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• The XRF-Mn/Fe redox proxy is evalu-
ated with sequential Fe and Mn
fractions.

• Intensive diagenetic processes limit
the use of the XRF-Mn/Fe proxy.

• Mn can be trapped in the sediments in
authigenic forms under permanent
anoxia.

• Catchment processes and detrital in-
puts highly affect Mn/Fe ratios in the
sediments.
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Global spread of anoxia in aquatic ecosystems has become a major issue that may potentially worsen due to
global warming. The reconstruction of long-term hypolimnetic anoxia records can be challenging due to lack
of valid and easily measurable proxies.
The sedimentary Mn/Fe ratio measured by X-ray fluorescence (XRF) is often used as a proxy for past lake redox
conditions. Yet the interpretation of this ratio can be problematic when Fe and Mn accumulation is not solely
redox driven. We used the varved sediments of Lake Moossee (Switzerland) to examine the partitioning of Fe
and Mn in seven fractions by sequential extraction under various oxygen conditions over the last 15,000 years.
We combined this data with XRF scans and an independent diagnostic proxy for anoxia given by a hyperspectral
imaging (HSI)-inferred record of bacteriopheophytin, to validate the use of the XRF-Mn/Fe ratio as redox proxy.
In the 15,000-year long record, Fe was bound to humins and amorphous, crystalline, sulfide and residual forms.
Mn was mainly present in carbonate and amorphous forms. Higher erosion, prolonged anoxia, diagenesis and
humic matter input affected Fe and Mn accumulation. Under holomixis the XRF-Mn/Fe ratio successfully
reflected lake redox conditions. Periods with higher detrital Fe input obscured the applicability of the ratio. Dur-
ing phases of permanent anoxia, intensified early diagenetic processes trappedMn in the sediments in carbonate,
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crystalline oxide and humic forms. Our study shows that the single use of the XRF-Mn/Fe ratio is often not con-
clusive for inferring past lake redox conditions. The application of the XRF-Mn/Fe as a proxy for anoxia requires
taking into account the individual lake characteristics and changes in lake environmental conditions, which affect
the accumulation of Fe and Mn in the sediments.

© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Oxygen is fundamental in lake systems (Wetzel, 2001), and the
abundance or the lack thereof controls many chemical, biological and
physical lake processes (Imboden, 1998). Oxygen regulates water col-
umn and water-sediment interface chemistry through redox processes
affecting water quality, biodiversity (Nürnberg, 1995) and ecosystem
services in general (United Nations, 2015). Both natural and human fac-
tors, e.g. warmer temperatures and excessive nutrient inputs can regu-
late the establishment of anoxic conditions in lakes (Fang and Stefan,
2009; Foley et al., 2012) mainly by enhancing thermal stratification
(Woolway and Merchant, 2019) and stimulating aquatic productivity
(Schindler, 2006).

The reconstruction of long-term hypolimnetic anoxia can be chal-
lenging (Friedrich et al., 2014). Jenny et al. (2013) used the onset of
annual laminations as a proxy of hypoxia in lakes across the world.
Other diagnostic proxies used so far, such as lipid biomarkers (Naeher
et al., 2012) or pigments indicative of the presence of sulfur bacteria at
the chemocline (Wirth et al., 2013), are difficult to measure. Another
widely used approach is the Mn/Fe ratio inferred from scanning X-ray
fluorescence (XRF) (Friedrich et al., 2014; Naeher et al., 2013), which
provides semi-quantitative information about lake oxygenation from
seasonal to millennial scales. The rationale of the XRF-Mn/Fe proxy is
that Fe and Mn change their redox state and solubility at different
rates and Eh values (redox potentials), whereby Mn is thought to be
more sensitive to redox changes than Fe (Boyle, 2001; Davison, 1993).
In principle, high Mn/Fe ratios may indicate increased O2 concentra-
tions, and low Mn/Fe ratios may indicate reducing conditions (Boyle,
2001; Mackereth, 1966; Wersin et al., 1991).

This proxy is readily measurable but is not always diagnostic and
conclusive, and caveats have been reported (Friedrich et al., 2014;
Naeher et al., 2013). Fe and Mn net accumulation in sediments can be
controlled by several factors other than redox changes, such as clastic
inputs (Dean, 2002), various biogeochemical processes in the lake
water and diagenetic alterations in sediments (Davison, 1993). Lake hy-
drodynamics such as current orwave actions and lake bottommorphol-
ogy can also affect the deposition pattern of dissolved Fe and Mn under
low oxygen conditions. In this case, Fe andMn profiles in the sediments
reflectmainly their horizontal transport before deposition (geochemical
focusing, Engstrom et al., 2006; Schaller and Wehrli, 1996). Engstrom
et al. (2006) also stressed the difference between hypoxic or anoxic sed-
iments overlaid by oxic or anoxic bottomwaters with regard to net loss
of Fe and Mn dissolved from the sediments into the hypolimnion.

Fe and Mn fractions in the sediments (Templeton et al., 2000) help
us understand the geochemical processes and conditions at the time
of deposition and possible subsequent diagenetic alterations in the sed-
iment. The mobility of the twometals depends on their oxidation state,
adsorption onto minerals (e.g. clays, oxides, oxy(hydr)oxides) or
organic ligands, and their incorporation into mineral species. Further-
more, bacteria catalyze Fe andMnmineral precipitation and dissolution
(Brandt et al., 2017). In addition, changes in environmental conditions,
such asmixing regimes and redox changes, aquatic productivity and eu-
trophication, lithogenic erosional input from the catchment or soil
leaching, can affect the partitioning of Fe and Mn. Sequential extraction
of Fe and Mn fractions has been widely applied to lake sediments to
evaluate Fe and Mn sources, mobility, pathways, and potential deposi-
tional and post-depositional mechanisms related to lake internal or
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external processes (Adekola et al., 2010; Sobczyński and Siepak, 2001;
White and Gubala, 1990).

In this study, we investigate the distribution of Fe and Mn fractions
in the varved sediments of Lake Moossee in Switzerland, under various
environmental conditions over the past 15,000 years. We address the
following questions: 1) How did changing catchment processes and
lake biogeochemical cycles influence net burial rates and partitioning
of Fe and Mn in postglacial times? 2) What are the conditions under
which XRF-Mn/Fe ratios provide reliable information about past lake
water oxygenation? We use a sequential extraction method modified
fromHall et al. (1996) tomeasure seven Fe andMn fractions, combined
with scanningXRF elemental data, TOC, TIC and anexisting record of an-
oxia inferred from sedimentary pigments (Makri et al., 2020). Lake
Moossee was selected because its postglacial 15,000-year long history
covers a wide range of possible lake states from fully clastic to biogenic
depositional environments, well oxygenated to meromictic conditions,
and oligotrophic to hypertrophic states in a landscape that developed
from tundra to closed forest and, later, to an open landscape under
growing anthropogenic pressure. All of these processes are thought to
influence sedimentary Fe and Mn fractions in different ways.

2. Materials and methods

2.1. Study site

Lake Moossee (47°1′17.0″N, 7°29′1.7″E) is a small exorheic lake of
glacial origin on the western Swiss Plateau, at 521 m.a.s.l. (Fig. 1A). Its
maximum depth is 22 m, and the surface area is 0.31 km2 (length:
1.1 km, max. width: 300 m) (Fig. 1B) (Guthruf et al., 1999). Lake
Moossee is currently eutrophic and typically dimictic, with a short
turnover in late autumn and a more intensive spring turnover
(Guthruf et al., 1999, 2015). The epilimnion is about seven times larger
than the hypolimnion, which favors oxygen depletion in the bottom
waters during summer stratification (Guthruf et al., 1999). The catch-
ment bedrock is composed of Tertiary molasse calcareous sandstone
overlain by glacial till, fluvioglacial sediments and loess loam (Schmid
et al., 2004). Histosols, Gleysols and Luvisols developed in the catch-
ment (“Geoportal des Kantons Bern”, 2019).

The catchment (20.8 km2) is, today, mostly used for intensive agri-
culture (Guthruf et al., 1999). Mixed beech forests cover the hills,
while alder and ash cover the lake shore (Rey et al., 2019a). Annual
mean temperature is 8.8 °C, and annual mean precipitation amounts
to 1057 mm (Bern/Zollikofen station, MeteoSwiss, 2019). Significant
human activity around the lake took place since the Neolithic and
Bronze Age (Harb, 2017).

2.2. Composite sediment profile, chronology and lithology

In this study, we used the ~10 m long composite sediment core in-
troduced by Makri et al. (2020). In 2014, Rey et al. (2020, 2019b) re-
trieved five parallel sediment cores in the southern deeper part of the
lake (Fig. 1B), and established a high-precision radiocarbon chronology
combined with varve counting and wiggle-matching approaches (Rey
et al., 2019b). For the top 7 m of the composite core used for this
study, the age–depth model (Fig. 1C; Makri et al., 2020) is based on lin-
ear interpolation of 100 tie points with the dated cores from Rey et al.
(2020). From 7m to the bottom, the cores and chronology are identical
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Fig. 1.A) Location of LakeMoossee. B) Lake bathymetry indicating the coring positionwith a red star (modified fromMakri et al., 2020). C) Age-depthmodel and lithology fromMakri et al.
(2020). LST is the Laacher See tephra. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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with the ones used in Rey et al. (2020). A detailed description of the
chronology and a full list of the 60 radiocarbon dates used are found
in Rey et al. (2020, 2019b).

The sediments are almost entirely laminated interrupted by a few
parts with homogenous sedimentation of silt (at the bottom) or gyttja
with diffuse laminations upcore (Fig. 1C; Makri et al., 2020). As shown
in Fig. 1C, around 13,034 cal BP, a distinctive blue-greyish (GLEY2 5/1;
Munsell Color (Firm), 2010) layer is attributed to the Laacher See
Tephra. Around 9700 cal BP, a large turbidite (20 cm) interrupted regu-
lar sediment deposition.

2.3. Geochemical analysis

Scanning X-ray fluorescence (XRF) was performed at continuous
1 mm steps with the Avaatech core scanner at ETH Zurich. We mea-
sured an area of 1 mm by 12 mm for 20 s at 10 kV (1500 μA) and at
30 kV (2000 μA), and the results are given as counts (peak area). In
total, 43 discrete sediment subsamples (1-cm thick slices) were taken
along the core with higher sampling density in sections with large gra-
dients in the composition of XRF and anoxia data (Makri et al., 2020),
and in the past 500 years. The outer oxidized layers of the sliceswere re-
moved and the subsamples were freeze-dried and homogenized.
3

Additional XRF measurements were performed on the same 43 discrete
subsamples taken for the sequential Fe and Mn extraction. These sub-
samples were scanned in sample boxes at continuous 2 mm steps
using the ITRAX μXRF core scanner at the University of Bern, equipped
with a Mo-tube (exposure time 20 s, 30 kV and 50 mA). These data
were used for statistical analysis (see Supplementary material Fig. S1).
Titanium serves as a proxy for erosional input (Koinig et al., 2003). Cal-
cium is associated to calcite abundance (Koinig et al., 2003; Makri et al.,
2020). Both S and P bind to Fe andMn, and form compounds of different
stability affecting their distribution andmobility in the sediments. These
elements are used as independent proxies of specific conditions for the
formation of different Fe and Mn fractions.

Total organic carbon (TOC) and inorganic carbon (TIC) were deter-
mined by loss on ignition (LOI550°C, LOI950°C) following Heiri et al.
(2001). Total nitrogen was measured with a CNS-Analyzer (Elementar
vario EL cube). The TOC/TN ratio was used tomake inferences about or-
ganic matter sources (Meyers, 2003).

Seven fractions (F1–F7, Fig. 2) of Fe and Mn were determined fol-
lowing a modified sequential extraction procedure by Hall et al.
(1996). We added three extraction steps: PO4-Fe and Mn (F1; Gu
et al., 2016), humic Fe andMn (F3, Hall and Pelchat, 1997), and resid-
ual Fe and Mn minerals (F7). The pyrophosphate leach (F3) was



Fig. 2. Scheme of the sequential extraction of the seven Fe and Mn fractions modified from Hall et al. (1996), Hall and Pelchat (1997), and Gu et al. (2016). AEC: adsorbed/exchangeable/
carbonate phase. NaOAc: sodium acetate.
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applied to avoid overestimation of the Fe oxy(hydr)oxide and Mn
oxide fraction (F4) in organic-rich sediments due to labile organic
components (Hall et al., 1996). In order to assure adequate dissolu-
tion of the Fe oxy(hydr)oxide and Mn oxide fraction (F4), minimize
an early dissolution of the sulfides fraction (F6) and a redistribution
of Fe and Mn concentrations among these fractions, we applied the
best fitting extraction configuration (Fig. 2) based on the extensive
validation steps by Hall et al. (1996).

For the sequential extraction, we used 0.5 g of the 43 freeze-dried
homogenized sediments samples. All reagents were Roth (Carl Roth
GmbH + Co. KG, Karlsruhe Germany) and Sigma-Aldrich (Merck
KGaA, Darmstadt, Germany) American Chemical Society (ACS) reagent
grade. Ultrapure water of 18.2 Mohm-cm at 25 °C (Milli-Q) was used
throughout the steps. The comparison between the sums of the seven
fractions with the total digestion revealed differences of 8% for Fe and
1% forMn (Figs. S2, S3a and b in Supplementary material). The accuracy
of the analysis was checked by digesting the certified referencematerial
San Joaquin Soil (SRM2709a, NIST, Boulder, CO). The results yielded, on
4

average, ca. 95% and 92% of the certified reference values for Mn and Fe,
respectively (Table S1 Supplementary material). Element concentra-
tionsweremeasured by inductively coupled plasmamass spectrometry
(ICP-MS; 7700x, Agilent, Palo Alto, CA) with a collision cell in helium
mode, using 103Rh and 115In as internal standards. Before injection, the
leachates were diluted using factors ranging from 100 to 2000. Tripli-
cate sample measurements were made every 10th sample for quality
control and the general reproducibility of the analysis yielded very
good results between 3 and 10%. The average relative standard devia-
tion of thesemeasurements for each fraction is given in Supplementary
material Table S2.

The extraction steps enabled the identification of seven Fe and Mn
fractions (F1–F7, Fig. 2):

F1: PO4-Fe and PO4-Mn, such as vivianite (Fe2+3 (PO4
3-)∗8H2O) or

phosphoferrite ((Fe2+, Mn2+)3(PO4)2∗3H2O), are authigenic min-
erals (Håkanson and Jansson, 1983) formed under reducing condi-
tions in sulfide-depleted pore waters rich in Fe2+ and PO4

3- (Berner,
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1981; Nriagu and Dell, 1974). The presence of these minerals in the
sediments can, therefore, reflect anoxic non-sulfidic bottom waters
(Nriagu, 1972). In the sediments of Lake Moossee, vivianite concre-
tions were confirmed after identification in smear slides.

F2: AEC-Fe, AEC-Mn (adsorbed/exchangeable/carbonate) phase, re-
fers mainly to Fe and Mn bound to carbonates, such as siderite
(FeCO3) and rhodochrosite (MnCO3). They are formed in the sedi-
ments or at the sediment-water interface under reducing conditions
(Håkanson and Jansson, 1983), and sufficiently high concentrations
of Fe2+ or Mn2+ and bicarbonate (Stevens et al., 2000; Wetzel,
2001). Mn carbonates tend to be more pH dependent with better
solubility at very low pH levels (Stevens et al., 2000; Tribovillard
et al., 2006).
F3: Humic Fe and humic Mn refer to strong complexes of Fe and Mn
with organic compounds (Hall and Pelchat, 1997). They are mainly
endogenously formed under alkaline and oxic conditions, and high
content of humic and fulvic acids (Nurnberg and Dillon, 1993;
Shaw, 1994). Organic acids are adsorbed onto the freshly formed
Fe oxy(hydr)oxides and Mn oxides and form complexes that gradu-
ally precipitate to the sediments (Wetzel, 2001).
F4: Amorphous Fe oxy(hydr)oxides and amorphous Mn oxides
occur under oxic conditions and are much more labile than crystal-
line Fe oxy(hydr)oxides and Mn oxides (Martynova, 2010). Under
anoxic conditions, amorphous phases are reductively dissolved re-
leasing Fe2+ and Mn2+, which may re-oxidate and re-precipitate
as authigenic Fe oxy(hydr)oxides and Mn oxides in oxic waters
(Davison, 1993; van der Zee et al., 2003).
F5: Crystalline Fe oxy(hydr)oxides and crystalline Mn oxides
such as goethite (FeOOH), hematite (Fe2O3) or birnessite (Na,Ca
Mn7O14∗3H2O) are thermodynamically stable endmembers
(Cornell and Schwertmann, 2003; Wetzel, 2001). They constitute
a continuum from amorphous to crystalline forms (van der Zee
et al., 2003). Their source is mainly allogenic (Håkanson and
Jansson, 1983). Their formation, mainly that of manganese ox-
ides, requires bacteria to catalyze the oxidation of manganous
ions in sediments and soils (Tipping et al., 1985).
F6: S-Fe and S-Mn refer to iron and manganese bound to sulfides.
These are formed in anoxic sediments after the reduction of sulfate
(SO4

2−) to sulfide (S2−) which is often related to microbial activity
(Håkanson and Jansson, 1983). Fe sulfides are found as acid volatile
sulfides (AVS) or pyrite. The presence of mainly ferrous iron in the
sediments under anoxic conditions leads to the initial precipitation
of pyrrhotite (FeS) that transforms gradually to pyrite (FeS2)
(Hamilton-Taylor andDavison, 1995). AVS are less stable than pyrite
and vulnerable to early dissolution in the sequential extraction pro-
cess (Peltier et al., 2005) or during sediment preparation (Rapin
et al., 1986). Thus, F6 should consist mainly of authigenic pyrite,
which is insoluble under ambient conditions and stable to redox
and pH condition changes.
F7: Residual Fe and residualMn refer to iron andmanganese bound to
other more stable minerals and can be considered as exclusively allo-
genic (Håkanson and Jansson, 1983). This fraction does not contain Fe
andMn included in the structure of stable silicates, as no HFwas used
for the digestion, but may consist of Fe and Mn in unstable silicates,
oxides, oxy(hydr)oxides. While the exact composition of this fraction
is not known, it is clear that this fraction is composed of very inert
minerals. The structure of this fraction does not change during deposi-
tion, which makes it useful for the evaluation of catchment erosion.
Not all fractions are affected by redox conditions in the lake water.

Among the seven fractions, we consider fraction F4 (F4-Feoxy(hydr)oxides,
5

F4-Mnoxides, and their ratio) as the most adequate indicator of bottom
water oxygenation. However, Fe and Mn redistribution in this phase
due to an early dissolution of sulfides found in a very labile form in an-
oxic sediments, particularly sphalerite (ZnS) (Hall et al., 1996; Larner
et al., 2008), can potentially limit the use of this fraction (Peltier et al.,
2005). For past hypolimnetic anoxia and mixing regime changes, we
use the independent proxy given by the HSI-inferred record of
bacteriopheophytin (Bphe) from Makri et al. (2020), and we include
F4 in the multivariate statistical analysis for further inference.

2.4. Statistics

Statistical analysis was performed in R (R Core Team, 2015).
Constrained hierarchical clustering (euclidean distance and coniss link-
agemethod in R)was applied on the seven Fe andMn fractions, selected
XRF data (Ti, Ca, P, S), TOC, TIC and TOC/TN to define the units. A princi-
pal component analysis (PCA) was performed on a synthesis dataset,
which consisted of the dataset mentioned above plus TChl (chlorophyll
a, b and derivatives; proxy for aquatic production) and Bphe (proxy for
anoxia) from Makri et al. (2020). Constrained hierarchical clustering
was also performed on the synthesis dataset. The broken stick model
was used to determine the significant groups in the cluster analysis
and to assess the likely statistical significance of the axes in the PCA.
Datawere log transformed to stabilize their variance and then standard-
ized prior to statistical analysis.

3. Results

3.1. Fe and Mn fractions and other geochemical proxies

Fig. 3A shows the relative values of the Fe and Mn fractions in the
sediments of Lake Moossee for the last 15,000 years cal BP. Overall, Fe
is mainly present in the amorphous oxy(hydr)oxide (F4, av. ~42%) and
crystalline oxy(hydr)oxide (F5, av. ~32%) forms, followed by humic
(F3, av. ~10%), residual (F7, av. ~6%), and S-Fe (F6, av. ~5%) (Fig. 3A).
AEC-Fe (F2) is very low compared to the values of the other fractions.
Iron fractions show strong variability across the four units covering
the last 15,000 years. In unit I, corresponding to the late Oldest Dryas,
crystalline oxy(hydr)oxides (F5) and residual Fe (F7) dominate (sum
av. ~62%), amorphous Fe oxy(hydr)oxides (F4) and S-Fe (F7) are pres-
ent in lower proportions. In unit II, corresponding to Bølling/Allerød
and Younger Dryas, amorphous Fe oxy(hydr)oxide (F4) is most abun-
dant (av. ~73%), followed by crystalline oxy(hydr)oxide forms (F5, av.
~18%). Residual Fe oxides (F7) and S-Fe (F6) disappear, and traces of
humic forms (F3) emerge. In unit III, corresponding to the Holocene,
amorphous Fe oxy(hydr)oxide (F4) still dominates until 5500 cal BP
(av. ~48%), followed by crystalline oxy(hydr)oxide forms (F5, av.
~30%); humic forms (F3) show a marked relative increase after
5500 cal BP (av. ~12%). Residual Fe (F7) and S-Fe (F6) are absent in
the first part of unit III and only appear in traces after 5500 cal BP. In
unit IV, corresponding to the last 500 years, crystalline oxy(hydr)
oxide (F5) and amorphous oxy(hydr)oxide (F4) forms prevail (sum
av. ~64%). Residual Fe (F7) and S-Fe (F7) increase their relative abun-
dance, and humic forms (F3) decrease.

The overall patterns for Mn relative values differ substantially from
those of Fe (Fig. 3A). Throughout the record, Mn is almost exclusively
found in the amorphous oxide (F4, av. ~54%) and AEC (F2, av. ~37%)
forms. Noticeable amounts of residual Mn (F7) and crystalline Mn ox-
ides (F5) are only found in unit I (sum. av. <18%). In unit III, AEC-Mn
(F2, av. ~47%) is higher than amorphous Mn oxides (F4, av. ~44%).

Fig. 3B shows the concentrations of the seven Fe and Mn fractions
across the four units. PO4-Fe, PO4-Mn (F1, Fig. 3B) show minimum
values in unit I. In unit II, both increase significantly with PO4-Mn
reaching maximum values around 14,300 cal BP. TOC increases in this
unit, whereas TIC and Ca remain low (Fig. 3C). In unit III, from ca.
5500 to 500 cal BP, PO4-Fe shows distinct peaks reaching maximum



Fig. 3. A) Relative values of Fe and Mn fractions (F1–F7) in the sediments of Lake Moossee. B) Concentrations of Fe and Mn in the seven fractions. C) XRF element counts, TOC and TIC
values. In the Ti profile (Makri et al., 2020), the blue color refers to the scale at the bottom. The units are defined by constrained hierarchical clustering. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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values, which coincide with higher P counts (Fig. 3C). PO4-Mn shows
often opposite trends. In unit IV, both fractions show low concentra-
tions. Vivianite concretions were microscopically identified around
2730 cal BP, 3785 cal BP, and between 5547 and 5677 cal BP.
6

AEC-Fe and AEC-Mn (F2, Fig. 3B) showminimum values in unit I. In
unit II, both increase; AEC-Mn reaches maximum values around
14,300 cal BP, whereas AEC-Fe reaches maximum values around
13,600 cal BP. In unit III, between ca. 5500 to 1000 cal BP, AEC-Mn
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shows distinct relative maxima. In unit IV, both AEC-Fe and AEC-Mn
have very low values.

Humic Fe andhumicMn (F3, Fig. 3B) exhibitminimumvalues in unit
I. In unit II, both increase, and humic Mn reaches maximum values
around 14,300 cal BP. In unit III, between 5500 and 500 cal BP, humic
Fe shows distinctive peaks and overall highest values. TOC/TN ratio is
also higher during this time (Fig. 3C). Humic Mn remains generally
low, with a peak around 5500 cal BP. In unit IV, both humic Fe and Mn
have low concentrations.

Amorphous Fe oxy(hydr)oxides and amorphous Mn oxides (F4,
Fig. 3B) exhibit overall similar patterns. Their concentrations are mini-
mal in unit I. In unit II, both increase sharply and reach maximum
values, around 14,300 cal BP for amorphous Mn oxides and around
13,600 cal BP for amorphous Fe oxy(hydr)oxides. In unit III and IV,
both have lower concentrations, showing two local maxima at around
6000 and 4000 cal BP.

Crystalline Fe oxy(hydr)oxides and crystalline Mn oxides (F5,
Fig. 3B) show the same pattern. Both have moderate concentrations in
unit I. In unit II, they increase to peaks around 13,600 cal BP and then de-
crease to low levels. In unit III, between ca. 5500 and 1500 cal BP, con-
centrations of crystalline Fe oxy(hydr)oxides and Mn oxides increase
slightly. Thereafter, and in unit III, they decrease and remain
constantly low.

The S-Fe, S-Mn (F6, Fig. 3B) exhibit maximum concentrations in unit
I. Titanium also has maximum values in this part, whereas S is present
butwith low values (Fig. 3C). In unit II, both S-Fe and S-Mndecrease sig-
nificantly. In unit III, S-Fe is present with very low concentrations and
decreases to minimum values around 11,000 cal BP. Sulfur counts in-
crease in unit II and decrease around 11,000 cal BP. Between ca. 6000
and 3000 cal BP, S-Fe shows some variations with higher values,
whereas S-Mn has very low values. Around 2000 cal BP both S-Fe and
Mn show a relative maximum that coincides with higher Ti counts. In
unit IV, concentrations of S-Fe and Mn increase, showing a distinctive
local maximum around 250 cal BP.

Residual Fe and residual Mn (F7, Fig. 3B) show maximal values in
unit I. In unit II and most of unit III, both residual Fe and Mn have very
low tominimal values. Around2000 cal BP, both increase showing a dis-
tinctive localmaximumand then decreasewith lowvalues until present
(unit IV).

XRF Fe andMn values (Fig. 3C) show the same pattern as the sum of
the seven fractions after sequential extraction (Fig. 3B), as well as the
concentrations after total digestion (Fig. S2 Supplementary material).
The XRF-Mn/Fe ratio is lowest in unit I and has generally higher values
in unit II and in the first half of unit III until 7000 cal BP. Between 7000
and ca. 1500 cal BP, it remains relatively low with increased variability.
After 1500 cal BP, the XRF-Mn/Fe ratio slightly increases until ca. 250 cal
BP when it decreases again.

3.2. Relationships of Fe andMn fractionswith lake and catchment processes

To analyze the relationships of Fe and Mn fractions with changes in
lake biogeochemistry and catchment processes, we performed a PCA on
our data set (Fig. 3) in combinationwith existingdata of aquatic produc-
tion (TChl) and anoxia/meromixis (Bphe) fromMakri et al. (2020).

Fig. 4A shows the PCA biplot of the first two significant components,
PC1 (46.32%) and PC2 (24.88%), as indicated by the broken stick model.
Together, these explain ca. 71% of the total variance. PO4-Fe (F1), humic
Fe (F3) and AEC-Mn (F2) and the sumof sequentially extractedMn (SE-
Mnsum) are grouped and correlate positively with PC1. These fractions
are related to Bphe, S, TOC, and TOC/TN, which indicate anoxic and re-
ducing bottom water and sediments, and presence of increased dis-
solved organic matter. PO4-Mn (F1), humic Mn (F3), amorphous Fe
oxy(hydr)oxides and Mn oxides (F4), and AEC-Fe (F2) are grouped
and correlate positively with PC1. These fractions are related more to
P and less to Bphe than the previous group; this indicates better bottom
water oxygenation, reducing sediments, and enhanced diagenetic
7

processes. The correlation of these groups with the XRF-Mn and the
SE-Mnsum indicates that diagenetic processes play an important role in
Mn accumulation in the sediments. The F4-Mnoxides/Feoxy(hydr)oxides
ratio correlates negatively with PC1 and indicates oxic conditions. Inter-
estingly, the XRF-Mn/Fe and F4-Mn/Fe ratios anticorrelate, and the XRF-
Mn/Fe ratio is associated with variables indicating anoxic conditions in
the hypolimnion. PC1 reflects a gradient from oxic to anoxic conditions
associated with lake mixing and bottom water oxygenation (Fig. 4B).

S-Fe and S-Mn (F6) and residual Fe andMn (F7) form another group
and correlate negatively with PC2. These fractions are strongly related
to Ti, which signals their dependence on higher detrital input. However,
these fractions seem to be independent of both carbonate deposition
(TIC, Ca) and lake production (TChl). Crystalline Mn oxide (F5) corre-
lates negatively with PC2, is negatively related to carbonates (TIC, Ca)
and lake production (TChl), and independent of both lake mixing and
water column oxygenation (Bphe). Crystalline Fe oxy(hydr)oxide (F5)
is also independent of lake mixing and oxygen changes (Bphe) and
seems to be affected by detrital input and to some extend diagenetic
processes. The XRF-Fe and SE-Fesum relate closely to F5, suggesting a
stronger dependence of Fe accumulation to detrital than redox condi-
tions. PC2 reflects a gradient from high to low production, carbonates
content, and erosional input (Fig. 4B).
4. Discussion

The Mn/Fe ratio measured by XRF has been used extensively as a
proxy for bottom water oxygenation and redox conditions changes
(Koinig et al., 2003; Loizeau et al., 2001; Naeher et al., 2013;
Żarczyński et al., 2019). Most of these studies used a multiproxy ap-
proach for the interpretation of the Mn/Fe ratio as a redox proxy. Com-
paring Fe and Mn fractions with an independent proxy for anoxia, the
HSI-inferred Bphe record (Makri et al., 2020), enables the validity of
XRF-inferred Mn/Fe ratio as a proxy for anoxia to be examined
(Fig. 5). Nonetheless, certain deficiencies should not be overlooked.

The sequential extraction scheme likely involves someuncertainties.
The degree of these uncertainties is normally depending on sediment
matrix, i.e. organic matter content, redox conditions (Hall et al., 1996),
or affected by sample preparation (Rapin et al., 1986). In our case, we
took into consideration the high organicmatter content of our sediment
cores and added the pyrophosphate leach (F3) before the Fe oxy(hydr)
oxides and Mn oxides phase (F4). With this additional extraction step,
we avoided an overestimation of F4 due to the release of labile organic
compounds. Another reported deficiency is an early dissolution of Fe
and Mn sulfides (F6) during the hydroxylamine hydrochloride leach
used for the extraction of fraction F4. At the same time, an adequate dis-
solution of the crystalline oxide fraction (F5) needs to be ensured. Based
on the extensive testing from Hall et al. (1996) and Hall and Pelchat
(1997) we implemented the approach that performed best (Fig. 2).
Nonetheless, an early dissolution of acid volatile sulfide compounds
cannot be excluded. Studies have shown that this mainly concerns ZnS
forms, yet a dissolution of labile FeS forms can be also expected at a
lower extent (Hall et al., 1996; Larner et al., 2008; Peltier et al., 2005).
The HSI-Bphe record can be also subjected to certain limitations. The
presence of anoxygenic phototrophic bacteria proves the establishment
of anoxic conditions (Imhoff, 2014; Tonolla et al., 2003), yet their ab-
sence may not necessarily imply the presence of oxic conditions since
these bacteria are also dependent on light and nutrient availability.

As the PCA shows (Fig. 4), surface processes, diagenetic transforma-
tion, and humic matter interactions influence the net burial rates of Fe
and Mn and can obscure the interpretation of the XRF-Mn/Fe ratio as
a redox proxy (Fig. 5). Residual Fe and Mn, and crystalline Fe oxy
(hydr)oxides andMn oxides (fractions F7 and F5) are primarily sourced
from the catchment soils. S-Fe(Mn), PO4-Fe(Mn) and AEC-Fe(Mn)
(fractions F6, F1 and F2) suggest anoxia in the sediment and early diage-
netic processes, whereas humic Fe and Mn (fraction F3) is related to



Fig. 4.A) PCA biplot showing thefirst two significant components PC1 and PC2, as indicated by the broken stickmodel (upper left). The samples are grouped by constrained clustering and
are shown in different colors. B) Illustration of the inferences made by PC analysis along with loadings for PC1 and PC2.
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Fig. 5. Comparison of the XRF-Mn/Fe ratio with the independent proxy for anoxia given by the HSI-inferred Bphe record (Makri et al., 2020). The fractions are grouped according to the
processes that can affect the accumulation of Fe and Mn in the sediments and alter the redox signal. Top: indication of the timing that these processes obscure the use of the XRF-Mn/Fe
ratio as a redox proxy. Bottom:Mixing regimes according to theHSI-inferred pigment record (Makri et al., 2020). The dotted lines show theMn/Fe ratios for every processwith a detached
scale on the right. For the XRF-Mn/Fe ratio (top panel), the red dotted line indicates the Mn/Fe ratio of the sum of Fe and Mn after sequential extraction (SEsum-Mn/Fe). The units are
defined by constrained clustering and are shown by vertical dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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dissolved organic carbon (DOC) in the lake and leaching from soils and
wetlands.

Residual Fe and Mn (F7) and crystalline Fe oxy(hydr)oxides and
Mn oxides (F5) are mainly associated with detrital input in the lake
and thus formation under periods of higher erosion (Figs. 4 and 5).
These processes are stronger in unit I (late Oldest Dryas), in unit II
between ca. 14,300 and 13,200 cal BP (Bølling/Allerød), and in unit
III around 1900 cal BP (Roman Times). Fe and Mn seem to respond
similarly to catchment processes, though Fe accumulation is consid-
erably higher. Crystalline Fe oxy(hydr)oxides and Mn oxides are
generally stable under all prevailing redox conditions (Hongve,
1997). These processes affect the accumulation of Fe and Mn in the
sediments, thus interfering with the XRF-Mn/Fe ratio as a redox sig-
nal. This interference occurs during the late Oldest Dryas (unit I),
when the XRF-Mn/Fe ratio is lowest and, Ti is highest, while the ab-
sence of Bphe indicates good oxygenation of the water column. Dur-
ing this time, residual Fe and Mn, and Ti are at their maximum
suggesting a predominance of detrital mineral deposition (Fig. 3B
and C). In the Bølling/Allerød (unit II), the XRF-Mn/Fe ratio decreases
after a peak, while the absence of Bphe indicate oxic conditions in the
bottomwaters (Fig. 3B and 5). TheMn/Fe ratio is lowermainly due to
higher allogenic input of crystalline Fe oxy(hydr)oxides in the sedi-
ments. Periods of higher detrital input effects can be easily distin-
guished and corrected by normalization with Ti (Kylander et al.,
9

2011; Vegas-Vilarrúbia et al., 2018), as can be clearly seen in the
Fe/Ti and Mn/Ti ratios (Fig. S4, Supplementary material).

PO4-Fe and PO4-Mn (F1), and AEC-Fe and AEC-Mn (F2) are mainly
linked to diagenetic processes in the sediments, which suggest accumu-
lation of these fractions in anoxic sediments (Figs. 4 and 5). These con-
ditions are prominent in unit II between 14,300 and 13,200 cal BP
(Bølling/Allerød), and in unit III at instances between ca. 7000 to
2000 cal BP. PO4-Fe and PO4-Mn (F1) can be formed in anoxic non-
sulfidic sediments with high phosphate and Fe2+ content through ac-
tive microbial mineralization and methanogenesis (Gächter and
Müller, 2003; Lazzaretti et al., 1992; Rothe et al., 2014). Yet the distribu-
tions of Fe and Mn in these fractions show distinct differences during
periods of intensive diagenetic processes. PO4-Fe is associated with
TOC and limited mixing (Bphe) and hence persistent anoxic conditions
in the sediments and bottomwaters (Fig. 4). PO4-Mn is associated with
P, amorphous Mn oxides and Fe oxy(hydr)oxides, and total Mn, sug-
gesting accumulation under reducing conditions in the sediments
below a probable oxygenated water body. Fe has been proven to
strongly influence P cycling via formation of insoluble phosphate min-
erals such as vivianite (Hongve, 1997; Rothe et al., 2014; Tribovillard
et al., 2006; Vuillemin et al., 2020). Formation ofmanganese phosphates
also takes place (Hongve, 1997), yet their solubility is higher than that of
Fe phosphates (Bortleson and Lee, 1974). AEC-Mn (F2) is also formed in
anoxic sediments when there is sufficient reduced Mn and alkalinity.
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The stability of the pH-Eh balance is very important in this case and can
be affected by a balanced bicarbonate content. The bicarbonate content
can be regulated by other common reactions initiated in anoxic sedi-
ments such as ammonification and sulfate reduction (Dhir, 2018;
Stevens et al., 2000). Iron is more chalcophile compared to Mn and is
therefore more likely to form sulfides instead of carbonates. In the
Bølling/Allerød (unit II), the XRF-Mn/Fe ratio decreases in a period of
oxic conditions in the hypolimnion, yet development of anoxic sedi-
ments (Fig. 5). Increased PO4-Fe formation contributes to higher Fe ac-
cumulation in the sediments, altering the Mn/Fe ratio. During the
meromictic phase from ca. 2950 to 2650 cal BP in unit III, the XRF-Mn/
Fe ratio shows an increase in the first half of this period, whereas
Bphe indicates persisting anoxia. The same pattern is also observed
around 4100 cal BP, during a meromictic phase (from 4550 to
3900 cal BP). In the latter case, a simultaneous increase in amorphous
Fe oxy(hydr)oxides and Mn oxides could indicate that oxidizing agents
(i.e. O2, nitrate, Fe oxy(hydr)oxides andMnoxides)were replenished in
the sediments at that point due to incidental mixing. In both instances,
higher PO4-Mn and Mn-AEC suggest that Mn, which did not escape
from the sediments through reductive dissolution, was trapped mainly
in Mn carbonates and some phosphates, resulting in increased Mn/Fe
ratios in periods of persisting anoxia.

S-Fe that consists mainly of pyrite and S-Mn (F6), is also considered
to have formed endogenically, yet only in small quantities in our record.
Sulfides like pyrite are formed in completely reduced sediments where
both reductive dissolution of ferric oxides and reduction of sulfate takes
place (Håkanson and Jansson, 1983; Holmer and Storkholm, 2001;
Luther et al., 2003). These conditions seem to prevail in unit I (Oldest
Dryas) and in unit IV around 250 cal BP (Figs. 3B and 5). In the Oldest
Dryas (unit I), S-Fe contributes to higher Fe accumulation in the sedi-
ments together with the residual Fe and the crystalline Fe oxy(hydr)ox-
ides mentioned before. Consequently, the XRF-Mn/Fe ratio is low in a
period of well oxygenated water column (Makri et al., 2020, Fig. 5).
However, S-Fe formation and very low Mn concentration suggest the
presence of reducing conditions in the sediments in this period, re-
ported also in other lakes (Lake Steisslingen; Eusterhues et al., 2002;
Lake Burgäschisee; Rey et al., 2017; Lake Cadagno; Wirth et al., 2013).
At the same time, it seems that enhanced detrital input increased the
availability of reactive iron (ferrous iron) in the sediments, which
allowed S-Fe to be formed. This is also confirmed by the correlation of
F6 with Ti (Fig. 4). Similar observations have been made in Lake
Cadagno, where little S-Fe was formed in the organic rich layers due
to Fe2+ limitation, and more S-Fe formed in the silty and sandy layers
(Losher, 1989; Wirth et al., 2013). Around 250 cal BP (unit IV), the
XRF-Mn/Fe ratio decreases, whereas Bphe is absent and the proportion
of Mn-oxides is higher in the sediments. Nonetheless, S-Fe formation
again indicates endogenic formation in reducing sediments. An elevated
S content, possibly combined with higher detrital material providing
adequate reactive iron, could be used as a tracer of intensive diagenetic
processes and S-Fe formation.

Humic Mn and humic Fe (F3) are formed endogenously in oxygen-
ated surface waters rich in humic and fulvic acids. Depending on the
availability of dissolved humic substances, both Mn and Fe form organ-
ometallic structures with dissolved organic matter that can be very sta-
ble under anoxic conditions (Lalonde et al., 2012; Paludan and Jensen,
1995). This process is mostly evident during the meromictic phase
from ca. 5550 to 5100 cal BP in unit III (Fig. 5). Around 5200 cal BP,
both humic Fe and Mn peak. Higher humic and fulvic acids in the sedi-
ments are indicated by higher TOC/TN ratios (>10), which suggests ter-
restrial sources of organic matter rich in humic compounds (Figs. 3 and
5). Increased productivity and soil development in the catchment
(Makri et al., 2020) increased the input of allogenic organic carbon
into the lake and thus humic matter available for metal complexing.
Around 5200 cal BP, when humic Mn peaks, the XRF-Mn/Fe ratio
shows an increase, which suggests oxic conditions, whereas Bphe re-
mains high, suggesting persisting anoxia (Fig. 5). The formation of
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humic Fe and Mn complexes is more likely under higher humic matter
content in the lake. C/N ratios higher than 10 indicate increased contri-
butions of terrestrial organic matter (Meyers, 2003) rich in humic and
fulvic acids, which can increase the Fe and Mn pool in the sediments.

Iron and manganese partitioning in Lake Moossee and the compari-
son with the Bphe record (Makri et al., 2020) indicate that the XRF-Mn/
Fe ratio is more likely to reflect hypolimnetic redox conditions at times
of holomixis with minor effects from detrital, diagenetic or humic mat-
ter interactions. In LakeMoossee, this is the casemainly between 14,300
and 5500 cal BP, and in phases between 2000 cal BP to present (Fig. 5),
when Fe oxy(hydr)oxides and Mn oxides proportions are dominant
(Fig. 3A). The importance of regular bottom water oxygenation for a
successful application of the Mn/Fe ratio has also been emphasized in
other studies (Loizeau et al., 2001; Naeher et al., 2013; Żarczyński
et al., 2019). The application of the Mn/Fe ratio proxy can be limited
during periods of higher detrital input or during phases of pronounced
or permanent anoxia when diagenetic processes in the sediments pre-
vail (Fig. 5). Diagenetic and detrital input alteration of the Mn/Fe ratio
have also been reported in other studies (Friedrich et al., 2014;
Hongve, 1997; Naeher et al., 2013; Poraj-Górska et al., 2017; Rothe
et al., 2014).

5. Conclusions

Fe and Mn speciation analysis of Lake Moossee over the last
15,000 years provided indications of specific processes that can alter
Fe and Mn accumulation and their ratios in the sediments.

The XRF-Mn/Fe ratio successfully reflects paleoredox conditions at
times when redox processes governed Fe and Mn accumulation under
regular bottom water oxygenation. However, Fe and Mn accumulation
and the elemental ratio was influenced by processes other than redox
conditions during times of high detrital inputs, prolonged hypolimnetic
anoxia, development of anoxic sediments and intensive diagenetic pro-
cesses, and/or higher DOC input. During times of highly reducing sedi-
ments and pronounced or permanent hypolimnetic anoxia, the
precipitation and diagenetic formation of AEC-Mn, PO4-Mn, and humic
Mn affected Mn mobility and net loss from the sediments. Conse-
quently, the XRF-Mn/Fe ratio appears higher and cannot be used effec-
tively as a proxy for anoxia. At times of higher erosional input into the
lake, Fe andMn accumulationwas governed by detrital sources of resid-
ual and crystalline Fe oxy(hydr)oxides and Mn oxides, masking any ef-
fect of redox processes. The XRF-Mn/Fe ratio showed lower values
during these times of good bottom water oxygenation and regular
mixing.

This study has shown that short and long-term changes in bottom
water oxygenation governed by prolonged seasonal stratification or in-
sufficient mixing can affect Fe and Mn accumulation in the sediments
considerably. These effects can limit the use of thesemetals and their ra-
tios as exclusive redox proxies. Thus, the use of the XRF-Mn/Fe ratio
alone can be inadequate to infer past redox conditions. Multi proxy ap-
proaches that combine diverse biogeochemical indicators should be
used instead, in order to understand and take into account the environ-
mental conditions and processes affecting the accumulation of Fe and
Mn. Further work at subvarve scale combining μXRF with HSI imaging
techniques may elucidate in detail the biogeochemical processes and
enable fine-scale tracing of redox changes.
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