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Abstract 26 

Even though lake sediments consistute a significant long-term carbon sink, studies on the 27 

regulation of carbon burial in lakes sediments have, to date, been surprisingly few. We 28 

investigated to what degree the organic carbon (OC) being deposited onto the bottom of Lake 29 

Kinneret (Israel) is buried in the sediment at four different sites with varying degrees of 30 

oxygenation and varying supply of allochthonous particles from the River Jordan. For 31 

estimation of the OC burial efficiency (OC BE), i.e. the ratio between buried and deposited 32 

OC, we calculated OC burial from dated sediment cores, and calculated OC deposition using 33 

three different approaches. Calculation of OC deposition from sediment trap-derived mass 34 

deposition rates multiplied with the OC content of surface sediment yielded OC BE values 35 

that were at odds with published values for sediments dominated by autochthonous OC 36 

sources. Calculation via sediment trap data on organic matter flux collected within the Lake 37 

Kinneret monitoring program, as well as calculation of OC deposition as the sum of OC 38 

burial plus OC mineralization, returned fairly congruent estimates of OC BE (range 10-41%), 39 

but only if the sediment trap data were corrected for the proportion of resuspended particles in 40 

the traps. Differences in OC BE between sites were small, indicating that OC source 41 

(common to all sites) was a more important regulator of OC BE in Lake Kinneret than oxygen 42 

exposure or mineral particles characteristics. 43 

 44 

 45 

 46 

Keywords: lake sediment, carbon sequestration, organic matter mineralization, oxygen 47 

exposure, mineral particle characteristics, sediment resuspension 48 
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Introduction 50 

Organic carbon (OC) being deposited onto the sediment surface will either be mineralized to 51 

CO2 or CH4 by heterotrophic microbes, or it will be buried in the sediments. OC burial in 52 

marine sediments consistutes a significant carbon sink of about 0.1 Pg C yr-1 (IPCC 2007), 53 

and has over geological time lead to the accumulation of vast stocks of fossil carbon. 54 

Accordingly, many studies have tried to understand the factors regulating OC burial in marine 55 

sediments (Burdige 2007). The burial of OC in lake sediments, on the other hand, has 56 

received much less attention, even though the annual OC burial in lake sediments was 57 

estimated to amount to about 50% of the annual OC burial in the entire ocean (Dean and 58 

Gorham 1998). Considering that lakes cover only about 2% of the earth surface, as compared 59 

to 71% by the ocean, it becomes evident that lake sediments represent a very efficient OC 60 

sink. In spite of this apparently strong and efficient OC sink in lake sediments, studies on OC 61 

burial in lakes were rather fragmented, and the reported burial rates range over two orders of 62 

magnitude (Downing et al. 2008; Kortelainen et al. 2004; Mulholland and Elwood 1982). For 63 

that reason, and possibly also for their small areal extent, lakes have been disregarded in 64 

models of the global carbon cycle. Recently, the importance of the lake sediment OC sink has 65 

received increased recognition (Battin et al. 2009; Cole et al. 2007; Tranvik et al. 2009). 66 

 An important parameter describing the strength of the lake sediment carbon sink is the 67 

organic carbon burial efficiency (OC BE), i.e. the proportion of the deposited OC that escapes 68 

mineralization by its permanent burial. The OC BE is calculated from OC burial (i.e. the mass 69 

accumulation rate of OC in the sediment) and OC deposition rates (Hartnett et al. 1998). The 70 

latter is either derived from sediment traps, or can be calculated as the sum of OC burial and 71 

OC mineralization (i.e. evasion of CO2 and CH4 from the sediment). The OC BE, therefore, 72 

depends on all factors affecting OC deposition and OC mineralization. Only recently have we 73 

started to gain a better understanding of the regulation of OC BE in lake sediments. On the 74 
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one hand, OC mineralization in lake sediments was shown to be strongly positively related to 75 

temperature (Gudasz et al. 2010), implying that the OC BE decreases with increasing 76 

temperature. On the other hand, oxygen exposure time and organic matter source 77 

(autochthonous vs. allochthonous) were identified as important regulators of OC BE in lake 78 

sediments (Sobek et al. 2009), such that a short oxygen exposure time and a high share of 79 

allochthonous organic matter promote OC burial, while a long oxygen exposure time and a 80 

high share of autochthonous organic matter promote OC mineralization. Further, the sorption 81 

of organic matter onto the surfaces of mineral particles, an important mechanism of OC 82 

preservation in marine sediments (Keil et al. 1994; Rothman and Forney 2007), was found to 83 

be a less important regulator of OC BE in lake sediments (Sobek et al. 2009).    84 

    Lake Kinneret (Israel) was chosen as part of that previous study (Sobek et al. 2009) 85 

because it is a subtropical lake with a high level of plankton primary production, extended 86 

periods of hypolimnetic anoxia, and inflow of catchment-derived suspended particles from 87 

the Jordan River (Serruya 1978). All of these characteristics (temperature, organic matter 88 

source, oxygen exposure and mineral particle characteristics) were hypothesized to affect the 89 

OC BE. It turned out that some Lake Kinneret sediments behaved differently compared to 90 

other lake sediments: at the deepest station, OC BE was much higher than for other lake 91 

sediments with comparable organic matter source (plankton debris) and similarly short 92 

oxygen exposure times. At the Jordan River inflow, OC BE was much lower than that at 93 

similar sites in other lakes receiving high riverine load (Sobek et al. 2009). Evidently, even 94 

though we have started to gain some insights into the regulation of OC BE in lake sediments 95 

(Gudasz et al. 2010; Sobek et al. 2009), there still are significant gaps in our present 96 

knowledge. 97 

 The main purpose of this paper is to give a detailed account of OC BE in Lake 98 

Kinneret to better understand why some sites in Lake Kinneret behaved differently from 99 
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comparable sites in terms of OC BE. After critically revisiting the previous analysis, we were 100 

able to reconcile OC BE in Lake Kinneret with findings in other lakes. We further highlight 101 

the importance of independent determinations of OC deposition in turbulent systems, as well 102 

as the importance to differentiate between mineral and organic matter sources to the sediment.  103 

 104 

Methods 105 

Site description 106 

Lake Kinneret is located in the central part of the Afro-Syrian Rift Valley in northern Israel 107 

(Fig. 1), with a maximum water level of -209 m above sea level, a maximum depth of 44 m, a 108 

surface area of 168 km2, and a water retention time of ~10 years (Serruya 1978). The lake is 109 

monomictic, with stratification typically from April to December and holomixis from January 110 

to March. The epilimnion shows an annual temperature range of 14-30°C, while the 111 

hypolimnion temperature stays constantly at 14-16°C throughout the year. Lake Kinneret is 112 

an eutrophic lake with an annual phytoplankton primary production of about 600 g C m-2 yr-1 113 

(Berman et al. 1995). High temperature and productivity result in high rates of oxygen 114 

consumption, and hypolimnetic anoxia develops quickly after onset of stratification (Eckert 115 

and Conrad 2007). After onset of thermal stratification, the internal nutrient load from the 116 

anoxic hypolimnion and the ~ 12-16 m thick epilimnion is very limited. Still, boundary 117 

mixing associated with strong wind-induced internal wave movements (seiches) occurring in 118 

the lake between May and September enable the exchange of water and solutes between the 119 

upper and lower water masses near the lake boundaries (Ostrovsky and Yacobi 2010; 120 

Ostrovsky et al. 1996). Sedimentation patterns have been dominated by blooms of the 121 

phytoplankton Peridinium gatunense, even though these blooms have been absent during the 122 

last years. The Jordan River is the main source of water to the lake, and delivers about 80% of 123 

the suspended particle load from the catchment. Inflow of suspended allochthonous matter 124 
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from the Jordan River is highest during winter and spring, and deposition of allochthonous 125 

particles is highest in the area close to the Jordan River inflow (Koren and Klein 2000). 126 

Seiching also affects sedimentation patterns by causing hypolimnetic bottom currents that 127 

resuspend organic particles and nutrients from the sediment surface. Due to frequent 128 

resuspension, sediment experiences significant lateral deposition-resuspension cycles, 129 

resulting in substantial focusing of sediment towards the center of the lake basin (Ostrovsky 130 

and Yacobi 1999).  131 

 132 

Sampling 133 

We conducted two sediment sampling campaigns, one after the establishment of thermal 134 

stratification (30 April – 3 May 2007) and one during holomixis (21 - 28 February 2008). 135 

Sediments were sampled from four sites using a gravity corer. Typically, four replicate cores 136 

were sampled from each site. Three of the sites were above the thermocline and situated at 137 

increasing distance from the Jordan River inlet; the fourth site was in the middle of the lake 138 

(Fig. 1). The characteristics of these sites are presented in Table 1. Hence, these four sites 139 

represent areas of different sedimentological regime with respect to influence from the Jordan 140 

River and oxygen exposure. After retrieval, cores were sealed with plastic caps, stored on ice, 141 

and transported to the lab for immediate analysis of oxygen microprofiles.  142 

 143 

Oxygen microprofiling 144 

Profiles of oxygen concentration in the sediment porewater were measured using oxygen 145 

micro-optodes (tip size <50 µm; PreSens) mounted on a computer-controlled 146 

micromanipulator (Newport) that moved the micro-optodes vertically in step sizes of 0.1 or 147 

0.2 mm. Measurement commenced usually 1 – 2 hours after retrieving the core, and during 148 

this time, the cores were kept cool and dark, hence bottom water oxygen concentrations in the 149 
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core were probably similar to in-situ conditions. For measurement, most of the water 150 

overlying the sediment was carefully siphoned off, leaving about 5 cm of water column above 151 

the sediment. In each core, 2-3 oxygen profiles were recorded. At least two cores from each 152 

site were used for measurement of oxygen profiles. Measurements were conducted as close to 153 

in-situ temperature as possible, and occasionally observed moderate temperature increases 154 

during measurement were not expected to affect the measured profiles to any large extent 155 

during the short time of measurement. The oxygen sensors were calibrated using water-156 

saturated air and an oxygen-free solution (1:1 mixture of 0.1 mol L-1 sodium ascorbate and 157 

0.1 mol L-1 NaOH). Analytical precision was ± 0.5 %. In addition, bottom water oxygen 158 

concentration was determined by Winkler titration. The oxygen penetration depth was 159 

calculated as the difference in distance between the sediment-water interface (defined from 160 

the shape and the standard deviations of the oxygen profile; Archer et al. 1989) and the depth 161 

of onset of anoxia (dissolved oxygen concentration below detection limit).  162 

 163 

Sediment analysis  164 

Sediment was sliced into 1 cm thick slices, at 1 cm intervals for the top 10 cm, every second 165 

cm between 10 and 20 cm depth, and so on. Water content of the sediment was measured by 166 

weighing samples both wet and after freeze drying. Contents of total carbon and nitrogen 167 

were measured by high-temperature catalytic oxidation using a LECO CHNS-932. Inorganic 168 

carbon concentrations were measured on a coulometer after acidification with 2 M perchloric 169 

acid (UIC). The organic carbon (OC) content was then calculated as the difference between 170 

total and inorganic carbon. Analytical precision was ± 1%. 171 

Dry bulk density (ρ) of the sediment was calculated from the OC content (Müller et al. 172 

2005), assuming that the sediment is a two-phase mixture between silicate and carbonate 173 

minerals (density about 2.65 g cm-3) and organic matter (density about 1 g cm-3): 174 
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ρ (g cm-3) = -0.0523 · OC (%) + 2.65       (1) 175 

We also measured the dry bulk density in 12 samples using a pycnometer. The difference 176 

between calculated and measured density was on average 3%, and did not affect the estimates 177 

of OC burial. 178 

From bulk dry density (ρ, g cm-3) and water content (wc, %), we then calculated 179 

porosity (Φ) as follows: 180 

   
))1(( ρ⋅−+

=Φ
wcwc

wc         (2) 181 

Sedimentation rates were determined from depth profiles of 210Pb and 137Cs, analyzed 182 

by gamma spectrometry using germanium detectors (Canberra). At site KI-IN, the depth 183 

profiles of 210Pb and 137Cs could not be used for dating, probably due to the very 184 

heterogeneous sedimentation regime in the vicinity of the Jordan River inlet zone. For the 185 

other sites, we calculated the average sedimentation rate from our own data and published 186 

data, if available (Erel et al. 2001; Stiller 1979; Stiller and Imboden 1986), to better represent 187 

average sedimentation regime at the coring sites (Table 1).  188 

The mineral surface area (MSA) was determined for two layers at each site (0-1 cm 189 

and 4-5 cm) by means of N2 adsorption at -196°C on a Sorptomatic 1990 (Thermo Electron 190 

Corporation), according to the BET method (named after Brunauer, Emmett and Teller 1938). 191 

Organic matter was removed by thermal oxidation at 350°C for 12 hours (Mayer 1999). To 192 

remove water vapor prior to adsorption analysis, each sample was evacuated at 100°C until 193 

pressure was < 0.02 Pa, and then evacuated at 100°C for another 2 h. For calculation of BET 194 

parameters, six points within the linear part of the adsorption isotherm were used.  195 

 We also analyzed the size and elemental composition of mineral particles in surface 196 

sediment at the four sites using Environmental Scanning Electron Microscopy (ESEM) 197 

(Sobek and Kägi, unpublished data). Briefly, a sediment sample is pulled onto a filter after 198 

removal of organic matter, and the filter is then introduced into an ESEM equipped with 199 
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backscattered X-ray detector. Automated image analysis detects, measures the size of, and 200 

records the X-ray spectrum of about 1000 individual mineral particles. From these data, 201 

mineral grain size distribution and abundance of different mineral classes can be derived.  202 

 203 

Calculations 204 

The burial efficiency of organic carbon (OC BE, %) was calculated as the ratio between OC 205 

burial (i.e., mean mass accumulation rate in the sediment, g C m-2 yr-1) and OC gross 206 

sedimentation (i.e., mean mass deposition rate onto the sediment surface, g C m-2 yr-1). OC 207 

burial was calculated from OC content, density and porosity of sediment layers >25 yr old, 208 

and the sedimentation rate. Gross sedimentation was derived from sediment traps using the 209 

mass deposition data from Koren and Klein (2000), which cover all sites of the present study, 210 

and measured OC content in surface sediment. In addition, we also used sediment trap-211 

derived data on mass deposition and loss on ignition derived from a long-term monitoring 212 

program (1998 – 2008) at sites KI-LA and KI-C (Ostrovsky, unpublished data). OC content in 213 

deposited material was calculated by multiplying loss on ignition with 0.5. We also calculated 214 

gross sedimentation from the sum of OC burial and OC mineralization, which gives a 215 

estimate of OC deposition independent of potential sediment trap artifacts (e.g. overtrapping 216 

due to resuspension). OC mineralization (g C m-2 yr-1) at the shallow sites (KI-IN, KI-LA and 217 

KI-TI) was calculated from measured porewater profiles of oxygen using Fick’s first law of 218 

diffusion and a respiratory quotient of 0.9 (Granéli 1979), assuming that oxic respiration is 219 

the main pathway of OC degradation in the permanantly oxygenated shallow sites. Methane 220 

diffusive flux from the sediment to the water constituted at most 3% of oxic OC 221 

mineralization at the shallow sites (derived from methane porewater profiles in 2 cores at each 222 

site, data not shown; for method details, see Sobek et al. 2009), confirming this assumption. 223 

At the deep site (KI-C), we calculated oxic OC mineralization for the three months of 224 
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holomixis from measured oxygen profiles, and anoxic OC mineralization for the 9 months of 225 

stratification from published rates of sulfate reduction and methanogenesis (Eckert and 226 

Conrad 2007; Hadas and Pinkas 1995). Oxygen exposure time was calculated by dividing the 227 

mean oxygen penetration depth by the sedimentation rate.  All errors represent the 95% 228 

confidence interval, calculated using ordinary error propagation. 229 

 230 

Results 231 

The cores taken at the three shallow-water sites were relatively similar in their OC content 232 

(mean 1.6 – 1.9 %), while the core from the deep site (KI-C) had a higher OC content (3.9%; 233 

Table 1). Also in terms of density, porosity and grain size, the shallow sites were similar to 234 

each other (Table 1). Downcore profiles of OC indicate higher levels in the top sediment 235 

layers, with a decline towards deeper sediment layers, except at the site closest to the Jordan 236 

River inlet (Fig. 2). The molar C/N ratio follows the downcore decline in OC at the deepest 237 

site (KI-C), while the C/N ratio exhibits no clear trends over depth at the shallow sites.  238 

 Oxygen penetration depth was generally low in Lake Kinneret, ranging between 1.2 239 

and 3.1 mm (Table 2, Fig. 3). Oxygen penetration depths were generally greater during 240 

mixing, and lower during stratification. In conjunction with sedimentation rates of several 241 

mm yr-1 (Table 1), the overall shallow oxygen penetration depths translated into short oxygen 242 

exposure times (range, 2 – 10 months). 243 

 Mineral phase analyses show that there are clear differences between sediment 244 

deposited close to the Jordan River as compared to other sites. Close to the Jordan inflow at 245 

KI-IN, mineral surface area was roughly twice as high (36.6 m2 g-1) as compared to the other 246 

sites (range, 18.9-20.7 m2 g-1), even though mineral grain size was similar at KI-IN (Table 1). 247 

Also the mineralogical composition of the sediment grains, as determined by environmental 248 

scanning electron microscopy (ESEM), indicated a strong difference between the shallow 249 
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sites, in particular KI-IN, and the central basin (KI-C). The sediment at KI-IN contained a 250 

high share of heavy iron-rich silicates and rutile (titanium dioxide), both of which are of 251 

terrestrial origin. At site KI-C, in contrast, the sediment was richer in light silicates 252 

(containing sodium and potassium) and calcite, which are typical of plankton debris. Sites KI-253 

LA and KI-TI were intermediate in their contents of these groups of minerals (data not 254 

shown).  255 

 Sedimentation rates were highest at KI-IN close to the River Jordan inlet (6.3 mm yr-256 

1), lower at the shallow sites KI-LA and KI-TI (2.0 and 2.8 mm yr-1, respectively), and 257 

intermediate at KI-C (4.5 mm yr-1; Table 1). These differences in sedimentation rate, as well 258 

as in OC content, density and porosity, resulted in different rates of OC burial, ranging 259 

between 15 and 72 g C m-2 yr-1 (Table 3). The OC BE was calculated using either sediment 260 

trap data from different sources, or OC mineralization data. The different estimates of OC BE 261 

were widely variable (range, 4 – 63 %), both between sites and between the different ways of 262 

OC BE calculation (Table 3). These differences are discussed in detail below. 263 

 264 

Discussion 265 

In such a turbulent system as Lake Kinneret, the rate of delivery of new OC to the lake 266 

bottom is difficult to determine. Due to regularly recurring internal waves and seiches, 267 

resuspension is frequently responsible for a large share of particles caught in sediment traps 268 

of Lake Kinneret (Ostrovsky and Yacobi 1999). Hence, using sediment trap data that have not 269 

been corrected for the extent of resuspended sediment caught in the traps returns overly high 270 

OC deposition rates (Ostrovsky and Yacobi 2010), which then yields OC BE values that are 271 

exceedingly low at resuspension-prone sites (e.g. 4% at KI-LA, Table 3). We therefore 272 

corrected the multiannual sediment trap data (available for sites KI-LA and KI-C) using the 273 

proportion of resuspended material in bottom traps as reported by Ostrovsky and Yacobi 274 
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(1999, their Fig. 5). This correction reduces OC deposition rates by 80 and 40% at sites KI-275 

LA and KI-C, respectively, resulting in considerably higher OC burial efficiencies (20% 276 

instead of 4%, and 41% instead of 21% at KI-LA and KI-C, respectively; Table 3); these 277 

values are in better accordance to OC BEs reported from lake sediments receiving 278 

predominately autochthonous OC (Sobek et al. 2009).  279 

 In an attempt to circumvent the problems associated with sediment traps in this 280 

turbulent lake, we also calculated OC deposition rates from the sum of OC burial and OC 281 

mineralization. For the shallow sites, which always are overlain by oxygenated water, we 282 

calculated OC mineralization from oxygen microprofiles, assuming that oxic respiration is the 283 

most important degradation pathway in shallow locations (see Methods). For the deep site 284 

(KI-C), we calculated oxic respiration from measured oxygen microprofiles for the 285 

approximate 3 months of holomixis. For the 9 months of anoxic sediments during 286 

stratification at KI-C, we estimated anaerobic respiration from published rates of sulfate 287 

reduction and methanogenesis (Hadas & Pinkas 1995; Eckert and Conrad 2006), which are 288 

the most important anaerobic degradation pathways in Lake Kinneret. The resulting OC BE 289 

estimates (i.e. OC burial divided by the sum of OC burial and OC mineralization) were 290 

similar to the OC BE estimates calculated from the multiannual trap data, if the latter were 291 

corrected for resuspension (Table 3).  292 

 These calculations may be compared with the initial analysis of OC BE in Lake 293 

Kinneret (Sobek et al. 2009), which used published sediment trap-based dry mass deposition 294 

rates (Koren & Klein 2001), multiplied with the OC content in surficial sediment layers. At 295 

the shallow sites, the three different approaches of calculating OC BE agreed fairly well 296 

(Table 3, Fig. 3), returning burial efficiencies of about 10-30%. At the deep site (KI-C), 297 

however, the OC BE of the initial analysis (63%; Sobek et al. 2009) was considerably higher 298 

than both the burial efficiency calculated from multiannual trap data (if corrected for 299 
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resuspension), and the burial efficiency calculated from OC mineralization (41% and 26%, 300 

respectively). Hence, the two alternatively calculated estimates of OC BE presented here both 301 

indicate that in the initial analysis (Sobek et al. 2009), OC BE at site KI-C was overestimated. 302 

A recent evaluation of sediment trap deployments in Lake Kinneret supports that view, 303 

reporting an OC deposition (unaffected by resuspended matter) of about 173 g C m-2 yr-1 at 304 

KI-C (Ostrovsky and Yacobi 2010), which would return an OC BE at KI-C of about 31%. As 305 

a consequence, an OC BE for KI-C in the range of 26-41% follows the relationship between 306 

oxygen exposure time and OC BE reported by Sobek et al. (2009), as expected for a sediment 307 

that receives OC mainly from plankton debris (Fig. 4).  308 

On the other hand, sediment close to the River Jordan inlet (KI-IN) had much lower 309 

OC BE (~30%) than comparable sites at river mouths in other lakes (e.g. Lake Constance, 310 

~80%; Sobek et al. 2009), where particles deposited onto the sediment originate mainly from 311 

allochthonous sources. The comparatively low OC burial efficiency at KI-IN was 312 

corroborated if alternatively calculated from OC mineralization (29%; Table 3). Our data 313 

suggest that mineral particles at KI-IN are derived from another source than at the other sites, 314 

as indicated by higher mineral surface area and higher sedimentation rate at KI-IN (Table 1). 315 

Further, electron microscope analyses of the mineral particles at the different sites support 316 

that at KI-IN, a larger share of the sediment is derived from allochthonous particles than at the 317 

other sites (see Results). On the other hand, while the mineral particles at KI-IN originate 318 

mainly from riverine input, the organic matter in KI-IN is probably largely derived from 319 

autochthonous sources, as phytoplankton production in the area of the River Jordan inlet is 320 

usually above seasonal means for Lake Kinneret (Ostrovsky and Yacobi 2009). Given that the 321 

organic matter content of sinking plankton debris (mean, 35% at KI-C) is much higher than 322 

that of suspended particles in the River Jordan (4%; Yacobi and Ostrosky 2008; Koren and 323 

Klein 2000), it becomes evident that a substantial share of the organic matter deposited at KI-324 
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IN is of autochthonous origin. Hence, the sediment deposited at KI-IN largely is a mixture of 325 

allochthonous mineral particles supplied from the River Jordan, and autochthonous organic 326 

matter supplied from plankton debris. This could explain the comparatively low OC BE at 327 

this site, as autochthonous organic matter is prone to mineralization rather than burial 328 

(Burdige 2007; Sobek et al. 2009). Accordingly, it seems that organic matter characteristics, 329 

rather than mineral particle characteristics, determine the OC BE at KI-IN.  330 

Based on the above analysis, we conclude that OC BE calculated from either 331 

multiannual trap data corrected for resuspension, or from OC mineralization, give the most 332 

reliable estimates. The OC BE estimates derived from published mass deposition rates (Koren 333 

and Klein 2000) and surface sediment OC content are probably less reliable (Table 3), as the 334 

OC content of surface sediment is lower than that of sinking particles (5% and 18%, 335 

respectively), owing to high mineralization intensity in freshly deposited organic matter 336 

(Ostrovsky 2000). Likewise, using sediment trap data without correcting for resuspension 337 

does not result in reliable results in such a turbulent system as Lake Kinneret. When plotting 338 

the oxygen exposure time against the most reliable estimates of OC BE (Fig. 4), the studied 339 

sites follow the relationship previously described for other lake sediments receiving 340 

predominantly autochthonous input (Sobek et al. 2009). Even though a thorough statistical 341 

analysis is not meaningful due to the relatively short gradient in oxygen exposure time, it 342 

seems that also within Lake Kinneret, oxygen exposure time may affect the burial efficiency 343 

of organic carbon in the sediment; average OC BE seems to be somewhat higher at short 344 

oxygen exposure time at sites KI-C and KI-IN (Fig. 4). Similarly to other lake sediments 345 

dominated by autochthonous organic matter, however, the potential effect of oxygen exposure 346 

time on OC BE at KI-C and KI-IN is not very strong, compared to sediments dominated by 347 

allochthonous OC (Sobek et al. 2009). Alternatively, the relatively long pre-depositional 348 

history of the sediment at KI-C (Ostrovsky and Yacobi 1999) could promote burial, as 349 
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frequent resuspension cycles have been reported to enhance OC mineralization (Hulthe et al. 350 

1998), such that a large share of preferentially preserved (“left-over”) organic matter may be 351 

deposited at KI-C. Further, we can not exclude positive effects on OC BE by organic matter 352 

sorption onto mineral surfaces at site KI-IN (Table 1, Fig. 4). Either way, our analysis shows 353 

that OC BE in Lake Kinneret is relatively similar between the different sites (Table 3), in 354 

spite of their differences in oxygen exposure time and mineral phase characteristics, 355 

indicating that the similar source of OC to all sites may the dominant regulating factor of OC 356 

BE in Lake Kinneret. 357 

In coastal marine sediments, similar effects of organic matter source, resuspension, 358 

and oxygen exposure have been observed. Accordingly, phytoplankton-derived organic 359 

matter is preserved to a smaller degree than is terrestrial-derived organic matter (Burdige 360 

2007), and frequent resuspension cycles and physical reworking of surficial sediment layers 361 

lead to high rates of OC mineralization and low OC BE in coastal deltaic sediments (Aller 362 

1998). On the other hand, very high OC BE in deltaic sediment in the Gulf of Bengal was 363 

attributed to low oxygen availability, implying that even frequent resuspension cycles can not 364 

significantly promote OC mineralization if oxygen exposure time is short (Galy et al. 2007). 365 

Hence, it seems that similar mechanisms affect the preservation and mineralization of organic 366 

matter in both marine and freshwater sediments, even though physical, sedimentological and 367 

geochemical settings may be different. 368 

While our study presents evidence that OC BE in Lake Kinneret sediments is on the 369 

order of 10-40% (Table 3), Eckert and Conrad (2007) found that OC mineralization in the 370 

hypolimnion of Lake Kinneret was comparable to, or even larger, than the OC deposition on 371 

the bottom at KI-C. However, our data clearly show a substantial burial flux at KI-C (Table 372 

3), so the OC deposited onto the sediment can not be completely mineralized, as the results by 373 

Eckert and Conrad (2007) would suggest. This apparent contradiction could be resolved by 374 
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sufficiently high mineralization in the hypolimnetic water column, in accordance with reports 375 

observable degradation of sinking particles in Lake Kinneret (Yacobi and Ostrovsky 2008). 376 

Similarly, only about 20% of the phytoplankton production of Lake Kinneret was exported 377 

from the mixed surface layer to the hypolimnion (Ostrovsky and Yacobi 2010), indicating 378 

that the particles exported from the mixed surface layer are probably sufficiently reactive to 379 

sustain sizeable mineralization rates even in the frequently oxygen-deficient  hypolimnetic 380 

water column.  381 

This study shows that after revisiting OC deposition data by using resuspension-382 

corrected long-term sediment trap data, or by using the sum of OC burial and sediment 383 

mineralization rates, the OC BE in Lake Kinneret sediments turned out to be similar to other 384 

lakes with predominantly autochthonous organic matter sources to the sediment, both in 385 

magnitude (Table 3) and in its relationship to oxygen exposure time (Fig. 4). It further 386 

illustrates the need for different approaches for the accurate estimation of OC deposition in 387 

turbulent aquatic systems, where resuspension can play an important role in the 388 

sedimentological regime. Also, it is important to consider that the sources of mineral particles 389 

and the source of organic matter to bottom sediments may be different, as shown for site KI-390 

IN. Lastly, the similarity of OC BE across sites may be related to the similar OC source to all 391 

sites, namely plankton debris, while the differences between sites in oxygen exposure time 392 

and mineral phase composition did not seem to be important regulators of OC BE in Lake 393 

Kinneret. While these conclusions were reached from a study of Lake Kinneret, it is very 394 

likely that they apply to the sediments of other lakes with similar physical and geochemical 395 

settings. 396 
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Tables 

 

Table 1. Sampling sites, average sediment characteristics, and sedimentation rates in Lake Kinneret. Sedimentation rates were derived from the 

literature and from measured profiles of 210Pb and 137Cs.  

Site °N °E Depth 

(m) 

OC 

(%) 

C/N Dry 

density 

(g cm-3) 

Porosity Mineral surface 

area 

(m2 g-1) 

Median grain 

size (µm) 

Sedimentation 

rate (mm yr-1) 

KI-IN 32.86521 35.53910 7.3 1.6 10.9 2.56 0.70 36.6 0.86 6.3a 

KI-LA 32.86653 35.55168 12.5 1.9 10.8 2.55 0.74 18.9 0.88 2.0b 

KI-TI 32.80383 35.53327 11 1.5 9.1 2.57 0.71 19.6 0.79 2.8c 

KI-C 32.82176 35.58903 40 3.9 12.2 2.45 0.87 20.7 1.08 4.5d 

a average from Stiller (1979) and Stiller and Imboden (1986); b average from Stiller and Imboden (1986) and own data; c own data; d average 

from Stiller (1979), Erel et al. (2001) and own data. 
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Table 2. Oxygen penetration depths (mean ± 95% confidence interval) and oxygen exposure 

time (OET) at different sites in Lake Kinneret. See Table 1 and Fig. 1 for location of sampling 

sites. 

Site Oxygen penetration depth (mm) OET (yr) 

 Stratification 

period Mixing period Annual mean  

KI-IN 1.16 ± 0.42 2.34 ± 0.24 1.88 ± 0.30 0.30 ± 0.05 

KI-LA 1.37 ± 0.56 2.06 ± 0.26 1.72 ± 0.31 0.84 ± 0.15 

KI-TI 1.31 ± 0.33 1.95 ± 0.13 1.63 ± 0.18 0.58 ± 0.06 

KI-C 1.73 ± 0.21 a 3.10 ± 0.23 0.78 ± 0.06  0.17 ± 0.01 b 

a measured after 6 h aeration of overlying water 

b calculated assuming 3 months of mixing and 9 months of anoxia during stratification. 
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Table 3. Organic carbon burial in sediments, deposition onto the sediment as determined by sediment traps, and OC mineralization (all in g C m-

2 yr-1). Burial efficiency (in %) is calculated as burial divided by deposition, or as burial divided by the sum of burial and mineralization. All 

numbers are expressed as mean  ± 95% confidence interval, if applicable. 

Site OC burial    

(g C m-2 yr-1) 

OC deposition  

(g C m-2 yr-1) 

OC mineralization d 

(g C m-2 yr-1) 

OC burial efficiency  

(%) 

 

 

Koren & 

Klein 2000 a 

Multiannual 

traps b 

Multiannual 

traps,  

corrected c  

Koren & 

Klein 2000 

Multiannual 

traps 

Multiannual 

traps, 

corrected 

From 

mineralization 

KI-IN 72 ± 21 231 n.a. n.a. 179 ± 56 31 ± 9 n.a. n.a. 29 ± 11 

KI-LA 23 ± 2 121 564 ± 65 113 ± 13 79 ± 48 19 ± 2 4 ± 1 20 ± 4 22 ± 11 

KI-TI 15 ± 6 77 n.a. n.a. 131 ± 52 20 ± 7 n.a. n.a. 10 ± 5 

KI-C 54 ± 1 85 221 ± 33 132 ± 20 150 ± 35 63 ± 2 24 ± 4 41 ± 6 26 ± 5 

a calculated by multiplying the mass deposition rates reported in Koren & Klein 2000 with organic carbon concentrations measured in the 

topmost sediment layers. 

b data available for two stations during the period 1998-2008. 

c corrected for the proportion of resuspended matter caught in the traps, according to Ostrovsky and Yacobi 1999. 
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d calculated from measured oxygen microprofiles for sites KI-IN, KI-LA, KI-TI and for KI-C during 3 months of holomixis. Anoxic 

mineralization during 9 months of stratification was derived from published rates of sulfur reduction (Hadas & Pinkas 1995) and methanogenesis 

(Eckert & Conrad 2007) in Lake Kinneret.  

 

 



 26 

Figures 

 

 

Fig. 1. Bathymetric map of Lake Kinneret with sampling sites (triangles). KI-IN is at the inlet 

of the Jordan River, KI-LA is close to the Kinneret Limnological Laboratory (KLL), KI-TI is 

close to the town of Tiberias, and KI-C is at the center of the lake. See Table 1 for sampling 

site coordinates and characteristics.  
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Fig. 2. Profiles of organic carbon (circles) and the molar ratio of carbon to nitrogen in organic 

matter (triangles) in Lake Kinneret sediments. a: KI-IN, b: KI-LA, c: KI-LA, and d: KI-C.  



 28 

 

 

 

O2 (mg L-1)

0 2 4 6 8 10

D
ep

th
 (m

m
)

-3

-2

-1

0

1

2

O2 (mg L-1)

0 2 4 6 8 10

D
ep

th
 (m

m
)

-3

-2

-1

0

1

2

a b

c d

 

 

Fig. 3. Examples of oxygen concentration profiles in the sediment porewater of Lake Kinneret 

measured during holomixis. a: KI-IN, b: KI-LA, c: KI-LA, and d: KI-C. The dashed lines 

indicate the sediment-water interface. 
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Fig. 4. Oxygen exposure time plotted against OC burial efficiency, calculated from either 

sediment trap data by Koren & Klein (2000) and surface sediment OC concentration (closed 

circles), or from multiannual sediment trap data corrected for resuspension (open circles), or 

from OC mineralization (open triangles). Error bars denote the 95% confidence interval. The 

lines show the relationships between oxygen exposure time and OC burial efficiency for 

sediments dominated by autochthonous organic matter (dashed line) or by allochthonous 

organic matter (dotted line) according to Sobek et al. (2009). 
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