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Abstract1

Increased periods of bottom water anoxia in deep temperate lakes due to decreasing frequency and2

depth of water column mixing in a warming climate may result in reductive dissolution of iron3

minerals and increased flux of nutrients from the sediment into the water column. Here, we assessed4

the sediment properties and reactivities under depleted oxygen concentrations of Lake Tahoe, a5

deep ultra-oligotrophic lake in the Sierra Nevada mountain range. Using whole-core incubation6

experiments, we found that a decrease in dissolved oxygen concentration in the top 2 cm of the7

sediment resulted in an extension of the microbial iron reduction zone from below 4.5 cm to below8

1.5 cm depth. Concentrations of reactive iron generally decreased with sediment depth and microbial9

iron reduction seemingly ceased as concentrations of Fe(II) approximated concentrations of reactive10

iron. These findings suggest that microorganisms preferentially utilized reactive iron and/or that iron11

minerals became less reactive due to mineral transformation and surface passivation. The estimated12

release of iron mineral-associated phosphorus is not expected to change Lake Tahoe’s trophic state,13

but will likely contribute to increased phytoplankton productivity if mixed into surface waters.14

Synopsis15

Sediment iron reduction in deep, oligotrophic lakes in a warming climate will increase sediment16

nutrient fluxes and alter lake ecology and water quality.17
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Introduction18

Climate change causes surface waters in temperate lakes to warm1, leading to more stable thermal19

stratification of the water column and, thus, lower frequency and depth of water-column mixing2–5.20

As a consequence, isolated bottom waters are not consistently replenished with oxygen and can21

experience periods of hypoxia and possibly anoxia6–8. Hypolimnetic oxygen depletion causes a22

shift in organic matter degradation from aerobic to anaerobic pathways9,10 which can have serious23

ecological consequences if reduced compounds and nutrients are released from the sediment into24

the water column11,12. Deep, oligotrophic lakes in mountain regions are particularly susceptible to25

such effects of climate change as these lakes are sensitive to nutrient loading13 and because climatic26

warming typically occurs at a faster rate in mountain regions than regions at lower elevation14.27

Lake Tahoe is a deep, ultra-oligotrophic lake in the central Sierra Nevada on the California-28

Nevada (US) border that serves as an indicator for effects of climate change on oligotrophic lakes29

worldwide. Annual average surface water temperature of Lake Tahoe has increased mainly as a result30

of rising air temperatures at an overall rate of 0.21°C per decade15. Simulations of lake thermal31

structure showed that Lake Tahoe will likely cease to mix to the bottom after ∼ 2060 in a scenario in32

which greenhouse gas emissions increase rapidly throughout the 21st Century2,5. Should the lake33

fail to completely mix for more than 6 y in a row, hypolimnetic dissolved oxygen concentration are34

expected to approach zero5. Under such conditions, ferric iron can be used as electron acceptor35

in anaerobic microbial respiration16–18. Given that sediments of Lake Tahoe are rich in iron12,36

this respiration pathway is expected to become a a key determinant of biogeochemical conditions37
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in the hypolimnion as dissolved oxygen concentrations decrease. Ferric iron typically occurs as38

particulate phase, e.g., in iron oxyhydroxides or ferric iron-containing clay minerals. Reduction39

of these particulate phases results in the formation of ferrous iron, which can desorb from the40

particulate surface and be released into the water column where it can stimulate phytoplankton41

productivity19–21 or precipitate as iron oxyhydroxide under oxic conditions, forming particles and42

thereby decreasing water clarity12,22. Reductive dissolution of ferric iron minerals can also release43

adsorbed or co-precipitated phosphorus into sediment porewater and the water column, further44

alleviating nutrient limitations on phytoplankton productivity23–25. Substantial knowledge gaps exist45

regarding the mineralogy and redox state of iron in the sediments of Lake Tahoe, yet these factors46

determine if and how fast iron can be microbially reduced26–29. Assessing the susceptibility of iron47

reduction rates to decreasing dissolved oxygen concentrations is key to anticipate consequences of48

increasing lake temperatures on the release of reduced compounds and nutrients from the sediment.49

Here, we study the elemental composition and redox state of profundal sediment of Lake50

Tahoe as a function of sediment depth and combine these measurements with characterizations51

of sediment mineralogy by means of X-ray diffractometry and X-ray absorption spectroscopy. To52

assess changes in iron reduction with sediment depth and shifts in iron reduction as a function of53

dissolved oxygen concentration, we performed whole-core incubation experiments at three oxygen54

levels (0.1 %, 5.5 %, and 21 % atmospheric oxygen). We assessed changes in the redox state and55

reactivity of iron during the incubations.56
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Materials and Methods57

Sediment Sampling. Sediment samples were collected from aboard the UC Davis research vessel58

R/V John LeConte on September 28, 2020. A box corer (area 0.3 m2, depth 1.5 m) deployed from59

the boat was used for sample collection at 449 m depth (42°59′19.1′′ N, 108°23′58.6′′W). Samples60

were collected from a single location as profundal sediment characteristics are fairly homogeneous12.61

On deck, minimally disturbed individual samples were sub-sampled from a single box-core grab into62

clear acrylic tubes (inner diameter 4.4 cm, 0.32 cm wall thickness) cut at ∼ 20 cm or ∼ 60 cm length63

(Tap Plastics). Samples consisted of the top ∼ 15 cm or ∼ 35 cm of sediment and ∼ 5 cm or ∼ 20 cm64

of water, respectively. The tubes were sealed using butyl rubber stoppers and Parafilm. Duplicate65

cores for in-situ sediment characterization were frozen ∼ 2 h after collection, cut into 1.5 cm wide66

slices and sealed into Mylar bags with oxygen scrubbers, and stored at -20°C until analysis. Cores67

for the incubation experiments were stored upright at 4 - 10°C until being used in the experiments.68

Whole-Core Incubation Experiments. Cores were incubated in air-tight half gallon glass jars at69

5°C at three atmospheric oxygen levels of 0.1 %, 5.5 %, and 21 % for 74 d (see Figure S6 for photos70

of the cores). Prior to incubation, cores were pre-incubated for 11 weeks at 10°C to ensure that71

monitored processes were not an artefact of sampling. For each treatment, duplicate cores were72

prepared by adapting the water level above the sediment-water interface to 2 cm height. Glass jars73

were flushed with pure nitrogen (0.1 % atmospheric oxygen), a mix of nitrogen and compressed74

air (5.5 % atmospheric oxygen, gases were mixed using a Cole-Parmer Masterflex Variable-Area75

Flowtube), or compressed air (21 % atmospheric oxygen). The oxygen concentration in the jars was76
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checked after flushing and before each sampling timepoint using optical oxygen sensor spots and an77

oxygen meter (PreSens). Measured values remained within 0.1 - 0.2 % for the 0.1 % atmospheric78

oxygen treatment, 5.5 - 5.7 % for the 5.5 % atmospheric oxygen treatment, and at 21 % for the 2179

% atmospheric oxygen treatment throughout the experiment. At selected time points during the80

experiment (i.e., at 3 d, 8 d, 15 d, 37 d, 57 d, and 74 d), dissolved oxygen profiles were measured81

in the cores using an oxygen microsensor mounted on a motor stand (UniSense). Profiles were82

recorded within 5 minutes of opening the glass jars from 1 cm above the sediment-water interface to83

3.5 cm sediment depth at 1 mm intervals. pH was measured directly in the water overlaying the84

sediments in each core (Figure S10). In addition, sediment and water aliquots (0.25 mL aliquots85

from 0.5 cm above the sediment-water interface, and from 0.5 cm, 1.5 cm, 3 cm, 4.5 cm, 6.0 cm,86

and 7.5 cm sediment depth) were collected from the cores using a cut-off syringe and in a clockwise87

fashion as the experiment progressed (illustration in Figure S5). Samples from duplicate cores were88

pooled without any further treatment and suspended into deoxygenated, deionized water (0.5 mL89

sample into 4.5 mL deoxygenated, deionized water). The diluted samples were used in aqueous90

and solid phase analyses as described below. Sediment and water sampling was performed under91

constant nitrogen flow to avoid oxidation of ferrous iron and sulfide in the sample aliquots. Glass92

jars containing cores were re-sealed after sampling and flushed as described above.93

Aqueous Phase Analysis. Diluted sediment and water samples collected during the incubation94

experiments were filtered (0.22 `m polyethersulfone (PES)) for aqueous phase analysis. Dissolved95

sulfide levels were determined on freshly collected and filtered samples using the N,N−di-96

methyl−𝑝−phenylenediamine method30. No sulfide was detected in any of the samples. Dissolved97
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ferrous iron concentrations were determined after extraction of unfiltered samples in 0.5 M HCl for98

1 h followed by filtration (0.22 `m PES) using the ferrozine method31. Colorimetric measurements99

for sulfide and ferrous iron were performed on a microplate reader (Synergy 2, BioTek).100

Solid Phase Analysis and Chemical Extractions. Cores that were frozen after collection (referred101

to as in-situ cores, see above) were used for solid phase analysis. Frozen core slices of 1.5 cm width102

were thawed and dried in an anoxic glovebag and subsequently finely ground with mortar and pestle.103

Total elemental composition of the samples was determined using X-ray fluorescence spectroscopy104

(Spectro Xepos HE XRF Spectrometer) and, in the case of C and N, elemental analysis (NA1500,105

Carlo Erba Elemental Analyzer).106

Chemical extractions were performed on sediments collected from in-situ cores and from the107

incubated cores at the endpoint of the experiment in 1.5 cm intervals. Samples were extracted in108

deionized water (2 mL sample per 10 mL) and hydrochloric acid 0.5 M (2 mL sample per 5 mL) in109

15 mL Falcon tubes. The sample suspensions were shaken for 2 h and centrifuged (3000 rpm; 15110

min). The supernatant was then decanted and filtered (0.22 `m PES). Aqueous concentrations of111

Mn were determined on water extracts using an ICP optical emission spectrometer (ICAP 6300 Duo112

View, Thermo). Concentrations of ferrous and total iron were determined on the acid extracts using113

the ferrozine method (see above) and hydroxylamine as reducing agent32.114

Mediated Electrochemical Measurements. Diluted sediment samples collected during the115

incubation experiments under nitrogen flow were immediately frozen at -20°C for mediated116

electrochemical measurements to avoid changes in the redox state of iron during sample collection.117
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Mediated electrochemical reduction (MER) and oxidation (MEO)were used to determine the electron118

accepting (EAC) and donating capacity (EDC) of the samples. The electrochemical setup consisted119

of an eight-channel potentiostat (model 1000C, CHInstrument, US) and eight electrochemical cells.120

Each cell consisted of a glassy carbon working electrode cylinder, which served as reaction vessel (9121

mL, GAZ 1 HTW), a platinum wire as counter electrode and separated from the working electrode122

compartment by a glass frit (PORE E tubes, ACE glass), and an Ag/AgCl reference electrode (Re1B,123

ALS). Reduction potentials are reported versus the standard hydrogen electrode herein.124

Electrochemical measurements were performed in pH-buffered solutions at pH 5.0 (0.01125

M acetate and 0.01 M KCl, 5 mL per electrochemical cell) and at applied reduction potentials126

for 𝐸MERH = −0.57 V in MER cells and 𝐸MEOH = +0.82 V in MEO cells. Under these conditions,127

we expect all ferric iron in oxy(hydr)oxides33 and clay minerals34 as well as oxidized quinone128

groups in organic matter35 to be reduced in MER, and all ferrous iron26, sulfide36, and reduced129

quinone groups in organic matter35 to be oxidized in MEO. Measurements were performed using the130

electron electron transfer mediators paraquat (1,1′-dimethyl−4,4′-bipyridinium, standard reduction131

potential 𝐸0H=−0.46 V
37) in MER and ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid),132

𝐸0H=+0.70 V
38) in MEO. These mediators were added to the electrochemical cells and equilibrated133

to the applied potentials prior to sample additions (final concentrations of reduced paraquat in the134

MER and oxidized ABTS in the MEO cells: 0.28 mM). For electrochemical measurements, the135

diluted sediment samples collected during the incubation experiments were further diluted by adding136

100 `L sample suspension to 300 `L deionised water. Of these latter supensions, we added 20 `L137

to each MER and MEO cell. Measurements were stopped at most 1 h after sample addition when138
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currents had returned to baseline values that were measured before sample additions.139

EAC and EDC of the samples (in mol electrons transferred per g of dry sample) were140

determined by integration of reductive and oxidative current peaks, respectively, that resulted from141

sample additions to the electrochemical cells according to eqs. 1 and 2.142

EAC =
1

F · DW ·
tend∫
t0

Ired dt (1)

EDC =
1

F · DW ·
tend∫
t0

−Iox dt (2)

where 𝐼red and 𝐼ox are the baseline-corrected reductive and oxidative currents, respectively (A), 𝐹 is143

the Faraday constant, DW is the dry weight of the sample in g, and t0 and tend (s) are the initial and144

final integration boundaries for each current peak. The electron exchanging capacity (EEC, in mol145

electrons transferred per g of dry sample) is the sum of EAC and EDC.146

X-ray diffractometry. X-ray diffractograms were recorded (MiniFlex 600, Rigaku) from 3 to 90°147

2Θ (step size 0.02° 2Θ) in Bragg-Brentano geometry using Cu K𝛼 radiation (40 kV and 40 mA)148

and a silicon strip detector (D/teX Ultra) or a 2D hybrid pixel array detector (HyPix-400 MF). The149

identities of sediment components were determined using the SmartLab Studio-II software and150

published structure files for quartz (ICSD code 01-086-1629), and members of the feldspar group151

(sodium aluminum silicate (00-010-0033), sodium calcium aluminum silicate (01-079-1149), and152
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potassium aluminum silicate (00-019-0931)).153

X-ray absorption spectroscopy. Extended X-ray Absorption Fine Structure (EXAFS) Fe K-edge154

spectra were collected at beamline 7-3 at the Stanford Synchrotron Radiation Lightsource (SSRL).155

Samples were prepared inside an anoxic chamber by pressing finely ground sample material into156

Al holders and covering them with Kapton tape. The Al holders were stored in an air-tight jar157

under anoxic atmosphere before being rapidly transferred into the liquid He cryostat for analysis.158

The Si(220) double crystal monochromator was calibrated by setting the first inflection point of159

the absorption K-edge of a Fe metal foil to 7500 eV. For each sample, 3 scans were recorded in160

transmission mode using a Lytle detector. Spectra were processed and analyzed using the Demeter161

software package39. Linear combination-least squares fitting was performed using reference spectra162

for ferrihydrite40, ferrosmectite, nontronite41, biotite42, and hornblende (Figure S3 and Table S2).163

Results and Discussion164

Sediment profile. Figure 1a shows a photo of the top 10 cm of a sediment core. The top ∼ 1 cm of165

sediment consisted of suspended material that moved with the overlaying water, whereas material166

below was more consolidated; consistent with these observations, sediment density increased from167

around 0.173 ± 0.08 g cm-3 at 0.5 cm to 0.262 ± 0.07 g cm-3 at 7.5 cm (Table S1). We determined168

the elemental composition of the sediment on sediment cores that were frozen after collection.169

Manganese (Mn) and iron (Fe) concentrations peaked at 0.21 mmol g-1 at 3 - 4.5 cm and 1.54 mmol170

g-1 at 4.5 - 6 cm, respectively (Figure 1b, c; corresponding weight percentages in Figure S1a, b). To171
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assess variations in the redox state of Mn and Fe as well as other solid phase electron acceptors with172

depth, we quantified total electron accepting capacity (EAC) and electron donating capacity (EDC)173

of sediment samples using mediated electrochemistry. EAC reflected the response of particulate174

phases containing oxidized Mn or Fe33,34,36 and quinone groups in dissolved and particulate organic175

matter35 to strongly reducing conditions in electrochemical cells; EDC reflected the response of176

dissolved and solid-associated reduced Mn and Fe species and hydroquinone groups in dissolved177

and particulate organic matter35 to strongly oxidizing conditions in electrochemical cells. The178

dissolved electron acceptors oxygen, nitrate, and sulfate are not electro-active in electrochemical179

cells and therefore do not contribute to EAC nor EDC36. We note that dissolved sulfide, which180

produces an electrochemical response under oxidizing conditions36, was not detected in any of the181

sediment samples. Figure 1g shows that EAC/EEC decreased from fully oxidized (EAC/EEC = 0.99182

± 0.01) at 0 - 3 cm to partially reduced (EAC/EEC = 0.75 ± 0.14) at 6 - 7.5 cm. Consistent with this183

decrease, the concentration of dissolved species contributing to EDC increased: the concentration184

of water-extractable Mn (which we assume to be Mn2+ under experimental conditions) increased185

with depth below 3 cm (Figure S7d) and the concentration of acid-extractable Fe(II) increased with186

depth below 4.5 cm (Figure 4a-c). Interpreted alongside the Mn and Fe concentration profiles in187

Figure 1b, c, these data indicate that microbial reductive dissolution of Mn oxyhydroxides was an188

important respiration pathway at 3 - 6 cm depth, while reductive dissolution of Fe oxyhydroxides189

was dominant below 4.5 cm depth. This interpretation was also consistent with the change in color190

from brown-black (the color of Mn and Fe oxyhydroxides) to grey in the top 10 cm of the sediment191

(Figure 1a). In the top ∼ 1.5 cm, nitrate and oxygen were likely the dominant electron acceptors,192
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as indicated by elevated nitrate concentrations of 0.08 `m g-1 compared to < 0.04 `m g-1 below193

1.5 cm (Figure 1f) and a rapid decrease in dissolved oxygen concentrations from 0 to 1.5 cm, as194

discussed below (Figure 3).195
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Figure 1. Sediment profile. a. Photo of a sediment core and corresponding concentrations of b.

total manganese, c. total iron, d. total carbon, e. total phosphorus and nitrogen, and f. dissolved

phosphate and nitrate. g. Redox state of sediment expressed as ratio of electron accepting capacity

(EAC) to total electron exchanging capacity (EEC, equals sum of EAC and electron donating capacity).

Errorbars in panels d-f represent duplicate measurements on single samples. Figure S2 shows the

data in panels b-e as weight percentages and molar ratios of C:N and Fe:P with depth. Analyses

were performed on sediment cores that were frozen after collection to represent in-situ conditions in

the lake.

Total carbon (C) concentrations showed the inverse trend to Fe concentrations at 0 - 6 cm,196

and stabilized at 4.3 ± 0.04 mmol g-1 below 6 cm (Figure 1d; corresponding weight percentages in197
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Figure S1c). Concentration profiles of total nitrogen (N) mirrored those of total C (Figure 1e) and198

the C:N molar ratio of 15.7 ± 1.7 did not change systematically with depth (Figure S1e). Based on199

these C:N ratios, organic matter in the sediments primarily originated from land-derived organic200

matter which has C:N ratios higher than 14 - 20, rather than C:N ratios of 4-10 associated with201

phytoplankton and aquatic macrophytes43. Total phosphorus (P) concentrations peaked at 0.08202

mmol g-1 at 4.5 - 6 cm (Figure 1e), paralleling total Fe concentrations (Figure S2). Conversely,203

dissolved phosphate decreased with increasing depth in the top few cm (Figure 1f). These trends204

suggest that P entered the sediment from the water column as dissolved phase and partitioned into205

the solid phase a few cm into the sediment through the association with Fe phases. The molar ratio206

of Fe:P was 9.9 at 0 - 1.5 cm (and increased to values above 20 at 3 - 10.5 cm, Figure S1e), which207

was consistent with previous P:Fe ratios for Lake Tahoe sediments12 and with P being primarily208

associated with Fe oxyhydroxides23–25.209

X-ray diffraction and EXAFS analyses showed that Fe occurred primarily in the form of210

Fe oxyhydroxide and Fe-containing phyllosilicate clays. Figure 2 shows an exemplary X-ray211

diffractogram and EXAFS spectrum collected on the 1.5 - 3 cm sample as representative example212

for Fe mineralogy in the top 7.5 cm of the sediment (see Figures S3 and S4 for other samples).213

Across 0 - 7.5 cm depth, the amorphous Fe oxyhydroxide mineral ferrihydrite accounted for 32-44%214

of Fe in the samples according to EXAFS analysis (Figure 2b and Table S2). The majority (56-68215

%) of Fe occurred in the form of Fe-containing phyllosilicate minerals based on EXAFS analysis. In216

addition to these Fe-containing minerals, X-ray diffractograms showed characteristic peaks for quartz217

and aluminumsilicates with various elemental composition, including members of the plagioclase218
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Figure 2. Mineralogy of exemplary sediment sample collected at 1.5 - 3 cm depth. a. Representative

X-ray diffractogram with characteristic peaks for quartz (Q), and members of the plagioclase feldspar

(pf), alkali feldspar (af) and smectite (sm) groups. b. Fourier transforms of bulk Fe K-edge EXAFS

spectrum (blue line) and linear combination-least squares fit (red line; fitted values are shown on the

right). References used in the fit are shown in black (ferrihydrite, a Fe oxyhydroxide; ferrosmectite

and biotite, two Fe-containing phyollosilicate minerals). Results for samples collected at other depths

are shown in Figures S3 and S4, and Table S2.

feldspar group (containing Na and/or Ca) and alkali feldspar groups (containing K; see Figure S2a,219

b for Ca, Na, K, and Al concentration profiles).220

Influence of dissolved oxygen concentration on sediment profiles. To assess the effect of decreased221

dissolved oxygen concentration on sediment redox processes, we incubated whole sediment cores222

under three atmospheric oxygen levels (setup in Figure S5). We used treatments with 0.1 % and 21223

% atmospheric oxygen as reference points for anoxic and oxic systems, respectively. In addition, we224

used an intermediate atmospheric oxygen concentration of 5.5 % to mimic incomplete depletion of225

dissolved oxygen.226
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Figure 3a-c shows dissolved oxygen profiles recorded at selected time points throughout the227

incubation experiments. Initial profiles (light green) at the start of the experiments were similar228

for all treatments. Within the first 3 d, dissolved oxygen concentration at the sediment-water229

interface decreased to concentrations in the overlaying water in the 0.1 % and 5.5 % atmospheric230

oxygen treatments. Thereafter, concentration profiles remained constant over the course of the 74231

d experiment. The 21 % atmospheric oxygen treatment showed no systematic changes in profiles232

throughout the experiment. In the 5.5 % and 21 % atmospheric oxygen treatments, measured233

concentrations of dissolved oxygen in the water overlying the sediments were lower than calculated234

equilibrium concentrations of 82 `mol L-1 for 5 % treatment and 400 `mol L-1 for 21 % treatment235

at 5°C, presumably due to microbial oxygen consumption in the water column. Dissolved oxygen236

concentrations decreased rapidly into the sediments in these treatments due to microbial consumption.237

No dissolved oxygen was detected below 1.5 cm in any of the treatments. The depth of oxygen238

penetration differed slightly between the cores, which was likely due to differences in the distribution239

of sediment layers along depth: in cores incubated under 0.1 % and 5.5 % atmospheric oxygen, the240

layer of unconsolidated material at the sediment-water interface extended further down than in cores241

incubated under 21 % atmospheric oxygen (see photos in Figure S6), consistent with lower sediment242

density values for the former two (Table S1). We note that under in-situ conditions in the lake, we243

would expect dissolved oxygen to penetrate deeper into the sediment than in our experimental setup244

due to advective movement. This expectation is consistent with the in-situ EAC/EEC and nitrate245

concentration profiles in Figure 1d, g, which indicate that aerobic and nitrate respiration were the246

dominant microbial respiration pathways at 0 - 3 cm depth.247
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We assessed how the redox state of the sediment changed as a consequence of changes in248

dissolved oxygen concentrations and associated shifts in microbial respiration pathways. Figure249

3d-f shows EAC/EEC values of sediment samples collected from 0.5 cm, 1.5 cm, and 3 cm depth250

at selected time points during the incubation experiments. An EAC/EEC value of 1 indicates a251

fully oxidized sample, whereas a value of 0 indicates a fully reduced sample. In all treatments,252

EAC/EEC decreased at 3 cm depth over the course of the experiments due to the buildup of EDC.253

The buildup corresponded to the formation of acid-extractable Fe(II) (Figure S9). This finding254

suggests that microbial Fe(III) reduction was the dominant pathway for microbial respiration, which255

was consistent with the absence of dissolved oxygen at this depth. The decrease in EAC/EEC at256

0.5 cm was more pronounced in the 0.1 % atmospheric oxygen treatment than in the other two257

treatments, presumably because oxygen was not available in the former treatment and hence Fe(III)258

was the most thermodynamically favorable electron acceptor for microbial respiration. Accordingly,259

Fe(II) formation rates calculated from the EDC data at 0.5 cm depth were higher in the 0.1 %260

atmospheric oxygen treatment with 0.6 `mol g-1 d-1 compared to 0.1 `mol g-1 d-1 and 0.2 `mol g-1261

d-1 in the 5.5 % and 21 % atmospheric oxygen treatments, respectively. In agreement with similar262

redox conditions across all cores below 1.5 cm depth, Fe(II) formation rates were similar for all263

treatments at 3 cm depth, with 1.3 `mol g-1 d-1 for the 0.1 %, 1.0 `mol g-1 d-1 for the 5.5 %, and 1.3264

`mol g-1 d-1 for the 21 % atmospheric oxygen treatment.265

Iron reduction dynamics. We extended our analysis of changes in sediment redox state beyond266

3 cm to 7.5 cm depth. Figure 4a-c compares profiles of acid-extractable Fe(II) at the onset of the267

experiment (quantified on sediments immediately frozen after collection, filled symbols) to profiles268
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of acid-extractable Fe(II) at the endpoint of the experiments after 74 d (quantified on treatment cores,269

empty symbols). Profiles were similar across all treatments below 1.5 cm depth, consistent with270

the absence of dissolved oxygen (Figure 3a-c). Elevated concentrations of acid-extractable Fe(II)271

were observed in the 0-1.5 cm depth interval for the 0.1 % atmospheric oxygen treatment. The272

concentration of acid-extractable Fe(II) matched EDC within errors in all treatments (Figure S9).273

Given that EDC represents the cumulative response of both dissolved and solid-phase associated274

reduced redox-active species, this suggests that Fe(II) was either dissolved or adsorbed to particulate275

surfaces, or occurred as an easily extractable solid phase. The zone of microbial Fe reduction276

extended from 0 - 1.5 cm (0.1 % atmospheric oxygen treatment) or 1.5 cm (remaining treatments)277

to 6 - 7.5 cm depth based on the increase in acid-extractable Fe(II) in this zone. Compared to the278

in-situ conditions in Figure 1g, the upper end of the Fe reduction zone in our incubation experiments279

therefore extended upwards from 4.5 cm to at least 1.5 cm (see Figure S11 for changes in EAC/EEC280

in the treatments). Therefore, the lack of oxygen in the top few cm of the sediment stimulated281

microbial Fe reduction in layers closer to the sediment-water interface.282

Within the zone of microbial Fe reduction, we observed differences in the reactivity of Fe283

phases. The concentration of acid-extractable total Fe, i.e., the sum of acid-extractable Fe(II) and284

hydroxylamine-reducible Fe(III), was decreased at 3 - 6 cm depth in all treatments relative to the285

initial concentration profiles (Figure 4a-c). These trends indicate that Fe minerals became harder to286

reduce over the course of the incubations given that hydroxylamine-reducible Fe serves as proxy287

for microbially reducible iron32. A possible explanation for this observation is the preferential288

use of easily reducible Fe minerals by iron-reducing microorganisms22,44,45. It is also possible289
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that elevated Fe(II) concentrations at 3 - 6 cm depth caused transformation of ferrihydrite into290

less reactive phases or resulted in passivation of mineral surfaces46. The in-situ core showed the291

same trends of decreased acid-extractable total Fe concentrations below 4.5 cm (Figure 4a-c, filled292

symbols), suggesting that similar processes as those observed in our experiment were taking place293

under in-situ conditions in these lower layers at 4.5 - 7.5 cm.294

Panels d-f in Figure 4 show the same data as panels a-c but expressed as percentage of total295

sediment Fe. In the top 1.5 cm, around 65 % of total Fe was reactive; this fraction decreases296

to around 10 % in the lowest layer for both the initial material and the endpoint material. The297

higher reactivity of Fe minerals closer to the sediment-water interface potentially results from the298

sedimentation of recently precipitated, highly amorphous iron oxide particles22,47. In the anoxic299

parts of both the experimental and in-situ cores, microbial Fe reduction proceeded until 5 - 10 % of300

Fe had been reduced. This finding suggests that the fraction of microbially reducible Fe was similar301

across the entire zone of Fe reduction. Given that Fe reduction in our experimental cores was not302

more extensive in the in-situ core at depths below 4.5 cm, we consider it likely that microbial Fe303

reduction would not proceed beyond 10% of total sediment Fe even for longer incubation times.304

This is consistent with an observed cessation of Fe(II) production toward the end of our incubations305

(Figure S9).306

Implications. Our work shows that microbial Fe reduction in Lake Tahoe sediment currently occurs307

primarily at and below 4.5 cm depth. The upper limit of the Fe reduction zone significantly extended308

to 1.5 cm depth when the dissolved oxygen concentration at the sediment-water interface was reduced309
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to zero in our experiments. Hypolimnetic dissolved oxygen concentrations are projected to decrease310

in response to decreased depth and frequency of lake mixing in the following decades2,5 and this311

decrease will likely cause the sediment Fe reduction zone to extend toward the sediment-water312

interface. Our results suggest that microbial Fe reduction will proceed until around 10% of total313

sediment Fe is reduced and that this value is determined by the amount of reactive Fe phases and314

Fe(II) accumulation. Fe(II) produced in the sediment may be released into the water column where315

it would be rapidly oxidized and precipitate as iron oxyhydroxides upon contact with oxygen12,22.316

While we consider it unlikely that Fe(II) is mixed into surface waters and induces algal blooms, the317

release of phosphorus during reductive dissolution of sediment iron minerals poses a bigger threat318

to lake ecology23–25. If we assume that 10 % of Fe in the top 1.5 cm of sediment are reductively319

dissolved and phosphorus was homogenously mixed into the entire lake water body, phosphorus320

concentrations in the water column would increase by around 1.2 `g L-1 (using a total lake volume321

of 152 km3 12,) in line with previous findings by Beutel and Horne 12 . While this amount would not322

change the trophic status of Lake Tahoe, Beutel and Horne 12 suggested that it would result in a 40323

% increase of phytoplankton productivity. Therefore, there is a need for continuous monitoring of324

oxygen saturation in lake bottom waters for early detection of internal nutrient loading in oligotrophic325

lakes.326
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Figure 3. Dissolved oxygen and sediment redox profiles in whole-core incubation experiments under

0.1 %, 5.5 %, and 21 % atmospheric oxygen. a.-c. Dissolved oxygen profiles collected at selected

time points during the incubation experiments from 0.5 cm above the sediment-water interface at 0

cm down to 3.5 cm sediment depth at 1 mm intervals. Results are shown separately for the duplicate

cores in each treatment. d.-f. Corresponding changes in the ratio of electron accepting capacity

(EAC) to electron exchanging capacity (EEC, sum of EAC and electron donating capacity) of sediment

samples collected at 0.5 cm, 1.5 cm, and 3 cm depth at selected time points during the incubation

experiments. Error bars represent mean absolute deviations of duplicate measurements on each

pooled sediment sample. 20
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Figure 4. Fe(II) production dynamics in whole-core incubation experiments under 0.1 %, 5.5 %,

and 21 % atmospheric oxygen. a.-c. Profile of acid-extractable Fe(II) and acid-extractable total Fe

(Fe(tot), sum of acid-extractable Fe(II) and hydroxylamide-reducible Fe(III)) for the start (t0, filled

symbols, quantified on cores frozen upon collection) and the end (tend, empty symbols, quantified

on experimental cores at the end of incubation experiments) of the experiments. d.-f. Profiles of

acid-extractable Fe(II) and acid-extractable Fe(tot) expressed as percentage of total sediment Fe.

Error bars represent mean absolute deviations of duplicate measurements on each pooled sediment

sample.
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