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INTRODUCTION 

 

The cause of the Pleistocene calcium carbonate cycles of the equatorial Pacific and 

their connection to climate change on glacial timescales has been under debate since their 

discovery during the Swedish Deep Sea Expedition 1947-1948 (Arrhenius, 1952). The 

deposition and preservation of these cycles is thought to have been heavily influenced by 

either changes in carbonate dissolution (Thompson and Saito, 1974; Berelson et al., 1990; 

Stephens and Kadko, 1997), changes in productivity (Adelseck and Anderson, 1978; 

Arrhenius, 1988; Lyle et al., 2002), or a combination of the two (Berger, 1992;  Murray 

et al., 2000a).  

  The eastern equatorial Pacific is one of the three major high-nutrient, low 

chlorophyll (HNLC) regions of the world’s oceans; the other two are the subarctic eastern 

Pacific and the Southern Ocean. In the equatorial Pacific, the frictional force of the 

easterly trade winds force the surface waters to flow westward. The “pile up” of water in 

the western equatorial Pacific flows northward in the northern hemisphere and southward 

in the southern hemisphere due to the Coriolis effect (Smith and Demopoulos, 2003; 

Garrison, 2004). The westward flowing surface waters of the North Equatorial Current 

(NEC) and South Equatorial Current (SEC) create a divergence in the equatorial surface 

waters, causing an upwelling of nutrient-rich waters resulting in moderately high 

biological productivity all along the equator (Kennett, 1982; Lyle, 2002). Between the 

NEC and the SEC between roughly 4° to 8°N is the eastward flowing North Equatorial 

Counter Current (Lyle et al., 2002). This current carries nutrient-poor surface waters and 

also generally marks the location of the Intertropical Convergence Zone, or ITCZ (Lyle et 



 2 

al., 2002). This zone is noted by erratic horizontal breezes and vertical air movements of 

humid air due to the junction of the trade winds on either side of the equator (Garrison, 

2004). In the eastern equatorial Pacific, The Peru-Chile current in combination with 

South American coastal upwelling and the equatorial divergence causes a distinctive 

tongue of cold, nutrient rich water to flow westward along the equator (Lyle, 2002). 

These waters are a combination of Antarctic Intermediate Water and Arctic Intermediate 

Water (Smith and Demopoulos, 2003).  

The cycling of dissolved carbon, nitrogen, phosphorus, and silicon in the oceans 

depends largely on phytoplankton, in what is termed the biological pump (Archer, 2004). 

As the nutrient-rich bottom water is transported into the photic zone, phytoplanktonic 

primary producers require phosphorus, nitrogen and carbon in the average ratio of: 

1:16:106 for the photosynthetic production of organic matter (Redfield, 1958). Once the 

phytoplankton die, their carbonate or siliceous shells and organic tissues are either 

metabolized within the surface water or they sink, depleting the surface waters of the 

nutrients necessary for phytoplankton growth. The sinking particles are subject to either 

dissolution within the water column, within the sediment, or removal from the system by 

burial (Archer, 2004). Using models and satellite imagery, Field et al. (1998) calculated 

the annual global net primary production (NPP) as 104.9 Pg of C, where the oceanic 

contribution is 48.5 Pg, or 46.2%. Although phytoplankton comprise only 0.2% of the 

primary producer biomass on Earth, they are responsible for nearly half of the net 

primary production of carbonate for the biosphere (Falkowski et al., 1998; Field et al., 

1998). This clearly shows the importance of the role of phytoplankton in the global 

carbon cycle. 
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The concentrations of each element in the down core profiles fundamentally records 

the dilution of the element compared to the main constituent of the sediment (Murray et 

al., 2000a). In the high productivity region of the equatorial Pacific, this component is 

CaCO3. By taking the concentration of biological elements (Ba, Al and P) and 

normalizing them by the terrigenous input into the region (Ti or Al), the artifacts 

associated with changes in sedimentation rate can be avoided (Murray et al., 2000a). 

Limitations exist with each proxy. For example, normalizing the elemental Ba 

concentration in sediment can cause a loss of information, since Ba concentration is itself 

a proxy for barite (Murray et al., 2000a). Up to 40% of the Ba analyzed in sediment is not 

bound to barite and is affected by oxide degradation (Murray et al., 2000a). For Al, the 

dissolution of opal and the scavenging behavior of Al in the water column have an impact 

on the Al/Ti ratio (Murray et al., 2000a). Also, this method is only appropriate for 

sediments with a small input terrigenous matter such as the equatorial Pacific (Murray et 

al., 2000a). And finally, the diagenetic nature of reactive P may lead to a loss of labile P 

(Filippelli and Delaney, 1996). 

It is generally accepted that the productivity in the ocean is greater during glacial 

rather than interglacial periods, although the driving force is still under debate. Arrhenius 

(1952) suggested that during glacial periods the strength of the trade winds increased, 

strengthening upwelling and causing an increase in the magnitude of carbonate supply to 

the ocean floor, with the opposite true for interglacials. The increase in upwelling results 

in enhanced nutrient availability to phytoplankton, therefore increasing regional 

productivity.  
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The Vostok ice core recorded an increase in the aeolian dust flux during glacial 

periods (Petit et al., 1990). This suggests an overall increase of aeolian dust, and therefore 

limiting nutrients, to the ocean surface during glacials. Several iron fertilization studies 

have been undertaken in the equatorial Pacific (Coale et al., 1996; Martin et al., 1994) 

and the Southern Ocean (Boyd et al., 2000). According to Archer (2004), the results of 

these studies do not show that Fe is a limiting nutrient. Iron fertilization in these HNLC 

regions does result in a substantial phytoplankton bloom, however a significant amount 

of the added iron is either recycled back into the euphotic zone or isn’t bioavailable to the 

phytoplankton (Archer, 2004).  

Another postulation is that the changes in the partial pressure of atmospheric CO2 

between glacial and interglacial periods were driven by changes in ocean chemistry 

(Broecker, 1982). Isotopic tests of foraminifera revealed high concentrations of CO2 in 

seawater during glacial times. According to Broecker (1982), this high concentration led 

to a 3% removal of organic C residues from the global carbon cycle at the end of a glacial 

period, triggering CaCO3 preservation.  

An additional possibility is the Glacial Shelf-Nutrient Hypothesis (Broecker, 1982; 

Filippelli et al., 2007). While only consisting of about 10% of the total ocean area 

(Filippelli, 1996), continental shelves are responsible for about 60% of the total oceanic 

input of reactive P (Filippelli, 2002). During glacial peaks, the sea-level would have 

dropped, exposing the shelves and subjecting them to weathering. Without the 

sedimentary sink along margins, nutrients would be deposited directly into the deep 

ocean basin, notably altering nutrient cycling and biogeochemical responses (Filippelli et 

al., 2007). The current estimate for P residence time in the ocean is 10-20 kyr 
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(Ruttenberg, 1993; Filippelli and Delaney, 1996). P modeling studies by Filippelli et al. 

(2007) have revealed that the transfer of nutrients from the shelf to the deep-sea sink 

starts at the onset of glacial sea-level drop, but the resulting impact on the P mass balance 

is delayed in accordance to the P residence time.  

 

Objectives 

The driving force(s) behind the changes in productivity of the ocean on glacial 

timescales remains unclear. We do know that the high biological activity of the equatorial 

Pacific has led to a high rate of accumulation of biogenic debris on the seafloor, which 

appears to be a long-lived phenomenon as indicated by the presence of a sediment bulge 

(Arrhenius, 1988). The northward movement of the Pacific plate offers a unique 

opportunity for piston coring to recover well preserved Pleistocene sediments across a 

wide latitudinal range. These sediments contain a record of Pleistocene climate change 

and surface water productivity, where geochemical analysis of these sediments will 

reveal these changes in biological productivity due to nutrient upwelling on glacial-

interglacial timescales. This study is attempting to compare upwelling and productivity 

records on a global scale by determining temporal records of nutrient proxies, and then 

by comparing the results to studies conducted in the Southern Ocean by Latimer and 

Filippelli (2001a & 2001b) and within the central equatorial Pacific by Murray et al. 

(2000a). This study site in particular will reveal a longer productivity record of greater 

resolution for the central equatorial Pacific, providing an emphasis on the last glacial 

termination, as well as demonstrate that the P signal in this area is largely biological. 

Equatorial upwelling and Southern Ocean upwelling both appear to exhibit strong glacial 
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timescale variability. The equatorial Pacific evidence, in accordance with Southern Ocean 

patterns, will support a nutrient budget-driven productivity signal over time. 

 

Site and core description 

Cores RR0603-03TC (trigger core) and RR0603-03JC (piston core) were recovered at 

a water depth of 4195 meters during the AMAT03 site survey cruise for IODP proposal 

626. The purpose of this cruise was to locate the best possible drill sites for the upcoming 

IODP expedition. The site is located along the paleo-equatorial sediment ridge in the 

eastern portion of the central equatorial Pacific Ocean (02.55°N; 117.92°W) (Figure 1). 

The trigger core measured 278 cm and consists of Diatom Nannofossil Ooze. The 1087 

cm piston core is also predominantly of Diatom Nannofossil Ooze and ranges in color 

from white to very dark grayish brown (shipboard). Visual comparison between the 

trigger and piston cores along with multisensor track (MST) data, both suggest that 

approximately 70 – 80 cm of sediment was washed away from the top of the piston core 

during the coring process (shipboard). Samples were also collected and analyzed from 

gravity core RR0603-02GC, and the results are presented in Appendix A. This core was 

recovered from (0.25°S, 113.0°W) at a water depth of 4089 m.   

 

Overview of comparative study sites 

The two areas that have been chosen for this study are the equatorial Pacific and the 

Southern Ocean. These HNLC regions are noted for excess supply of nutrients in surface 

waters leading to high biological productivity. Overall, both the studies by Murray et al. 

(2000a) and Latimer and Filippelli (2001a & 2001b) use some of the same biogenic 
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proxies to examine the past productivity of the sites. By using the new site provided by 

this study, along with the study sites just mentioned, the record of biological productivity 

in these two regions can be examined in greater detail. 

In an attempt to examine contemporary and paleoceanographic sediment fluxes, the 

Joint Global Ocean Flux Study (JGOFS) recovered five piston cores PC114 (4.04°N, 

139.85°W; 4432 m water depth), PC83 (2.07°N, 140.15°W; 4414 m water depth), PC72 

(0.11°N, 139.40°W; 4298 m water depth), PC18 (1.84°S, 139.71°W; 4354 m water 

depth), and PC32 (4.96°S, 139.74°W; 4236 m water depth) (Murray et al., 2000a; Figure 

1). These cores record export production and carbonate dissolution over the past million 

years in the central equatorial Pacific. Murray et al. (2000a) examined calcium carbonate 

content as well as the changes in productivity on these cores by the use of chemical 

proxies of export production, namely Ba, Al excess and P. Their analyses revealed 100 kyr 

and 500-600 kyr CaCO3 cyclicity with lower percent CaCO3 at higher latitudes, along 

with correlative profiles of Ba/Ti, Al/Ti and P/Ti with depth (Murray et al., 2000a). They 

concluded that during the last 560 kyr, there was a 15-30% increase of export production 

during glacial climatic conditions compared to interglacial (Murray et al., 2000a). This 

zone of increased export production expanded to include higher latitudes during glacials. 

However, the authors attribute the lower CaCO3 percent at higher latitudes to dissolution 

rather than changes in export production (Murray et al., 2000a).  

Latimer and Filippelli (2001a) provide a ~280 kyr paleoproductivity record for the 

South Atlantic Ocean in cores RC13-254 (48.57°S, 5.12°E; 3636 m water depth) and 

RC13-259 (53.88°S, 4.93°W; 2677 m water depth) as well as in the southern Indian 

Ocean with core E45-29 (44.88°S, 106.52°E; 3863 m water depth) that displays a strong 
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glacial to interglacial pattern (Figure 1). According to Latimer and Filippelli (2001a), the 

concentrations of Fe, Al and Ti all increased ten to twenty-fold during glacials. The 

authors compared the analyzed Al/Ti and Fe/Al ratios of their cores to the continental 

crust ratios of Taylor and McLennan (1985) to determine the sources of the sediment 

introduced to the site. They propose an upwelled, hemipelagic source of Fe and 

terrigenous materials resulting from the erosion of the exposed continental shelves due to 

lowered sea-level and turbidites during glacial periods, as opposed to an aeolian or an 

ice-rafted debris source (Latimer and Filippelli, 2001a). These cores also show an 

increase in the reactive P and the P/Ti ratio during glacials. At face value, P/Ti ratio could 

be interpreted as higher export of biologically available P and enhanced productivity in 

surface waters, suggesting an increase in export production during glacials.  

Latimer and Filippelli (2001b) report the geochemistry of the southern Atlantic Ocean 

site 1089 (41°S, 10°E; 4620 m water depth) recovered during ODP Leg 177 (Figure 1). 

Much like their study mentioned above, the authors used Fe, Al and Ti concentrations 

and ratios in an attempt to determine terrigenous input sources, as well as P 

concentrations and P/Ti and P/Al ratios to identify changes in export production on 

glacial timescales. The ~600 kyr paleoproductivity record reveals high P and metal 

concentrations during interglacials, with low values for glacials (Latimer and Filippelli, 

2001b). The Al/Ti and Fe/Ti ratios support a South American and Antarctic terrigenous 

source during glacials for site 1089, with a variable provenance material delivery due to 

the changing strength of the Agulhas Current during interglacials (Latimer et al., 2006). 

Similar to the other Southern Ocean study area, the P/Al and P/Ti ratios are high during 

glacials, suggesting an increase in export production during glacial periods (Latimer and 
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Filippelli, 2001b). The authors show that greater than 90% of the Fe is introduced into the 

study site by sediment focusing (Latimer and Filippelli, 2007) as opposed to aeolian 

dusting hypothesis proposed by Martin (1990). 

 

MATERIALS AND METHODS 

 

Samples were collected onboard the Roger Revelle using new, disposable plastic 5 cc 

scoops and individually sealed in labeled plastic bags for storage and transport. Sampling 

interval for the 141 cm gravity core was ~5 cm, totaling 44 samples. For the trigger core, 

samples were collected at 2 cm intervals from 5 to 27 cm and at ~7 cm from 27 to 141 

cm, totaling 27 samples. The piston core resulted in 153 samples by maintaining ~7 cm 

interval spacing throughout the 1084 cm core.  

Roughly half of each sample was placed on labeled polystyrene weighing dishes and 

dried overnight at 105°C. The remainder of each sample was resealed and stored for 

future analysis. Each of the dried samples were then crushed in the weighing dish using a 

pestle and placed in labeled glass vials. A consistency standard was made by combining 

approximately 0.1 g of prepared sediment from each of the trigger and piston core 

samples. The sediment was collected in an acid-cleaned, dry beaker, thoroughly mixed 

and transferred into two labeled glass vials.  

 

Trigger and piston core overlap 

Trigger core samples (5-84 cm depth) were used to supplement missing data from the 

piston core, due to inevitable loss of the top ~1 m of sediment from the piston core during 
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the coring process. The best fit point for core overlap was determined by graphically 

comparing the geochemical results of each element. This point was established as sample 

03TC84 from the trigger core and sample 03JC7 from the piston core. The beginning of 

the combined core from the sediment/water interface is the first collected sample from 

the trigger core at a depth of 5 cm. Data points from the piston core have been positioned 

at the depth of 84 cm relative to the trigger core at the 03TC84/03JC7 overlap. This gives 

the entire core a combined depth of 1164 cm, where the last analyzed sample is at a depth 

of 1161 cm. 

 

Total digestions 

Total digestions were performed on all collected samples, including random 

replicates, a consistency standard and Standard Reference Material (SRM) 1646a for 

estuarine sediment. Approximately 0.1 g of each sample was weighed and transferred 

into Teflon reaction vessels. Trace Metal Grade acids (5 mL Nitric, 4 mL Hydrofluoric, 

and 1 mL Hydrochloric) and 10 mL of Milli-Q ultra-pure water were added to each 

sample. Samples were digested by heat, pressure and strong acid in a CEM Corporation 

MDS 2000 Microwave Digestion System following CEM application note OS-15, which 

is a variation of method 3052. The dissolved samples were transferred to new, labeled 50 

mL polypropylene centrifuge tubes. Approximately 1 g of Boric Acid was added to 

neutralize the acidic mixture. Each sample was then diluted to 50 mL with ultra-pure 

Milli-Q water and placed on an orbital shaker overnight to ensure proper mixing.  
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ICP-AES 

The dissolved samples were analyzed for the total concentration of the elements P, 

Fe, Mn, Ca, Al, Ti, Mg, Sr, Ba, Zn and S using a Leeman Labs Inductively Coupled 

Plasma-Atomic Emission Spectrometry (ICP-AES) and an AT5000
+
 ultrasonic nebulizer. 

The obtained elemental values for each sample are listed in Table 1 along with the 

standard deviation for replicates. Each sediment sample was run a minimum of two 

times, once at a dilution of 1:10 (minors: all elements) and then again at a dilution of 1:60 

(majors: Ca, Fe and Al). The dilution is based on volume, where one part sample is 

diluted with either 10 or 60 parts of Milli-Q water. Majors were run separately in order to 

provide better accuracy for the considerably larger concentrations, mainly Ca. Fe and Al 

were included in the majors dilution, however, more accurate results were sometimes 

provided by the minors dilution for Fe and Al. During analysis, the concentrations of Zn, 

P and Mn, occasionally provided results below the minimum detection limit of the ICP-

AES. For these incidences, the dilution was reduced to 1:8 or 1:7.  

 

Phosphorus extraction 

A total of 34 samples from the trigger and piston core, spaced at intervals of ~35 cm, 

were analyzed using a modification of the P Sequential Extraction technique (following 

SEDEX scheme after Ruttenberg, 1992; Anderson and Delaney, 2000). Details of the 

steps are presented in Table 2. For each sample, approximately 0.1 g of sediment was 

placed in a new, labeled, 15 mL polypropylene centrifuge tube. An orbital shaker was 

used for the required shake time. After shaking, the samples were centrifuged for ~10 

minutes and the supernatants decanted into the appropriate labeled, acid-cleaned 
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polyethylene bottles. Absorbed P and Fe-bound P were combined in step 1, and were 

analyzed by inductively coupled plasma-atomic emission spectrometry (ICP-AES), 

which determined the concentrations of P, Fe and Mn. A Shimadzu UV2101PC scanning 

spectrophotometer was used to determine the concentration and absorbance of the 

samples for the remaining steps using the molybdate blue technique (Strickland and 

Parsons, 1975). For step 4, samples were flushed into acid-cleaned crucibles using Milli-

Q water and dried at a low temperature of 105°C. Once dry, the samples were ashed in a 

muffle furnace at 550°C for 2 hours and then transferred into new, labeled 15 mL 

polypropylene centrifuge tubes.  

 

Calcareous biostratigraphy 

A total of 13 samples from the combined trigger and piston cores spaced every ~100 

cm, were sent to the University of Salamanca, Spain for coccolithophorida taxon 

identification by Dr José-Abel Flores (Table 3). Approximately 0.4 g of the unaltered 

sediment sample was weighed and placed in a new, labeled glass vial for transport.  

 

Oxygen isotope analysis 

A total of 43 samples were prepared and picked for planktonic Globigerinoides 

sacculifer without the sac chamber from the combined trigger and piston cores. Personal 

training for the identification and picking of the G. sacculifer was carried out at the 

University of Chicago under the guidance of Dr. Pamela Martin and Emilia Salgueiro of 

the Department of the Geophysical Sciences. In choosing the sample set, emphasis was 

placed on the samples representing the minimum and maximum Ca concentrations, as 



 13 

well as the transitions. For each sample, approximately 0.4 g of unaltered sediment, along 

with ~50 mL of Milli-Q ultra-pure water was placed in a labeled, acid-cleaned beaker. 

The beakers were placed on an orbital shaker overnight in an effort to remove clay 

material from the fossils. Samples were wet-sieved using a 63 µm ELE International 

standard testing sieve, air-dried and placed in new, labeled glass vials. Each sample was 

sieved prior to picking using a 212 µm sieve and then distributed in a 1 cm grid picking 

tray. G. sacculifer without sac were identified under a Leica MZ95 microscope, and 

transferred to new, polypropylene 0.5 mL microcentrifuge tubes for transport. The tubes 

were then sent off to University of California in Santa Cruz for analysis by Isotope Ratio 

Mass Spectrometry (IRMS).  

 

Age model 

The age model for RR0603-03 was determined by isotopic δ18O analysis of 

planktonic foraminifera Globigerinoides sacculifer at the University of California in 

Santa Cruz by Isotope Ratio Mass Spectrometry (IRMS). The results were compared to 

the isotopic δ18O analysis of benthic foraminifera Uvigerina at ODP site 677, located in 

the eastern equatorial Pacific (Raymo et al., 1990). This core was recovered from a water 

depth of 3461 m and has a sampling resolution of 2.9 kyr (Raymo et al., 1990). The 

RR0603-03 data was plotted with depth and compared to the site 677 plot with age 

(Figure 2). The RR0603-03 data was stretched or compressed to fit the site 677 model, a 

process known as “wiggle-matching”, allowing the RR0603-03 data to be plotted with 

age (Figure 3) and eventually the corresponding (MIS) or Marine Isotope Stage. The 
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calcareous biostratigraphy results of Dr José-Abel Flores (Table 3) were used to validate 

the δ18O model for RR0603-03.  

 

RESULTS 

 

All tables and figures for RR0603-03 and the comparative study sites are presented at 

the end of the document. The results for RR0603-02 gravity core are presented in 

Appendix A; however, the results will not be discussed further. 

 

Standards 

The two standards used in this study are the certified estuarine sediment Standard 

Reference Material (SRM) 1646a and a consistency standard prepared in the lab 

combining about 0.1 g of sediment from each RR0603-03 sample. Figure 4 shows the 

range of values obtained for the SRM 1646a sample along with the certified value, while 

Figure 5 displays the ranges for the consistency standard. The data results for the two 

standards are presented in Tables 4-7. Since each sample was ran through the ICP twice, 

once for the 1:10 minor dilution and again for the 1:60 major, two tables are presented for 

each standard. The average value of each element and the standard deviation are offered, 

as well as the certified value of each element in the SRM 1646a tables. Figure 6 

illustrates the differences between the dilutions for the elements Al and Fe.  
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Geochemistry 

The down core profiles of P, Ba, Ti, Al and Fe for core RR0603-03 suggest a similar 

pattern (Figures 7-11). P concentration for RR0603-03 ranges between 2.75 – 33.75 

µmol/g (Figure 7). These values are consistent with those from the west-central Pacific 

JGOFS transect which range between 1 – 67 µmol/g and the Southern Ocean which vary 

between 4 – 38 µmol/g (Table 8). The 2.9 – 38 µmol/g Ba concentration for RR0603-03 

(Figure 8) falls within the west-central equatorial Pacific range of 1.8 – 48 µmol/g (Table 

8). The 4 – 39 µmol/g Ba concentration of E45-29 in the Southern Ocean is more similar 

to those of the equatorial Pacific than to the rest of the Southern Ocean sites (Table 8). 

The Ba concentrations of the Southern Ocean sites other than E45-29 are generally much 

lower, ranging from 0.08 – 14.4 µmol/g
 
(Table 8). The mean Ti concentration for the 

JGOFS transect is between 1.9 – 10.5 µmol/g with a range of 0.38 – 40 µmol/g (Table 8). 

The value for RR0603-03 falls within this range at 0.7 – 8.9 µmol/g and has a mean 

concentration of 3.0 µmol/g (Figure 9; Table 8). Ti in the Southern Ocean is relatively 

higher, ranging between 1 – 94 µmol/g with mean concentrations between 25 – 52 

µmol/g (Table 8). With the exception of E45-29, the average Al value for the Southern 

Ocean is significantly greater than the equatorial Pacific sites (Figure 10; Table 8). Fe 

concentration in the Southern Ocean is relatively high and fluctuates between 36 – 1770 

µmol/g averaging 189 – 792 µmol/g (Table 8). Core RR0603-03 in the equatorial Pacific 

has a lower Fe concentration range of 6 – 329 µmol/g and a mean concentration of 84 

µmol/g (Figure 11).  

The down core profile of Mn exhibits peaks of high levels of concentration at the top 

of the core (Figure 12), and has a mean concentration of 56 µmol/g (Table 8).  This gives 
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a large range of 12 – 460 µmol/g which is greater than the 0.9 – 221 µmol/g for the 

Southern Ocean (Table 8). The concentration of Zn varies greatly within the Southern 

Ocean. Site 1089 and core E45-29 have a range of 0.3 – 19 µmol/g, while the Zn 

concentrations of the remaining two cores fall within 0.35 – 450 µmol/g (Table 8). The 

Zn concentration of RR0603-03 is from below detection limit to 4.5 µmol/g, most closely 

resembling site 1089 and E45-29 (Figure 13; Table 8). The Sr concentration in the 

Southern Ocean is 0.5 – 22 µmol/g where the Sr concentration of RR0603-03 resembles 

this range at 3.8 – 14 µmol/g (Figure 14; Table 8). The concentration of S and Mg for 

RR0603-03 range between 59 – 350 µmol/g and 28.5 – 630 µmol/g, respectively (Figures 

15 and 16; Table 8).  

The concentration of Ca varies greatly between the cores. The Southern Ocean has a 

Ca concentration of 45 – 8297 µmol/g, where the equatorial Pacific ranges between 2054 

– 11929 µmol/g (Figure 17; Table 8).  The mean Ca concentration of PC32 is the highest 

at 8359 µmol/g, followed by RR0603-03 at 4400 µmol/g (Figure 17; Table 8). Of the 

Southern Ocean cores, E45-29 has the highest mean Ca concentration at 4099 µmol/g 

(Table 8). The lowest mean Ca concentration is 485 µmol/g (Table 8).  

 

Geochemical Ratios 

The Ba/Ti ratio for the equatorial Pacific has a range of 0.5 – 30 g/g with averages 

between 4.4 – 17 g/g (Figure 18; Table 9). The Ba/Ti ratio for the Southern Ocean is 

much lower, falling within 0.0032 – 10 g/g and averaging 0.36 – 1.8 g/g (Figure 18; 

Table 9). The Ba/Al ratio for RR0603-03 is 0.18 – 1.6 g/g and has the highest mean value 

at 0.65 g/g (Figure 19; Table 9). For the remainder of the equatorial Pacific sites, the 
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Ba/Al ratio varies between 0.14 – 0.86 g/g (Figures 19 and 28; Table 9). The Ba/Al ratios 

in the Southern Ocean sites are also low, ranging between 0.00037 – 1.0 g/g (Figure 28; 

Table 9).  

The P/Ti for RR0603-03 has a range of 0.67 – 12 g/g with an average of 3.6 g/g 

(Figure 20; Table 9). The west-central equatorial Pacific sites have a range of 0.3 – 11 g/g 

with averages between 1.1 – 4.6 g/g (Figure 29; Table 9). The P/Ti ratios for the Southern 

Ocean sites are the lowest, with a range of 0.068 – 1.4 g/g and mean values between 0.25 

– 0.43 g/g (Figure 29; Table 9). The P/Al ratio for RR0603-03 has the highest average 

value at 0.17 g/g with a range of 0.029 – 0.53 g/g (Figure 21; Table 9). The west-central 

equatorial JGOFS transect sites vary between 0.0001 – 0.29 g/g and have mean values 

between 0.002 – 0.13 g/g (Figure 30; Table 9). The P/Al range for the Southern Ocean is 

0.0045 – 0.20 g/g with an average falling within 0.017 – 0.081 g/g (Figure 30; Table 9).  

The Al/Ti ratio for RR0603-03 ranges between 5.9 – 55 g/g with the remaining 

equatorial Pacific sites falling within 4.6 – 53 g/g and the Southern Ocean sites between 

1.4 – 46 g/g (Figures 22 and 31; Table 9). The Al/Ti mean values are 22 g/g for RR0603-

03, 17 – 37 g/g for the west-central equatorial Pacific and 5.7 – 17 g/g for the Southern 

Ocean sites (Table 9). The P/Fe ratio for RR0603-03 ranges between 0.024 – 2.1 g/g, 

while the Southern Ocean sites fall within 0.0059 – 0.11 g/g (Figures 23 and 32; Table 9). 

The mean P/Fe value for RR0603-03 is 0.14 g/g while the mean values for the Southern 

Ocean are at or below 0.049 g/g (Table 9). The Fe/Ti ranges for RR0603-03 is greater 

than the Southern Ocean, 5.5 – 55 g/g and 2.8 – 46 g/g respectively (Figures 24 and 33; 

Table 9). The mean Fe/Ti value for RR0603-03 is much higher at 30 g/g, while the mean 

values for the Southern Ocean fall within 8.9 – 18 g/g (Table 9). The Fe/Al ratio for 
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RR0603-03 ranges between 0.26 – 5.0 g/g and the Southern Ocean between 0.31 – 8.2 

g/g (Figures 25 and 34; Table 9). The Sr/Ca ratio for RR0603-03 ranges between 0.0018 

– 0.013 g/g with the range for the Southern Ocean at 0.0020 – 0.0110 g/g (Figures 26 and 

35; Table 9). The mean Sr/Ca ratio values for the Southern Ocean range between 0.0053 

– 0.0085 g/g, with the RR0603-03 mean Sr/Ca ratio falling within this range at 0.0052 

g/g (Table 9).  

  

Phosphorus geochemistry 

P concentrations for the four sedimentary P components (authigenic, adsorbed/oxide 

bound, detrital and organic) are plotted with depth in Figures 36-41. The concentration 

for detrital P is the smallest at 0.106 – 0.554 µmol P/g with an average of 0.214 µmol P/g 

(Table 10). The largest peak of 0.554 µmol detrital P /g is detectable at a depth of 542 

cm, with several smaller detrital peaks above this depth (Figure 36). Below ~600 cm, 

detrital inputs have decreased, not exceeding 0.295 µmol P /g (Figure 36; Table 10). 

Following in order of increased concentration is organic P with a range between 0.103 – 

1.03 µmol/g and a mean value of 0.345 µmol P /g (Table 10). A definite trend is evident 

in the record, with a decrease in organic P concentration with depth (Figure 37). The 

concentration for adsorbed/oxide bound P falls within 2.49 – 5.25 µmol P/g with a mean 

concentration of 3.86 µmol P /g (Table 10). Oxide bound P does not show any clear trend 

with depth (Figure 38). Oxide-bound Mn and oxide-bound Fe averaged 30.0 and 33.0 

µmol/g and ranged between 11.5 – 91.4 µmol/g and 11.1 – 65.9 µmol/g, respectively 

(Figures 39 and 40; Table 11). These increases reflect periods of a higher delivery of 

reducible Mn and Fe to the seafloor.  
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The concentration of authigenic P is unmistakably the highest, with a range of 4.83 – 

21.9 µmol P /g (Figure 41; Table 10). The mean total P concentrations for the combined 

components range from 9.08 to 27.0 µmol P/g and generally agree with the geochemical 

data set for P concentration (Figure 42; Tables 1 and 10).  

 

DISCUSSION 

 

Using the age model developed from the isotopic δ18O analysis of ODP site 677 and 

RR0603-03, the plots with depth are converted into plots with age in thousands of years 

(kyr). Gray vertical bars represent glacial intervals, with the corresponding Marine 

Isotope Stage (MIS) labeled at the top of each bar for reference. Two cores from the 

JGOFS transect are used as representatives for the west-central equatorial Pacific, namely 

PC72 just north of the equator and PC114 at about 4°N. Site 1089 is used as the Southern 

Ocean representative since the remaining Southern Ocean sites are much younger, only 

extending back up to 274 kyr. 

 

Metal geochemistry 

For RR0603-03, the concentrations of Ti, Al and Fe are similar in that they all have 

variations that seem periodic, with roughly a 100 kyr interval between peaks and valleys 

(Figure 43). This likeness is confirmed in the high Spearman correlation coefficients of r
2
 

between 0.742 and 0.853 (Figures 44-46; Table 12). For each of these metals, an increase 

in concentration occurs during either the glacial to interglacial transition or just during 

the interglacial period, while the concentration decreases over the interglacial to glacial 
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transition or just the glacial interval (Figure 43). Generally, broad peaks are present for 

each of these metals spanning the interglacial periods, with broad lows for the glacials 

(Figure 43). On average, Ti increased in concentration ~6 times from glacial lows to 

interglacial peaks. Al concentration during interglacial periods is roughly 9 times greater 

than glacial, while Fe concentration increased the most at ~14 times.  

The Ti concentrations for Southern Ocean site 1089 is shown in Figure 47 alongside 

the three equatorial Pacific sites. This figure clearly illustrates the similarities between 

the sites, with the same seemingly periodic trend of a peak Ti concentration during 

interglacial periods (Figure 47). The overall Ti concentration for site 1089 is much higher 

than the equatorial Pacific, with an average concentration of 52.2 µmol/g. The Ti 

concentrations in the equatorial Pacific are much lower, where the mean Ti value for 

these three Pacific sites doesn’t exceed 5.6 µmol/g (Table 8). The larger Ti concentration 

values for the Southern Ocean suggest a greater supply of terrigenous material to the site 

in comparison to the equatorial Pacific sites. Although the majority of the Ti 

concentration records for these cores seem consistent, one interval in particular must be 

noted. There appears to be an offset from the beginning of MIS 8 to the middle of MIS 6, 

about 300 to 150 kyr for RR0603-03 (Figure 47). During this interval, the Ti 

concentrations for RR0603-03 peaks about 10 to 30 kyr prior to the other sites (Figure 

47). The cause of this offset is possibly due to the age model developed for this core. Dr 

José-Abel Flores is currently working towards refining the age picks between 300 to 150 

kyr using calcareous biostratigraphy; however, caution must be taken when interpreting 

the geochemical records for RR0603-03 during this interval. 
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The percent terrigenous material for RR0603-03, PC72, PC114 and site 1089 were 

calculated using Ti normalization. The Ti concentration of each sample was divided by 

the Ti concentration of the Taylor and McLennan (1985) bulk continental crust (Table 

13) and multiplied by 100. For the equatorial Pacific sites, the % terrigenous values range 

between just above zero to 8% for RR0603-03, 7% for PC72 and 17% for PC114 (Figure 

48). The % terrigenous for site PC114 is greater than the other two equatorial cores, 

likely due to carbonate dissolution (Murray et al., 2000a). The % terrigenous for site 

1089 is much greater than the equatorial Pacific sites, with values between roughly 20 to 

80 percent (Figure 48).  

The provenance sources for these two regions are different; terrigenous inputs in the 

equatorial Pacific are from a combination of upwelling and aeolian sources (Archer, 

2004), while site 1089 is hemipelagic (Latimer et al., 2006). Latimer et al. (2006) claim 

that site 1089 exhibits glacial to interglacial variability due to differences in the strength 

of the Agulhas Current, with hemipelagic terrigenous sources from South America and 

southern Africa. Although the sources of terrigenous material into these two systems are 

different, the responses are comparable with peak Ti concentration during interglacial 

periods (Figure 47). The driving force behind this similarity may be attributable to global 

sea-level changes on glacial timescales. During glacial intervals, the exposure and 

subsequent erosion of the continental shelf due to a lowered sea-level would increase the 

supply of nutrients to the deep-sea sink, thus driving the production of CaCO3 during 

glacial times. The downcore metal concentrations for the equatorial Pacific sites represent 

dilution compared to the dominant component in the sediment, which is CaCO3 (Murray 

et al., 2000a). The peaks for these metals occur during the interglacial periods, which 
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suggest that the concentration of CaCO3 is much greater during glacial rather than 

interglacial periods. In order to utilize the metal geochemistry data without the effects of 

dilution, the elemental concentration data must be normalized and examined with the use 

of proxies.  

The accumulation rate for each of the three metals for core RR0603-03 was 

calculated twice; once using the dry bulk density (DBD) closest in depth and within the 

same sediment facies as the analyzed sample, and once with the average core dry bulk 

density of 0.682 g/cm
3
 (Figures 49 and 50; Tables 14 and 15). Accumulation rate is 

calculated by taking the elemental concentration of the sample and multiplying the value 

by the sedimentation rate and the DBD (Table 15). The difference between these two 

calculation methods does not seem to affect the timing of the peaks, just the magnitude. 

The results for the average DBD accumulation rate are strikingly similar to the 

concentration results (Figures 43 and 50). As for the graph depicting the DBD closest to 

the sample, the sediment nearest the top of the core appears to have the greatest 

differences from the averaged DBD data (Figures 49 and 50). For each of the metals, the 

differences in magnitude of the accumulation rate peaks are very noticeable at 490, 300, 

225 and 100 kyr (Figure 49). Overall, the accumulation rate results have the same trend 

as the geochemical concentrations, with interglacial peaks and glacial lows (Figures 43, 

49 and 50).  
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Biological geochemistry 

Calcium 

Three CaCO3 fluxes: rain rate of CaCO3 to bottom waters, dissolution of CaCO3 due 

to undersaturation and dissolution due to organic C degradation all control the Carbonate 

Compensation Depth, or CCD (Lyle et al., 2002). The modern CCD is currently at a 

depth of about 4800 m in the Pacific (Mitchell et al., 2003). Due to the corrosive CO2-

rich seawater at this depth, the rain rate of carbonate sediments equals the dissolution rate 

(Garrison, 2004). Above the CCD is the lysocline, which is currently at a depth of 3500 

m (Berger, 1992). This line indicates the beginning of carbonate dissolution, where 

between the lysocline and the CCD is a “dissolution rate gradient” (Mitchell et al., 2003). 

The measured dissolution rates for MANOP Site C (1°N, 139°W; water depth 4450 m) 

indicate that 70-90% of the carbonate flux is dissolved before burial (Berelson et al., 

1990). In the high productivity belt of the equatorial Pacific, the increased flux of CaCO3 

to the seafloor locally increases the depth of the CCD (Murray and Leinen, 1993).  

RR0603-03 was recovered at a water depth of 4195 m (Table 8). According to Figure 

51, taken from Farrell and Prell (1989), sediment deposited in the equatorial Pacific at a 

depth of 4195 m maintains carbonate preservation at or above 80% for the majority of the 

past 0.8 million years. This information suggests that the carbonate preservation for 

RR0603-03 is roughly at or above 80% throughout the entirety of the core. Therefore, the 

amount of carbonate dissolution to RR0603-03 due to changes in the CCD level over the 

past 800 kyr should not have a significant effect on the findings for this study. 

The Ca concentration record for RR0603-03 also shares the seemingly periodic trend 

with 100 kyr intervals between peaks, which is very apparent between 300 to 650 kyr 
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(Figure 52). A concentration increase occurs starting from mid glacial, steadily increases 

throughout the interglacial and decreases rather sharply at or just following the glacial 

transition at most stages (Figure 52). The Ca accumulation rate for the DBD nearest the 

sample displays exaggerated minima at 225 and 600 kyr and maxima at 650 and 730 kyr, 

along with pronounced differences in the magnitude of the values around 450, 400, 300 

and 100 kyr (Figure 53). The averaged DBD is once again relatively the same as the 

concentration data (Figures 52 and 54).  

 

Barium 

In both marine sediments and the water column, Ba is linked to biological phases 

such as carbonates, organic matter, opal and barite (Gonneea and Paytan, 2006; and 

references therein). The precipitation of marine barite (BaSO4) occurs in the upper water 

column as a result of the decomposition of organic matter and the subsequent release of 

labile P (Averyt and Paytan, 2004). These sinking particles are subject to dissolution in 

the deeper water column and at the seafloor, which produces enrichment with depth of 

dissolved Ba in the water column (Dehairs et al., 1979; Nürnberg et al., 1997). The 

sediment underlying high productivity regions are enriched in Ba as well as sedimentary 

barite (Dehairs et al., 1979; Nürnberg et al., 1997). A strong correlation exists between 

marine barite accumulation and carbon export, where the same relationship may exist for 

Ba (Eagle et al., 2003). This suggests that Ba concentrations may be a proxy for barite 

(Nürnberg et al., 1997; McManus et al., 1998; Murray et al., 2000a; Latimer and 

Filippelli, 2001; Eagle et al., 2003). Ba, however, is also associated with phases not 
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biologically related such as ferromanganese, oxyhydroxides and terrestrial material 

(Gonneea and Paytan, 2006; and references therein).  

The Ba concentration record for RR0603-03 shows a very strong 100 kyr interval 

trend with interglacial peaks and glacial lows (Figure 52). There is a strong correlation 

between Ba and the three metals. The spearman coefficients for Ba are r
2
=0.847 with Fe, 

r
2
=0.742 with Al and r

2
=0.843 with Ti (Figures 55-57; Table 12). A weaker correlation 

exists with P, with r
2
=0.347 (Figure 58; Table 12). On average, Ba concentration 

increased by an order of ~9 times during interglacial periods. The average accumulation 

rates for Ba do not show any significant difference from the concentration data (Figure 

54). As for the accumulation rate for the DBD closest to the sample, differences in the 

magnitude of the peaks are the same as for the metals, which are at 490, 300, 225 and 100 

kyr (Figure 53).  

Determining the amount of correlation due to actual chemical change in the sediment 

based off of elemental concentration is difficult since dilution factors are not taken into 

account. The high correlation between Ba and the terrigenous metals could be indicative 

of dilution by CaCO3, an increase in aeolian dust to the site due to climate change or 

fluctuations in the latitude of the Intertropical convergence zone (ITCZ) (Schroeder et al., 

1997). One way to determine if the Ba is from biological or non-biological sources is to 

identify the carrier phases of the Ba to the sediment by performing a Ba sequential 

extraction (Schroeder et al., 1997). Instead, the Ba concentration data will be normalized 

to Ti which will offset the terrigenous input and focus on the biologically produced Ba.  
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Phosphorus 

Phosphorus is stated as the ultimate limiting nutrient, whose quantity or availability 

controls the productivity of the ocean on geologic timescales (Tyrrell, 1999). Phosphorus 

is removed from the oceans primarily by the deposition and burial of organic matter, 

where the high burial flux at the continental margin results in an important oceanic sink 

for P (Froelich et al., 1982; Ruttenberg and Berner, 1993; Filippelli and Delaney, 1996). 

Upon deposition, a fraction of the organic P is recycled back into the water column 

(Ruttenberg & Berner, 1993), resulting in a source of bio-available P at the 

sediment/water interface. Once buried, the degradation of organic matter releases P into 

interstitial waters, allowing for the adsorption of P onto grain surfaces, the incorporation 

of P into oxides, and the precipitation of an authigenic P-phase mineral such as 

authigenic carbonate fluorapatite, abbreviated as CFA (Ruttenberg, 1993). Since the 

principle means of the removal of P from the ocean is burial, the amount of biological 

activity sustained in the ocean on geologic timescales is fundamentally controlled by the 

P burial flux (Ruttenberg, 1993). 

P concentration for RR0603-03 has the same 100 kyr cyclic trend as the 

concentrations for the metals and Ba, with peaks during the interglacial and minima 

during the glacial periods (Figures 43 and 52). The pattern for P is not as evident as for 

the metals and Ba; however, it is clearest between 700 to 200 kyr (Figure 52). P is most 

strongly correlated to Fe in this core with a spearman coefficient of r
2
=0.472, with Ti the 

lowest at r
2
=0.287 (Figures 58-61; Table 12). The low spearman coefficients for P 

suggest that the P concentration in the sediment was influenced by another factor, most 
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likely from biological processes. From glacial to interglacial periods, P concentration 

increases on average by a magnitude of about 4 (Figure 52). 

The P accumulation rate record displays the amount of P that has been permanently 

removed from the ocean system by means of burial (Filippelli et al., 2007). Times of high 

accumulation may therefore reflect times of high productivity. Once again, the average P 

accumulation rate results are similar to the P concentration results (Figures 52 and 54). 

For the DBD closest to the sample and within the same facies, there are significant 

differences in magnitude of peaks at 490, 450, 350, 300, 225 and 100 kyr (Figure 53). 

Comparing the P accumulation with both the Ba and Ca accumulation records from 

RR0603-03, interesting similarities arise. At first glance the P accumulation record 

appears to be a combination of the Ba and the Ca records (Figure 53). P is more similar to 

Ca for MIS 19, MIS 18, MIS 6 and MIS 4, they share a peak at 650 kyr and they have the 

same overall decreasing trend between 400 and 225 kyr (Figure 53). The P record is more 

similar to Ba during MIS 20, MIS 11 and MIS 7, and the three records are similar to each 

other during 625 to 475 kyr (Figure 53). As mentioned earlier, the Ba record is most 

correlated to the terrigenous metals while Ca reflects the CaCO3 in the sediment. Since P 

can be introduced to the sediment though terrigenous input as well as organic material, 

the P accumulation signal appears to have incorporated both inputs.  

In order to get a better understanding of the global P mass balance, the P 

accumulation rates of several sites were compared. Figure 62 is a comparison of the 

accumulation rate of P for RR0603-03 using the DBD closest to the sample with the P 

accumulation rates for PC72, PC114 and site 1089. The P accumulation peaks for the 

equatorial Pacific correlate well, especially every ~100 kyr from 800 to 400 kyr as well 
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as MIS 4 and MIS 2 (Figure 62). RR0603-03 and PC72 display a noisier signal than 

PC114 which could be due to carbonate dissolution. PC114 shows a peak in P 

accumulation roughly 80 kyr after the glacial onset from 700 to 400 kyr, then shifts to a 

peak between 10 to 40 kyr after the glacial onset for MIS 8, MIS 6, MIS 4 and MIS 2 

(Figure 62). RR0603-03 and PC72 show the same temporal shift ~300 kyr ago (Figure 

62). These two cores also reveal more peaks in P accumulation, with multiple peaks 

between 20 to 80 kyr after the glacial onset from 800 kyr to 400 kyr, 20 to 40 for MIS 8 

and MIS 6, and ~10 kyr for MIS 4 and MIS 2 (Figure 62). Southern Ocean site 1089 

displays P accumulation peaks roughly 10 to 40 kyr after the glacial onset (Figure 62). 

The P accumulation records for the equatorial Pacific sites are all below 40 µmolcm
-2
kyr

-

1
, while those for the Southern Ocean are much higher, ranging between ~75 and 550 

µmolcm
-2
kyr

-1
. The significantly higher P accumulation values for the Southern Ocean 

are proof of the importance of the Southern Ocean as a sink for P. As mentioned in 

Filippelli et al. (2007), this difference is due to a higher sedimentation rate and a high 

terrigenous source for P in the Southern Ocean.  

Although the magnitude of P accumulation between the equatorial Pacific and 

Southern Ocean are drastically different, the timing of accumulation is significant. 

Around 350 kyr, all of the sites tend to shift from interglacial maxima to glacial maxima 

(Figure 62). This shift could be due to age control or problems inherent to the 

accumulation calculation, which is based on sedimentation rates. Also due to 

sedimentation rate differences, there is a lag between the P accumulation peaks for the 

Southern Ocean and those for the equatorial Pacific (Filippelli et al., 2007; Figure 62).   
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Phosphorus geochemistry 

Detailed examination of the P geochemistry of the sediment suggests that the majority 

of P in core RR0603-03 is biological (Figure 42). The biological P fraction is extracted 

during step 2 of the modified SEDEX method (Table 2). Several phases of 

biogenic/authigenic P can contribute to this P signal, which includes: authigenic 

carbonate fluorapatite (CFA), P that is bound to CaCO3, the bones, teeth and scales of 

fish (biogenic apatite) and P interrelated with smectite (Ruttenberg & Berner, 1993).  

The deposition and burial of organic matter is the principle transporter of P to the 

sediment (Froelich et al., 1982; Ruttenberg & Berner, 1993; Filippelli & Delaney, 1996). 

Upon burial, the organic matter begins to release P into interstitial waters, allowing for 

the labile P to become incorporated into a different P pool, known as sink-switching 

(Ruttenberg & Berner, 1993). The release of P by organic matter leads to an increase in 

the concentration of other P phases, such as CFA and adsorbed P in near surface 

sediment. Figure 37 clearly shows a decrease in concentration with depth which implies 

that either an authigenic mineral, most likely CFA, or an oxide-bound P mineral is 

forming at the expense of organic P. These results are similar to those found in 

continental shelf sediments (Ruttenberg & Berner, 1993), as well as other sites within the 

equatorial Pacific (Filippelli & Delaney, 1996). This shows that the deep sea, and not just 

the continental shelf, is an effective reservoir for P. 
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Biogenic proxies 

Proxy normalization 

Proxy normalization focuses on the biological productivity, or export production, of 

the area by canceling out the terrigenous influence. The elemental concentration of P, Ba 

or Al in a sample is divided by the terrigenous input of the same sample, represented by 

Ti or Al. This assumes that the Ti or Al in the sample is of a terrigenous phase and not 

adsorbed or scavenged.  

The material transported by rivers to the ocean was either chemically or physically 

eroded from the continents, resulting in particulate matter and dissolved elemental forms 

(Filippelli, 2002). The particulate matter is deposited on the continental shelf and reflects 

the average values of the elements in the continental crust. In the case of P and Ti, the 

percentages are 0.076% and 0.40% respectively (Schlesinger, 1997). Most of the 21 x 

10
12
 g/yr of P that is transported by rivers remains unaltered and buried on the continental 

shelf while only 10% is biologically available (Schlesinger, 1997). The organic and 

oxide-bound P phases rapidly transform into CFA which are resistant to further 

modifications until exposed subaereally (Filippelli et al., 2007). Although the continental 

margin represents about 7% of the total ocean area, this nutrient sink is responsible for 

over 50% of the reactive P burial in the ocean (Filippelli, 1996). At times of lowered sea-

level, the exposed CFA deposits are made soluble due to the weakly acidic conditions of 

the subaereal weathering (Filippelli et al., 2007). During glacial intervals, the biologically 

available P transported by rivers is able to bypass the continental margin sink and be 

deposited directly into the deep sea sink, while also being actively weathered from the 

CFA deposits on the continental shelf (Filippelli et al., 2006). In addition, the change 
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from a short water column with a high sedimentation rate to that of a long water column 

with a low sedimentation rate would enhance the extent of particulate recycling, therefore 

increasing the oceanic dissolved P supply (Filippelli et al., 2007). These processes 

working together cause an increase in the amount of biologically available P in the deep 

ocean, which may increase biological activity during glacial times (Filippelli et al., 2006).  

Given a scenario of one site located on the continental shelf and another in a high 

productivity pelagic location, the P/Ti ratio, for instance, would have significantly 

different results. The vast majority of the P and Ti in the sediment of the near shore site 

are due to the continentally derived terrigenous sediment deposited on the continental 

margin by river systems (Schlesinger, 1997). The P/Ti ratio of the near shore site would 

therefore theoretically record the P/Ti ratio of the detrital terrigenous sediment. The 

concentrations of CFA beneath an upwelling, high productivity pelagic site, however, 

may generally be undiluted by terrigenous material (Ruttenberg and Berner, 1993). The 

P/Ti ratio of this sediment records fluctuations of excess P to the site, resulting in peaks. 

These peaks can be viewed as times of increased deposition of biological P to the site, or 

in other words, times of increased productivity. These times of increased productivity 

may be due to the loss of the continental margin sink during glacial intervals, resulting in 

an increase of biologically available P to the deep sea sink.   

According to Murray et al. (2000b), recent work shows non-terrigenous sources of Al 

in both biogenic sediments as well as sediment trap material. In biogenic systems such as 

the equatorial Pacific where the dominant terrigenous input is aeolian, the use of Al as a 

normalizing agent may cause an overestimation of the amount terrigenous material in the 

sediment by a factor of two (Murray and Leinen, 1996). Although both Ti and Al 
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normalized biogenic proxy ratios will be presented, the probable effects of Al scavenging 

or opal dissolution needs to be considered. 

 

P/Ti and P/Al 

The RR0603-03 records for P/Ti and P/Al with age are closely correlative. Both of 

these proxies have the same ~100 kyr pattern and indicate a peak in export production 

during the mid to late glacial periods (Figure 63). A broad peak over the glacial interval 

with a decrease over the subsequent interglacial is especially noticeable for MIS 14 and 

MIS 16 (Figure 63). Figure 64 compares the P/Ti ratios for RR0603-03, PC72, PC114 

and site 1089. This figure clearly portrays the similarities between these two HNLC 

regions, with peaks generally in the mid to late glacial intervals, roughly 20 to 60 kyr 

after the glacial onset (Figure 64). The broad peak begins just prior to the beginning of 

the glacial interval and sharply decreases at the onset of the interglacial, continuing to 

decrease throughout the interglacial period (Figure 64). As mentioned previously in the 

geochemistry discussion, there is an offset notable for RR0603-03 between 300 to 150 

kyr when compared to the other sites. This offset is notable once again in the P/Ti ratio 

comparisons, where the P/Ti record for RR0603-03 peaks roughly 10 to 20 kyr prior to 

the other sites during MIS 8 and the beginning of MIS 6 (Figure 64). As a reminder, 

caution must be taken when interpreting the geochemical record for RR0603-03 during 

this interval until more refined age determinations are available. 

The average values for the P/Ti and P/Al ratios of RR0603-03 are higher than the 

typical ratios of shale, carbonate rock, deep-sea clays and basalt (Table 13). The 

northernmost and southernmost sites for the JGOFS transect have lower P/Ti ratios, 1.1 
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and 1.4 µmol/g, respectively, which are most similar to the carbonate rock value of 1.0 

µmol/g (Tables 9 and 13). The sites nearest the equator, however, have P/Ti values 

comparable to RR0603-03 (Tables 9 and 13). As for the Southern Ocean sites, the P/Ti 

values are most similar to deep-sea clay (Tables 9 and 13).  

The P/Al value for the JGOFS equatorial site much like RR0603-03 also gives an 

average value higher than the typical values for carbonate rock, deep-sea clays and basalt 

(Tables 9 and 13). The remaining JGOFS sites are more similar to carbonate rock, deep-

sea clay or shale (Tables 9 and 13). Site E45-29 of the Southern Ocean has a P/Al closest 

to carbonate rock while the remaining Southern Ocean sites have values most similar to 

deep-sea clay (Tables 9 and 13).  

Overall, the P/Ti values for the equatorial Pacific sites are comparable either to 

carbonate rock or have average P/Ti values exceeding typical rock values. The high 

terrigenous flux of the Southern Ocean could be the reason for the lower P/Ti values for 

that area. As for the P/Al ratios, RR0603-03 behaved relatively the same, while 

differences exist for the JGOFS transect and the Southern Ocean. The JGOFS transect 

showed the greatest change between average values for the P/Ti and P/Al ratios, with 

some sites similar to shale and deep-sea clays. The reason for this disparity is probably 

due to the scavenging effects of Al in this region. The carbonate values for E45-29 in the 

Southern Ocean could be due to the location of the site, which is the closest site in this 

study to the equatorial Pacific.  

The % terrigenous for the Southern Ocean sites range between a low of roughly 5-

10% to maxima above 80% (Latimer and Filippelli, 2001b). The higher % terrigenous 

value for site 1089 (Figure 48) and the comparison of the geochemical provenance values 
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(Tables 9 and 13) suggest that the Southern Ocean and the equatorial Pacific have 

separate terrigenous influences. The source of terrigenous material into the equatorial 

Pacific is mainly aeolian with a lesser amount from upwelling (Archer, 2004), while the 

input for the Southern Ocean is a hemipelagic provenance from South America and 

southern Africa (Latimer et al., 2006). Although these are completely different sources, 

the response of the P/Ti ratio are notably similar between these two distant areas, 

emphasizing the importance of biologically produced P. 

 

Ba/Ti and Ba/Al 

The records for Ba/Ti and Ba/Al are noisy, not well correlative and neither appears to 

have a consistent pattern (Figure 63). The Ba/Ti ratio does show some correlation to the 

P/Ti ratio by sharing peaks at MIS 18, MIS 12, MIS 10 and MIS 2 (Figure 63). The Ba/Ti 

ratio for RR0603-03 has an average value of 14.0 which is considerably larger than the 

typical ratios of shale, carbonate rock, deep-sea clays and basalt (Table 13). The other 

equatorial Pacific sites also show this same phenomenon, while site 1089 and RC13-254 

of the Southern Ocean falls between upper continental crust and deep-sea clay values 

(Tables 9 and 13). Sites RC13-259 and E45-29 both have Ba/Ti values slightly above the 

typical rock and sediment values (Tables 9 and 13).  

The average Ba/Al ratio of 0.65 for RR0603-03 is also much greater than the average 

ratios for shale, carbonate rock, deep-sea clays and basalt (Table 13). The Ba/Al ratio for 

RR0603-03 is the largest value in this study, yet the Ba/Al values for the JGOFS transect 

are also higher than the typical rock and sediment ratios in Table 8 (Tables 9 and 13). The 

Ba/Al ratios for site 1089 and RC13-254 are both 0.034, which is nearest to the 0.027 
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value for deep-sea clays (Tables 9 and 13). Once again, Southern Ocean sites RC13-259 

and E45-29 have Ba/Al ratio values above the typical rock and sediment ratios (Tables 9 

and 13).  

The average values for the Ba/Ti and Ba/Al ratios for the equatorial Pacific and the 

two Southern Ocean sites RC13-259 and E45-29 are all greater than the typical ratios of 

shale, carbonate rock, deep-sea clays and basalt (Tables 9 and 13). The Ba/Ti and P/Ti 

results for the JGOFS transect are similar to each other in that the sites closest to the 

equator have the higher values. Murray et al. (2000a) attributes this to dilution as opposed 

to changes in productivity. Both RC13-259 and E45-29 have significantly higher average 

values for these ratios than the other two Southern Ocean sites (Table 9). In fact, the 

Ba/Al value of 0.33 g/g for E45-29 is comparable to the 0.25 – 0.65 g/g Ba/Al range for 

the equatorial Pacific (Table 9). The higher Ba/Ti and Ba/Al values of RC13-259 and 

E45-29 for the Southern Ocean compared to site 1089 and RC13-254 could indicate a 

greater flux of barite to these sites. Of all of the Southern Ocean sites, E45-29 tended to 

be the most similar to the equatorial Pacific sites. The Ba, Al and Ca concentrations for 

E45-29 are all within the range for those of the equatorial Pacific, as are the P/Al and 

Ba/Al ratios (Tables 8 and 9). Also, E45-29 gave the highest results for Ba/Ti and P/Ti 

for the Southern Ocean sites (Table 9). The locations of these two sites are positioned on 

either side of the Pacific basin within the Antarctic Circumpolar Current; therefore the 

waters could have a geochemical composition slightly closer to the equatorial Pacific 

sites due to proximity.  
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Other biogenic proxies 

The Al/Ti record is used in the Southern Ocean to identify the sources of terrigenous 

material in the sediment (Latimer and Filippelli, 2001b). In the equatorial Pacific where 

the terrigenous flux is low, the Al/Ti record is used as a paleoproductivity indicator 

(Murray et al., 2000a). The Al/Ti record for RR0603-03 also doesn’t have a strong 

pattern (Figure 65). This ratio averages 22, falling between the averages of 18.3 for deep-

sea clay and 26.8 for upper continental crust (Table 13). The high Al/Ti ratios for the 

equatorial Pacific sites are between 17 and 37, while those for the Southern Ocean are 

between 5.7 and 17 (Table 9). According to Dymond et al. (1997), preferential 

scavenging of Al by settling biogenic particles cause Al/Ti values exceeding 40 are 

possible within the equatorial Pacific. The lower Al/Ti ratios of the Southern Ocean are 

similar to bulk, or average, continental crust (Latimer and Filippelli, 2001b; Table 13). 

The low Al/Ti value for E45-29 is most similar to basalt (Latimer and Filippelli, 2001b; 

Table 13). 

Variation in the Sr/Ca record may be an indicator for cocolithophorid productivity 

and therefore CaCO3 production (Stoll and Schrag, 2000). The Sr/Ca record for RR0603-

03 has a fairly weak glacial to interglacial trend from 550 kyr to the Holocene (Figure 

65). The record shows a broad peak over the glacial, with a sharp decrease at or just 

before the interglacial onset at some stages (Figure 65). The Sr/Ca ratio for RR0603-03 

has a minimum value of 0.0018, which is similar to 0.0020 for carbonate rock (Tables 9 

and 13). The maximum Sr/Ca value of 0.013 is similar to 0.012 for upper continental 

crust (Tables 9 and 13). The average value of 0.052 for RR0603-03, however, is closest 

to the 0.049 of bulk continental crust (Tables 9 and 13).  
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P and variations in sea-level 

The P accumulation and P/Ti ratio are two semi-independent proxies in that P 

accumulation records the total P that is buried and thus removed from the ocean system 

while P/Ti records the excess P that is deposited on the seafloor. The P accumulation 

rates for the equatorial Pacific cores peak between 10 to 40 kyr following the last glacial 

onset in the past ~300 kyr (Figure 62). The older samples of PC114 show peaks at about 

80 kyr following the last glacial onset as do PC72 and RR0603-03 (Figure 62). PC72 and 

RR0603-03, however, also show peaks at around 20 to 40 kyr after the last glacial onset 

(Figure 62). As mentioned previously, this shift in peaks during the interglacial to glacial 

is probably due to the fact that the magnitude of the P accumulation record is dependent 

on sedimentation rates, which can be significantly variable due to age assignment 

uncertainties. The P accumulation peaks for site 1089 fall between 10 to 40 kyr after the 

last glacial onset, with lesser magnitude peaks up to 80 kyr following the last glacial 

onset (Figure 62). The timing of the P/Ti peaks for the equatorial Pacific and site 1089 

are both generally between 20 to 60 kyr following the last glacial onset (Figure 64). The 

similarities between these two different proxies, regardless of the differences in 

sedimentation rate, water depth and terrigenous input sources for these many cores, 

strongly suggest that there is a global response to an increased nutrient supply to the 

oceans during glacial periods.  

Both the P accumulation and P/Ti ratios for these two HNLC regions show an 

increase in the amount of P buried at these sites between roughly 10 to 60 kyr after the 

last glacial onset (Figures 62 and 64). As the P geochemistry data for RR0603-03 clearly 

shows, the majority of the P in this core is biological (Figure 42). Filippelli et al. (2007) 
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states that the P/Ti ratio of site 1089 coincides well with the calcareous nannofossil 

accumulation rates for the same site. The productivity of coccolithophores for site 1089 is 

linked to the availability of nutrients in the surface waters (Filippelli et al., 2007). This 

suggests that much like RR0603-03, the P burial at 1089 site is indeed linked to 

productivity, with high reactive P burial occurring in the mid to late glacial periods 

(Filippelli et al., 2007; Figure 64).  

The loss of the continental shelf during times of lowered sea-level and the ensuing 

bypass of nutrients into the deep-sea sink will occur at once following a glacial drop in 

sea-level (Filippelli et al., 2007). Since phosphorus is believed to limit biological 

productivity in the oceans (Ruttenberg, 1993), then the pelagic response of the increased 

nutrients into the deep-sea sink should be recorded in the P/Ti ratio. The residence time 

of P, currently 10 to 20 kyr (Ruttenberg, 1993; Filippelli and Delaney, 1996), would 

delay the deep-sea response to the increased nutrient loading (Filippelli et al., 2007). 

Filippelli et al. (2007) devised a simplistic model using the ODP Site 846 oxygen isotopic 

record along with a composite of P/Ti ratios from sites in the equatorial Pacific and 

Southern Ocean. The isotopic record is used by Filippelli et al. (2007) to represent sea-

level variations, where the inverse is used to predict the redistribution of nutrients from 

the continental margin to the deep-sea sink. Using sea-level variation time lags of both 10 

and 20 kyr, the authors revealed that the 20 kyr lag is a better match to the P/Ti 

composite (Filippelli et al., 2007). The results of this model fit well with the estimated 

residence time of P in the ocean. 

The cores used in the study mentioned above are the same cores used in this study, 

which are Southern Ocean site 1089 and equatorial Pacific sites PC72 and PC114 
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(Filippelli et al., 2007). The similarities between these cores and RR0603-03 in regards to 

the P/Ti ratio and P accumulation rates suggest that RR0603-03 would enhance the 

results of Filippelli et al. (2007), adding a higher resolution sample site closer to the 

source of upwelling in the equatorial Pacific.  

 

CONCLUSIONS 

 

The principle P-species component of the east-central equatorial Pacific site RR0603-

03 is by far authigenic P, followed by oxide-bound P, organic P and then detrital P 

(Figure 42). The high values of biologically available P for RR0603-03 in the equatorial 

Pacific strongly support that the P/Ti ratio is indeed recording times of increased 

deposition of biological P to the seafloor, or in other words, times of increased 

productivity. This ~100 kyr pattern is notable not only in the P/Ti record for RR0603-03, 

but also for the west-central equatorial Pacific sites PC72 and PC114 (Figure 64), 

advocating for a regional response to an increase in the biologically available P to the 

surface waters of the equatorial Pacific.  

The P/Ti ratio for Southern Ocean site 1089 also has a similar ~100 kyr pattern 

(Figure 64). The P/Ti ratios and P accumulation rates for each of the cores in this study 

results in an increase in P deposition between 10 to 60 kyr following the last glacial onset 

(Figures 62 and 64). This information suggests that the cores of these two HNLC regions, 

regardless of their differences in water depth, terrigenous sources or sedimentation rate, 

are potentially responding to the same global trigger. The data presented in this 

comparative study supports the transfer of nutrients from the continental margin to the 
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deep-sea sink during glacial intervals, which is the premise behind the “Shelf-Nutrient 

Hypothesis”. Although the results of this study alone cannot prove or disprove the “Shelf-

Nutrient Hypothesis”, these records are supportive of a global response to a change in the 

P mass balance through time.  

 


