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2.1 Abstract  

For ocean-climate research, carbonates are extracted from large organic-rich bulk sediments 

for specific geochemical analyses. This is conventionally achieved by time-consuming dry-

oxidation or non-oxidative pre-processing. To significantly shorten sample preparation time 

we designed and evaluated a rapid technique that uses sequential wet-oxidization of bulk 

samples in a hot alkaline 18% H2O2 solution. We successfully tested this wet-oxidation 

technique on multiple bulk aliquots from two sediment trap samples and core top sediments 

that were also processed by dry-oxidation and without oxidation. From all aliquots four 

calcitic foraminifera species and an aragonitic juvenile bivalve from the 250 – 315µm fraction 

were analyzed for size-normalized weight (SNW), δ
18

O, δ
13

C, Mg/Ca and Sr/Ca. In addition, 

these proxies were determined on powdered bulk aliquots from the 150 – 250µm fraction 

processed by wet-oxidation, dry-oxidation and without oxidation. At an initial pH of 8 and 

temperature of 70°C the alkaline H2O2 solution appeared to be most stable and reactive. 

Carbonate dissolution did not occur as no reduction was observed in SNW of the four 

foraminifera species G. ruber, G. trilobus, N. dutertrei, G. bulloides and the aragonitic bivalve 

shells. For sediment traps the δ
18

O and δ
13

C between the three cleaning methods only deviated 

between 0.05 – 0.3‰ compared to 0.1 – 0.6‰ in sediments, with equally small variation in 

Mg/Ca and Sr/Ca ratios (0.1 – 0.4 mmol/mol). Lowest Ba/Ca ratios show that wet-oxidation 

successfully removed organic matter along with residual salts. No significant systematic 
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differences between samples or methods were found but a residual scatter remained, 

particularly in the non-oxidized sediment due to intra-species and intra-shell inhomogeneity. 

Given proper pre-processing, all three techniques performed well with the proposed wet-

oxidation method emerging as a fast technique for extracting carbonate shells from wet, gram-

sized bulk samples. Within three hours wet-oxidation produced clean, dry residues of 

unaltered calcareous shells from batches of four wet bulk samples without time-consuming 

intermediate steps. For Mg/Ca thermometry on time-series sediment trap samples, wet-

oxidation results approached those obtained using the Barker et al. (2003) protocol with 

improved sample recovery. Consequently, the proposed wet-oxidation offers a rapid 

alternative to conventional extraction techniques for carbonate geochemistry. 

 

2.2 Introduction  

The trace element and isotopic composition of biogenic carbonates such as foraminifera shells 

provide estimates of seawater chemistry that are widely used to reconstruct ocean and climate 

variability. Foraminiferal Mg/Ca and δ
18

O, for example, have become established as proxies 

for past seawater temperature (Anand et al., 2003; Elderfield and Ganssen, 2000; Lea et al., 

1999; Nürnberg, 1995) while δ
13

C relates to the carbonate chemistry of seawater and is, as 

such, an important parameter for the paleocarbon isotopic composition of surface waters 

(Spero, 1992; Williams et al., 1977) and as a paleonutrient tracer for past deep water 

circulation (Marchitto and Broecker, 2006). Sr/Ca serves as a temperature proxy in aragonitic 

biocarbonates such as from corals, mollusks and some benthic foraminifera (de Villiers et al., 

1995; Lear et al., 2002; Vasil'ev, 2005). Size-normalized weight (SNW), which is the weight 

of a shell species in a restricted size-fraction, is an indicator of carbonate dissolution that 

reduces shell weight (Rosenthal and Lohmann, 2002) and affects the isotope and Me/Ca 

composition (Elderfield et al., 2002).  

 

In order to analyze foraminifera or bivalve shells for their SNW, stable isotope or 

metal/calcium (Me/Ca) composition, the shells first need to be extracted from bulk samples 

aggregated by organic matter. This requires disintegration of the aggregated organic matter 

while retaining shell integrity. Shell integrity is of primary concern for paleoclimate research 

since representative averages can only be obtained from the analysis of intact specimens. For 

this, shells are picked or sieved from either the wet, organic matter containing bulk samples, 
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or from residues that have been processed by oxidation which also destroys contaminant Mg-

bearing organics such as chlorophyll. We conventionally use dry-oxidation in an oxygen 

plasma Low-Temperature Asher at ~50°C on large bulk aliquots of sediment trap samples for 

carbonate fluxes and proxy validation (Conan and Brummer, 2000; Loncaric et al., 2007), but 

would welcome a more rapid alternative to remove organic matter with similar efficiency and 

also to overcome the potential problem of MgO-precipitation on shell surfaces caused by dry-

oxidation (Mortyn et al., 2005). Upon drying, salts precipitating from interstitial seawater may 

eventually lead to the formation of refractory metal oxides on shells, which can bias Mg/Ca 

paleotemperature analyses (Barker et al., 2003; Boyle, 1983; Martin and Lea, 2002). 

Therefore, any alternative to already established methods needs to rapidly remove organic 

matter, sea salts and additives such as HgCl2 biocide from large, organic matter rich samples. 

 

Previous studies have successfully applied wet-oxidation methods for the disintegration of 

aggregates and coccospheres (Bairbakhish et al., 1999), on abiogenic aragonite (Love and 

Woronow, 1991), synthetic composite samples (Stoll et al., 2001) and botanical samples 

(Uchida et al., 1992). Studies into the removal of entrapped organic matter and fines from 

shell chambers (Barker et al., 2003; Martin and Lea, 2002), or the removal of overgrowth and 

adsorbed phases (Boyle and Keigwin, 1985) focused on the evaluation of cleaning procedures 

after specimens were already isolated from the bulk material. Here we test a novel technique 

for the recovery of calcareous shells from bulk matrix matter using various paleoceanographic 

parameters. We determined the SNW, δ
18

O, δ
13

O, Mg/Ca and Sr/Ca from four species of 

calcitic foraminifera and an aragonitic bivalve retrieved by our new wet-oxidation technique, 

and compared the results for aliquots processed by conventional dry-oxidation and a non-

oxidizing technique. We validated the new wet-oxidation method with analysis of Ba/Ca and 

Fe/Ca ratios as indicator for residual organic and lithogenic matter contamination. With these 

results we evaluate whether wet-oxidation is suited to retrieve carbonate shells from large 

organic-rich samples such as from sediment traps.   

 

2.3 Material and methods 

2.3.1 Analytical methods 

All three methods were tested on two bulk particulate matter samples collected by sediment 

traps moored offshore Somalia at 1000 and 2000m water depth (Conan et al., 2002) and on a 
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coretop sediment from the Mozambique Channel from 2250m water depth. Every sample was 

split into three aliquots with a Folsom splitter having a precision of >95% (Griffiths et al., 

1984; Sell and Evans, 1982). From sediment trap material we used aliquots with a typical dry 

weight of ~200mg which contain 6 – 8mg of organic matter (3 – 4% Corg). From coretop 

sediment we took aliquots of ~2 – 3g dry weight which contain 30 – 40mg of organic matter 

(~1% Corg). The selected sample size is the appropriate quantity needed for foraminiferal shell 

flux, stable isotope and Me/Ca analysis. 

 

To test the cleaning methods we wet-oxidized one aliquot with alkaline 18 % H2O2 (section 

2.3.2), dry-oxidized one aliquot by low-temperature ashing (LTA), (section 2.3.3) and 

processed one aliquot without oxidation as a reference sample (section 2.3.4). We used four 

planktonic foraminifera species (G. ruber, G. trilobus, N. dutertrei and G. bulloides) and a 

juvenile bivalve (sediment traps only) from the 250 – 315µm fraction. Since XRD analysis 

has shown that the bivalve larval shells are aragonitic we included those in the analysis to also 

test the more sensitive aragonite with the three cleaning methods. From each subsplit 

approximately 20 specimens per species were picked (Table 2-1), weighed on a microbalance 

with an accuracy of ±1µg and their SNW calculated (Table 2-2). In addition, powdered 

material from the 150 – 250µm fraction was split into three aliquots and also processed using 

wet-oxidation, dry-oxidation and non-oxidation. From each powder we sub-sampled of a few 

milligrams for bulk stable isotope and bulk Me/Ca analyses (Table 2-1). Both weighed 

specimens and powdered bulk aliquots were analyzed for their δ
18

O, δ
13

C, Mg/Ca and Sr/Ca 

as well as Ba/Ca and Fe/Ca. 

 

Stable isotope composition was measured at the Free University of Amsterdam on a Finnigan 

MAT252 with Kiel II device having a precision of <0.1‰ for δ
18

O and 0.05‰ for δ
13

C. 

Multiple subsamples of 10 – 20µg of pure CaCO3 (Table 2-1), equivalent to one shell of G. 

trilobus to seven shells of juvenile bivalves, were measured against a GICS standard with a 

standard deviation of the mean for replicates of 0.05‰ for both δ
18

O and δ
13

C. Approximately 

0.5 – 1mg of the powdered bulk aliquot (ca. 100µg of CaCO3) was analyzed in duplicates on a 

Finnigan Delta mass spectrometer with a GASBENCH preparation device, at a precision of 

~0.15‰ for δ
18

O and 0.1‰ for δ
13

C. Isotopic ratios of all samples are reported relative to 

VPDB (Vienna PeeDee Belemnite) defined by a δ
18

O value of -2.20‰ and a δ
13

C value of 

+1.95‰ for the NBS 19 carbonate standard.  
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Table 2-1: Number of specimens and analyses for the three extraction techniques for SNW, δ
18

O, δ
13

C and Me/Ca. *Internal precision: single 

measurements over 3 minutes, standard deviation is internally calculated by difference in results over 3x1 minute. ** Before analysis, samples 

were diluted to 10ml with a final CaCO3 concentration of 100ppm. 
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For Me/Ca ratios the sample material was treated according to the Mg/Ca cleaning protocol of 

Barker et al. (2003). Due to the rigorous cleaning, sample loss for G. bulloides was close to 

90% and for the other species 60 – 75%. For optimal results we cleaned 20 specimens from 

sediment traps and, if available, 40 specimens from coretop material.  

 

 

Table 2-2: SNW [µg], δ
18

O [‰], δ
13

C [‰], Mg/Ca [mmol/mol], Sr/Ca [mmol/mol] and 

Ba/Ca [µmol/mol] for the three extraction techniques tested on the foraminifera G. ruber, G. 

trilobus, N. dutertrei and G. bulloides as well as on an aragonitic bivalve from Somalia 

sediment traps and Mozambique Channel coretop sediment. Species-specific measurements 

were done on the 250 – 315µm fraction and on powdered aliquots from traps and sediment in 

the 150 – 250µm fraction. 
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Both the cleaned shells and a 2.2 – 2.4mg subsample of the powdered 150 – 250µm bulk 

residue (Table 2-1) were dissolved in 1000µl of ultraclean 0.1M HNO3, and analyzed by high 

resolution ICP-MS (Thermo Scientific Element-2) equipped with a double-pass spray 

chamber and Teflon microflow nebulizer. Me/Ca ratios were quantified using the ICP-MS 

intensity ratio calibration method of Rosenthal et al. (1999). After calcium determination with 

fast pre-scanning, samples were diluted to 20ppm calcium. Analyses of reference materials 

BAM RS3 and BAS ECRM 752-1 (Greaves et al., 2005) gave Mg/Ca of 0.786 and 

3.737mmol/mol respectively, well within one standard deviation of the mean obtained by 

other laboratories (Greaves et al., 2008; Greaves et al., 2005; Rosenthal et al., 2004). 

Accuracy of Me/Ca ratios were confirmed by inter-laboratory comparison with Cambridge 

University using a Varian Vista axially viewed ICP-OES (Greaves et al., 2005) with standard 

deviations around 0.009mmol/mol that are normally not measured for each individual sample.  

 

2.3.2 Wet-oxidation by alkaline H2O2 

For wet-oxidation we prepared a fresh solution consisting of 420ml 18% H2O2 in 0.024M 

NaOH with a pH of 8 (Figure 2-1) for a batch of 4 samples which can easily be processed 

within three hours. Between 60 to 100ml of alkaline H2O2 were added in steps of 20ml to each 

sample depending on the amount of organic matter based on previous analyses of organic 

carbon and nitrogen content following the procedure of Verardo et al. (1990) modified after 

Lohse et al. (1998; 2000) with carbonate removal for TOC analysis by progressive and 

controlled acidification with HCl. Before wet-oxidation of the sediment trap samples we 

removed the overlying solution with a syringe and flushed the residue into a 250ml HDPE 

bottle with as little MilliQ
®

 water as possible (~10ml) to minimize dilution. After the first 

addition of alkaline H2O2 we observed a strong gas formation transporting sediment upwards. 

Each sample bottle was placed into a 70°C water bath and approximately 20ml of alkaline 

H2O2 solution added. The bottle was gently shaken every 5 – 10 minutes to keep the sample in 

contact with the reagent. Every 10 minutes (or whenever reaction ceased) another 20ml of 

alkaline H2O2 solution were added and the previous steps repeated. After 30 minutes the hot 

solution was poured through a 150µm sieve and the <150µm fraction collected on a 0.45µm 

polycarbonate filter in a glass vacuum filtration unit. If necessary the >150µm fraction 

retained on the sieve was washed back into the bottle and alkaline H2O2 added another 1 or 2 

times until the solution became clear and the sample was freed of organic matter. 
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Figure 2-1: Time-series pH for differently pre-processed samples after adding 5x20ml of 

alkaline 14 % H2O2 solution (pH = 9) to freeze-dried and wet bulk matter from frozen filters 

(both filled triangles) and sample containing interstitial borate-buffered HgCl2 in seawater 

(open circles). This was repeated for aliquots of the same samples in alkaline 18 % H2O2 with 

an initial pH of 8 which all remained constant with time (filled rhomboids). The results are 

contrasted with test solutions of pure 35 % H2O2 (filled circles) and alkaline 14 % H2O2 (open 

rhomboids) with a pH of 9. All solutions were placed in a 70 °C water bath.  

 

The clean >150µm fraction was collected on a 63µm sieve for thorough washing with MilliQ
®

 

water to remove any residual solution and liberate the fines (e.g. clays, coccoliths) and left to 

dry on the sieve (~1h) for further processing (picking, counting, etc.). The filter with the 

<150µm fraction was rinsed thoroughly with MilliQ
®

 water, frozen and archived in Gelman-

Analyslides
®

 for subsequent analyses of e.g. coccoliths and other biocarbonates.  

 

2.3.3 Dry-oxidation by low-temperature-ashing 

The second aliquot of each sample was treated by dry-oxidation in an oxygen plasma Low-

Temperature Asher at ~50 °C (Conan and Brummer, 2000; Loncaric et al., 2007). Before dry-

ashing the samples, seawater with borate-buffered HgCl2 was removed by filtration and 

thorough rinsing with MilliQ
®

 water over a 0.45 µm polycarbonate filter in order to prevent 
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the precipitation of salts upon drying and the subsequent formation of e.g. refractory oxides 

such as MgO on shells which may bias Mg/Ca paleothermometry (Mortyn et al., 2005). The 

residue was separated from the filter by transferring both filter and residue into a 50 ml PP 

centrifuge tube, adding MilliQ
®

 water and vigorously shaking the closed tube to re-suspend 

the residue and remove the filter. The fluffy residue was frozen (-20 °C), freeze-dried for at 

least 48 hours and weighed to determine the dry mass. The dried residue was transferred to a 

Pyrex glass boat, gently broken up and spread, before placing it in the ICN Tracer Lab Asher. 

About every eight hours the residue was reshuffled until it was fully ashed, taking up to a 

week to complete.   

 

2.3.4 Non-oxidative processing 

The third aliquot of each sample, the non-oxidized reference material, was washed extensively 

with MilliQ
®

 water only over a 63µm sieve to remove organic matter, clays, sea salt and 

additives. Any remaining aggregated organic matter was removed manually, and the wet 

material checked under the microscope for entangled foraminifera or bivalves which were 

returned to the reference material. After removal of all visible organic matter the sample was 

washed again with MilliQ
®

 water and left to dry on the sieve. The <63µm fraction containing 

e.g. juvenile foraminifera, coccoliths and siliceous diatoms, is lost for (paleo-) climate 

research in this rather time-consuming non-oxidative process.   

 

2.3.5 Testing the alkaline H2O2 solution  

Commercially available 35 % H2O2, such as the Baker
®

 35 % hydrogen peroxide we used, is 

stabilized by maintaining acidic conditions (pH = ~3) which causes severe carbonate 

dissolution if applied directly to calcareous sediments. To prevent dissolution we initially 

increased the pH to 9 using sodium hydroxide (100ml 0.5M NaOH to 200ml 35 % H2O2 

diluted with 200ml MilliQ
® 

water). Contrary to initial concerns about declining pH with time 

from organic matter oxidation due to evolving acidic gases (COx, NOx, SOx), the pH in the 

solution increased from 9 to around 12 after 40 – 200 minutes at 80 °C, near the reagents pKa 

at 11.6 (Xiang and Lee, 2000) where it became steady (Figure 2-1). The pH rose faster in the 

diluted H2O2 solution without added sample material than in the sediment trap samples which 

contained interstitial borate-buffered seawater (Figure 2-1).  
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A high pH may not only cause dissolution of siliceous components in the sample, or 

precipitation of metal salts on carbonates (Hoffman and Fletcher, 1981; Martin, 1954) but also 

promotes the escape of gaseous H2O2 and significantly lowers its reactivity (Mikutta et al., 

2005; Xiang and Lee, 2000). It has been reported that only 5 – 20 % of organic matter is 

removed at a pH of 9 or higher, while 50 – 90 % of the organic matter is removed if the pH of 

the solution is kept below 8 (Hastings et al., 1998; Hosking, 1932). However, for our samples 

we require a pH of 8 or higher to prevent dissolution of the carbonates. Therefore we prepared 

a 0.024 M NaOH 18 % H2O2 solution with pH = 8 (20 ml 0.5 M NaOH plus 200 ml 35 % 

H2O2 and 200 ml MilliQ
® 

water). During experiments using this solution, the pH remained 

constant within precision of the pH indicator strips for the 200 min period of the experiment 

(Figure 2-1) and retained the highest possible reactivity (Hastings et al., 1998). Heating the 

water bath to 70 °C rather than 100 °C sufficient to significantly shorten the reaction time 

(Schultz et al., 1999) and to maintain sample integrity.  

 

Evaluation and validation of our wet-oxidation method is based on comparing the SNW, δ
18

O, 

δ
13

C, Mg/Ca and Sr/Ca of four foraminifera species, a bivalve species in the 250 – 315 µm 

fraction and a powdered bulk sample in the 150 – 250 µm fraction to the aliquots processed 

with and without dry-oxidation. For cleaning efficiency we compared Ba/Ca values as an 

indicator for organic matter contamination and Fe/Ca for lithogenic matter contamination. 

Performance was judged with the Student’s t-test (Table 2-3). As the Null-Hypothesis for the 

Student’s t-test we defined that the differences between the aliquots pre-processed by wet-

oxidation, dry-oxidation and non-oxidation are due to random scatter. Finally, we assessed 

interlaboratory differences between the laboratories at NIOZ and at Cambridge University 

with regard to instrumental precision and cleaning protocols for Mg/Ca paleothermometry.  

 

 

2.4 Results  

2.4.1 Size-normalized weight 

No systematic difference in shell weights between methods was found in any of the species 

analyzed in the 250 – 315µm fraction (Figure 2-2). Average shell weights of foraminifera in 

sediment traps range from 6.4 – 7.4µg for G. bulloides to 11.2 – 14.7µg for N. dutertrei.  
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Figure 2-2: Size-normalized weight of G. ruber, G. trilobus, N. dutertrei, G. bulloides and a 

bivalve in the size fraction 250 – 315 µm show no systematic difference between methods (Ref 

= non-oxidative processing, LTA = dry-oxidation, H2O2 = wet-oxidation). Specimens from 

sediments are heaviest and show most sample inhomogeneity. Error bars show the variability 

between multiple batches of 20 specimens.   

 

Larval bivalves from sediment traps have a range in SNW of 3.0 – 7.3µg. Coretop 

foraminifera from the Mozambique Channel are up to 35% heavier than shells from the same 

species collected by the Somalia sediment traps. In most of the weighed samples, specimens 

treated with dry-oxidation are closest to the general mean, and specimens treated with wet-

oxidation are slightly but not significantly heavier (Table 2-2, Table 2-3). From 14 

determinations of SNW (four foraminifera species in three different samples and one bivalve 

species in two samples), six give highest weights for wet-oxidation, five for dry oxidation and 

three for non-oxidation. This suggests that the fragile carbonate shells did not dissolve in 

concentrated alkaline H2O2 as reduced shell weights would have implied (Figure 2-2). Partial 

dissolution tends to decrease the stable isotope values and Me/Ca ratios of carbonate shells 

(Brown and Elderfield, 1996) and might bias paleothermometry. Rather, intra-specific 
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variation seems to dominate shell weight variability, as no systematic difference between 

methods was found in any species.  

 

 

Table 2-3: Results of Student’s t-test performed on data from sediment traps showing the 

standard deviation of each method from the mean. The H0 assumes that values are equally 

good. Highlighted fields meet the 90% confidence level requirement. 

 

2.4.2 Stable isotopes (δ
18

O and δ
13

C) 

For all species from sediment traps the variability in δ
18

O between methods was close to 

measurement precision and ranged between 0.05 and 0.3‰ (Figure 2-3, Table 2-1), 

corresponding to a difference in calcification temperature of 0.5 – 1.2°C and a ∆T of 0.7°C. 

For δ
13

C the intraspecific difference is even smaller (0.1 – 0.2‰), (Figure 2-3).  

      

Figure 2-3: δ
18

O and δ
13

C of four foraminifera species and an aragonitic bivalve from traps 

(filled triangles and rhomboids) and coretop sediment (open circles) treated by non-oxidative 

processing (Ref), dry-oxidation (LTA), wet-oxidation (H2O2). Error bars indicate results of 

multiple samples. Measurement precision is 0.1‰ for δ
18

O and 0.05‰ for δ
13

C.  
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For both δ
18

O and δ
13

C interspecies differences are constant and range from 0‰ (bivalves) to 

-2.2‰ (G. bulloides) and -1.9‰ to 1‰, respectively. For the aragonitic bivalves, the 

variability between the three cleaning methods is extremely small, ranging between 0.1 – 

0.2‰ for both δ
18

O and δ
13

C with one outlier at 0.4‰ (MST9, F3 – LTA). Cleaned specimens 

from coretop sediments show a higher variability of 0.1 – 0.6‰ in δ
18

O and 0.1 – 0.5‰ in 

δ
13

C, apart from an outlier for the rare G. bulloides of 0.7‰ for both δ
18

O and δ
13

C. Again, 

there seems to be no systematic difference related to the specific cleaning methods in either 

δ
18

O or δ
13

C.  

Stable isotopes were also determined on powdered bulk aliquots from the 150 – 250µm 

fraction after material from 250 – 315µm fraction was exhausted (Figure 2-4). Apart from 

carbonates, the bulk sediment and particulate matter fluxes consist mainly of silicates and 

organic matter.  

 

Figure 2-4: Method intercomparison of powdered bulk aliquots for δ
18

O (filled circles), δ
13

C 

(open triangles), Mg/Ca (open squares) and Sr/Ca (filled rhomboids) in the 150 – 250µm 

fraction treated by non-oxidative processing (Ref), dry-oxidation (LTA), wet-oxidation 

(H2O2). Symbol size is larger than analytical precision (Table 2-2).  
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Bulk coretop sediment and the bulk aliquot from MST8-A3 show closest similarity between 

the three cleaning methods (Figure 2-3) with variations of <0.4‰ in δ
18

O and between 0.1 – 

0.6‰ for δ
13

C. Variation in bulk aliquots from sediment trap MST9-F3 is higher, with 

differences of up to 0.7‰ for δ
18

O and 0.8‰ for δ
13

C (Figure 2-3, Table 2-2). 

 

2.4.3 Me/Ca ratios 

Mg/Ca measurements of sediment trap and coretop foraminifera show a 0.1 – 0.3 mmol/mol 

difference which corresponds to a temperature variation of 0.3 – 1.1°C (Anand et al., 2003), 

with one outlier each for G. bulloides of 0.6mmol/mol and for the bivalves of 0.8mmol/mol 

(Figure 2-5). Sr/Ca shows only slight variation between cleaning methods of 0.1 – 0.4 

mmol/mol in foraminifera from both sediment traps and coretop sediment. Aragonitic 

bivalves which have a higher affinity for Sr than the calcitic foraminifera exhibit a slightly 

enhanced variability of 0.2 – 0.4mmol/mol in Sr/Ca ratios (Figure 2-5). However, no 

systematic difference between cleaning methods was observed for species ratios ranging 

between 0.8mmol/mol for bivalves to 6.0mmol/mol for G. bulloides in Mg/Ca and 

1.3mmol/mol to 2.6mmol/mol in Sr/Ca for N. dutertrei and the bivalves, respectively.  

       

Figure 2-5: Mg/Ca and Sr/Ca ratios in four foraminifera species and an aragonitic bivalve in 

the 250 – 315µm fraction from sediment traps (MST8-A3 and MST9-F3) and coretop 

sediment (MOZ sed) which were treated by non-oxidative processing (Ref), dry-oxidation 

(LTA), wet-oxidation (H2O2). Symbol size is larger than analytical precision (Table 2-2).  



        Wet oxidation of organic matter 

 

53 

More ambiguous are the Mg/Ca results for the powdered bulk aliquots from the sediment 

traps that show a large standard deviation of almost 1.5mmol/mol from the mean of the three 

methods (Figure 2-4, Table 2-2). Shells processed only by sieving (non-oxidation) Mg/Ca 

ratios of >5mmol/mol whereas wet- and dry-oxidation resulted in lower values of around 

4mmol/mol. Bulk aliquot Sr/Ca has least variation in trapped material from MST8-A3 and 

coretop sediment of often less than 0.1mmol/mol, close to HR-ICP-MS precision. However, 

Sr/Ca in trap material from MST9-F3 is rather high and shows a variation of 2.5mmol/mol. 

 

Ba/Ca results show a significant scatter between the three cleaning methods with the non-

oxidation (reference) method usually exhibiting highest values in MST8 and MST9 (Figure 2-

6, Table 2-2). Most values range between 1 and 10µmol/mol with several outliers at 25 and 

48µmol/mol (non-oxidation G. bulloides and juvenile bivalves) and for the Mozambique 

Channel sediment at 16 and 26µmol/mol (non-oxidation and dry-oxidation N. dutertrei).  

 

Figure 2-6: Ba/Ca ratios in four foraminifera species and in a juvenile aragontic bivalve in 

the 250 – 315µm fraction from sediment traps (MST8-A3 and MST9-F3) and coretop 

sediment (MOZ sed) which were treated by non-oxidative processing (Ref), dry-oxidation 

(LTA), wet-oxidation (H2O2). Symbol size is larger than analytical precision (Table 2-2). 
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In comparison with other studies, Ba/Ca values are similar (Boyle, 1981) or rather high (Hall 

and Chan, 2004). Wet-oxidation exhibits highest Ba/Ca values only in one case (MST9-A3, 

G. bulloides); but otherwise remains close to values measured following non- and dry-

oxidation. For coretop sediment wet-oxidation seems less effective than for sediment trap 

samples perhaps from resistant mineral coatings as infills were removed. However, Fe/Ca 

ratios were below 100µmol/mol in all sample shells indicating minimal contributions by 

metal-oxide surface coatings (Barker et al., 2003). 

 

2.4.4 Interlaboratory comparison  

To detect inter-laboratory differences between laboratories at NIOZ and Cambridge 

University we applied our wet-oxidation technique to 80 handpicked N. dutertrei specimens 

obtained from sediment trap samples in the 250 – 315µm fraction and split into six aliquots (A 

– F). After wet-oxidation and splitting we prepared a set of two aliquots (A+B) according to 

the Barker et al. (2003) protocol for Mg/Ca thermometry at the NIOZ, a second set (C+D) 

according to the Barker et al. (2003) protocol at Cambridge University and a third (E+F) that 

was not cleaned any further and was thus processed only by wet-oxidation.  

 

     

 

Figure 2-7: Interlaboratory comparison of Mg/Ca and Ba/Ca with respect to instrumental 

analysis (a) and cleaning procedure (b) between the laboratory at NIOZ and Cambridge 

University. Symbol size is larger than analytical precision (Table 2-4).  
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One aliquot of each set was analyzed by HR-ICP-MS at the NIOZ and the other by ICP-OES 

at Cambridge University. Results from all three sets show that instrumental differences are 

extremely small for Mg/Ca and Sr/Ca and only range between 0.002 – 0.05mmol/mol (Figure 

2-7, Table 2-4). Ba/Ca and Fe/Ca show that all three sample sets from sediment traps are 

sufficiently free of organic and lithogenic matter with no clear improvement after additional 

cleaning with the Barker et al. (2003) protocol (Figure 2-7). Similar results were obtained for 

Mn, U, Cd and Li (for data see http://www.pangaea.de).  

 

Application of the Barker et al. (2003) protocol yielded significant but unsystematic scatter in 

foraminiferal Me/Ca between sets cleaned at NIOZ (A+B) and Cambridge University (C+D) 

compared to aliquots that have been only treated by wet-oxidation (E+F), (Figure 2-7, Table 

2-4). The scatter in sample #9 is large (~0.5mmol/mol) with higher Mg/Ca in the NIOZ 

cleaned sample aliquots (A+B) than those cleaned in Cambridge (C+D) but in sample #12 the 

reverse is observed. For sample #6 the wet-oxidized aliquots (E+F) show maximum Mg/Ca 

values and the Cambridge cleaned aliquots (C+D) minimum values with only a small scatter 

of ~0.2mmol/mol. Specimens from samples that were only extracted by wet-oxidation (E+F) 

show less extreme Mg/Ca ratios than specimens from aliquots that were cleaned according to 

the Barker et al. (2003) protocol.  

 

Table 2-4: Results from instrumental and cleaning method intercomparison. Foraminiferal 

shells from sediment traps have been prepared with and without the Barker et al. (2003) 

cleaning protocol and measured at both Cambridge University and the NIOZ (tests A – F). 

Mg/Ca is given in mmol/mol and Ba/Ca in µmol/mol.  
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The enhanced scatter in Mg/Ca in all sample sets suggests that sample heterogeneity is 

involved more than differences arising from specific processing techniques. We expected 

intra-shell inhomogeneity for Mg/Ca values in sample sets that were only wet-oxidized due to 

organic matter, clay and sea salts trapped in the intact shells. However, the wet-oxidation 

technique performed equally well for sediment trap samples to remove contaminations 

interfering with sensitive geochemical analysis of individual shells (Figure 2-7). This strongly 

indicates that wet-oxidation sufficiently and rapidly removed both external and internal 

organic matter contaminants from carbonate shells found in sediment traps at no sample loss. 

 

2.5 Discussion 

All three methods produced similar results on a suite of sensitive parameters, within analytical 

precision and sample homogeneity (Table 2-3). This suggests that many of the purported 

analytical problems in any method, such as the formation of MgO from residual salts and/or 

organic matter may have resulted from earlier pre-processing of the material (Lea et al., 1999; 

Love and Woronow, 1991; Lynch-Stieglitz et al., 2007; Martin and Lea, 2002). None of the 

three methods tested here show any systematic significant deviation from the calculated mean. 

Apart from being rapid, an intrinsic advantage of the wet-oxidation method is that it can be 

directly applied to a wet sample and removes contaminant organic matter together with sea 

salts effectively. In contrast to time-consuming dry-oxidation by LTA, no intermediate steps 

are necessary such as the lengthy filtration of the raw sample aliquot, subsequent freezing and 

freeze-drying. Using the rapid and accurate wet-oxidation method the >150µm fraction of a 

batch of four or more samples is usually processed and ready for picking within three hours. 

For sediment trap samples the new wet-oxidation method proved to be particularly efficient 

with respect to sample turn-over and recovery for subsequent geochemical analysis.  

 

Most variance found in δ
18

O, δ
13

C and Me/Ca appears to be introduced by intra-species and 

intra-shell variation. Due to shell material requirements we often could only analyze three to 

four specimens in multiple analyses per sample and method for stable isotope composition, 

compared to a total of 20 to 40 foraminifera per analysis for Me/Ca ratios (Anand et al., 2003; 

McConnell and Thunell, 2005; Pak et al., 2004). Data show smoother results for Me/Ca than 

for the stable isotopes (Figure 2-3, Figure 2-5), demonstrating that sampling an unequal 

number of shells per analysis evens out shell to shell heterogeneities to different extents. 
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Samples with very few specimens e.g. for rare G. trilobus in sediment trap MST8 – A3 and G. 

bulloides in the coretop sediment show enhanced variation in both isotope and trace element 

composition. This illustrates that also for sediment traps a minimum of 20 specimens per 

measurement should be used to minimize effects of sample heterogeneity (Anand et al., 2003; 

Klinkhammer et al., 2004).  

 

In order to minimize contamination for Mg/Ca paleothermometry Barker et al. (2003) 

developed a rigorous cleaning protocol, designed to optimize removal of sedimentary clays 

and silicate material commonly found in coretop sediments. When applied to fragile sediment 

trap shells such rigorous cleaning resulted in enhanced weight losses of up to 90% compared 

to shells from sediment with weight losses of around 50 – 60%. However, such intensive 

cleaning is unnecessary for sediment trap shells that are without mineral coatings and 

entrapped clays in shell chambers as found in core sediments. Results for wet-oxidized shells 

from sediment traps show less variability in Mg/Ca than shells additionally cleaned using the 

Barker et al. (2003) protocol. Small variability in e.g. Ba/Ca shows that for organic-rich 

sediment trap samples the wet-oxidation method not only extracted carbonate shells >150µm 

but also removed both external and internal organic matter contaminants without any sample 

loss. A less rigorous cleaning protocol applied on fresh and fragile shells prevents CaCO3 

dissolution (Klinkhammer et al., 2004) increasing the sensitivity of Me/Ca analysis and also 

excludes any potential interferences by intra-shell heterogeneity as shell integrity is retained. 

Shells from core sediments require more rigorous cleaning since mineral coatings and 

sediment infills with e.g. coccoliths and clays are much more likely.  

 

2.6 Conclusions 

The proposed wet-oxidation technique provides a fast and effective alternative to conventional 

dry-oxidation by LTA for extracting calcareous shells from raw, wet bulk sediment trap and 

core samples (>150µm) for ocean climate research. For SNW, δ
18

O, δ
13

C and Me/Ca wet-

oxidation shows equally accurate results as other extraction techniques but is far less time-

consuming. Within three hours we were able to process batches of four or more samples of up 

to 3g of bulk sample material without violating shell integrity. Wet-oxidation also removes 

interfering contaminants from individual shells and preserves the <150µm fraction for further 
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analyses. For core-derived shells further rigorous cleaning is required but for sediment traps 

wet-oxidation alone may allow for improved Mg/Ca thermometry.  

 

2.7 Appendix  

NIOZ protocol for a stepwise OM removal procedure by wet-oxidation for large bulk samples  

[1]   Prepare 420ml alkaline H2O2 solution from 20ml 0.5M NaOH, 200ml 35%H2O2 and 

200ml ultrapure MilliQ
®

 [= 0.024M NaOH/18% H2O2 solution with a pH of 8].  

[2]   For sediment trap samples remove all supernatant solution (borate buffered HgCl2 in 

seawater) with a syringe.  

[3]   Flush residue with pure water (~10ml) into a >250ml polyethylene bottle. 

[4]   Place bottle in 70°C water bath after 1 – 2 minute reaction time with water at room 

temperature. 

[5]   Add ~20ml of alkaline H2O2 solution. 

[6]   Agitate sample every 5 – 10 minutes to ensure that it stays in contact with alkaline    

 H2O2. 

[7]   Add another ~20ml of alkaline H2O2 after 15 minutes. 

[8]   Repeat steps (4) – (6) another 3 times. 

[9]   Remove bottle from hot water bath. 

[10] Pour sample over a 150µm stainless steel sieve that has been placed on top of a funnel 

sitting on a vacuum filtration device with a 0.45µm polycarbonate filter. 

[11] Wash residue on sieve carefully with pure water, collecting the <150µm fraction on the 

filter.  

[12] If >150µm fraction is not oxidized, repeat steps (3) – (7). 

[13] Filter all <150µm (partially oxidized) residue and rinse with pure water to remove all 

alkaline H2O2 solution from shells. 

[14] Transfer wet filter to Gelman Analyslide and freeze.  

[15] If >150µm fraction is fully oxidized, flush sample over a 63µm sieve and rinse it 

carefully with pure water to remove all alkaline H2O2 solution from shells. 

[16] Dry clean >150µm residue on 63µm sieve (~1h). 
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