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ARTICLE INFO ABSTRACT

Editor: Dr. Adina Paytan Galician Rias are among the most productive ecosystems in the world. Consequently, the soils of their salt
marshes and sediments of the intertidal flats show high organic matter contents, reactive Fe, and sulfate, which

Keywords: promote pyrite synthesis and accumulation, using sulfate for organic matter decomposition. This work studies

Sal; marsh the morphological variability and concentration of pyrites (individual crystals and framboids) in different

Soi.

geochemical environments found in the Ria de Ortigueira (salt marsh soils and bottom sediments in the inner,

Sediment R . . . o . . . .
Ria middle, and outer section), addressing their dynamics in the marsh-ria system in relation to the hydrodynamic
Pyrite characteristics defined by tides and river discharges. Framboidal pyrites were the dominant morphology in marsh

Framboids soils and sediments in the middle and inner sections of the Ria, while isolated crystals dominated its outer
section. The results showed that lower marsh soils (colonized by Spartina) are the most favorable environment for
pyrite synthesis, showing high pyritic Fe concentrations and high degrees of pyritization, largely exceeding the
values observed in sediments from Galician Rias and from most sedimentary environments worldwide. However,
the amount of framboidal pyrites present in the lower marsh (SPE: 4-5 x 10* framboids) was clearly lower than
in bottom sediments of the inner and middle part of the Ria de Ortigueira (~2-7 x 10° framboids), mainly due to
the fact that pyrites were found to form large framboids in lower salt marsh soils. Thus, the amount of framboidal
pyrites does not seem to be a good indicator of redox conditions in modern marine sediments. Pyrite crystals
found in the sediments of the Ria showed poorly defined vertices and facets, indicating their degradation and
suggesting that a significant amount of the pyrites found in the middle and inner sections derive from marsh
collapse. Finally, the output of framboidal pyrites towards the outer Ria de Ortigueira reflects the low intensity of
residual flows in this Ria. Therefore, the pyrites observed in the outer section consisted only of isolated crystals,
presumably formed in situ under low sulfate-reducing activity conditions.

1. Introduction in their soils and sediments (Howarth and Teal, 1979; Otero and Macias,

2002, 2003, 2010), but also act as sinks receiving significant contribu-

Salt marshes and Rias are among the most productive ecosystems on tions of inorganic materials (e.g., clay and silt) and dissolved elements
Earth (Margalef, 1952; Odum and Odum, 1981). Both ecosystems show from rivers and wastewater discharges (Filgueiras and Prego, 2007).

high primary productivity, which results in high organic matter contents The high organic matter contents in its soils and sediments are
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related to the redox conditions imposed by the tidal variations and
seasonal patterns in sea currents (Kirwan and Mudd, 2012). Under such
conditions, anaerobic pathways of organic matter decomposition may
prevail and promote pyrite formation and accumulation (Oenema, 1990;
Souza et al., 2009). Several studies have pointed out that organic matter
in salt marsh soils and sediments is mainly oxidized by reducing Fe
oxyhydroxides and sulfate (Wiebe et al., 1981; Howarth, 1984, Canfield
et al., 1992). The coupling of these two anaerobic pathways increases
the concentration of Fe?* and reduced S forms (i.e., HS ™, polysulfides) in
interstitial waters and, ultimately, promotes pyrite (FeSy) formation
(Canfield et al., 1992; Otero and Macias, 2010). Under anoxic condi-
tions, pyrite is considered the most stable final product of sulfate
reduction (Howarth, 1984), but is also responsible for relevant ecolog-
ical services, such as trace metal retention (Otero and Macias, 2003). In
fact, pyrites significantly control the biogeochemistry of several ele-
ments within marine and intertidal sedimentary environments
(Howarth, 1984).

In strongly reduced environments, pyrite is formed with mack-
inawite (FeSp) as a precursor, and H,S acts as an oxidant in a kineti-
cally fast reaction that can take place within days (Reaction 1; Rickard,
1970; Lan and Butler, 2014).

FeS iy +Hy,S—FeS,; 4+ H, Reaction (1)

Conversely, in environments with alternating redox conditions (e.g.,
salt marsh soils in higher physiographic positions), the diffusion of ox-
ygen into the substrate promotes the precipitation of poorly crystalline
Fe oxyhydroxides (e.g., lepidocrocite) and the formation of polysulfides
(S§2) due to the partial oxidation of HyS (Reaction 2). Under these
oscillating redox conditions, pyrite is formed by two different pathways:
(i) through FeS as an intermediate product (Reactions 4, 5), with slower
kinetics (i.e., within years; Luther III, 1991; Rickard, 2012; Peiffer and
Behrends, 2015), and (ii) by the direct precipitation from interstitial
water occurring within days (Reaction 5; Howarth and Teal, 1979;
Giblin and Howarth, 1984).

8FeOOH + 5H,S—8Fe*" + S5~ +2H,0 + 140H~ Reaction (2)

Fe** +SH —>FeS+H" Reaction (3)

4FeS+ S~ +2H" —4FeS, + H,S Reaction (4)

Fe** + 87 + HS —FeS, + S +H' Reaction (5)

Although pyrite is a major sink for Fe and other trace elements
(Berner, 1967; Huerta-Diaz and Morse, 1992; Otero and Macias, 2003),
redox conditions may considerably affect its role as a metal scavenger.
For example, pyrite microcrystals are stable under anoxic conditions and
may experience regrowth once buried (Rickard, 2012) whereas, under
oxic and near neutral to alkaline conditions (e.g., seawater), pyrite can
be oxidized within short periods (i.e., days or weeks; Aller, 1980; Morse,
1991). In this context, the influence of sea currents, catastrophic events
such as storms (Scheffer et al., 2001), and coastal erosion events (Bert-
ness et al., 2005; Ruggiero, 2012; Taherkhani et al., 2020) can transport,
redistribute, and oxidize pyrite crystals releasing the associated ele-
ments into seawater (Morse, 1991; Otero et al., 2005). Some of these
elements are essential limiting nutrients for marine primary productiv-
ity (e.g., Cu, Co, Fe), while others are potentially toxic (e.g., As, Hg, Cd,
Pb) to several living organisms.

Thus, combining chemical extractions for Fe partitioning, electron
microscopy for pyrite morphological analysis, and numerical hydrody-
namic modeling, this study aims to improve our understanding of the
connections between salt marshes and the surrounding sedimentary
environments and their role in nutrient and pollutant transfer from the
continent to the ocean.
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2. Material and methods
2.1. Description of the study area and sampling procedures

The Ria de Ortigueira and the studied salt marshes are located in the
NW Iberian Peninsula (latitude UTM: 4841094 N, longitude UTM:
593782 E, Zone 29 T, Fig. 1), showing a mesotidal regime, with a
maximum range of 4.5 m. In recent years, the progressive collapse of salt
marsh channels and edges has been observed, the resulting material
falling directly into the inner and middle sections of the Ria or being
transported from the channels into the Ria (Fig. 1). The freshwater input
is small, with a mean discharge of approximately 8 m® s~! during the
winter and 3 m® s~! in the summer.

Two soil cores were drilled from the Esteiro salt marsh: the first
located in a lower physiographic position and dominated by Spartina
maritima (cordgrass), and the second located a drainage channel. Next,
one soil core was drilled in the Mera salt marsh, located in a higher
physiographic position and covered by Spartina maritima, and, finally,
one soil core was drilled in the Ladrido salt marsh occupied by Juncus
maritimus (sea rush), also in a higher physiographic position (Fig. 1).
Cores were collected using 50-cm-long polyvinyl chloride tubes (PVC)
with an internal diameter of 11 cm. After sampling, soil cores were
transported to the laboratory in a vertical position and under refriger-
ation (~4 °C). In the laboratory, samples were removed from the tubes
and sectioned into 3-cm-long sections for the upper 15 cm and 5-cm-long
sections for the deeper portion to obtain subsamples for analysis. The
following salt marsh subsamples were then selected for analysis: Esteiro
salt marsh dominated by Spartina maritima, 0-3 cm layer (referenced as
SPE 0-3 cm) and 15-35 cm layer (SPE2 15-35 cm); drainage channel of
the Esteiro salt marsh, 0-15 cm layer (0-15 CE cm); Mera salt marsh
dominated by Spartina, 0-3 cm (SPM1 0-3 cm) and 15-45 cm layers
(SPM2 15-45 cm); and Ladrido salt marsh occupied by Juncus maritimus,
0-3 cm (JL1 0-3 c¢m) and 15-35 cm soil layers (JL2 15-35 cm).

Additionally, surface samples (0-10 cm) from the bottom sediment
of the Ria de Ortigueira were collected using a gravity corer (n = 117;
Fig. 1) along the central channel, which was divided into three sections
according to hydrodynamic conditions: a) inner section (IS), spanning
from the mouth of the River Mera to Ortigueira county, b) middle sec-
tion (MS), from the Esteiro salt marsh to the Caldeira inlet, and c) outer
section (OS), from the Ladrido salt marsh to the open ocean shore (Fig. 1;
Guevara et al., 2021). Samples were stored in plastic ziplock bags and
transported to the laboratory in the dark at a temperature of ~4 °C. To
study pyrite size and morphology, seven samples from the IS, five from
the MS, and seven from the OS were analyzed. Subsamples of each soil
and sediment sample were frozen at —20 °C for Fe partitioning and
pyrite analysis, while the remaining samples were air dried at 45 °C.

2.2. Analytical methods

2.2.1. Characterization of hydrodynamics of the Ria de Ortigueira

The hydrodynamics of the Ria was computed through high-
resolution numerical modeling using the Delft3D-FLOW model. This
model solves the 3D Navier-Stokes and transport equations reading:
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Fig. 1. A) Study area and sampling sites (salt marshes: red and white circles; bottom sediments: red circles). The Ria de Ortigueira sectors (IS - inner section; MS -
middle section, and OS - outer section) were defined based on their hydrodynamic characteristics. B) Distribution of salt marshes systems in the ria de Ortigueira. C)
Photograph showing the progressive collapse of the salt marsh edges. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

Dr ay?
Eq. 1 represents the mass conservation for an incompressible fluid;

Eq. 2 stands for momentum conservation in the x and y directions; Eq. 3
represents momentum conservation in the z-direction, which, under

2 2
be _ (a 620) +D‘,ac e+ R )

shallow water conditions, turns into the hydrostatic pressure equation;
finally, Eq. 4 represents the transport equation, which, in the present
application, is solved for salinity and temperature conditions. In the
mass conservation equation, u, v, and w express the velocity components
in the x, y, and z directions, respectively, and S is the source term. In
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addition, in the momentum conservation equations, t is time, g is gravity
acceleration, f is the Coriolis parameter, ¢ is the elevation of the sea
surface for z = 0, v, and v, are the horizontal and vertical turbulent eddy
viscosity, respectively, py and pg are the density and the reference den-
sity of ocean water, respectively, and p is pressure. Finally, in the
transport equation, c is a constituent representing salinity or tempera-
ture, Dy and D, are the horizontal and vertical turbulent eddy diffusivity,
respectively, 14 is the decay process of the first order, and C; is the source
term. More information about model implementation can be found in
Sanchez et al. (2014).

As stated, the main objective of implementing the numerical model
was to model the hydrodynamic capacity of the Ria to transport pyrite
and to alter its distribution within the Ria system. To this end, the
transient and residual flows were computed during a typical winter
period, which is considered to have higher sediment transport capacity
(due to the greater river discharge compared with the summer season).
Furthermore, the residual flows were computed considering the action
of tidal constituent My (i.e., the largest lunar constituent) and winter
river discharges. In particular, the model was applied during a spring-
neap tidal cycle, using the following as boundary conditions: (i) main
tidal constituents, (ii) oceanic characteristics (salinity and temperature),
and (iii) river discharge in the inner Ria, considering the average values
during the period of interest (Q = 8 m®s™1).

2.2.2. Analysis of salt marsh soils and sediments

During sampling, redox potential (Eh) values were measured using
an oxidation-reduction potential platinum electrode with final readings
corrected by adding the potential value (+244 mV) of a calomel refer-
ence electrode. The pH values were measured using a Crisol micropH
2000 pHmeter with a glass electrode previously calibrated with standard
solutions (pH 4.0 and 7.0). Total organic carbon (TOC) contents were
determined using a Leco TruSpec CHN device by calculating the dif-
ference between total C and inorganic C; the latter was determined on
samples after removing organic C by calcination at 450 °C for 4 h
(Cambardella et al., 2001). Total sulfur (S¢ota)) Was determined using a
Leco SC-144DR analyzer. Finally, particle size distribution was deter-
mined by the pipette method (Gee and Bauder, 1986) after the removal
of soil organic matter using 6% NaClO at pH 8.0 (Mikutta et al., 2005).
All analyses were carried out on samples from the 117 sampling sites for
bottom sediments in the channel of the Ria (0-10 cm) and on four salt
marsh soil cores.

A sequential extraction procedure was performed to obtain pyritic
(Fepy) and reactive Fe (Fereactive)- Féreactive Was extracted using 20 ml of a
0.25 M sodium citrate +0.11 M NaHCOs solution and 3 g sodium
dithionite (Canfield et al., 1992), whereas Fepy was extracted using 10
ml of concentrated HNO3 after removing Fe silicate-associated (by
treating with 10 M HF and shaking for 16 h) and organic matter-
associated Fe (by treating with concentrated HySOy4; see Huerta-Diaz
and Morse, 1992). Both fractions (Fereactive and Fepy) were analyzed by
atomic absorption spectroscopy. The degree of Fe pyritization (DOP),
which allows for the comparison of pyritization under different Fe
contents, was calculated according to Berner (1970; Equation 5).

(F py )

DOP(8) = (e + Ferame)

x 100 6

2.2.3. Pyrite morphology and size

Pyrites were concentrated from sediment samples and soil sub-
samples (i.e., SPE1 0-3 cm, SPM1 0-3 cm, JL1 0-3 cm, and JL2 15-35
cm) by the bromoform decanting method (p = 2.89 g cm ™3, Wilkin et al.,
1996°). For this, 9 g of freeze-dried samples were weighed, carefully
disaggregated with a mortar, and moved to a decantation funnel; after
shaking, they were left to decant overnight. The dense fraction deposited
at the bottom of the decantation tube was washed with acetone and
placed in an aluminum tray. Pyrite size and morphology were deter-
mined by scanning electron microscopy (SEM) (FESEM Zeiss Ultra Plus
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with EDX-Image) at a resolution of 0.8 nm and an accelerating voltage of
30 kv.

The pyrites were divided into five categories: 1) individual fram-
boids, 2) framboid clusters, 3) isolated crystals, 4) framboidal pyrites
within diatom frustules, and 5) framboidal pyrites within plant tissues.
Framboid sizes were assessed based on size distribution histograms
using geometric parameters and log-normal histograms (Limpert and
Stahe, 2011; Rickard, 2019b). Statistical parameters x = arithmetic
means and ¢ = standard deviation were subjected to geometric trans-
formation using the parameter (®), which allows for arithmetic trans-
formation into geometric parameters. It is expressed as ® =1 + (6/ X )?
(Limpert and Stahe, 2011; Rickard, 2019b), which allows calculating the
geometric mean (x * =x / \/ ®) and the geometric standard deviation
c* = exp. (\/ In (w)) (for further details, see Rickard, 2019a).

2.2.4. Distribution of framboidal pyrites in the salt marsh-ria system

This calculation considered the volume of each sphere, the mass
corresponding to that volume, and pyrite contents obtained from Fepy
content, assuming that all Fep, was found in the framboidal form. Egs.
6-8 were used for this calculation, additionally assuming that framboids
were solid spheres without interstitial spaces; their diameter was
assumed to be the previously calculated geometric diameter (Limpert
and Stahe, 2011; Rickard, 2019b):

4 /x'\3
Sphere volume : V (cm’) = 7”(x7) ®)
3°\2
Mass of a pyrite sphere (g) : mp = dpV @)
Fe, *MW,,
No.of framboids (framboids g') : Njamboides = Ty MWy )
/ P

Where:

X *: mean geometric diameter of pyrites in each section of the Ria or
each type of salt marsh, dj: pyrite density = 5.1 g em’; Fepy: mean
content of pyritic Fe in each section, and MWpy: molecular weight of
pyrite = 120 g mol L.

2.3. Statistical analysis

Descriptive statistics were performed using the Minitab17 software.
Frequency histograms for framboidal pyrite sizes were built using a log-
normal function (Rickard, 2019b), whereas relationships among vari-
ables were established using Spearman correlation tests. Significant
differences in the characteristics of pyrite among sites (types of salt
marshes or sections of the Ria) or depths (surface/deep) were deter-
mined by a one-way ANOVA, followed by a post hoc Holm-Sidack test,
or a Mann-Whitney test, using the SigmaPlot 12.0 software. Further-
more, the comparisons among Ria sectors and salt marsh soils were also
performed using discriminant analysis (DA), which develops a function
that yields optimal discrimination of the Ria sectors (IS, MS, and OS) and
salt marsh soils (SPE, SPM, CE, JL). Thus, through DA, the relative
contribution of the variables to the separation of the groups can be
identified, i.e., the most important variables for the sectors and salt
marsh soils (Reimann et al., 2008).

3. Results
3.1. Transient flow dynamics and residual current

The circulation at the IS and MS and the inner section of OS are tide-
dominated, evidenced by similar flows throughout the water column
(Fig. 2), with slightly lower velocities in the bottom layers, reversed
during flood and ebb tides. Concerning the middle and outer sections of
OS, the greater depth and width result in a lower tidal circulation and a
more significant contribution of river discharges to the local
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hydrodynamics. However, the existing river discharges cannot signifi-
cantly alter this area’s transient flow, which could also be described as a
tide-dominated circulation.

The highest flow velocities are found in MS, mostly ranging from 1.0
to1.5 m s™*, but eventually reaching 2.0 to 2.5 m s~ ! near its boundaries
with OS. In IS, velocity is significantly lower, approximately 0.2 m s},
with exceptions reaching 0.7 ms™!. Finally, in OS, the flow pattern
shows significant variations. In its innermost part, close to MS, velocities
are higher (upto 1.5m s~1) while downstream, at the middle and outer
areas, where the depth and width of the Ria increases, velocities
decrease to values close to 0.1 m s~'. As a result, intense wind action
could significantly influence the hydrodynamics in OS’s middle and
outer portions.

The residual circulation patterns varied widely throughout the Ria.
Vertically homogeneous downstream flows were present in IS, MS, and
the inner section of OS (Fig. 2), although with slightly lower velocities in
the bottom layers and a 3D flow in the middle and outer portions of OS.
The largest magnitudes of residual circulation were found in the same
areas as for transient circulation. Transient circulation was concentrated
in a limited area corresponding to the outer sections of MS and the inner
section of OS, with downstream velocities around 0.20-0.25 m s lin the
surface layer and 0.15 m s~ ! in the bottom layer.

In this context, to determine the potential for pyrite transport in the
different areas, residual flows were computed considering the action of
tidal constituent My and winter river discharges (Fig. 2). The overall
pattern corresponds to a positive estuarine circulation, evidencing the
greater importance of river discharge over the tide for generating net
circulation in this area. Finally, concerning IS, residual velocities are
weak throughout the water column (~0.01 m s’l), one order of
magnitude lower than in MS.

3.2. General characteristics of sediments and soils

Bottom sediments from the three sections of the Ria were dominated
by sand (average sand contents ranged from 71 to 93%; Table 1),
increasing from the inner to the outer section. Texture in the IS and MS
was highly variable, with samples showing fine fractions (i.e., silt and
clay) accounting for 90%, whereas other sites showed sand contents
higher than 95%.

Table 1
Properties and composition of bottom sediments and salt marsh soils from the
Ria de Ortigueira (mean + SD).

Sample pH Eh Sand Clay+Silt TOC Stotal

mV

Bottom sediments

1S (n = 64) 7.3 +112 £+ 71 + 29 + 25 1.75 + 0.54 +
+0.2 143 25 1.28 0.43

MS (n = 28) 7.6 +314 + 89 + 11 +28 0.92 + 0.19 +
+0.1 137 25 1.42 0.19

0S (n = 25) 7.4 +311 + 93 + 7 £10.8 0.57 + 0.15 +
+0.1 134 10 0.50 0.07

Low salt marsh soils
SPE1 0-3 cm 6.2 +459 1.8 98.2 6.31 0.48
n=1)

SPE2 15-35 6.0 +35 + 7.1+ 929 + 5.30 £ 3.06 £
cm(n=4)* +0.2 123 7.7 7.7 1.04 1.64
Salt marsh channel
CE (n = 10) 7.1 +97 + 10.6 89.4 + 1.63 + 0.79 £

+0.2 114 +1.8 1.8 1.02 0.52
High salt marsh soils
SPM1 0-3 cm 6.8 -39 2.6 97.4 7.31 1.42
m=1)
SPM2 15-45 6.8 -85+6 3.3+ 96.7 + 4.62 + 1.97 +
ecm(n=4)* +0.1 0.9 0.9 0.29 0.48
JL1 0-3 cm 6.3 +456 4.3 95.7 9.73 0.40
m=1)
JL215-35cm 6.3 +159 + 7.4 + 92.6 + 3.58 + 0.16 +

(n = 4)* +0.1 17 1.7 1.7 1.84 0.08
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Sediment pH ranged from 6.9 to 7.9, and redox conditions ranged
from strongly reduced (Eh < +100 mV) to oxic (Eh > +400 mV;
Table 1). On average, IS showed significantly lower Eh (compared with
MS and OS (Table 1). TOC and Sota1 contents decreased from IS (TOC:
1.75 + 1.28%; Siorai0.54 £ 0.43%) to OS (TOC: 0.57 + 0.50%; Sio.
ta1:0.15 & 0.07%; Table 1).

Salt marsh soils showed a finer and more homogeneous grain size
composition than sediments, with a dominance of fine fractions (mean
values ranging from 89% to 98%; Table 1). The pH values were cir-
cumneutral, with the lowest values found in the upper layer of SPE soils
(i.e., the lower salt marsh; pH at SPE1 0-3 cm = 6.2; Table 1). SPE soils
also showed the highest Eh values (SPE1 0-3 cm: +459 mV), showing a
decreasing trend at greater depths (SPE2 15-35 cm, Eh = +35 + 123
mV; Table 1), indicating an anoxic environment. The remaining soils
occupied by cordgrass in the higher salt marsh (SPM) and the channel
(CE) showed the dominance of anoxic conditions (average Eh < +100
mV; Table 1), with higher pH values (average: 6.8 + 0.1 and 7.1 + 0.2
for SPM and CE, respectively).

TOC was >6% in all salt marsh surface samples (0-3 cm) influenced
by the presence of plants, with a marked decrease with depth (TOC in
the 15-35 cm depth < 6%) and with the CE samples showing the lowest
contents (Table 1). A different behavior was observed for S;ot, contents.
In soils colonized by cordgrass (SPE and SPM), Sota contents increased
with depth, from 0.48% in the upper 0-3 cm to 3.06 + 1.64% at 15-35
cm in SPE, and from 1.42% to 1.97 4 0.48% in SPM. Sea rush soils (JL)
showed lower Sty contents, with lower values at deeper layers
(Table 1).

3.3. Geochemical forms of Fe and DOP

The bottom sediments from the Ria showed Fepeactive cONcentrations
3 to 25-fold higher than those of Fepy in the three sections (Table 2). IS
showed the highest Fereactive (202 £+ 56.1 pmol g’l), Fepy (71.9 £ 50
pmol g‘l), and DOP (23.8 + 14.8%) contents, compared with the other
sections (Table 2). In MS, Fereactive and Fepy values were 137 + 70.4
pmol g~1 and 11.3 = 20.1 pmol g™, respectively, with a DOP value of
5.6 + 8.1% (Table 2). In OS, Fereactive (74.8 £ 28.5 pmol gfl), Fepy (2.4
+ 2.3 pmol g’l), and DOP (2.6 + 1.6%) were clearly lower (Table 2).

Considering the results observed by the discriminant analysis (DA,
Fig. 3), higher Fepyrite and DOP were highly related to higher Siota1 and
TOC contents, which were associated with IS samples but inversely
related to Eh and sand. On the other hand, MS and OS were associated
with higher Eh and sand contents and lower Siota, DOP, TOC, and
Fepyrite- The differentiation between MS and OS zones could be better
explained by higher pH values observed at MS (Fig. 3A).

The highest Fepy contents were found in SPM2 15-45 cm, followed
by CE, SPE2 15-35 ¢cm, SPM1 0-3 cm, SPE1 0-3 cm, JL1 0-3 cm, and JL2

Table 2
Reactive (Fereactive) and pyrite Fe (Fepy) and degree of Fe pyritization (DOP) in
bottom sediments and salt marsh soils from Ria de Ortigueira (mean =+ SD).

Sample Fereactive Fepy Dop
pmol g~! %
Bottom sediments - Ria
IS(n=7) 202 + 56.1 71.9 + 50 24 +15
MS (n = 5) 137 £70.4 11.3 +20.1 5.6 + 8.1
OS(n=7) 74.8 £ 28.5 24 +23 26 +1.6
Low salt marsh soils
SPE 0-3 cm (n = 1) 239 21.1 8.1
SPE 15-35 cm (n = 2) 77.4 + 37.0 231 + 27.6 75 +11
Salt marsh channel
CE(n=23) 73.0 + 29.0 263 + 104 76 + 16
High salt marshes soils
SPM 0-3cm (n =1) 200 81.0 29
SPM2 15-45 cm (n = 2) 64.2 +12.7 320 + 40.3 83 +1.0
JL0-3cm(n=1) 253 2.1 0.8
JL15-35cm (n = 2) 292 + 68 1.3+0.2 0.4 +0.2




X.L. Otero et al.

Marine Geology 455 (2023) 106954

1 3
0,75 + &)
Fereact'\ve 2
03 Fe 1 H 80
DOP "Spy 1 Q
0\50,25 +
< TOC
g 0 e — 0 ;
(a2)
== Eh
&o,25 1 .
Sand -
-0,5 4 O OQ)
0,75 2
’ OIS OMS @ 0S
-1 3
-1 -0,75 -05 -025 O 0,25 0,5 0,75 1 -3 -2 -1 0 1 2 3
F1(67.06 %) F1(67.06 %)
1 6
OCE @JL @SPE OSPM
0,75 —+
a4 4
0,5 Fereactive - . ’ O
_ 2 | o 1
s 0,25 + O
© Sand
] TOC
¢ 0 : - : . : : o -@— : : QZT&
= Eh PH O
(o]
-0,25 +
v Fepy 49 : 1 O O
-0,5 s - DOP .
'total 4 . 1
0,75 + X
4 -6
-1 -075 -05 025 O 025 05 0,75 1 -6 -4 -2 0 2 4 6 8
F1(77.68 %) F1(77.68 %)

Fig. 3. A) Discriminant analysis for the sections of the Ria (IS — Inner section, MS — middle section, OS — outer section) and B) salt marsh soils with sediment and soil

characteristics.

15-35 cm (Table 2). In salt marsh soils, DOP ranged from very low
values in JL2 (0.6 £ 0.2%) to very high values in the lower salt marsh
(SPE2 15-35 cm; 75.1 + 11.2%) and soils of Spartina-dominated higher
salt marsh (SPM2 15-45 cm, 83.4 £ 1.0%, Table 2). Deeper soil samples
from SPM2 15-45 cm, SPE2 15-35 cm, and CE channel samples showed
higher DOP levels (DOP >75%), compared with those found in SPM1
0-3 cm, SPE1 0-3 cm, and JL and JL2 (Table 2). The DA showed a clear
differentiation between CE and the plant-covered sites (SPE, JL, and
SPM), with higher pH, sand, Fe,y, and DOP values. In contrast, plant-
covered sites showed higher TOC, Fereactives and Siorar (Fig. 3B).
Comparing plant-covered sites, SPM was associated with lower TOC and
higher sand contents and pH, whereas JL was mostly associated with
higher reactive Fe, and SPE was mostly associated with higher Eh and
Stotal-

3.4. Pyrite distribution and morphology

A total number of 1036 pyrites were observed by SEM in sediment
and soil samples (Table 3). Individual framboidal pyrites (578 obser-
vations) and individual pyrite microcrystals (219 observations) were the
dominant morphologies, followed by framboidal pyrites within organic
structures (such as diatom frustules, 68 observations), whereas pyrites
within plant tissues were less common (34 observations; Fig. 6, Table 3).

Bottom sediments showed notably lower pyrites (319 observations)

Table 3
Pyrite morphologies in the studied environments of the Ria de Ortigueira.
Sample Single Framboids  Clusters Plant Diatom
crystals tissues frustules
Bottom sediments
IS 0 112 0 9 0
MS 158 15 0 4 0
0s 21 0 0 0 0
Low salt marsh soils
SPE 0-3 cm 0 12 8 0 0
SPE 15-35 0 65 117 11 0
cm
salt marsh channel
CE 38 52 2 10 1
High salt marsh soils
SPM 0-3 cm 0 163 1 0 12
SPM2 2 150 9 0 55
15-45 cm
JL 0-3 cm 0 7 0 0 0
JL 15-35 0 2 0 0 0
cm
Total 219 578 137 34 68

than salt marsh soils (717 observations). In the bottom sediments,
framboidal pyrites and individual microcrystals were the most
commonly observed category (Fig. 4, Table 3). Moreover, their
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Fig. 4. Microphotographs of pyrites from the bottom sediments of the Ria de Ortigueira. Framboidal pyrites from the inner section (A-F). Pyrites filling plant tissues
(E and F). Pyrites from the middle section (G-I) and from the outer section (J-K), where the dense fraction is formed mainly by siliciclastic sediments (J) and very low
content of pyrites (K). Pyrites from the bottom sediments showing octahedral (A, I) and cubic (B) habits. However, unlike the pyrites observed in marsh soils (Fig. 6),
pyrite framboids in the sediments of the Ria are formed by microcrystals with poorly defined facets, edges, and vertices and cavities indicating that the framboids

have been under unstable conditions.

morphology showed poorly defined facets, edges, and vertices (Fig. 4).
MS and OS showed poorly defined pyrite microcrystals with cubic,
pyritohedral (dodecahedral), and octahedral habit (Fig. 4), whereas IS
samples also showed framboidal pyrites incorporated into plant tissues
(Fig. 4E and F: Table 2). Framboids were only observed in IS and MS,

while at OS, a low number of isolated pyrite microcrystals were
observed (21 observations, Fig. 4J and K).

A greater number of pyrites were counted in salt marsh soils, cor-
responding to 78% of the total number of observations, as well as a
wider diversity of sizes and morphologies (Table 3; Fig. 5). For example,
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Fig. 5. Microphotographs of pyrites from salt marsh soils. Pyrites from lower salt marsh soils (SPE) covered by Spartina maritima (A-C). Framboids from SPE 0-3 cm
formed by spherical framboids of variable sizes (A). Large pyrite polyframboids (>100 pm) from the upper portion of soil in SPE1 0-3 cm (B). Individual pyrites
microcrystal with well-defined surfaces (C). Pyrites from higher salt marsh soils (SPM) colonized by Spartina maritina (D—F). Framboid formed by pyrite micro-
crystals with a well-defined dodecahedral habit (D). High abundance of framboids and filled diatom frustules in SPM soil (E). Large framboid cluster within plant
tissues in SPE2 15-35 cm soil (F). Pyrites from higher salt marsh soils colonized by Juncus maritimus (Sea rush, JL samples) (G-I). Individual framboidal pyrite from
salt marsh soil JL1 0-3 cm (G). Framboidal (H) and polyframboidal (I) pyrites from the deep layer of JL2 (15-35 cm) with poorly defined crystals.

in addition to isolated framboids and crystals, polyframboids/clusters
formed by the aggregation of several framboids were commonly found
in salt marsh soils, as framboids formed in diatom frustules and plant
tissues (Fig. 5). Additionally, larger framboids and microcrystals with
well-defined facets and edges were observed in salt marshes, especially
in the deeper soil layers colonized by Spartina maritima (both in the
higher and lower salt marsh, i.e., SPE2 15-30 and SPM2 15-45 cm).

Most of the framboids observed in salt marsh soils were formed by
tens to hundreds of pyrite microcrystals with well-defined habits
(Fig. 5). However, in some cases, particularly in the upper layers of soils
under Spartina maritima and Juncus maritimus, microcrystals showed
clear signs of alteration, such as poorly defined edges and facets or clear
evidence of dissolution or corrosion (Fig. 6).

3.5. Size distribution of framboidal pyrites

Individual framboid sizes ranged between 2 and 85 pm (Table 4).
The highest geometric mean (x *) corresponded to sample SPM2 15-35
cm (X * = 54.8 pm), followed by samples from JL2 15-35 cm (x * =
37.7 pm), SPE2 15-35 ¢cm (x * = 35.8 pm), and SPE1 0-3 cm (x * =

21.9 pm). Sediments from the Ria and the salt marsh channel (CE)
showed smaller framboids (< 10 pm).

Most framboids (44%) were medium-sized (3-30 pm) and mainly
associated with organic structures, such as diatom frustules and plant
tissues (Table 4; Fig. 7). Large framboids (i.e., those with diameters >30
pm; Rickard, 2019a, 2019b, Wilkin et al., 1996) accounted for 34% and
were only found in salt marsh soils (Fig. 7).

4. Discussion

4.1. Size, morphology, and stability of framboids in salt marsh soils and
sediments

Framboids are the main pyrite morphology in modern sedimentary
environments, such as marine sediments and coastal marsh soils (Wilkin
et al., 1996; Wilkin and Barnes, 1997). The size of framboidal pyrites
observed in sediments from the Ria follows the range of pyrites observed
in most marine sediments, i.e., from 5 to 10 pm (Wilkin et al., 1996;
Roychoudhury et al., 2003; Rickard, 2012), whereas pyrites found in salt
marsh soils were much larger (arithmetic mean values ranging from 10.2
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Fig. 6. Framboid with clear evidence of corrosion from JL 0-3 cm (A). Framboids from JL 15-35 cm showing poorly defined crystals (B). Altered framboids from the
surface of lower salt marsh soil (SPE 0-3 cm) (C). Framboid with signs of pitting (D).

Table 4
Framboid diameters expressed as arithmetic and geometric statistical
parameters.

Samples n X c X ¥ c* max.** min**
pm
Bottom sediments - Ria
I 112 10.7 6.5 9.1 1.8 29 3
MS 15 7.2 4.2 6.3 1.7 18 2
(6] n.0 n.o n.o n.o n.o n.o n.o
Low salt marsh soils
SPE 0-3 cm 12 25.7 15.7 21.9 1.8 71 7
SPE2 15-35 cm 65 37.4 11.2 35.8 1.3 61 21
Salt marsh channel
CE 52 9.1 5.5 7.8 1.7 23 3
High salt marsh soils
SPM 0-3 cm 163 10.2 2.9 9.8 1.3 17 6
SPM 15-45 cm 150 56.1 123 54.8 1.2 79 38
JL 0-3 cm 7 21.5 10.2 19.4 1.6 50 8
JL 15-35 cm 2 40.9 17.3 37.7 1.5 85 17

n: number of observations; n.o: not observed; x *:
metric standard deviation.

geometric mean; ¢6*: geo-

to 56.1 pm; Fig. 7). In addition, framboids in the deeper layers of salt
marsh soils were significantly larger than those in the upper layers (p =
0.038, U = 0.000), showing a pattern of increasing pyrite size with depth
(Figs. 7, 8).

These observations suggest that framboids may experience second-
ary growth upon burial, as observed in other salt marshes (e.g., Great
salt marsh, USA) and marine sediments (e.g., continental slope in Peru),

10

with a positive correlation between framboid diameter and depth and
suggesting continuous growth (Wilkin et al., 1996; Wilkin and Barnes,
1997). Growth of pyrite microcrystals requires contact with a super-
saturated solution containing reduced Fe and S forms (i.e., Fe2+, HS,
$27) (Wilkin et al., 1996; Kozina et al., 2018; Rickard, 2019b). Thus, salt
marsh soils provide the required conditions for framboid growth due to
the generally high rates of sulfate reduction, stimulated by labile organic
matter input by plants (Howarth, 1979). Additionally, the frequent
exposure of soils to the atmosphere and the oxidizing activity by plants
may fuel pyritization (Luther et al., 1982) as dissolved hydrogen sulfide
can be partially oxidized to polysulfides or other sulfur species, with
intermediate oxidation states below the oxic-anoxic interface (see Wil-
kin et al., 1996).

Framboid growth time can range from 5 days for sizes of approxi-
mately ~5 pm to around 2.2 years for large framboids with diameters of
~80 pm (Rickard, 2019a). Other authors have proposed that complete
framboid formation requires approximately five years (Wilkin et al.,
1996; Schieber and Schimmelmann, 2007). Considering a sedimentation
rate of 1 cm year’l in the study site (Lorenzo et al., 2007), the largest
framboids observed in the lower salt marsh soil could have reached their
size in the upper 5-10 cm, compared with the soil surface (i.e., 0-3 cm)
from higher salt marshes (Table 4). These surface layers constitute the
most geochemically active layers in terms of biological activity, density
of live roots, burrows, and sulfate-reducing activity (Otero and Macias,
2002; Bahr et al., 2005). These conditions are typical of lower salt marsh
soils, as well as of higher salt marsh soils dominated by Spartina mar-
itima, where higher Fe pyritization (DOP: 30-80%; Table 2) than in
other salt marsh areas (e.g., tidal flats) has been reported (for further
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Fig. 8. Correlation between framboidal pyrite size and depth in salt
marsh soils.

details, see Otero and Macias, 2003).

Framboidal pyrites are composed of 102-10” microcrystals, usually
around 10*, with sizes ranging from 0.1 to 2 pm and with variable
morphologies (cubic, octahedral, or dodecahedral; Rickard, 2012).
Microcrystal morphology and size are related to the conditions in which
pyrites are formed. Thus, framboids composed of small microcrystals
(~0.1 pm) and poorly defined habits indicate a rapid formation, usually
under euxinic water columns, such as those of the Dead Sea (Wilkin
et al., 1996). On the other hand, the formation of framboids composed of
cubic and pyritohedral (dodecahedral) euhedral crystals with well-
defined facets and vertices require more extended periods and super-
saturated interstitial waters as in anoxic sediments below oxic waters
(Raiswell and Berner, 1985; Wang et al., 2013). Well-defined octahedral
morphologies were mainly observed in deeper soil samples from areas
with Spartina (SPM, SPE; Fig. 5), with most of the framboids observed in
surface layers (SPE1 0-3 cm) of small-sized microcrystals (Fig. 5A).
These observations are indicative of the rapid formation of small-sized
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pyrite microcrystals in the SPE1 0-3 cm, consistently with the biogeo-
chemical conditions of the surface layers of lower salt marsh soils, i.e.,
high Eh values (Table 1) and low sulfate reduction rates, as indicated by
DOP (Table 2; see Canfield et al., 1992).

A significant number of framboidal pyrites were found clustered into
polyframboids or within biological structures (Table 3). However, the
origin of polyframboids remains poorly studied, and their presence is
uncommon in ancient and modern sedimentary environments (Lin et al.,
2016). Nevertheless, clusters were present in most salt marsh samples
(JL, SPE, and SPM; Table 3). The observed polyframboids were
composed of 13-85 framboids, sometimes of similar sizes (~15 pm;
Table 4) and sometimes of heterogeneous sizes (Fig. 5B). On the other
hand, pyrites within biological structures such as plant remains or
diatom frustules are frequently observed in marine sediments (Otero
et al., 2013; Otero et al., 2014; Kozina et al., 2018). In the Ria de Orti-
gueira, these observations were widespread in the studied salt marsh
soils (Fig. 5C).

Many studies on intertidal soils or coastal sediments usually consider
the >63 pm fraction, i.e. the sand size fraction, as poorly reactive
(Krumgalz et al., 1992; Carral et al., 1995; Stone and Droppo, 1996).
However, previous studies have evidenced that the coarse sand fraction
(>100 pm) may represent a fairly reactive fraction with 10-45% of the
total Fe and trace metal contents, since it may contain pyrites (Otero
et al., 2013). In sulfidic sediments, most of the Fe and potentially toxic
elements (e.g., Cd, Hg, Pb) are found associated with the pyritic fraction
(Huerta-Diaz and Morse, 1992), which is highly reactive (concerning
both formation and degradation) within short periods (i.e., days; Morse
and Mackenzie, 1990; Otero and Macias, 2002; Otero et al., 2006). Py-
rite oxidation in intertidal substrates involves acidification and release
of the associated potentially toxic elements into interstitial waters (for
further details, see Otero, 2000; Otero and Macias, 2003; Otero et al.,
2006).

Alteration of pyrite microcrystals occurs either by dissolution, when
pyrite is found under unsaturated solution, or by oxidation (Rickard,
1970; Schallreuter, 1984; Rickard, 2012). Both processes seem to occur
in the study area, especially in the deeper layers in JL2 15-30 cm
(Fig. 6), under suboxic redox conditions (mean Eh ~150 mV; see also
Otero and Macias, 2003). In fact, sulfate reduction was negligible, as
evidenced by the low concentrations of pyritic Fe (Table 2). Likewise,
under alternating redox conditions (i.e., seasonal changes, soils/sedi-
ments surface layers), pyrite may be destroyed by oxidation (Ding et al.,
2014). The hydroperiod that promotes tidal flooding in salt marsh soils
is subjected to temporal variations in tide regimes and seasonal cycles.
Previous studies have shown significant decreases of Fe-pyrite in salt
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marsh soils during the summer, when rainfall substantially decreases
(Kostka and Luther, 1995; Otero and Macias, 2002). The pyrite corrosion
observed by SEM images (Fig. 8) corroborates the oscillating redox
conditions in salt marsh environments.

4.2. Distribution of framboidal pyrites in the salt marsh-ria system

The available information on the number and size of framboidal
pyrites in salt marsh soils and sediments is scarce, and no information for
the Galician rias is available (Morse and Mackenzie, 1990; Huerta-Diaz
and Morse, 1992). Rickard (2015, 2019b) highlighted the global
importance of pyrite framboids as one of the most abundant minerals on
Earth, with up to ~10°%° framboids, or about 10° times the number of
sand grains, at a forming rate of around 10'* per second. Vallentyne
(1963), studying lake sediments in the US, isolated 10° framboids per
gram of dry sediment, corresponding to a pyrite concentration of 0.2%.
More recently, Wilkin et al. (1996) performed a more detailed study of
framboid sizes and abundance in sediments from different marine en-
vironments (i.e., euxinic and oxic/dysoxic environments, ancient sedi-
ments, and salt marsh soils) and registered mean quantities of 1077405
framboids (~ 42-452 pmol g~ ! of pyrite).

Our study showed values ranging between 3 x 102 pyrites in soils
with oxic/suboxic conditions (e.g., higher salt marsh dominated by
Juncus maritimus) to 7 x 10° framboids in the ria sediments, salt marsh
channels, and higher marsh soils occupied by Spartina maritima. These
results show that intensely pyritized environments with high pyrite
contents, such as SPM2 (3.81% pyrite) and SPE2 (2.76% pyrite), did not
show the highest framboid numbers (Table 5). The reason for this lies in
the framboid sizes within each site. Therefore, our calculations were
made considering the mean framboid size at each site (Table 5) instead
of a single mean value. In samples SPM2 15-45 cm and SPE2 15-35 cm,
the mean diameter was 4 to 5 times higher than the largest size in other
areas (Table 4). Therefore, the number of framboids does not seem
suitable for correlating with redox conditions or pyritization intensity in
coastal environments.

4.3. Salt marsh systems as a pyrite-rich system

Pyritic Fe concentrations and DOP values varied widely in salt marsh
soils in the Ria de Ortigueira (Fepy: 1.3 + 0.2 to 320 & 40.3 pmol g
DOP: 0.5 + 0.2 to 83.4 + 1.0%; Table 6), which follow the variability in
redox conditions (Table 1). The lower salt marsh showed significantly
higher Fepy values than those previously registered for anoxic or euxinic
marine environments (Table 6) and higher than those found in the
bottom sediments of the Ria (p < 0.005; U = 44.00; Table 5).

These results support the hypothesis that coastal salt marshes may
act as a biogeochemical reactor (Anschutz et al., 2009; Palomo et al.,
2013), where pyrite content in soils and degrees of Fe pyritization are
among the highest in marine environments (Table 6). Moreover, our
data evidence that intertidal environments, e.g., lower salt marsh soils,
show geochemical conditions that promote rapid pyritization; therefore,
pyrite may be considered one of the most abundant authigenic mineral
in these ecosystems (Howarth and Teal, 1979; Howarth, 1984; Otero
et al., 2009a, 2009b; Rickard, 2019a; see reactions 2-5). Indeed,

Table 5
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Table 6

Reactive and pyrite-Fe contents (%; mean + SD; median is indicated within
parentheses) in soil and sediments from Ria de Ortigueira compared with other
marine environments.

Site Fereactive Fepy Reference

Low salt marsh soils- ria de 0.69 + 1.04 + This study
Ortigueira 0.89 1.34
(n=6) (0.50) (0.52)

High salt marsh soils ria de 1.06 + 0.67 +
Ortigueira 0.65 0.83 This study
(n=6) (1.12) (0.42)

. . . . 0.77 + 0.17 +
Sezi;riel;tgs)-rla de Ortigueira 0.42 0.25 This study
(0.60) (0.21)

Surfacte ‘sediments-ﬁia de Vigo 110 4+ 061 + Oter? et alj, 2009;
(Galicia-NW Spain) 0.40 01 Ramirez-Pérez et al.,
(n=24) 2020

Continental margin 0.73 + 0.09 + Raiswell and
(n = 46) 0.34 0.40 Canfield, 1998

Deep sea 0.66 + 0.06 + Raiswell and
(n=56) 0.32 0.10 Canfield, 1998

Dysoxic sediments 0.36 + 0.57 + Raiswell and
(n=26) 0.34 0.32 Canfield, 1998

Euxinic sediments. Black sea 0.16 + 1.15 + Anderson and
(n = 45) 0.11 0.39 Raiswell, 2004

previous studies have demonstrated high pyrite contents in salt marsh
soils, particularly in areas covered by Spartina (Howarth and Teal, 1979;
Kostka and Luther III, 1994; Otero and Macias, 2002). In the present
study, pyrite contents were especially high in soils under Spartina mar-
itima (Table 6). Spartina maritima is a pioneer species capable of colo-
nizing lower salt marsh soils, characterized by high H,S concentration,
which is toxic for most plant species (Sanchez et al., 1997; Otero, 2000).
In higher salt marshes, Spartina maritima is found in microdepressions
that remain permanently flooded and where geochemical conditions are
similar to those of lower salt marshes (Sanchez et al., 1998; Otero and
Macias, 2003).

Additionally, Spartina maritima can enhance O, diffusion into the soil
through their root systems, thus generating oxic microenvironments
where poorly crystalline Fe oxyhydroxides (e.g., lepidocrocite) precip-
itate. Contrastingly, their roots secrete labile organic compounds, such
as low-molecular-weight organic acids and carbohydrates, fuelling
sulfate-reduction (Mendelssohn and Kuhn, 2003; Hines, 1991). This
capacity to produce alternating redox conditions promotes the oxidation
of dissolved H5S to zero-valent sulfur species (8% and the formation of
polysulfides, leading to direct pyrite precipitation (see eq. 5; Rickard,
1975; Howarth and Teal, 1979).

Higher salt marsh soils colonized by Juncus maritimus, although
marked by high contents of organic C (as high as 9.73%) and Fe;eactive
(291.8 + 67.9 pmol g Table 2), showed lower concentrations of Feyy
(1.3 + 0.2 pmol g~ 1; Table 2). Considering that Juncus occupies most of
the higher salt marsh (Sanchez, 1995), our results suggest that the
progressive terrestrification of salt marsh environments may lead to
lower pyritization, with the consequent mobilization of metals associ-
ated with the pyritic fraction.

Concentration of pyritic Fe (Fep,), framboid size, and number of framboids in the studied salt marsh-ria system.

Bottom Sediments-Ria

Salt marsh soils

IS MS (O SPE CE SPM SPM2 JL JL
0-3 cm 15-35 cm 0-3 cm 15-45 cm 0-3 cm 15-35 cm
Fe-py (pmol g 1) 71.9 11.3 2.4 21.1 263 81 320 2.10 1.30
% pyrite 0.81 0.13 0.03 0.25 2.76 3.16 0.97 3.81 0.03 0.02
X * (um) 9.1 6.3 n.d. 21.9 35.8 7.8 9.8 54.8 19.4 37.7
m, (g) 2.00E-09 7.00E-10 n.d. 3.00E-08 1.00E-07 1.00E-09 3.00E-09 4.00E-07 2.00E-08 1.00E-07
framboides g~ 4.00E+06 2.00E+06 n.d. 5.00E-+04 4.00E+05 7.00E+06 7.00E+06 8.00E-+04 2.00E+04 3.00E+02

N: number of observations; n.o: not observed; x *: geometric mean; ¢*: geometric standard deviation.
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4.4. Pyrite transport in the salt marsh-ria system

Pyrite contents in the bottom sediments of the Ria (Fepy: 0.16 +
0.26%; ~30 pmol g~!; Table 2) were around 6-fold lower than those
observed in the lower salt marsh soils. These contents were also sub-
stantially lower than those reported for other coastal sediments world-
wide (Table 6; see Raiswell and Canfield, 1998; Rickard, 2012). The low
pyrite contents in MS and OS were similar to those observed in sedi-
ments from the continental margin and deep ocean (0.09 + 0.40% and
0.06 + 0.10%, respectively; Table 6). These are generally poor in
organic matter and have a low degree of pyritization (Berner, 1970).
However, IS showed substantially higher pyrite contents (0.40 = 0.28%;
71.9 + 50 pmol g~1; Table 2). Moreover, the physicochemical condi-
tions and residual velocities favored the higher pyrite contents in IS. The
residual velocities in IS were weak throughout the water column
(around 0.01 ms ; Fig. 2 A,B), one order of magnitude lower than in
MS. This fact could be partly due to the low capacity of the tide to
generate residual currents given the specific geometrical configuration
of this area, which is wider than MS and shows large intertidal areas.
Thus, the reduced river discharges generate a weak downstream flow
restricted to its central channel, favoring a higher pyrite content
(Table 2). Additionally, IS’s suboxic/anoxic conditions also favored
pyrite framboid formation as observed by SEM (Fig. 4). However, the
frequent signs of alteration (i.e., poorly defined facets, edges, and
vertices, presence of cavities, signs of dissolution and corrosion; Fig. 4)
seem to suggest that pyrites are under unstable conditions. These signs
of alteration could result from bioturbation (Ferreira et al., 2007), but
could also be due to alterations occurred during transport of pyrites from
marsh soils to the sediments of the Ria, leading to the hypothesis that
part of the pyrites present in the sediments of the Ria have an
allochthonous origin.

Otero et al. (2014) found abnormally high pyrite contents in sandy
sediments in a mangrove channel in Cardoso Island, SE Brazil. The au-
thors concluded that pyrites formed in the adjacent mangrove soils were
transported to the channel by tidal action during ebb tides, leading to
overpyritization of the sandy sediments. Our results seem to suggest a
similar situation between the salt marsh and sediments in sections IS and
MS, where some pyrites seemed to have come from the progressive
collapse of salt marsh channels rather than having been formed in situ.
As shown in Fig. 4, sediments showed framboidal pyrites within plant
tissues, which could corroborate their origin in the adjacent salt
marshes, as was observed in studies carried out on soils of the same salt
marsh (Otero, 2000), although they could also be pyrite-free plant debris
that had been transported to the sediments of the Ria and undergone
post-depositional pyritization. However, the regression line for total
organic Carbon (TOC) vs Total for sectors IS and MS intercepted the y
axis at 0.10% (Total S = 0.10 + 0.22 TOC, P = 0.557, n = 91), which
suggests that the sediments of the Ria de Ortigueira show over-
pyritization (Raiswell and Berner, 1985), thus supporting the initial
hypothesis that part of the pyrites present in sediments may come from
salt marsh soils (Otero et al., 2014).

Lower salt marsh soils are subjected to intense tidal influence and
showed a high degree of pyritization (Table 2). Moreover, the lower
parts of the channels in the higher salt marsh can also show high degrees
of pyritization (Lambais et al., 2008). Both sites (channels and lower salt
marsh) showed clear signs of erosion in the study area due to sea-level
rise (2-3 mm y~ for the Atlantic coast; Climate Change Post, 2020).
The collapse of channel banks associated with tidal movements leads to
the transport of eroded soil and sediments material from salt marshes
towards the Ria through the dense drainage network within the salt
marsh (see also Valiela, 2015; Valiela et al., 2018). The importance of
this process is particularly relevant in IS and MS, as these sections are in
close contact with adjacent salt marshes (e.g., salt marshes of Mera and
Esteiro; Fig. 1).

In addition to these general patterns, other complex processes should
also be analyzed to describe pyrite transport in this Ria. In particular, it
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is important to note the presence of a counterclockwise eddy in the area
with the strongest residual circulation in the outer portion of MS. This
combination with the previously described general pattern could
significantly affect pyrite distribution. The greater amounts of pyrite
present in IS are subject to low residual downstream velocities (Fig. 2)
that hinder its transport to MS. In addition, although MS shows a greater
residual circulation (Fig. 2), the transport of pyrite framboids is limited
by the existence of a residual eddy, which may preclude to some extent
their flow through the narrow section separating MS from OS, therefore
preventing their presence in OS.

In this sense, a different situation was observed in OS, where the low
pyritization degrees were consistent with the oxic conditions (Eh = 311
4+ 134 mV; Table 1) and the low TOC contents (0.57 & 0.5%; Table 1).
Under such conditions, sulfate reduction is low and associated with
microsites enriched in labile organic matter. Therefore, the level of su-
persaturation necessary for pyrite precipitation should be low, allowing
for the formation of only isolated pyrite microcrystals. The formation of
framboidal pyrites, on the other hand, requires supersaturation values
around 11 orders of magnitude higher than the equilibrium values
(Rickard, 2012).

Additionally, the hydrological study showed that IS acts as a sink for
pyrites. Except for the inner section, most sections of OS showed weaker
velocities (around 0.1 m s’l) throughout its central channel in the
surface layer, decreasing to 0.02 m s~! in the bottom layers (Fig. 2B). In
addition, the overall pattern of a positive estuarine circulation led to the
greater importance of river discharge over the tide for generating net
circulation in the IS. Thus, the higher amounts of pyrite in IS compared
with the remaining sections are related to the slow current velocities
(Fig. 2C), which would limit the transport towards MS, particularly of
larger framboids. Moreover, the bottleneck formed by the Ria between
MS and OS (Fig. 2) promotes the formation of an eddy, which could act
as a plug that reduces sediment output from MS towards OS.

5. Conclusions

The pyritization of bottom sediments at the Ria de Ortigueira was
significantly lower than inadjacent lower salt marsh soils. Conversely,
the number of framboidal pyrites per gram of sediment was higher in
sediments from the Ria than in salt marsh soils, ranging from 2 x 10° to
4 x 10° in sediments and from 3 x 102 to 7 x 10° in salt marsh soils,
although their sizes were significantly smaller. These data evidence that
the number of pyrite framboids is not a good indicator of the degree of
Fe pyritization in salt marsh sediments and soils.

The results show that soils from lower marshes colonized by Spartina
maritima (i.e. labile organic matter, bioturbation, high sulfate reduction
activity, partial oxidation of H,S) constitute one of the geochemical
environments where Fe pyritization occurs at a higher intensity
compared with other marine environments. The intense Fe pyritization
observed in the lower marsh mainly produces framboidal pyrites and
large polyframboids, whose size increases with depth. The highly sig-
nificant correlation observed between pyrite size and depth suggests
that framboids experience secondary growth upon burial.

On the other hand, the visible signs observed in framboids from
sediments at the bottom of the Ria de Ortigueira, together with the
observation of pyrite-filled plant debris in sediments of the Ria and with
the intersection of the regression line for the TOC vs Total S relation with
the Y axis, seem to suggest that these are exported from salt marsh soils
towards the nearby seabed, where geochemical conditions promote
their progressive dissolution. This process is expected to increase with
time due to rising sea water levels, which promote the erosion of salt
marsh soils (particularly in lower marshes). The massive output of py-
rites towards coastal areas and their subsequent oxidization is a process
that could affect the geochemical cycle of Fe and of other pyrite-
associated metals (e.g. Cu, Pb, Zn, Hg, As, Co, etc).

In the case of the Ria de Ortigueira, the contrasting currents within
the salt marsh-Ria system determine preferential sites to act as sinks for
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pyrites in areas where this mineral is not formed but inherited from the
surrounding eroded salt marshes. Furthermore, the weak residual cur-
rents in the inner section of the Ria, together with the presence of an
eddy in the transition from the middle to the outer section, turn the inner
section of the Ria de Ortigueira into a pyrite sink, preventing framboidal
pyrites from being exported towards outer sections of the Ria.
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