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Abstract
Peatlands are found on all continents, covering 3% of the global land area. However, the spatial extent and causes of metal 
enrichment in peatlands is understudied and no attempt has been made to evaluate global patterns of metal enrichment in 
bog and fen peatlands, despite that certain metals and rare earth elements (REE) arise from anthropogenic sources. We ana-
lyzed 368 peat cores sampled in 16 countries across five continents and measured metal and other element concentrations at 
three depths down to 70 cm as well as estimated cumulative atmospheric S deposition (1850–2009) for each site. Sites were 
assigned to one of three distinct broadly recognized peatland categories (bog, poor fen, and intermediate-to-moderately rich 
fen) that varied primarily along a pH gradient. Metal concentrations differed among peatland types, with intermediate-to-
moderately rich fens demonstrating the highest concentrations of most metals. Median enrichment factors (EFs; a metric 
comparing natural and anthropogenic metal deposition) for individual metals were similar among bogs and fens (all groups), 
with metals likely to be influenced by anthropogenic sources (As, Cd, Co, Cu, Hg, Pb, and Sb) demonstrating median enrich-
ment factors (EFs) > 1.5. Additionally, mean EFs were substantially higher than median values, and the positive correlation 
(< 0.40) with estimated cumulative atmospheric S deposition, confirmed some level of anthropogenic influence of all pollutant 
metals except for Hg that was unrelated to S deposition. Contrary to expectations, high EFs were not restricted to pollutant 
metals, with Mn, K and Rb all exhibiting elevated median EFs that were in the same range as pollutant metals likely due to 
peatland biogeochemical processes leading to enrichment of these nutrients in surface soil horizons. The global patterns of 
metal enrichment in bogs and fens identified in this study underscore the importance of these peatlands as environmental 
archives of metal deposition, but also illustrates that biogeochemical processes can enrich metals in surface peat and EFs 
alone do not necessarily indicate atmospheric contamination.

Peatlands occupy every continent, covering approximately 
3% of the global land area (Turetsky et al. 2015; Page and 

Baird 2016; Khan et al. 2019; Kumar et al. 2020; Watmough 
et al. 2022). Despite the global prevalence and onset of the 
industrial revolution, the global spatial extent and causes of 
metal enrichment in peatlands is still poorly known. Most 
studies have focused on peatland contamination in Europe 
(Khan et al. 2019; Miszczak et al. 2020; Pech et al. 2022), 
Asia (Pratte et al. 2018; Pulunggono et al. 2021), and North 
America (Pratte et al. 2013; Barrett and Watmough 2015; 
Souter and Watmough 2016; Talbot et al. 2017). These stud-
ies report mainly on local and regional sources and enrich-
ment of a few metals including copper (Cu), cobalt (Co), 
nickel (Ni), lead (Pb), arsenic (As), antimony (Sb), cadmium 
(Cd), iron (Fe), manganese (Mn), zinc (Zn), and mercury 
(Hg). To date, there has been no attempt to evaluate metal 
enrichment in bog and fen peatlands distributed globally, 
with additional metals and some rare earth elements (REE) 
that may be linked to anthropogenic sources such as cerium 
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(Ce), dysprosium (Dy), europium (Eu), and samarium (Sm). 
Although global inventories have been made for metal emis-
sions from both natural and anthropogenic sources there is 
currently no global dataset for metal deposition (Pacyna and 
Graedel 1995; Pacyna and Pacyna 2001). Therefore, we used 
cumulative atmospheric S deposition (1850–2009) as an 
indicator of industrial activities on a global scale. Atmos-
pheric S deposition takes place over long ranges, affecting 
human health and ecosystems across continents, hence its 
usefulness as a predictor of anthropogenic sources of metal 
enrichment on a global scale (Horb et al. 2022).

Peat types and associated biogeochemical and physico-
chemical characteristics can influence how metal deposi-
tion is captured in surface peat. Ombrotrophic peat bogs are 
regarded as better environmental archives of metal deposi-
tion since they are solely fed by wet and dry deposition from 
the atmosphere (Pratte et al. 2013; Souter and Watmough 
2016; Miszczak et al. 2020). Studies by Allan et al. (2013) 
have reported that ombrotrophic bogs may serve as an excel-
lent and accurate archive of metals such as As, Cu, Ni, and 
Pb. However, reliable records of historical changes in metal 
deposition may also be derived from minerotrophic fens that 
are fed by a combination of rainwater and groundwater (Cole 
et al. 1990; Ali et al. 2008; Souter and Watmough 2016; 
Newman et al. 2023). To account for inherent differences 
in peatland chemistry, enrichment factors (EFs) are often 
used, which provide insights into the quantity of anthropo-
genic versus natural emissions of metals (Hanif et al. 2016). 
Although EFs have been widely used, it is important to rec-
ognize that they can be affected by the choice of a reference 
value such as average crustal (i.e., natural geological source) 
values. Additionally, metal enrichment in surface peat may 
not be solely caused by atmospheric deposition because 
biogeochemical processes in peatlands may lead to enrich-
ment of metals in surface soil horizons (Reimann and De 
Caritat 2000). Metal in peatlands also serve as key enzyme 
cofactors (e.g., Ni, Cu, Fe, Mb) and low levels can con-
strain microbial activity (Glass and Orphan 2012; Bear et al. 
2021). On the other hand, high concentrations of metals can 
be toxic to plants and microbes, reducing their abundance 
and productivity (Glass and Orphan 2012; Glass 2015) or 
altering their community composition (Fiałkiewicz-Kozieł 
et al. 2015; Luke et al. 2015; Bear et al. 2021). Therefore, 
understanding the range of metal concentrations in peatlands 
is a good foundation for exploring the importance of natural 
and anthropogenic drivers of peatland plant communities, 
biogeochemistry, and microbiology.

Industrial activities have led to high levels of metal emis-
sions resulting in near-global contamination (Kabir et al. 
2012), but concentrations and surface enrichment of metals 
such as As, Cu, Cd, Pb, Zn, and Ni in peatlands are typically 
much higher close to point sources due to their different atmos-
pheric behavior in particulate form rather than gaseous form 

(Poikolainen et al. 2004). For example, Borgulat et al. (2018) 
and Nieminen et al. (2002) found high enrichment of Cd, Cu, 
Ni, Pb, and Zn near point sources (smelters, metal process-
ing). Mercury is a notable exception as some studies have indi-
cated enrichment of Hg in peatlands close to industrial sources 
(Fitzgerald et al. 2018; Chen et al. 2021), while other studies 
indicated Hg enrichment farther away from emission point due 
to its distinct atmospheric behavior in the gaseous phase (Pear-
son et al. 2019; Floreani et al. 2020). Therefore, Hg recorded 
in peatlands may originate from local or regional sources. 
Additionally, there is limited information on the enrichment 
of REE (Ce, Dy, Eu, La, Sm, Yb) in peat cores. The increasing 
usage of REE in agricultural applications and industries, is 
cause for concern given the potential effects on the environ-
ment (Han et al. 2017). The widespread application of REE 
in agriculture and various industries is increasing the release 
of these elements in the environment (Balaram 2019). Factors 
such as pH, distribution of REE in bedrocks, and adsorption 
ability of organic matters in weathering profiles partly control 
REE enrichment (Han et al. 2017).

To address these knowledge gaps, this study seeks to evalu-
ate the global patterns of metal enrichment in bogs and fens 
using a global peat dataset. In this study, all analyzed ele-
ments are referred to as metals, since they constitute most of 
the elements in the dataset, but metalloids (e.g., As and Sb) 
and transition metals (e.g., Hg) are also included. Further, we 
refer to “pollutant metals” (As, Cd, Co, Cu, Hg, Pb, and Sb) 
as those that have commonly been shown to be enriched in 
surface peat in numerous studies (Shotyk 1996) and “surface 
peat” refers to the 10–20 cm depth layer. Determination of 
metal EFs were based on site-specific measurements, while 
recognizing the variability of peat age at greater depth, thereby 
rendering EF as conservative in this case. The objectives of 
this study were (1) to characterize EFs for 34 metals in bog 
and fen (poor to moderately rich) peatlands distributed glob-
ally and (2) to identify if EFs of known pollutant metals in a 
global dataset are related to cumulative atmospheric S depo-
sition (1850–2009). We expected that most metals will have 
EFs ~ 1.0 but that median EFs for established pollutant metals 
such as Pb, Zn, Cd, Cu and Ni will be higher than other metals 
and EFs of these metals globally will be positively related to 
each other and to atmospheric S deposition.

Materials and Methods

Studied Area and Sampling

The study on bog and fen (poor to moderately rich) peatlands 
used data collected by a network of researchers as part of a 
larger project looking at the characterization of geochemis-
try and microbial communities in peatlands at a global scale 
(Global Peatland Microbiome Project; Lamit and Lilleskov 
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et al. unpublished; Watmough et al. 2022). This dataset 
does not include tropical lowland peat swamps. To classify 
habitats, sites were grouped into categories based on pH 
ranges put forth by Rydin and Jeglum (2013); bog pH < 4.2, 
poor fen pH = 4–5.5, intermediate and moderately rich fen 
pH = 5–7. Standardized sampling approaches were applied 
for data collection from 368 peat cores across the regions of 
Asia, Europe, North America, Oceania, and South America 
(Fig. 1). In most cases, three cores from topographic posi-
tions representative of the average conditions of a site were 
collected. Typically, distance between core samples within 
a site range from ca. 1–500 m. A box corer, hand sampling 
with a serrated knife, or a Russian peat borer was used to tar-
get depths of 10–20, 30–40, and 60–70 cm per site (although 
not all depths were always obtained), while cleaning sam-
pling tools and avoiding compaction. Approximately 50 g 
of field moist peat was collected at each depth increment, 
followed by homogenization in plastic bags. In situ measure-
ments of humification, soil moisture, temperature, and von 
Post were recorded for each depth horizon. Rapid shipping 
methods with samples on dry ice or ice packs, when pos-
sible, to maintain frozen conditions, were utilized. Samples 
were catalogued and stored at −20 °C before analysis. It is 
important to note that the global peatland microbiome pro-
ject set out to generate a common data set across peatlands 
robust enough to facilitate comparisons at a global scale, 
with enough flexibility for direct data usage at the local scale 
by researchers from each participating site. Based on this 
premise, sampling sites and specific core locations are in 

keeping with the individual needs of each research team in 
accordance with their local knowledge of hydrology, peat 
chemistry, and vegetation.

Chemical Analysis

A subset of each sample was oven dried at 60 °C and ground 
to a fine powder in a ball mill prior to chemical analysis. 
A muffle furnace was used to combust milled samples at 
550 °C for 6 h. The resultant ash was transferred into diges-
tion tubes using type I grade purified water for digestion 
and analysis of total elements on an inductively coupled 
plasma-mass spectrometry (ICP-MS) at the Elliot Lake 
Field Research Station at Laurentian University. The first 
digestion of peat ash in water was done at 110℃ for 210 min 
in 10 ml of HF and HCl until dry, with this process being 
repeated twice. The third digestion was conducted at 110 °C 
for 250 min in 7.5 ml of HCl and HNO3 until dry. The final 
digestion was completed at 110 °C for 60 min in 2 ml of 
HCl, 0.5 ml of HF and 10 ml of HNO3 followed by dilution 
to 50 ml with deionized water. Dilution of samples within 
detection limits was done to facilitate analysis on a Var-
ian 810 ICP-MS for total concentrations of metals. Samples 
were analyzed in duplicates, with two organic standard ref-
erence materials for every 20 samples to maintain quality 
standards (spinach and tomato leaves NIST CRM 1570a and 
1573a).

Fig. 1   Global distribution of 
core sampling locations by 
peatland type
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Dried unground peat subsamples were ground to fine 
fraction with a mortar and pestle to improve homogeneity. 
Total Hg concentration was measured with a Direct Mer-
cury Analyzer (DMA-80) by thermal decomposition, amal-
gamation, and atomic absorption spectrometry. Samples 
were heated to 900℃ to reduce Hg species to elemental Hg, 
which was loaded onto an amalgamator. Subsequent heat-
ing of the amalgamator resulted in the release of Hg vapors 
into a single beam, fixed wavelength atomic absorption 
spectrophotometer. Sample masses ranged from 0.5000 to 
1.0000 g and NIST 1515 was used as the certified reference 
material. Quality control of Hg measurements was assured 
by the inclusion of blanks at the start and end of each experi-
mental run (40 samples) and recovery ≥ 93% was considered 
acceptable. Samples were analyzed in duplicates and total 
Hg measurements were provided in mg kg−1 units. A small 
amount of Hg may also have been lost during our drying 
procedure as Smeds et al. (2022) reported that the median 
loss of Hg in samples dried at 60 °C was 4.1% compared 
with freeze dried samples. However, recovery in our analysis 
was within the same range of other elements measured in 
this study (> 93%), so any differences in Hg enrichment most 
likely reflects the unique behavior of Hg in the environment 
rather than an artifact caused by our analysis. The missing 
values for certain elements in the dataset accounts for differ-
ences in sample size (n) for global assessment.

Analysis of C and N was done with dried ground peat 
weighed to within 0.0001 g on a digital balance. A formed 
tin foil capsule was packed with ca. 75 mg of peat along with 
150 mg of tungsten (VI) oxide powder. Samples were sealed 
by folding over tin foil followed by compression in a pill-
shaping device. An Elementar VarioMacro CNS Analyzer 
was used to analyze the packed samples and results precision 
was confirmed with the inclusion of blanks and sulfadiazine 
for CNS recalibration and QA standard (NIST-1515-SRM 
apple leaves).

Cumulative Global Sulphur Deposition

Total cumulative atmospheric sulphur (S) deposition (wet 
and dry SOx and SO4

2−) data were used from the Atmos-
pheric Chemistry and Climate Model Intercomparison Pro-
ject (ACCMIP), by combining generated multi-model means 
from decade time slices representative of the period around 
1850–1859, 1980–1989, and 2000–2009 on a 0.5° × 0.5° 
resolution grid (Lamarque et al. 2013). Cumulative S deposi-
tion (kg S ha−1) was estimated by summing the interpolated 
annual rate of S deposition (mg(S) m−2 yr−1) determined for 
time periods from 1850 to 1979 and 1980–2009, assuming a 
linear change in deposition on a year-to-year basis.

Statistical Analysis

Given the dominance of poor fens, intermediate-to-mod-
erately rich fens, and bogs, these peat cores (n = 368) 
(Fig. 1) were the focus for statistical analysis. Statistical 
analysis was conducted with R version 4.0.4 (R Core 
Team 2021), at an acceptable α-level of 0.05. Descrip-
tive statistical analysis was conducted with R statisti-
cal package. Enrichment factors were calculated for all 
metals by quantifying the amount of metal gained in the 
upper profile of the peat cores (10–20 cm), relative to 
the amount found within the lower profile (60–70 cm) of 
the cores, indicating anthropogenic inputs. Comparisons 
were made between peat sample and background based 
on the following formula (Loring 1991; Williams and 
Antoine 2020):

where M background and M sample are metal concentra-
tions in reference background and sample respectively, 
while ‘conservative metal (zirconium, Zr)” background and 
Zr sample are the concentrations in reference background 
and sample respectively. Zirconium (Zr) was the targeted 
‘conservative’ metal since it forms oxides of extremely low 
solubility; hence high resistance to weathering (Baes and 
Messmer 1976). Sample concentrations were from the upper 
profile of peat cores (10–20 cm); while it was assumed that 
the lower profile of peat cores (60–70 cm) was deep enough 
to represent background concentrations. Because the rate 
of peat formation will vary among peatland, we recognize 
that different time periods may be captured by our sampling 
approach, but the intent of this study is to compare relative 
patterns in enrichment among metals within our data set 
rather than characterize temporal changes in metal accu-
mulation at individual sites. Mann–Kendall correlation 
was used to determine if enrichment factors of established 
pollutant metals (As, Cd, Co, Cu, Hg, Ni, Pb, and Sb) are 
related to cumulative atmospheric S deposition. A correla-
tion matrix was also computed for enrichment factors of 
established pollutant metals.

PCA with Missing Values

The results computed from the principal component anal-
ysis (PCA) helped with the assessment of interrelations 
among the studied metals and exploration of probable 
clusters of metals in bog and fen peat systems. Data from 
sampled bog and fen peat cores are included, but samples 

(1)EF =

(

M

Zr

)

sample
(

M

Zr

)

background
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with missing values for any of the parameters have been 
treated with an iterative PCA algorithm. This PCA algo-
rithm is based on an imputation method that facilitates the 
estimation of principal axes and components despite the 
presence of missing values (skipping of missing values). 
The imputation is executed with the R package missMDA, 
by simultaneously considering the similarities between 
individuals and the relationships between variables (Josse 
et al. 2011; Josse and Husson 2016).

Results

Metal Concentrations and Enrichment Factors 
by Peatland Type

Metal concentrations varied considerably among peatland 
types based on the average distance from the mean (Table 1). 
Generally, bogs had the lowest concentrations of most met-
als, especially base cations–Al and Fe. Intermediate-to-
moderately rich fens had particularly high concentrations 
of Al, Ca, Fe, K, Mg, and Na which were > 3 × higher than 
in bogs and poor fens. The concentration of mineral metals 
(Co, Cu, K, Mg, Mn, and Zn) and REE (Ce, Dy, Eu, La, and 

Table 1   Summary of mean 
(± SE) and median of metal 
concentrations (mg kg−1) from 
all three sample depths by 
peatland type

Metal Bog (n = 65) Poor Fen (n = 223) Int. to Mod. Fen (n = 80)

Average (± SE) Median Average (± SE) Median Average (± SE) Median

Al 4702 ± 1246 919 5388 ± 683 1860 16,502 ± 2639 4660
As 3.04 ± 0.82 1.13 7.04 ± 2.01 1.10 5.48 ± 0.91 2.80
Ba 37.5 ± 6.23 16.9 61.3 ± 4.87 38.2 178 ± 28.2 96.0
Ca 2946 ± 473 1710 3680 ± 222 2990 16,032 ± 1527 12,000
Cd 0.50 ± 0.10 0.28 0.88 ± 0.12 0.35 0.61 ± 0.10 0.39
Ce 6.59 ± 2.32 0.99 7.24 ± 1.66 1.98 14.1 ± 2.03 5.61
Co 0.93 ± 0.20 0.44 4.69 ± 1.25 1.02 5.12 ± 0.65 3.33
Cr 71.1 ± 18.1 18.5 62.0 ± 6.93 26.3 73.0 ± 13.5 28.9
Cu 7.09 ± 1.34 3.64 68.0 ± 15.9 7.10 32.5 ± 8.83 13.2
Dy 0.97 ± 0.45 0.14 0.84 ± 0.31 0.18 0.86 ± 0.12 0.43
Eu 0.51 ± 0.22 0.11 0.39 ± 0.12 0.15 0.38 ± 0.05 0.20
Fe 2470 ± 452 1215 5863 ± 738 2680 16,549 ± 2304 7855
Ga 1.91 ± 0.38 0.73 2.55 ± 0.27 1.28 7.56 ± 1.06 3.20
Ge 1.46 ± 0.47 0.64 3.50 ± 0.44 1.55 4.89 ± 0.57 3.39
Hg 0.12 ± 0.03 0.07 0.08 ± 0.01 0.06 0.09 ± 0.01 0.09
K 1193 ± 241 673 1438 ± 99.0 992 3434 ± 535 1110
La 2.90 ± 0.92 0.49 3.58 ± 0.61 1.00 7.02 ± 1.00 3.04
Li 3.19 ± 1.02 0.61 2.11 ± 0.42 0.70 6.59 ± 0.91 2.99
Mg 1100 ± 122 766 965 ± 47.3 780 3136 ± 384 1905
Mn 76.8 ± 21.6 15.8 230 ± 76.8 64.0 385 ± 78.1 162
Na 729 ± 130 456 581 ± 44.0 372 4863 ± 936 1040
Nb 0.98 ± 0.15 0.79 1.38 ± 0.18 0.77 2.97 ± 0.78 1.17
Ni 7.00 ± 1.58 3.10 122 ± 30.1 7.45 51.0 ± 14.9 17.5
Pb 20.5 ± 3.34 12.0 26.2 ± 4.81 6.10 11.7 ± 1.54 6.65
Rb 4.85 ± 1.24 1.86 5.56 ± 0.50 3.41 13.9 ± 2.33 5.11
Sb 0.62 ± 0.16 0.32 1.14 ± 0.41 0.27 0.63 ± 0.12 0.37
Sm 1.04 ± 0.44 0.15 0.96 ± 0.25 0.32 1.33 ± 0.18 0.61
Sr 26.1 ± 4.60 16.6 23.0 ± 1.50 16.9 123 ± 17.7 65.0
Ti 170 ± 27.6 63.1 215 ± 22.9 102 1028 ± 217 183
U 1.59 ± 0.65 0.26 0.61 ± 0.11 0.31 1.03 ± 0.17 0.57
V 7.64 ± 1.97 2.74 7.90 ± 0.80 4.89 31.2 ± 5.48 12.7
Yb 0.84 ± 0.45 0.14 0.50 ± 0.15 0.18 0.47 ± 0.07 0.24
Zn 25.6 ± 2.53 19.6 82.8 ± 33.3 32.6 60.5 ± 11.7 36.8
Zr 6.18 ± 1.56 1.68 5.39 ± 0.48 2.75 15.2 ± 2.72 6.01
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Sm) also tended to be considerably higher in intermediate-
to-moderately rich fens compared with bogs and poor fens.

Median EFs for all metals were between ~ 1.0 and 3.3 and 
the magnitude of enrichment for individual metals were sur-
prisingly very similar in bogs and fens (all groups), despite 
being retrieved from different locations (Fig. 2). In contrast 
to our expectation that pollutant metals would exhibit the 
highest median EF’s, Mn exhibited the highest median 
EF followed by Pb, Zn, Cd, and K. Most other metals had 
median EFs < 1.5 (Fig. 2), while most of the pollutant met-
als such as As, Cd, Co, Cu, Hg, Pb, and Sb had median 
EFs > 1.5 (Fig. 2).

Generally, EF values < 10 are not considered significant, 
given the potential for such small enrichments to arise from 
differences in the sample location geology and background 
values utilized in the calculations (Pekey 2006; Williams and 
Antoine 2020). Based on this premise, significant enrich-
ment (EF > 10) in some peat cores was evident for most met-
als sampled across bog and fen peat cores (Table 2). Peat 
cores with EFs > 10 accounted for 6% of sampled cores in 
this study and mostly included pollutant metals (As, Cd, Co, 
Cu, Hg, Ni, Pb, and Sb) and several mineral metals (Ca, Fe, 

K, Mg, Mn, Na, and Zn) and to a much lesser extent REE 
(Ce, Eu, and Sm).

For all metals mean EFs exceeded median values 
(Table 2), but in general mean EFs were highest for pol-
lutant metals although there were still notable excep-
tions including Mn, K, and Ge. Metals with the highest 
mean EFs included As (4.97 ± 0.80), Cd (4.72 ± 0.66), 
Cu (6.53 ± 1.02), Ge (5.57 ± 1.73), Hg (4.59 ± 0.89), K 
(4.59 ± 0.81), Mn (12.55 ± 1.67), Ni (8.13 ± 1.49), Pb 
(12.80 ± 1.70), Sb (7.76 ± 1.92), and Zn (9.10 ± 1.70) 
(Table 2). Metals with the highest number of cores with 
an EF > 10 included Mn (88, 29%), Pb (87, 28%), Zn (52, 
17%), Cu (36, 12%), As (32, 12%), Sb (30, 16%), Co 
(20, 6%), K (20, 7%), Ni (19, 10%), and Mg (17, 5%) 
(Table 2). Pollutant metals such as As, Cu, Ni, Pb, and Sb 
with EF > 100, were also evident in a few cores in areas 
such as Sudbury, Ontario (Canada).

The PCA analyses of metal EF accounted for ca. 50% of 
the total variance within the first four axes of data. PC1 was 
positively loaded by As, Cd, Co, Cu, Hg, Ni, Pb, Fe, Sb, and 
cumulative S deposition and accounted for 21.50% of the total 
variance (Fig. 3). The EF of these pollutant metals showed 
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Fig. 2   Median element enrichment factors (EF) by peatland type. Fen refers to all fen types (poor, intermediate to moderate)
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some relationship to cumulative S deposition, which is an indi-
cator of anthropogenic air pollution (Table 3). PC2 accounted 
for 14.64% of the total variance, with positive loading on Ce, 
Dy, Eu, La, Sm, U, Yb, and pH (Fig. 3). These REE were 
prevalent in intermediate-to-moderately rich fens where pH 
was high. PC3 and PC4 explained 8.19% and 6.45% of the 
variation in the dataset, respectively. Clustering of variables 
into three groups was evident from the PCA, where variables 
belonging to one group were highly correlated (As, Cd, Co, 
Cu, Hg, Ni, Pb, and Sb) (Fig. 3 and Table S1). High correla-
tion was also evident among K, Mg, Mn, and Rb, with more 
association to higher C content and lower pH that are charac-
teristics of bogs (Fig. 3).

Metal Enrichment Factor and Cumulative Sulphur 
Deposition

Globally, cumulative S deposition increased from 1850 to 
1979, with the highest S deposition areas generally occur-
ring in eastern North America, north and central Europe, 
and eastern China (Fig. 4). Cumulative S deposition over 
the 170-year period was between 135 and 4123 kg S ha−1. 
Metals that have been shown to be emitted from anthropo-
genic pollution sources were significantly (p < 0.01) corre-
lated with cumulative S deposition, except for Hg (Table 3). 
Correlation coefficients were < 0.40, which can be expected 
as metal deposition is likely to vary considerably within the 
cumulative S deposition grid resolution of ca. 55 km2 and 
high S deposition is possible without much metal deposition 
and vice versa. Therefore, the use of cumulative S deposi-
tion as a crude surrogate for metal deposition is likely more 
indicative of industrialization, with several other factors 
contributing to metal enrichment in bog and fen peatlands 
globally.

The pattern of Hg enrichment differed from that of the 
other pollutant metals (Fig.  4a). Mercury showed high 
enrichment (EF > 10) in regions such as Europe (Ireland), 
North America (Canada and USA), and South America 
(Ecuador). In regions such as Asia (China and Russia), 
Europe (Czech Republic, Estonia, Finland, Ireland, Scot-
land, and Switzerland), Oceania (Australia), North America 
(Canada and USA) and South America (Ecuador and Peru), 
metals such as As, Cd, Co, Cu, Ni, Pb, and Sb showed high 
enrichment (EF > 10) (Fig. 4). Significant positive correla-
tion was evident among enrichment factors of pollutant met-
als, except Hg and Ni (Table S1).

Discussion

In our global dataset, the relative enrichment of metals in 
surface (10–20 cm) peat in bogs and intermediate to poor 
fens exhibited very similar patterns. Overall, we identi-
fied 3 general groupings in metal EFs in our dataset; (1) 
primarily pollution influenced metals (As, Cd, Co, Cu, Hg, 
Ni, Pb, and Sb), (2) metals that are enriched in surface peat 
primarily because of peatland biogeochemical processes 
(K, Mg, Mn, and Rb) and (3) metals that are generally 
immobile in peat and experience relatively little enrich-
ment in surface peat from atmospheric deposition (Al, Ce, 
Dy, Eu, La, Ti, Sm, U, and Yb). Given the differences in 
biogeochemistry, metals that were most enriched in sur-
face peat were not constrained to known pollution metals, 
with Mn, K, Rb and Ge having median EFs that were in 
the same range as known pollution metals such as Pb, Cd, 
Ni, Cu, As, Hg. Most REE and other metals such as Al 
and Ti had median EFs close to one indicating relative 

Table 2   Summary of metal enrichment factors (EF), count, mean 
(± SE), median, and number of cores with EF greater ( >) than 10 in 
bog and fen peatlands distributed globally (n = 368)

Metal Count Average (± SE) Median EF > 10 (% sites)

Al 314 1.04 ± 0.03 0.96
As 257 4.97 ± 0.80 1.66 32 (12)
Ba 311 1.60 ± 0.12 1.18 1
Ca 307 2.32 ± 0.20 1.43 6
Cd 195 4.72 ± 0.66 2.40 15 (8)
Ce 310 1.05 ± 0.05 0.92
Co 311 3.02 ± 0.25 1.51 20 (6)
Cr 312 2.71 ± 0.20 1.63 15 (5)
Cu 295 6.53 ± 1.02 1.72 36 (12)
Dy 234 1.07 ± 0.06 0.87
Eu 177 1.15 ± 0.09 0.95 1
Fe 312 3.31 ± 0.35 1.66 15 (5)
Ga 311 1.33 ± 0.06 1.11
Ge 175 5.57 ± 1.73 1.62 10 (6)
Hg 118 4.59 ± 0.89 1.94 11 (9)
K 306 4.59 ± 0.81 2.11 20 (7)
La 312 1.03 ± 0.05 0.91
Li 231 2.05 ± 0.26 1.15 5
Mg 311 3.09 ± 0.32 1.57 17 (5)
Mn 305 12.55 ± 1.67 3.24 88 (29)
Na 313 2.05 ± 0.22 1.37 7
Nb 139 1.51 ± 0.13 1.10 2
Ni 198 8.13 ± 1.49 1.27 19 (10)
Pb 314 12.80 ± 1.70 3.01 87 (28)
Rb 313 3.23 ± 0.38 1.94 13
Sb 191 7.76 ± 1.92 1.93 30 (16)
Sm 229 1.22 ± 0.13 0.92 2
Sr 313 1.82 ± 0.27 1.14 2
Ti 314 1.11 ± 0.04 0.99
U 177 1.03 ± 0.06 0.96
V 255 1.31 ± 0.07 1.08
Yb 161 1.14 ± 0.08 0.90
Zn 309 9.10 ± 1.70 2.71 52 (17)
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consistency in peat cores down to a depth of 70 cm. Addi-
tionally, mean EFs were generally higher than median EFs 
indicating that higher values were present in a few cores 
most likely caused by local contaminant sources. Enrich-
ment factors of most pollutant metals were positively cor-
related with cumulative atmospheric S deposition, with the 
notable exception of Hg.

Bog and Fen Geochemistry

The structure and composition of peat in terms of minerol-
ogy, geochemistry, atmospheric deposition, acidity, and 
redox conditions facilitates the binding of metals (Smieja-
Król et al. 2010; Nsaka et al. 2018). This binding ability can 
influence the concentration and enrichment of metals in bogs 
and fens. Even though bogs are described as the best type 
of peatland to act as environmental archives of atmospheric 
deposition of airborne pollutants, fens have also been used 
(Talbot et al. 2017; Miszczak et al. 2020). The results from 
this study showed that the concentrations of most metals 
and REE were considerably higher (typically 3–5 times) in 
intermediate-to-moderately rich fens compared with poor 
fens and bogs. Higher metal concentrations in intermediate 
fens is primarily attributed to inputs from groundwater that 
is rich in mineral elements including metals (Krumins et al. 
2016). Klavins et al. (2009) indicated that enrichment due 
to retention of metals but loss of C and N in peat through 
decomposition could contribute to higher metal concentra-
tions in intermediate fens. Metals also naturally occur in peat 
soils, with varying concentrations based on parent materi-
als. Therefore, it is critical to distinguish between geogenic 

Fig. 3   Multivariate statistical representation of metals in bog and fen 
peatlands sampled globally and loadings on two principal axes (PC1 
and PC2), with standardized pH values, cumulative S deposition, ele-

vation (ELE), absolute latitude (ALAT), nitrogen (N), carbon/nitro-
gen ratio (CN), and carbon (C). Arrows show the scale and direction 
of correlation vectors for parameters

Table 3   Mann–Kendall 
correlation between cumulative 
(wet + dry) S deposition 1850–
2009 (kg S ha−1) and element 
enrichment factors (EF)

Significance of Mann–Kend-
all correlations is indicated by: 
*(p < 0.05), *

Element Count All (n = 368)

As 257 0.120**
Cd 195 0.114*
Co 311 0.118**
Cu 295 0.213***
Hg 118 n.s
Ni 198 0.156**
Pb 314 0.104**
Sb 191 0.109*
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Fig. 4   Global distribution of 
cumulative atmospheric S depo-
sition and enrichment factors of 
Hg, As, Cd, Co, Cu, Ni, Pb, and 
Sb across sampled locations
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levels and anthropogenic inputs and the use of EF has been 
widely adopted (Ghrefat et al. 2011; Barbieri 2016; Wil-
liams and Antoine 2020). This index can provide critical 
insights into the presence and intensity of anthropogenic 
metal deposition on peat soil (Barbieri 2016), even though 
its use has been brought into question by Reimann and De 
Caritat (2000).

Global Metal Enrichment Patterns in Bog and Fen 
Peatlands

Fens (intermediate, moderate, and poor fens) and bogs 
showed very similar EFs among metals indicating both types 
of peatlands may be useful for characterizing metal enrich-
ment in surface peat when baseline differences in peatland 
chemistry are removed by calculating EF using an immobile 
element such as Zr, Ti or Al (Shotyk 1996). Other studies 
have similarly found that bogs and poor fens can be used as 
environmental archives of deposition of some metals (New-
man et al. 2023). Reimann and De Caritat (2000) argued 
however, that the use of EF’s is flawed if crustal values 
are used as they do not consider natural differences in peat 
chemistry and biogeochemical process in peatlands. In this 
study we used the chemistry measured in our deepest peat 
sample (60–70 cm) to capture inherent variability in peat 
chemistry. Additionally, while the relative ranking of metal 
EFs was almost identical in bogs and fens, several of the 
metals with high median EFs are not known pollutant met-
als, suggesting that peatland biogeochemical processes that 
can lead to enrichment in surface peat are occurring in both 
peatland types, supporting the concerns raised by Reimann 
and De Caritat (2000). Therefore, it is crucial to differentiate 
the different classes of metals in terms of mobility in peat.

Although the location of peat cores near pollution sources 
may explain the enrichment of pollutant metals in this study, 
the high enrichment of metals such as Mn, K, Rb, Ge, and 
Fe may be linked to other biogeochemical processes (Rei-
mann and De Caritat 2000). High enrichment of K, Mn, 
and Rb was associated with high peat C concentrations and 
low pH values that are characteristics of bogs. This sug-
gests that vegetation characteristics and/or redox rather than 
anthropogenic activities are the primary cause of enrichment 
in surface peat for these metals (Gucia et al. 2012). Some 
studies have shown that the enrichment of K may be linked 
to nutrient uptake and cycling by standing biomass, while 
Fe and Mn enrichment may suggest limited oxygenation 
within peat cores, because reduced forms of these metals 
are more soluble than oxidized forms (Martínez et al. 2007; 
Lawson et al. 2014). Natural enrichment in peat depends on 
the compositional and mineralogical characteristic of geo-
logical source material (Barbieri 2016). For example, stud-
ies have shown that K can often be limited in bogs (Wieder 
2022), and so tight internal cycling by vegetation can lead to 

enrichment in surface peat. Because Rb may be substituted 
for K in plant tissues (Nyholm and Tyler 2000), this likely 
explains the similar patterns of enrichment of these metals in 
surface peat. Fewer studies have examined Ge in peatlands, 
but it is present in coal and emitted from industrial activities 
and is known to bind to lignin-derivative organic compounds 
that are found in peat (Bernstein 1985) so its enrichment 
may be caused by natural processes or anthropogenic activi-
ties. Regardless of the mechanisms, enrichment in surface 
peat is influenced by peatland biogeochemistry in addition 
to anthropogenic inputs in deposition so EFs must be inter-
preted with caution.

A second grouping of metals included the REE (Ce, Dy, 
Eu, La, Sm, Yb) and several other metals such as Ti and Al 
that were associated and highest in intermediate-to-moder-
ately rich fens with higher pH. In general, the median EFs 
of this group of metals was close to one indicating that these 
metals are mostly immobile in peat and currently experience 
relatively little influence from elevated atmospheric deposi-
tion or peatland biogeochemical processes. Other studies 
have shown that metals such as Ti and Al are immobile in 
peat and have used these metals to estimate EF’s (Shotyk 
1996). In contrast, Krachler et al. (2003) evaluated a peat 
core from a Swiss bog and reported that enrichments of REE 
calculated using Sc as a reference element exceeded unity, 
relative to the Upper Continental Crust. Overall, EF in all 
peat samples ranged from 1.96 for Sm to 2.34 for Gd, with 
considerably lower EF for Ce (1.82) and Eu (1.44), respec-
tively. Krachler et al. (2003) argued that the concentration 
profiles of REE were similar but not identical to those of 
other lithogenic, conservative reference elements such as 
Sc, Y, Al, Zr and Ti. As a result, we cannot exclude the 
possibility that localized enrichment of REE may occur in 
some locations and mean EFs in our data set were higher 
than median values indicating that some cores exhibited 
EFs > 1.0. Anthropogenic enrichment of REE has also been 
linked to proximity to intense agricultural practices and the 
application of phosphate-based fertilizers, but the enrich-
ment of REE has also been associated with regions near 
to polluted sites such as large cities, e-waste dump sites, 
and industrial centers (Balaram 2019). Dust has also been 
identified as a major atmospheric source of REE deposi-
tion (Kolawole et al. 2021). In this study, while some cores 
exhibited slight enrichment, we found little evidence of sub-
stantial enrichment of REE’s in our global peatland dataset, 
and there was only one case were EF exceeded 10 suggest-
ing any contamination is likely localized to sources or any 
recent increases in REE deposition are not captured in the 
10–20 cm depth of peat.

The third grouping of metals included metals such as As, 
Cd, Co, Cu, Hg, Pb, Ni, and Sb, which are commonly associ-
ated with anthropogenic sources. This correlation suggests 
that these pollutant metals have common sources, or are 
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subjected to certain control factors, or common dependence 
and similar transport behavior (Cheng et al. 2012, 2015). In 
the absence of chronological data for peat cores analyzed, it 
is challenging to definitively identify the responsible sources 
for increased concentrations of pollutant metals in bogs and 
fens. However, the use of average rates of enrichment in peat 
facilitates broad relations of increased pollutant metal depo-
sition in peat with anthropogenic activities. These anthro-
pogenic activities increase pollutant metal enrichment in 
peatlands, given their ability to increase loading on local, 
regional, and global scales because of atmospheric deposi-
tion (Pacyna et al. 2010; Bear et al. 2021).

Relationship between Pollutant Metals 
and Cumulative Sulphur Deposition

Pollutant metals in the third grouping (except for Hg) were 
generally enriched and significantly (p < 0.01) positively 
correlated with cumulative S deposition, indicating pollu-
tion influence at the global scale, although we recognize 
that peatland biogeochemical processes are also likely influ-
encing EFs, and our groupings of metals are not mutually 
exclusive. Studies by Pratte et al. (2013) for example, indi-
cated that Zn enrichment in peat bogs is commonly linked 
to bioaccumulation by living plants. Additionally, while 
a positive correlation with S deposition was observed for 
most of the pollutant metals these correlations are generally 
weak, most probably because of the influence of natural pro-
cesses, and because S deposition is not a perfect surrogate 
for metal deposition. Although global inventories have been 
made for metal emissions from both natural and anthropo-
genic sources, there is currently no global dataset for metal 
deposition (Pacyna and Graedel 1995; Pacyna and Pacyna 
2001). Therefore, we used cumulative S deposition as an 
indicator of industrial activities on a global scale, which has 
its inherent challenges. For example, natural S emission and 
deposition also comes from marine and terrestrial biogenic 
sources, which represents 16 and 58% of the total S emis-
sions in the Northern and Southern Hemisphere respectively 
(Bates et al. 1992; Hidy and Blanchard 2016). Cumulative S 
deposition was also found to be greatest in Europe and North 
America because of a long history of SOx emissions from 
coal, petroleum and natural gas processing and combustion, 
metal smelting, and other industrial processes, which are 
also a major source of metals (Pacyna and Pacyna 2001; 
Smith et al. 2011). However, SOx emissions have changed 
spatially over the past 160 years. Sources in Europe domi-
nated anthropogenic SO2 emissions prior to 1900, but this 
changed between 1900 and 1960, with emission sources 
from North America becoming dominant (Smith et  al. 
2011; Hidy and Blanchard 2016). More recently, emissions 
in China have dominated at the global scale. The use of 
consistent depths (10–20 cm and 60–70 cm) may therefore 

capture peak emissions in some regions but not others. This 
may impact whether areas are identified as being particu-
larly enriched in our dataset but will not affect the relative 
enrichment of metals in peat cores, which is the goal of this 
study. Additionally, there is limited resolution of cumula-
tive S deposition (ca. 55 km2) in this study, which does not 
account for the rapid changes in metal deposition from point 
sources as seen in Sudbury and other point sources of metal 
emissions (Szkokan-Emilson et al. 2014; Barrett and Wat-
mough 2015; Gelly et al. 2019; Bear et al. 2021).

Despite these limitations we found that several cores had 
EFs > 10 and those with very high EFs were mostly close to 
known pollution sources such as Sudbury (history of smelt-
ing and mining activities in Canada), Atlantic Mine (USA), 
Europe (history of natural gas extraction and metal min-
ing and smelting), and South America (history of coal/gold 
rushes and industrialization) (Barbieri et al. 2014; Barrett 
and Watmough 2015; Luke et al. 2015; Maus et al. 2020; 
Bear et al. 2021). Zhou et al. (2022) documented the high 
impacts of Pb–Zn smelting on the environment, where heavy 
metal(loid)s (Cd, Cu, Pb) were mainly deposited within a 
2 km distance of smelters. Barrett and Watmough (2015) 
found that sites closer to the main Copper Cliff smelter 
in Sudbury were greatly enriched in Cu and Ni, leading 
to adverse impacts of industrial activities on bog and fen 
peat cores close to smelters. Souter and Watmough (2016) 
also referenced the possible linkage of Cu and Pb enrich-
ment in peat cores to nearby mining and smelting activities. 
These findings also corroborate with Pratte et al. (2013), 
which found greater trace metal contents and accumulation 
rates (As, Cd, Ni, and Pb) in cores closer to point sources 
of urban and industrial centers in eastern Canada and the 
U.S. Mid-West. Mean EF for all metals exceeded median 
values, indicating that metal concentrations at some sites 
are more strongly influenced by natural (Shotyk et al. 2016) 
and/or anthropogenic point sources (Nieminen et al. 2002). 
Localized high levels of contamination near major pollution 
sources also accounts for mean EF of pollutant metals being 
higher than median values.

However, the spatial pattern of Hg differed from the 
other metals most likely due to several reasons including 
its unique characteristics that facilitates long-range trans-
port in its gaseous elemental form and volatile nature and 
several authors have reported elevated Hg in peat far from 
emission sources (Pearson et al. 2019; Floreani et al. 2020). 
Areas such as Sudbury and Whispering Firs Bog (USA) 
showed high enrichment of Hg (EF > 10). The proxim-
ity of pollution sources such as Sudbury (historical metal 
deposition impacts) to peatlands (Barrett and Watmough 
2015) can explain the high enrichment of Hg. However, the 
high enrichment of Hg recorded in the preservation area 
of Whispering Firs Bog that is far from known pollutant 
sources may be linked to the persistent nature of Hg in the 
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environment and its high atmospheric mobility over long 
distances following release from anthropogenic sources 
such as coal burning and smelting activities (De Simone 
et al. 2014). Additionally, a major source of Hg emission is 
from artisanal gold mining that occurs primarily in tropi-
cal regions, which is distinct from major sources of S and 
metal emissions (Streets et al. 2019). Finally, Hg exhibits 
different geochemical behavior in peat, whereby sulphate-
reducing bacteria mediate the conversion of ionic mercury 
(Hg2+) to bioaccumulating and highly toxic methylmercury 
(Selvendiran et al. 2008; Hu et al. 2020). Such conversion 
could also explain the different behavior of Hg in peatlands 
compared to other pollutant metals that are not subjected to 
methylation and more related to localized sources.

Conclusion

Global patterns of metal enrichment were examined in 
bog and fen peat samples collected from 368 peat cores 
distributed across six continental-scale regions. Metal 
concentrations differed among peatland types, with inter-
mediate-to-moderately rich fens demonstrating the highest 
concentrations, likely from minerotrophic conditions and 
higher rates of organic matter mineralization and overall soil 
mass loss than in poor sites. Median EFs were similar among 
bogs and fens (all groups), with metals likely to be influ-
enced by anthropogenic sources (As, Cd, Co, Cu, Hg, Pb, 
and Sb) demonstrating median EFs > 1.5. Contrary to expec-
tations, high EFs were not restricted to pollutant metals, with 
Mn, K and Rb all exhibiting elevated median EFs that were 
similar to pollutant metals likely due to peatland biogeo-
chemical processes leading to surface enrichment of these 
elements. Additional groupings included minor enrichment 
of REE and mineral metals with high EFs within interme-
diate-to-moderately rich fens but differed in spatial patterns 
to metals influenced by anthropogenic sources due to differ-
ences in weathering, peat geochemistry and cycling. Europe 
and North America exhibited higher levels of enrichment 
likely due to the longer history of metal pollution and distri-
bution of sampled peatlands in proximity of point sources. 
Some level of anthropogenic influence of pollutant metals 
was confirmed based on a weak positive correlation (< 0.40) 
with estimated cumulative S deposition. This relationship is 
likely limited by several complex factors including spatial 
resolution of S deposition, differences in the atmospheric 
residence time of metal and S emissions, and S deposition 
likely being a better indicator of industrialization as opposed 
to metal deposition.
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