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Abstract: Over the few past decades, the concept of microbial sulfur cycling catalyzing the precipita-
tion of CaMg (CO3)2 at low temperatures (<40 ◦C) has been studied intensely. In this respect, two
hypersaline lagoons, Lagoa Vermelha and Brejo do Espinho, in Brazil, have been the subject of numer-
ous studies investigating sedimentary Ca/Mg carbonate formation. Here, we present the sulfur and
oxygen isotopic compositions of dissolved sulfate from surface water, as well as sulfate and sulfide
from pore-water (δ34SSO4, δ18OSO4, and δ34SH2S), the sulfur isotopic composition of sedimentary
pyrite (δ34SCRS), and sulfur and oxygen isotopic compositions of carbonate-associated sulfate (CAS,
δ34SCAS and δ18OCAS). The pore-water profiles at Lagoa Vermelha indicate ongoing bacterial sulfate
reduction by increasing δ34SSO4, δ18OSO4 and δ34SCRS values downcore. At Brejo do Espinho, the
pore-water profiles displayed no depth-dependent isotope trends; the Ca/Mg ratio was, on average,
lower, and the δ18OSO4 values in both surface and pore-water were strongly enriched in 18O. There
was an overall mismatch between δ34SSO4 and the significantly higher δ34SCAS values. A negative
correlation was observed between the Ca/Mg ratio and higher δ34SCAS values. The results show that
the size difference between the two lagoons induces differences in the intensity of evaporation, which
leads to the increased secretion of extrapolymeric substances (EPSs) by microbes in the smaller Brejo
do Espinho. EPS provides the microenvironment where Ca/Mg carbonate can nucleate and preserve
increased δ34SCAS values. Apart from EPS, increased sulfur oxidation is proposed to be a second
factor causing relative enrichment of Ca/Mg carbonates at Brejo do Espinho. Our results emphasize
the role of evaporative processes on Ca/Mg carbonate formation, and indicate that the respective
δ34SCAS values reflect microenvironments rather than preserving an open marine δ34SSO4 signature.

Keywords: sulfur cycling; carbonate-associated sulfate; sedimentary dolomite; Lagoa Vermelha;
Ca/Mg carbonate formation

1. Introduction

Carbonates are perhaps the most important archives for reconstructing the evolution
of the complex marine and global biogeochemical processes that shaped modern Earth [1,2].
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Among this large group of sediment rocks, dolomite (and intermediate phases between
calcite and dolomite) comprises a group of carbonates with varying Ca/Mg ratios and
crystal lattice structures [2]. Early diagenetic replacement dolomite builds up massive
Precambrian and Paleozoic carbonate platforms [1–5]. In younger sedimentary rocks,
however, the volumes of dolomite and related Mg/Ca minerals continuously decrease
relative to calcite and aragonite [6–8]. In the Holocene, dolomite is scarce and mostly occurs
as calcian dolomite or even as metastable very-high-Mg calcite, i.e., minerals that share
similarities with dolomite in terms of their geochemistry, but still have crystal structures
similar to that of calcite [2,9–11]. Acknowledging the variety of carbonate minerals and their
transition between Mg calcite, very-high-Mg calcite, and calcian dolomite, the descriptive
label ‘Ca/Mg carbonate’ is used in this study as an umbrella term.

Due to the scarcity of Ca/Mg carbonate in the Neogene sedimentary rock record, many
studies have investigated the conditions required for dolomite formation and stabilization
in modern environments (please refer to reviews by [2,11,12]). Hypersaline conditions
combined with bacterial activity—and especially that of sulfate-reducing microbes—have
emerged as one critical factor in promoting sedimentary Ca/Mg carbonate formation [12–22].
Bacterial sulfate reduction (BSR) increases pore-water alkalinity, the saturation state of
dolomite in extracellular polymeric substances (EPSs), and it can overcome the hydration
barrier of Mg2+ ions [11,19,23–26]. Moreover, BSR reduces the sulfate concentration, which
some have considered to inhibit dolomite precipitation [27,28]. BSR produces hydrogen
sulfide, which also promotes dolomite formation [26]. In contrast, [12] proposed that the
metabolism of sulfate-reducing bacteria (SRB) acts as a catalyst for dolomite precipitation
processes in microenvironments. Sulfate ions form strong ionic pairs with Mg ions in
seawater. During bacterial sulfate reduction, sulfate ions are consumed, releasing Mg
and bicarbonate ions. Thus, the conditions to overcome the kinetic barrier to dolomite
nucleation can be achieved.

The coastal lagoons Lagoa Vermelha and Brejo do Espinho are two of the few lo-
cations worldwide where syngenetic Ca/Mg carbonate forms under near-surface condi-
tions [12]. Recently, Ref. [22] provided XRD data documenting the existence of calcian
and well-ordered dolomite in those lagoons. The Lagoa Vermelha and Brejo do Espinho
are characterized by hypersaline conditions and a vital microbial community forming
layered mats on the lagoonal surfaces [12,21,29]. Within the limitations of an approach that
compares the Phanerozoic with the Precambrian world, Lagoa Vermelha and its unique bio-
geochemical conditions have been considered a Precambrian ‘analogue’ [17]. Prior studies
have compared the activity of sulfur-metabolizing bacteria in both lagoons and observed
differences in the sulfur isotope composition of the pore-waters and the distribution of
Ca/Mg carbonate horizons in the sediment columns [16,29]. To draw connections and
conclusions to early marine diagenetic dolomite formation in the geological past, however,
it is insufficient to analyze the sulfur phases in the pore-water of modern lagoons. More-
over, it is critical to understand the type of information encoded in a specific geochemical
proxy—here, carbonate-associated sulfate (CAS)—relevant for the reconstructions of diage-
netic environments triggering Ca/Mg carbonate precipitation in aquatic environments.

Carbonate-associated sulfate (CAS) is substituted in the carbonate crystal lattice and
(within a 1‰ range; see [30]) is considered to reflect the δ34S value of dissolved sulfate
of ambient water from which the carbonate precipitates. CAS has been used as a proxy
for reconstructing the marine δ34SSO4 value from the Phanerozoic [31,32]. The CAS sulfur
isotope values best represent the upper water signature, where BSR is limited, the TOC is
low, and the carbonate crystal is stable before sulfate from microbially evolved pore-water
can be incorporated [33]. In contrast, both lagoons are characterized by active BSR in a TOC-
rich sediment [12,16,21,29]. Thus, the δ34SCAS values for both lagoons will likely reveal
more about the processes in the pore-water than reflect the sulfate in the surface water.

Therefore, the primary goal of the present study was to understand the CAS signatures
in Lagoa Vermelha and Brejo do Espinho, and establish the characteristic CAS values for
these unique environments. In addition, this study assesses whether the sulfur isotope
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signals of different sulfur phases yield relevant information about the mechanism of Ca/Mg
carbonate formation in near-seafloor environments. For this, the sulfur and oxygen isotope
compositions of dissolved sulfate and sulfide in the surface water and the pore-water, as
well as from pyrite and CAS in the sediment of multiple cores from both lagoons, were
analyzed. That way, the sulfur cycling in both Lagoa Vermelha and Brejo do Espinho
could be characterized, and the CAS signals preserved in the carbonate sediments were
set in the context of Ca/Mg carbonate precipitation. These data show that δ34SCAS signals
in sedimentary Ca/Mg carbonates might not be used as seawater proxies, but rather
as proxies for formation conditions, which is of great significance for carbonate archive
research beyond the case example documented here.

2. Study Area

The two lagoons, Lagoa Vermelha (S 22◦55′33.7′′; W 42◦22′12.9′′) and Brejo do Espinho
(S 22◦56′1.2′′; W 42◦22′20.7′′), are located 120 km east of Rio de Janeiro (Brazil), close to
Cabo Frio. Both lagoons are situated between two Holocene sand banks on the shoreline
of the Atlantic Ocean (Figure 1). To the north of both lagoons, the much larger and hyper-
saline Araruama Lagoon is situated. The region has a semi-arid climate with wet and dry
periods [34], which are influenced by an upwelling area in the Atlantic Ocean at Cabo Frio.
Lagoa Vermelha has an area of 2 km2, an average water depth of approximately 1 m, and a
surface water temperature between 22 and 32 ◦C (Figure 2) [12,21,35]. Brejo do Espinho
is a smaller lagoon with a surface area of 1 km2 and a water depth of less than 0.5 m [16];
the surface water temperature varies between 22 and 33 ◦C (Figure 2) [16,21]. In Lagoa
Vermelha, the sediment surface is partially composed of a 1 cm thin lithified carbonate crust.
In addition, 1 m long and 0.5 m high stromatolite mounds are observed (Figure 2A). The
first meter of sediment below the carbonate crust is an aphanitic layer, but also comprises
laminated layers with carbonate and bivalve shells (Anomalocardia brasiliensis) [12,35]. High
Mg-calcite and Ca-dolomite (42 up to 48 mol-% MgCO3) constitute the main mineralogy of
the sediment [12,16,35,36]. Further down, the sediment comprises marine quartz sand and
wood [35]. The formation dates of both lagoons date back to 4200 years BP [18]. After the
Holocene marine transgression, the sea level reached the maximum at 4500 years BP and
started dropping until reaching the current level at 1500 years BP [37].

The sediment surface of Brejo do Espinho is covered with a 2 cm thin microbial mat
(Figure 2D,H). Below this, Ca/Mg carbonate sediment occurs with Ca/Mg calcite and
non-stoichiometric dolomite (48 mol-% MgCO3) [16,21]. At a depth of 0.45 m is a marine
quartz-rich layer with coquina, aged 1750 ± 86 years BP [16].
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Figure 2. Photos of Lagoa Vermelha and Brejo do Espinho. (A) Northern shoreline of Lagoa Ver-
melha with salty foam accumulating on the beach. View from the north-western part of the lagoon.
(B) Northern shoreline of Brejo do Espinho close to sampling location (B). White salty foam has
precipitated, and dry cracks have developed. (C) Stromatolites in Lagoa Vermelha. (D) Flooded dry
cracks from the past few years in Brejo do Espinho. (E) Close-up of the typical sediment core. White
thin carbonate layers and grey layers where iron sulfides have precipitated. (F) Seaward side of Brejo
do Espinho near sampling location (D). View from south to north. The white sediment consists of
carbonate with only small siliciclastic portions. Dark spots are small stromatolites. (G) Sediment
core showing different colored layers representing carbonate with different levels of iron sulfides.
(H) Microbial mat taken from Brejo do Espinho.
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3. Sampling and Methodology
3.1. Sampling Strategy and Fieldwork

Lagoonal surface water, pore-water, and sediment were collected in March 2018. Push
cores were sampled along landward-seaward transects (Figure 1). The focus was placed on
the upper 0.4 m of the sediment column. Pore-water was extracted from the sediment core
using Rhizon samplers [38] and transferred into polypropylene vials containing 2 mL of
0.16 M ammoniacal zinc acetate solution to stabilize volatile hydrogen sulfide as a solid
zinc sulfide precipitate. In addition, H2S gas bubbles directly below the microbial mat were
sampled at Brejo do Espinho for 4 h via Rhizon samplers connected to a syringe filled with
ammoniacal zinc acetate solution precipitating zinc sulfide. Sediment cores were sampled
and described in the field. Subsequently, the sediment was freeze-dried for geochemical
analysis at the University of Münster, Germany. Furthermore, portions of a stromatolithic
build-up were sampled at Lagoa Vermelha. Additional lagoonal surface water samples
were collected for both lagoons over an annual cycle between June 2018 and March 2019.

3.2. Sample Preparation and Laboratory Analyses

Pore-water sulfide (precipitated as solid zinc sulfide) was separated from the bulk
pore-water sample via filtration using a cellulose–nitrate filter (≤0.45 µm pore size) and
then dried at 40 ◦C. Surface water samples were filtered (≤0.45 µm pore size). In surface
water and pore-water samples, sulfate was precipitated as barium sulfate with 0.41 M
BaCl2 solution under acidic conditions (pH < 2) at 80 ◦C for 3 h. Sulfate concentrations
were determined gravimetrically.

The total organic carbon (TOC) content of the freeze-dried bulk sediment was quan-
tified via infrared spectroscopy using a carbon-sulfur analyzer (CS-580, Eltra Elemental
Analyzers) with a standard deviation of ≤0.8 wt.% (2 S.D.). In order to prepare the samples
for geochemical analyses, freeze-dried sediments were sieved (nylon, 200 µm pore size) in
order to remove all biogenic carbonates, such as bivalve and gastropod shells and lithified
microbial mat components from Ca/Mg carbonates. Furthermore, bivalves and balanids
were separated manually from the stromatolitic mound matrix, and a firmground specimen
was sampled in the Lagoa Vermelha.

Following separation, all samples were pulverized using a tungsten carbide mill. In
order to avoid contamination with skeletal carbonates during subsequent CAS extraction,
powder X-ray diffraction (Philips, Almelo, the Netherlands, X’Pert powder diffractometer,
CuKα, 5–55◦ 2θ, 0.02 ◦/step, 1 s/step) was applied to determine the sample mineralogy.
In addition, the mineralogy of one bivalve shell from Brejo do Espinho was determined
by X-ray diffraction. Approximately 2 g of the Ca/Mg carbonate fraction was purified to
determine the Ca2+/Mg2+ ratio. These samples were leached four times using deionized
water for 24 h. Subsequently, samples were dissolved for 24 h at 20 ◦C in 3 M HNO3, and the
magnesium and calcium contents were measured via inductively coupled plasma optical
emission spectrometry (ICP-OES, ThermoFisher ScientificTM, Waltham, MA, USA, iCAP
6500DUO) at the Ruhr University Bochum. International certified standards BCS-CRM 512
and 513 (dolomite and calcite) were used with a long-term reproducibility of ≤1.0 wt.%
(2 S.D.) for calcium and ≤0.4 wt.% (2 S.D.) for magnesium.

For CAS extraction, approximately 60 g of sediment powder (Ca/Mg carbonates
or bivalve shells) was leached with 1.71 M NaCl solution for 24 h. The solution was
constantly agitated with a magnetic stirrer. The NaCl leaching was repeated five times.
Finally, sediment was rinsed once with deionized water to remove all water-soluble sulfate
(residual freeze-dried pore-water sulfate). Subsequently, the Ca/Mg carbonate fraction
was dissolved in 8 M HCl under permanent stirring. The solution was filtered (through
a cellulose nitrate filter with 0.45 µm pore diameter), and 50 mL of 0.41 M BaCl2 solution
was added to precipitate the dissolved carbonate-associated sulfate as solid BaSO4. The
precipitate was filtered off and dried, and the CAS content was determined gravimetrically.
The insoluble residuum was collected on filter paper further to extract sedimentary sulfide
minerals (e.g., pyrite) using the chromium reduction method [39].
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For the chromium reduction method, 12 g of bulk sediment, 4 g of the insoluble
residual sediment (e.g., organic, sulfides) after CAS extraction, and dried zinc sulfide were
weighed into digestion flasks. Based on a poor acid volatile sulfur (AVS) yield (<200 µg
Ag2S), the determination of the sulfur isotopic ratio of AVS was not possible. Subsequently,
10 mL of ethanol was added, and the reaction vessel was connected to a bulb condenser
and two gas-washing flasks. The first flask was filled with deionized water, and the second
flask was filled with 0.2 M zinc acetate acetic acid solution to trap the hydrogen sulfide
as zinc sulfide. Furthermore, 20 mL of 8 M HCl and 30 mL of 1 M CrCl2 solution were
added to the sample in the digestion flasks, and sulfide was converted to H2S (g) at 85 ◦C
in a nitrogen atmosphere for 2 h. H2S (g) passed through the deionized water and was
precipitated as zinc sulfide in the second flask. Subsequently, ZnS (s) was converted to
Ag2S (s) by adding 10 mL of 0.1 M AgNO3 solution. Finally, Ag2S (s) was filtered off using a
cellulose nitrate filter (≤0.45 µm pore diameter) and dried overnight at 40 ◦C. The Ag2S (s)
yield was determined gravimetrically.

3.3. Isotope Analysis

For δ34S isotope analysis, 400 µg of BaSO4 (s) (surface water, pore-water sulfate, and
CAS) or 400 µg of Ag2S (s) (pore-water sulfide and sedimentary pyrite) was placed into
tin capsules and mixed with 700 µg V2O5 (s) to catalyze the combustion to SO2 (g). The
sulfur isotopic composition was measured via EA-IRMS (using a Thermo Scientific Delta
V Advantage isotope ratio mass spectrometer interfaced with a Flash-EA-IsoLink-CN
elemental analyzer) at the University of Muenster. The long-term external reproducibility
for δ34S was better than 0.5‰ (2 S.D.). All samples were calibrated to the V-CDT scale with
the IAEA standards S-1, S-2, S-3, and NBS-127. The analytical performance (accuracy and
precision) was monitored using internal laboratory standards (Ag2S (s) and CdS (s)).

For δ18O isotope analysis, 200 µg of BaSO4 (s) (surface water, pore-water sulfate,
and CAS) was weighed into silver capsules and measured using a TC/EA-IRMS (high-
temperature conversion elemental analyzer connected to a Thermo Scientific Delta V Plus)
at the University of Muenster. The oxygen isotope ratio was calibrated using the V-SMOW
scale with IAEA standards SO-5, SO-6, and NBS-127, and the analytical performance was
monitored with an internal laboratory standard BaSO4 (s). The external reproducibility
was better than 1.0‰ (2 S.D.).

4. Results
4.1. Field Observations and Facies Description

During fieldwork at Lagoa Vermelha in March 2018, the water depth in the lagoon was
up to 1 m, and surface water had a temperature of 31.8 ◦C, a pH-value of 8.2 and a salinity
of 67 PSU. At Brejo do Espinho, the water depth was 0.2 m, the surface water temperature
was 38.9 ◦C, the pH was 9.8, and the salinity was 80 PSU.

Along the shoreline of Lagoa Vermelha, a salty foam had accumulated. Within the
lagoon, the surficial firmground covering parts of the lagoonal floor was overgrown with
green algae. Beneath this interval was a dark, fine-grained carbonate mud containing
bivalve shells. The TOC content reached a maximum of 16 wt.% (Supplementary Table S3).
At a depth of 0.2 to 0.4 m beneath the lagoonal floor, finely laminated (1 mm thin), lithified
carbonate crusts (Figure 2E), carbonate concretions (≤3 cm), carbonate pellets, quartz sand,
and bivalve shells were present. In the lowest part of the cores (>0.4 m), quartz sand with
bivalve shells was found.

Similarly to Lagoa Vermelha, the shoreline of Brejo do Espinho was surrounded by
salty foam. At Brejo do Espinho, dry cracks had developed, and desiccation cracks from
subaerial exposure events during the past few years were visible at the lagoonal floor
still covered by water (Figure 2B,D). The seaward side consisted of a white, almost pure
carbonate beach with occasional small stromatolites, 2 cm in size (Figure 2F). At Brejo
do Espinho, the occasional smell of ammonia and hydrogen sulfide could be noticed
during field work. Laminated microbial mats with an upper green layer and a lower red
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and brown layer covered the lagoonal floor in Brejo do Espinho (Figure 2H). These mats
contained small (<1 mm) carbonate pellets. Between the microbial mat and the underlying
carbonate sediment, gas bubbles accumulated. Further downcore, fine-grained carbonate
muds were found. No evidence of bioturbation was found in the Brejo do Espinho. In the
lower part of the sediment core (0.45 m depth), bivalve shells, quartz sand, and carbonate
mud dominated. The upper sediment layer had a TOC content of up to 10 wt.%, but
then continuously decreased to 4 wt.% at a depth of 0.45 m beneath the lagoonal floor
(Supplementary Table S5).

4.2. Geochemistry of Water Samples

All results for surface and pore-water are shown in Figures 3 and 4, as well as in
the Supplementary Materials. Over an annual cycle, surface water sulfate concentrations
varied between dry (June to August 2018) and wet seasons (October to March 2019). Sulfate
concentrations at Lagoa Vermelha ranged from 36 to 63 mM, and at Brejo do Espinho from
56 to 136 mM, respectively (Figure 3A, Supplementary Table S1). Sulfur isotope data for
surface water sulfate at Lagoa Vermelha lie between 20.5‰ (June 2018) and 21.4‰ (March
2019, Figure 3C). The respective δ18O value for surface water sulfate ranged between
11.5‰ and 13.0‰. The δ34S value of surface water sulfate at Brejo do Espinho was scattered
around 22.6 ± 0.3‰ (2 S.D.; n = 9; Figure 3B; Supplementary Table S1), independent of
seasonality. The δ18O value for surface water sulfate at Brejo do Espinho varied between
15.9‰ and 18.0‰.
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Geosciences 2023, 13, 229 8 of 21Geosciences 2023, 13, x FOR PEER REVIEW 9 of 23 
 

 

 
Figure 4. Pore-water data from different cores taken from Lagoa Vermelha and Brejo do Espinho. 
The light blue dashed lines represent the respective seawater values. (A) Sulfate concentrations in 
Lagoa Vermelha; (B) sulfate concentrations in Brejo do Espinho; (C) δ34S of dissolved sulfate in 
Lagoa Vermelha; (D) δ34S of dissolved sulfate in Brejo do Espinho; (E) δ18O of dissolved sulfate in 
Lagoa Vermelha; (F) δ18O of dissolved sulfate in Brejo do Espinho. 

Figure 4. Pore-water data from different cores taken from Lagoa Vermelha and Brejo do Espinho.
The light blue dashed lines represent the respective seawater values. (A) Sulfate concentrations in
Lagoa Vermelha; (B) sulfate concentrations in Brejo do Espinho; (C) δ34S of dissolved sulfate in Lagoa
Vermelha; (D) δ34S of dissolved sulfate in Brejo do Espinho; (E) δ18O of dissolved sulfate in Lagoa
Vermelha; (F) δ18O of dissolved sulfate in Brejo do Espinho.
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In March 2018, surface water at Lagoa Vermelha showed a mean sulfate concentration
of 47 mM with a δ34S value of 20.7‰ and a mean δ18O value of 12.6‰ (Figure 3, Supple-
mentary Table S1). For Brejo do Espinho, a mean sulfate concentration of 71 mM with an
average δ34S value of 22.6‰ and a δ18O value of 15.5‰ (Figure 3, Supplementary Table S1)
characterized the surface water at Brejo do Espinho in March 2018.

In Lagoa Vermelha, pore-water sulfate concentrations displayed an overall decrease
from maximum values between 50 and 60 mM at 0.05 m to 30–50 mM downcore (Figure 4).
For most cores, the respective δ34S values showed a slight increase from 21‰ to approxi-
mately 25‰ with a maximum of 35.7‰ in the middle layer of core LV-E. The respective
δ18OSO4 values slightly increased from 12‰ to 15‰ with maximum values of 18.7‰ in
core LV-E. The cores LV-E and LV-D deviated from the average values seen in the other
cores. LV-E is characterized by isotopically enriched values, while the most seaward core
LV-D showed much less enriched values in all sulfur phases. In addition, LV-D did not
show general trends throughout the core, as seen in the other cores (Figure 4). Within the
upper 0.4 m sediment column, the sulfur isotopic composition of pore-water sulfide ranged
between −27.0‰ and −12.0‰ (Supplementary Table S2).

At Brejo do Espinho, there was a general trend towards higher pore-water sulfate
concentrations from 70 to 160 mM with increasing sediment depth (Figure 4). The sulfur
isotopic composition, as well as the oxygen isotopic composition for pore-water sulfate,
were relatively invariant outside analytical standard deviation (2 S.D.), with a range from
22.5‰ to 25.7‰ for δ34S and 15.2‰ to 19.1‰ for δ18O (Figure 4, Supplementary Table S3).
Only the pore-water sulfate at the seaward portion (BE-D) showed lower average δ34S
and δ18O values, of 20.1‰ and 13.3‰, respectively. Hydrogen sulfide gas bubbles directly
below the microbial mat had a mean δ34S value of −21.9‰ (Supplementary Table S3). The
sulfur isotopic composition of pore-water sulfide varied from −19.9‰ to −18.4‰ between
the lagoon floor and 0.4 m sediment depth (Supplementary Table S3).

4.3. Geochemistry of Sediment Samples

At Lagoa Vermelha, the firmground revealed a δ34SCAS value of 27.8‰. Samples
taken from a stromatolitic build-up yielded a similar δ34SCAS value of 27.5‰. Downcore in
the sediment, δ34SCAS values increased from around 25‰ to more than 30‰ (Figure 5A).
Carbonate sediment samples were characterized by δ18OCAS values of 19.2‰ at the surficial
sediment layer with values slightly increasing to a maximum of 23.3‰ at a 0.29 m sampling
depth (Supplementary Table S2). Generally, the sulfur isotopic composition of sedimentary
pyrite at Lagoa Vermelha showed a broad variation between −26.3‰ and −2.0‰ with a
slight trend towards higher values downwards (Figure 5, Supplementary Table S2).

At Brejo do Espinho, the δ34SCAS and δ18OCAS values for carbonate sediment samples
reached up to 43.1‰ and 24.7‰, respectively, but without showing a clear enrichment
downcore (Figure 5, Supplementary Table S3). Most δ34SCRS values varied between−15.5‰
and −8.0‰, while δ34SCRS values from the seaward portion (BE-D) were more enriched
in 34S, with values between −4.2‰ and 0.3‰ within the first 0.23 m core depth (Figure 5,
Supplementary Table S3). A weak trend towards lower values downcore might exist.

For Lagoa Vermelha samples, a nearly constant Mg/Ca molar ratio of about 0.2 was
determined throughout the sediment core (Supplementary Table S2). Conversely, a higher
Mg/Ca molar ratio of 0.5 at Brejo do Espinho characterized the upper sediment layer and
increased to 0.9 at 0.4 m sampling depth (Supplementary Table S3). CAS concentrations of
around 6000 ppm in the Lagoa Vermelha samples were more than threefold higher than in
Brejo do Espinho samples, with a mean CAS value of 1700 ppm (Figure 6).
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The light blue dashed lines represent the respective seawater values. Note that the marine value
for δ18OSO4 is lower (app. 10‰) than the displayed scale. (A) δ34SCAS values in Lagoa Vermelha
sediment; (B) δ34SCAS values in Brejo do Espinho sediment; (C) δ18OCAS values in Lagoa Vermelha
sediment; (D) δ18OCAS values in Brejo do Espinho sediment; (E) δ34SCRS values in Lagoa Vermelha
sediment; (F) δ34SCRS values in Brejo do Espinho sediment.
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Figure 6. Comparison of CAS data. (A) δ34SCAS values versus δ34S values of pore-water from the
same core depth. Most δ34SCAS values are significantly enriched compared with the δ34SSO4 values;
(B) a slight negative correlation—especially for samples from Brejo do Espinho—is visible for δ34SCAS

values compared with the respective Ca/Mg ratios; (C) a positive correlation exists between the CAS
concentration and the respective Ca/Mg ratio. Samples from Brejo do Espinho are characterized by
lower CAS concentrations and high Ca/Mg ratios compared with samples from Lagoa Vermelha.

5. Discussion
5.1. Sulfur Cycling in Surface Water
5.1.1. Sulfate Concentrations—Controlled by Evaporation and Rain Events

On an annual scale, sulfate concentrations collected at the same sites in both lagoons
ranged between 40 and 60 mM (Figure 3). These concentrations are consistent with the data
reported in [29]. Even though these authors did not report the very high concentrations
of more than 100 mM, determined in this study for January and March 2019 at Brejo
do Espinho, they also reported maximum sulfate concentrations in March. All values
generated for the present study exceeded the marine sulfate concentration of 28 mM and
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indicate an enrichment due to evaporitic conditions. As for the data collected in March
2018, the generally higher sulfate concentrations in Brejo do Espinho can be explained
by the permanently higher evaporation compared with the smaller water body than in
Lagoa Vermelha.

Sulfate concentrations in surface water samples collected in March 2018 were highly
variable for Brejo do Espinho (between 33 and 80 mM) and more homogenous in Lagoa
Vermelha (between 44 and 50 mM). The lowest value in Brejo do Espinho (33 mM) was
measured at the seaward side above the core BE-D; it is likely influenced by seawater
influence from below. No trend to higher sulfate concentrations landwards was discernible
for the other samples in Brejo do Espinho (54 to 80 mM). Possible explanations for the
remarkable heterogeneity in sulfate concentrations are: (1) during ocean swells generated
by off-shore storms, large amounts of seawater are pumped into the lagoons; and (2) daily
evaporation rates over three rain-free weeks could influence the sulfate concentrations in
the max. 30 cm deep surface water of Brejo do Espinho. Wet, muddy areas around the Brejo
do Espinho proved the progressing evaporation of lagoonal water that had started prior to
fieldwork for this study. Lagoa Vermelha is up to 2 m deep and is not surrounded by salt
pans; thus, did not show such intense loss in size.

Although sulfate concentrations measured for March 2018 were consistent with those
published in [29], they are not exclusively typical for that time of the year. Instead, sulfate
concentrations can reach much higher values, as shown by the data from the following year
(November 2018–March 2019). Variations were stronger in the smaller Brejo do Espinho,
with sulfate concentrations of more than 100 mM, and weaker in the larger Lagoa Vermelha,
with sulfate concentrations of more than 50 mM (Figure 3). Notably, even though the
period between November to March is the wet season [34], it is also the hottest time of
the year, with a dynamic change between freshwater influence and evaporation. In [35], it
was observed that single rain events can significantly influence the annual evaporation–
precipitation balance of those lagoons. Together with the fact that within the same month,
sulfate concentrations can significantly vary (see March 2018 in Figure 3; Supplementary
Table S1), it becomes clear that the exact sampling time is vital even with no rain. This
is especially true for the smaller Brejo do Espinho, which responds more strongly to
evaporation and rain events.

5.1.2. Sulfur and Oxygen Isotopes—Influenced by BSR, Sulfur Oxidation, and Evaporation

Sulfur isotope values of dissolved sulfate between 20.5‰ and 22.7‰ in both lagoons
were similar or up to 1.7‰ higher than the contemporary seawater value of +21.0‰ [40,41],
which is consistent with former studies [16,29], and confirms the general dominant impact
of seawater on the composition of lagoonal water [12]. The respective oxygen isotope
values were, however, enriched by up to 2‰ in Lagoa Vermelha, and up to more than 5‰
in Brejo do Espinho compared with seawater [41,42].

The 34S, and partially, the 18O isotope enrichment of dissolved sulfate, results from
the metabolism of sulfate-reducing bacteria in the anoxic sediment with a limited exchange
between lagoonal water and water supply from the sea or Lagoa Araruama. BSR is a
strictly anaerobic process [43,44] and does not occur in oxygen-saturated surface water. The
preferred reduction of the isotopically lighter 32S16O4

2− ultimately leads to an enrichment
of 34S and 18O in the remaining sulfate [45–49]. Consequently, there must be an upward
water flux from anoxic pore-water to the lagoonal surface water; otherwise, the sulfate in
the oxygenated surface water of Brejo do Espinho did not exhibit the observed isotopic
enrichment. Gas bubbles that had diffused upwards and accumulated below the microbial
mats in Brejo do Espinho contained H2S with an isotope value of −21.9‰ (Supplementary
Table S1). This confirms the ubiquitous impact of BSR in the pore-water on oxidized and
reduced sulfur in the surface water. The majority of the upwardly diffused and isotopically
depleted H2S is, however, expected to be re-oxidized by anaerobic or aerobic microbes
to either intermediate sulfur species or sulfate within the uppermost centimeter of the
sediment [50–53]. The repeated oxidation of sulfide and intermediate sulfite releases
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isotopically depleted sulfate back into the surface water and buffers any further sulfur
isotope enrichment of sulfate. Additionally, the oxidation processes influence the δ18OSO4
values [42,54–56]. Indeed, the respective δ18OSO4 values of the dissolved sulfate in Brejo
do Espinho surface water were enriched in 18O by more than 5‰ (March 2018: 15.5‰;
annual: 15.9–18‰) compared with seawater sulfate values (9.3 to 10.5‰; [42,57]). In [16],
similar isotope values for the surface water in Brejo do Espinho were reported, and an
equilibrium state of δ18OSO4 was proposed, approaching the δ18O value of atmospheric
oxygen (24.1‰; [58,59]) due to repeated sulfur oxidation. In contrast to the δ18OSO4 in Brejo
do Espinho, the δ18OSO4 in Lagoa Vermelha was enriched by no more than 2‰ (Figure 3).
The values indicate a lower degree of upward diffusion and the re-oxidation of sulfur. The
fact that the respective δ34SSO4 values for the Lagoa Vermelha surface water were close to
the seawater value of 21‰ did not necessarily reflect a lower degree of BSR occurring in
the pore-water, as suggested by [29], but may be due to the lower upward diffusion rate of
pore-water.

Apart from BSR in the pore-water and sulfur oxidation near the water surface, the
isotopic exchange between oxygen isotopes of sulfate and water during sulfur metabolizing
processes should be considered as the third controlling factor for δ18OSO4 values in the
surface water [46,54,60–62]. For lagoonal water with temperatures around 30 ◦C, a δ18OH2O
value of 6–7‰ can be assumed [63–65]. This isotopic value increases with increasing tem-
peratures and the rate of evaporation. Considering the higher temperatures in the Brejo do
Espinho, the higher δ18OSO4 values in the surface water follow the higher δ18OH2O values.

5.2. Pore-Water: Two Types of Sulfur Cycling

Sulfate sulfur isotope data higher than 21‰ indicated ongoing BSR in the pore-water in
both lagoons (Figure 4). Although progressive BSR contributes to 34S enrichment in residual
pore-water sulfate in the deeper sediment layers, BSR is not the only controlling factor for
sulfate concentrations in the upper 0.4 m of the lagoonal sediments. Both lagoons exhibit
pore-water sulfate concentrations that are mostly higher than seawater values due to the
intense evaporation of the surface water. When comparing the sulfate concentrations of both
lagoons, two types of δ34SSO4 and the δ18OSO4 pore-water profiles can be distinguished.

The first type of pore-water profile is characteristic of most sites sampled in Lagoa
Vermelha: sulfate concentrations slightly decreased from maximum values between 50 and
60 mM at 0.05 m to 30–50 mM at 0.45 m. All sulfate concentrations were higher than average
seawater sulfate concentrations, which could be explained by the diffusion of dense saline
water into the pore-water. The combination of slightly decreasing sulfate concentrations
with slightly increasing δ34SSO4 (from 21‰ to approximately 25‰) and δ18OSO4 (from
12‰ to 15‰ and higher) values with depth indicates ongoing BSR. In principle, maximum
sulfate concentrations at 0.05 m depth could also reflect intensified sulfur oxidation in the
suboxic zone; however, the respective δ34SSO4 values were not depleted in 34S. In summary,
the values at 0.05 m likely reflect the accumulation of highly saline water.

The second pore-water profile type was typical for most pore-water profiles measured
at Brejo do Espinho. Those profiles (Figure 4; cores BE C, G, F) show highly varying sulfate
concentrations with a continuous trend from values between 50 and 80 mM at the top
towards even higher values of 70 to more than 100 mM at depth. The δ34SSO4 values in
these pore-waters broadly ranged between 23‰ and 25‰; however, no significant increase
with depth was discernible.

The increase from high (compared with a seawater value of 28 mM) to very high sul-
fate concentrations downcore cannot solely be explained by downward diffusion. Rather,
intense surface water evaporation is proposed to stimulate a thermohaline circulation of the
pore-water. This way, highly saline, dense surface water flows downward into the sediment
and causes an increase in the pore-water sulfate concentration within the lagoonal sedi-
ment, similar to the formation of a brine lens. Subsurface inflow from neighboring Lagoa
Araruama in the north, or seawater in the south, could have caused further fluctuations in
sulfate concentrations in the vertical profiles. As a result of the downward flow of a heavy
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brine, less saline pore-water migrates upward. Sulfate in this water was enriched in 34S
as a result of BSR. Consequently, the surface water showed enriched δ34SSO4 values (see
Section 5.1). The fact that the δ34SSO4 values in the pore-water profiles (Figure 4D) showed
hardly any increase with depth, but instead appeared quite homogenous (except BE D and
H) can now be explained as follows: a progressive increase in δ34SSO4 with depth as the
consequence of ongoing BSR in the pore-water would only be expected when pore-water
sulfate is continuously consumed, and the only sulfate source is diffusion from above.
However, the proposed downward flux of saline, sulfate-rich water initiated fluid exchange
at Brejo do Espinho, homogenizing its sulfur isotope values.

The respective δ18OSO4 values were strongly enriched in 18O compared with seawater
sulfate and increase slightly with depth from 16–18‰ at the core top to 17–19‰ at the core
bottom (Figure 4F). The enriched δ18OSO4 values in the pore-water sulfate reveal several
processes: first, the slight increase in δ18O values downcore could reflect progressing BSR
because sulfate-reducing bacteria favor 32S16O2− over 32S18O2− [45,60,66]; second, and
similar to the δ18OSO4 values in the surface water, the general enrichment in 18O compared
with modern seawater sulfate and the δ18OSO4 values at Lagoa Vermelha might reflect the
exchange of oxygen between sulfate and the evaporative water enriched in 18O [67,68]. The
thermohaline circulation must enhance bacterial sulfur oxidation by bringing hypersaline
surface water further downwards and sulfide-rich anoxic water upwards to the suboxic
zone, where most sulfide-oxidizing microbes live. Numerous studies suggest that the
microbial recycling of ambient sulfate via back-reactions facilitates the exchange of oxygen
from sulfoxyanion intermediates and/or sulfite with ambient water [54–56,69,70]. Further
evidence for ongoing sulfur oxidation in Brejo do Espinho pore-water is provided by a lower
pH of 7.1 compared with 8.8 in the surface water [29], and by a 15% higher SO4

2−/Cl−

ratio in Brejo do Espinho compared with seawater [16]. Thus, from the present results, it
can be proposed that the isotopic exchange with 18O-enriched pore-water during sulfur
metabolizing processes contributes to the observed 18O-enrichment in sulfates of the Brejo
do Espinho pore-water.

This is similar to [16], in which an upward advective process driven by evaporation,
as described above, was proposed. However, these authors proposed a contribution of
Mg-rich subsurface fluids from the adjacent Lagoa Araruama into the pore-waters of Brejo
do Espinho. The downward fluid flow into the Brejo do Espinho pore-waters is proposed
here as an alternative.

In the absence of burrowing organisms, and hence, bioturbation, in Brejo do Espinho,
the proposed thermohaline circulation between surface and pore-water represents a mecha-
nism for transporting sulfate down into the sediment and, as a consequence, significantly
enlarges the zone of ongoing BSR. This is remarkable since, for marine sediments, it is
assumed that without bioturbation and diffusion only, the dissolved sulfate would have
been consumed by sulfate reducers within the top 0.2 m [53]. An example is the Løgten
Lagoon (Denmark), which exhibits sulfate exhaustion in the upper 10 cm (top: 13 mM; [71]).
In contrast, the hypersaline Solar Lake (Egypt) and the sabkha in Abu Dhabi exhibited a
similar pore-water pattern to Brejo do Espinho, with slightly increasing sulfate concentra-
tions and more or less invariant δ34SSO4 values in the upper 8 cm (Solar Lake) and 30 cm
(Abu Dhabi sabkha) [65,71].

In summary, in the larger Lagoa Vermelha, the usual pattern of BSR in marine sedi-
ments was discernible, while the pore-water profiles of the smaller Brejo do Espinho were
influenced by intense evaporation and thermohaline circulation. In the smaller lagoon, the
degree of BSR cannot simply be inferred from the δ34SSO4 in pore-water, as the diffusion of
pore-water with a sulfur oxidation signature can mask the pure BSR signature. Extreme
evaporation drives the thermohaline circulation of lagoonal water. This enables downward
sulfate migration into the sediment and homogenization of the δ34S signature of sulfate
between pore-water and the isotopically enriched surface water. Notably, the data are
only representative of March. If thermohaline circulation greatly affects the pore-water
chemistry, pore-water profiles at Brejo do Espinho could exhibit a significant seasonality.
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Consequently, the two types of pore-water profiles described above represent “endmember”
settings of two different lagoonal environments, variable in time and space, and complex
in terms of the processes involved.

5.3. δ34S in Pyrite Revealing Differences in Sulfur Cycling

For both lagoonal settings, the δ34S values of pyrite reflected the corresponding pore-
water types, as observed from the dissolved sulfate data. In the case of Lagoa Vermelha,
most cores showed variable δ34SCRS values between −2‰ and −27‰, with a weak ten-
dency towards enriched values downwards (Figure 5E). The slightly increasing δ34SCRS
values reflected the proceeding BSR in an increasingly 34S-enriched sulfate pool, consistent
with the sulfur and oxygen isotope values in the dissolved sulfate. The majority of the
Brejo do Espinho cores showed more homogenous δ34SCRS values between −10‰ and
−15‰ (Figure 5F). These values were mostly consistent with the pore-water data, which
reflected pore-water homogenization due to thermohaline circulation. The weak trend
toward lower δ34SCRS values downwards can result from a more open sulfate pool or a
decreased rate of BSR, reflecting the successive consumption of easily degradable organic
matter. Elevated rates of BSR have been described from hypersaline lagoons and are driven
by warm temperatures, high sulfate concentrations, and organic-rich sediments [71–75]. A
high BSR rate is associated with lower sulfur isotope fractionation, based on less channeled
sulfide through the microbial pathway and higher sulfide oxidation [76]. Additionally, a
more open sulfate pool from the marine side is possible, too, following observations by
former studies [12,16]. A subsurface connection to the Lagoa Araruama, north of Brejo do
Espinho, can be excluded. This is because Brejo do Espinho dries out during the dry season,
starting from the northern to the southern seaward shelf.

Similarly to dissolved pore-water sulfate and CAS, the dissolved sulfide phase showed
lower sulfur isotope values than mineral pyrite. At Lagoa Vermelha, the δ34S values of
dissolved sulfide from bulk cores ranged between −27‰ and −12‰. In Brejo do Espinho,
dissolved sulfide δ34S values ranged between −21.9‰ and −18.4‰. One possible explana-
tion could be a general long-term decrease in the sulfur isotopic composition of the total
sulfur pool in both lagoons. A stronger influence of meteoric fluids or seawater lasting
for several annual cycles can add isotopically lighter sulfur to the lagoonal systems. At
this moment, the minerals would reflect a slightly older sulfur isotope signal, while the
pore-water would reflect the current state with isotopically lighter sulfur in the system.
An alternative model [77] suggests that carbonate and pyrite precipitate in semi-enclosed
microenvironments that are only partially representative of the bulk pore-water. BSR taking
place in a (semi-)closed system not only leads to enriched δ34SSO4 values, as described
above for the CAS, but also causes successive isotope enrichment of the reduced sulfide.
Precipitated pyrite arguably preserves this enriched sulfur isotope signal.

Most δ34S values of all analyzed sulfur phases were generally more enriched in 34S in
Brejo do Espinho compared with Lagoa Vermelha, which can be explained by progressing
Rayleigh fractionation caused by BSR in a smaller sulfate pool. Indeed, Brejo do Espinho
is smaller (1 km2) than Lagoa Vermelha (2 km2). The isotopic enrichment of all sulfur
phases in Brejo do Espinho indicates at least a partially restricted sulfate pool. This sulfur
isotope enrichment implies the existence of a strong sink where isotopically light sulfur
can leave the lagoonal sulfur pool. Sulfide resulting from BSR either leaves the sediment
as volatile H2S (g) or re-oxidizes in marine sediments; the primary sink for isotopically
light sulfur is sedimentary pyrite. In the Brejo do Espinho, however, this pyrite shows a
weaker 34S depletion than the pyrite in Lagoa Vermelha. Another optional and possibly
underestimated sink for isotopically light sulfur might be the diffusional loss of H2S. Below
the microbial mats of Brejo do Espinho, H2S bubbles accumulate. Brejo do Espinho is
extremely shallow (in March it was 20 cm deep); therefore, the diffusional loss of H2S into
the atmosphere can contribute to isotope enrichment of the sulfur pool of the very shallow
Brejo do Espinho lagoon.
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5.4. Carbonate-Associated Sulfate (CAS) Showing Different Formation Environments for Ca/Mg
and Ca Carbonates

The CAS values in both lagoons do not simply reflect the different pore-water patterns
(Figure 5). Instead, the CAS sulfur isotope values scatter between 24.2‰ and 43.1‰ at
Brejo do Espinho and from 24.5‰ to 33.8‰ at Lagoa Vermelha. When comparing the
isotope data from all cores sampled together, a downwards tendency towards higher sulfur
and oxygen isotope values is visible (Figure 5). For Lagoa Vermelha, this increase followed
the development of 34S-enriched pore-water with increasing depth. It is therefore consistent
with other data suggesting ongoing BSR and isotopically evolving pore-water. For Brejo do
Espinho, increasing δ34SCAS values could be confirmed for one (BE-G) of the three analyzed
cores. BE-B exhibited high variability, but towards the bottom of the core, the δ34S values
decreased again. The most seaward core, BE-D, showed no change at all. In this context,
notably, two of the seven cores analyzed for CAS exhibited values for all parameters that
did not represent steadily proceeding BSR with depth (BE-D, the most seaward core, and
LV-E, which showed extreme isotopic enrichment for all sulfur phases). The high δ18OCAS
values reflect the different processes that influence dissolved sulfate in the pore-water,
including progressing BSR, repeated sulfide and intermediate sulfur oxidation, and oxygen
isotope exchange between intermediate sulfur phases and 18O-enriched water. Moreover,
the enriched δ18OCAS values at the core tops also indicate multiple redox stages of the
sulfate before incorporation into the carbonate.

At first sight, the highly enriched sulfur isotope values (>30‰) for some CAS samples
appear surprising, given the extremely high sulfate concentrations and the δ34SSO4 val-
ues ≤ 25‰ in the pore-water. In order to understand those δ34SCAS values, it is crucial to
consider different formation mechanisms of carbonate minerals with different magnesium
concentrations. For calcite that is not dependent on the presence of EPS, it was shown that
CAS reflected the bulk- or seawater sulfur isotope signature [33]. For dolomite, however,
it was shown here and in prior studies that the δ34SCAS value reflects microbial metabolic
processes and cannot be used as a proxy for the normal marine signature [78,79]. The
analyzed samples were bulk samples reflecting different mixtures of calcian and Mg-rich
carbonates (Figure 6B,C; Supplementary Tables S2 and S3). The extremely high δ34SCAS
and δ18OCAS values can be correlated to Ca/Mg ratios < 3 in the carbonate, i.e., towards
Mg-enriched carbonates (Figure 6), arguably representing non-stochiometric dolomite [22].

Ca/Mg carbonate precipitation in Lagoa Vermelha and Brejo do Espinho was proposed
to result from the direct mediation of SRB [72]. Even if these Ca/Mg carbonates are poorly
ordered and non-stoichiometric, they still might act as precursors for later, better-ordered
dolomite in the sense of Ostwald’s step rule [11,73]. More recent studies have proven
carbonate nucleation within the EPSs of sulfur-metabolizing bacteria, and concluded that
EPSs play a key role in Mg incorporation into carbonate [65,72,74]. An increased saturation
state characterizes EPSs for Ca/Mg carbonate, high alkalinity, increased pH, and available,
dehydrated Mg [19,24,80–82]. In [11], it was suggested that the high degree of evaporation
may promote ecological stress on microbes, which causes the production of EPS to protect
them from desiccation, salinity, and solar radiation. Therefore, the higher salinity at
Brejo do Espinho might be a prerequisite to produce sufficient EPSs, which serve as the
microenvironment where Ca/Mg carbonate can nucleate. In this microenvironment with
different chemical conditions from the surrounding bulk pore-water, BSR can reduce the
sulfate concentrations, thereby driving Rayleigh fractionation and increasing δ34SCAS and
δ18OCAS values. Consequently, δ34SCAS values from Ca/Mg carbonate samples do not
represent the ambient bulk pore-water but—depending on the relative Ca/Mg carbonate
proportion of the bulk sample—more and more represent the adjacent fluid in this particular
microenvironment. The samples discussed here were bulk rock samples; therefore, we
propose that a CAS analysis in the separated Mg-rich carbonate phase would likely reveal
even higher δ34SCAS values than those presented in this study.

In contrast to Mg-rich carbonate, lagoonal calcite and aragonite neither require the
presence of EPS and very high seawater alkalinity nor the presence of microbes. There-
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fore, the samples with Ca/Mg ratios > 3 had rather higher CAS concentrations and lower
δ34SCAS values, closer to the δ34SSO4 values in the pore-water (Figure 6). However, even
some of the Mg-poorer samples showed enriched δ34SCAS values in both lagoons. Those
enriched δ34SCAS values might reflect seasonal variations in the activity of distinct sulfur-
metabolizing microbes. Water chemistry and evaporation change from dry to wet seasons,
and probably influence microbial activity and, therefore, the isotopic composition of dis-
solved sulfate. It thus seems possible that the δ34SSO4 values in the pore-waters of both
lagoons were higher than 25‰ during other months from March, and then matched the
δ34SCAS values that were higher than 25‰. Indeed, for Lagoa Vermelha, previous studies
have proposed dolomite precipitation to mainly occur in May and June, a time of high
salinity and the required saturation state for dolomite precipitation in the pore-water [22,29].
Dolomite formation temperatures of 32 to 34 ◦C (±1.6 ◦C) were determined by clumped
isotope data [21]. For Brejo do Espinho, however, [29] proposed continuous precipitation
throughout the year. Therefore, seasonal changes in pore-water isotopic composition are
probably not the (primary) controlling factors for the high δ34SCAS values.

5.5. More Implications on Lagoonal Ca/Mg Carbonate Formation

The δ34S and δ18O values for pore-water sulfate and CAS provide several lines of
evidence leading to Ca/Mg carbonate formation. First, δ18O values in the pore-water
suggest higher rates of sulfide and intermediate sulfur oxidation within the sediment
column of Brejo do Espinho. Sulfur oxidation leads to lower pH, a preferential dissolution
of calcite, and ultimately, to the relative enrichment of Ca/Mg carbonates in the sediment
column [83]. Ref. [16] proposed that intense sulfide oxidation in both lagoons enabled
undersaturation for Mg-calcite and aragonite and supersaturation for dolomite. In the
present study, a stronger influence of sulfur oxidation on the δ18O values was observed
in Brejo do Espinho compared with Lagoa Vermelha. This is consistent with generally
lower Ca/Mg ratios in the Brejo do Espinho samples compared with the Lagoa Vermelha
samples. Therefore, sulfur oxidation appears to be a requirement for achieving the relative
enrichment of Ca/Mg carbonate in the sediment. A further consequence is the stimulation
of enhanced rates of carbonate recrystallization and dissolution, which is a key part of
early diagenesis. The incorporation of Mg occurs during carbonate diagenesis; thus, the
higher recrystallization rate is another factor promoting the successive relative enrichment
of Ca/Mg carbonate in the sediment.

Second, with increasing Mg contents, the δ34SCAS values no longer represented the
ambient bulk water, but represented the EPS microenvironment more and more. This
finding may have implications for using dolomite CAS data for reconstructing the isotopic
composition of seawater sulfate in the geological past. Within the clear limitations of
correlations between Earth’s recent and deep time, Lagoa Vermelha has been considered
an “analogue” for sedimentary Ca/Mg carbonate formation during periods of the Precam-
brian [17]. Similar to the δ34SCAS data of the present study, Precambrian sulfur isotope data
are, in part, very high and remarkably variable [84,85]. The results of the present study
suggest that the option should be considered that the highly variable δ34SCAS values in
these rocks are not representative of a marine signal (or diagenesis), but rather reflect the
microenvironment in which these dolomites formed. More work is required to support or
reject this hypothesis.

6. Conclusions

The analysis of sulfur and oxygen isotope ratios in water and sediment samples from
Lagoa Vermelha and Brejo do Espinho lagoons revealed differences in sulfur cycling and
provides relevant insight into processes driving sedimentary Ca/Mg carbonate formation.
Due to its smaller size (1 km2 with an average depth of <0.5 m), the Brejo do Espinho faces
more intense evaporation, which triggers water circulation with heavy evaporative saline
surface water migrating downwards and, as a consequence, pore-water moving upwards.
A saline water flow influences the microbial processes, affecting sulfur redox cycles in
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the pore space. Very high δ34SCAS values in samples with the highest Mg concentrations
(Ca/Mg < 3) indicated microenvironments favoring the precipitation of very-high-Mg
calcite and calcian dolomites. Abundant EPS, a result of high microbial activity and
response to high salinity in the pore-water, may represent this microenvironment and act as
a site of Ca/Mg carbonate nucleation. The corresponding increase in δ34SCAS in the Mg-rich
samples confirms the nucleation in such a microenvironment. At least for both lagoons
from this study, Ca/Mg carbonate appears to be an archive for early diagenetic microbial
activity in pore-water rather than for the surface water above the sediment. The present
data emphasize the different formation conditions under which calcite and dolomite form
within the sediment column.

Although it is impossible to determine the relative significance of sulfate reduction,
sulfide oxidation, and sulfur disproportionation, the increased δ18OSO4 values in both the
surface and pore-water of Brejo do Espinho indicate increased rates of sulfur oxidation.
The alternation between BSR and sulfur oxidation probably leads to a higher precipitation–
dissolution rate and a faster development of early diagenetic characteristics in the carbonate,
such as Mg incorporation. Future work must explore to what extent a higher precipitation–
dissolution rate and alternation between sulfur oxidation and sulfate reduction influence
the rate in which Ca–Mg carbonate minerals reach a stable state, making them more resistant
against dissolution. High salinity, vertical water circulation, and a lack of bio-irrigation,
particularly in the Brejo do Espinho lagoon, might offer alternative interpretations for the
highly variable δ34SCAS values typical of many Precambrian carbonates.
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