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A B S T R A C T   

Manganese is one of the most abundant elements in marine sediments and plays an essential role in sediment 
redox processes. However, unlike Fe or S, the Mn cycle has not received the same attention. Mn is a ubiquitous 
redox-active metal in marine systems; however, its influence on C and S cycling is still poorly understood. In 
particular, we hypothesize that conditions that favor high H2S production can lead to high Mn pyritization. In the 
Ria de Vigo, large methane fields have been identified at different depths within sediments, ranging from the 
surface to 2 m below the surface. Four sediment cores from different locations (outermost, middle, and inner
most) within the Ria de Vigo were analyzed. Samples were subjected to a general characterization and a five-step 
Mn sequential extraction procedure, and analyses were complemented with X-ray absorption spectroscopy 
(EXAS). The results showed that the main geochemical forms of Mn undergo intense spatial and depth-related 
variations in sediments. Two geochemical scenarios were identified: one corresponding to the innermost sec
tion and another one to the middle and outermost sections of the ria. The former was characterized by intense Mn 
pyritization and by the absence of the Mn‑carbonate fraction due to the high production of H2S because of 
anaerobic oxidation of methane. The formation of Mn–S bonds was only identified by EXAS. Conversely, in the 
middle and outermost part of the ria, with or without the presence of methanogenesis in deep sediment layers, 
the Mn‑carbonate fraction was dominant even at depth, along with the presence of methane, high concentrations 
of H2S and, therefore, high degrees of Fe pyritization. These results suggest that, once Mn‑carbonate is formed 
under suboxic conditions (with low or no presence of H2S) at or near the surface, it remains stable after burial, 
even under conditions of high H2S concentration.   

1. Introduction 

Galician rias are marine systems that are almost exclusively found 
along the NW coast of the Iberian Peninsula. They support a rich marine 
biota and are considered one of the most productive marine ecosystems 
in the world (Álvarez-Salgado et al., 2000; Figueiras et al., 2002). Their 
high biological production and diversity are the result of upwelling 
events, which generally occur in spring (March–April) and in fall 

(September–October) (Souto et al., 2003). These oceanographic events 
increase primary production through the input of cold, nutrient-rich 
deep water into the waters of the rias (Prego, 1993; Tenore et al., 
1995). In these productive ecosystems, high amounts of organic matter 
are deposited onto the seabed (e.g. Ramírez-Pérez et al., 2017; Vilas, 
2002), promoting the development of anoxic zones and the eventual 
generation of methane. The existence of methane gas fields (~24.8 km2; 
García-Gil et al., 2015) has been identified along modern sediments of 
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the Ria de Vigo (García-García et al., 2005; Martínez-Carreño and Gar
cía-Gil, 2013). 

Due to the high content of organic matter in the sediments of the Ria 
de Vigo, strongly reducing conditions prevail in these sediments, even in 
the surface layer (Eh < − 150 mV; Ramírez-Pérez et al., 2015, 2020). In 
marine environments, due to the high sulfate concentrations in 
seawater, oxidation of organic matter is mainly coupled to bacterial 
sulfate reduction (Kasten and Jørgensen, 2000). However, other ele
ments such as Fe(III) and Mn(IV) are also involved in the process of 
organic matter mineralization and can also participate in anaerobic 
oxidation of methane (AOM) (Beal et al., 2009). Most studies have 
focused on the influence of Fe(III) on AOM (Holmkvist et al., 2011a, 
2011b; Segarra et al., 2013). In general, the process of anaerobic 
oxidation of methane (AOM) is important, as it is linked to the carbon 
cycle (Ettwig et al., 2016) and contributes to maintaining methane gas 
stability by controlling its flux into the atmosphere (Sivan et al., 2011; 
Ettwig et al., 2016). Methane is the second most important greenhouse 
gas after carbon dioxide (CO2), with a warming potential 28–34 times 
that of CO2 (Myhre et al., 2013). In the case of Mn(IV)-bearing minerals, 
widely distributed in the biosphere, Mn-associated AOM could represent 
a significant global methane sink (e.g., Beal et al., 2009; Egger et al., 
2015; Leu et al., 2020), especially considering that ~19 teragrams (Tg) 
of Mn are annually delivered by rivers to continental margins (Poulton 
and Raiswell, 2000) and that Mn can undergo oxidation and reduction 
100 to 300 times before burial (Canfield, 1989). Finally, it is crucial to 
note that the Mn-dependent AOM process may have been more promi
nent in Proterozoic oceans than at present, given the lower concentra
tions of dissolved sulfate present during that period (Beal et al., 2009). 
Thus, it is important to collect field evidence for Mn-dependent AOM in 
marine sediments to adequately assess its significance in methane 
dynamics. 

In the Galician rias, a good number of studies on sediment origin, 
composition, quality (Rubio et al., 2000, Vilas et al., 1995, Otero et al., 
2005, 2006, Guevara, 2020), and presence of methane gas (García-Gil 
et al., 2011, Ramírez-Pérez et al., 2015, Martínez-Carreño and García- 
Gil, 2017) have been carried out. Recently, Fe has also been the subject 
of attention, with several studies establishing the geochemical forms of 
Fe, Mn, and trace metals in sediments of the Galician rias (Otero et al., 
2005; Ramírez-Pérez et al., 2017, 2020); however, information about 
Mn geochemistry in methane-rich environments is still scarce. In this 
sense, the main objective of this study was to evaluate the geochemical 
behavior of Mn in different geochemical environments (presence/ 
absence of methane) in sediments of the Ria de Vigo (NW Spain). Pre
vious studies have divided the Ria de Vigo into three main sections 
(innermost, middle, and outermost) depending on their hydrological 
conditions, with the presence of methane gas fields being detected 
(Ramírez-Pérez et al., 2015; Martínez-Carreño and García-Gil, 2017). 
According to the presence of methane in sediments of the Ria de Vigo, 
three geochemical environments can be defined: 1) absence of methane, 
2) presence of methane at depth (>80 cm deep), and 3) presence of 
methane on the surface, with methane being released to the water layer 
(Ferrín et al., 2003; Iglesias and Garcia-San Gil, 2007; Martínez-Carreño 
and García-Gil, 2017). As these geochemical conditions are not too 
frequent in the seabed, sediments of the Ria de Vigo are of particular 
interest for the study of diagenetic processes on metals. Mn is one of the 
main redox-sensitive metals that act as electron acceptors in the respi
ratory degradation of organic matter by heterotrophic bacteria 
(Thamdrup et al., 1994). Manganese oxide enrichment is common in the 
surface layer of normal marine sediments (i.e. those that are oxic on the 
surface and become anoxic in depth; Berner, 1984), as Mn2+ diffuses 
into the oxic zone (Thamdrup et al., 1994; Otero et al., 2009) and can 
subsequently be reduced again upon downward transport (Aller, 1980; 
Sundby Bjørn and Silverberg, 1985). Mn enrichment has also been 
observed on the surface of sediments overlain by anoxic bottom waters 
(Calvert and Pedersen, 1993; Russell and Morford, 2001). Typically, 
these enrichments consist of authigenic Mn‑carbonate phases, often 

associated with considerable amounts of calcium (e.g. Ca rhodochrosite 
and kutnahorite; Suess, 1979; Middelburg et al., 1987). Finally, there 
are indications that the formation of Mn-sulfides in sediments is also 
possible, especially when Fe availability is low (Böttcher and Huckriede, 
1997; Lepland and Stevens, 1998); nevertheless, Mn pyritization levels 
observed in marine sediments are generally low (Huerta-Diaz and 
Morse, 1992; Morse and Luther III, 1999). In order to understand the 
behavior of Mn in sediments of the Ria de Vigo, we have studied four 
cores collected in different geochemical environments. For this purpose, 
Mn was sequentially extracted into different fractions: exchangeable, 
Mn‑carbonate, associated with amorphous iron oxides, associated with 
crystalline iron oxides, and Mn-pyrite. The results were complemented 
with X-ray absorption spectroscopic measurements to obtain additional 
insights into the average oxidation state, coordination environment and 
dominant mineral host phase of Mn. 

2. Material and methods 

2.1. Environmental setting 

The Ria de Vigo is located on the southwest Atlantic coast of Galicia 
(NW Spain) (Fig. 1). This ria is a large submerged and incised valley with 
a total area of 176 km2. Water depth ranges from <7 m in San Simon 
Bay to 50 m in the southern mouth of the ria, with average salinity 
ranging between <32 at the innermost section (San Simon Bay) and 36 
in the outermost section of the ria (Torres López et al., 2001). San Simon 
Bay is a small, NS-oriented shallow basin located in the innermost part of 
the ria. It is 10 km long and 4 km wide, with a total area of 19.5 km2. 
This bay is connected to the ria by a narrow channel, the Rande Strait, 
which is 600 m wide and 1.5 km long (Martínez-Carreño and García-Gil, 
2013; García-Gil et al., 2011). Previous works have shown that in San 
Simon Bay, where one of our cores was obtained, methane bubbles come 
out towards the water layer during the summer (García-Gil et al., 2011). 
However, in the core studied in this work, the presence of methane was 
observed at a sediment depth of 80 cm (Ramírez-Pérez et al., 2015). 

Upwelling processes provide cold, nutrient-rich waters, leading to 
high productivity, thus providing an ideal location for intense mussel 
farming (with around 483 mussel rafts: https://www.mexillondegalicia. 
org/cultivo/la-rias/), which increases the flow of organic matter to the 
seabed, leading to average total organic carbon (TOC) values in sedi
ments ranging from 7% to 10% (Vilas et al., 1995; Otero et al., 2005). 
The TOC/TN ratio ranges from 8 to 20, suggesting a mixed (marine and 
continental) origin of organic matter (García-Gil et al., 2011). Sediments 
are fine-grained, with pH values close to neutral or slightly alkaline and 
with strongly reduced Eh values (generally Eh < − 50 to − 150 mV); 
these conditions indicate anaerobic degradation of organic matter, as 
well as biogenic methane production (García-Gil et al., 2011; Ramírez- 
Pérez et al., 2015). Shallow gas accumulations have been observed in the 
Holocene sedimentary record (Martínez-Carreño and García-Gil, 2013), 
with a delimited sulfate-methane transition zone (SMTZ) between 80 
and 100 cm of sediment depth in the innermost section, and between 
200 and 220 cm depth in the outermost section of the Ria de Vigo (see 
Ramírez-Pérez et al., 2015, for further details). The uppermost sedi
ments of the Ria de Vigo showed sulfate concentrations close to those of 
the water column (28 mM), which quickly decreased in the sediment 
column in the presence of methane (see Ramírez-Pérez et al., 2015; 
Table 1). Sediments show high degrees of pyritization (DOP >39%), 
with marked increases in areas where methane is present (DOP>65%, 
Ramírez-Pérez et al., 2015, 2017; see Table 1). In the innermost section 
of the ria, where methane is present at shallower sediment depths, iron 
pyrite is present in their uppermost portions (Ramírez-Pérez et al., 
2020), which highlights the effect of methane on the marine Fe and S 
cycles. In addition, AVS concentration is very low for all sites, generally 
below 0.50 μmol g− 1, with the highest values corresponding to the upper 
portions of the innermost zone (0.73 ± 0.43 μmol g− 1; Ramírez-Pérez 
et al., 2020; Table 1). 

X.L. Otero et al.                                                                                                                                                                                                                                 

https://www.mexillondegalicia.org/cultivo/la-rias/
https://www.mexillondegalicia.org/cultivo/la-rias/


Marine Geology 470 (2024) 107250

3

2.2. Sampling sites 

Four gravity cores were collected from the Ria de Vigo (Fig. 1) in 
November 2012 aboard the R/V Mytillus; these were the same cores 
studied by Ramírez-Pérez et al. (2015), Ramírez-Pérez et al., 2020). 
Sampling sites in the Ria de Vigo were selected based on geographical 
location (I: innermost section; M: middle section; O: outermost section) 
and on the distribution of mapped methane gas fields (G: with gas; N: 
without gas) previously identified by Iglesias and Garcia-San Gil (2007) 
and García-Gil et al. (2011). Cores C8-GI and C11-GO were located 
within gas fields (Fig. 1; Supplementary information), with the former 
collected in San Simon Bay and in the innermost part of the Ria where 
presence of methane gas was detected at a depth of ~90 cm. However, 
some authors have reported methane bubbling at the sediment surface of 
this site and have quantified the emission of methane to the atmosphere 
at 7.0 to 34.2 t y− 1 (Ferrín et al., 2003; Iglesias and Garcia-San Gil, 2007; 
García-Gil et al., 2011). The second gravity core, C11-GO, collected in 
the outermost section of the ria, which is under dominant oceanic 

influence, showed presence of methane from a sediment depth of 220 cm 
(Ramírez-Pérez et al., 2015). The remaining cores were collected outside 
of gas fields in the middle and outermost sections (C12-NM and C10-NO, 
respectively), both under dominant oceanic influence. In order to 
minimize oxidation of the collected material, cores were sliced into 2.5- 
com sections on board in the ship’s laboratory, then placed in plastic 
bags and immediately frozen at − 18◦C until chemical analysis. 

2.3. Mn geochemical forms extraction 

The extraction of Mn was carried out on bulk wet sediment samples 
by combining the sequential extraction procedures by Tessier et al. 
(1979), with small modifications to allow for the separation of easily 
reducible Mn forms into those associated with crystalline Fe oxy
hydroxides, according to the method by Fortin et al. (1993), and of the 
pyrite fraction, according to the method by Huerta-Diaz and Morse 
(1990), Huerta-Diaz and Morse, 1992). This combination of methods, 
similar to those used by other authors (e. g. Yu et al., 2015; Otero et al., 

Fig. 1. (A) Location of the Ria de Vigo. (B) Location of cores in the Ria de Vigo in relation to methane fields. Core C11 was not considered for this study.  

Table 1 
General characteristics of the studied gravity cores (Data from Ramirez-Pérez et al., 2015, 2017).   

Cores 

C10-NO C11-GO C12-NM C8-GI 

pH 7.1–7.7 7.2–8.0 7.1–8.0 6.9–7.9 
Eh (mV) − 112- +53 − 53- -178 − 78- -187 − 168- -192 
Methane (mM) – 0.00–4.40 – 0.00–0.89 
Pore water sulfate (mM) 9.46–24.79 0.03–33.67 8.12–28.17 0.05–28.89 
Pore water sulfide (mM) 0.00–2.33 0.00–7.69 0.01–8.77 0.34–18.51 
Depth of SMTZ* (cm) – 200–220 – 80–100 
Exchangeable Fe (μmol g− 1) 0. 00–0.17 0.00–0.11 – – 
Carbonate Fe (μmol g− 1) 0.48–8,66 0.00–9.54 2.22–11.28 0–5.72 
Amorphous Fe oxyhydr. (μmol g− 1) 45.85–121.50 38.68–99,22 81.45–114.86 37.43–80.25 
Crystalline Fe oxyhydr. (μmol g− 1) 14.38–313.74 7.11–140.42 14.63–195.33 5.16–45.43 
Pyrite Fe (μmol g− 1) 34.77–225.00 19.44–253.17 14.00–193.40 80.32–176.46 
DOP (%) 11.72–72.67 7.52–70.63 4.95–61.57 47.28–75.19  

* SMTZ: sulfate-methane transition zone depth. 
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2009), allows for the differentiation of five different fractions, according 
to the following classification:  

▪ Fraction F1: exchangeable Mn. 1 g of wet sediment was extracted 
with 30 mL of 1 M MgCl2 solution at pH 7 (adjusted with 
concentrated acetic acid) at 4◦C with continuous stirring for 30 
min, centrifuged at 10,000 rpm at 4◦C for 20 min, and filtered 
through Albet filter paper. The extract was stored at 3◦C until 
analysis. The residue was washed twice with 20 mL of deoxy
genated Milli-Q water (18 Ω) before starting the next extraction 
step. The same centrifugation, filtration, and washing proced
ures were repeated at the end of each of the following extrac
tion steps.  

▪ Fraction F2: Mn associated with carbonates. Extracted with 30 mL 
of 1 M NaOAc at pH 5; samples were shaken for 5 h at room 
temperature.  

▪ Fraction F3: Mn associated with amorphous iron oxides (easily 
reducible Mn (e.g. Ferrihydrite or Lepidocrocite). Extracted with 
30 mL of 0.04 M hydroxylamine hydrochloride? + acetic acid 
(25% v/v) solution, shaking the samples for 6 h at 96◦C.  

▪ Fraction F4: Mn associated with crystalline iron oxides (e.g. 
goethite or hematite). Extracted using 20 mL of 0.25 M sodium 
citrate +0.11 M sodium bicarbonate with 3 g sodium dithionite 
solution, shaking for 30 min at 75◦C.  

▪ Fraction F5: Mn associated with pyrite. Extracted using 10 mL of 
concentrated HNO3; samples were shaken for 2 h at room 
temperature. Before extracting this fraction, samples were pre- 
treated with 30 mL of 10 M HF, constantly shaking at room 
temperature for 16 h to eliminate silicate-associated Mn, fol
lowed by a 2 h digestion with 15 mL concentrated H2SO4 to 
eliminate the Mn bound to organic matter (Huerta-Diaz and 
Morse, 1990; Huerta-Diaz and Morse, 1992). 

The degree of Mn pyritization (DTMP-Mn), as proposed by Huerta- 
Diaz and Morse (1990), provides an estimate of the content of a 
particular metal incorporated into the pyritic phase. DTMP-Mn was 
calculated according to eq. 1, which defines reactive Mn as the sum of 
fractions F1 to F5 (

∑
F1Mn → F5 Mn). 

DTMP − Mn (%) = [(Mn − pyrite)/(Reactive Mn) ] x 100 (1) 

Manganese concentrations were determined by flame atomic- 
absorption spectrophotometry (Perkin-Elmer model PinAAcle 500). An 
aliquot of each sediment sample was dried at 110◦C to calculate the 
percent humidity, expressing the results as dry weight. 

2.4. X-ray absorption spectroscopy 

X-ray absorption spectra were measured at the Mn K-edge Stanford 
Synchrotron Radiation Lightsource at beamline 11–2, a 26-pole 2 T 
wiggler end station, under standard ring conditions of 3 GeV and 500 
mA. Energy selection was provided by a Si (220) double crystal mono
chromator with a crystal orientation of ϕ = 90, and higher-order har
monics were excluded using a Rh-coated mirror. All spectra were 
collected in fluorescence mode using a Canberra 100-pixel monolithic 
solid state Ge detector array. All samples were analyzed at room tem
perature in a He-purged vessel to exclude the presence of oxygen, using 
an in-line Mn foil as a reference. The inflection point of the rising edge 
was calibrated to 6539 eV, and no photodamage was observed across 
multiple scans of the same sample. Data presented here represent the 
average of eight scans per sample. Spectra were collected on cores C8-GI 
(20–22.5 cm and 90–92 cm depth; X-ray absorption spectra codes 88C8 
and 160C8, respectively), C10-NO (50–52.5 cm depth; 88core10), and 
C11-GO (50–52.5 cm depth, 17core11). 

All channels were inspected for possible contamination by elastic 
scatter prior to averaging using Larch (version 9.61 Windows) (New
ville, 2013). Calibration, normalization, and merging of replicate scans 

were performed using the Demeter package (version 9.26) (Ravel and 
Newville, 2005) with Larch running as a backend (Newville, 2013) on 
Windows 10. The average Mn oxidation number (AMON) for each 
sample was obtained through linear combination fitting analysis of the 
Mn X-ray absorption near-edge structure (XANES) spectra and was 
performed in Athena (Ravel and Newville, 2005) using the Combo 
method by Manceau et al. (2012). In all cases, reference spectra from 12 
pure-valent Mn species were used to perform unconstrained linear fits. 
Any reference yielding a negative loading was progressively removed on 
a per-sample basis and re-added to the reference list before fitting the 
next sample. The MnII, MnIII, and MnIV fractions and AMON were 
calculated from the fits according to Manceau et al. (2012). A paired- 
sample t-test was used to assess the difference between the means of 
the AMON data corresponding to soil samples. For the assessment of the 
relative fraction of Mn distributed between adsorbed MnII and Mn oxide 
phases, linear combination fitting of EXAFS was used. For this tech
nique, three MnII standards, 6 MnIII,IV oxides, and 2 Mn oxides con
taining MnII were used to fit the spectra. EXAFS references were a 
mixture of spectra collected in-house and those obtained by Santelli 
et al. (2011). The fractional weights for all oxide phases were combined 
and compared with the combined weight of the MnII standards prior to 
comparison of means through a paired-sample t-test. Fits were con
ducted between K = 3 and K = 11. XANES and EXAFS data from the 
standards used in all linear combination fitting, as well as XANES linear 
combination fittings and data, are available in the SI. 

2.5. Statistical analysis 

In this work, the surface layer (≤30 cm depth) was defined as the 
portion of the sediment column subjected to physical perturbations 
produced by marine and tidal currents as well as biophysical reworking 
produced by biota (Burdige, 1993). A one-way ANOVA was used to test 
equality of means when data were shown to follow a normal distribution 
and homogeneity of variance, while the Mann-Whitney U test was used 
as a nonparametric test to identify differences in medians of selected 
variables between surface (<30 cm depth) and deep sediments. The 
relationships between the different variables were tested using Spear
man’s correlation coefficients. Differences were considered significant 
at p < 0.05. All statistical analyses were carried out using the software 
SigmaPlot (version 11.0). 

3. Results 

3.1. Reactive Mn in sediments of the Ria de Vigo 

Reactive Mn (
∑

F1Mn → F5Mn) ranged between 386 and 2248 nmol 
g− 1 (21.2–124 mg kg− 1), with an average value of (10.3 ± 3.7)x102 

nmol g− 1 (57 ± 20 mg kg− 1) for the whole set of samples (Table 2). The 
lowest content was found in the innermost section of the ria (C8-GI; 
mean value: 618 ± 99 nmol g− 1), with increasing values towards its 
outermost section (middle section: 694 nmol g− 1, outermost section: 
1929 nmol g− 1; Fig. 2). In all cores, the concentrations of reactive Mn 
and of the geochemical fractions mentioned below showed abnormally 
high values at certain depths, which were associated with sediment 
layers with finer textures (see Ramírez-Pérez et al., 2015, 2017). 

3.2. Geochemical forms of Mn 

Distribution of manganese geochemical fractions along the Ria de 
Vigo is shown in Fig. 2 and Table 2. In general, fraction F3 (Mn asso
ciated with amorphous iron oxides) was the dominant fraction in surface 
sediments (38–68%; Table 2), followed by F2 (carbonate fraction: 
0–44%); however, below 30 cm depth, the dominant fraction was Mn- 
pyrite (49–71%). Fraction F1 was below the limit of detection (LD ~ 
5 nmol g− 1 d.w.; Otero et al., 2003) in most samples (Fig. 2). However, it 
is worth noting that the geochemical behavior of Mn showed a wide 
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spatial variability. Fraction F3, corresponding to easily reducible Mn 
and Fe forms (Tessier et al., 1979), showed high values in all cores and 
for all depths (fraction F3: 562–243 nmol g− 1; Fig. 2), even in those cores 
where methane was present. On the other hand, fraction F4, which 
corresponds mainly to Mn associated with crystalline Fe oxyhydroxides, 
showed moderate surface concentrations (fraction F3 0–30 cm: 
134–274 nmol g− 1), except for core C8-GI, where the concentration of 
Mn associated with fraction F4 was below the limit of detection at the 
surface (LD ~ 5 nmol g− 1; Otero et al., 2003), as well as throughout the 
whole core (Fig. 2). Below a depth of 100–125 cm, Mn associated with 
fraction F4 showed values < LD for almost all samples from the four 
cores analyzed in this study. 

The geochemical behavior of Mn showed both depth-related and 
spatial variability, with samples from the sediments of the innermost 
section of the Ria de Vigo (San Simon Bay, core C8-GI) showing the 
greatest differences relative to the cores collected from the remaining 
sites (Table 2). In this core, only the concentrations of Mn associated 
with amorphous Fe oxides (F3) and Mn-pyrite (F5) were detected (Fig. 2 
and Table 2). Manganese associated with the exchangeable (F1), car
bonate (F2), and crystalline oxyhydroxide (F4) fractions were below 
their corresponding detection limits for the whole core. Manganese 
contents associated with amorphous Fe oxides were more homogeneous 
throughout this core and slightly lower than those observed in the 
middle and outermost sections of the ria, with a mean value of 316 ± 53 
nmol g− 1, a result that could be related to a methodological issue (see 
Discussion section below). The value of (3.0 ± 1.2)x102 nmol g− 1 ob
tained for the Mn-pyrite fraction (301 ± 119 nmol g− 1) corresponded to 
the highest content in the uppermost sediment layers, with a maximum 
content of 669 nmol g− 1 at a depth of 20 cm. Below this depth, contents 
ranged from 143 to 433 nmol g− 1. 

In the middle section of the Ria de Vigo (core C12-NM), Mn content 
in fraction F1 was <LD, while its concentration in fraction F2 showed 
high values (297 ± 89 nmol g− 1). Mn‑carbonate (fraction F2) content 
increased rapidly from the core surface down to 100 cm depth, reaching 
a maximum concentration of 523 nmol g− 1. Below this depth, Mn‑car
bonate content decreased with depth down to a value of 251 nmol g− 1. 
Manganese concentrations associated with fractions F3 and F4 were 
relatively constant along the upper 100 cm (445 ± 50 nmol g− 1) and 50 
cm (179 ± 25 nmol g− 1), respectively, and were < LD below 100 cm 
depth. Mn-pyrite rapidly increased in concentration below 20 cm depth, 
reaching a maximum value of 487 nmol g− 1 at a depth of 100 cm. 

In the outermost section of the ria (C11-GO and C10-NM), 
exchangeable Mn (F1) was the fraction that showed the lowest Mn 
content. In core C11-GO, this fraction was only detected at 50 cm depth 
(64 nmol g− 1), while in core C10-NO, it was detected between 100 and 
225 cm depth (50–97 nmol g− 1). The dominant form of Mn in this sec
tion was associated with the carbonate fraction, with concentrations 
varying between 196 and 814 nmol g− 1 and 186 and 807 nmol g− 1 in 
cores C11-GO and C10-NM, respectively. Mn associated with F3 ranged 

from 253 to 656 nmol g− 1, with the lowest values corresponding to the 
core with presence of methane (C11-GO). This fraction experienced a 
slight decrease with depth in both cores (Fig. 2). Mn associated with 
crystalline Fe oxyhydroxides was only detected in the uppermost portion 
of both cores, although it is worth highlighting that in the core without 
methane (C10-NM), Mn–F4 was detected down to a depth of 125 cm 
(234 ± 16 nmol g− 1), while in the core with presence of methane (C11- 
GO), it was detected only down to 50 cm depth (221 ± 24 nmol g− 1). 
Interestingly, Mn-pyrite (F5) behaved inversely to Mn–F4 with 
increasing depth: in core C11-GO [(3.4 ± 1.8)x102 nmol g− 1], it was 
detected only below 50 cm depth, while in core C10-NM [(2.3 ± 2.2) 
x102 nmol g− 1] it was detected below 100 cm depth. In both cores, an 
increase in Mn-pyrite content with depth was observed, reaching a 
maximum value of 754 nmol g− 1 in core C11-GO. 

3.3. Degree of manganese pyritization (DTMP-Mn) 

DTMP-Mn, which also showed a high spatial and depth-related 
variability in sediments of the Ria de Vigo (Fig. 3 and Table 2), 
increased from the outermost section (mean DTMP-Mn value: 21 ±
17%) towards the innermost section of the ria (mean DTMP-Mn value: 
48 ± 9%). 

In the innermost section (C8-GI), high DTMP-Mn values were 
observed already in the uppermost layer (DTMP-Mn: 32%), sharply 
increasing from the surface down to 30 cm depth (DTMP-Mn: 67%), 
while below this depth, values ranged between 37% and 60%. In the 
middle section (C12-NM), Mn pyritization started below a depth of 20 
cm, with an average value of around 6 ± 5% between 20 and 50 cm 
depth. From the surface down to a depth of 100 cm, DTMP-Mn values 
increased from 2% to 32%, with values within the 21%–38% range 
between 100 cm depth and the bottom portion of the sediment core. 
Differences in DTMP-Mn were observed between cores C10-NO 
(methane absent: 20%) and C11-GO (methane present: 30%), 
retrieved in the outermost section of the ria (Fig. 3). Finally, it is worth 
noting that DTMP-Mn showed a highly significant negative correlation 
with Mn‑carbonate concentration (Fig. 4). 

3.4. XANES and EXAFS characterization 

The spectra obtained from each of the four core sections were com
parable in terms of the shape and intensity of their pre- and post-edge 
features, an indication of similar host-mineral phases. However, post- 
edge features were poorly modelled by the Combo method for the esti
mation of Mn AOS, indicating that the form of Mn in our samples was not 
detected by any of the standards employed in the analysis. However, it 
was able to accurately model the edge position, which is frequently used 
in the determination of oxidation state among samples of metals with 
similar spins and ligand environments. In all cases, AOS was measured at 
+2.3, indicative of a mixed valence Mn(II)-Mn(III) system (Table 3), and 

Table 2 
Average concentrations of Mn associated to different geochemical fractions as well as degree of Mn pyritization (DTMP-Mn) and percentage of carbonate fraction in 
sediments of the ría de Vigo relative to depth and presence/absence of methane. For the same column different letters indicate significant differences (p < 0.05).  

Sample Mn 
Reactive 

Mn 
carbonate 

Mn 
oxyhydroxides 

Mn 
Pyrite 

Mn 
DTMP 

Carbonate 
fraction  

(nmol g− 1) (%) 

Surficial sediments without methane (10.9 ± 2.5) 
x102 

(3.3 ± 1.1)x102 (b) 215 ± 47(c) 13 ± 34(a) 1.3 ±
3.3(a) 

30 ± 4(b) 

Deep sediments without methane (12.5 ± 3.7) 
x102 

414 ± 30(bc) 94 ± 221(b) (2.5 ± 2.1)x102(b) 18 ± 17(b) 36 ± 12(c) 

Surficial sediments with methane at depth (9.9 ± 3.2)x102 514 ± 29(c) 228 ± 18(b) 0 ± 0(a) 0 ± 0(a) 40 ± 2(c) 

Deep sediments with methane (8.5 ± 3.6)x102 (4.5 ± 2.2)x102 

(bc) 
16 ± 50(a) (3.1 ± 2.1)x102 

(bc) 
27 ± 15(b) 38 ± 12(c) 

Surficial sediments with methane (inner zone, San Simon 
bay) 

(7.1 ± 1.6)x102 0 ± 0(a) 0 ± 0(a) (3.3 ± 1.8)x102 (c) 44 ± 12(c) 0 ± 0(a) 

Deep sediments with methane (inner zone, San Simon Bay) 579 ± 98 0 ± 0(a) 0 ± 0(a) 289 ± 88(c) 49 ± 8(c) 0 ± 0(a)  
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all standards except for Hureaulite (a hydrated Mn(II) phosphate hy
droxide) and Mn2O3 were rejected from the fit. Modeling of the pre-edge 
features yielded fit centroids and areas consistent with mixed-valence 
Mn(II)-Mn(III) amphiboles, such as richterite, with reported AOS 
values of 2.1–2.5, consistent with the AOS value of +2.3 reported here 
(Fig. 5) (Chalmin et al., 2009). For all samples, the fit centroid ranged 
from 6540.6 eV to 6540.9 eV, with the centers of the three pseudo-Voigt 
functions used in the model at approximately 6539.9 eV, 6541.1 eV and 
6542.6 eV, respectively (Appendix Table S1). 

The bonding environment of Mn in silicate minerals is complex, with 
four distinct sites for Mn substitution present in richterite alone (Oberti 
et al., 2000, Chalmin et al., 2009; Lenz et al., 2014a, Lenz et al., 2014b). 
This complexity, along with the addition of non-silicate Mn phases (e.g. 
Mn-pyrite) and truncation of the data due to the Fe k-edge, precluded 
conclusive EXAFS analysis of the exact Mn coordination environment. 
This phase heterogeneity, coupled with the measurements being taken 
at room temperature, resulted in large values of σ2, leading to additional 
dampening of the signal. However, first shell fits were performed to test 
whether the Mn coordination environment was dominated by O or S 
(Appendix Table S2 and Fig. 6). In 88core10 and 17core11, the Mn–S 
contribution was rejected and the data were best fit using a split first 
shell, with approximately one short Mn–O bond and five longer Mn–O 
bonds. This allowed further fitting Mn–Si and Mn-Mn/Fe scattering 
contributions to the data, yielding coordination numbers and distances 
indicative of Mn-substituted richterite (Della Ventura et al., 1993). 
When applied to 175core8 and 160core8, the two oxygen-shell models 
either yielded non-physical σ2 values or overfit the O contribution and 
underfit a portion of the first shell at higher radial distance, indicating 
that a heavier coordinator (S) was needed. These samples were then fit 
by assuming that Mn was coordinated by six atoms in both the oxide and 
sulfide phases and then fitting the first shell to allow the proportions of 
these contributions to float. Both sections of core8 showed evidence of 
>12% Mn–S, as well as Mn–Si and Mn-Mn/Fe scattering, indicative of 
the predominant Mn-silicate host phase. 

4. Discussion 

Mn is one of the most abundant trace metals in the lithosphere, with 
mean values around 1000 mg kg− 1 (Pais and Jones, 1997). However, 
sediments of the Ria de Vigo clearly have lower concentrations, ranging 
from (1.7 ± 2.2)x102 mg kg− 1 in sandy sediments to 224 ± 24 mg kg− 1 

in fine-textured sediments (Rubio et al., 2000; Segarra et al., 2008). 
The Mn XANES support the conclusion that the predominant host 

mineral phase for Mn are silicate minerals (Tables 3 and Appendix 
Table S1). Prior work by Lenz et al. (2014a), Lenz et al., 2014b) had 
identified a Mn host phase with similar spectral features in sediments 
taken from the Gotland basin in the Baltic Sea (Lenz et al., 2014a, Lenz 
et al., 2014b). In this study, the Mn phase was identified as richterite, a 
K-amphibole found in peridotite into which Mn(II) readily substitutes 
for Mg(II) (Welch, 2021; Holtstam et al., 2019). These authors found 
that the presence of Mn could be attributed to detrital phyllosilicates 
that accumulated in the sediments at a constant rate, although their 
source was not defined (Lenz et al., 2014a, Lenz et al., 2014b). The 
XANES of Mn-substituted richterite was later described by Chalmin et al. 
(2009), showing features similar to the Mn XANES obtained for our 
samples, notably a prominent shoulder on the rising edge at 6548 eV and 
two peaks in the white line region at 6552 eV and 6557 eV (Fig. 6). 

K-richterite is a dominant hydrous phase of the upper mantle (Welch, 
2021), and its presence in sediments of the ria is likely due to both fluvial 
contributions from deposits in the surrounding landscape and in-situ 
weathering. This contention is supported by earlier work by Belzunce- 
Segarra et al. (2002), who reported that clay inputs into the Ria de Vigo 
were dominated by terrestrial inputs via fluvial deposition. Segarra et al. 
(2008) used an extraction method similar to the one described here and 
found that Mn in sediments of the Ria de Vigo were largely associated 
with the residual fraction, indicating that they had a detrital, lithogenic 

Fig. 2. Manganese concentrations in different sedimentary geochemical frac
tions: exchangeable (F1), associated with carbonates (F2), associated with 
amorphous iron oxides (F3), associated with crystalline iron oxides (F4), 
associated with pyrite (F5), and reactive fraction (

∑
F1 → F5). SMTZ: sulfate- 

methane transition zone. 
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origin, as would be expected if a host phase such as richterite were their 
dominant source. This finding is supported by previous works where Mn 
in surface sediments from the Ria de Vigo, including San Simon Bay, was 
attributed to detrital terrestrial inputs (Belzunce-Segarra et al., 2002; 
Howarth et al., 2005). However, the reactive-Mn fraction (i.e. Mn not 
associated with the silicate fraction) reaches sedimentary areas as 
coating on other larger particles (e.g. sand or silt), mainly in the form of 
Mn(IV) oxides and hydroxides (e.g. vernadite or MnO2; Burdige, 1993), 
or associated (co-precipitated) with Fe oxides and hydroxides. Mn 

oxides and hydroxides are characterized by showing low degrees of 
crystallinity, high specific surface areas, and high adsorption capacity 
(Glasby, 1984); for these reasons, they are considered easily reducible 
minerals, being reduced by facultative anaerobic bacteria shortly after 
the sediment becomes anaerobic (Burdige, 1993). 

The final product of the reduction of Mn(IV) is mainly Mn2+ and, to a 
lesser extent, Mn3+ (Burdige, 1993), with the former initially becoming 
part of the interstitial water, either as a free ion or complexed with 
organic compounds (Elderfield, 1981). Our results showed drastic 
changes in Mn forms, both spatially and with depth, allowing us to 
define two geochemical scenarios: 

4.1. Scenario 1. Middle and outermost sections of the Ria de Vigo: 
sediments with or without the presence of methane at depth 

From a hydrodynamic point of view, the middle and outermost 
sections of the ria are characterized by rapid circulation of the water 
layer and by several deep-water upwelling events every year. The bot
tom water layer and the upper sediment portion (<5 cm) of the Ria de 
Vigo have been considered as oxic (Belzunce-Segarra et al., 2008), 
consistently with the oxic characteristics of the water layer. However, 
sediments of the ria are anoxic (Eh <35 mV) below 10 cm depth, and 
their pH is slightly alkaline (pH: 7–8) (Otero et al., 2009; Ramírez-Pérez 
et al., 2015). Eh-pH diagrams show that under these conditions, Mn 
remains preferentially in ionic form (Mn2+) (Brookins, 1988). However, 
some studies have suggested that Mn2+ concentration in interstitial 
water is much lower than predicted by geochemical models, a difference 
that has been attributed to adsorption processes, precipitation of mixed 
Mn2+, Mn3+, and Mn4+ oxides and hydroxides, or co-precipitation with 
Fe oxyhydroxides (Alvarez et al., 2005). In sediments of the Ria de Vigo, 
soluble and exchangeable Mn (Mn2+, fraction F1) constituted a 
geochemically irrelevant fraction, since its concentrations were below 
the detection limit for virtually all cores and sediment depths (Fig. 2). 

In marine sedimentary environments, Mn2+ solubility can be 
controlled by the carbonate (i.e., precipitating as carbonate; Calvert and 
Pedersen, 1996; Herndon et al., 2018) or pyritic fractions (i.e., copre
cipitating with Fe sulfides; Huerta-Diaz and Morse, 1992). The condi
tions controlling the solubility of Mn2+ in both fractions are still not well 
established (Herndon et al., 2018). Thus, for example, in sediments from 
the Guaymas hydrothermal vent (Gulf of California, Mexico), where H2S 
emissions occur, intense pyritization was observed for most metals 
(degree of pyritization of Fe: >95%, Cu: 100%, Zn:100%, Cr: 100%, Ni, 
75%, Co: 75%), but not for Mn. In these sediments, Mn was found mainly 
associated with the carbonate fraction (41 ± 12%) and, to a very low 

Fig. 3. Degree of Mn pyritization (DTMP-Mn) vs. degree of Fe pyritization (DOP).  

Fig. 4. Degree of Mn pyritization (DTMP-Mn) vs. Mn concentration in the 
carbonate geochemical fraction (Mn‑carbonate). The line represents the best fit 
for the data. 

Table 3 
Relative abundance and average oxidation state (AOS) of Mn in sediments from 
the Ria de Vigo.  

Sample Relative abundance 
(%) 

AOS χ2
red 

Mn(II) Mn(III) 

175 Core8 (20–22,5 cm depth) 65 35 2.35 ± 0.05 0.0031 
160 Core8 (90–92,5 cm depth) 65 35 2.35 ± 0.06 0.0043      

88 Core10 (50–52,5 depth) 69 31 2.31 ± 0.07 0.0058 
17 Core11 (50–52,5 cm depth) 66 34 2.34 ± 0.06 0.0053  
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extent, with pyrite (2.7 ± 1.2%) (Otero et al., 2003). Low degrees of Mn 
pyritization have also been observed in other sedimentary environments 
such as Atchafalaya Bay (0.62 ± 0.2%; anoxic-non-sulfidic delta sedi
ments) and Orca Basin (0.7 ± 0.7%; euxinic hypersaline sediments) 
(Huerta-Diaz, 1989). Different DTMP-Mn levels have been found in the 
Galician rias with, for example, low values in surface sediments of the 
Ria de Ortigueira (DTMP-Mn 6.4 ± 3%; Guevara, 2020) and high per
centages in the Ria de Arousa (DTMP-Mn 47 ± 8%; Otero et al., 2005) 
and Ria de Ares (23 ± 14%; Macías and Mora, 2001), probably as a 
result of labile organic matter enrichments in sediments due to mussel 

farming (Macías, 1999; Otero et al., 2005). Relatively high DTMP-Mn 
values have also been observed in marsh soils (27 ± 29%; Otero et al., 
2003), in Green Canyon (24 ± 13%; natural oil seep with anoxic-sulfidic 
hemipelagic deep sediments), and in Baffin Bay (DTMP-Mn: 29 ± 12%; 
anoxic-sulfidic hypersaline coastal lagoon) (Huerta-Diaz and Morse, 
1990, Huerta-Diaz and Morse, 1992). In this study, Mn pyritization 
values ranged from 1.6% to 53.5%, with the highest percentages always 
found at the deepest portions of cores (Fig. 2). These results indicate that 
Mn is particularly pyritized to a high extent under conditions of high H2S 
production (see also Huerta-Diaz and Morse, 1992; Morse and Luther III, 

Fig. 5. The Mn XANES pre-edge region where the pre-edge feature has been modelled using pseudo-Voigt peaks. (a) 160Core C8-GI (20–22.5 cm depth); (b) 17Core 
C11-GO (50–52.5 cm) (c) 160Core C8-GI (90–92.5 cm depth) and (d) 88core C10-NO (50–52.5 cm depth). 

Fig. 6. Mn K-edge x-ray absorption spectra for four cores. Panel 1: Mn XANES. (a) 17core C11-GO (50–52.5 cm depth); (b) 88core C10-NO (50–52.5 cm depth). (c) 
175core C8-GI (90–92.5 cm depth); (d) 160core C8-GI (20–22.5 cm depth). Panel 2: Fourier transformed k3-weighted Mn EXAFS and their corresponding fits. (e) 
88core C10-NO (50–52.5 cm depth) with O, Si, and Mn paths. (f) 17core C11-GO (50–52.5 cm depth), O and O fit. (g) 88core C10-NO (50–52.5 cm depth), O and O 
fit. (h) 175core C8-GI (90–92.5 cm depth), O and S fit. (i) 160core C8-GI (20–22.5 cm depth) fit. Panel 3: k3 weighted Mn K-edge EXAFS, shown in the same order as 
in panel 2. 
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1999). The free Mn2+ ion does not easily form discrete MnS mineral 
phases (Brookins, 1988) and is generally incorporated into pyrite only at 
high degrees of iron pyritization (DOP >40–50%) (Huerta-Diaz and 
Morse, 1992; Morse and Luther III, 1999; Otero and Macías, 2003). Low 
Fe pyritization entails high environmental concentrations of reactive Fe 
(i.e., Fe2+), which would compete with Mn2+ to precipitate as sulfides. 
The formation of Fe sulfides is favored over that of Mn sulfides because 
Fe concentrations generally are two to three orders of magnitude greater 
than those of Mn; additionally, Mn sulfides (e.g., alabandite, pKsp =

− 1.3; Robie, 1966) are much more soluble than Fe sulfides (greigite, 
pKsp = − 3.75; pyrite, pKsp = − 15.4; Berner, 1984). Generally, Mn 
pyritization starts after the majority of amorphous Fe oxyhydroxides 
have already been pyritized (Morse and Luther III, 1999; Otero and 
Macías, 2003). 

Sulfides in marine sediments are produced by sulfate oxidation of 
organic matter (eq. 2; Kasten and Jørgensen, 2000), but also by anoxic 
methane oxidation (AMO) by sulfate (eq. 3). 

2CH2O+ SO4
2− + 2H+➔H2S+ 2H2CO3 (2)  

SO4
2− +CH4 +Ca2+➔H2S+CaCO3 +H2O (3) 

High levels of H2S production due to AMO have been observed in 
many deep-sea sediments (Sternbeck and Sochlenius, 1997; Snyder 
et al., 2007; Lim et al., 2011) and, more recently, in the Ria de Vigo 
(Ramírez-Pérez et al., 2015). In sediments of the Ria de Vigo, both Mn 
pyritization (this study) and Fe pyritization (Ramírez-Pérez et al., 2020) 
have been observed to substantially increase with depth and indepen
dently of the presence or absence of methane in the deepest portion of 
the cores (Table 1 and Fig. 2). These results suggest that the sulfidization 
observed in the deeper sediment layers could mainly be due to sulfide 
produced by sulfate reduction bacteria rather than to AOM. Moreover, 
the results of this study reveal that the Mn-pyritic fraction (F5) increases 
as fraction F4 decreases, i.e., at the expense of Mn associated with 
crystalline Fe oxyhydroxides (mainly goethite). The behavior of both 
fractions (F4 and F5) in relation to depth is symmetrical (see Fig. 2). This 
behavior is clearly seen in Fig. 2, where reduction of crystalline Fe 
oxyhydroxides occurs once the Mn associated with amorphous iron 
oxides (fraction F3) has been depleted, indicating that reduction of 
MnO2 and poorly crystalline ferric iron forms occurs in the upper cen
timeters of the sediments, as has been reported for normal sedimentary 
environments (i.e. those covered by an oxic water layer; Canfield et al., 
2005). Moreover, crystalline Fe oxyhydroxides have been consistently 
observed in strongly reduced sedimentary environments due to their 
greater stability even in this type of sediments (Van der Zee et al., 2003) 
or to the passivation effect of Fe2+ adsorption (Roden, 2004; Ramír
ez-Pérez et al., 2020). Hence, the full depletion of Mn associated with F4 
and of Fe-goethite (e.g., Ramírez-Pérez et al., 2020) observed below 100 
cm depth (Fig. 2) suggests that sediments of the Ria de Vigo are sub
jected to intense Fe pyritization (and associated Mn), typical of envi
ronments with high levels of H2S production and consistent with AMO 
(eq. 3), which in turn suggests that the depths covered by the methane 
field could have formerly reached depths from which it is currently 
absent. 

Additionally, the results of this study for the whole set of analyzed 
samples showed that the concentrations of Mn associated with fraction 
F3 (amorphous or poorly crystalline Mn or associated with ferroman
ganese oxides) constituted one of the main Mn fractions (400–600 nmol 
g− 1), which barely varied with depth, a finding that is inconsistent with 
the aforementioned depletion of fraction F4 (Fig. 2). Hydroxylamine is 
considered a weak reducer that is reasonably selective in dissolving 
amorphous Fe and Mn hydroxides after removal of carbonates, and it 
does not attack goethite to a significant extent (FeOOH; Tessier et al., 
1989; Fortin et al., 1993; Sager, 1992). However, under the redox 
conditions found in sediments of the Ria de Vigo, Mn oxides are not 
stable and should have been reduced to Mn2+ in the uppermost sediment 

layer. In other sedimentary environments, the fraction of sediments that 
can be leached by hydroxylamine-acetic acid has been observed to 
dominate upper layers and decrease with depth, mainly due to Mn 
pyritization in deeper layers (Sager, 1992). However, our results show 
high concentrations of Mn in fraction F3, even in methanogenic envi
ronments. A possible explanation for the behavior of fraction F3 could 
entail that Mn extracted by hydroxylamine (pH ~2) comes mainly from 
Mn associated with silicates in the clay fraction (e.g., braunite Mn6

IIIM
nIIO8SiO4; Herndon et al., 2018) or primary minerals such as amphi
boles, as suggested by the results obtained from XANES. Despite the high 
selectivity of hydroxylamine to extract Mn oxides (Sager, 1992), some 
authors have reported that hydroxylamine can extract small amounts of 
Al and Si from chlorites or from low degree smectites (Tessier et al., 
1979; Sager, 1992). In our case, this process could have been enhanced 
by carrying out the extraction at 96◦C to guarantee the dissolution of Mn 
associated with poorly crystalline Fe oxyhydroxides (e.g. lepidocrocite), 
as reported by Fortin et al. (1993). High concentrations of Si subse
quently measured in extracts from fraction F3 (26 ± 0.92 μmol g− 1) 
seem to confirm this idea. 

Finally, Mn‑carbonate (fraction F2) showed high values in the sur
face sediments that remained relatively constant in depth, with similar 
values to those observed in the upper layer (Mn-F2: 300–500 nmol g− 1; 
~20%–45% of the reactive fraction; Fig. 2). These results suggest that 
the Mn sources for the formation of Mn‑carbonate and of Mn-pyrite are 
different. Mn‑carbonate is found only in anoxic sediments located 
beneath the surface oxic horizon or under oxygenated bottom water 
conditions (Calvert and Pedersen, 1996; Lenz et al., 2015). In fact, its 
presence in sediments is used as a proxy of oxic paleoredox conditions 
(Poulton and Canfield, 2011; Johnson et al., 2013; Reinhard et al., 
2013). Hence, our results suggest that Mn‑carbonate is formed in the 
upper centimeters of the sediments of the ria and close to the 
sediment-water interface, essentially from Mn associated with Fe oxy
hydroxides (fraction F3). This fraction is composed of easily reducible 
Fe/Mn oxides and oxyhydroxides, which are already depleted in the 
upper few centimeters (<5 cm) of the sediment layer, where microbial 
reduction of MnO2 and poorly crystalline Fe is the dominant pathway for 
organic carbon oxidation, according to eqs. 4 and 5, inhibiting sulfate 
reduction and methanogenesis in the process (Canfield et al., 2005). 

CH2O+ 2MnO2 + 4H+➔2Mn2+ +H2CO3 + 2H2O (4)  

CH2O+ 4FeOOH+ 8H+➔4Fe2+ +H2CO3 + 6H2O (5) 

The absence of sulfides on surficial sediments, along with an increase 
in alkalinity and Mn2+ concentration (reactions 4 and 5; Fig. 4) in 
interstitial water, can lead to saturation of a “pseudokutnahorite”-type 
manganoan carbonate mineral in pore water, according to eq. 6 (Calvert 
and Pedersen, 1996, Lenz et al., 2015). 

Ca2+ +Mn2+ + 2CO3
2− ←→CaMn(CO3)2 (6) 

In anoxic environments, Mn2+ has been mainly found in association 
with the calcite fraction (Kiratli and Ergin, 1996), acting as a nucleation 
site for Mn2+ (Herndon et al., 2018) and precipitating as a manganoan 
carbonate (Mucci, 1988, 2004; Lenz et al., 2014a, Lenz et al., 2014b) 
that is either of kutnohorite or “pseudokutnohorite” type (CaMn(CO3)2; 
Middelburg et al., 1987; Böttcher, 1998, Peckmann et al., 2001) or 
dolomite-Mn‑carbonate (Mucci, 1988). However, rhodocrocite 
(MnCO3) is the mineral that has been identified in the surface sediments 
of the Ria de Vigo (Rubio et al., 2000). Mn‑carbonate synthesis is the 
most relevant diagenetic process affecting Mn in surficial suboxic sedi
ments (i.e., very low H2S concentration; Fig. 4) of the outermost and 
middle sections of the Ria de Vigo. In the deeper portions of the sedi
ment, Mn‑carbonate content remained high, and no significant changes 
were observed between the surficial and deeper sections of the sedi
ments or among the deep sections of cores with and without the presence 
of methane (Table 2). These findings are consistent with the fact that 
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rhodocrocite or mixed Ca/Mn‑carbonates are stable even in the presence 
of high sulfide concentrations (Herndon et al., 2018). 

4.2. Scenario 2. Innermost section of the Ria de Vigo: area of intense 
methanogenic activity throughout the sedimentary column 

The innermost section of the Ria de Vigo (Fig. 1) constitutes a 
particularly singular geochemical environment that is likely unique 
within the Galician rias, at least according to current knowledge. San 
Simon Bay is a semienclosed marine environment connected to the rest 
of the ria by a narrow channel (Rande Strait), and water renewal is 
therefore limited. It has an area of 19.4 km2, a length of 8 km, a 
maximum width of 3.6 km, and an average water depth < 5 m. San 
Simon Bay is considered an estuary based on its hydrology and sedi
mentology (Vilas et al., 1995). Its orientation and morphology result in 
low-energy hydrodynamics. Moreover, the upwelling phenomenon 
(intrusion of nutrient-rich water) makes San Simon Bay (and the whole 
Ria de Vigo) a coastal ecosystem of high biological productivity, which 
in turn results in increased input of organic matter to the seabed (TOC: 
7%–10%; Vilas et al., 1995), promoting the development of anoxic- 
sulfidic conditions in sediments, as well as biogenic methane produc
tion (Egger et al., 2016). 

In San Simon Bay sediments, methane has been found below 90 cm 
depth, with concentrations ranging from 0.1 to 0.9 mM (Ramírez-Pérez 
et al., 2015). However, different authors have observed the emission of 
methane bubbles to the water column through the formation of pock
marks in sediments (Martínez-Carreño and García-Gil, 2017, among 
others). These flow events have been associated with sediments with 
strongly reduced conditions and high H2S concentrations (Eh < − 150 
mV; 0.3 and 18.5 mM, respectively; Ramírez-Pérez et al., 2015). These 
conditions lead to intense Fe pyritization processes throughout the 
whole sedimentary column (DOP: 66 ± 9%; Ramírez-Pérez et al., 2020), 
but with very low concentrations of acid volatile sulfide (0.18 ± 0.09 
μmol g− 1; Ramírez-Pérez et al., 2020). These extreme redox conditions, 
with Fe-pyritic contents similar to or higher than those observed in 
euxinic environments, have been related to AMO by sulfate (eq. 3). 
Under these conditions, not only Fe but also Mn is intensely pyritized 
(Fig. 2). Few marine environments have shown intense Mn pyritization, 

with mean values ranging from 44% to 49% (Table 2). Thus, in euxinic 
environments such as the Baltic Sea, formation of Mn sulfides has been 
observed (Böttcher and Huckriede, 1997; Lenz et al., 2014a, Lenz et al., 
2014b), albeit at lower levels than in this study (Fig. 7). Additionally, 
high values were observed in deep sediment layers with presence of 
methane (DTMP-Mn 27%, Table 2). In this case, we consider that the 
significantly lower pyritization of Mn in deep sediments with the pres
ence of methane is at least partially due to that part of the reactive Mn 
having previously been “sequestered” as Mn‑carbonate, which formed 
on the surface prior to being buried. The significant negative correlation 
between Mn‑carbonate and Mn-pyrite contents (r = − 0.565, p < 0.01, n 
= 12; Fig. 4) observed in deep samples from cores with methane seems 
to support this hypothesis. 

However, in the case of San Simon Bay (Core8), Mn carbonation does 
not occur, since the high H2S production associated with AOM leads to 
rapid Mn pyritization. Manganese must be incorporated into the pyrite 
fraction during pyrite formation since, as mentioned above, the forma
tion of a pure MnS phase is extremely rare (e.g., Böttcher and Huckriede, 
1997; Lenz et al., 2014a, Lenz et al., 2014b). The identification of Mn–S 
bonds in the EXAFS observed on core8 but not in core11 and core10, 
together with the highly significant correlation between DOP and 
DTMP-Mn in the innermost section of the ria (C8-GI), seem to support 
this idea (r = 0.83, p < 0.001). Finally, the fact that DTMP-Mn values did 
not exceed 60% is consistent with the aforementioned fact that part of 
the Mn extracted in F3 corresponds to a recalcitrant fraction such as 
silicates (Canfield, 1989), leading to an overestimation of the reactive 
fraction and, thus, to a decrease in the value of DTMP-Mn. 

5. Conclusions 

Two geochemical scenarios with sharp differences have been iden
tified. One of them corresponds to San Simon Bay, located in the 
innermost section of the Ria de Vigo, where the high organic matter 
content present in the sediment, promoted by mussel farming and 
restricted water circulation, leads to highly reduced conditions and high 
production of methane, which diffuses throughout the sediment column 
until it reaches the sediment-water interface. This diffusion process 
promotes anaerobic oxidation of sulfate, with the subsequent generation 

Fig. 7. Degrees of trace metal pyritization of manganese (DTMP-Mn) in sediments of the Ria de Vigo and other marine environments: Gulf of Mexico shelf and slope 
(GoMSS), Atchafalaya Bay-Mississippi Delta (AB-MD), Orca Basin (OB), organic-rich Atchafalaya Bay (ABOrg), Green Canyon (GC), Baffin Bay, Texas (BB) (Huerta- 
Diaz and Morse, 1992), Santa Rosalia, Baja California (SR1, SR2; Huerta-Diaz et al., 2014), Haringvliet Lake, Netherlands (HL; Canavan et al., 2007), Nordåsvannet 
Fjord, Norway (NF; Müller A., 2002), and Pacific Coast of Baja California (PCBC; Nava-López and Huerta-Díaz, 2001). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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of H2S and intense Mn pyritization throughout the sediment column, a 
process similar to those observed in euxinic environments. 

The second scenario corresponds to the rest of the Ria de Vigo 
(middle and outermost sections), where the dominant Mn fraction is 
Mn‑carbonate, even at depth within the sediment and in the presence of 
methane, where the concentration of this fraction is comparable to that 
of Mn-pyrite. The concentrations of the remaining geochemical fractions 
are virtually negligible, except for the forms associated with Fe oxy
hydroxides or the easily reducible forms found in the upper centimeters 
of the sediment column. It is worth pointing out that extraction with 
hydroxylamine at high temperature (e.g., 96◦C) seems to extract sig
nificant amounts of silicate-associated Mn, leading to an underestima
tion of DTMP-Mn. 

Finally, the hydrodynamic, morphological, and geochemical condi
tions in the Ria de Vigo constitute an excellent scenario for the study of 
biogeochemical processes in marine sedimentary environments regu
lating the mobility and bioavailability of metals and nutrients, such as P, 
which have been poorly studied. 

Data in this study are publicly available at https://data.mendeley. 
com/datasets/wvym957mwp/1 
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