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• Controls of trace metal deposition in 
human-impacted coastal sediments were 
studied.

• Combining correlations from multiple 
sites allows identification of common 
patterns.

• Positive correlations of Pb, Zn and Sn 
are primarily caused by common pollu
tion sources.

• Cadmium, Zn, Cu and Sb are also 
markedly influenced by changes in ox
ygen concentrations.

• Lead most robustly records pollution as 
a function of distance from shore and 
source. no. sites with positive + p<0.05 correlations
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A B S T R A C T

Rapidly spreading industrialization since the 19th century has led to a drastic increase in trace metal deposition 
in coastal sediments. Provided that these trace metals have remained relatively immobile after deposition, their 
sedimentary enrichments can serve as records of local–regional pollution histories. Factors controlling this proxy 
potential include trace metal geochemistry (carrier-, and host phase affinity), and depositional environmental 
factors (redox variability, particulate shuttling, organic matter loading, bathymetry). Yet, the relative importance 
and interactions between these controls are still poorly understood, hampering the reliable use of trace metal- 
based environmental proxies. By summarizing nine site-specific correlation matrices of 16 metal (loid) s (Pb, 
Cd, Cu, Zn, Sb, Sn, Ni, As, Tl, V, Mo, U, Re, Fe, Mn, Al), total organic C, and S contents in short sediment cores 
into a single meta-matrix, we test a novel approach for quickly detecting common and contrasting trace metal 
enrichment patterns across different study locations. Our meta-matrix shows two trace metal groups, within 
which positive correlations of e.g., Pb, Cd, Zn, Cu, Sb suggest a primary “anthropogenically sourced” (group I) 
control, whereas known “redox-sensitive” (group II) trace metals (Mo, U, Re) are characterized by fewer positive 
correlations. However, some group I metals (Cd, Zn, Cu, Sb) also covary with group II metals, inferring that redox 
variability may obscure primary anthropogenic signals; Sb even shows advantages over Mo and U under oxic 
conditions. As a more robust pollution indicator we identified Pb; yet for reconstructing historical Pb atmo
spheric pollution signals (1970s Pb peak), it is crucial to consider the distance from shore. In near-shore 
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environments, local (fluvial) pollution signals may overprint large-scale (atmospheric) signals. Our findings 
demonstrate that combining site-specific sedimentary correlation and distribution patterns with a meta-matrix 
considerably aids the understanding of trace metal sequestration in different coastal sedimentary environ
ments, which thereby improves trace metal proxy reliability.

1. Introduction

The accumulation of anthropogenically sourced trace metals and 
metalloids in coastal marine areas is a pressing social-environmental 
concern (OSPAR, 2017; HELCOM, 2018; EEA, 2019). While many 
trace metals naturally occur in the coastal environment, excess inputs 
from human activities can lead to concentrations above which they can 
become toxic to the surrounding ecosystem (e.g., Callender, 2014). 
Anthropogenic trace metals can enter the coastal environment as 
airborne particulates (via dry or wet atmospheric deposition), which can 
be transported from distal terrestrial sources and spread over large 
distances as far as several thousands of kilometers (e.g., Goldberg et al., 
1981; Hallberg, 1991; Renberg et al., 2000) or as waterborne dissolved 
or particulate phases (via rivers/estuaries, groundwater, or coastal run- 
off), which often derive from local point sources (e.g., Nriagu and 
Pacyna, 1988; Callender, 2014). Key sources of anthropogenic trace 
metals are industry (mining and smelting), energy production (fossil fuel 
combustion), manufacturing (batteries, iron, and steel), agriculture 
(fertilizer use), transportation (petrol and tire wear), and urban activ
ities (wastewater incineration) (Nriagu and Pacyna, 1988; Callender, 
2014; OSPAR, 2017; EEA, 2019; HELCOM, 2021).

Historically, the earliest records of anthropogenic metal pollution 
date back to the Roman and Medieval periods (Murozumi et al., 1969; 
Brännvall et al., 1999; Renberg et al., 2001a; Cooke and Bindler, 2015). 
However, the strongest and most rapid rise in trace metal contents in 
many European lake and coastal marine sediments is generally linked to 
industrial expansion in the 19th and 20th centuries (e.g., Brännvall 
et al., 1999; Renberg et al., 2001a; van Helmond et al., 2020b). Partic
ularly the combustion of fossil-fuel, including leaded gasoline can be 
tracked by peak Pb (and other metal) contents around the mid-20th 
century (Chow et al., 1973; Valette-Silver, 1993; Renberg et al., 
2001a). Stricter emission controls and policies (e.g., the ban of leaded 
gasoline in 2000 in Europe; Larsen et al., 2012) have led to a gradual 
decrease in trace metal emissions since mid-20th century, particularly 
since the 1990s (OSPAR, 2017; HELCOM, 2018; EEA, 2019). While this 
emission decrease is also reflected in declining trace metal contents in 
coastal sediments, they still exceed natural background concentrations 
in many coastal regions (OSPAR, 2017; HELCOM, 2018; EEA, 2019). 
These legacy trace metal enrichments are the result of complex in
teractions between two types of factors influencing the fate of trace 
metals in coastal sediments. The first type includes the geochemical 
characteristics of a trace metal, such as the speciation and affinity for 
carrier phases – iron (Fe) and manganese (Mn) (oxy)(hydr)oxides (Fe 
and Mn oxides), aluminosilicates (clays), organic matter (OM), car
bonates, and sulfides – particle-reactivity, and redox-stability (e.g., 
Tribovillard et al., 2006; Bruland et al., 2014; Dang et al., 2015). The 
second one comprises the properties of, and geochemical-, biological-, 
and physical processes within a depositional environment (e.g., redox 
variability, particulate shuttling, organic matter loading, bathymetry), 
including those occurring post deposition (diagenesis, Calmano et al., 
1993; Du Laing et al., 2007; Outridge and Wang, 2015).

The combined effect of these two types of factors controls the extent 
to which a trace metal is permanently buried in the sediment or prone to 
remobilization and lost from the sediment. For example, under suboxic 
(oxygen, O2 = 0–0.2 mL L− 1), and particularly euxinic (total hydrogen 
sulfide, O2 = 0 and 

∑
H2S > 0 mL L− 1) conditions, trace metals are 

generally more efficiently removed from the water column and pore 
waters, either by precipitating as or co-precipitating with relatively re
fractory mineral phases, such as carbonates, sulfides or sulfurized OM 

(Hallberg, 1976; Outridge and Wang, 2015). As long as reducing con
ditions remain relatively stable, sediments can act as permanent sinks 
for anthropogenic trace metals (Rigaud et al., 2013; Bruland et al., 
2014). However, post-depositional processes, such as inflow events of 
oxygenated water masses, and vertical or lateral reworking of surface 
sediments (e.g., by bioturbation, wave action, currents, dredging) can 
result in changing bottom water and sedimentary redox conditions, 
which may trigger re-suspension and -mobilization of formerly buried 
trace metals (Förstner et al., 1986; Calmano et al., 1993; Outridge and 
Wang, 2015). Depending on the element- and site-specific geochemical 
conditions, the dissolved trace metals may either re-(co)precipitate 
(with other mineral phases) vertically offset from the original seques
tration depth, or diffuse back into the water column as a dissolved 
species, thereby turning sediments into a source (Salomons et al., 1987; 
Du Laing et al., 2009; Rigaud et al., 2013; Bruland et al., 2014; Dang 
et al., 2015). Both processes can alter the trace metal signal initially 
recorded in the sediment to such an extent that the reliability of trace 
metals as indicators of past environmental change and pollution history 
is significantly weakened or lost entirely (e.g., Outridge and Wang, 
2015).

Many studies of trace metals in coastal sediments focus on the 
sources and/or accumulation of trace metals on a local to regional scale 
(Irion, 1994; Beck et al., 2013; Jokinen et al., 2020a), investigate a 
narrow selection of elements – mostly lead (Pb), zinc (Zn), and cadmium 
(Cd; Irion, 1994; Boxberg et al., 2020) due to both their strong and 
widespread enrichments as a consequence of extensive (pre)industrial 
use and toxicity for marine life and humans (Pb, Cd; OSPAR, 2017; 
HELCOM, 2021) –, or attempt to quantify trace metal contamination in 
the surface sediments (Kersten et al., 1988; Borg and Jonsson, 1996; 
Beck et al., 2013; Vallius et al., 2022). Several studies have investigated 
the geochemical behavior and host phases of different trace metals in 
coastal sediments considering whole sediment cores (Scholz and Neu
mann, 2007; Dang et al., 2015; van Helmond et al., 2018; Jokinen et al., 
2020a), and have explored the impact of salinity, pH, dissolved organic 
C, and redox variability on trace metal mobility in coastal and estuarine/ 
river sediments (Förstner et al., 1990; Gambrell et al., 1991; Rosenthal 
et al., 1995; Guo et al., 1997; Nameroff et al., 2002; Canuto et al., 2013; 
Luo et al., 2022). However, a systematic comparison of anthropogen
ically sourced trace metal behavior and enrichment pathways for 
different coastal depositional environments is still lacking. This has 
implications e.g., for interpreting trace metal contaminations in coastal 
sediments as a function of past and ongoing anthropogenic pollution.

Here, we aim to improve the understanding of trace metal behavior, 
covariation patterns and enrichment pathways in coastal marine sedi
ments. Considering 13 trace metals – Pb, Cd, copper (Cu), Zn, antimony 
(Sb), tin (Sn), nickel (Ni), arsenic (As), thallium (Tl), vanadium (V), 
molybdenum (Mo), uranium (U), and rhenium (Re) – and nine con
trasting coastal marine depositional environments (oxic–sulfidic, unre
stricted–semi-enclosed, brackish–marine, near coastal–distant, 
shallow–deep), which cover the trace metal accumulation over the last 
century, we study co-enrichment patterns among elements to (1) 
investigate the importance of depositional and post-depositional factors 
in controlling anthropogenic trace metal distribution, (2) discuss po
tentials and limitations when applying sedimentary trace metals as 
chronological archives of anthropogenic pollution in coastal environ
ments, and (3) assess the redox proxy potential of other trace metals 
alongside the most widely and best understood trace metal redox 
proxies, Mo and U.
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2. Materials and methods

2.1. Selection of sites, elements, and data filtering

In our analysis we use sedimentary trace metal data from nine coastal 
marine sites (Fig. 1). These sites were selected because they cover a wide 
range of different depositional environmental characteristics, such as 
bottom water and sediment redox conditions, bathymetry, sedimenta
tion rate, eutrophication, OM input, salinity, and their local and regional 
metal pollution history (Fig. 1 and Table 1). Crucial for the selection was 
further that the study sites are relatively well-understood with respect to 
above characteristics(van Helmond et al., 2018, 2020b; Jokinen et al., 
2020a, 2020b; Paul et al., 2023a) to provide a comprehensive under
standing of trace metal dynamics as a function of different depositional 
environmental factors. For our investigation of the impact of redox 
conditions/variability on the trace metals, the study sites were grouped 
based on the average modern bottom water redox conditions at each 
location (Paul et al., 2023a, Fig. 1).

To cover a range of elements with contrasting geochemical charac
teristics, i.e., Goldschmidt classification (Goldschmidt, 1937; White, 
2018), we selected 13 trace metals (As, Cd, Cu, Mo, Ni, Pb, Re, Sb, Sn, Tl, 
U, V, Zn), comprising sulfide-affine (=chalcophile) elements (As, Cd, Cu, 
Mo, Ni, Pb, Sb, Sn, Tl, Zn), iron-affine (=siderophile) elements (Mo, Ni, 
Re, Sn), and silicate and oxide-affine (=lithophile) elements (Tl, U, V). 
Duplications of certain elements (Mo, Ni, Sn, Tl) in multiple groups arise 
in the estuarine–marine environment from variations in ambient pH, 
temperature, salinity, and redox conditions, affecting the metals dis
solved and particulate speciation and oxidation state (Salomons et al., 
1987; Gambrell et al., 1991; Du Laing et al., 2009; Bruland et al., 2014). 
For our investigating of trace metal-host phase behavior, we further 
considered three major elements (Al, Fe, Mn; representative of silicates, 
oxides, sulfides) and two non-metal solid phase constituents, sulfur (S; 
representative of sulfides), and total organic carbon (TOC; representa
tive of OM). For each of the sites, sedimentary trace metal, S and TOC 

contents from one sediment core (0–~30–60 cm length, 0.4–5 cm res
olution; see Fig. S2 and Paul et al., 2023a for detailed sampling intervals 
per site) were included in the analysis. As we focus on the increasing 
sedimentary trace metal enrichments during the late-19th to mid-20th 
century, sediment core intervals representing much older time in
tervals (>200 years) were omitted from the analysis. This concerns the 
abyssal Black Sea, for which only the upper 10 cm were considered 
(~1850, Phoxy St. 2; Dijkstra et al., 2018). Sediment surface samples 
comprising fresh, unconsolidated, suspended OM (=“fluff layers” with 
exceptionally high TOC contents), present at Fårö Deep and the North
ern Gotland Basin were also omitted from the analysis (van Helmond 
et al., 2018). For comparison, omitted samples are shown in the sedi
ment core profiles (Fig. S2).

To assess whether our study sites are enriched in anthropogenic trace 
metals relative to natural background concentrations, we compare the 
sedimentary trace metal contents to ranges in background content, 
estimated from both local background and global Upper Continental 
Crust (UCC) values (Rudnick and Gao, 2014). Details on the background 
value estimation can be obtained from the Supplementary Material 
(Table S1).

2.2. Solid phase analyses

2.2.1. Determination of total metal, S, and TOC contents
Solid-phase total metal and S data were determined using triple-acid 

(HF/HClO4/HNO3) digestion of O2-free sampled, (freeze)-dried, and 
homogenized samples from short sediment cores (0–~30–60 cm length; 
for site-specific core lengths see Fig. S2), and subsequent analysis of As, 
Cd, Cu, Mn, Mo, Ni, Pb, Re, Sb, Sn, Tl, U, V, and Zn by Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS) and Al, Fe, and S by 
Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES), 
as described in Paul et al. (2023a). Further analytical details and in
strument specifics can be obtained from the Research Data file available 
from Zenodo (https://doi.org/10.5281/zenodo.12759164).

Fårö Deep
 N. Gotland Basin

Baltic
 Sea

Black Sea

North Sea

Gullmar Fjord 
Koljö Fjord

German Bight

SandöfjärdenLilla Värtan
Skurusundet

Bottom water redox condition
persistently euxinic 

-1 -1O  = 0 mL L ,H S > 0 mL L2 2

(ir)regularly  
1. euxinic
2. suboxic 

-1 -1O  = 0–0.2 mL L , H S = 0 mL L2 2

3. dysoxic
-1O  = 0.2–2 mL L2

persistently oxic 
-1O  > 2 mL L2

Fig. 1. Location of the nine study sites. The color of each study site refers to the modern average bottom water redox condition (dark pink = persistently euxinic; 
light pink = (ir)regularly dysoxic–euxinic; green = persistently oxic. The redox categorization is adapted from Paul et al. (2023a). The map was modified from EEA 
(2021). Close-ups of the study sites at the Swedish west coast (Gullmar and Koljö Fjord), in the German Bight, and the Stockholm Archipelago, are provided in the 
Supplementary Material (Fig. S1).
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Accuracy (recovery) of all new data was based on in-house standards 
and the commercial sediment reference material ISE-921 were between 
89 and 114 % for all elements analyzed on the ICP-MS (all except Fe and 
S). For Fe and S recoveries were between 91 and 127 %, and 82–110 %, 
respectively. The precision (relative standard deviation, RSD %) based 
on sediment sample duplicates was between 2 and 10 % for all elements, 
except for Cu (13 %), Sb (20 %), and Tl (19 %) for the three Stockholm 
Archipelago sites.

Total organic carbon (TOC) was determined after decalcification and 
drying and analyzed via thermal combustion. Total trace metal- and 
TOC contents were corrected for salt-dilution using the bottom water 

salinity and sediment porosity, assuming a solid-phase density of 2.65 g 
cm− 3 (Burdige, 2006). Some of the here presented solid phase data has 
been previously published; further details regarding those are provided 
in Table 2.

2.2.2. Data normalization and statistical analysis of metal, S, and TOC 
contents and covariation patterns

In our analyses we use unnormalized solid phase data instead of 
normalizing them against the detrital background (=Al content). While 
the latter is a common practice to recover authigenic (non-lithogenic) 
signals from dilution by the detrital fraction of a given element (e.g., 

Table 1 
List of study sites, brief site description and trace metal pollution sources and history. Bottom water (BW) redox conditions, BW salinity, water depth and sedimentation 
rate according to Paul et al. (2023a).

BW Redox 
condition

Study site Approx. deep- 
water mixing 
time

Water 
depth 
(m)

BW 
salinity

Average 
sedimentation 
rate (cm yr− 1)

Brief summary of metal 
pollution sources (19th–21st 
century)

Main trace metal 
input pathway(s)

References

Baltic Sea – Eastern Gotland Basin
Persistently 

euxinic
Fårö Deep ~30 years 191 12.0 ~0.66 Emissions from fossil fuel-based 

(coal, oil) power production, 
intense ship- and leisure boat 
traffic

Atmospheric 
deposition 
waterborne 
(rivers + coastal 
run off)

Hallberg (1991)
Borg and Jonsson 
(1996)
Schneider et al. 
(2000)
Stigebrandt and 
Gustafsson (2003)
Ytreberg et al. 
(2022)

Persistently 
euxinic

Northern (N.) 
Gotland Basin

~30 years 169 11.4 ~0.23

Baltic Sea – Stockholm Archipelago
Persistently 

euxinic
Skurusundet 2–4 years 27 5.3 ~1.4 Mining in Bergslagen region 

(outflow via Lake Mälaren), 
local/regional emissions and 
(until 1960 untreated) sewage 
discharge from industries, 
power production, wastewater 
treatment plants, road traffic, 
leisure and commercial boat and 
ship traffic and harbor activities 
Influence: Lilla Värtan >
Skurusundet > Sandöfjärden

Waterborne 
atmospheric 
deposition

Broman et al. (1994)
Engqvist and 
Andrejev (2003)
Lehtoranta et al. 
(2022)
Stockholms 
Vattenpgrogram 
(2011)
SMHI (2022)

(Ir)regularly 
suboxic- 
dysoxic

Lilla Värtan Spring and late 
fall–early winter 
(up to 6 months)

21 4.9 ~1.9 Waterborne 
atmospheric 
deposition

Persistently 
oxic

Sandöfjärden Unrestricted 
towards the 
Baltic

64 5.8 ~0.4 Waterborne, 
atmospheric 
deposition

Swedish west coast
(Ir)regularly 

euxinic
Koljö Fjord Usually 

annually, but up 
to 5–7 years

43 27.7 ~0.40 Boat building industry on Orust, 
plastic boats since 1960s; 
presently local sources are 
assumed to negligible due to 
sparse population and industry 
density

Waterborne, 
atmospheric 
deposition

Gustafsson and 
Nordberg (1999)
Nordberg et al. 
(2001)
Larsson and 
Lindström (2014)
SMHI (2022)

(Ir)regularly 
dysoxic

Gullmar Fjord Usually 
annually

117 34.4 ~0.62 1870s–early 1970s: paper and 
sulfite pulp mills, untreated 
herring canning sewage; since 
1983 natural preserve

Waterborne, 
atmospheric 
deposition

Leppäkoski (1968)
Nordberg et al. 
(2001)
SMHI (2022)

North Sea – Helgoland mud area
Persistently 

oxic
German Bight Unrestricted 30 32.2 ~0.17a Mining activities (Harz 

Mountains and Erzgebirge), 
discharge via Elbe and Weser 
estuaries, remobilization, and 
deposition of contaminated 
sediments

Riverine, 
atmospheric 
deposition

Kersten et al. (1988)
Irion (1994)
Boxberg et al. (2020)

Black Sea – NW abyssal plain
Persistently 

euxinic
Black Sea >200 m ~ 850 

± 300 yearsb
2107 22.3 ~0.10 Emissions from fossil fuel-based 

(coal, oil) power production, 
intense ship- and leisure boat 
traffic

Atmospheric 
deposition, 
waterborne 
(riverine +
coastal run off)

Top et al. (1990)
Topcuoglu (2000)
Murray et al. (1991)
Lee et al. (2002)
Theodosi et al. 
(2013)

a Sedimentation rate was re-estimated from Paul et al. (2023a) based on Boxberg et al. (2020). For details see Section 2.3.
b Averaged based on the sources provided in the references.
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Tribovillard et al., 2004; Böning et al., 2015; Bennett and Canfield, 
2020), under certain environmental settings, e.g., with a small detrital 
fraction size or variable detrital source material, this method may result 
in “spurious” correlations (Van der Weijden, 2002). Following Van der 
Weijden (2002), we calculated the coefficients of variation (CV =
standard deviation divided by the mean) of Al (CVAl), the trace metals, S, 
and TOC (CVx) for each site (n = 9) to assess the potential risk of Al- 
normalization. We found relatively large variation across our study 
sites and elements but generally low CVAl and CVx > CVAl. Thus, we 
believe that for our specific study, unnormalized data provide a more 
reliable estimate of the trace metal and S, and TOC contents than Al- 
normalized contents. Ranked Al-normalized trace metal ranges can be 
obtained from the Supplementary Material (Fig. S6).

Variability in total trace metal, S, and TOC contents between sites 
was estimated by comparing their Median Absolute Deviation (MAD, e. 
g., Pham-Gia and Hung, 2001), and 0.95 confidence intervals (CIs) of the 
mean, using the bootstrapping resampling method (e.g., Carpenter and 
Bithell, 2000). This approach is suitable for non-normally distributed 
data containing small (sub)sample sizes and outliers (e.g., “fluff” surface 
sediments, Section 2.1) (Rowland et al., 2021), both of which apply to 
our data. Overall, narrower MAD and CI ranges indicate a more reliable 
and generalized distribution pattern of the data.

For investigating the frequency and importance of inter-metal, S- 
metal, and TOC-metal relationships across our study sites, we computed 
the correlation coefficients of the content data of each element pair and 
summarized these as correlation matrices. For each elemental pair, the 
0.95 CI and p-values were calculated to test whether the correlation 
coefficient (positive or negative) is significant. Finally, all positive and 
significant correlations (p < 0.05) per site were manually counted and 
summarized in a single meta-matrix to identify and differentiate be
tween site-dependent and site-independent correlations. All matrices 
were ordered according to the number of positive correlations in the 
summed meta-matrix, in which Pb was identified as the primary 
element, i.e., with the highest overall number of sites reporting signifi
cant correlations for a Pb-element pairs. Violin plots comparing indi
vidual sites were also arranged in order of Pb content.

Computation and visualization were performed in R (version 4.2.3). 
For the violin plots and calculation of MADs and CIs we used the ggplot2 
package with the geom_violin() and stat_summary() functions. For cor
relation matrices we used the corrplot and hmisc packages.

2.3. Sediment core chronologies

Age-depth models based on 210Pb and 137Cs, respectively, were 
available for the study sites in the Black Sea (Dijkstra et al., 2018), 
central Baltic Sea (Jilbert and Slomp, 2013a), Stockholm Archipelago 

(Paul et al., 2023a), and Swedish west coast fjords (Nordberg et al., 
2000; Filipsson and Nordberg, 2004; Paul et al., 2023b). For the German 
Bight site, we approximated an age model using a combination of an 
existing 210Pb and 14C-based average sedimentation rates from nearby 
sediment cores (GeoB4806-1 and GeoB 4801-1) and the dated onset of 
industrial Zn pollution (~60 mg kg− 1) in the area (~1850, Hebbeln 
et al., 2003; Boxberg et al., 2020). Zinc contents in our core are 
consistently elevated at >60 mg kg− 1, thus we assume that our sediment 
core covers an interval between >1850 and 2019, giving a minimum 
sedimentation rate of 0.17 cm yr− 1.

3. Results

3.1. Sedimentary trace metal distribution and correlation patterns

Median sedimentary Pb contents are highest at the persistently 
euxinic Skurusundet site in the inner Stockholm Archipelago (~145 mg 
kg− 1) and lowest at the persistently euxinic abyssal Black Sea site 
(~19.5 mg kg− 1) (Fig. 2). Only Sn follows a similar ranking of sites as 
Pb, while Cd, Cu, Zn, Sb, Ni, As, and Tl show a distinct ranking pattern, 
with relatively elevated values in the persistently euxinic Fårö Deep and 
N. Gotland Basin sites. Lead, Cd, Cu, Zn, Sb, Sn, and As are at most sites 
enriched relative to their background values (gray shaded area, Fig. 2), 
whereas for Ni, Tl, V, Mo, U, and Re no consistent enrichment pattern is 
observed. According to the summed meta-matrix, sedimentary trace 
metals broadly cluster in two groups (Fig. 3): (I) trace metals with 
positive and significant correlations at ≥five sites (blue colors: Pb, Cd, 
Cu, Zn, Sb, Sn, Ni, As, Tl) and (II) trace metals with positive and sig
nificant correlations at < five sites (orange–red colors: V, Mo, U, Re). 
Among group (I), Pb and Zn have the highest count of positive corre
lations across the study sites to each other, Cd and Cu (nine sites), within 
group (II) Mo and U are more frequently correlated to each other than to 
Re and V. Intercorrelations between groups (I) and (II) are relatively 
rare, except for Zn, Sb, Ni, and As, which are positively correlated to 
both Mo and U at 5–9 sites (Figs. 3, S4) and together with Cd and Tl also 
share common features in ranked trace metal enrichment pattern 
(Fig. 2). On the site-scale, correlation frequency and correlation strength 
between the trace metals differs quite considerably (Fig. 4).

3.2. Total S and organic carbon distribution and correlation patterns

Median S and TOC contents are lowest for the open marine and oxic 
German Bight (0.4 wt% S and 1.1 wt% TOC). While elevated contents 
(>1 wt% S and 5 wt% TOC, respectively, Fig. 2), also occur at less 
reducing and non-euxinic sites (e.g., Sandöfjärden and Lilla Värtan), 
highest S and TOC contents are exclusively found at sites with euxinic 
bottom waters, irrespective of water depth, salinity, and distance to 
shore. For S, this concerns the relatively shallow and (ir)regularly 
euxinic Koljö Fjord (2.4 wt% S) and the persistently euxinic, abyssal 
Black Sea site (2.0 wt% S), while for TOC, this concerns the persistently 
euxinic Fårö Deep (8.3 wt. TOC %) and Skurusundet (8.0 wt% TOC; 
Fig. 2, Table 1). Correlation coefficients of TOC and S to the other var
iables are very heterogenous across the study sites, although they share 
positive and significant correlations with Ni and Sb (Fig. 3). Overall, 
TOC is positively correlated with most trace metals (and most frequently 
with Cd and Zn), whereas S is only commonly associated with Sb, Ni, 
Mo, and Fe (Fig. 3).

4. Discussion

4.1. Grouping of trace metals

Our summed meta-matrix shows a division of the trace metals into 
two groups (I, II) (Section 3.1, Fig. 3), very well matching with the 
primary sources and geochemical controls of the trace metals contrib
uting to excess enrichments in the marine environment. Group (I) trace 

Table 2 
References of the solid-phase metal, major element, TOC, and S data.

Study site Mo, U Al, As, Cd, Cu, 
Ni, Mn, Pb, Re, 
Sb, Sn, Tl, V, Zn

TOC Fe, S

Fårö Deep & 
N. Gotland 
Basin

Jilbert and 
Slomp 
(2013a, 
2013b)
van Helmond 
et al. (2018)

van Helmond 
et al. (2018)
Sn: This study

Jilbert and 
Slomp 
(2013a, 
2013b)
Lenz et al. 
(2015)

Jilbert and 
Slomp 
(2013a, 
2013b)
Lenz et al. 
(2015)

Stockholm 
Archipelago

Paul et al. 
(2023a)

This study Paul et al. 
(2023a)

This study

Koljö- and 
Gullmar 
Fjord

Paul et al. 
(2023a, 
2023b)

This study Paul et al. 
(2023a, 
2023b)

This study

German Bight Paul et al. 
(2023a)

This study Paul et al. 
(2023a)

This study

Black Sea Paul et al. 
(2023a)

This study Kraal et al. 
(2017)

Kraal et al. 
(2017)
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metals (Pb, Cd, Cu, Zn, Sb, Sn, Ni, As, Tl) are largely derive from 
anthropogenic sources (Nriagu, 1989; Bruland et al., 2014), and thus 
“anthropogenically sourced” trace metals. Contrary, for group (II) trace 
metals (Mo, U, Re, and V), anthropogenic sources (e.g., mining, oil and 
coal combustion, phosphate fertilizer, Colodner et al., 1995; Reimann 
and De Caritat, 1998; Pacyna and Pacyna, 2001), likely have a minor 
contribution to the total sedimentary loading. Instead, the degree to 
which Mo, U, V, and Re are enriched in (coastal) marine sediments is 
believed to be mainly driven by their natural geochemical behavior in 
seawater as a function of redox variability (e.g. Morford and Emerson, 
1999; Tribovillard et al., 2006; Bennett and Canfield, 2020), making 
them “redox-sensitive” trace metals. Following this categorization, the 
site-wide positive correlations between the anthropogenically sourced 

(I) metal pairs Pb–Cd, Pb–Cu, Pb–Zn, Zn–Cd, and Zn–Cu can at first 
order be explained by their co-occurrences in anthropogenic sources and 
primary deposition via airborne (atmospheric) or waterborne (fluvial) 
pathways. For example, in terrestrially sourced aerosols from fossil fuel 
combustion (Pb, Zn, Cu) and metal industry (Pb, Zn, Cu, Cd), or local 
fluvial (point) sources from discharge of sewage sludge (Pb, Cd, Cu), 
battery production (Ni, Cd), corrosion of ship and automobile parts (Pb, 
Cu, Zn), and applications in agriculture (Cu, Zn) (Nriagu and Pacyna, 
1988; Reimann and De Caritat, 1998; Pacyna and Pacyna, 2001; Call
ender, 2014 and references therein). If anthropogenic trace metal dis
tribution in coastal marine sediments were primarily controlled by 
sharing common sources, these trace metal pairs (Pb–Cd, –Cu, –Zn, 
Zn–Cd, and Zn–Cu) should also show similar distribution patterns 

Fig. 2. Total content ranges of the 13 trace metals (solid frame), and sedimentary host phases (dashed frame) across the nine study sites, displayed as violin plots and 
transformed into log10 scale. Each violin includes the mean (black solid crosses), 0.95 confidence interval (CI) of the mean (whiskers), median (vertical solid black 
line), and the median absolute deviation (MAD, crossbar). For the color coding see Fig. 1 legend and caption. Natural background contents are given as references 
(gray shaded area); note: minimum background values for Pb and Sn are 8 and 0.8 mg kg− 1, respectively. For details on the determination of the background ranges, 
see Section 2.1 and Table S1. Organic-rich “fluff layers” were omitted from the analyses.
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across the study sites, irrespective of the distance from shore and other 
depositional environmental factors.

However, when comparing the summed meta-matrix grouping with 
the ranked trace metal enrichment pattern across the study sites, the 
close correlation between Pb and Cd, Cu, and Zn observed in the meta- 
matrix (Fig. 3) is absent in the ranking (Fig. 2). Instead, Pb and Sn appear 
to be stronger correlated to each other by following almost the same 
ranked range pattern (Fig. 2), having the greatest site-wide correlation 
coefficient (0.91; Fig. S4), yet they are not positively correlated at all 
sites (Fig. 3). These apparent discrepancies suggest that sedimentary 
enrichment and covariation patterns in (near) coastal sediments be
tween anthropogenically sourced trace metals are not only dictated by 
deriving from similar anthropogenic sources but are co-controlled by 
secondary factors.

The significance of secondary factors in the applicability and reli
ability of (II) redox-sensitive trace metals as redox proxies includes the 
presence and intensity of the Fe and Mn oxide shuttle, H2S concentration 
in the bottom- and pore water, and post-depositional oxidative remo
bilization (Zheng et al. (2002); Algeo and Lyons, 2006; Algeo and Tri
bovillard, 2009; Jokinen et al., 2020b; Helz, 2021, 2022; Paul et al., 
2023a, 2023b). In the following, we investigate the most significant 
secondary factors in explaining site-wide and site-specific correlation 
and distribution patterns, similarities, and divergences among group (I) 
trace metals.

We acknowledge that dilution effects caused by vertical variability in 
the sediment composition (e.g., grain size and carbonate contents) may 
also influence the distribution and contents of certain trace metals 
(Smrzka et al., 2019). Among our nine study sites, we expect that only at 
German Bight and Black SeaAbyssal Plain such dilution effects may be 
observed due to the presence of fine sand in the upper 8 cm of the 
German Bight sediments and high carbonate contents (>30–50 wt%; 
Kraal et al., 2017) in Black Sea sediments. However, we consider them 
not to have a stronger influence on trace metal distribution relative to 
the other factors discussed in this study.

4.2. Secondary factors influencing trace metal sequestration

4.2.1. Sulfide mineral formation
Overall, the anthropogenically sourced trace metals Pb, Cd, Cu, Zn, 

Sb, Sn, Ni, As, Tl are more strongly enriched in sediments deposited 
under persistently euxinic conditions (dark pink sites) than under oxic 
conditions (green sites) (Fig. 2). This pattern can be related to the 

solubility of the trace metals' host phases after deposition on the seafloor 
(Calvert and Pedersen, 1993). The above trace metals behave highly 
chalcophile upon H2S release into the bottom- and/or pore water 
following microbial mediated organo-clastic sulfate reduction or 
anaerobic oxidation of methane (AOM, Jørgensen et al., 1990, 2019), by 
either precipitating as refractory native sulfide minerals (e.g., PbS, CdS, 
ZnS, CuS2) or co-precipitating with other (Fe)-sulfide minerals, such as 
iron-monosulfide (FeS) or pyrite (FeS2) (e.g., Cu, Ni, As, Sb; Salomons 
et al., 1987; Huerta-Diaz and Morse, 1992; Billon et al., 2001; Tribo
villard et al., 2006; Tribovillard, 2020; Canavan et al., 2007). Positive 
correlations between these metals and S and Fe at the euxinic sites Fårö 
Deep (Fig. 4C), and N. Gotland Basin (Fig. S5), and most strongly for Ni 
at the abyssal Black Sea site (Fig. S5) are indicating the presence of such 
trace metal-host phase associations.

Additional positive correlations to S (and Fe) are found at the 
seasonally dysoxic–suboxic (sometimes euxinic) Lilla Värtan but also at 
the persistently oxic Sandöfjärden (Fig. 4A). The latter is surprising due 
to its non-reducing bottom water redox conditions, under which sulfides 
typically do not precipitate or are readily dissolved (Kerner and Wall
mann, 1992; Outridge and Wang, 2015), as seen at German Bight by 
lowest S contents and decoupling to trace metals. By contrast to the 
German Bight, at Sandöfjärden, and the Stockholm Archipelago in 
general, formation and preservation of sulfide minerals in the sediment 
is permitted by the combined effect of low salinity (Table 1) and 
eutrophic conditions (van Helmond et al., 2020a; Dalcin Martins et al., 
2024), leading to compression of the diagenetic zonation (Canfield and 
Thamdrup, 2009) and an upward migration of the intensive H2S pro
duction zone (Slomp et al., 2013; Rooze et al., 2016; Wallenius et al., 
2021) to shallow sediments (Dalcin Martins et al., 2024). Similar ob
servations have been previously reported for sites in the Bothnian Sea 
(Egger et al., 2015; Rasigraf et al., 2020) and Finnish Archipelago Sea 
(Jilbert et al., 2018; Jokinen et al., 2020b), and are linked to higher trace 
metal sequestration and preservation potentials (Ingri et al., 2014; 
Jokinen et al., 2020a, 2020b).

Decoupling between trace metals and S is not restricted to oxic sites, 
as shown by the correlation matrix of the (ir)regularly euxinic Koljö 
Fjord (Fig. 4B). Although scavenging and formation of trace metal (Fe)- 
sulfide phases is generally permitted under the sulfidic pore water, short 
and long-term rapid redox variations in the bottom and pore water can 
lead to metal remobilization and loss of correlations between metals and 
host phases that were originally preserved, as previously described for 
Mo at this site (Paul et al., 2023b).

Fig. 3. Summed correlation matrix ranked after Pb. The colors correspond to the number of sites (1–9) that have a positive and significant correlation for a given 
element, whereby 9 is the maximum (=nine sites) and 1 the minimum (=one site). The dashed border highlights trace metal-host phases correlations (OM com
pounds = TOC, sulfides = S, Fe and Mn oxides = Fe and Mn, and silicates/clay minerals = Al).

K.M. Paul et al.                                                                                                                                                                                                                                 Science of the Total Environment 951 (2024) 175789 

7 



4.2.2. Trace metal-OM associations
Refractory OM is an important host phase of trace metals in sedi

ments (Calvert and Pedersen, 1993; Bruland et al., 2014). Our data show 
positive and significant correlations of Pb, Cd, Cu, Zn, Sb, Sn, Ni, As, Tl 
with TOC at 4–7 sites across a range of redox conditions (Figs. 3, 4, S5), 
implying that delivery of refractory OM to sediments may serve as a 

secular variable modulating trace metal enrichment. Allochthonous 
(terrestrial) OM is more refractory than phytoplankton-derived 
(autochthonous) OM (Callender, 2000) and trace metals such as Pb, 
Cu, Cd, Zn, Ni and Sn have a high affinity for associating with 
allochthonous OM in estuarine settings (Nordmyr et al., 2008a, 2008b; 
Karbassi et al., 2013; Jokinen et al., 2020a; Virtasalo et al., 2023). This 

Fig. 4. Comparison between correlation matrices of two A) oxic B) (ir)regularly dysoxic–euxinic, and C) persistently euxinic sites. The color of each circle indicates 
whether the correlation is positive (blue) or negative (red). Color intensity and circle size are proportional to the correlation coefficients (− 1 to 1). Correlations with 
p < 0.05 are considered insignificant and marked with an X. Color intensity and size of each circle are proportional to the correlation coefficient, i.e., the more intense 
the color and larger the size, the stronger the correlation (positive or negative). The dashed border highlights trace metal-host phases correlations (cf. Fig. 3 caption).
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association provides a mechanism for simultaneous delivery of metals 
and OM to sediments in coastal areas. Salinity-induced flocculation of 
dissolved OM (DOM) into particulate OM (POM) at the land-sea tran
sition, where freshwater mixes with seawater (Boyle et al., 1977), favors 
sedimentation of OM and associated trace metals in relatively close 
proximity to freshwater outlets (Puls et al., 1997; Sholkovitz, 1978; 
Palanques et al., 1995; Nordmyr et al., 2008a, 2008b; Karbassi et al., 
2013; Virtasalo et al., 2023). Of all study sites, Lilla Värtan has the 
highest correlation coefficients between anthropogenically sourced 
trace metals and TOC (average ≈0.83; Fig. 4B), while at the nearby 
Skurusundet, almost all anthropogenically sourced trace metals are 
positively correlated to TOC, while being decoupled from Fe and S 
(Fig. 4C). This finding stands in stark contrast to the other euxinic sites, 
where trace metals are dominantly associated with sulfides (Figs. 4, S4).

The strong correlations between TOC and trace metals in the 
Stockholm Archipelago sites may be induced by DOM flocculation and 
subsequent sedimentation occurring in close proximity to the freshwater 
outlet of Lake Mälaren, which is a key supplier of allochthonous OM to 
the archipelago (Broman et al., 1994; Lehtoranta et al., 2022). Inter
estingly, the inner Stockholm Archipelago shows the highest contents of 
Pb and Sn, and elevated contents of Cu and Zn, whereas Sb, Ni, As, Tl, 
and Cd contents are higher in the offshore stations in the central Baltic 
Sea (Fårö Deep and N. Gotland Basin, Fig. 2). This pattern may be related 
to relative loading of the different metals from anthropogenic activities 
but also potentially to incongruent association of metals to different 
fractions of OM that are prone to sedimentation or long-distance 
transport depending on the degree of aggregation, as discussed for 
continental margins (Lenstra et al., 2022), and estuarine settings 
(Böning et al., 2017).

4.2.3. Particulate Fe and Mn oxide shuttling
Iron- and Mn oxide recycling is a well-known and important mech

anism for efficiently shuttling redox-sensitive (Mo, V; e.g., Morford and 
Emerson, 1999; Scholz et al., 2013) and anthropogenically sourced trace 
metals (As, Sb, Cu, Ni, Zn, Pb; e.g., Salomons et al., 1987; Tribovillard 
et al., 2006; Tribovillard, 2021; Little et al., 2015) to surface sediments 
of various coastal (marine) environments worldwide, including our 
study sites (Fårö Deep and N. Gotland Basin: Jilbert and Slomp, 2013b; 
van Helmond et al., 2018; Gullmar- and Koljö Fjord: Goldberg et al., 
2012; Paul et al., 2023b; German Bight: Slomp et al., 1997). Yet, our 
correlation matrix shows very low numbers of positive trace metal to Fe 
or Mn correlations, which are largely restricted to the German Bight, the 
most oxic site (Fig. 4A).

In fact, we observe that Gullmar Fjord, Lilla Värtan, Skurusundet, 
and Fårö Deep show significant negative correlations for many trace 
metals assumed to be associated with Fe and Mn oxides (Figs. 4, S4). We 
attribute this apparent decoupling to the behavior of labile Mn and Fe 
oxides at the oxic-suboxic redox transition close to the sediment surface 
(Burdige, 1993). In this regime, vertical refluxing of dissolved Fe and Mn 
in pore waters can lead to enrichments of Fe and Mn oxides in the upper 
sediments (Fig. S2A, Burdige, 1993; Adelson et al., 2001; Sulu-Gambari 
et al., 2017). Trace metals transported to the sediments adsorbed to 
these oxides may be released to pore water during oxide reduction, and 
re-scavenged by newly formed oxides from non-Mn reducing pore water 
(e.g., German Bight, Fig. S2), or are scavenged by more refractory car
rier- and host phases, such as sulfides, carbonates, phosphates, or clay 
minerals (e.g., Salomons et al., 1987; Scholz and Neumann, 2007; Dang 
et al., 2015). This can lead to enrichments of Fe and Mn at the core top 
and of trace metals deeper in the core, causing poor or negative corre
lations between Fe and Mn and associated trace metal contents in our 
data (e.g., Figs. 3, 4, S4). A similar mechanism has been used to explain 
offsets of trace metal enrichments from Mn-rich layers in sediment cores 
following intermittent oxygenation events (Scholz et al., 2018).

Due to the mechanism outlined above, we infer that negative cor
relations between Fe, Mn and trace metals may in fact serve as a measure 
for identifying active Fe and Mn oxide shuttling at a given study site. By 

extension, positive trace metal-Fe and/or Mn correlation may either be 
indicative of deposition under weakly reducing/oxic conditions or 
represent co-occurrences in secondary trace metal carrier- and host 
phases, which often contain Mn and Fe (e.g., pyrite, rhodochrosite, 
siderite, vivianite) and are known to make up a considerable fraction of 
the Fe and Mn in the sediment at some of our study sites (Fårö Deep, N. 
Gotland Basin, abyssal Black Sea, Sandöfjärden; Jilbert and Slomp, 
2013b; Dijkstra et al., 2018; Dalcin Martins et al., 2024). In this context, 
the considerable Sb, Ni, As, and Tl enrichments at Fårö Deep and N. 
Gotland Basin (Fig. 2) may be a consequence of direct trace metal input 
through long-distance transport, the efficiency of the particulate shuttle, 
and permanent burial in secondary host phases under reducing condi
tions (Lenz et al., 2015; van Helmond et al., 2018). The significance of 
this combined mechanism for promoting trace metal sequestration be
comes more apparent when compared to sites that either have an 
extremely large Mn oxide pool but insufficient sulfide production in the 
pore water impeding permanent trace metal sequestration (Gullmar 
Fjord; Brinkmann et al., 2023; Paul et al., 2023b), or have a persistently 
sulfidic water column (abyssal Black Sea), permitting the precipitation 
of sulfide minerals but limiting the efficiency of the Fe and Mn oxide 
shuttle, and thus trace metal transport, (Lenstra et al., 2019, 2020) 
below the chemocline (~150 m; Huang et al., 2000; Eckert et al., 2013).

4.3. Proxy potential of anthropogenic trace metals in coastal marine 
sediments

4.3.1. The 1970s atmospheric Pb peak: where can we find it, where not, 
and why?

Considering the secondary factors outlined in the previous sections, 
Pb appears to be the trace metal with the highest potential to record the 
history of direct pollution to any given sedimentary location, due to its 
relative particle reactivity and post-depositional immobility. We inves
tigated the extent to which our Pb profiles match the timing of the 
commonly reported 1970s sedimentary Pb peak observed in northern/ 
western Europe and North America across various coastal marine, 
estuarine, lake, soil, and peat sediments. This peak has been previously 
related to atmospheric deposition of Pb as a consequence of leaded- 
gasoline emissions and is often used as an age marker in environ
mental reconstructions (Valette-Silver, 1993; Shotyk et al., 1998; 
Brännvall et al., 2001; Zillén et al., 2012; Jokinen et al., 2020a; van 
Helmond et al., 2020b; Renberg et al., 2001a).

According to our core chronologies (Section 2.3, Fig. 5), the only 
three sites showing marked enrichment peaks in Pb during the 
1960s–70s (Table S1; Zillén et al., 2012; van Helmond et al., 2018) are 
the two deep Baltic Proper sites (Fårö Deep and N. Gotland Basin), and 
the abyssal Black Sea. Such offshore sites are expected to be primarily 
impacted by atmospheric deposition of anthropogenically-sourced trace 
metals (Suess and Erlenkeuser, 1975; Hallberg, 1991; Topcuoglu, 2000; 
Theodosi et al., 2013), hence the observations match the expected 
profiles from literature. In contrast, many of the nearshore sites show 
maximum Pb contents preceding the 1970s by at least half a century. 
The German Bight even shows a reverse trend with increasing Pb con
tents from 1900 until present with maximum contents in the upper 10 
cm (Fig. 5). Although explanations for indistinctly developed or missing 
1970s atmospheric Pb peaks have been addressed previously for sedi
mentary lake, bog, and other coastal records (Farmer, 1991; Valette- 
Silver, 1993; Renberg et al., 2001a; Carignan et al., 2003; Outridge and 
Wang, 2015), they have not been explored for our study sites, which 
cover a relatively large and diverse set of sedimentary records.

The absence of a clear “atmospheric” 1960s–70s Pb peak at near
shore sites implies that Pb profiles in these settings are related to local Pb 
pollution history derived from fluvial sources, including industrial point 
sources. For example, the Stockholm Archipelago has a several century- 
long history of regional and local trace metal pollution waterborne point 
sources from extensive pre-industrial (Pb, Cu, Zn ore) mining operations 
(Bergslagen region in the 10th–mid-20th century; Renberg et al., 2001a, 
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2001b; Olsson, 2007; van Helmond et al., 2020b), and other urban and 
industrial activities in the area (boat yard activities, paper- and pulp 
mills, discharge of unfiltered wastewater; Cederqvist et al., 2020; 
Norrlin et al., 2022; EBH-kartan (EBH Map), 2023). Also in the Gullmar 
Fjord and Koljö Fjord areas, several industrial activities may have 
contributed metal pollution (e.g., Munkedal paper and sulfite pulp mills; 
Lysekil herring canning industry; Leppäkoski, 1968, Rosenberg, 1990; 
Harland et al., 2006), boat yard activities (Orust area; Larsson and 
Lindström, 2014), and petrochemical industries (Stenungsunds area, 
southern part of Koljö Fjord; Cato, 2006). For the German Bight near
shore site, although atmospheric fallout is a significant source of many 
trace metals in this area (Kersten et al., 1988), the contribution of 
riverine derived Pb (from the adjacent Elbe and Weser River estuaries) is 
at least an order of magnitude higher (Boxberg et al., 2020). Further 
alternation of the German Bight profile may arise from sediment mixing 
as a result of biogenic (bioturbation), abiotic natural (wind-, wave-, and 
tidal dynamics, storm events, currents) and anthropogenic (bottom 
trawling, dredging) disturbances. Such processes have been shown to 
mix deposited sediments as deep as 20 cm (Irion, 1994; Boxberg et al., 
2020), leading to smoothing of signals over decimeter-scale intervals 
(Goldberg et al., 1978; Outridge and Wang, 2015).

Notably, as clearly shown in Fig. 2, the absolute sedimentary Pb 
contents in nearshore settings can be much higher than in offshore sites. 
Our findings demonstrate that the large-scale atmospheric Pb deposition 
signal related to the combustion of leaded fuel may be masked in near- 
coastal sediments by preceding or coinciding heavy local waterborne Pb 
pollution sources (Renberg et al., 2001a). Therefore, with greater dis
tance from shore, and greater water depth, the net influence of atmo
spheric Pb deposition increases (e.g., Hallberg, 1991; Theodosi et al., 
2013), whereas at near-shore coastal sites, profiles more likely reflect 
local Pb pollution signals from industrial and urban anthropogenic 
pollution sources. In either case, persistently euxinic conditions may 
promote the preservation of the Pb pollution signal through facilitating 
Pb uptake into sulfides and thus reducing post-depositional remobili
zation (Goldberg et al., 1978; Farmer, 1991; Valette-Silver, 1993; Out
ridge and Wang, 2015), although the low solubility of Pb across a wide 
range of redox conditions allows it to be retained in less reducing set
tings as well (Gambrell et al., 1991; Calmano et al., 1993).

4.3.2. Redox proxy potentials of anthropogenic trace metals
Sedimentary Mo and U contents are the most widely applied redox 

proxies for ancient and modern aquatic environments (Algeo and Lyons, 
2006; Algeo and Tribovillard, 2009; Scott and Lyons, 2012; Bennett and 
Canfield, 2020; Paul et al., 2023a). Although sedimentary Mo and U 
sequestration may also be influenced by pre- and post-depositional 
secondary factors (c.f. Section 4.1), significant differences in median 
Mo and U contents demonstrate their applicability as redox proxies 

when multiple study sites are grouped according to their average 
modern bottom water redox condition (Paul et al., 2023a).

In recent decades, several transition metals (As, Cd, Cu, Ni, Sb, Zn, 
but particularly V and Re), have received increasing attention as po
tential redox proxies (either as bimetal ratio, enrichment factor, or ratio 
to TOC) due to their natural authigenic enrichment under reducing 
conditions (e.g., Calvert and Pedersen, 1993; Crusius et al., 1996; Algeo 
and Maynard, 2004; Algeo and Liu, 2020; Bennett and Canfield, 2020; 
Tribovillard, 2020, 2021; Vollebregt et al., 2023), and higher sensitivity 
in the oxic–dysoxic redox transition (Re, V; Morford and Emerson, 
1999). Based on the data from the present study, we re-assess the 
applicability of As, Cd, Cu, Ni, Sb, Zn, V, and Re as redox proxies, by 
comparison with content ranges for Mo and U across representative sites 
in three redox bins (Fig. 6). To be considered valid as a potential proxy, 
median values for any given redox bin should not considerably overlap 
with the MAD crossbar and median of an adjacent redox bin (Section 
2.2.2). As demonstrated by Paul et al. (2023a), oxic sites with a shallow 
sulfate-methane transition zone (SMTZ) may obscure the reliability of 
Mo- and U-based redox proxies by reflecting rather dysoxic–suboxic 
than oxic conditions. Of the sites in the present study, Sandofjärden falls 
into this category. Therefore, we ran the analysis both including 
Sandöfjärden (gray, Fig. 6) and with only German Bight as an oxic 
endmember not influenced by geochemical trace metal processed 
related to a shallow SMTZ (green, Fig. 6).

The results show that As and V ranges severely overlap between the 
redox bins (Fig. 6), thus making them the least reliable and advisable 
candidates as independent redox proxies. Our findings support previous 
concerns regarding their redox proxy reliability (Cole et al., 2017; van 
Helmond et al., 2018; Bennett and Canfield, 2020; Tribovillard, 2020). 
Strikingly, Re also shows a poor reflection of the redox bins, with con
tents at euxinic Skurusundet (Fig. 2) similar to those at oxic sites. With 
regards to Skurusundet, our data show very similar Re contents across 
all Stockholm Archipelago sites (medians, oxic–euxinic: 3.67, 3.96, 4.33 
μg kg− 1, Fig. 2). Possibly, low Re contents are induced by low dissolved 
Re concentrations due to low ambient salinity (Colodner et al., 1993; 
Bura-Nakić et al., 2021). Similarly low sedimentary Re contents in the 
Bothnian Bay (Ingri et al., 2014) support this explanation. Alternatively, 
very high sedimentation rates at Skurusundet (and Lilla Värtan) may 
limit Re sequestration in surface sediments, since Re is largely trans
ported into the sediment by diffusion (e.g., Colodner et al., 1995; Mor
ford et al., 2005; Liu and Algeo, 2020). Although we cannot determine 
the ultimate factor(s) responsbile for the observed Re features, our data 
indicate that in similar (low salinity-high OM loading, “estuarine-type”) 
depositional environments, e.g., estuaries, fjords, archipelagos, the 
redox proxy potential of Re may be hampered. Extraordinarily high Re 
contents at the abyssal Black Sea site (~2.5 times higher compared to 
the two euxinic Baltic Proper sites; Fig. 2) are likely the result of the 

Fig. 5. Sediment Pb profiles at each study site. The color of the symbols corresponds to the sites average bottom water redox condition (cf. Fig. 2). Dark gray shaded 
areas denote the expected timing of the 1970s peak. Additional Pb peaks preceding the 1970s peak are highlighted by a light gray area. Distinct age markers are 
provided as reference, based on the core chronologies (Section 2.3). The sites were grouped with respect to the distance offshore and expected dominance of pollution 
input pathway, i.e., fluvial vs. atmospheric.
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combined effect of strongly reducing water column redox conditions and 
an additional Re input through local anthropogenic activities (i.e., 
intensive coal combustion, which is the most important energy source in 
the catchment area), delivered through river discharge and atmospheric 
deposition (Colodner et al., 1993). In concert with this, Re contents in 
oxic shelf sediments of the NW Black Sea (St. 13; Lenstra et al., 2019; 
Paul et al., 2023a) are also unusually high (median: ~7.36 μg kg− 1 – 
data not shown – which is ~2.5 times the Re contents at German Bight 
and Sandöfjärden, Fig. 2) given that Re is typically not efficiently 
sequestered under oxic conditions (Colodner et al., 1993; Nameroff 
et al., 2002; Chappaz et al., 2008).

The remaining studied elements, i.e., Cd, Cu, Ni, Sb, and Zn, show 
greater potential as redox proxies, with more clearly distinct content 
ranges for each redox bin. However, Cd appears to be affected by the 
shallow SMTZ at Sandöfjärden, similarly to Mo and U (Fig. 5, green vs. 
gray shaded area), possibly due to efficient uptake into sulfides in the 
presence of H2S. Inefficient relative uptake of Cu, Zn, Ni, and Sb into 
sulfides can be related to complexation with DOM (Section 4.2.2) or 
association with soluble polysulfides (Wang and Tessier, 2009; Charriau 
et al., 2011; Herath et al., 2017; Jokinen et al., 2020a), paradoxically 
making these elements better potential recorders of bottom water redox 
conditions. Among these metals, Sb stands out by clearly separating oxic 
and (ir)regularly dysoxic–suboxic sites. Enrichments of Cd, Cu, Zn, and 
Ni can only reliably separate euxinic from oxic conditions (Fig. 5; Cal
vert and Pedersen, 1993).

Although many geochemical processes regarding Sb sequestration in 
coastal (marine) sediments are poorly constrained, recent studies have 
reported similarities between the behavior of Sb and other elements. 
Similarly to U, Sb may be sequestered due to redox transformations close 
to the sediment water interface and be prone to remobilization upon 

oxidative dissolution (Chaillou et al., 2008). Similarly to Mo, Sb seems to 
be affected by Fe and Mn oxide shuttling (Chaillou et al., 2008; Ye et al., 
2020; Tribovillard, 2021). The latter could explain elevated Sb contents 
at Gullmar Fjord (within the range of the more reducing Koljö Fjord and 
Lilla Värtan), despite a large oxic water column, frequent bottom water 
reoxidation and low sulfide production rates, limiting the Mo and U 
sequestration and redox signal preservation in the sediment (Goldberg 
et al., 2012; Paul et al., 2023b).

Overall, Mo and U remain the most robust (paleo)redox proxies, even 
in polluted nearshore depositional environments. Although further 
studies are required to better understand the redox behavior of Sb in 
coastal systems, our data indicate that additional consideration of Sb can 
help in separating oxic from dysoxic bottom water when oxic sites with a 
shallow SMTZ are considered, and in detecting Fe and Mn oxide shut
tling. By contrast, we caution against the use of As, V, and Re for 
reconstruction of redox conditions.

5. Conclusions

Our study provides valuable insights into the potentials and limita
tions of using sedimentary trace metal enrichments as reliable records of 
environmental and pollution histories in coastal marine environments. 
The principal outcomes are as follows:

• Our novel approach of summing correlation matrices of site-specific 
element contents into a single meta-matrix provides a quantitative 
tool for quickly investigating trace metal correlation patterns as a 
function of redox or anthropogenic pollution in large data sets.

• A group of predominantly anthropogenically sourced metals (Pb, Cd, 
Cu, Zn, Sb, Sn, Ni, As, Tl) shows consistently positive inter-element 

Fig. 6. Enrichment ranges of Cd, Cu, Zn, Sb, Ni, As, V, and Re compared to the redox proxies Mo and U across the study sites, binned according to their bottom water 
redox conditions (Fig. 1, Table 1): persistently euxinic (dark pink), (ir)regularly dysoxic–euxinic “(ir)regular” (light pink), and persistently oxic (gray = Sandöfjärden 
data included; green = Sandofjärden omitted, see text). For this investigation, we split the sediment cores of Fårö Deep and N. Gotland Basin into two segments, 
reflecting the shift from dysoxic to persistently euxinic conditions over the duration of the sediment deposition covered by our sediment core (Paul et al., 2023a). For 
all elemental ranges see the Supplementary material (Fig. S3).
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correlations across a range of study sites, implying a dominant con
trol of the recent input of these metals on sedimentary enrichments.

• A second group of inter-correlated elements with lower anthropo
genic impact includes the traditional redox proxies V, Mo, U, Re.

• Sedimentary trace metal contents are generally enhanced under 
more reducing bottom- and pore water conditions, causing some 
overlap between the behavior of the two groups of elements. How
ever, redox variability does not necessarily overprint pollution sig
nals. The strongest direct recorders of pollution are Pb and Sn.

• Negative correlations between trace metals and Fe and Mn can help 
to identify particulate shuttling of trace metals by Fe and Mn oxides.

• The widely observed sedimentary atmospheric 1970s Pb enrichment 
peak may not be detectable in near-coastal sediments due to the 
stronger impact of past (legacy) local or regional fluvial Pb point 
sources, overprinting large-scale atmospheric pollution signals. With 
increasing distance from shore and local pollution sources, atmo
spheric Pb pollution signals become more dominant and more reli
ably to detect in the sediment record.

• We strongly caution against the use of As and V as a redox proxy in 
coastal settings, while the applicability of Re may be limited by high 
sedimentation rates and/or low salinities. Further studies are 
required to verify this.

• Even in polluted depositional environments, redox variability re
mains the dominant factor in determining sedimentary sequestration 
of Mo and U.

• When sediments with a shallow SMTZ are overlain by oxic bottom 
water, Sb shows a greater redox proxy potential than Mo and U, 
while it can also help detecting Fe and Mn oxide shuttling.
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