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ABSTRACT 

 

Equatorial Pacific Sediment Deposition during the Early to Middle Miocene:  

Carbon Cycling and Proxies for Productivity. (December 2010) 

Christine Marie Piela, B.S., University of Miami 

Chair of Advisory Committee: Dr. Mitchell Lyle 

 

 The equatorial Pacific is a major region of biological production in the world 

oceans and an important part of the global carbon cycle. Changes in climate during the 

Cenozoic (65 Ma to present) have impacted the carbon cycle, and it is important to 

assess these impacts. This study focuses on the primary productivity of the equatorial 

Pacific during the early to middle Miocene (24 - 12 Ma) as recorded by Deep Sea 

Drilling Project (DSDP) Site 574, and investigates the sedimentary components 

potentially linked to productivity: bio-Ba, bio-SiO2, Corg, CaCO3, and uranium, as well 

as detrital thorium to estimate clay-bound barium. Within this time frame the plate 

beneath Site 574 traveled northwesterly across the equator and allows a unique 

opportunity to monitor changes in productivity and the carbon cycle in this region. It is 

difficult to determine directly primary productivity from the sedimentary record because 

the preservation of different proxies for this parameter - Corg, bio-CaCO3, and bio-SiO2, 

can be highly variable. The variability has many causes, including nutrient recycling in 

the water column and the depth of the carbonate compensation depth (CCD), which 

prevents the preservation and ultimate burial of plankton debris at the seafloor. To 
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interpret the production versus deposition rates during the early and middle Miocene, 

proxies were used in conjunction with direct measurements of biogenic remains. By 

determining the concentrations of biogenically produced barium (bio-Ba), which is less 

affected by degradation, it is evident that the mass of Corg produced was much greater 

than that preserved in the sediments. We observed higher deposition of bio-Ba and bio-

SiO2 as the site was transported over the equatorial divergence by plate tectonics, as 

expected. In contrast, CaCO3, accumulation was low in the divergence region, and 

coincides with a dissolution event known from other site studies in the equatorial 

Pacific. The pattern of uranium deposition resembles CaCO3 and Corg, and average U 

concentrations suggest that it was primarily deposited as a trace element in the shell 

material of biogenic carbonate. Corg also resembles CaCO3 and appears to represent 

primarily a dissolution signal. Total uranium analysis proved to be a useful proxy for 

Corg and CaCO3 preservation, and analysis of detrital thorium (
232

Th) concentration 

suggests very limited terrigenous clay input. Comparison of the different proxies reveals 

carbonate preservation events, changes in Corg preservation, and changes in deposition as 

DSDP Site 574 migrated northwesterly across the equator.  
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NOMENCLATURE 

 

Ba Barium 

Bio-SiO2 Biogenic Silica 

Corg Organic Carbon 

CaCO3 Calcium Carbonate 

CCD Carbonate Compensation Depth or Calcite Compensation Depth 

DIC Dissolved Inorganic Carbon 

DOC Dissolved Organic Carbon 

DSDP Deep Sea Drilling Project 

IC Inorganic Carbon 

IODP Integrated Ocean Drilling Program 

Ma Million Years Ago 

MAR Mass Accumulation Rate 

MBSF Meters Below Sea Floor 

PEAT Pacific Equatorial Age Transect 

Th Thorium (232) 

U Uranium 
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1. INTRODUCTION: PURPOSE OF RESEARCH 

 

 The primary objective of the research in this thesis is to contribute to the 

fundamental understanding of how the equatorial Pacific participated in large-scale earth 

systems between 24 and 12 million years ago. By analyzing sediment cores from the 

equatorial Pacific, this study provides a comprehensive dataset to clarify and refine the 

evolution of the carbon cycle and how it is affected by climate change. The dataset will 

serve as a component of a larger project that aims to improve the climate record during 

the Cenozoic Era (0-66 Ma).  

Climate and carbon cycle shifts are recorded in particulate matter generated at 

the sea surface that can subsequently be preserved as sediment at the seafloor. The 

variability of preservation makes it difficult to interpret the surface paleo-productivity 

from the deep-sea sediment record, so the total flux of multiple independent sediment 

components must be taken into account to determine productivity trends. Analyses of 

calcium carbonate and organic carbon in core sediment samples confirm major changes 

in the Cenozoic carbon cycle through the migration of the carbonate compensation 

depth (CCD). The CCD is defined as the depth at which calcium carbonate (CaCO3) 

dissolution exceeds CaCO3 deposition, and where no calcium carbonate is preserved. 

Carbonate solubility increases as pressure increases and temperature decreases, and, if 

the ocean is deep enough, there is a depth where all carbonate plankton tests will 

dissolve before burial. Biogenic silica and terrestrial fractions are of interest to determine  

___________ 

This thesis follows the style of Paleoceanography.    
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surface productivity in sediments where the biogenic carbonate record is absent, as well 

as the strength and structure of major zonal winds during the Miocene. During 1982, on 

Deep Sea Drilling Project Leg 85, a series of 5 sites were drilled in the Central equatorial 

Pacific. DSDP Site 574 was studied for this thesis to augment the datasets published in 

the DSDP Initial Reports [Shipboard Scientific Party, Init. Repts. DSDP 574, 1985].  

Publication of this DSDP Site 574 (Holes 574A and 574C) research provides a 

quantitative dataset to the scientific community including the biogenic sediment fraction 

(organic carbon, calcium carbonate, and biogenic silica, as well as biogenic barium), 

uranium, terrestrial input, and the climate and carbon cycle changes. Investigation of the 

biogenic sediment fraction shows how fluxes of biogenic material changed from the 

Early to Middle Miocene (Figure A1; 23-11.6 Ma) in the sediment record. This record is 

our primary venue for studying paleo-productivity changes in the equatorial region. In 

theory, the productivity of surface waters in the past can be inferred by compiling and 

comparing the accumulation rate values for the biogenic components. DSDP Site 574 

data can then be used in comparative analyses with current and future studies in the 

equatorial Pacific region, including the 2009 Pacific Equatorial Age Transect (PEAT) 

expedition (IODP Expedition 320/321, [Pälike et al., 2010a, 2010b]), whose sites are 

located to the east of Site 574 (See IODP Expedition 320/321 Preliminary Report, 

http://iodp.tamu.edu/scienceops/expeditions/equatorial_pacific.html). 

 

 

 



   

 

3

1.1. The Importance of the Carbon Cycle 

 The carbon cycle is defined as the flux of carbon between all of the earth’s zones: 

the biosphere, pedosphere, geosphere, hydrosphere, and atmosphere. During the 19
th

 and 

20
th

 centuries, rapid increase in atmospheric CO2 has led to intensified research of the 

carbon cycle, including those specifically aimed at methods for storing carbon in long-

term reservoirs. The ocean and the seafloor are major components in the storage of 

carbon and assimilation of CO2 from the atmosphere (Figure A2, [Berner, 1999]). The 

equatorial Pacific is a high production region (Figure A3, [Behrenfeld and Falkowski, 

1997]) that plays a major role in global carbon recycling. Highest productivity is 

confined to a zone within 2° of the equator. Chlorophyll a concentrations at the equator 

reach values > 0.25 mg/m
3
 [NASA, 2010], concentrations that are only surpassed by 

coastal zones. Observations published by McClain [2009] of NASA also illustrate 

significantly higher concentrations of chlorophyll a in the equatorial Pacific, notably 

during La Nina, when higher winds drive upwelling and eolian transport of continental 

nutrients [NOAA, 2008].  

A second indicator of production is dissolved organic carbon (DOC). DOC in 

marine and freshwater systems is one of the greatest cycled reservoirs of organic 

material on Earth. The equatorial Pacific has greater than 70 µmol/kg DOC in surface 

waters [Hansell et al., 2009], as compared to the Southern Ocean (~ 50 µmol/kg) and the 

central Pacific at 3,000 m depth (39 µmol/kg). The DOC functions as a food source and 

productivity indicator as it is leaked from the cells of plankton, and plays a major role in 

the recycling of global carbon, from absorption of atmospheric CO2 at the ocean-
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atmosphere interface to the deposition of carbon-rich sediments at the seafloor. High 

DOC at the equator implies high productivity, and it is generally accepted that increased 

productivity in the surface waters results in increased sequestration of CO2 from the 

atmosphere. This relationship is caused by the formation of carbon-rich skeletal and 

tissue material in phytoplankton and zooplankton in the photic zone, and its sinking 

below the thermocline. 

Sediment cores from Deep See Drilling Project (DSDP) Leg 85, Site 574 were 

sampled and analyzed to determine the biogenic sediment accumulation rates of the 

Miocene equatorial Pacific. Site 574 is now located at 04˚ 12.52’N, 133˚ 19.81’W 

(Figure A 4) in 4561 m of water, and provides a record from the Late Eocene to present. 

Because of plate tectonic movement of the Pacific plate, Site 574 has transited 

northwestward from more than 2˚S to its current position. This record of migration 

allows us to examine the depositional effects of an equatorial crossing during the 

Miocene.  

The transition from the Late Oligocene to the Early Miocene is marked by a 

climatic shift from a warm late Oligocene to a cooler Miocene, coinciding with a 

deepened CCD and the Mi-1 glaciation. The climate shift (Figure A5) is evidenced by 

changes in atmospheric carbon (pCO2) values, which decreased at the end of the 

Oligocene approximately 24 million years ago [Pagani et al., 2005]. The carbon cycle 

requires that a decrease in atmospheric pCO2 must be mirrored by an increase in carbon 

in another reservoir, such as the deep ocean (high carbonate deposition). The low pCO2 

levels (260-190 ppmv [Pagani, et al., 1999]) experienced in the early to middle Miocene 
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signify a cooler climate, which corresponds to the rapid expansion of the East Antarctic 

ice sheet and organic carbon burial events [Pagani et al., 1999]. Recent work by 

Kürschner et al. [2008] using plant leaf stomata to estimate paleo-CO2 in the atmosphere 

reports values in the Miocene of 300-500 ppmv, dropping slightly lower during the Early 

Miocene glaciation (Mi-1) and the expansion of the East Antarctic ice sheet (Mi-3/4).  

Preservation of organic carbon, biogenic carbonate, and biogenic silica in the 

sediment serve as indicators for the past, showing the effects of tectonics, productivity, 

and degradation. However, incomplete preservation can result in a misinterpretation of 

the paleo-productivity of the equatorial Pacific region. Important marine sediment 

makers including siliceous diatoms and radiolarians, and calcareous nannofossils, 

coccolithophores and foraminifera are labile compounds, and may be recycled in the 

water column or completely dissolved prior to or upon reaching the seafloor [Dymond 

and Lyle, 1994]. Biogenic silica may be dissolved in the upper sediment layers because 

it is undersaturated throughout the ocean [Hurd, 1973; Ragueneau et al., 2000]. 

Carbonate dissolution results from its higher solubility in cold, high pressure, less 

alkaline water below the lysocline (depth of undersaturation), eventually reaching the 

carbonate compensation depth (CCD). When carbonate materials reach the lysocline 

they dissolve more rapidly, and eventually the rate of dissolution exceeds the particulate 

carbonate flux to dissolve all carbonate sediments before burial at the seafloor below the 

CCD water depth.  

It was anticipated that there would be a decrease in organic carbon and calcium 

carbonate deposition during the early to middle Miocene due to a carbonate dissolution 
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event, as it has been previously published as a shoaling of the CCD [Lyle, 2003; Lyle et 

al., 1995]. The dissolution event is explained by shifts in the carbon cycle, as described 

in the following sections. 

 

1.2. Study Site: DSDP Site 574  

 

Site 574 was cored during DSDP Leg 85, which was the first to collect nearly 

complete and relatively undisturbed sedimentary records of the past 34 million years by 

using a hydraulic piston corer in the upper unconsolidated sediments and a rotary corer 

for the lower, consolidated layers [Mayer et al., 1986]. Site 574 was chosen as the focus 

of this study because the sediments preserved at this site record the site’s migration from 

south of the equator into the high-productivity belt, and to the site’s present location at 

4° north of the equator (Figure A4). This sedimentary record provides insight to the 

productivity of the region from the Eocene through the present, including the equatorial 

crossing between 16 and 17 Ma. A total of 361 samples from holes 574A and 574C were 

used in this study, providing depositional data from 119.6 to 353.4 meters below 

seafloor (mbsf), which equates to approximately 12.2 through 24.3 Ma.  

Deep Sea Drilling Project Site 574 was occupied in 1985 over an elongate 

basement trough [Shipboard Scientific Party, Init. Repts. DSDP 574, 1985]. Four holes 

were cored: Hole 574 cored from 0 – 206.5 mbsf, Hole 574A cored from 0 - 180.2 m in 

length (100% recovery) and Hole 574C cored from 194.5 to 525.5 mbsf (58% recovery); 

Hole B recovered only 9.5 m of core. Sediments from both Holes A and C are 

dominantly calcareous ooze. Siliceous microfossils are a typical component (2-30%, 
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Table 1) and make up the majority of the non-carbonate sediment fraction [Mayer et al., 

1986].  

 The variability seen in the record has several causes; nutrient recycling in the 

water column, a shallow CCD, and inter-pore dissolution in the seafloor all result in the 

degradation and dissolution of carbonate plankton debris. This variability makes the 

carbonate sediment component problematic as paleo-productivity proxies. The exact 

depth of the CCD is determined by temperature, pressure, and seawater chemistry, the 

last of which is dominantly controlled by the amount of dissolved CO2 in the water. The 

solubility of CaCO3 can be explained using the following equation: 

  
 

Increased CO2 results in greater dissolution of CaCO3, and increased production of free 

calcium ions and bicarbonate (HCO3
-
). Increased bicarbonate raises the alkality and 

works as a pH buffer in the ocean. As more biocarbonate is released into the water by 

dissolution of compounds like calcium carbonate, the pH value will increase to 

counteract the acidification caused by dissolved CO2.  

 

1.3. Hypotheses 

 Previous research [Rea and Leinen, 1992; Lyle, 2003] point in the direction of a 

carbonate dissolution event during the Miocene, which resulted in a large decline in the 

volume of carbonate preserved in the sediments.   

 The hypotheses of the research plan are as follows: 
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H0: External factors affecting productivity have remained the same; therefore 

productivity remains the same; only tectonic plate movement through the 

equatorial zone of divergence is affecting the rates of sediment deposition. 

• If the null hypothesis is true, the deposition at DSDP Site 574 will 

represent a pattern of surface production that reflects only the 

changes in longitude and latitude associated with plate migration.  

H1:  The productivity is changing through time due to external factors such as 

climate change throughout the Cenozoic, Intertropical Convergence Zone 

migration, upwelling variations, and variable nutrient input levels. Sediment 

deposition reflects theses external factors as well as the plate movement beneath 

the equatorial divergence zone. 

• If the alternate hypothesis is true, the productivity will illustrate 

shifts due to not only the migration of the Pacific Plate, but also 

the effects of air and sea temperature change, as well as wind and 

current dynamics, in the vicinity of DSDP Site 574.  

H2: Biogenic deposition is affected not only by productivity, but also by 

degradation and dissolution of organic carbon and carbonate on the seafloor. 

Therefore, carbonate sediment does not accurately represent productivity in the 

geologic record due to the shallow CCD during the Miocene [Rea and Leinen, 

1992; Lyle, 2003], and microbial degradation.  

• Proxies for organic and inorganic carbon will be investigated to 

provide a more accurate determination of carbonate sediment 
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deposition than the direct measurement of carbon in the core 

sediment samples. 
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2. MANUSCRIPT 

 

 

2.1 Summary 
 

The equatorial Pacific is a major region of biological productivity in the world 

oceans and an important part of the global carbon cycle. Changes in climate during the 

Cenozoic (65 Ma to present) have impacted the carbon cycle, and it is important to 

assess these impacts. This study focuses on the primary productivity of the equatorial 

Pacific during the early to middle Miocene (24 - 12 Ma) as recorded at Deep Sea 

Drilling Project (DSDP) Site 574. It is difficult to directly determine production because 

of the potential variability of preservation of organic carbon, biogenic carbonate, and 

biogenic silica in the geologic record. The variability has many causes, including 

nutrient recycling in the water column and the carbonate compensation depth (CCD), 

varying the preservation of plankton debris at the seafloor. To interpret the production 

versus deposition rates during the early and middle Miocene, proxies were used in 

conjunction with direct measurements of biogenic remains. Biogenic SiO2 and biogenic 

barium are positively correlated and have higher rates of preservation than Corg or 

CaCO3, and illustrate increased productivity in the equatorial Pacific region. By 

determining the concentrations of refractory bio-barium (bio-Ba), it is evident that the 

volume of Corg produced was much greater than that which was preserved in the 

geologic record. Total uranium analysis proved to be a useful proxy for CaCO3 

preservation, and analysis of thorium concentration illustrates very limited terrigenous 

clay input. Comparison of the proxies reveals carbonate and Corg preservation events, 
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changes in production, and changes in deposition as research site DSDP 574 migrated 

northwesterly across the equator.  

 

2.2. Introduction 

The global carbon cycle has been under intense investigation since the realization 

that atmospheric carbon dioxide (pCO2) is a major underlying factor responsible for 

climate change throughout the Cenozoic (65 Ma to present) [Berner et al., 1983]. The 

equatorial Pacific is a high production region that plays a major role in global carbon 

recycling. Dissolved organic carbon (DOC) in marine and freshwater systems is one of 

the greatest cycled reservoirs of organic material on Earth, and serves as an energy 

source for microorganisms. The equatorial Pacific has greater than 70 µmol/kg DOC in 

surface waters [Hansell et al., 2009], as compared to the Southern Ocean (~ 50 µmol/kg) 

and the central Pacific at 3,000 m depth (39 µmol/kg). The DOC functions as a food 

source and productivity indicator and plays a major role in the recycling of global 

carbon, from absorption of atmospheric CO2 at the ocean-atmosphere interface to the 

deposition of carbon-rich sediments at the seafloor. High DOC at the equator implies 

high productivity, and it is generally accepted that increased productivity in the surface 

waters results in increased sequestration of CO2 from the atmosphere. This relationship 

is caused by the formation of carbon-rich skeletal material in phytoplankton and 

zooplankton in the oceans’ photic zone.  

According to Berner [1999], the export of carbon from the upper ocean currently 

transfers 4-5 gigatons of carbon to the deep ocean every year, where it may be stored in 
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the sediment record. However, it is difficult to determine past production and transfer 

because of the potential variability of preservation of organic carbon, biogenic 

carbonate, and biogenic silica in the geologic record, which is dominantly controlled by 

the rain rate of the component and its rate of dissolution. Dymond and Lyle [1994] 

estimate this relationship in a simple equation: 

 

(1) Rain rate of any particulate component =  

Burial rate of that component + Benthic flux 

 

where rain rate is the amount of production that reaches the seafloor, burial rate is that 

which is preserved, and benthic flux is the dissolution and degradation that occurs at the 

sea floor but before burial. 

 The goal of the research presented is to determine to what extent we are able to 

estimate productivity, and establish how it changed through the early and middle 

Miocene. 

 

2.3. Study Site  

DSDP Site 574 was chosen as the focus of this study because it migrated from 

south of the equator into the high-productivity belt and sediment bulge, and to its present 

location at 4° north of the equator during the Miocene (Figure A1). Within the period 

studied in this paper (12-24 Ma) Site 574 was less than ± 2° of latitude from the equator, 

or within the equatorial zone proper. DSDP Site 574 was drilled in 1985 and is currently 
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located at 4°12.52’N, 133°19.81’W in 4561 m of water over an elongate basement 

trough [Shipboard Scientific Party, Init. Repts. DSDP 574, 1985]. Sediments at Site 574 

range in age from Latest Eocene to Holocene. A total of 361 samples from Holes 574A 

and 574C were used in this study, providing depositional data from 119.6 to 353.4 

meters below seafloor, which equates to approximately 12.2 through 24.3 Ma. Both 

Holes 574A and 574C are dominantly calcareous ooze chalk; siliceous microfossils are a 

common component (2-30%, Table 1).  

 The variability seen in the record has several potential causes; variations in 

productivity, nutrient recycling in the water column, dissolution rates (i.e., CCD depth), 

and inter-pore dissolution in the seafloor all result in the degradation and dissolution of 

plankton debris. This variability makes the biogenic sediment component potentially 

unreliable as paleo-productivity proxies, which is why more refractory sediment 

components were used as proxies for production in this study.  

Several refractory elements have been used to estimate paleo-productivity. 

Biogenic barium has been used to estimate the carbon export based on findings of 

previous research [Dymond et al., 1992; Dymond and Collier, 1996; Eagle et al., 2003; 

Eagle Gonneea and Paytan, 2006; Paytan and Griffith, 2007] and was measured as a 

proxy for production in this research. Since DSDP Site 574 is geographically far from 

any terrigenous input, the fraction of barium under consideration is primarily 

autochthonous. To support this assumption, terrigenous input was calculated using the 

sediment thorium concentration, which is a proxy for the amount of windblown dust 

from the continent, or eolian transport (Appendix D). The eolian transport is very low 
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(dust flux = 0.85 wt. % of sediment sample), but the biogenic barium reaches 9,000 ug/g 

at the equator in the Middle Miocene, much higher concentrations than what was being 

deposited by wind. Background levels for barium in sediments normally range from 100 

– 3,000 ug/g.  
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3. METHODS 

 

3.1. Calcium Carbonate and Organic Carbon Analysis  

 The method for the inorganic and organic carbon analysis is described in Lyle et 

al., [2000] and is based on the ‘difference’ method (see below) to calculate CaCO3. 

Samples were taken from the cores then ground, freeze-dried, and stored in Rubbermaid 

containers with desiccant to prevent hydration. Total carbon was measured using a UIC, 

Inc. CM5012 coulometer to measure the CO2 released when the sediment sample is 

combusted (Figure A6). Organic carbon (Corg) is measured by acidifying samples prior 

to coulometric analysis to remove the carbonate fraction. The difference between the 

total and organic carbon fractions represents the inorganic carbon fraction (IC) that can 

be converted to CaCO3 as the product of: IC *100/12 (assuming no dolomite). Data 

reported is on per/weight basis.  

 Organic carbon is measured by adding an excess volume of 10% hydrochloric 

acid (HCl) to a small known mass of sediment sample in fused quartz glass combustion 

boats, thereby dissolving the carbonates and releasing their CO2 prior to analysis. The 

remainder of the sample is placed in the combustion furnace, providing a quantitative 

value of the remaining organic carbon through the coulometer.  

Reproducibility and precision was confirmed by analyzing every fourth unknown 

sample in duplicate and by including two independent standards on each run. The 

average difference between replicates was 0.09 wt. % C for total carbon analyses and 

0.002 wt. % C for organic carbon analyses, which is less than 1% and 4%, respectively, 
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of the average measured values (Avg. total carbon = 10.3 ± 0.94; Avg. Corg = 0.05 ± 

0.01). Two standards were run prior to each unknown sample analysis: the “Midway in-

house standard,” and reagent-grade sucrose. The “Midway” standard is a homogenized 

marine sediment from “W8709A-5BC: 5-20 cm, with an average total carbon content of 

2.64 ± 0.02 wt%, n = 523, and an average Corg value of 0.85 ± 0.01 wt%, n = 570. The 

average total carbon content of Midway measured during the Site 574 analyses was 2.61 

± 0.142 and Corg content was 0.84 ± 0.09. Outliers, peaks and troughs in the data were 

rerun to confirm reproducibility; the average difference between the Corg sample repeat 

runs that did not produce synonymous values was ~0.01 wt%; however, the majority of 

sample repeats produced synonymous values during analysis. This high level of 

precision for organic carbon determination is important because the total organic carbon 

is low in Site 574 sediments, averaging only 0.05 wt%.  

 

3.2. Biogenic Silica Analysis 

 The Olivarez Lyle and Lyle [2002] method for biogenic silica analysis, modified 

after Mortlock and Froelich [1989], was used here to determine the concentration of bio-

SiO2 in the sediment samples. The method uses potassium hydroxide (KOH) to digest 

the biogenic silica of a known quantity of sample; this differs from the Mortlock and 

Froelich [1989] method, which used sodium carbonate (Na2CO3). Olivarez Lyle and 

Lyle [2002] found that Na2CO3 digestion is incomplete and underestimates biogenic 

silica in sediments because it does not dissolve resistant bio-SiO2 forms. However, both 
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methods attack volcanic ash or glass so therefore, overestimate bio-SiO2 if these 

components are present in significant quantity. 

Using the Hach “Low Silica” Method 8186 and reagents (molybdate, citric acid, 

and amino acid), the digested biogenic silica in solution reacts, changing the light 

transparency of the solution by changing the color from clear to blue. Higher silica 

concentrations result in darker solutions and therefore lower transparency values; the 

light transparency can then be measured quantitatively using a spectrophotometer. The 

dataset provided in this research was compiled using a HACH DR/4000 

Spectrophotometer.  

Solutions of deionized water, potassium hydroxide, a reagent grade Silica 

standard, and a digested in-house marine sediment standard were analyzed with each set 

of samples to verify the purity of the water used in reagents, to establish a blank value 

for the KOH solution, and to check the accuracy of the run.  The in-house standard 

represents a freeze-dried, homogenized marine sediment that is high is biogenic silica: 

either a radiolarian ooze from Site 1219A (IUPC 1219A) or a diatom ooze from Site 

1098 (BSU Site 1098). Summary statistics were established from previous analyses 

using the HACH method. IUPC Site 1219A in-house standard (n = 52) has an average 

value of 65.0 SiO2 by dry weight percent, and a standard deviation of 5.0. The BSU Site 

1098 Standard, n = 118, averaged 28.1 SiO2 weight percent with a standard deviation of 

2.25. The average total bio-SiO2 measured during the Site 574 analyses was 68.2 ± 4.9 

for IUPC Site 1219A and 28.2 ± 2.51 for BSU Site 1098 standard.  Every fourth 

unknown sample was run in duplicate to confirm precision and reproducibility; outliers 
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and peak and trough values were rerun for confirmation and correction. The average 

difference between unknown replicates was 0.22 wt. % bio-SiO2, which is 

approximately 4.4% of the average measured values (Avg. bio-SiO2 = 4.97 ± 3.3). This 

data is reported only as bio-SiO2 and does not account for water content, which means 

the values reported effectively underestimate the amount present. Mortlock and Froelich 

[1989] estimate that diatomaceous silica is about 10% water.  

  

3.3. HR-ICP-MS Element Concentration Analysis 

 Barium, thorium and uranium were analyzed by high-resolution inductively-

coupled plasma mass spectrometry (HR-ICP-MS) on the Element XR at Texas A&M 

University. Sediment samples were weighed (approximately ~50 mg) into Savillex 

Teflon beakers and spiked with appropriate amounts of 
135

Ba, 
229

Th, and 
236

U for isotope 

dilution analysis.  Total sample dissolution was achieved by digestion using a variety of 

strong acids.  First, 1 ml of concentrated trace metal grade perchloric acid (HClO4) with 

1 ml of trace metal grade 16M Nitric Acid (HNO3) was added to the beaker.  The beaker 

was heated to between 190-200˚C until the solution produced dense white fumes. At this 

point, the solution is covered for 30 minutes to reflux, then 1ml of concentrated trace 

metal grade hydrofluoric acid (HF) is added and the solution continues to be heated until 

dense white fumes reappear. The reflux and HF steps are repeated until the solution is 

clear and the sediment sample is completely dissolved. Once the sample is completely 

dissolved, 16 M trace metal grade HNO3 is used to rinse the beaker walls and lid, and the 

remaining solution is dried to a gel-like state. 1 ml of 16 M HNO3 is added and the 
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sample is volumetrically transferred to a 50 ml centrifuge tube and diluted to 50 ml with 

MilliQ water. The samples are centrifuged for 10 minutes at 1500 rpm to separate any 

suspended material (rare) from the solution. A second dilution (~1:50) was performed 

and the sample was ready for analysis by HR-ICP-MS.  

 Prior to each sample run the HR-ICP-MS was calibrated with a standard 

calibrating solution from Spex. Standards were not run during the element concentration 

analyses. Reproducibility was determined by duplicate runs of every fourth sample, and 

multiple reruns of peak and trough values. The samples representing the equatorial 

crossing were each analyzed at least three times on separate occasions to confirm that 

the bio-barium peak during the equatorial crossing was not an anomaly. Sample 574C 

1:6, 10-11 cm, averaged 1,773 ug Ba per g sediment with a standard deviation of 144, n 

= 4; averaged 169 ng U per gram sediment with a standard deviation of 23, n = 3; and 

averaged 63.9 ng Th per gram sediment with a standard deviation of 5, n = 3.  

 

3.4. Determination of Age Model, Mass Accumulation Rates, and Paleo-latitude 

 The age model used for this study is based on the chronostratigraphic model 

developed for the Pacific Equatorial Age Transect (PEAT) expeditions 320/321 using 

the Lourens [2004] time-scale. Specific magnetic events and biostratigraphic datums are 

based on the analysis of previous workers and can be referenced in Appendix 1. Only 

datums referenced specifically from Site 574 Holes A and C were used; datums 

referenced in other holes drilled at Site 574 were not used because of the offset between 

the Holes. The stratigraphic depth for each biostratigraphic event is based on the 
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following. Radiolarian events are from Nigrini [1985]; diatom events are from Barron 

[1985a], Barron (1985b], and Baldauf [1985]; calcareous nannofossil events are from 

Gartner and Chow [1985], and Pujos [1985]. The foraminiferal events are from Saito 

[1985], all published in the DSDP Initial Reports, Volume 85 [1985].  

The age for each datum was determined based on the calibrations developed for 

the PEAT expeditions [Pälike et al., 2010a; Pälike et al., 2010b; Expedition 320/321 

Scientists, 2010]. The reliability of each event was determined based on personal 

communications with B. Wade for foraminifera and J. Baldauf for diatoms. Datums cited 

from the Mediterranean or Caribbean, or markers without well-defined boundaries, were 

omitted from the biostratigraphic model due to lack of confidence in the datum and lack 

of simultaneous geographic occurrence with the same datum in Pacific.  

Several biostratigraphic events were omitted from the model due to the lack of a 

Pacific reference; some datums may have been common in the Atlantic but absent from 

the Pacific record, most notably after the closing of the Isthmus of Panama at 3 Ma. 

Atlantic foraminifera references were used when available and if the ages were not 

obviously inaccurate according to the age vs. depth curve (example: base occurrence 

Globiquadrina binaiensis).  

 Magnetostratigraphy was determined from Weinreich and Theyer, (1985). A 

reasonable magnetostratigraphy was only available for the uppermost 10 cores of Hole 

574A, from 1.66 Ma through 8.98 Ma due to the low paleomagnetic intensities of the 

lower sections (the lower record was incoherent). 
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The age model curve was developed by plotting the published depths of the 

biostratigraphic and magnetotratigraphic events against the ages referenced in the 

Integrated Ocean Drilling Program (IODP) Pacific Equatorial Age Transect (PEAT) 

timescale. Markers for each biostratigraphic group as well as the magnetostratigraphy 

were plotted separately to allow for discrimination between groups (Figure A7). For 

stratigraphic markers with a depth range, the average depth was plotted against the 

specified age.  

The upper and lower limits (first and last occurrences) as well as the average 

depths were plotted to build an accurate age versus depth plot to use when determining 

the mass accumulation rates for Holes 574A and 574C. Several curves were tested prior 

to selecting the curve of best fit. Finally, a 9
th

 degree polynomial curve was fitted to the 

data and used to extrapolate ages from given depths in the cores. The interval of interest 

(12 -24 Ma) lies well within the bounds of the fitted age/depth model (0 - 30 Ma) so 

errors that often occur at the extreme limits of polynomial curves should not be present.  

Determination of Mass Accumulation Rates 

 Formula: MAR = SR • Dbulk 

Sedimentation Rate (SR)  

Dry Bulk Density (Dbulk) 

  SR = depth/time [cm/kyr] 

  Dbulk = [g/cm
2
/kyr] 

Dry bulk density was determined using the wet bulk density measurements DSDP Leg 

85 Site 574 shipboard Gamma Ray Attenuation (GRAPE) data, published online at the 
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National Geophysical Data Center (NGDC) website: 

http://www.ngdc.noaa.gov/mgg/geology/seadas.html [NOAA, 1985]. Dry bulk density 

was estimated by the linear correlation between wet and dry bulk density shown by the 

physical properties measurements [Shipboard Scientific Party, Init. Repts. DSDP 574, 

1985].  

The sedimentation rate is a linear relationship expressing the amount of sediment 

deposited (m) per unit time (yr). The sedimentation rate was determined using the 

biostratigraphic data previously discussed.  

 The mass accumulation rate (MAR) compensates for changes in porosity and 

grain density differences by calculating the mass of sediment deposited per unit area and 

unit time. The mass accumulation rate was averaged in 0.5 m.y. intervals to provide an 

average accumulation rate that is in line with the quantity of age determination and to 

expedite the interpretation of data for the reader (Table 1). The complete data set is 

available at the NCDC paleoclimatology site: 

http://www.ncdc.noaa.gov/paleo/paleo.html.  

Paleo-latitude was determined by calculating a polynomial equation relating the 

reported latitude for specific core positions published by Lyle, [2003] to the core depths 

for Site 574, Holes 574A and 574C. Lyle [2003] calculated these positions based on the 

migration of the tectonic plate using fixed hot spot positions. These calculations were 

found to be relatively accurate for the Neogene based on the position of the equatorial 

sediment bulge.  
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4. RESULTS 

 

 

 The sum of each component measured, as listed in Appendix D, is not equal to 

100%. This could be due to several factors, including partial dissolution of biogenic 

silica (resistant radiolarians and diatoms) resulting in the under-estimation of that 

sediment fraction. The bio-SiO2 is consistently underestimated in the sediment fractions 

presented in this dataset. The salt fraction is also omitted from Appendix D, but since 

sediment samples were not washed, salt contributes to approximately 1% of the total 

sediment fraction. The clay faction represents a variable amount of each sample on 

average, and is discussed in greater detail in the thorium section of this paper.  

 

4.1. Sedimentation and Mass Accumulation Rates 

 

 Site 574 sedimentation rates can be divided into 4 average sections: 0 – 5.5 Ma: 

0.51 cm/kyr, 5.5 – 12 Ma: 1.29 cm/kyr; 12 – 22.4: 2.07 cm/kyr; and 22.4 – 30 Ma: 1.67 

cm/kyr. The highest rates of sedimentation occur in the equatorial region, when the Site 

574 paleoposition migrated between 1.75°S and 0.75°N (Figure A8; Appendix B). The 

higher rates of sediment accumulation in this zone imply higher productivity than at 

other latitudes. This illustrates that Site 574 did migrate through a high-productivity belt. 

 

 

4.2. Thorium  

 

 Thorium in the sediment studied here is derived entirely from windblown crustal 

material (dust) that is delivered by upper-level winds. Concentrations in DSDP Site 574 

cores range from 25 ppb to 350 ppb (Appendix D), with mass accumulation rates 
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peaking just below 400 ng/cm
2
/kyr (Figure A9). It is possible to estimate the amount of 

alumnosilicate assuming that the average thorium concentration of the upper continental 

crust is 10.7 ppm [Taylor and McLennan, 1985]. By this estimate, the concentration of 

thorium in Site 574 samples ranges from about 0.02 ppm to 0.40 ppm; detrital crustally 

derived dust particles make up <1% up to 4.5% of the sample weight. Such low eolian 

fractions are typical of present-day sediments of the equatorial Pacific far from 

continental margins [e.g. Anderson, 2006; McGee et al., 2007]. There is a general 

pattern of higher dust flux after 18 Ma. The highest percentages of terrigenous input are 

recorded in a narrow equatorial zone (0.25°S to 0.75°N, Appendix D – Master Datalist), 

but the concentrations are highly variable, most likely due to variations in zonal wind 

strength. A weather pattern similar to modern La Nina may have been strengthening 

zonal winds, or thermal gradients from polar ice formation could intensify wind belts. 

 

4.3. Barium 

 

 Biogenic barium is generally a reliable proxy for productivity because ≈ 30% of 

barium is preserved in the sediment record, as opposed to biogenic silica (≈ 5%) and 

organic carbon (<1%) [Dymond et al., 1992]. Barium is a reliable proxy for productivity 

in this region because there is little to no dilution from terrestrial input and the 

environment is not reducing. Sulfate (SO4) is not being reduced and BaSO4 (barite) is no 

being dissolved and remobilized in the sediment column.  

Unfortunately the Leg 85 Shipboard Party did not measure pore water SO4; 

however, we can estimate porewater SO4 by comparing alkalinity profiles to those of the 
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PEAT drilling. The alkalinity concentration curve published in the Leg 85 shipboard 

data volume [Shipboard Scientific Party, Init. Repts. DSDP 574, 1985] shows that the 

sulfate concentration (as derived from the sediment alkalinity) was high enough 

throughout the core for barite to be preserved in the subsurface (Figure A10a). Sulfate 

can be inferred from the sulfate and similar alkalinity porewater profiles of the IODP 

equatorial Site U1337 at the same latitude to the east. Figure As 10b and 10c indicate 

similar alkalinity produced by reduction of Corg, and a sulfate-rich environment, with 

only a 10% reduction of porewater SO4 from seawater.  

 The strong correlation between the total barium concentration and the calcium 

carbonate (Figure A11) shows the dissolution of calcium carbonate in relation to barium. 

The R
2
 value (0.68) shows there is a direct negative correlation between CaCO3 and 

barium concentration, and shows that much of the variation in CaCO3 is caused by 

dissolution. Total barium concentration could potentially be used to estimate the 

dissolution of CaCO3.  

 

 

4.4. Biogenic Silica  

 

 Biogenic silica values show less variability of degradation than calcium 

carbonate and less total degradation than organic carbon. The non-carbonate component 

of the cores is almost entirely biogenic silica [Mayer et al., 1986].  Bio-SiO2 values 

strongly correlate with total barium values (R
2
 = 0.5, Figure A12), indicating high 

productivity in the surface waters, which is mostly attributed to Miocene diatom 

expansion [Falkowski et al., 2004; Kidder and Gierlowski-Kordesch., 2005; Rabosky 
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and Sorhannus, 2009]. The increase in biogenic silica in the world oceans coincides with 

increases in δ
18

O values, noted as “Oi” and “Mi” events on Figure A 5. Progressive 

cooling during the Miocene led to a turnover in diatom assemblages, and the Monterey 

Event recorded near 17 Ma [Barron, 1992].  

 

 

4.5. Calcium Carbonate and Organic Carbon 

  

 Appendix B contains the Corg and CaCO3 total weight percentages and their mass 

accumulation rates (MAR) for Site 574. The high production in the equatorial region of 

the Pacific is evidenced by the high MARs of the components (Figure A12) between 

1.25°S and 0.2°S, but at the equator there is a drastic drop in the MAR of both Corg and 

CaCO3. The decline in carbon compounds is not mirrored by the SiO2 and total barium 

mass accumulation rates, which follow changes expected of a traverse of the equatorial 

region. The decreases of Corg and CaCO3 are assumed to be the artifact of a dissolution 

event, which selectively removed carbonate and organic carbon.  

 

4.5.1. Sediment Dissolution  

 

 Carbonates are extremely susceptible to mineralogical and textural change, 

cementation, and dissolution, which can occur at any time from production to initial 

burial and then deep burial. The reduction of preservation of calcium carbonate and 

organic carbon as illustrated in Table 1 indicate either a) lack of production or b) lack of 

preservation. Modern estimates of equatorial Pacific production ( ~ 2 -3 g 

CaCO3/cm
2
/kyr] using sediment traps [Dymond and Lyle, 1994; Honjo et al., 1995] and 

chlorophyll concentration data indicate high surface production in the equatorial Pacific, 
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and, therefore, sediment deposition rates should follow suit. One factor potentially 

reducing the volume of calcium carbonate and organic carbon preserved includes 

dissolution by a shallow CCD. During the Miocene the lysocline in the South Pacific 

shoaled by 500 m, to an estimated depth of approximately 3,700 m [Rea and Leinen, 

1992]. Data reported in this work suggests that the lysocline was even shallower in the 

equatorial region.  

Estimated depth at the time of deposition based on models built by Sclater et al., 

[1985] for other DSDP Sites in the region indicate that Miocene water depth was 

shallower than present day. Site 77, located approximately 3° south of DSDP Site 574, 

was 559 m shallower than it is today, but still below the Miocene elevated CCD. Using 

the estimates from Sclater et al., [1985], Site 77 was 14% shallower, so Site 574 crust 

may have been approximately 3965 m below sea level when it crossed the equatorial 

region. Based on the Rea and Lyle [2005] method for depth backtracking, the depth for 

Site 574 would have been approximately 4170 m at 17 Ma, more than 400 m below the 

lysocline as estimated by Rea and Leinen [1992].  

 

4.5.2. Sediment Degradation 

 

Degradation throughout the water column and on the seafloor via consumption 

and recycling by plankton and benthic organisms including bacteria is a key factor in the 

rate of sediment degradation and remineralization. The rates of remineralization of Corg 

are dominantly controlled by the input rate; continental margins, for example, generally 

have higher rates of preservation than open ocean regions because of high production 

and very high sedimentation rates of clays, which can lead to anoxic porewaters and 
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occasionally anoxic bottom waters. Because the sediment in the open ocean is deposited 

on a particle-by-particle basis, the water-seafloor interface cannot be buried rapidly 

enough to become anoxic, and deep-sea circulation also prevents anoxia. The metabolic 

pathways in oxygenated versus anoxic environments play a role in the rate of Corg 

recycling [Canfield, 1994]. Anoxic seafloor environments preserve more Corg than oxic 

environments because they lack bioturbation and the faster oxic metabolic pathways. 

Organic carbon preservation is sensitive to sedimentation rate, Corg flux, and bottom 

water oxygen concentration [Rabouille and Gaillard, 1991], so several factors have to be 

taken into consideration. Site 574 experienced oxic bottom water conditions, which 

would promote multiple types of degradation through oxygen-metabolizing pathways. 

The oxic conditions are assumed from the presence of benthic foraminifers and 

reworked nannofossils, inferring burrowing and reworking of the sediment after 

deposition. A high proportion of nannofossils, specifically discoasters, were reported as 

being reworked at Site 574, including the lower Miocene [Shipboard Scientific Party, 

Init. Repts. DSDP 574, 1985].  

 

 

4.6. Uranium  

 

 Uranium concentration [ng/g] and mass accumulation rates [ng/cm
2
/kyr] strongly 

correlate with the calcium carbonate, and to a slightly lesser degree with the organic 

carbon. In McManus et al., [2004], uranium demonstrated a linear relationship with 

CaCO3 rain rate in the Pacific. Mo et al. [1973] observed a direct proportionality 
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between the percentage of Corg and uranium in sediments deposited in several different 

environments, and the same for calcium and uranium in manganese nodules.  

Organisms that form tests out of calcium carbonate incorporate the uranium, 

which sinks with the CaCO3 when the organisms die. As they are recycled and dissolved 

through the water column or on the seafloor, the uranium is put back into the nutrient 

cycle rather than being preserved in the geologic record. This illustrates the potential for 

uranium accumulation rates to be used as a proxy for calcium carbonate processes 

(Figure A13).  

Site 574 has uranium concentrations of less than 1000 ng/g, which are similar to 

data on foraminifera collected by Mo et al. [1973] (Figure A 14). Even though the 

dominant calcium carbonate producers in DSDP 574 sediment are calcareous 

nannofossils (discoasters are the most common [Shipboard Scientific Party, Init. Repts. 

DSDP 574, 1985]), foraminifers are also an important carbonate component. In several 

sections of Hole 574A, almost 100% of the sand-sized fraction (> 63 µm) is planktonic 

foraminifers [Shipboard Scientific Party, Init. Repts. DSDP 574, 1985]. The dissolution 

of sediment makers like foraminifera results in the release of uranium back into the 

seawater, rather than preservation in the deep-sea sediments. As mentioned in section 

4.5.2., the oxic seafloor allows for the degradation of organic carbon at the seafloor. 

Where bioturbation or reworking are present, even buried material that would be 

preserved is remineralized and put back into the cycle.  
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5. DISCUSSION AND CONCLUSIONS  

 

5.1. Discussion 

 The low preservation rates of Corg and CaCO3 during the crossing of the equator 

in conjunction with the low uranium burial rates indicate that calcium carbonate and 

organic carbon were subjected to severe dissolution and degradation either throughout 

the water column, on the seafloor, post-burial in the bioturbation zone, or a combination 

of the three. An elevation of the CCD would have resulted in increased dissolution of 

carbonate skeletal material when DSDP Site 574 was located between approximately 

0.25°S and 0.25°N. This interval has an age estimate between 15.5 Ma and 17.5 Ma, 

which corresponds with the warm mid-Miocene climatic optimum (Figure A 5), a period 

of high atmospheric pCO2 levels and high dissolved CO2 in the oceans.  

A lack of surface production is not what is causing the CaCO3 deficiency in the 

sediment record, as evidenced by the high deposition of bio-Ba and bio-SiO2 across the 

equator. Calcareous production rates increase and decrease relative to bio-SiO2 

production, as observed in the modern equatorial region derived from sediment traps 

[Dymond and Collier, 1988] and satellite data [NOAA, 2010]. High modern productivity 

at the equator is clearly illustrated by the NOAA Aqua-MODIS satellite measurements 

for chlorophyll a peak in the equatorial Pacific region (Figure A15). It is expected that 

the majority of plankton should follow a similar high productivity pattern in normal 

environmental conditions; however, the early Miocene carbonate anomaly at 17 Ma 

remains even though the diatom population booms at the equator. 
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During modern periods of low nutrient input, like ENSO phases, competition for 

valuable nutrients in the photic zone between primary producers is high. Sediment trap 

data from Dymond and Collier [1988] illustrates the variability between euphotic 

producers. I am assuming that equatorial currents during the Miocene were similar to 

today’s to make a comparison of production in the photic zone during nutrient-limited 

periods. Diatoms appear to be more successful than calcareous organisms in eutrophic 

environments [Dymond and Lyle, 1985] based on biogenic opal to calcium carbonate 

ratios determined from sediment trap data and plankton surveys. During the 1983-84 

ENSO event, bio-SiO2 production increases in a shear zone developed in oligotrophic 

waters at 10°N but calcareous production is higher at the equator, where upwelling is 

suppressed [Dymond and Collier, 1988]. Biogenic component sediment flux by weight is 

nearly cut in half during El Niño periods compared to normal meteorological conditions 

between 1883 m and 1895 m water depth. (This sediment trap depth was chosen for the 

productivity comparison because it is deep enough to be exempt from surface variability, 

but not deep enough to be affected by the lysocline or carbonate dissolution.) Diatoms 

may have out-competed the calcareous producers 16 million years ago, but that does not 

single-handedly account for the large removal of calcareous producers, the degradation 

of foraminifera in Site 574 cores, or the increase in bio-barium at the equatorial crossing.  

Honjo et al. [1995] equatorial Pacific sediment trap data between 1992 and 1993 

also supports the positive correlation between CaCO3 and bio-SiO2 (Figure A 16). Both 

CaCO3 and bio-SiO2 rain rates increase and decrease together. Assuming Miocene 

primary production followed the same pattern as modern primary production, the 
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increase in bio-SiO2 at the equatorial crossing seen in Site 574 should have been 

mirrored by a CaCO3 increase. If the siliceous plankton were displacing calcareous 

organisms, the expected relationship would be an inverse correlation between calcium 

carbonate and biogenic silica, not seen in the Honjo et al. [1995] dataset. is not true. If 

there were a drastic drop in calcareous production it should also be illustrated in the 

biogenic silica record.  

The mid-Miocene climate optimum was a very warm period with high 

atmospheric CO2 concentrations (>240 ppm [Pagani et al., 1999]). The high atmospheric 

pCO2 resulted in higher dissolved CO2 in the world oceans, leading to acidification, like 

the situation we see in the oceans today. The total concentration of the carbonate ion 

(CO3) is equal to the total alkalinity (TA) of the ocean minus the dissolved inorganic 

carbon (DIC), or: [CO3] = TA – DIC. The rate that inorganic carbon (DIC) is stored in 

reservoirs, like the seafloor, controls the concentration of carbonate ions and ocean pH. 

If more inorganic carbon, like dissolved CO2, is introduced to the system, the alkalinity 

(TA) has to increase to keep the system in equilibrium, therefore the total concentration 

of carbonate [CO3] ions also increases. The result of higher dissolved CO2 would have 

been a shoaling of the CCD to balance the increasingly acidic pH with bicarbonate 

(HCO3), which is exactly what is illustrated by this dataset. The low carbonate relative to 

the increased biogenic silica dilute indicate a shoaling of the CCD at 17 Ma resulting in 

the poor preservation of CaCO3 and Corg during the warm mid-Miocene climate 

optimum shown by this data. DSDP Leg 85 Initial Reports [1985] also notes the poor 

preservation of planktic foraminifers found in Site 574 during this time period relative to 
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the rest of the record. This proves that the production was taking place in surface waters, 

but preservation, even of larger consumers, was a problem for calcareous organisms.   

Increased diatom productivity at approximately 17 to 17.5 Ma correlates with the 

Monterey Event Hypothesis (depending on which timescale is referenced). Increased 

zonal wind, as mentioned in section 4.2, would have increased upwelling [Ingle, 1981; 

Barron and Baldauf, 1989; Chang et al., 1998] and terrestrial input, since thorium and 

terrestrial input increase at 17 Ma (Figure A9). The terrestrial input would likely 

increase eolian silica deposition and iron concentration, increasing productivity in a 

silica and iron-limited ecosystem. More available nutrients and building material for 

siliceous microorganisms from upwelling and windblown deposits would increase 

overall productivity. The increased intensity of wind-driven currents must have 

increased throughout the Miocene, as evidenced by the increasing thorium concentration 

values that signify stronger winds, and the same is true for upwelling [Berger, 1981; 

Vincent and Berger, 1981]. Increased equatorial upwelling is reflected in the diatom and 

biogenic silica record in the data reported here as well as other research sites (DSDP Site 

216 [Vincent et al., 1985]).  

 The end of mid-Miocene climatic optimum at 14 Ma is coincident with the 

increase in δ
18

O values from 2‰ in the Lower Miocene to 3‰ in the Upper Miocene 

(Figure A 5), which was a result of the drop in atmospheric CO2 values, average global 

temperature and the formation of Antarctic ice sheets [Savin et al., 1975; Shackleton and 

Kennett, 1975; Wright and Miller, 1992; Flower and Kennett, 1993]. The oxygen isotope 

change is measured benthic foraminifera, which may have been independently caused by 
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bottom-water cooling [Matthews and Poore, 1980]. The water was very cold (3‰ δ
18

O 

is approximately equivalent to 5°C [Vincent and Killingsley, 1985] at the depth of 

DSDP Site 574 sediment deposition. The planktonic and deep-water foraminifera do not 

reflect such a drastic shift in δ
18

O values, meaning deeper waters were colder than 

surface waters and infers a steepened equatorial Pacific thermocline. The growing 

Antarctic ice shelf was creating a more drastic thermal gradient between the poles and 

the equator, so a steeper thermocline in the water is not far-fetched. The atmospheric 

temperature gradient is most likely the driving force behind the changes zonal wind 

patterns, as illustrated by the changing clay fraction, which increased and was highly 

variable during the Miocene.  

 

 

5.2. Conclusions 

 

 Direct measurement of organic carbon and carbonate in deep-sea sediments are 

not always reliable proxies for ocean productivity. Refractory compounds and elements, 

such as total barium, can be used as proxies to provide a more reliable estimate of 

productivity in the event that biogenic sediment is not preserved in the geologic record. 

Total uranium could potentially be used as a proxy for CaCO3 burial. Determining the 

volume of terrestrial input by using proxies such as sediment thorium concentration can 

strengthen these productivity and preservation proxies.  

 Direct measurement of biogenic sediment components and refractory elements 

reflect a dissolution event that took place in combination with an increase in productivity 

during the time that DSDP Site 574 crossed the equator between 15 and 18 Ma. The 
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biogenic silica and barium signals confirm that the production was taking place in the 

surface waters, but the conditions were not favorable for preservation of CaCO3 and Corg, 

were not entirely preserved (Figure A 17, A 18). This reduction of CaCO3 preservation 

at Site 574, also found at other equatorial Pacific sites, signals that there was a 

significant dissolution event, most likely caused by increased atmospheric CO2 

penetration into the oceans. The higher pCO2 values resulted in increased CO2 

sequestration, which lowered oceanic pH. Low oceanic pH values trigger a shoaling of 

the carbonate compensation depth, putting more carbonate, DOC, and DIC in solution in 

an effort to neutralize the pH. The shoaling of the CCD did not have an affect on bio-Ba 

or bio-SiO2, which is why they illustrate a factor of 2 increase in production in the 

equatorial region during the Miocene at DSDP Site 574 while the Corg and CaCO3 do 

not. Increase in biogenic silica and barium mass accumulation rates coupled with 

decreased Corg and CaCO3 indicate equatorial Pacific production was affected by several 

variables including tectonicism, climate change, zonal wind and terrestrial nutrient 

fluxes, as well as intense dissolution.  
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Figure A1. Geologic time scale. The Early to Middle Miocene spans from about 23 Ma to 11.6 Ma. 

Walker, J.D., and J. W. Geissman, (2009), Geologic Time Scale: Geological Society of America. 

http://3dparks.wr.usgs.gov/coloradoplateau/timescale.htm. 
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Figure A2. The long-term carbon cycle. The carbon cycle (>100,000 years) regulates the carbon in each 

reservoir. R. Berner, (1999), GSA Today, 9.  
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Figure A3. Modern Equatorial Pacific Primary Production. The modern high productivity band on the 

equatorial Pacific based on the mean annual values of primary production, derived from the Vertically 

Generalized Productivity Model (VGPM) [Behrenfeld and Falkowski, 1997.] Factors taken into account 

include surface chlorophyll concentration, surface temperature, day length, flux of photosynthetically 

active radiation, and the depth of the euphotic zone.  
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Figure A4. DSDP Site 574 Map. The current location of DSDP Site 574; note the modern water depth. 

The yellow line illustrates the path of migration from the Eocene to present. DSDP Site 574 crossed the 

equator (0°) at approximately 16.2 Ma, based on the polynomial fit used in this research. Red circles 

indicate approximate site location at that time. 
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Figure A5. ∂

18
O values and Cenozoic Temperature Flux. The ∂18

O values shifted multiple times between 

the late and middle Miocene. High ∂
18

O values infer lower temperatures; note the warm mid-Miocene 

climatic optimum between 16 and 14 million years ago, which correlates with the high equatorial 

productivity values presented. Zachos et al., 2008. Proc. IODP Init. Results, 321, 2009. 
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Figure A6. Coulometric Method Illustration. The figure illustrates the furnaces and method used in 

coulometric method for determining CO2. From Lyle et al., 2000. 
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Figure A7. Stratigraphic Plot with Polynomial Equation. Biostratigraphy and Magnetic Stratigraphy for 

DSDP Site 574, Holes A and C, as determined from Init. Repts. of DSDP [1985], and IODP Legs 320/321 

[2009]. The boxed area illustrates the focus area of this study: 12 to 24 Ma.  

Polynomial Age = -0.140026 + (Depth * 0.2692) - (Depth
2 

* 0.005302) + (Depth
3 

* 0.000093981) - 

(Depth
4 

* 0.0000010264) + (Depth
5 

* 0.000000006683) - (Depth
6 

* 0.000000000026002) + (Depth
7
 * 

0.000000000000059169) - (Depth
8 

* 7.2497E-17) + (Depth
9
*3.6885E-20). 
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Figure A8. DSDP Site 574 Sedimentation Rates Plot. The highest rates were recorded during the crossing 

of the equatorial “high productivity belt” and during the mid-Miocene climatic optimum.  
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Figure A9. Thorium and Bio-SiO2 MAR Plot. Thorium (orange) mass accumulation rates increases at 

approximately 17 Ma, following the biogenic silica curve (blue), and again at 14 Ma at the end of the Mid-

Miocene Climatic Optimum.  
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10a.  
 

10b. 10c.  
 
Figure A10 a. DSDP Site 574 Alkalinity, b. IODP U1337 Alkalinity, c. IODP U1337 Sulfate 

Concentration. a. Low alkalinity and low pH values are indicative of a sulfur-containing environment.  

b, c: The 2009 IODP U1337 Site, also located at 4°N, closely resembles the alkalinity profile of DSDP 

Site 574. The sulfate concentration curve shows that the environment is not reducing.  
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Figure A11. CaCO3 and Ba wt% Correlation Plot. Correlation between total barium concentration and 

calcium carbonate weight percent. R
2
 value of 0.68 illustrates a good correlation between the two 

components; barium could potentially be used to estimate CaCO3 weight percent.  
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Figure A12. Biogenic MAR v Paleolatitude. The decrease in Corg and CaCO3 at the equatorial crossing 

does not support modern sediment trap data, which illustrates the equatorial zone as a high productivity 

area. (Black – 
135
Ba, blue – SiO2, red – Corg, green – CaCO3). In this plot, the 

135
Ba and SiO2 are 

unaffected or increase near the equator, while the carbon-based compounds are either a) not produced or 

b) not preserved. 
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Figure A13. Uranium and CaCO3 MAR Plot. Uranium (light blue) concentration decreases at the equator 

with the calcium carbonate (green). The decrease at 16.5 Ma coincides with the equator crossing, 

illustrating the decrease in carbonate accumulation and the resulting decrease in uranium in the sediments.   
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Figure A14. Uranium Concentration in Various Marine Components. The Uranium concentration of 

foraminifera coincides with the data presented by this research. (Note unit change: data in the plot is 

presented in PPM, while data presented in this research is in PPB). [Mo et al., 1973].  
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Figure A15. Modern Chlorophyll a Concentration Plot. Aqua MODIS satellite data collected between 

2007 and 2009 for 110°W. Chlorophyll a data presented in monthly increments and units are mg/m
3
. 

[NOAA, 2010]. 
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Figure A16. Modern Bio-SiO2 and CaCO3 Sediment Trap Flux. Based on sediment trap data from Honjo 

et al., [1995] illustrating the positive correlation between biogenic silica flux and calcium carbonate flux in 

the equatorial Pacific from January 1992 to February 1993. This data supports the carbonate dissolution 

hypothesis at 17 Ma because the high biogenic silica production should correlate with high calcium 

carbonate production.  
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Figure A17. Component MAR v Paleolatitude Plot. Organic carbon and calcium carbonate (bottom two 

plots) mass accumulation rates follow a similar trend and decrease at the high productivity equator, while 

barium and biogenic silica, which are not affected by the CCD, peak during the equatorial crossing.  
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Figure A18. Component MAR v Age Plot. Same mass accumulation data as Figure A 16 plotted against 

the estimated age. Note the increase in bio-SiO2 at 17 Ma and the corresponding decrease in organic 

carbon and carbonate.  
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Table B1- 500 kyr DSDP Site 574 Sediment Components 
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