium with Carajás' paleoseawater. Similarly, this could be the
case for the Fe-poor carbonate with abundant calcite in its composition
as shown by petrographic observations (Figs. 5 and 6, Rego et al.,
2021). In this sample, there is likely a higher contribution from Fe in-
corporated into calcite grains, thus reflecting a hydrothermal fluid-like
composition as shown with heavier δ56Fe values (e.g. –0.15 ± 0.01‰,
n = 6) compared to the Fe-rich carbonate sample. This suggests that
carbonates from Fe-rich and Fe-poor samples could have formed in
equilibrium with seawater, and hence be a proxy for past seawater con-
ditions. Equivalent light δ56Fe values were observed in platform car-
bonates from the Hamersley Basin, Australia, (e.g. Wittenoon Dolomite;
Craddock and Dauphas, 2011a) and the Transvaal Basin, South Africa
(e.g. Gamohaan Formation; Heimann et al., 2010).

In contrast, the positive δ56Fe values measured in Fe‑carbonates
from IF (+0.14 ± 0.02‰, n = 6) are unlikely to be reflecting precipi-
tation in isotopic equilibrium with Archean seawater, as demonstrated
experimentally and theoretically (Anbar et al., 2005; Blanchard et al.,
2009; Schauble et al., 2001; Wiesli et al., 2004). Iron‑carbonates with a
positive δ56Fe value can be explained by ankerite and/or siderite pre-
cipitating from a pool of Fe(II)aq enriched in 56Fe (Heimann et al., 2010;
Craddock and Dauphas, 2011a). Different degrees of partial oxidation

favored by photoferrotrophs likely induced the formation of Fe-oxides
with positive δ56Fe values in the Carajás Basin (Rego et al., 2021). An
efficient reductive dissolution of Fe-oxides by microbial respiration (i.e.
dissimilatory iron reduction, DIR) could explain an authigenic Fe(II)
reservoir enriched in 56Fe in sediment pore space where carbonates
were likely precipitating from (Craddock and Dauphas, 2011a; Johnson
et al., 2013). This DIR model supports the positive δ56Fe values mea-
sured in carbonates from IFs and are in agreement with previous studies
that also invoked microbial respiration as a mechanism favoring car-
bonate precipitation in pore water particularly within Fe-rich and IF
samples (Craddock and Dauphas, 2011a; Heimann et al., 2010; Johnson
et al., 2008a, 2013; Tong et al., 2021). Moreover, the lower content of
total organic carbon (TOC) measured in IF samples compared to the Fe-
rich and Fe-poor carbonate samples (e.g. Rego et al., 2021) supports ox-
idation of organic carbon coupled to the reduction of Fe(III) as a prod-
uct of DIR. Collectively, Fe‑carbonates from IF reflect microbial
processes in sediment pore space (i.e. early diagenesis), whereas Fe-rich
and Fe-poor carbonates record shallow seawater chemistry and surface-
environmental conditions. Distinguishing between different Fe isotope
signatures among carbonates provides constrain on the Fe biogeochem-
ical cycle during the Neoarchean, and shows that similar mechanism
(e.g. microbial DIR) described from the geological record elsewhere
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(Australia and South Africa) was also operating in Carajás, Brazil ~2.74
Gyr ago.

5. Conclusions and perspectives

We measured the Fe isotope composition of Fe‑carbonate phases ex-
tracted by weak acetic acid leaching protocols. A series of test with dis-
tinct acids (e.g. HAc and HCl) at different concentrations performed on
Fe‑carbonate standard (i.e. siderite) and natural samples common in
the Precambrian (i.e. iron formations and Fe-rich and –poor carbon-
ates) have shown that partial and/or total dissolution may occur de-
pending on the Fe‑carbonate mineral being dissolved. Partial dissolu-
tion of siderite (~ 13 to 60%) was observed using 5 to 20% acetic acid
for 12 h at room temperature. However, the Fe isotope composition of
the partially dissolved leachate fraction was undistinguishable from the
values measured for a total siderite dissolution (i.e. utilizing HCl for
longer reaction times, or concentrated HCl-HNO3 solution). Moreover,
the same protocol achieved mostly complete dissolution of Fe‑carbon-
ates and carbonate (ankerite and calcite) from natural samples, while
0.4 M HCl attacks was potentially dissolving other mineralogical
phases.

We therefore recommend the utilization of 5 to 10% HAc digestions
to target Fe‑carbonates in natural samples, particularly those domi-
nated by ankerite and calcite, to finally avoid substantial dissolution of
other mineral phases. In the case of siderite-rich samples, we noticed
that ~30% dissolution of a pure siderite standard still preserves the Fe
isotope composition of its whole rock value. However, in the case of se-
quential extraction, one should have in mind that part of the siderite
may remain in the residue and be cumulated to the next extraction
stages. Therefore, studies focusing on sequential extractions are recom-
mended to follow previously published methods (e.g. PC method)
which yields ~100% dissolution of siderite. Despite other sequential
extraction methods proven to be efficient (Poulton and Canfield, 2005),
our acetic acid leaching protocol is less laborious/arduous and could be
an alternative option to effectively target Fe‑carbonates particularly for
Fe isotopic studies trying to reconstruct ancient Fe cycling on Earth and
elsewhere based on Fe-bearing minerals.
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