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4.1 Abstract 

Accurate sea surface temperature (SST) proxies are important for understanding past ocean 

and climate systems. Here, we examine material collected from a deep-moored sediment trap 

in the Mozambique Channel (SW Indian Ocean) to constrain and compare both inorganic 

(δ
18

O, Mg/Ca) and organic ( '

37

kU ,TEX86) temperature proxies in a highly dynamic 

oceanographic setting for application in paleoceanography. This site displays a significant 

annual SST variation of 5.2 °C. In addition, high-resolution time-series current velocity data 

from long-term moorings (2003 – present) deployed across the Mozambique Channel reveals 

the periodic migration of four to six meso-scale eddies through the channel per year. These 

meso-scale eddies strongly influence water mass properties including temperature and 

salinity. Despite the dynamic oceanographic setting, fluxes of the surface-dwelling planktonic 

foraminifera G. ruber and G. trilobus follow a seasonal pattern. Temperatures reconstructed 

from G. ruber and G. trilobus δ
18

O and Mg/Ca closely mirror seasonal SST variability and 

their flux-weighted annual mean SSTs of 28.1 °C and 27.3 °C are in close agreement with 

annual mean satellite SST (27.6 °C). The sub-surface dwelling foraminifera N. dutertrei and 
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G. scitula recorded high-frequency temperature variations that, on average, reflect conditions 

at water depths of 50 – 70 m and 200 – 250 m, respectively. Concentrations and fluxes of 

organic compounds (alkenones and crenarchaeol) display no or only moderate seasonality but 

flux weighted means of the associated temperature signatures, '

37

kU  and HTEX 86  of 28.3 °C and 

28.1 °C, respectively, also closely reflect mean annual SST. We analyzed all time-series data 

using multiple statistical approaches including cross-correlation and spectral analysis. Eddy 

variability was clearly expressed in the statistical analysis of physical oceanographic 

parameters (current velocity and sub-surface temperature) and revealed a frequency of 4 to 6 

cycles per year. In contrast, statistical analysis of proxy data from the sediment trap did not 

reveal a significant coupling between eddy migration and organic compound fluxes or 

reconstructed temperatures. This is likely a result of the relatively low resolution (21 days) 

and short (2.5 years) duration of the time series, which is close to the detection limit of the 

eddy frequency.   

 

4.2 Introduction 

In order to understand past ocean and climate systems, proxies are needed that accurately 

record environmental conditions (Elderfield, 2002). Several organic and foraminiferal 

temperature proxies have been established (e.g. Erez and Luz, 1983; Nürnberg et al., 1996; 

Schouten et al., 2002b) and subsequently fine-tuned to ambient surface ocean temperatures 

(e.g. Müller et al., 1997; Sadekov et al., 2008; Spero et al., 1997). The temperature proxies 

generally used can be broadly divided into two groups; those obtained from calcareous 

microfossils and those from organic compounds. Together they allow for a multi-proxy 

approach for the reconstruction of past environmental conditions. Foraminifera record 

temperatures via the changing 
18

O/
16

O (Bemis et al., 1998; Emiliani, 1955; Shackleton and 

Vincent, 1978) and Mg/Ca ratios (Nürnberg et al., 1996) of their calcite shells. The '

37

kU  index 

(Prahl et al., 1988) is based on the ratio of long-chain di- and tri-unsaturated ketones produced 

by haptophyte algae (Brassell et al., 1986), which increases with increasing growth 

temperature. Another organic geochemical SST proxy is the TEX86 index (Schouten et al., 

2002), which is derived from the distribution of several different glycerol dialkyl glycerol 

tetraethers (GDGTs) produced by Marine Group 1 Crenarchaeota (Thaumarchaeota), 

organisms that are ubiquitous in marine environments (Sinninghe Damsté et al., 2002). 
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The underlying prerequisite for all these proxies is that temporal coupling between the 

different signal carriers is maintained upon deposition and burial in the sediment. For 

foraminiferal shells this coupling between the water column and ocean floor is strong since 

foraminifera are less affected by ocean current transport due to their relatively fast sinking 

speeds (Gyldenfeldt et al., 2000; Takahashi and Bé, 1984), especially in the frequently used 

larger grain sizes (>250µm). In contrast, organic proxies can be strongly affected by current 

advection and subsequent lateral transport over long distances (Benthien and Müller, 2000; 

Rühlemann and Butzin, 2006; Thomsen et al., 1998). This process could cause a mismatch 

between reconstructed temperatures from sedimentary foraminifera and organic proxies (Lee 

et al., 2008; Saher et al., 2009; Sicre et al., 2005). The effect of currents has also been 

documented by differing radiocarbon ages of foraminifera alkenones and GDGTs in surface 

sediments (Mollenhauer et al., 2007). Additionally, varying current effects have been noted 

on the same proxy: '

37

kU  values of sinking particles were found to differ from those of 

suspended particulate matter (Hamanaka et al., 2000). 

In this study, we compared different temperature proxies from a time-series sediment trap 

with satellite SST to establish how each proxy records temperature changes in the 

Mozambique Channel and how they are affected by strong current transport. In the 

Mozambique Channel, two major driving forces periodically occur that might influence the 

different temperature proxies; annual SST variation and eddy-induced transport. In order to 

determine the differential effects of these variables on particle fluxes and paleotemperature 

proxies, the Mozambique Channel offers a unique setting because it has a relatively large 

annual temperature gradient of 5.2 °C and four to six fast-rotating eddies migrate through the 

channel every year (Harlander et al., 2009; Schouten et al., 2003). In addition, other surface 

water conditions that can affect some of the proxies are rather stable including salinity 

(Donohue and Toole, 2003) and the δ
18

O of seawater (Zinke et al., 2008). As this study is 

embedded in the Long-term Ocean Climate Observation (LOCO) program (de Ruijter et al., 

2004; Palastanga et al., 2006), we can assess highly resolved long-term measurements of 

temperature, salinity and current transports for the Mozambique Channel, allowing us to link 

them with the flux patterns of inorganic and organic particles and the temperature proxies 

δ
18

O, Mg/Ca, '

37

kU and TEX86.   
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4.3 Oceanographic setting  

The Mozambique Channel hydrography is strongly dominated by the southward migration of 

fast-rotating, meso-scale eddies. These eddies form at ~10 °S off the East-African coast after 

the bifurcation of the South Equatorial Current (Figure 4-1). Satellite altimetry has shown that 

Mozambique Channel eddies can exceed 300 km in diameter (Schouten et al., 2003), have 

high rotational velocities often above 1.5 m/s and cross through the channel at a mean 

frequency of about four to six per year before joining the Agulhas Current.  

  

Figure 4-1: a) The study area in the Mozambique Channel with the mooring locations 

indicated by the black dots and numbers (4, 5, 5A, 6, 7, 8 and 9). Channel depth is shown by 

the 500 m isobars. The black box in enlarged map roughly indicates the area from which 

satellite data were used. b) Cross-section of the Mozambique Channel showing bathymetry 

with mooring arrays indicating the instrument positions and depths with 9 upwards facing 

Acoustic Doppler Current Profilers (ADCP), 16 recording current meters (RCM), 23 

conductivity temperature depth sensors (CTD) and a consecutively moored sediment trap 

(between moorings 5 and 5A). 

 

Backeberg and Reason (2010) suggested that the formation of meso-scale eddies in the 

Mozambique Channel is connected to variability in South Equatorial Current transport 

whereas Harlander et al. (2009) argue that formation of eddies is due to Rossby waves 

migrating at the eigenperiod of the Mozambique Channel. Ongoing current observations 

beginning in November 2003 with a large array of eight moorings across the narrowest part of 

the channel (Figure 4-1) indicate a mean southward transport of 17 Sv, with large fluctuations  

ranging between 45 Sv northward to 65 Sv southward with a deep undercurrent flowing 
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northwards along the continental slope (de Ruijter et al., 2002; Harlander et al., 2009; 

Ridderinkhof et al., 2010). These long-term observations also provide in situ evidence that 

eddies occasionally reach the 2.5 km deep channel bottom thereby likely affecting lateral and 

vertical transport.  

 

4.4 Material and Methods 

4.4.1 Instrumental data   

Within the LOCO program we monitored current velocities along a transect across the 

Mozambique Channel with 9 upwards facing Acoustic Doppler Current Profilers (ADCPs) 

and 16 Recording Current Meters (RCMs) moored at specific depths from November 2003 to 

December 2009 at 30 minute resolution (Figure 4-1). Current velocity data were low pass 

filtered with a 3.5 day Butterworth filter and sub-sampled daily. We here describe current 

velocities in North – South direction (velocity v) since it is the dominant flow direction in the 

channel (Schouten et al., 2003). For this study, we used current velocity v and temperature 

data at 110 m, water depth recorded by an ADCP and a CTD deployed on mooring 5A (16.8 

°S, 41.1 °E) which is closest to the trap site (see section 3.2; Figure 4-1). Additionally, time-

series temperature data are available for 200 m water depth from the same mooring. From 

these time-series we calculated daily averages to eliminate periodicities of less than a day 

such as tides.    

For the SST time-series, we obtained weekly averaged re-analyzed Reynolds SST from the 

Giovanni database for the area 16 – 17 °S and 40 – 41 °E (trapsite) for the period from 

January 1997 to December 2009 (http://nomad1.ncep.noaa.gov/cgi-bin/pdisp_sst.sh). For 

surface-mixed layer depth (SML-depth) and chlorophyll a, we used daily averages for the 

trapsite (see section 3.2) from January 1997 to December 2006 that were obtained from the 

NASA satellite remote sensing database (http://gdata1.sci.gsfc.nasa.gov/daac-

bin/G3/gui.cgi?instance_id=ocean_ model_day). 

 

4.4.2 Sediment trap moorings 

At 16.8 °S and 40.8 °E in the central Mozambique Channel nearby the aforementioned 

mooring 5A, we deployed four consecutive time-series sediment trap moorings (Figure 4-1). 

Each time the Technicap PPS 5 sediment trap, with a baffled collecting area of 1m
2
 and a 24-
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cup automated sampling carousel, was positioned at 250 m above the channel floor at 2250 m 

water depth (Figure 4-1). Prior to deployments, sample cups were filled with a HgCl2 -

poisoned and borax-buffered solution of seawater collected from the deployment depth 

(Loncaric et al., 2007). The sediment traps were programmed to a 21 day sampling interval. 

Here, we examined the foraminiferal proxies for a 2.5 year period and the organic proxies for 

a 3.5 year period. Organic carbon concentrations were additionally analyzed on the most 

recently recovered time-series, which was programmed to a higher resolution of 17 days (also 

see results and discussion).  

 

4.4.3 Foraminiferal analysis  

Time-series sediment trap samples were wet-split and foraminiferal shells cleaned as 

described by Fallet et al. (2009; 2010). Shells from N. dutertrei (d’Orbigny, 1839) and G. 

scitula (Brady, 1882) were handpicked from the 250 – 315 µm fraction. Both species have 

been shown to consistently live at the bottom of or below the surface-mixed layer (Fairbanks 

et al., 1982; Sautter and Thunell, 1991). Each species was analyzed for shell flux and δ
18

O 

and Mg/Ca. For details on δ
18

O and Mg/Ca sample preparation and analysis see Fallet et al., 

(2010). Flux-weighted average means were calculated by multiplying each proxy value with 

its corresponding flux value, averaging the results and then dividing by the average flux.   

For N. dutertrei, we used the δ
18

O calibration from developed by Epstein et al. (1953) as it is 

also used by Thunell and Sautter (1992) for temperature estimates based on N. dutertrei. 

Other possible δ
18

O temperature calibrations developed by e.g. Kim and O’Neill (1997) yield 

similar results. For Mg/Ca, we chose the species-specific calibration developed by Anand et 

al. (2003) as it yields temperatures found at 50 m to 70 m water depths which has been shown 

to form the preferential depth habitat for N. dutertrei (2002). To convert δ
18

O-results from 

deep-dwelling G. scitula into temperatures, we used the calibration developed by Horibe and 

Oba (1972) for G. scitula as suggested by Kahn et al. (1981). For the Mg/Ca values we 

applied the calibration developed for deep-dwelling G. hirsuta (Anand et al., 2003). As G. 

hirsuta has a very similar Mg/Ca range of 1 to 2 mmol/mol this calibration seems appropriate 

as so far no species-specific calibration for G. scitula is available.  
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4.4.4 Organic analysis 

A second and third sediment aliquot were filtered over a 0.45 µm polycarbonate filter, frozen, 

freeze-dried, weighed and subsequently ground into a homogeneous powder. One of the two 

aliquots was analyzed for carbon and nitrogen separately before and after removal of the 

carbonate-carbon with 2M ultrapure hydrochloric acid applied directly on to the sample 

(Bonnin et al., 2002). Analysis with a Carlo/Erba-Flash EA-1112 yielded total carbon (Ctot), 

organic carbon (Corg) and nitrogen, which were converted into weight percent organic matter 

(OM) by OM = Corg*2 (Romero et al., 2002).  

The third aliquot was ultrasonically extracted 4x using a solvent mixture of 2:1 (v/v) 

dichloromethane (DCM) to methanol (MeOH). After extraction, excess solvent was removed 

from the total lipid extract (TLE) via rotary evaporation and sample extracts were run through 

a Na2SO4 pipette column. Known amounts of three internal standards were added to the TLE; 

squalane, 10-nonadecanone (C19 ketone), and a C46 GDGT. The TLE was then separated into 

apolar, ketone and polar fractions via alumina pipette column chromatography using solvent 

mixtures of 9:1 (vol:vol) hexane/DCM, 1:1 (vol:vol) hexane/DCM, and 1:1 (vol:vol) 

DCM/MeOH, respectively. The squalane internal standard eluted in the apolar fraction, the 

C19 ketone eluted in the ketone fraction and the C46 GDGT eluted in the polar fraction.   

For quantification, the alkenone fractions were analyzed on an HP 6890 GC using a 50 m CP 

Sil-5 column (0.32 mm diameter, film thickness of 0.12 µm) and helium as the carrier gas. 

The oven program was initiated at 70 ºC, increased at a rate of 20 ºC/min to 200 ºC then to 3 

ºC/min until it reached 320 ºC. The final temperature of 320 ºC was held for 25 minutes. 

Selected fractions were analyzed by a Thermo Finnigan Trace Gas Chromatograph (GC) Ultra 

coupled to Thermofinnigan DSQ mass spectrometer (MS) to confirm the  identification of the 

C37:2 and C37:3 alkenones. Compound concentrations were determined by relating 

chromatogram peak areas to the concentration of the internal standard. The '

37

kU -index (Prahl 

et al., 1988) was used to estimate SST and values were converted to temperature using the 

calibration developed by Conte et al. (2006). We decided to use the Conte et al. (2006) 

calibration mainly because surface sediments in this area might not be modern and thus not 

suited for calibration purposes similar to the one developed by Sonzogni et al. (1997). 

However, temperatures derived with the Sonzogni et al. (1997) calibration are very similar to 

the Conte et al. (2006) calibration also yielding the same trends. 
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The polar fractions, containing the GDGTs, were ultrasonically dissolved in a mixture of 99:1 

(vol:vol) hexane:proponol and filtered through 0.45 µm PTFE filters. GDGTs were analyzed 

on an Aglient 1100 series LC/MSD SL with an auto-injector and Chemstation software by 

High Pressure Liquid Chromatography – Mass Spectrometry (HPLC/MS) following the 

methods described by Hopmans et al. (2000), with minor modifications (Schouten et al., 

2007). TEX86 ratios were calculated following Schouten et al. (2002) and converted to SST 

using the TEX
H

86 calibration of Kim et al. (2010). 

 

4.4.5 Statistical analysis 

With time-series spectral analysis, we estimate whether large, migrating eddies leave an 

imprint on the water mass characteristics (temperature, chlorophyll a, surface-mixed layer 

depth), particle fluxes and associated temperature proxies in the Mozambique Channel. To 

identify different signals in our time-series data we applied spectral analysis as it explores the 

cyclical pattern of data. The purpose of the analysis is to decompose a complex time series 

with cyclical components into a few underlying sinusoidal functions of particular 

wavelengths. This allows estimating the power spectrum of a random signal from a sequence 

of time samples and detecting any periodicities in the data. We choose spectral analysis over 

e.g. auto-correlation analysis (which yielded similar results), as it directly allocates a signal’s 

power to a certain frequency. For spectral analysis, we used the Welch method as it 

significantly reduces the loss of information at the edge of each window as the individual data 

sets are overlapped in time. The resulting periodogram is time-averaged, which reduces the 

variance of the individual power measurements. Welch's method is an improvement on the 

standard periodogram spectrum method and Bartlett's method in that it reduces noise in the 

estimated power spectra in exchange for reducing the frequency resolution. Due to the noise 

caused by imperfect and finite data, the noise reduction from Welch's method is desired for 

our short, low-resolution time-series data. 

For spectral analysis we linearly interpolated all satellite data, concentrations, fluxes and 

temperature proxies in time to account for missing values and breaks between consecutive 

deployment periods. All time-series were de-trended prior to spectral analysis. Apart from the 

time-series with 21-day resolution, we applied spectral analysis on the time-series of organic 

carbon with 17-days resolution to ascertain that especially the higher frequencies are not 

caused by resolution artifacts. We calculated a one-sided power spectrum density (PSD) of 
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each time-series, which is windowed into eight sections with a Hanning window with 50% 

overlap and specified window length. Window length was chosen subjectively so as to 

balance resolution against variance (Chatfield, 2003). As a rough guide we used a window 

length of about  with N being the length of the time-series. All specific window lengths 

used for each time-series are given in the figure captions. Significance of results is evaluated 

against the 95 % confidence intervals. The 95 % confidence limit is estimated from the 

variance of the averaged periodograms using the Matlab statistics software.  

 

 

4.5 Results  

4.5.1 Time-series fluxes concentrations and proxy values  

The Mozambique Channel displays a dominant inter-annual SST contrast between summer 

and winter of 5.2 °C, with minima of 25.0 °C in late austral winter and maxima of 30.2 °C in 

summer (Figure 4-2). This annual forcing is also revealed in the SML depth and chlorophyll a 

concentrations (Figure 4-2). Chlorophyll a in the Mozambique Channel is relatively low with 

background values around 0.3 mg/m
3
 and maxima of up to 0.8 mg/m

3
. SML-depth varies 

annually between about 10 m in austral winter and 50 m in summer. Both parameters peak 

between June and August and are anti-correlated with SST. 

Current velocities (Figure 4-2) from the Mozambique Channel at 110m water depth vary 

strongly between 50 (directed northwards) and -150 cm/s (directed southwards). The mean 

transport is directed southwards. Similar to velocity v, temperature at 110 m water depth is 

also highly variable fluctuating rapidly within days between 14 °C and 28 °C with an average 

of 21.6 °C. This trend is continued in deeper waters as time-series temperature data from 200 

m water depth also shows a high intra-annual variability of 10.4 °C (10.8 °C to 21.2 °C) with 

an average of 16.1 °C (Figure 4-2). 

 

 

N2
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Figure 4-2: Time-series of weekly resolved satellite SST, daily resolved satellite chlorophyll a 

and daily resolved satellite surface mixed layer depth (SML-depth) for the area 16 – 17 °S 

and 40 – 41 °E (highlighted in Figure 4-1). Daily resolved current velocities in N – S 

direction (v) at 110 m and 200 m water depth from mooring 5A (Figure 4-1) closest to the 

sediment trap mooring. We plotted the maximum time-series length for each parameter 

starting 01/01/1997 also used for spectrum analyses.     

 

From the particulate matter, we analyzed organic carbon, alkenone and GDGT concentrations 

(Figure 4-3a). We additionally calculated fluxes of organic carbon, alkenones and GDGTs. 

Organic carbon varies between minima of 4.7 wt% and maxima of 10.6 wt%
 
with an average 

of 6.9 wt% over the entire deployment period from November 2003 to February 2009. The 

concentration of the GDGT crenarchaeol, a specific biomarker for Thaumarchaeota 
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(Sinninghe Damsté et al., 2002), varies from 4.7 – 15.1 mg g
-1

 sediment with an average of 10 

mg g
-1

 sediment from November 2003 to September 2007. 

     

 

Figure 4-3: a) Times series data from the sediment trap mooring that collected fluxes from 

November 2003 until November 2007 at a 21 day sampling resolution. The lower three panels 

show time-series concentrations of organic carbon (wt%), the GDGT crenarchaeol (mg g
-1

 

sediment) and alkenones (µg g
-1

 sediment) while the upper two panels show foraminiferal 

fluxes (specimens m
-2

 day
-1

) of sub-surface N. dutertrei and deep-dweller G. scitula. b) SST 

proxies reconstructed from sinking particles at the same sediment trap. 86TEX  and '

37

kU values 

are plotted together with δ
18

O and Mg/Ca values for the sub-surface species N. dutertrei and 

the deep-dwelling species G. scitula. 

 

In contrast, the concentration of alkenones is much lower ranging from 0.7 – 11.6 µg g
-1

 

sediment with an average of 3.9 µg g
-1

 sediment. Similarly, the shell flux of G. scitula to the 

sediment is highly variable ranging between 0.2 to 13.2 specimens m
-2

 day
-1 

from November 

2003 to March 2006 (Figure 4-3). A substantially higher shell flux was observed for N. 

dutertrei with minima of 0.4 and maxima of 25.7 specimens m
-2

 day
-1

. The average shell flux 

of N. dutertrei is 8.0 specimens m
-2

 day
-1

,
 
which is roughly 2.5

 
times higher than that of G. 

scitula with 3.1 specimens m
-2

 day
-1

.  

From the organic compounds and the different foraminifera species, we also analyzed the 

associated temperature proxies '

37

kU , TEX86, δ
18

O and Mg/Ca (Figure 4-3). The results showed 

that the TEX86 ratio ranges between 0.67 and 0.71 with an average value of 0.69 while the 
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'

37

kU  Index varies between 0.95 and 1.00. It should be noted that the '

37

kU  index was at unity in 

some samples and thus, at its uppermost temperature limit. Much variance was observed in 

the δ
18

O and Mg/Ca of N. dutertrei and G. scitula (Figure 4-3). For N. dutertrei δ
18

O values 

between -2.5 ‰ and -1.4 ‰ are recorded and Mg/Ca values range from 2.7 to 4.0 mmol/mol 

(Figure 4-3). The δ
18

O values of G. scitula range between 0.49 ‰ and 4.31 ‰ with an 

average of 1.95 ‰. Paired Mg/Ca values for the time-series vary less strongly between 1.6 

mmol/mol and 1.9 mmol/mol with an average of 1.8 mmol/mol.  

 

4.6 Discussion 

4.6.1 Organic fluxes and proxies  

From alkenone fluxes and '

37

kU , we calculated flux-weighted annual averages of this proxy 

which yields SSTs of 28.3 °C and 28.1 °C using calibrations developed by Müller et al. 

(1998) and Conte et al. (2006), respectively. Both proxy temperatures are close to the annual 

mean satellite SST of 27.6 °C (Figure 4-2) and in situ measured SST (Figure 4-4). However, 

seasonal '

37

kU  minima of 0.95 equal an SST of 27.5 °C, which is well above the winter 

minimum of 25.0 °C (Figure 4-2). The fact that the '

37

kU  is not reflected seasonal maximum of 

30 °C is not surprising as this is above the limit of the '

37

kU  proxy, i.e. a value of 1, but we can 

only speculate as to why the '

37

kU -proxy fails to record the seasonal temperature minimum. A 

possible explanation for this phenomenon could be the constant mixing of freshly produced 

alkenones in surface waters and re-suspended (older) organics from the seafloor by current 

advection and transport (Benthien and Müller, 2000; Rühlemann and Butzin, 2006; Thomsen 

et al., 1998). Given that the flux-weighted '

37

kU -temperature is in close agreement with mean 

annual SST in the Mozambique Channel, alkenones are likely transported relatively short 

distances through the channel. Our results suggests that '

37

kU  may be better suited for 

temperature reconstructions in oceans with SST < 28 °C (Müller and Fischer, 2001) although 

the flux-weighted average does correspond well to that of the annual mean SST.   

Similarly, total alkenone concentrations do not show a clear seasonal pattern but display a 

recurring peak in concentrations in approximately December to January (Figure 4-3). This is 

in contrast with other studies showing that alkenone concentrations can show a pronounced 
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seasonality (Müller and Fischer, 2001), for example in the Mediterranean (Sicre et al., 1999) 

but also in water column studies e.g. done for Chesapeake Bay (Mercer et al., 2005). 

            

Figure 4-4: Temperature data and standard deviation from shipboard CTD-casts taken close 

to the sediment trap site in 2000, 2001, 2003, 2005, 2006, 2008 and 2009. Continuous 

temperature data from moorings (2003 – 2009) are shown deployed at 110 m, 200 m and 400 

m water depth with error bars indicating the total temperature range in these six years. 

Additionally, we plotted δ
18

O-, '

37

kU - (Figure 4-4a) and Mg/Ca-, 86TEX -derived temperatures 

(Figure 4-4b) with their total temperature range (error bars) to indicate the probable depth 

habitat of each organism. 

 

A potential difference explaining the lack of seasonality in the alkenone signal is the strong 

oceanographic currents in the Mozambique Channel in contrast to the relatively more tranquil 

waters of (semi-enclosed) Chesapeake Bay and the Mediterranean. This would lead to 

enhanced lateral transport of alkenones from more distal sites. 

Similar to alkenone concentrations and the '

37

kU -index, no pronounced annual cycle is noted in 

both crenarchaeol concentrations and TEX86-values, although these records indicate 

considerable variability (Figure 4-3). The TEX86-values yield an average flux-weighted SST 
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of 27.9 °C (Figure 4-5), closely reflecting annual mean SST in the Mozambique Channel 

(Figure 4-2) and in situ measured SST (Figure 4-4).  

 

Figure 4-5: Organic and inorganic proxies calibrated to temperature including δ
18

O and '

37

kU

(left panel) as well as Mg/Ca and 86TEX  (right panel) from the sediment trap mooring. The 

grey circles on the axes represent the flux-weighted annual mean temperature for each proxy. 

(Data for G. ruber and G. trilobus are taken from Fallet et al., 2010). Note that δ
18

O and 

Mg/Ca of G. ruber and G. trilobus together with organic '

37

kU  and 86TEX  yield flux-weighted 

annual mean SSTs between 27.3 °C and 28.1 °C, which is very close to the annual mean 

satellite SST of 26.7 °C. Flux-weighted average means were calculated by multiplying each 

proxy value with its corresponding flux value, averaging the results and then dividing by the 

average flux. 
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A lack of a pronounced seasonality in the TEX86-signal has been previously observed in a 

deep-moored sediment trap from the Arabian Sea with its mean temperature signal 

corresponding well with annual mean SST (Wuchter et al., 2006). Given that HTEX 86 -

temperatures are in close agreement with mean annual SST in the Mozambique Channel, the 

GDGTs are, like the alkenones, likely transported from relatively short distances. Similarly to 

'

37

kU , the TEX86-signal also does not record the entire seasonal SST range in the Mozambique 

Channel which might be caused by lateral advection and admixing of re-suspended material.  

Alternatively, it is also possible that the TEX86-results are a subsurface signal as has been 

observed elsewhere (Lee et al., 2008; Lopes dos Santos et al., 2010; Schouten et al., 2007) 

although reconstructed SST agrees well with annual mean SST. Furthermore, there is no 

strong correspondence between TEX86 and proxies of subsurface dwelling foraminifera (see 

below) suggesting that TEX86 does reflect an upper water column signal. 

 

4.6.2 Fluxes and proxies of foraminifera  

On the same sediment trap series studied here, we previously analyzed the surface-dwelling 

foraminifera G. ruber and G. trilobus for shell fluxes, δ
18

O and Mg/Ca (Fallet et al., 2010). 

This study revealed that shell fluxes of the surface-dwelling foraminifera are strongly 

seasonal with G. ruber fluxes peaking in late summer (March) and those of G. trilobus in 

early winter (July). Additionally, it has been shown that δ
18

O and Mg/Ca of both G. ruber and 

G. trilobus is strongly coherent with SST on seasonal timescales and that they capture the 

entire SST range of 25.0 – 30.2 °C (Fallet et al., 2010). Despite their contrasting seasonal 

preference, both temperature proxies yield average flux-weighted SSTs of 28.1 °C for G. 

ruber and 27.2 °C for G. trilobus (Figure 4-5) thereby closely reflecting annual mean SST of 

27.6 °C (Fallet et al., 2010). This indicates that surface-dwelling planktonic foraminifera carry 

a strong seasonal imprint both in fluxes as well as their proxy values.  

For the subsurface-dweller N. dutertrei we observe a strong and frequent sub-seasonal 

variation in shell flux (Figure 4-3b). As several studies have shown that N. dutertrei mostly 

lives below the surface-mixed layer (Dekens et al., 2002), the large variation in shell fluxes is 

probably caused by subsurface processes that occur on frequencies that are too high to be 

well-resolved with the current three-weekly resolution of our sediment trap setting. We found 

a strong sub-annual variability of 1.1 ‰ for δ
18

O and 1.3 mmol/mol for Mg/Ca (Figure 4-3), 
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which equals temperature differences of 10.0 °C and 4.3 °C using temperature equations 

developed by Epstein et al. (1953) and Anand et al. (2003), respectively (Figure 4-5). The 

δ
18

O of N. dutertrei corresponds to the large temperature variability between 50 and 70 m 

water depth recorded with shipboard CTDs (Figure 4-4). Flux-weighted annual mean 

temperature derived from δ
18

O is 24.3 °C and from Mg/Ca is 23.1 ºC, both slightly higher 

than the annual average of in situ measured temperature at 110 m of 21.6 °C (Figure 4-2). As 

the calibration error for δ
18

O and Mg/Ca analyses range around 1.2 °C (e.g. Dekens et al., 

2002) in situ measured temperature and proxy temperature are in close agreement. These 

results suggest that in the Mozambique Channel N. dutertrei also predominantly lives below 

the surface-mixed layer at depths between 40 and 70 m as observed by other studies in 

different parts of the world’s oceans (e.g Dekens et al., 2002; Bé and Hutson, 1977; Peeters, 

2002). 

The smaller temperature variability in Mg/Ca in contrast to δ
18

O might be caused to a large 

extent by the more homogeneous sample aliquot (solution of twenty specimens) for Mg/Ca 

measurements. For accurate δ
18

O-measurements only 10 µg of material, equal to the weight of 

about one shell, is needed for optimal results (Barker et al., 2003). Yet, even though aliquots 

from a minimum of three crushed shells were analyzed for δ
18

O, this does not equal a 

homogeneous solution of twenty specimens used for Mg/Ca analyses.  

Similar to N. dutertrei, the deep-dwelling species G. scitula shows a large, sub-seasonal 

variability in shell fluxes indicating a pronounced influence of quick, high-frequency changes 

in sub-surface water mass characteristics. G. scitula has been found to occur at water depths 

of 200 m – 300 m (Bé and Hutson, 1977; Hemleben et al., 1989; Kahn and Williams, 1981) 

where in situ measured temperature in the Mozambique Channel varies quickly between 

minima of 10.8 °C and maxima of 21.2 °C (Figure 4-2). This is captured in the strong 

variability in δ
18

O of G. scitula that fluctuates between 0.49 ‰ and 4.31 ‰ (Figure 4-3). 

Corrected for in situ measured δ
18

Ow of 0.56 ‰ that is relatively stable across the 

Mozambique Channel (Fallet et al., 2010), these δ
18

O values return a wide range of 

temperatures between 3.2 °C and 17.3 °C (Figure 4-5). As observed for N. dutertrei, G. 

scitula Mg/Ca records much less temperature variability in comparison with δ
18

O. Mg/Ca 

varies only about 0.35 mmol/mol, which equals a temperature range of 2.2 °C (Figure 4-5). 

Flux-weighted annual mean temperatures of G. scitula yield 11.8 ºC for δ
18

O, using a δ
18

O 

value of 0.56 ‰ for ambient seawater and 15.9 ºC for Mg/Ca (Figure 4-5). 
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Although low temperatures of 3.2 °C have been observed at depths below 1500 m in the 

Mozambique Channel (Donohue and Toole, 2003; Harlander et al., 2009), this was not 

observed in the upper 500 m of the water column where G. scitula is expected to live during 

its life cycle. It is therefore unlikely that temperature changes alone caused the wide 

temperature range recorded in δ
18

O of G. scitula.  

Another possible explanation for the large differences noted between δ
18

O- and Mg/Ca-

derived temperatures of 14.1°C versus 2.2 °C is that temperature changes in δ
18

O of G. scitula 

are caused by rapid changes in salinity, thus influencing δ
18

Ow values. The salinity variability 

induced by migrating eddies at 200 m between 2003 to present can be up to 0.6 psu (min: 

35.0; max: 35.6). This translates into a δ
18

Ow value of 0.3 ‰ using the relation between 

oxygen isotopes of water and salinity (Loncaric et al., 2005). However, this can only explain 

about 1.0 °C to 1.5 °C of the total temperature variation of G. scitula.  

Another possible explanation for the extremely low temperatures of G. scitula could be a 

relatively large “temperature error” associated with this species. An earlier study on δ
18

O of 

G. scitula (Kahn and Williams, 1981) showed that this species does not calcify in equilibrium 

with the surrounding seawater (“vital effect”). This vital effect was estimated to be quite large 

and to range around 3.9 ºC. Taking this vital effect into consideration, δ
18

O-based flux-

weighted temperature amounts to 15.7 ºC which is in close agreement with the Mg/Ca-based 

temperature of this species. At 200 m water depth, in situ measured temperature data are on 

average 16.1 ºC (Figure 4-4). This observation supports earlier suggestions that G. scitula has 

a large vital effect and implies this species preferentially excretes shells at about 200 m water 

depth, in agreement with observations from other open ocean settings (Hemleben et al., 1989; 

Kahn and Williams, 1981).  

 

4.6.3 Effects of transport on sinking organic particles and foraminiferal shells 

The underlying prerequisite for all SST proxies is that temporal coupling between the 

different signal carriers is maintained upon deposition and burial in the sediment. In 

foraminiferal shells this coupling between the water column and ocean floor is strong since 

foraminifera are only little affected by ocean current transport due to their relatively fast 

sinking speeds of 500 to 1000 m per day (Takahashi and Bé, 1984), especially in the 

frequently used larger grain sizes of >250µm (Gyldenfeldt et al., 2000). It has been shown 
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that organic carbon can sink slowly through the water column at speeds of less than 2 m day
-1

 

when uncompacted (Fowler and Knauer, 1986) but more often they accumulate as marine 

snow which causes the organic carbon to sink much faster at rates of >50 m day
-1

 (de la 

Rocha and Passow, 2007). Depending on their size, such marine snow aggregates can thus 

sink at speeds that can equal the sinking rates of foraminifera (Berelson, 2002; Bienfang, 

1981; Takahashi and Bé, 1984). If, however, organics are only slightly aggregated and not 

associated with mineral ballast, they might sink very slowly through the water column. In 

such a case, the associated organic proxies may be strongly affected by current advection and 

subsequent lateral transport over long distances (Benthien and Müller, 2000; Rühlemann and 

Butzin, 2006; Thomsen et al., 1998). This process could cause a mismatch between 

reconstructed temperatures from sedimentary foraminifera and organic proxies (Lee et al., 

2008; Saher et al., 2009; Sicre et al., 2005). Indeed, the effect of current transport has been 

documented by differing radiocarbon ages of foraminifera, alkenones and GDGTs in surface 

sediments in sediments from the Benguela Upwelling region (Mollenhauer et al., 2007). The 

lack of seasonality in the organic temperature proxies and the relatively weak seasonality in 

their fluxes are in contrast to the foraminifera, which reveal a strong seasonality. This likely 

indicates that at our trapsite the organics are more affected by lateral advection in comparison 

to the foraminifera and that at least a portion of the organic matter is likely derived from long 

distance transport. This hypothesis could be tested by radiocarbon dating of foraminifera and 

alkenones/GDGTs.  

 

4.6.4 Potential influence of mesoscale eddies on particle fluxes and temperature proxies  

An alternative cause for the contrasting variability of inorganic versus organic proxies could 

be eddies which migrate through the channel at a frequency of about five cycles per year 

(Harlander et al., 2009; Ridderinkhof et al., 2010). Times-series analysis of temperatures at 

110 m and 200 m water depth show the same dominant peak at five cycles per year, strongly 

suggesting that deep-reaching eddies are the major driving force for changes in water mass 

characteristics below the surface-mixed layer (Figure 4-6). Interestingly, spectral (and cross-

correlation) analysis of the fluxes of sub-surface and deep-dwelling N. dutertrei and G. scitula 

reveal peaks at four to six cycles per year, which are significant at the 95 % confidence level 

(Figure 4-7). The foraminiferal temperature proxies δ
18

O and Mg/Ca, as well as crenarchaeol 

concentrations and TEX86, also show peaks at four to six cycles per year but these are less 
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prominent and close to their statistical significance. For the alkenone concentrations and '

37

kU -

index, we also observe peaks at four to six cycles per year but these are close to the statistical 

significance as well. As these periodicities resemble that of the mesoscale eddies, which 

strongly influence water mass properties in the Mozambique Channel, we hypothesize that 

particle fluxes and temperature proxies in particular for the foraminifera, are to some degree 

influenced by eddy transport. However, the statistical analysis of our time-series data is 

relatively difficult because of the few available datapoints (N = 39, 63) paired to a low 

resolution (21 days) sampling interval. 

 

Figure 4-6: Welch spectrum analysis of a number of observed parameters. Stippled lines 

indicate the 95 % confidence level. All spectra were computed using a Hanning window of 

size approximately 2*sqrt(N) where N is the record length, resulting in a window size w = 

120 for velocity, temperature, chl-a and SML depth; w = 66 for satellite SST; w = 12 for 

chrenarchaeol and alkenone fluxes and their respective temperature proxies; and w = 10 for 

the shorter time series of foraminiferal fluxes and associated temperature proxies δ
18

O and 

Mg/Ca. 
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These features restrict time-series analysis as the statistical significance of a signal increases 

with length and resolution of a time-series. The resolution of 21 days can result in a three-

point problem especially for the higher frequency such as the one caused by eddy migration 

(four to six per year) through the Mozambique Channel.  

The resolution of follow-up time-series was therefore set to a 17 day sampling interval, which 

increased the number of data points to a minimum of four per migrating eddy. We analyzed 

this time series for organic carbon content (Figure 4-7) and found a pronounced, statistically 

significant peak at five cycles per year, which is also observed in the lower-resolution time-

series. It thus seems that time-series fluxes are indeed impacted by eddy migration through the 

channel which is, however, not resolved in the low-resolution sediment trap study discussed 

here. Future studies attempting to resolve the influence of eddy migration on particle fluxes 

and temperature proxies should be set to a sampling resolution of 8 days. This would be 

possible with sediment traps that are equipped with a double carrousel of 24 sampling cups. 

With such a setting, both resolution and sampling length could be expanded to capture the 

eddy migration through the channel as well as allowing sampling across the annual cycle. 

    

 

Figure 4-7: a) Time-series % organic carbon content from the sediment trap mooring with a 

17 day resolution for the period from November 2007 to January 2009. b) P-Welch spectrum 

analysis using a Hanning window with window size 7. The stippled line indicates the 95 % 

confidence level. A pronounced, statistically significant peak at five cycles per year is noted. 
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4.7 Conclusion 

The analysis of time-series satellite data showed that the Mozambique Channel is influenced 

by annual variability, expressed in e.g. a 5.2 °C temperature gradient, and the periodically 

recurring migration of meso-scale eddies. The annual SST variation is transposed to fluxes 

and temperature proxies (δ
18

O and Mg/Ca) of surface-dwelling foraminifera G. ruber and G. 

trilobus (Fallet et al., 2010). In contrast, concentrations of organic compounds (alkenones and 

Thaumarchaeota) and their associated temperature proxies ( '

37

kU and TEX86) show no 

pronounced seasonality, which may be related to lateral transport and mixing of the signal 

over a larger area. Yet, all aforementioned proxies yield flux-weighted annual mean SSTs that 

are close to annual mean satellite SST of 27.6 °C. Results indicate that δ
18

O of N. dutertrei 

closely records temperature excursions just below the surface-mixed layer whereas G. scitula 

δ
18

O records a deeper temperature at around 200 m. Mg/Ca data of both species are more 

homogeneous but their annual flux-weighted averages also closely mirror in situ measured 

annual average temperatures below the seasonal surface-mixed layer and at 200 m, 

respectively. Spectral analysis hints that proxy records may be influenced to some degree by 

strong currents such as eddies and is worth investigating in future high resolution sediment 

trap studies.  
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