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ABSTRACT  11 

Thousands of boreal lakes were limed for decades in Scandinavia to counteract the effect of 12 

anthropogenic acidification. We measured the concentrations of alkali earth metals (Ca, Mg, Ba), 13 

metals (Mn, Fe, Al, Co, Cd, Pb, Zn), metalloids (As, Mo) and phosphorus (P) in 165 surface 14 

sediment samples from 17 limed lakes, as well as the sediment column and porewater of two 15 

lakes chosen from this set. We report that formation of ferromanganese nodules is widespread in 16 

limed lakes, and that those nodules are enriched in trace elements, reaching for example 11500, 17 

908 and 40 µg/g for Ba, Mo and As, respectively. Nodules are more abundant between the 18 

littoral and the profundal zones. Intense redox cycling of Fe and Mn at the sediment-water 19 

interface have redistributed trace elements in the sediment column. Ba, Co, Mo, Pb and Zn 20 

partitioned with Mn (oxy)hydroxides and As and P with Fe (oxy)hydroxides. Fe, Mo, Co and As 21 

remobilized to the porewater also diffused downward and were likely sequestrated with sulfides. 22 

We conclude that the diagenetic redistribution and partitioning of trace elements onto Fe-Mn 23 

nodules, rather than direct inputs of from liming, is the cause of the elevated trace elements 24 

burden in surface sediments.  25 

INTRODUCTION  26 

Acidification due to transboundary air pollution has affected lakes and rivers in vulnerable areas 27 

in Northern Europe for almost a century 1. In the 1980s international negotiations were initiated 28 

under the auspices of the United Nations Economic Commission for Europe with the aim of 29 

reducing the emissions of acidifying air pollutants. Simultaneously, research began in Norway 30 

and Sweden on the feasibility of large-scale addition of limestone and other neutralising 31 

substances to lakes and rivers as a geoengineering measure to counteract the effect of acid 32 

deposition 2. Such programs remain the largest lake geoengineering endeavours to date.  33 
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Owing to pollution prevention, emissions of sulfuric and nitrous gases have been reduced 34 

substantially over the last few decades 3, and the affected water bodies show clear signs of 35 

recovery 1, 4. However, many lakes are still acidified and remediation programmes are thus still 36 

operating. Water chemical and biological effects of liming are fairly well documented from the 37 

associated research and monitoring projects 2, and the liming operations have since been 38 

optimized on the basis of these results.  39 

Nevertheless, the target pH of 6.0-6.2 has been frequently exceeded throughout the liming 40 

period, particularly at the sediment-water interface (SWI) 5. Overdosing of lakes for use as 41 

liming reservoirs in the watershed and incomplete dissolution of coarse liming powder during 42 

settling both lead to residual calcite persisting at the SWI6. Under such conditions, a local pH of 43 

7.0-7.5, which is much higher than the typical pre-acidified reference pH of 5.5-6.0, can be 44 

reached7. Several studies have reported on the high trace element content in the surface sediment 45 

of such lakes 5, 8-10, coining the term “metal bomb” to express the concern that high trace element 46 

fluxes might occur upon natural re-acidification after liming 11.  47 

Lake geoengineering techniques are under scrutiny due to the difficulty in predicting long term 48 

feedbacks in lake systems 12-14. In this context, we document the geochemical conditions 49 

prevailing at SWI of 17 limed boreal lakes to illuminate the geochemical legacy of the liming of 50 

anthropogenically acidified boreal lakes. We report on the presence of ferromanganese (Fe-Mn) 51 

nodules, their high trace elements content, and their influence on the post-depositional mobility 52 

of a suite of major and trace elements. We interpret depth profiles of porewater concentrations of 53 

these elements to reveal diagenetic patterns and gain insights into the mechanisms responsible 54 

for trace element enrichments.   55 
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MATERIALS AND METHODS 56 

Study sites 57 

We refer to either regional survey lakes (17 lakes) or focus lakes (a subset of 2 lakes). The lakes 58 

were part of the national Norwegian liming program, although in some cases liming had stopped 59 

at the time of sampling. The limed lakes of the survey are located in southern Norway (Fig. 1). 60 

Coordinates and lake characteristics are given in Table SI-1 and SI-2, respectively, of the 61 

Supporting Information (SI). Lake surface area ranged from 0.06 to 6.01 km2, catchment area 62 

from 1.2 to 128.5 km2 and maximum depths from 11 to 118 m. Selection criteria were 63 

geographical location, size, summer thermal stratification, and the duration of liming treatment. 64 

All lakes chosen had been limed for ≥9 years. Lakes Breisjøen and Djupøyungen, hereafter 65 

referred to as Lake 1 and 8, respectively, were selected for further study at the SWI. Both lakes 66 

are in forested catchments, with the bedrock of Lake 1 being mostly granite and gneiss, and that 67 

of Lake 8 mostly porphyritic granite1515. The lakes differ with respect to their water residence 68 

time and liming dosage (Table 1). Due to its the short residence time, Lake 1 has been limed with 69 

a high dose relative to its area and volume. Lakes outlet pH values spanned the range of 4.88 to 70 

6.86. Lakes 1, 3 and 17 had the low pH (4.88-5.53), consistent with reduced or terminated liming 71 

treatment, whereas Lakes 7, 8, 9 and 13 had the highest pH, > 6.7. TOC in the lakes from the 72 

regional survey ranged from 2.0 to 24.8 (Table SI-2; x� = 8.9 mg/L). All lakes except Lakes 4 and 73 

16 are thus of humic type (TOC >5 mg/L).  74 

Sampling 75 

~10 undisturbed sediment cores were sampled in each the 17 lakes during 2011-2012 using a 76 

modified Kajak-Brinkhurst gravity-type core (8.3 cm inner-diameter), yielding 165 intact cores. 77 
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Coring sites were spread evenly over the lake areas, avoiding shallow, wind-exposed parts with 78 

limited sedimentations. Cores were sectioned to retrieve the upper 2 cm layer, and, in every 79 

second core, an additional deep layer below 35 cm was sampled. Given the expected sediment 80 

burial rates at the sites of 1-2 mm/yr, a previous study referred to the sediment below 35 cm 81 

depth as a reference for pre-acidification, pre-liming conditions16. A grab water sample was 82 

taken in an acid-washed HDPE bottles at the outlet of the survey lakes. Lakes 1 and 8 were 83 

visited again on June 24th 2015 and samples were taken at three sampling sites, defined as 84 

littoral, intermediate and profundal. The cores were extruded on-site, and sectioned into 1 cm 85 

slices, from the SWI to 10 cm depth. The slices were placed in acid-washed polyethylene cups 86 

and kept at 4 oC until freeze-drying and analysis. 87 

Porewater was retrieved at a 1 cm vertical resolution from another set of three undisturbed 88 

sediment cores in these two lakes, using Rhizon samplers (Rhizosphere Research Products, NL) 89 

comprising of a hydrophilic porous polymer tube, with a pore diameter of 0.1 µm, extended with 90 

a polyvinyl chloride tube. 4-6 ml of porewater was retrieved with vacuum-sealed vials, passing 91 

through the 0.1 µM membrane, and stabilised with 2% HNO3 upon retrieval to prevent Fe and 92 

Mn precipitation.  93 

Finally, the water columns were profiled from the surface down to the sediment-water interface 94 

with a YSI 6600-V2 multi-parameter probe for measuring pH, temperature, and oxygen 95 

saturation. Both lakes 1 and 8 had a thermocline established at 5 m at the time of sampling, with 96 

oxygen saturation in the hypolimnion at 67% and 60% for Lake 1 and 8, respectively. 97 

When metal nodules were observed at the sediment surface upon sampling, separate cores were 98 

taken at the same site to collect a nodule subsample. Nodules were harvested by gently flushing 99 
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the organic material off with lake water and by further rinsing them with DI water. The nodules 100 

were then placed in acid-washed polyethylene cups and stored at 4 oC until drying and analysis. 101 

Analyses 102 

Porewater, sediments and nodules were analyzed for Mn, Fe, Al, Ca, Mg, Ba, Co, Cd, P, As, Mo, 103 

Pb, Zn and S concentrations by inductively coupled plasma mass-spectrometry (ICPMS Agilent 104 

7700x, quadrupole with collision cell in He mode), either directly in the acidified porewater 105 

sample, or after micro-wave assisted sample digestion of the sediment and nodules in 106 

concentrated HNO3. The reference material used were the TMDW (HP Standard, USA) and the 107 

SLRS-6 (NRC, Canada). Precision was < 7% relative standard deviation and accuracy was 108 

within 15%. Total organic carbon (TOC) was analyzed by the UV persulfate methods on a TOC-109 

TC analyzer (Phoenix 8000) and sulfate (SO4
2-) by ion chromatography (Dionex ISC-2000).  110 

Thermodynamic modelling 111 

Dominant species for Ba, Co, Cd, P, As, Mo, Pb and Zn were modelled in two distinct zones of 112 

the sediment column: (1) a zone at the SWI, oxygenated and rich in Fe-Mn (oxy)hydroxides and 113 

(2) a zone below the depth of SO4
2- removal. Saturation indices (SI = log IAP/Ksp, where IAP is 114 

the ion activity product and Ksp the solubility product) of the aqueous phase with respect to 115 

various mineral phase were calculated in both zones using the public domain computer code 116 

PHREEQC version v.3.1.2 17. Cation binding to dissolved organic matter (DOM) and adsorption 117 

of trace elements onto both Fe and Mn (oxy)hydroxides was calculated only in the first zone 118 

using the software Visual MINTEQ 3.1 (http://vminteq.lwr.kth.se). The NICA-Donnan 18 model 119 

was used for cation binding to DOM and configured using measured DOC, pH and aqueous 120 

concentrations. The concentrations of humic acids (HA) and fulvic acids (FA) were estimated 121 
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from DOC concentrations assuming that DOM contains 50% C and a FA:HA ratio of 9:119. Two 122 

surface complexation models (SCM) were configured to calculate adsorption: (1) trace element 123 

adsorption onto Fe (oxy)hydroxides and cation adsorption onto Mn (oxy)hydroxides relied on the 124 

Double Layer model (DLM)20, 21, and (2) P, As and Mo adsorption onto Mn (oxy)hydroxides 125 

relied on the Triple Layer model (TLM)22, 23. The use of the TLM was necessary because, to our 126 

knowledge, there is no set of constants for the adsorption of P, As and Mo onto Mn 127 

(oxy)hydroxides that builds on the DLM model. Equilibrium calculations were performed fixing 128 

a temperature of 10 oC, the total concentration of aqueous constituents, and the amount of solid-129 

phase Fe and Mn in excess at the SWI24 to determine the amount of element bound to DOM or 130 

adsorbed to metal surfaces that is consistent with the total measured aqueous concentrations. 131 

Thermodynamic constant added to the MINTEQ databases used with Visual MINTEQ and 132 

PHREEQC are listed in Table SI-3.  133 

RESULTS AND DISCUSSIONS 134 

Influence of liming on the formation of Fe-Mn nodules 135 

The average concentrations of Mn were 6-fold higher at the surface (x� = 31 mg/g) than at the 136 

reference depth (x� = 4.8 mg/g) in the sediment of the survey lakes (n=165). Fe was also higher at 137 

the surface by a factor 1.3. The highest concentration of Fe (201 mg/g) and Mn (81 mg/g) were 138 

measured in the two focus Lakes 1 and 8, respectively (Fig. 2a). Binning the number of cores 139 

with Mn enrichments factors >4 (n=57) in the littoral, intermediate or profundal categories reveal 140 

that enrichments are more frequent at water-column depths between the littoral and the profundal 141 

zones (Fig. 2b). This distribution suggests an in-lake process whereby oxygen depletion ― 142 

sporadic during late summer and likely enduring under ice 25 ― forces dissolved Mn out of the 143 
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sediment to the overlying water, then towards oxic conditions where Mn accumulates as 144 

(oxy)hydroxides at the SWI 26, 27.  145 

Porewater Mn profiles exhibit features consistent with Mn recycling 24, 26. Solid-phase Mn 146 

decreases sharply just below the SWI, concurrent with an increase in porewater Mn (Fig. 3a and 147 

k). Porewater Fe concentration profiles also display evidence of the reductive dissolution of 148 

(oxy)hydroxides below 2-3 cm depth, and of the precipitation of Fe below the SWI. The 149 

porewater Fe concentrations are twice as high in Lake 1 than in Lake 8, reaching 12 mg/L and 4 150 

mg/L, respectively (Fig. 3d-f, m-o).  151 

Black-brown nodules of sizes 0.05-3 cm were found in the surficial sediment of 7 of the survey 152 

lakes, including Lakes 1 and 8 (Fig. SI-3) with average Mn and Fe concentrations of 324 and 326 153 

mg/g, respectively (Table 2). Nodule sizes are consistent with the hypothesis that liming 154 

triggered their formation. Using 10 to 20 years as the typical period of elevated pH during and 155 

after liming, and an average nodule radius of 10 mm, we estimate a growth rate of 0.5 to 1 156 

mm/yr at our sites, also consistent with previous growth rate estimates for lakes in the northeast 157 

United-States 28 or at the sediment-seawater interface ,29. Although metal nodules are frequently 158 

reported in lakes27, 28, 30-33, we are not aware of such reports for acidic or formerly acidic humic 159 

lakes. Surveys of >1500 non-limed Norwegian lakes 16 and of limed lakes from Sweden 10 did 160 

not report on nodules.  161 

Fe-rich accretions formed via the rapid oxidation of Fe(II) by O2(aq) have been observed in 162 

several lakes and bogs 34, and at times harvested as Fe ore 35. Mn enrichments are less frequent 163 

because Mn(II) oxidation requires a pH typically > 7.5 to proceed 36 and is the kinetically 164 

limiting factor in nodule formation29. Here, Mn (oxy)hydroxides precipitation was likely 165 



9 

 

unfavorable until CaCO3 particles reaching the SWI increased the pH and favored nucleation of 166 

the Fe-Mn precipitate37.  167 

Results on Ca and Mg suggest that liming residuals persist at or below the SWI, influencing local 168 

pH. The concentrations of Ca and Mg, major constituents of the liming powders, were generally 169 

higher by a factor ~2 in the surface sediments than at depth. Sub-surface peaks of Ca are buried 170 

at 2 cm depth in Lake 1, consistent with liming operations ending 13 years ago. In contrast, Ca is 171 

enriched at the SWI in Lake 8. In Lake 1, a pH of 5.0 in the epilimnion, decreasing to 4.45 in the 172 

hypolimnion, suggest that the lake is returning to pre-liming pH values, likely influenced by high 173 

organic acids concentrations and a short water residence time. In contrast, in Lake 8, the pH of 174 

Lake 8 was 6.3 in the epilimnion, decreasing to 5.3 in the hypolimnion. The higher pH in Lake 8 175 

is consistent with the more recent termination of the liming treatment in 2013, the longer water 176 

residence time. The high Mg:Ca ratio in the surface sediment (0.11-0.75) relative to the ratio in 177 

the calcite powder materials (0.005-0.056) suggest an enrichment in Mg-containing carbonate 178 

minerals such as dolomite 38 , which can sustain elevated pH and thus Mn (oxy)hydroxides 179 

precipitation. 180 

Diagenetic redistribution of trace elements at the sediment-water interface  181 

Fe-Mn nodules are known to scavenge elements from lake water 28, 31, 39, 40 via co-precipitation, 182 

as their growth provides renewed surfaces for element sorption 41. Measurements of the trace 183 

element content of the nodules from the lake survey reveals high concentrations of Ba, Zn and 184 

Mo, reaching 11500, 3250 and 908 µg/g, respectively (Table 2), at the high-end of the ranges 185 

provided in Table 2 for published trace-element concentrations measured in nodules from other 186 

lakes. These enrichments lead to bulk concentrations several fold higher than those reported in 187 

the literature for representative lake sediments 10, 42-44. The case of Mo is particularly singular: 188 
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solid-phase Mo in Lake 8 is >3 orders of magnitude higher than what was previously reported for 189 

boreal lakes under the influence of a metal smelter 44, while in Lake 1 Mo values are close to the 190 

reported average for surface lake sediments 16.  191 

Such trace element burden in the sediments cannot be explained by direct input from liming 192 

powder (See Text SI-1 and Table SI-5). Instead, scavenging of trace elements driven by Fe and 193 

Mn diagenesis at the SWI stands as the main driver behind the elevated trace elements 194 

concentrations measured here. Results from surface complexation modelling, summarized in 195 

Table SI-4, suggest that Ba (with adsorption complex ≡MnO-Ba+), Co (≡Mn-Co+), Mo (≡MnO-196 

HMoO4) as well as Pb (≡MnO-Pb+) and Zn (≡MnO-Zn+) are overall predominantly sorbed onto 197 

to Mn (oxy)hydroxides. Consistent with those predictions, solid-phase Ba is enriched below the 198 

SWI (Fig. 4a and k) in the same cores than those with strong Mn enrichments (Fig. 3a and k), as 199 

frequently reported in the literature on Fe-Mn nodules30, 31. Co, at the SWI in Lake 1 (Fig. 4d-f), 200 

and Mo, at the intermediate site of Lake 8 (Fig. 5q), are also enriched. Porewater peaks of Ba, Co 201 

and Mo are found along with those of Mn below the SWI, which suggests remobilisation 202 

following the reduction of Mn (oxy)hydroxides, and re-adsorption of upward diffusing elements 203 

onto Mn (oxy)hydroxides at the SWI.  204 

Cd is bound to Mn (≡MnO-Cd+) only at the intermediate site of Lake 8 (12 m depth). At the 205 

other sites, thermodynamic modelling suggests that Cd is instead bound to DOM. The similarity 206 

of solid-phase Cd profiles with those of Pb (See Fig. SI-2d-f, j-l) ― a metal shown to be poorly 207 

mobile post-deposition19 ― suggests that the depth profiles of both elements are little affected by 208 

diagenesis as they are strongly bound to organic matter.   209 

The oxyanions P (≡Fe-H2PO4 in Lake 1 and ≡Fe-PO4
2- in Lake 8), As (≡Fe-HAsO4

-
 in Lake 1 210 

and ≡Fe-AsO4
2- in Lake 8) are largely sorbed onto Fe (oxy)hydroxides at all sites. Sediment P 211 
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concentrations increase from the SWI to 6 cm depth at all sites (Fig. 5a-c, j-l), reaching 3000 212 

µg/g in Lake 1. Porewater P, which is up to 6-fold higher in Lake 1 than in Lake 8, increases 213 

from the SWI downwards in all cores, with the highest concentrations found at the deepest sites. 214 

Solid-phase As displays sub-surface peaks of 20-30 µg/g at 3-5 cm depth at all sites, but the 215 

intermediate site at Lake 1, where it shows a constant decrease from the SWI downwards. 216 

Features of the porewater As concentration profiles, similar across sites with subsurface maxima 217 

of 0.7 µg/L at 2-7 cm depth (Fig. 5d-f, m-o), point to As being released during reductive 218 

dissolution of Fe (oxy)hydroxides 45 and recycled close to the SWI, consistent with the results of 219 

the SCMs. 220 

Sequestration mechanisms at depth 221 

In the sediment column, porewater Fe and Mn production (Fig. 3a-c, j-l) indicate that anoxic 222 

conditions prevail below the SWI. Further, at 2-4 cm below the SWI, decrease in porewater S, 223 

from the highest values in the overlying waters (0.5 mg/L in Lake 1 and 0.8 mg/L in Lake 8; Fig. 224 

SI-1a-c, j-l), to lower values (< 0.2 mg/L), are consistent with bacterial SO4
2- reduction is 225 

occurring.  226 

At depth in the sediment column, solid-phase Fe displays a second, deeper sub-surface peak (Fig. 227 

3. d-f, m-o). This is likely due to the formation of Fe sulfides such as amorphous mackinawite 228 

(FeSm(s)) 46 below the depth of SO4
2- reduction. SO4

2- reduction is evidenced by porewater S 229 

removal, which is observed between 2-4 cm depth at all sites (Fig. SI-1a-c, j-l). The porewater 230 

sample preservation techniques by acidification will have released volatile hydrogen sulphides, 231 

such that the measured porewater S likely represents oxidized S species dominated by SO4
2-. In 232 

the absence of sulfides (HS-) measurements, we assume that porewater HS- produced via SO4
2- 233 

reduction is at equilibrium with FeSm(s) 
47. Given that reducing all SO4

2- would yields 0.5 mg/L of 234 
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HS-, to which porewater Fe is available in large excess, titration of HS- by Fe is likely. In 235 

contract to Fe, solid-phase Mn concentration profiles do not exhibit sub-surface peaks, possibly 236 

due to the slow precipitation kinetics of MnS(s) 48 Rather, as summarized in Morse (1999), the 237 

main sink for reduced porewater Mn is likely rhodochrosite or dolomite analogs.  238 

While acknowledging that such estimation of sulfide concentrations is uncertain, it allows 239 

proposing sequestration mechanisms for sulfide-bound elements that are consistent with our 240 

observations. Co enrichments between 2-6 cm depth at the intermediate and deep sites of Lake 8 241 

(Fig 4n-o) suggest association with Fe sulfides at depth49, in line with values of SI with respect to 242 

CoSβ(s) reaching <0.5 at the deepest site. Sub-surface solid-phase Cd and Pb peaks are also seen 243 

in all cores (Fig. 4g-i, p-r and Fig. SI-2d-f, j-l, respectively), below the depth of Fe-Mn 244 

(oxy)hydroxide reduction. Sulfides are likely sinks for Cd as well as Pb, as porewater reach 245 

saturation with respect to both CdS(s) (Lake 8; Fig. SI-4) and PbS(s) (Lake 1 and 8; Fig SI-4) 246 

minerals.  247 

Clear associations between Fe and As (Fig. 3m-o and Fig. 5m-o) as well as solid-phase Mo 248 

enrichments (Fig. 5g-i,p-r) below the depth of SO4
2- reduction points to sulfides as a sink for 249 

those metalloids. Thermodynamic modelling indicates that thiolated Mo and As species are do 250 

not dominate Mo and As speciation in porewater. Further, precipitation of discrete As and Mo 251 

phases is unlikely, as the SI of realgar and orpiment is consistently <0 (Fig. SI-$) and that of 252 

MoS2(s) largely >0. Therefore, co-precipitation and sorption of As 24, 50, 51 and Mo 52 onto FeSm(s) 253 

or other Fe phases stands as a likely sequestration mechanisms. 254 

In contrast to the oxyanions As and Mo, P does not show evidence being remobilised with Fe or 255 

of sequestration at depth. Porewater is close to saturation with respect to MnHPO4(s) below 2 cm 256 

depth at all sites (SI ± 0.1; Fig. SI-4), pointing to a possible control of Mn on P mobility, as was 257 
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hypothesized in estuarine sediment53. Alternatively, P remobilised during Fe (oxy)hydroxides 258 

dissolution can immediately re-adsorb onto a non-redox active phase such as Al oxides54. Al 259 

concentrations profiles (Fig. SI-1d-f, m-o) show a steady increase with depth, similar to that of P. 260 

Al:P molar ratios vary between 7 and 14 in Lake 1 and between 24 and 41 in Lake 8 (Fig. 5a-c, j-261 

l), with the highest values found in the upper 4 cm of the sediment cores. Values of Al:P ratios 262 

>25 at Lake 8 suggest a high P-binding potential by Al55. Conversely, ratios <14 at Lake 1, along 263 

high porewater P concentrations, suggest a lower P-binding capacity by Al at this site. Artificial 264 

oligotrophication of limed lakes has been hypothesized to proceed via P sorption onto Al or via P 265 

association with Fe or Mn13, 55, 56; our data is consistent with the former hypothesis in Lake 1 and 266 

the latter in Lake 8. 267 

Relevance in the context of recovery from acidification and current environmental changes. 268 

Although a first approximation of the dominant trace element species formed in the presence of 269 

Fe-Mn nodule induced by lake liming, our results clearly suggest that Ba, Co , Mo, Pb and Zn 270 

partitioned with Mn (oxy)hydroxides and As and P with Fe (oxy)hydroxides at the SWI. This 271 

illustrate that the new pH regimes brought about by liming reconfigured the depth distribution of 272 

trace elements at the SWI. At depth in the sediment column, P is bound to Fe-Mn and Al oxides. 273 

The mechanisms controlling porewater Mo, Co and As concentrations at depth were not 274 

identified with certainty but likely include (co-)precipitation with sulfides. In contrast, depth 275 

profiles of Cd and Pb appeared less affected by nodule formation. 276 

Slow dissolution of lime residuals6 and of the Fe-Mn nodules themselves contribute to upholding 277 

pH and redox conditions after liming, mitigating the risk of a sudden pulse of trace-element. 278 

Nevertheless, a decline in pH is expected in the future and may trigger both Mn (oxy)hydroxides 279 

dissolution and the desorption of sorbed oxy-anions. Moreover, DOC is increasing in boreal 280 
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lakes57. DOC is a major ligand for metal(loid)s in boreal lakes58, and can further compete with 281 

trace elements for sorption sites on (oxy)hydroxides surfaces59, 60. DOC is also thought to 282 

enhance anoxia25, which will destabilise (oxy)hydroxide phases. The long term and unanticipated 283 

consequences of lake manipulation on sediment diagenesis should thus be taken into account 284 

when planning further catchment and lake manipulations in response to today’s water quality 285 

issues related to anoxia61 and harmful algae blooms 12. 286 
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Table 1. General characteristics, liming regime, and water chemistry for the two focus lakes.  469 

  Lake 1 Lake 8 

Lake characteristics   

Name Breisjøen Djupøyungen 
Area (km2) 0.59 0.21 
Maximum depth (m) 20 20 
Volume (×106 m3) 2.20 1.55 

Catchment area (km2) 27.2 1.2 

Water residence time (yr) 0.2 2.0    

Liming regime   

Liming period 1993-2001 1995-2011 
Average dose (tons) 53 6 
Areal dose (t/km2) 90 29 

Volumetric dose (g/m3) 24.1 3.9    

Water chemistry   

pHa 4.4-5.0 5.3-6.3 
TOC (mg/L) b 13 5.3 
Ca (mg/L) b 1.1 4.8 
SO4

2- (mg/L) b 1.1 2.0 

a:Water column range. 
b:At lake outlet.  

    

  470 
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Table 2. Range of concentrations for selected elements in the nodule found at the surface of 7 of 471 

the 17 survey lakes. Values in mg/kg dry weight.  472 

 This study Literature values 

Element Mean Min Max Fe-Mn nodules28, 31 Earth Crust62 

Mn 170100 90800 326000 2000-320000 7160 

Fe 214775 16400 324000 90000-320000 43200 
Ca 4134 2560 6630 1000-5000 38500 
Mg 829 165 2240 100-1000 22000 

      
Ba 4366 422 11500 79-4748 584 
Co 54.1 20.6 90.6 59-305 24 
Cd 2.50 0.35 9.53 1-12 0.1 

      
P 478 200 621 1000-2000 757 

As 16.8 0.3 39.8 10-475 1.7 
Mo 239 3.30 908 1-16 1.1 

      
Pb 72.3 3 139 3-130 13 
Zn 682 79 3250 309-774 65 

  473 
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 474 

 475 

Figure 1. Location of regional survey lakes (black) and of the two focus lakes (red). 476 

  477 
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 478 

Figure 2. Panel (a) Concentrations of Fe and Mn in the uppermost 2 cm of the regional survey 479 

lakes, ranked by order of decreasing Mn concentrations. The focus Lakes 8 and 1 are identified 480 

by diagonal stripes. Panel (b) Number of cores, from the 17 lakes survey, with Mn enrichment > 481 

4 or Fe enrichment >2, found at littoral, intermediate and profundal sites. These three categories 482 

are defined as vertical sampling depth to max depth ratios >0.3 (littoral), between 0.3 and 0.6 483 

(intermediate), and >0.6 (profundal), respectively.  484 
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 485 

Figure 3. Depth profiles of sedimentary (closed symbol) and porewater (open symbol) Mn (a-c, 486 

j-l), Fe (d-f, m-o), and Ca (g-i, p-r) in Lake 1 (left panels a-i) and Lake 8 (right panels j-r). 487 

Horizontal dashed lines indicate the sediment-water interface.   488 
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 489 

Figure 4. Depth profiles of sedimentary (closed symbol) and porewater (open symbol) Ba (a-c, j-490 

l), Co (d-f, m-o), and Cd (g-i, p-r) in Lake 1 (left panels a-i) and Lake 8 (right panels j-r). 491 

Horizontal dashed lines indicate the sediment-water interface.  492 
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 493 

Figure 5. Depth profiles of sedimentary (closed symbol) and porewater (open symbol) P (a-c, j-494 

l), As (d-f, m-o), and Mo (g-i, p-r) in Lake 1 (left panels a-i) and Lake 8 (right panels j-r). Thick 495 

solid lines indicate Al:P molar ratios in Lake 1 (a-c) and Lake 8 (j-l). Horizontal dashed lines 496 

indicate the sediment-water interface. 497 
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