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Abstract

Peatlands are natural reservoirs of organobromine compounds. Important advances have
been made in unraveling the mechanisms involved in bromine (Br) retention in the peat
but, to our knowledge, the temporal and spatial variation of the peat organic matter (OM)
bromination has not been fully researched. Here, we present the study of 12 short cores
(c. 30 cm, c. 150-200 years of peat accumulation) sampled from a small (c. 1 ha) area
of an oceanic blanket peatland from northwestern Spain. We combine Br concentrations,
spectroscopic analysis (FTIR-ATR), and structural equation statistical modelling (SEM).
Our results show that Br is significantly correlated to proxies of peat aerobic decomposition,
with concentrations increasing with depth in all cores (x2-10 times). Strong spatial hetero-
geneity was observed, with some cores showing much higher Br maximum concentrations
and larger increases with depth. SEM modelling indicated that various OM functionalities
contribute to Br accumulation and that their effects change with depth/age, with aromatics
becoming dominant after 20-90 years. Thus, changes in organic matter molecular composi-
tion, linked to early peat diagenesis, and the geochemical conditions governing it exerted a
strong control on Br accumulation in the studied peatland. Bromine wet deposition was
not found to be a limiting factor.

Keywords: peatlands; organobromine compounds; peat decomposition; molecular
composition; aromatic compounds; FTIR-ATR; structural equation modelling

1. Introduction

Bromine (Br) accumulation in soil and sediment is a complex process influenced by a
variety of sources and the diagenetic transformations that occur within these environments.
Historically, inorganic bromide (Brinorg) was often considered unreactive and used as a
conservative tracer in hydrological studies. However, recent research has demonstrated
that Br undergoes significant biogeochemical cycling, involving rapid bromination, and
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accumulation or degradation of organobromine compounds (OM-Br) with organic matter
(OM) [1].

Bromine enters terrestrial and aquatic environments mainly through wet and dry
atmospheric deposition, including various natural sources (seawater and sea salt aerosols,
volcanic emissions, etc.), anthropogenic sources (biomass burning, fossil fuel combustion
sources, etc.), and from the degradation of OM-Br compounds [2—6]. Because of its atmo-
spheric cycle and predominantly marine source, Br is a ubiquitous element of great interest
in paleoenvironmental studies, with which to trace and reconstruct moisture sources [7-9].
Today, although knowledge about the mechanisms of accumulation and degradation of
OM-Br in environmental archives is better understood, the role of diagenetic, climatic, and
geochemical factors is not yet fully understood or documented. This information is crucial
in determining whether this tracer is conservative in the archives and what the limitations
of its use in reconstructing past environments may be.

Organic matter decomposition plays a key role in the incorporation of Br into OM
during decay. The amount of organically bound Br increases during the decomposition and
humification of plant material, indicating that the degradation and bromination of organic
matter are concurrent processes in soils [6,10-15]. Enzymatic bromination is proposed
as the main pathway for the natural formation of halogenated organic compounds, with
haloperoxidases and halogenases as key enzymes, which catalyze the oxidation of inorganic
bromide by hydrogen peroxide (H,O,) to reactive intermediates that brominate organic
substrates [3]. Abiotic bromination also exists, including the oxidation of soil OM by ferric
iron (Fe**) and photooxidation reactions [4,16]. Fresh plant material is generally more
susceptible to bromination than decayed litter and soil humus due to a labile pool of mainly
aliphatic compounds that break down during the early stages of soil OM formation. Then,
when the OM is humified, aromatic OM-Br compounds tend to be more stable [4].

In peat environments, Br has been found to be strongly associated with OM, where
up to 91-95% of total Br exists in an organically bound form, covalently bonded to car-
bon [12]. Soil studies have shown that the degree of soil OM bromination, expressed as
the Br/C molar ratio, increases with the age of the OM over millennia, suggesting that
metal-bromine-OM compounds become enriched through time, likely due to the more
intensive degradation of non-stabilized OM fractions [17]. In mineral soils, Br accumulation
was also found to be strongly linked to the amount of OM stabilized as aluminum-OM
associations and, to a lesser extent, soil acidity and iron-OM associations. These organo—
metal complexes decrease OM degradability, leading to the preservation of brominated OM.
Consistently, investigations on Br speciation using K-edge HERFD-XAS in surface samples
of a highly decomposed Andean peatland showed that Br was mainly found associated
with OM as aromatic Br compounds (>80%), with a minor percentage (<15%) of inorganic
Br [18]. Aliphatic Br was not detected in the samples. Similar in-depth speciation of Br
indicated no change in speciation during OM aging, suggesting that Br accumulates in
wetlands as aromatic OM-Br preserved during OM humification, consistent with XAS data
obtained in the humus fraction of a forest soil in New Jersey (USA) [4]. By contrast, a
study of a Chilean bog has proposed that halogens are not conservative in bogs as the
accumulation and speciation of Br is affected by diagenetic processes, varying with depth
and environmental conditions [12].

Most previous studies were performed on either single, long, peat cores or a few cores
(2-3) from different bogs (e.g., [13—15,19-24]) or by collecting several superficial samples
in different wetland environments (e.g., [6,18]). These approaches provide insights into
long-term OM bromination and environmental drivers, but they do not allow for an investi-
gation on the timing and spatial variability of the bromination process. In this investigation,
we analyzed 12 short cores (c. 30 cm depth) from the same peatland, combining Br con-
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centrations, peat molecular composition (FTIR-ATR), and structural equation modelling
(SEM). Our aims are (i) to determine the spatial and vertical (i.e., time) variations in Br
concentration, (ii) to establish the role of early peat OM transformations on Br accumula-
tion, (iii) to estimate the contribution of peat OM compounds (i.e., aliphatics, aromatics,
carbohydrates), through statistical modelling, to Br retention, and (iv) to determine the
timing and spatial variability of peat OM bromination.

2. Materials and Methods
2.1. Location, Sampling and Sample Preparation

The peat cores studied in the present research were collected in the Chao de Lamoso
bog (CHL) and were originally investigated for Pb and Hg accumulation. Details of the
sampling processing and storage are described in detail elsewhere [25]. The CHL bog
(Figure 1), a blanket bog situated at 1039 m a.s.l. and about 20 km south of the Atlantic
Ocean, is located in an area with an average annual precipitation of 1800 mm and an
average annual temperature of 8 °C. The dominant lithology of the area is represented
by quartzites, which underlie the peatland cover (peat thickness varies between 3 and
4 m). Surface vegetation is composed of grasses (Agrostis curtisii, A. hesperica, Festuca rubra,
Deschampsia flexuosa, Molinia caerulea), sedges (Carex binervis, C. durieui, C. panicea), heathers
(Calluna vulgaris, Erica cinerea, E. mackayana), and rush (Juncus bulbosus). Sphagnum mosses
are present in low abundance. Heathers are more abundant in the eastern, drier area of the
cored area.
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Figure 1. (A) Location of the Chao de Lamoso bog (red star). (B) Location of the studied area (c. 1 ha)
in the bog. (C) Br concentrations (ug gfl) in the CHL short cores. S: slope of the depth/concentration
relationship. A strong pattern of increasing slope from the west to the east is apparent (color, from
yellow to red, of the circles). The background gray image corresponds to the actual bog area where
the cores were collected (images taken from Google Earth; image from year 2024).

Briefly, 14 short cores (~30 cm in thickness) were collected, the same day, in 1998 at
the summit of the blanket bog complex, covering an approximate surface area of 1 ha. The
cores were wrapped in plastic film, covered with aluminum foil, taken to the laboratory the
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same day of sampling, and stored in a refrigerator at 4 °C until processing. The cores were
sectioned into 1 cm thick slices in the upper 5 cm and 2 cm thick slices below that depth.
The external part of each core (c. 1 cm) was trimmed to avoid potential contamination from
the corer, and each slice was divided into two halves. One half was oven dried at 35 °C,
finely milled, and stored in cool and dark conditions. Of the 14 cores originally sampled,
12 were available for this study.

2.2. Peat Bromine Content Analysis

Bromine was determined using the XRF facility of the RIADT (Universidade de Santi-
ago de Compostela, USC). Calibration was performed using standard reference materials
(NIST 1568b Rice Flour; 1648A, Urban Particulate Matter; NIST 1649A, Urban Dust; BCR
611 and 612, Low content and High content Br) [26-29], which covered a range of certified
concentrations from 1.4 = 0.4 to 1190 + 10 pg g~ !, with a detection limit of 1 ug g~ ! and a
replicability within 5%.

2.3. Vibrational Spectroscopy Analysis

Dried and finely milled peat samples were analyzed by Fourier Transform Infrared—
attenuated total reflectance spectroscopy (FTIR-ATR) using an Agilent Technologies Cary
630 spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA), hosted at the EcoPast
research group laboratories of the USC. Spectra were recorded in the mid infrared region
(MIR, 4000400 cm™1), averaging 100 scans per sample. Resolution was set to 4 em ! and a
background was obtained before analyzing every sample. Spectra were baseline corrected
and normalized using Orange Data Mining software (version 3.38.0) [30].

MIR indices, i.e., the ratios between peak absorbances of relevant functional groups,
were also calculated. The selected indices reflect the degree of peat decomposition (accu-
mulation on aliphatic and aromatic components versus labile polysaccharide compounds,
AL/PS and AR/PS), the degree of crystallinity of the molecular structure of the cellulose
(CCx), the transformations of the lignin (guaiacyl versus syringyl moieties, G/S), the length
versus the degree of ramification of the aliphatic moieties (length/ramification, LT/RM),
and the oxidation of the peat OM and production of carboxylic acids (CBX). It has been
suggested that they can provide an enhanced understanding of the molecular composition
of the peat organic matter [31]. The bands included in the ratios, their assignation and
meaning, as well as the references can be found in Table A1.

2.4. Statistical Analysis

“u_ 1

Apart from the correlation analysis (i.e., Pearson “r” coefficient for normal distributed
data) used to determine the degree of covariation between MIR indices, Br, and the FTIR-
AR spectral signal, in this research, we also applied structural equation modelling (SEM)
using SmartPLS software (version 4.1.1.5) [32]. PLS-SEM has the advantage of using several
proxies for each predictor variable, avoiding multi-collinearity, and enabling the calculation
of direct effects (of predictors on the response variable, i.e., Br) and indirect effects (i.e.,
interactions between predictors), so the predictors are defined to maximize the explanation
of the response variable [33]. The sum of direct and indirect effects determines the total
effect of each predictor and provides a synthetic evaluation of the importance of the weight
of each predictor on the response variable. We opted for this approach, compared to other
modelling approaches (such as CB-SEM), because PLS-SEM is less demanding regarding the
number of samples, it is very efficient with non-normal distributions, and more adequate for
explanatory and predictive purposes. As a first step to define the SEM model, we calculated
the correlation between Br and absorbances for each wavenumber (i.e., correlation spectrum
with “r” Pearson coefficients; see Section 3.3 below). Mid-infrared regions of the spectrum
showing moderate-to-large positive and negative correlations to Br were selected for the
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model. To check the validity of the model, the SmartPLS bootstrapping function was used
so path coefficients and total effects of the MIR regions were only retained when found to
be significant (p < 0.05). We have already successfully used this approach to determine the
factors affecting long-term Br accumulation in a peat sequence from Brazil [34].

3. Results
3.1. Bromine Concentrations: Vertical and Spatial Distribution

The average Br concentration for all peat cores and depths (n = 192) was 192 & 80 ug g},
with values ranging from 45 to 520 ug g ! (Figure 1). Concentrations increased with depth and
the slope of the depth/Br concentration relationship varied between 2.3 and 15.1 (Figure 1),
which indicates average increases of 68 to 453 pig g~ !. The maximum /minimum concentration
ratio also showed large variations, ranging between 1.8 and 7.2. Figure 1 also shows that Br
depth records have a strong spatial pattern: lower depth-increases were found in the western
side of the bog and higher depth-increases in the eastern side.

3.2. Peat Molecular Composition: FTIR-ATR

The mid-infrared (MIR) spectra of the peat samples and the standard deviation spec-
trum are shown in Figure 2 with the most relevant bands. All spectra showed essen-
tially the same bands, with high-to-moderate absorbances in the O-H stretching region
(3500-3200 cm 1), for the characteristic aliphatic C-H peaks at 2920 and 2850 cm ™!, the
carbonyl-aromatic region (1800-1600 cm~!), and the C-O stretching region (1100-900 cm~1).
Lower absorbances were also found in the 1510-1200 cm ™! region, where aromatic, conju-
gated C=N, O-H, amino, and phenolic groups from lignin, N-compounds, and aliphatic
compounds absorb (see Table A2 for the assignation of bonds and compounds responsible
for the MIR absorbance bands/peaks). The largest variability between samples (i.e., stan-
dard deviation) were observed in the 1100-960 cm ™! region, followed by the two aliphatic
peaks and the 1800-1500 cm ! region (Figure 2). Moderate-to-low variability occurred in
the 1500-1100 cm ! region.
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Figure 2. Upper panel, MIR Spectra of the peat samples of the CHL cores analyzed in this study (n = 192),
with an indication of the wavenumbers of the main absorbances. Assignation of the absorbances can
be found in Table A2. Lower panel, standard deviation spectrum showing the regions which show the
largest variability between samples. Colors are intended to enhance spectra visualization.
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The depth records of the MIR indices can be found in Figure Al. Almost all indices
showed an increase in values with depth, with an exception made for the guaiacyl/syringyl
(G/S) index, which showed a tendency to decrease with depth. Collectively, they all
showed substantial spatial variability that increased with the peat depth. The aromat-
ics/polysaccharides (AR/PS), aliphatics/polysaccharides (AL/PS), and carboxylic (CBX)
indices were highly correlated between them (Table 1), and the length/ramification of the
aliphatic chains (LT/RM) were moderately correlated to these indices. The correlation of
G/S to the other indices was marginal.

Table 1. Pearson correlation coefficients for the linear relationship between MIR indices and Br and
between the MIR indices. Codes of MIR indices are described above and bands included in the
calculation can be found in Table A1. Statistical significance: * p < 0.05, ** p < 0.01; n = 192.

AR/PS AL/PS CCr G/S LT/RM CBX
Br 0.62 ** 0.61 ** 0.46 ** —0.74 ** 0.52 ** 0.72 **
AR/PS 0.96 ** 0.85 ** —0.42 ** 0.67 ** 0.87 **
AL/PS 0.80 ** —0.42 ** 0.80 ** 0.85 **
CCr —-0.17* 0.64 ** 0.72 **
G/S —0.38 ** —0.51**
LT/RM 0.68 **

3.3. Peat Molecular Composition and Br Concentrations

Bromine concentrations in the peat were significantly (p < 0.01) correlated to the MIR
indices (Table 1), with CBX and G/S showing the highest correlation coefficients. AR/PS,
AL/PS, and LT/RM were moderately correlated, and CCr was marginally correlated. It
is evident from the scatterplots (Figure 3) that the data population contained two groups,
with samples having Br concentrations above ~250 pig g~ ! departing from the trendline
of the other samples. This departure was less apparent for the G/S and the CBX indices.
These samples belong to the cores located to the east of the bog (Figure 1).
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Figure 3. Relation between MIR indices and Br concentrations (n = 192). The values of the Pearson
correlation coefficients can be found in Table 1.
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To explore in more detail which regions of the MIR spectrum (i.e., bond vibrations)
could be related to the Br spatial and vertical variation, we produced correlation spectra
for the cores of the western (n = 97) and eastern (n = 95) side (Figure 4). In both cases,
highly negative (r < —0.5, p < 0.01) correlations were shown in the 1100-850 cm ! and
700-500 cm ™! spectral regions, and high positive correlations in the 1800-1200 cm ! and
the 800-750 cm ™! regions. Despite this general pattern, differences were observed in the
correlation spectra of the cores of the western and eastern sides. Correlation coefficients
for the 1800-1670 cm ™1 region were lower, while correlation coefficients for the 1390-1200
and 800~750 cm ! regions were higher for the cores from the eastern side than for those
of the western side (Figure 4). The largest negative correlation coefficients were shifted
for both groups of samples: the Br of the cores from the western side showed the largest
negative coefficients in the 1100-980 cm ! region, with the eastern cores shifting to the
950-868 cm ™! region. Marginal positive correlations mostly occurred in the aliphatic region
between 3050 and 2800 cm ™!, except for the peaks at 2920 and 2850 cm !, which showed a
moderate correlation (r = 0.6, p < 0.01) for the western cores but were much lower for the
eastern cores (Figure 4). The only spectral region for which the Br concentrations showed
high, positive, correlation coefficients independent on core location was that between 1640
and 1400 cm 1.
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Figure 4. Correlation spectra for Br concentrations. Each value corresponds to the Pearson coefficient
of the correlation between the normalized absorbance of each wavenumber and Br concentration
in the peat samples. The gray line is the correlation for samples of the western cores (low overall
Br concentrations, n = 97) and the black line is the correlation for samples of the eastern cores (high
overall Br concentrations, n = 95).

The correlation spectra can thus be divided into seven main OM functional group
(OM-FG) regions: aliphatics (3035-2800 cm ™), carbonyl (1800-1670 cm 1), aromatic
(1640-1400 cm™1), alkyl+aromatics (1390-1200 cm™ 1), carbohydrates-1 (1100-930 cm™ ),
aromatic C-H (800-750 cm™1), and carbohydrates-2 (700-500 cm ™). These regions
are specifically related to the C-H bond vibrations associated with aliphatic groups
(30502800 cm ') as well as the C-H of aromatic rings (800-750 cm™ 1), carbonyl/carboxylic
(1800-1670 cm 1), aromatic skeleton (1640-1400 cm '), alkyl+aromatics (1390-1200 cm™ 1),
and carbohydrates (1100-930 and 700-500 cm ).

3.4. Modelling Br in Peat Using the Spectral Signal

Based on these findings, we built a structural equation model (SEM) which included
Br concentrations as response variables and the regions of the MIR spectra, described
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above, as predictors. In an initial SEM model, the carbohydrate-2 region failed to pass
the bootstrapping test, i.e., the path coefficient was not significant, and this region was
not retained in the final model. The final SEM model is presented in Figure A2 and the
depth distribution of the model scores for the OM-FG regions can be found in Figure A3.
Almost all OM-FG regions showed an increase with depth, except for the carbohydrates,
which showed a decrease. Aromatic C-H showed little depth variation in the western cores
but quite large variations in the eastern cores. The depth trends of the OM-FG regions
showed lower variability for the cores of the eastern side of the bog compared to those of
the western side.

The model explained a large percentage (78%; SRMR 0.1, NFI 0.93) of the Br concentra-
tion variance. The correlation between the observed and expected values was very high
(R? =0.90, n = 95, p < 0.01; Figure 5) for the eastern cores and lower for the western cores
(R2=0.52; n=97, p < 0.01). The path coefficients (Figure A2) indicate that the OM-FG
region with the largest effect on Br accumulation was that of aromatics (1640-1400 cm™1),
followed by aromatic C-H (800-750 cm~1!). Carbohydrates absorbances (1100-930 cm 1)
had a low positive effect. Conversely, the alkyl+aromatics (1390-1200 cm ') had a large
negative effect, and the carbonyl (1800-1670 cm~!) and aliphatics (3050-2800 cm ') had
moderate negative effects.
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Figure 5. Relationship between the expected Br (eBr) concentrations, obtained with the SEM model
based on the peat OM molecular composition and the observed Br (oBr) concentrations (n = 192).
The coefficients (i.e., direct effects, indirect effects, and interactions) of the model are summarized in
Figure A2.

The MIR regions showed significant interactions between them (Figure A2). Large
positive interactions were found between the aromatics and aliphatics, aromatic C-H,
carbonyl, and alkyl+aromatics. Aromatics showed a large negative interaction with car-
bohydrates. Low to marginal, positive interactions were observed for alkyl+aromatics
and carbohydrates with carbonyl. The largest total positive effects corresponded to the
aromatics and aromatic C-H (Figure A2). The largest negative total effect corresponded
to the alkyl+aromatics, showing the aliphatic and the carbonyl moderate, negative total
effects on the Br concentration. The total effect of carbohydrates was close to zero.

Low Br concentrations at the surface of the cores were associated with the low positive
contributions (i.e., weights) of alkyl+aromatics, carbonyl and, to a lower extent, aliphatics;
while lower contents of aromatics and aromatic C-H contributed to lower Br concentrations
(Figure 6). With depth, the increasing Br concentrations were related to dominance of the
aromatics contribution, and, in the cores from the eastern side of the bog, with a secondary
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Figure 6. Partial weights of the OM-FG regions on the Br concentration, obtained with the SEM
model, in the studied peat cores (left panel, western cores; right panel, eastern cores). Estimation of
the partial weight of each OM-FG region is obtained by multiplying the path coefficient by the score
value of each OM-FGr for every sample of each core.

The depth at which the contribution of the aromatics became consistently dominant
varied between the cores. In most cores, the aromatics started to dominate Br concentrations
at 13-19 cm but, in some, this occurred at shallower or even a greater depth (Figure 6). In
one core (CHL-11), the aromatic contribution was not dominant at any depth. Using the
estimated ages for the peat cores published in previous investigations [25,35], we fitted the
trend for the aromatics region (Table A3). For almost all cores, the models suggested that
it took from 20 to 90 years for the aromatic compounds to dominate the Br accumulation
in the peat. The average for all cores was 50 & 30 years, with no significant differences
(p > 0.05) between the western and eastern sides of the bog.

4. Discussion
4.1. Depth and Spatial Changes of Peat Molecular Composition

The MIR spectra of the samples from the studied CHL cores are characterized by
the occurrence of various functional groups that are associated with the peat organic
components, including polysaccharides, lipids, proteins, lignin and other aromatics, and
organic acids, among others [36-38]. On the one hand, these components are primarily
related to the plant material constituting the peatland vegetation; on the other hand, they
are also connected to peat OM transformations related to the influence of environmental
factors (i.e., climate, seasonality, and hydrological conditions) and time. For example, the
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large variability shown by the 1100-960 cm ! spectral region, related to polysaccharides
content, is mainly due to differences between the upper and bottom peat layers of the cores,
i.e., a substantial decrease of polysaccharide compounds with increasing depth/age. This
pattern reflects the long-term peat decomposition process through which labile peat OM
compounds are depleted [21,37,39]. The high variability shown by the aliphatic groups can
be associated with the formation of humic substances taking place during the peat OM
degradation [40,41]. Also, the moderate variability observed in the 1500-1100 cm~1 region
suggests differences in the occurrence of lignin and specific organic acids, compounds
that are less susceptible to the overall transformation processes. This is consistent with
previous studies indicating the resistance to degradation of aromatic compounds, because
their complex structure makes it difficult for enzymes to recognize and break them down
efficiently, unlike the more regular and linear structures of polysaccharides [31,42].

The calculated MIR ratios helped to simplify the interpretation of the complex FTIR
data, by reflecting the relative abundance of specific functional groups [31,43]. In the
CHL cores, the high correlation between AR/PS, AL/PS, usually interpreted as reflecting
peat decomposition, and CBX indicates that the accumulation of aromatic and aliphatic
compounds and the peat OM oxidation are concurrent processes. In fact, these MIR
indices are linked to the humification process (i.e., depletion of linear polysaccharide
structures and increase in aromatic compounds by increased polymerization) [21,37]. Their
moderate correlation with the LT/RM index additionally points to transformations of
the chains of aliphatic linear compounds (i.e., alkanes and alkenes). However, LT/RM is
also potentially linked to the sources of the peat OM (i.e., vegetation) and its degree of
decomposition [21]. The marginal, negative correlation to G/S suggests that only part of
the change in lignin moieties (i.e., guaiacyl vs. syringyl) could be related to the overall
peat degradation. In previous studies, G/S was also found to be largely uncorrelated,
or only marginally correlated, to the other MIR indices [44]. Drier, oxidizing conditions
were found to result in an increase in the abundance of syringyl moieties during peat
decomposition [45], resulting in lower G/S index values. Thus, most of the variation in
lignin composition seems to depend more on bog vegetation changes and shorter-term
decomposition (mediated by variations in bog surface wetness), rather than changes due to
long-term decomposition [15,44,46].

4.2. Bromine Concentrations and Peat Decomposition

The bromine concentration in the peat cores varied by an order of magnitude, from a
few tens to hundreds of micrograms per gram, and showed moderate-to-large increases
with depth. The highest concentrations are comparable to those obtained in previous peat
studies in oceanic areas (e.g., [6,13,24]), including the studied area [14], and are about
one order of magnitude higher than those found in continental bogs (e.g., [20]). This
finding seems to support the accepted interpretation that Br concentrations in rainwater
decrease with increasing distance to the ocean (Figure 7). Despite this, comparable high Br
concentrations were found in Brazilian mires located at hundreds of kilometers from the
coast [34], and previous investigations on Br in rainwater found that Br was enriched at
elevated inland locations [6,47—49].

Bromine was highly correlated to MIR indices that are proxies for peat decomposition
and lignin transformation (Figure 3). This result agrees with many previous investigations
on peat OM bromination [10-12,14,34], with the finding that all Br in peat and pore waters
is in the form of OM-Br compounds [6,13,50]. Biester et al. [12] suggested that the atmo-
spherically deposited Br is retained in the peat OM humic compounds due to biotic and
abiotic mechanisms, while Zaccone et al. [15] found that a large proportion (40%) of the Br
in the peat core they analyzed was incorporated into humic acid molecules.
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Figure 7. Conceptual model synthesizing the main sources and mechanism involved in bromine
accumulation in the studied peat cores.

Our data also suggests that transformations affecting to esters and carboxylic com-
pounds (CBX index) and lignin moieties (G/S index) have a greater overall correlation to
the Br concentration. Both MIR indices are related to aerobic peat decomposition, and thus
the Br incorporation in peat is coupled to oxidative process. In the long peat cores from the
studied area, spanning several thousands of years, Br (and I) was also found to be enriched
in peat layers formed in periods of drier climatic conditions with a greater degree of peat
decomposition, while lower concentrations were found in peat layers corresponding to
wetter periods with a lower degree of peat decomposition [14]. The formation of organo—
halogenated compounds is mediated by oxygen-dependent enzymatic processes [51-53]
and abiotic mechanisms also requiring oxidizing conditions [4,16,54], and they are enriched
during OM decomposition [3,4,55,56].

Bromination is a rapid process occurring in the upper layers of peat and mineral
soils [3,4,17], and OM-Br compounds seem to be highly resistant to decomposition, ac-
cumulating through time [13,17]. As indicated by Biester et al. [21], Br concentrations in
surface soils and sediments are controlled by two main mechanisms. The first involves the
inputs of Br anion, directly (as in salt marshes) or indirectly by atmospheric wet deposition.
The second mechanism pertains to the bromination process and its kinetics. The authors
proposed that the limiting factor for OM bromination is the OM substrate in salt marshes
and Br atmospheric deposition in continental wetlands. Leri and Myneni [3] also suggested
that bromide availability is often the limiting factor for OM bromination in continental
areas. While these are correct assumptions, calculations of Br retention in peat indicate that
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only a small proportion of the total deposited bromide is actually retained. Shotyk [19]
found that more than 90% of the Br supplied in rainwater in two peatlands from Scottland
was not retained in the peat, while Biester et al. [12] estimated retention values as low as
7.5% in peat cores from Patagonia, and Martinez Cortizas et al. [17] estimated 6-16% total
retention in acid, organic rich colluvial soils. Using the bulk density and age data from
the previous investigation on the same cores [25], we estimated that the Br retention in
the upper peat sample of each core (representing c. 10 years of peat accumulation) varies
between 2% and 8%. Thus, at least in oceanic areas and in elevated continental settings,
bromide availability is not likely to be a limiting factor. Geochemical conditions controlling
bromination kinetics (products/yields), as suggested by Moreno et al. [6], and availability
of OM compounds amenable to bromination are likely the most limiting factors.

4.3. Peat OM Compounds Involved in Br Retention in Peat

The spectra of correlation between the MIR signal and Br showed high positive values
for absorbances related to ester (C=0), carboxylic (COOH), carboxylates (COO-), aromatic
(C=C), alkyl (CH; and CH3) and aromatic C-H absorbances, and negative values for
polysaccharides (C-O) absorbances. These results indicate that various peat OM function-
alities are involved in Br retention in the CHL cores, with the aromatic region showing
the largest positive correlations. The observed decrease in the carbonyl/carboxyl signal
(1740-1700 cm ') and the increase in the aromatic region may be a consequence of the
formation of carboxylated OM-Br compounds. Similar observations were made for metals
binding in mosses. Elevated metal contents were found to be linked to the higher abun-
dance of acidic functional groups [57], and for Hg, peak absorbances of hydroxyl (-OH)
and carboxyl (COO") groups were the ones that changed most significantly with increasing
Hg concentration [58]. Significant shifts in the MIR spectrum have also been observed
in humic acids, with increasing Hg concentration, resulting in a decrease in intensity of
the carboxyl (-COOH) absorbance in parallel to an increase in the carboxylate (-COO-)
absorbance [59].

These findings are also consistent with our SEM model, which shows that aromatics
and aromatic C-H structures had a positive total effect, alkyl+aromatics and aliphatics a
negative effect, and carbohydrates no direct effect on the Br content (Figure 7). The depth
distribution of the weights of the predictor OM-FG regions implies that surface samples
are characterized by low positive contributions of alkyl+aromatics, carbonyl and aliphatics,
while in depth the contribution of the aromatics and aromatic C-H dominate. Previous
investigations have already demonstrated that Br is mostly incorporated into aliphatic and
aromatic compounds and that Br in soil humic substances is dominated by aromatic OM-Br
speciation [3,4,13], as also found for brominated marine OM [54]. For Cl, Myneni [55]
found that OM-CI compounds increased with the degree of humification of the OM, with
phenolic-Cl compounds increasing in parallel to a decrease in aliphatic-Cl. Our results
are consistent with these findings and point to a change in the molecular composition of
the brominated organic compounds, with aromatics predominating in the peat sections
with a higher degree of decomposition. The negligible total effect of the carbohydrates
suggests that they play no active role in Br accumulation, despite their abundance being
highly dependent on peat decomposition.

4.4. Spatial Variations in Br Distribution in the CHL Peatland

Many investigations have dealt with single cores from one bog [8,9,14,15,20,22,24],
2-3 peat sequences from different bogs (e.g., [12,13,19,23]), or surface samples from one
or more bogs (e.g., [6]). These investigations have provided insights into long-term peat
OM bromination and the environmental factors affecting it, but they do not allow us to
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determine the extent of spatial variation in peat OM bromination in the same peatland. To
our knowledge, there are no previous studies on Br in peat that assessed both within bog
vertical and spatial variability.

We have found substantial within bog differences in Br accumulation in a relatively
small (c. 1 ha) patch of a blanket peatland (Figure 1) and, although the main mechanisms
are the same, the SEM model better constrains the Br content in the eastern side of the
bog than that of the western side of the bog. In spite of this, no clear spatial pattern in the
timing of dominance of Br-aromatics was found.

Our results thus show that peat decomposition processes and the abundance of aro-
matic compounds largely control Br accumulation in the studied peat cores. These results
may bear implications for the use of Br in paleo research, both for its use as an indicator
of past rainfall and storminess [7-9] and as an element to normalize Hg concentrations in
paleo pollution studies (e.g., [20]). Peat layers with increased Br content may not reflect
higher past Br atmospheric deposition and, consequently, increased rainfall (i.e., wetter
conditions) since total Br retention (the balance between total Br deposition and accumula-
tion in peat) is low and bromination occurs mainly under oxidizing, i.e., drier, conditions
at the surface of the bog. Future research, with similar modelling approaches, in long cores
from oceanic and continental areas, with consistent age models, may help to shed light
on Br reliability as a rainfall indicator at long time scales. Also, our results indicate that
there is a delay between Br deposition and retention of 50 years on average, which may
not be relevant for long-term millennial reconstructions but will be crucial for centennial
and decadal reconstructions. As for it use in mercury cycle studies using peat, although
both elements strongly bind to organic compounds after deposition, their incorporation
and accumulation mechanisms are quite different: Br is deposited as bromide ions through
wet deposition and mainly retained in aromatic compounds, while Hg is incorporated
into vegetation as elemental Hg, transformed into ionic mercury (Hg*?) and retained in
different OM compounds inside the plant [60-62]. Previous research has also shown that
changes in environmental factors affected differently the Br and Hg accumulation in peat
at millennial scales (e.g., [34]).

5. Conclusions

In the Chao de Lamoso bog, maximum Br concentrations in the peat were similar to
those obtained in previous peat studies in oceanic areas. Our results also suggest that only
a small proportion of the deposited bromide is retained as OM-Br compounds, coupled
to peat decomposition (i.e., OM oxidation), and to the presence of carboxylic and lignin
moieties, in particular.

SEM modelling indicates that aromatic compounds had the largest positive effect on
Br concentration in the peat, but aliphatics, carbonyl, and alkyl+aromatics had negative
effects, and no significant effect was found for polysaccharides. In the surface/younger
peat layers, low Br concentrations were linked to alkyl+aromatics, carbonyl, and aliphatics,
while in deeper/older layers the aromatics dominated Br retention—possibly through the
formation of carboxylated OM-Br compounds. The predominance of aromatic-Br forms
occurred after 20 to 90 years of peat accumulation.

A strong pattern of intra-site and intra-core variability was found. Peat bromination
was spatially heterogeneous, even in such a small area (c. 1 ha) of a peatland. Heterogene-
ity was presumably related to variable abundances of aromatic compounds that seem to
be linked to both vegetation and hydrological conditions. The spatial results are consis-
tent with the importance of the geochemical environment in promoting bromine kinetics
and retention.
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Our results also have implications for other current research lines in which the bromine
content in peat is used as a proxy for environmental changes (e.g., reconstruction of the timing
of wet phases and storminess in oceanic areas). First, in agreement with the previous studies,
we show that bromide availability was not a limiting factor for Br accumulation in the CHL
bog; therefore, using bromine to reconstruct climatic conditions related to sea/ocean winds
and rainfall may not be accurate in all cases. Second, the large spatial heterogeneity in peat
bromination, raises concerns on interpreting the Br data from single core studies. From a
cost—savings perspective, it may seem logical to analyze a single core per peatland; however,
the resulting generalizations must be taken with caution. Future studies must ensure that
intra-site variability is not larger than inter-site variability. We thus recommend sampling
several cores to cover potential variations in vegetation and bog hydrological conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/soilsystems9040120/s1, Data file, in Excel format, cotaining Br
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Appendix A

Table A1. MIR indices, indicating the bands included in the calculation and the meaning of each of
the indices. Note that the AR/PS and AL/PS indices have been reversed so the increase in value
corresponds to an increase in the peat decomposition. For further reference, see the References listed.

MIR Ratio Absorbances (cm—1) Meaning References
AL/PS 2920,/1030 Aliphatics/ Polysacchan?l.es: degree of peat [59]
decomposition
AR/PS 1600/1030 Aromatics/ Polysaccharlfl?s: degree of peat [21,63,64]
decomposition
CCr 1370/2920 Crystallinity index: degree of crystallinity of the [42]
molecular structure of cellulose
G/S 1265/1311 Guaiacyl/Syringyl m01.et1e.s: degree of evolution [65,66]
of lignin
LT/RM (2920 + 2850) /(2960 + 2870) Length/ramification of the aliphatic compounds [67,68]
CBX 1705,/1730 Carboxyl/carbonyl: production of carboxylic Inferred from [36,39,44]

acids due to peat OM oxidation
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Table A2. Main absorption bands of the MIR spectra of the CHL cores. For further reference, see the

References listed.

Band (cm—1) Bond/Compound Assignment References
3300 O-H groups in cellulose, alcohols, phenols, [36,37]
and water

2920 C-H asymmetric stretching of lipids, fats, waxes [37]
2850 C-H asymmetric stretching of lipids, fats, waxes [37]
C=0 stretching of carbonyl functions, as aldehydes,
1730 [36]
ketones and carboxyl groups
C=C stretching in aromatic compounds and
1628 COO™ groups [36]
Aromatic skeletal vibrations, conjugated C=N
1510 systems and amino functionalities, lignin or [36]
phenolic backbone
Aromatic skeletal vibrations (of amide II),
1459 conjugated C=N systems and amino functionalities, [69]
lignin or phenolic backbone
1420 O-H deformation of phenolic and aliphatic groups [36]
1370 O-H deformation of phenolic and aliphatic groups [36]
1265 (G stretchmg of ethers. anfi /or carboxyl groups, [36,37]
indicative of lignin backbone
1155 C-O stretching in polysaccharides, and aromatic [70]
C-H deformation in syringyl lignin units
1080 C-O stretching of polysaccharides [36]
structures, cellulose
1032 C-O stretching of polysaccharides [36]
structures, cellulose
894 O-H deformation in carbohydrates [21]
833 C-H out of plane of aromatics, lignin [37,41]
719 CH; wagging of aliphatic groups [37,44]

"

Table A3. Fitting of the weights of the aromatic OM-FGr versus time: “a” stands for the constant, b1

and b2 are the regression coefficients for linear and polynomial fitting, respectively,

is the Pearson

correlation coefficient and, “years” indicates the time it takes for the aromatics to totally control the

Br accumulation in each core. Statistical significance: ** p < 0.01.

a b1l b2 r Years
CHL-01 —2.517 0.027 0.978 ** 93
CHL-03 —4.500 —0.004 0.092 0.987 ** 75
CHL-10 —1.834 0.030 0.962 ** 61
CHL-11 —1.854 0.014 0.762 ** 132
CHL-13 —0.646 0.036 0.912 ** 18
CHL-14 —0.745 0.023 0.760 ** 32
CHL-04 —0.664 0.035 0.847 ** 19
CHL-05 —4.707 —0.0003 0.102 0.984 ** 58
CHL-06 —2.154 0.030 0.917 ** 72
CHL-07 —2.010 0.029 0.952 ** 69
CHL-08 —2.658 0.044 0.920 ** 60
CHL-09 —1.898 —0.0005 0.086 0.983 ** 24
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Figure Al. Depth records of the MIR indices calculated based on ratios between bands of the spectra
of the peat samples of the CHL cores. For the codes on the MIR indices, see Table Al.
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Figure A2. Structural equations model: effect of peat molecular composition on Br concentration.
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left correspond to the coefficients of the interactions between the OM-FG regions.
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and eastern cores in blue.
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