
Boston University

OpenBU http://open.bu.edu

Boston University Theses & Dissertations Boston University Theses & Dissertations

2016

Biogeochemistry and geochemical

paleoceanography of the South Pacific Gyre

https://hdl.handle.net/2144/19711

"Downloaded from OpenBU. Boston University's institutional repository."



BOSTON UNIVERSITY 
 

GRADUATE SCHOOL OF ARTS AND SCIENCES 
 
 
 
 
 

Dissertation 
 
 
 
 
 

BIOGEOCHEMISTRY AND GEOCHEMICAL PALEOCEANOGRAPHY OF 

THE SOUTH PACIFIC GYRE 

 
 
 

by 
 
 
 
 

ANN GENEVIEVE DUNLEA 
 

B.S., University of Rochester, 2010 
 
 
 
 
 
 

Submitted in partial fulfillment of the 
 

requirements for the degree of 
 

Doctor of Philosophy 
 

2016  



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright by 
 ANN GENEVIEVE DUNLEA 
 2016 
   



Approved by 
 
 
 
 
 
 
 
 
First Reader_________________________________________________________ 
 Richard W. Murray, Ph.D. 
 Professor of Earth and Environment 
 
 
 
 
Second Reader_________________________________________________________ 
 David R. Marchant, Ph.D. 
 Professor of Earth and Environment 
 
 
 
 
Third Reader_________________________________________________________ 
 Guido Salvucci, Ph.D. 
 Professor of Earth and Environment 
 
 
 



!

! iv 

 

 

 

 

 

 

 

 

Dedicated to my grandparents,  

 

may they continue to inspire the joys of lifelong learning.  



!

! v 

ACKNOWLEDGMENTS 

Firstly, I would like to express my sincere gratitude to my advisor Rick Murray 

for the continuous support of my Ph.D research and for his patience, motivation, and 

immense knowledge. His timely and scholarly guidance improved my lab, research, and 

writing skills while his character and life advice has strengthened me as an individual. I 

could not have imagined a better advisor and mentor for my Ph.D study and will carry the 

lessons he has taught me for the rest of my life. 

I would also like to thank the rest of my defense committee from Boston 

University, Andrew Kurtz, David Marchant, Guido Salvucci, for their intellectual 

guidance over the years and for helping me reach the finish line. My sincere thanks also 

goes to my external committee member, Steve D’Hondt, for his support and contributions 

over the years. Thank you also to the rest of the URI-GSO crew, Justine Sauvage, Mary 

Dzaugis. Art Spivack, Rob Pockalny, et al., for making our scientific collaborations fun 

as well as incredibly interesting.  

I owe a lot of thanks to Joel Sparks and Tom Ireland who kept our labs running 

smoothly and made doing lab work a much more pleasant experience than it would have 

been otherwise. Calder Atta and Michelle Hulewicz were very helpful in the enjoyment 

and completion of lab work and I appreciate their assistance and good company. 

Throughout my Ph.D, there have been many friends at Boston University with 

whom I have shared smiles and laughs that kept me going for the past six years. I am so 

thankful for each one of them and the moments we had together. I thank my fellow 

labmates, Rachel Scudder and Chloe Anderson, for the stimulating discussions, support, 



!

! vi 

and friendship. Kasey Aderhold, I cannot express how much you improved the grad 

school experience for me as well as my entire life. Rohan Kundargi, I’m glad I had such 

excellent company from the first semester of grad school to the very end. Alistair 

Hayden, you are a positive force of nature and I consider myself lucky that our life paths 

aligned long enough to get to know you. Sean Mackay and Katie Eccles-Maneiro, I 

treasure all of our absurd, serious, and hysterical conversations over the years. To the 

friends and graduate students at Boston University – thank you for enhancing my life: 

Rita Cabral, Elise Heiss, Carol Wilson, Sarah Farron, Jamie Kendall, Emily Stewart, Ken 

Takagi, Meredith Danowski, Margaret Hendrick, Esther James (and Donnelle and JJ), 

Angela Rigden, Harry Driscoll, Jen Lamp, Bessim Dragovic, Nora Sullivan, Sarah 

Foster, Drew Christ, Chris Holden, Kira Sullivan-Wiley, Jarod Woollacott, William 

Nardin, Giulia and Alice Nardin, Alberto Canestrelli, Luca Baticci, and the rest of the BU 

grad students. 

Last but not least, I would like to thank my parents for believing in me since I was 

little and installing in me a love of science and learning. Your support has had a 

profoundly positive influence on me through my whole life and made me strong enough 

to perservere and conquer challenges that comes before me. To my siblings, you have 

been my best friends since birth and I am very grateful to be a part of such an excellent 

family. And finally to Greg, for keeping life in perspective and providing continuous 

affection and support, thank you.   

  



!

! vii 

BIOGEOCHEMISTRY AND GEOCHEMICAL PALEOCEANOGRAPHY OF 

THE SOUTH PACIFIC GYRE 

 

ANN GENEVIEVE DUNLEA 

Boston University Graduate School of Arts and Sciences, 2016 

Major Professor: Richard W. Murray, Professor of Earth and Environment 
 

ABSTRACT 

Pelagic clays cover nearly one half of the ocean floor, but are rarely used for 

paleoceanographic research because of their extremely slow sedimentation rates, post-

depositional alteration(s), and the lack of biogenic material available to provide ages. My 

dissertation develops and applies approaches to study pelagic clays by targeting the 

largest marine sediment province in the world: the South Pacific Gyre (SPG). I present an 

unprecedented spatially and temporally extensive paleoceanographic history of the SPG 

and discuss authigenic processes in pelagic clays that are linked to changes in global 

seawater composition through the Cenozoic.  

My research was based on an extensive inorganic geochemical dataset I 

developed from samples gathered during Integrated Ocean Drilling Program Expedition 

329. I applied multivariate statistical techniques (e.g., Q-mode factor analysis and 

constrained least squares multiple linear regression (CLS)) to the dataset in order to (a) 

identify the existence of six end-members in pelagic clay (namely, eolian dust, Fe/Mn-

oxyhydroxides, apatite, excess Si, and two types of volcanic ash), (b) quantify their 

abundances, (c) determine their mass accumulation rates, and (d) infer major features in 
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the paleoceanographic evolution of the SPG. Key parts of my research also developed 

improved MATLAB codes to facilitate and speed the search for best fitting end-member 

combinations in CLS modeling.  Additionally, I expanded the natural gamma radiation 

instrumental capabilities on the D/V JOIDES Resolution to quantify concentrations of 

uranium, thorium, and potassium. 

I dated the pelagic clay at four of the IODP sites with a cobalt-based age model 

that I developed, and documented that the seawater behavior of cobalt determines the 

extent to which this method can be applied. Collectively, the results track the spatial 

extent of dust deposition in the SPG during the aridification of Australia, dispersed ash 

accumulation from episodes of Southern Hemisphere volcanism, and other features of 

Earth’s evolution during the Cenozoic.  I further quantified two geochemically distinct 

types of authigenic ash alterations within the pelagic clay, indicating that altered ashes 

may be a significant and variable sink of magnesium in seawater over geologic 

timescales.  
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CHAPTER 1: Introduction and Overview 

Pelagic clays cover nearly one half of the ocean floor (Figure 1.1), but relatively 

few marine sediment cores have targeted the extraction of this sediment type. 

Characterized by extremely slow sedimentation rates, the lack of biogenic material to 

create an age model, and post-depositional alteration(s), pelagic clays can be a challenge 

to use for paleoceanographic research. The overarching goal of my dissertation research 

was to utilize these characteristics and elucidate the usefulness and importance of pelagic 

clays in the global oceans and marine sediment records, making this vast region of the 

ocean floor more intellectually accessible to the paleoceanographic community. My work 

is based on pelagic sediment from seven sites drilled in the largest sediment province in 

the world: the South Pacific Gyre. 

The spatial extent of the South Pacific Gyre is ~5.2 x 107 km2 and it is bordered by 

the Equatorial Pacific Current to the north, the Peruvian Current to the east, the Antarctic 

Circumpolar Current to the south, and the East Australian Current to the west. These 

large currents define the SPG and act to isolate the center of the gyre from nutrient 

upwelling. The low nutrients in the surface water severely limits primary productivity 

(Figure 1.2) and causes the SPG to have the clearest waters in the world. The SPG has the 

deepest reported euphotic zone (i.e. the depth in the water column at which visible 

radiation is reduced to 1% of the amount at the surface) of 170 meters below sea level 

(Morel et al., 2007). Measurements made using a Secchi Disc recorded the visibility of 

SPG waters at ~60 meters below sea level (Hoppie et al., 2011). The low particle fluxes 

in the water column and the vast distance from continents (Figure 1.3) causes the SPG to 
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have the slowest marine sedimentation rates in the world (~0.1-1 "m/year, Dunlea et al., 

2015b). 

The slowly accumulating sediment of the SPG (Figure 1.4 and 1.5) has not only 

received little attention from the scientific community, but its very existence was 

questioned as recently as ten years prior to the completion of this dissertation. Four years 

before I started my graduate studies, a geophysical survey was published concluding that 

vast regions of the SPG were barren of sediment (Rea et al., 2006). Since then, multiple 

expeditions have cored and drilled sediment from the region they claimed was bare. One 

such cruise was Integrated Ocean Drilling Program (IODP) Expedition 329, which sailed 

my first semester of graduate school (October - December 2010) and extracted the cores 

on which my dissertation research is based.  My dissertation advisor (R. W. Murray) was 

a participant on the cruise, which was led by Co-Chief Scientists S. D’Hondt (University 

of Rhode Island, Graduate School of Oceanography) and F. Inagaki (Japan Agency for 

Marine-Earth Science and Technology, Kochi Institute for Core Sample Research). 

IODP Expedition 329 drilled marine sediment and basalt at seven sites in the 

South Pacific Gyre with the main scientific objective of characterizing the subseafloor 

biosphere (Figure 1.6). The extreme nutrient-deplete, slow-accumulating conditions in 

the center of the gyre isolate the pelagic clay allowing for the examination of the origins 

and limits of life in the subseafloor and the geochemical reactions specifically affecting 

this sediment type.  Due to the slow sedimentation rate, the sediments from the SPG also 

provide an unparalleled opportunity to examine paleoceanographic changes through the 

Cenozoic. 
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During my Ph.D., in addition to my paleoceanographic research, I worked with 

colleagues addressing the nature of life in the subseafloor of the SPG. Specifically, we 

tested the hypothesis that radiolytic hydrogen can sustain very low rates of metabolic 

activity even when organic material is absent. In addition to the chapters presented in this 

dissertation, I contributed significantly to, and am co-author on, two publications 

examining the role of hydrogen utilization in the Equatorial Pacific (Adhikari et al., 

2016) and the SPG (Dzaugis et al., 2016).  

In addition to this Chapter 1, this dissertation is structured with five main 

chapters. Four of these chapters have each been published in peer-reviewed journals, with 

me as the lead author.  The fifth chapter is a manuscript my colleagues and I will submit 

soon, again with me as lead author. The content of Chapters 2-5 are identical to the 

published articles, but the figure and table numbers have been adjusted for cohesiveness 

and consistency within this dissertation. For Chapter 6, any discussion and interpretation 

that appear in the final publication will supersede the ideas presented here.  

The idea for Chapter 2 “Assessment and use of NGR instrumentation on the 

JOIDES Resolution to quantify U, Th, and K concentrations in marine sediment” (Dunlea 

et al., 2013) was conceived by my co-authors (Richard W. Murray, Robert N. Harris, 

Maxim A. Vasiliev, Helen Evans, Arthur J. Spivack, and Steve D’Hondt) during 

Expedition 329 on the South Pacific Gyre as a way to expand and develop new 

capabilities for an instrument on the JOIDES Resolution drillship. The NGR instrument 

detects natural gamma radiation being emitted by marine sediment cores and generates 

spectra of different energy levels. Specific energy levels are produced by the decay of 
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specific elements and their peak heights in the spectra are proportional to the element 

concentration. Previously, the measured spectra were integrated over many peaks and 

reported as the total natural gamma radiation in counts per second. In this chapter, we 

develop a technique that calibrates the NGR spectra and determines the concentrations of 

U, Th, and K in the marine sediment. I determined U, Th, and K concentrations in 

samples from the SPG by well-established techniques (namely, inductively coupled 

plasma emission spectrometry [ICP-ES] and ICP-mass spectrometry [ICP-MS]) and 

compared them to the estimated concentrations produced by the NGR instrument. We 

identified important nuances to the calibration (e.g., density corrections) that are essential 

to the NGR calibrations. We also discussed the importance of secular disequilibrium in 

younger sediment that may cause a difference between the concentrations estimated by 

NGR and the “known” concentrations analyzed by well-established, conventional 

techniques.  

In Chapter 3, “Dust, volcanic ash, and the evolution of the South Pacific Gyre” 

my co-authors (Richard W. Murray, Justine Sauvage, Arthur J. Spivack, Robert N. 

Harris, and Steven D’Hondt) and I construct a multi-site record of the climatic and 

oceanographic history of the South Pacific Gyre through the Cenozoic (Dunlea et al., 

2015a). I describe in detail the methods of the geochemical analyses I used to create an 

extensive geochemical dataset (47 elements, 206 samples) and the statistical models of 

the dataset that I used to determine sediment provenance. We quantified the accumulation 

rates of six sediment sources to the pelagic clay, being careful to geochemically 

differentiate dust from the dispersed ash components within the bulk pelagic clay 
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(Fe/Mn-oxyhydroxide, apatite, excess Si, dust, rhyolitic ash, and basaltic ash). We then 

link trends in the accumulation of each end-member to global climatic events. For 

example, the accumulation of dust in the SPG reflects the evolution of the aridity of 

Australia and wind patterns through the Cenozoic.  

The age model we used for our paleoceanographic record in Chapter 3 is 

described and developed in Chapter 4, “Cobalt-based age models of pelagic clay in the 

South Pacific Gyre” (Dunlea et al., 2015b). The cobalt (Co) dating technique that we use 

to construct an age model for the pelagic clay had been used sparsely since research in 

the 1970’s and 1980’s, and is one of the few methods that is able to determine 

instantaneous sedimentation rates and ages of pelagic clay sequences (e.g., 

Krishnaswami, 1976; Kadko, 1985 Kyte et al., 1993).  The premise of the Co-based 

model is that the deposition of “hydrogenous” Co from the water column to the sediment 

is spatially and temporally constant and thus sedimentation rates are inversely 

proportional to concentrations of “hydrogenous” cobalt in the sediment.  While 

seemingly straightforward, when we attempted to apply the method to the pelagic clays at 

four sites in the SPG, we determined that the deposition of hydrogenous Co was variable 

to an extent that simple application of the existing Co-based methods would lead to 

misleading conclusions. Instead, we found it varied between sites and the differences 

could be explained by the heterogeneities and behavior of Co in the water column. 

Despite these complexities, we were able to construct an age model that could be used for 

broad scale paleoceanographic interpretations of the sediment data. 
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Chapter 5, “Optimization of end-members used in multiple linear regression 

geochemical mixing models” (Dunlea and Murray, 2015), is an improvement to the 

process of identifying the best fitting end-members in a constrained least square multiple 

linear regression model (CLS). Previously, to construct a CLS model end-member 

compositions would be hypothesized and run in a MATLAB code that produced 

goodness of fit statistics for that one run (Pisias et al., 2013). When an end-member 

composition was unknown or yielded a poor goodness-of-fit, additional end-members 

and end-member combinations would be tested in a trial-and-error approach. The new 

MATLAB codes and instructions included in this chapter offer a significantly more 

efficient way of testing many end-member combinations. The output allows for an easy 

comparison of all the goodness-of-fit statistics for each combination, which helps guide 

the user to the best model or indicates how the model may be improved. While the novel 

part of the MATLAB code is relatively simple, the effectiveness of finding the best end-

members for a CLS model is significantly improved.    

Chapter 6, “Deep Sea Clay and global seawater Mg though the Cenozoic” is a 

manuscript co-authored by Richard W. Murray, John A. Higgins, and Danielle P. 

Santiago Ramos that we will be submitting soon to a peer-reviewed journal to be 

determined later. The research for this study began while I was creating the provenance 

models for the study in Chapter 3 and I observed that two ash-layer compositions fit the 

data well when used as end-members in a CLS model. Both of these ash layers were 

rhyolites if I examined the elements likely not affected by authigenic processes (i.e. Al, 

Ti, Cr). However, one ash layer was enriched in Mg and the other was slightly enriched 
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in K relative to typical rhyolite values, indicating these element concentrations were 

affected by post-depositional alterations. In Chapter 3, I avoid the authigenic affects by 

excluding Mg and K and quantifying the total flux of rhyolite ash based on refractory 

elements specifically selected as they are not affected by these authigenic reactions, and 

thus track the “original” ash input. In this Chapter 6, we include Mg and K in the element 

menu and quantify the presence of each type of altered ash. The authigenic nature of the 

Mg-enriched ash is supported by isotopically heavy !26Mg signature that correlates with 

the mass fraction of Mg-ash in pelagic clays from the SPG determined in the statistical 

models. We hypothesize that the incorporation of Mg into ash on or below the seafloor 

may be sufficiently large and variable to explain changes in seawater composition over 

the Cenozoic. 

In addition to these four publications, during my Ph.D. I spent 125 days at sea 

while participating in three oceanographic research cruises: R/V Marcus G. Langseth 

Line Islands Ridge Paleoceanography (26 days, May, 2012), IODP Expedition 346 on the 

JOIDES Resolution (61 days, July-September, 2013), R/V Knorr KN223 Research Ridge 

(38 days, October – December, 2014). My participation on the R/V Marcus G. Langseth 

cruise as well as post-cruise XRF scanning performed by myself and Richard W. Murray 

at Woods Hole Oceanographic Institution (WHOI), led to my co-authorship of two 

articles “Glacial-Interglacial Changes in Central Tropical Pacific Surface Seawater 

Property Gradients” (Lynch-Stieglitz et al., 2015) and “Dynamic carbonate sedimentation 

on the Northern Line Islands Ridge, Palmyra Basin” (Lyle et al., submitted). My research 

stemming from the IODP Expedition 346 East Asian Monsoon is ongoing and will 
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continue as I begin a postdoctoral position at Woods Hole Oceanographic Institution in 

September 2016 (mentor: Dr. Liviu Giosan). 

!  
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Figure 1.1. A digital map of seafloor lithologies based on descriptions of ~14,500 
original cruise reports, interpolated using a support vector machine algorithm 
(modified from Dutkiewicz et al., 2015).  

Each lithology is represented by a different color as noted in the legend. White stars mark 
the location of the seven sites drilled during IODP Expedition 329 that targeted the 
pelagic clays of the South Pacific Gyre. Collectively, clays cover about half of the total 
ocean floor. 
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Figure 1.2. Map of global seasurface chlorophyll concentrations 
(http://oceancolor.gsfc.nasa.gov/SeaWiFS/).   

White stars indicate the location of the seven sites drilled during Expedition 329 in the 
South Pacific Gyre where there are the lowest concentrations of chlorophyll and thus the 
lowest primary productivity in world. 
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Figure 1.3. Map of global aerosols created by atmospheric models run at the NASA 
Center for Climate Simulation at Goddard Space Flight Center 
(http://gmao.gsfc.nasa.gov/research/aerosol/modeling/).   

Dust (red) is lifted from the surface, sea salt (blue) swirls inside cyclones, smoke (green) 
rises from fires, and sulfate particles (white) stream from volcanoes and fossil fuel 
emissions. White stars indicate the location of the seven sites drilling in the South Pacific 
Gyre during Expedition 329. The low dust fluxes in the Southern Hemisphere and the 
massive size of the South Pacific cause very little dust to be deposited in the SPG 
sediment.  

!

!
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Figure 1.4. Total sediment thickness of the world’s oceans and marginal seas (Divins, 
2003). 

The SPG is a large region with very thin sediment layer covering the basement basalt. 

!
!
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Figure 1.5. Map of global time average ocean sediment accumulation rate calculated as 
the ratio between ocean sediment thickness and the age of the ocean crust (Olson 
et al., 2016). 

The SPG has sedimentation rates < 2 meters per millions of years. 

!
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Figure 1.6. Lithostratigraphic description of the sediment recovered from the seven sites 
drilled during IODP Expedition 329. (Modified from D’Hondt et al., 2011) 
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CHAPTER 2: Assessment and Use of NGR Instrumentation on the JOIDES Resolution to 

Quantify U, Th, and K Concentrations in Marine Sediment 

 
1. Introduction 

Concentrations of uranium (U), thorium (Th), and potassium (K) in geological 

materials provide insight into many important lithological characteristics and geologic 

processes. In marine sediment, they can aid in identifying clay compositions, depositional 

environments, and diagenetic processes. They can also yield information about the 

alteration and heat production of rocks (Ketcham 1996; Barr et al., 2002; Revillon et al., 

2002; Brady et al., 2006; Bartetzko, 2008). Measurements of the concentrations of these 

elements in geological materials are relatively straightforward in shore-based 

laboratories. Rapidly determining their abundance within cores of sedimentary and 

igneous rock sequences onboard a research vessel is a more challenging but potentially 

very useful method to non-destructively and quickly provide important geochemical 

information about the concentrations of U, Th, and K within the sequences being cored.  

When 238U, 232Th, and 40K radioisotopes decay, they and their daughter products 

emit gamma rays at specific energy levels unique to each isotope. Natural gamma-ray 

(NGR) spectroscopy measures a wide energy spectrum that can be used to estimate the 

abundance of each isotope based on the strength of the signal at characteristic energies 

(Blum et al., 1997; Gilmore, 2008). Although intensities measured by an NGR system are 

proportional to the elemental concentrations, converting total counts in the energy 

spectrum to absolute elemental concentrations can be challenging due to low 
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concentrations in the targeted lithologies and the time constraints of core processing. 

Measuring 238U, 232Th, and 40K in marine sediment and rock is particularly difficult 

because certain marine lithologies are commonly an order of magnitude less radioactive 

than continental material (Kogan et al., 1971; Taylor and McLennan, 1985; Rudnick and 

Gao, 2003).  

Since 1993, an NGR system on the Ocean Drilling Program (ODP)/Integrated 

Ocean Drilling Program (IODP) drillship JOIDES Resolution has successfully been 

measuring NGR emitted by marine sediment and rocks of varying lithologies (Blum et 

al., 1997). Additionally, there is a history through Deep Sea Drilling Project 

(DSDP)/ODP/IODP of downhole logging with NGR tools (Gealy, 1973; Hoppie et al., 

1994; Blum et al., 1997; Sakamoto et al., 2003). However, the shipboard NGR system 

used prior to 2009 often required excessive NGR measurement time in order to produce 

reliable counting statistics, and hence conflicted with the flow of core processing 

otherwise imposed by the shipboard operations. Because of their composition in general, 

deep-sea sediments in particular pose a problem in this regard. This caused the NGR 

system to be underutilized. 

In 2009, a new NGR system was installed on the JOIDES Resolution to quicken 

the pace of NGR measurements while providing the statistical reliability and quality of 

data needed (Fig. 2.1, Vasiliev et al., 2011). Now, each core section (up to 1.5 m in 

length) requires only 10–60 minutes of instrument time to produce a high-resolution 

energy spectrum. This data from this spectrum can be rapidly converted to concentrations 

by combining analytical and modeling techniques. Due to instrument design, NGR counts 
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for each set of spectral data are integrated over 40 cm of core length. Vasiliev et al. 

(2011) details the geometric layout of the improved system and provides an overview of 

its analytical capabilities, including spatial resolution.  

While the new NGR system is a significant step forward, it is important to assess 

the instrument’s performance by comparing NGR-derived results to those from 

independent measurements. Here we compare the concentrations of U, Th, and K derived 

from the shipboard NGR instrument to shore-based inductively coupled plasma-mass 

spectrometer (ICP-MS) and inductively coupled plasma-emission spectrometer (ICP-ES) 

analyses of 38 samples collected during IODP Expedition 329 to the South Pacific Gyre. 

The samples are metalliferous pelagic clays and carbonate oozes (D’Hondt et al., 2011). 

We highlight several simple, yet vital, corrections that must be applied to the raw 

shipboard NGR data to improve their quality. Our goal is to assess the accuracy and 

improve the precision of shipboard NGR estimates of U, Th, and K concentrations so 

future expeditions may more fully use this new NGR system. 

 

2. NGR Measurements on the JOIDES Resolution during Expedition 329 

The improved NGR instrument (Vasiliev et al., 2011) was used during IODP 

Expedition 329. Prior to analyzing each set of sediment core sections, we measured the 

NGR background spectra for ~5.5 hours to account for cosmic and environmental 

sources. Twice during the expedition, we calibrated each NaI(Tl) detector using a set of 1 

"Ci 137Cs and 60Co gamma-ray calibration sources. Measurements of cylindrical core-
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shaped standards with known abundances of 40K allowed us to convert NGR counts per 

second (cps) to concentrations of total K, assuming natural abundances of K isotopes. We 

obtained the NGR data reported in this study (Table 2.1) by measuring the energy 

spectrum emitted by each core section (1.5 m maximum) for 60 minutes. Additional 

information is described by D’Hondt et al. (2011).  

The decay of 40K to 40Ar produces a distinct peak at 1460 keV on the NGR 

spectrum. 238U and 232Th do not emit detectable gamma rays when they decay, but some 

of their daughter products emit a gamma-ray energy signal that is apparent in the 

measured spectrum. We used the daughter products with the most obvious energy signal, 

214Bi (1.76 MeV) and 208Tl (2614 keV) to indicate the presence of the parent isotopes 238U 

and 232Th, respectively (Kogan, 1971). By measuring decays of daughter products as a 

proxy for 238U and 232Th concentrations, it is assumed that the analyzed sediment is in a 

state of secular equilibrium. However, this assumption is not always valid, as discussed 

below. 

For each NGR-measured 40K peak, we converted the area under the background-

corrected spectral peak (Vasiliev et al., 2011) to concentrations based on the 

cps/concentration ratio of a K standard (with natural abundances of K isotopes) and the 

mass of the sediment that contributed to the radiation received by each NaI detector. Each 

detector receives radiation from ~20 cm of core on either side of the detector, and thus all 

NGR measurements are integrated over ~40 cm (Vasiliev et al., 2011).  

The mass of sediment is determined by convolving the NGR detector response 

function with core densities and core volumes. The “core volume” term in the calculation 
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is the volume of the cylindrical K standard in the visible range of the NaI detector, where 

core densities are measured with the shipboard gamma-ray attenuation (GRA) system. 

The statistical error of GRA densities is estimated to be less than 0.5%, and errors in 

accuracy are less than 5% (Blum, 1997). The error in the GRA density combined with 

statistical counting and systematic error for the NGR measurements is estimated to be 

~7–8% for K.  

For much marine sediment, including those we describe here from the South 

Pacific Gyre, U and Th cannot be calibrated by simple comparison to a standard because 

the concentrations are too low given a reasonable measurement time, and the dynamic 

range of available standard reference materials is too narrow. Instead, we estimated U/K 

and Th/K ratios by comparing the measured NGR spectra to spectra generated by Monte 

Carlo simulations (Sambridge and Mosegaard, 2002).  

The Monte Carlo simulations were performed on the JOIDES Resolution using 

the GEANT 3.21 simulation tool designed at CERN (Brun et al., 1994; Vasiliev et al., 

2011). A single Monte Carlo-simulated spectrum generated using a unique combination 

of 238U, 232Th, and 40K activity ratios will best match the experimentally measured 

spectrum and reveal the U/K and Th/K ratios. The concentrations of U and Th can then 

be calculated by multiplying these ratios by the concentrations of K determined from the 

calibration standard. The spectral analysis for the NGR system that computes elemental 

concentrations for U, Th, and K are based on natural abundances of the isotopes 238U, 

232Th, and 40K (Vasiliev et al., 2011). The statistical error for the Monte Carlo simulations 

is negligible, but systematic errors are ~10% and in many cases may be much lower. 
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3. ICP-MS and ICP-ES Quantification of U, Th, and K Concentrations 

To assess the accuracy of the U, Th, and K concentrations generated from the 

shipboard NGR, we selected 38 samples from discrete depth intervals from Holes 

U1366B, U1367B, U1368B, and U1369B (Table 2.1). We used well established ICP-MS 

and ICP-ES methods to determine accurate and precise concentrations of these 38 

samples (Murray and Leinen, 1996; Martinez et al., 2007; Ziegler et al., 2007). We 

freeze-dried, powdered, and digested the samples in a sealed heated acid cocktail 

containing HNO3, HCl, HF, and H2O2. Additions of boric acid after the initial digestion 

neutralized the HF. We analyzed the solutions at Boston University on a VG PlasmaQuad 

Excell ICP-MS for U and Th concentrations, and on a Jobin Yvon Ultima C ICP-ES for 

K concentrations. Based on replicate analysis from the powder weighing step onward, the 

precision of the K measurement is 4% of the measured value, and the precision of both U 

and Th is 2% of their respective measured values. To ensure accuracy, we analyzed the 

BHVO-2 Standard Reference Material (Wilson, 1997; U.S. Geological Survey) 

independent from our calibrations. Our measured values agree with the reported values 

(and their reported uncertainty) within analytical precision. Because of this high precision 

and accuracy, in our discussion we consider the ICP-MS and ICP-ES data (Table 2.1) to 

be the benchmark against which we assess the NGR results. 
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4. Importance of Accurate Sediment Density Measurements 

Sediment density is a critical parameter when comparing U, Th, and K 

concentrations from NGR measurements to ICP-MS and ICP-ES methods. The 

concentrations derived from NGR are based on a GRA density, which represents a bulk, 

wet density. In contrast, the ICP-MS and ICP-ES analyses require that the samples be 

freeze-dried before dissolution, and thus the ICP-MS and ICP-ES data are a concentration 

based on a dry sample weight. Therefore, a density correction (wet to dry) is required 

prior to comparing shipboard NGR-based concentrations to shore-based ICP-MS and 

ICP-ES concentrations. This density correction is theoretically straightforward, but in 

reality there are a number of different parameters that need to be considered throughout 

the density correction process due to the density measurement techniques, the physical 

nature of core material, and other aspects of NGR analysis. 

We took advantage of the moisture and density (MAD) data collected during 

Expedition 329 to determine the bulk wet density/dry bulk density ratio (%bulk/%dry) and to 

correct the NGR-based measurements for direct comparison with the ICP-ES based 

concentrations according to the following relationship:  

(Equation 1)  [ K (wt%)ICP-ES] = (%bulk/%dry) [ K (wt%)NGR]. 

Different methods of drying sediment can lead to disparities between data sets. 

Following typical standard protocol, the Expedition 329 shipboard scientific party 

measured the wet and dry sediment densities by weighing ~7 cm3 of wet sediment, drying 

the sample in a convection oven at 105°C ± 5°C for more than 24 hours, cooling it in a 

desiccator, and then reweighing it to determine the MAD bulk and dry densities. The 
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accuracy and precision of the MAD masses determined on the JOIDES Resolution while 

at sea are both stated to be ~0.1% (Blum, 1997), which are likely to be low estimates. 

Baking the sediment in a convective oven to measure dry density (%dry) removes 

an undetermined amount of the interlayer water from clay minerals and also potentially 

drives off some CO2 from carbonates, regardless of mineralogy. However, freeze-drying 

the sediment for ICP-MS and ICP-ES analyses retains the interlayer water and CO2. 

Therefore, the dry weights on which the ICP-MS and ICP-ES concentrations are based 

are different from the dry weights on which the NGR calculations are based, even after 

the %bulk/%dry correction is employed. This difference can be fairly substantial, yet variable 

depending on sediment composition.  

To account for this weight difference, we determined the concentrations of all ten 

major element oxides in the sediment using the ICP-ES and normalized the oxides 

(including K2O) to sum to 100%. Calculating this “volatile-free” ICP-ES data yields the 

most appropriate K2O data to compare to the density corrected NGR data. Performing 

this correction is important not only for comparing NGR and ICP measurements in our 

study, but is also critical to consider when using NGR data as a scientific data set; that the 

NGR data taken alone at face value is based on a wet measurement, comparison to 

literature data may not be straightforward. It also means that in order to effectively 

calibrate the NGR to shore-based analyses of K, that all major oxides need to be analyzed 

even if K is the only element of scientific interest to a particular investigator. 
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5. Comparison of NGR Data with ICP-MS and ICP-ES Data 

The complete raw data generated from shipboard NGR measurements and shore-

based ICP-ES and ICP-MS analyses are presented in Table 2.1. We discuss our K results 

first because the U and Th data are based on the K concentrations in the NGR 

measurements (see previous section). Figure 2.2 illustrates the combined significance of 

the density correction and use of anhydrous ICP-ES concentrations. Prior to any 

correction, comparing the raw shipboard-produced NGR data to the non-normalized ICP-

ES data (Fig. 2.2A) shows that the NGR data is offset significantly from the ICP-ES data. 

The correlation between the data is strong (R2=0.94), yet the raw NGR values are 

approximately one-half of the ICP-ES concentrations (slope=0.45). Performing the 

density correction alone (Fig. 2.2B) slightly improves the correlation (R2=0.97) but 

causes the NGR estimates to be ~30% higher than the ICP-ES concentrations 

(slope=1.32). Performing the anhydrous correction to ICP-ES data without the density 

correction (Fig. 2.2C) causes the NGR results to underestimate ICP-ES concentrations, 

decreasing the accuracy (slope = 0.38) but leaving the correlation unchanged (R2=0.94). 

Application of both the density correction and the anhydrous correction (Fig. 2.2D) 

results in the best comparison between datasets (slope=1.12) and essentially retains the 

best correlation (R2=0.96).  

While seemingly straightforward, the density measurements themselves also 

contain nuances that affect the data (Blum, 1997) and are the likely cause of the 1.12 

slope value. Since we use the MAD bulk density and dry density as a ratio in Equation 1, 

any errors in the bulk volume measurement arithmetically cancel and do not affect the 
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results. However, the GRA bulk densities used in converting NGR cps to concentrations 

can be skewed toward lower values by fractures, gaps, or expansion/compression in the 

sediment cores that result from pressure changes, mechanical stretching, gas escaping, or 

other disturbances during the coring process. Additionally, the GRA measurements 

assume that the average attenuation coefficient is constant for the measured material, 

which may not be the case if the characteristics of the sediment core vary (Blum, 1997). 

These factors, coupled with the fact that MAD and NGR data are not always co-located, 

contribute to the observed scatter between the NGR and ICP-ES data for K. 

Additional sources of error may originate from the differences in sampling 

resolution between the NGR system and ICP-MS and ICP-ES analyses. As noted 

previously, the NGR measurements integrate over ~40 cm of core length (Vasiliev et al., 

2011). In this study, the ICP-MS and ICP-ES methods sampled over 10-cm intervals. The 

different resolutions alone may produce error of up to 5%–10% between the two data 

sets, with stratigraphic lithological contrasts being smeared in the NGR data. Contrasts in 

lithology, either within one site or between the sites, may also influence the scatter. 

Thus, there are a number of factors contributing to the inconsistencies between 

the NGR and ICP data. Because we calculate the NGR-based U and Th data from the 

ratio to K concentrations, the scatter within the K dataset will propagate through to the U 

and Th data as well (Fig. 2.3). Comparisons between our NGR and ICP-MS values of Th 

reveal good accuracy (slope=1.05) but a degraded correlation (R2=0.87) relative to the K 

comparison. U comparisons show less accuracy (slope=1.20) and a poorer correlation 

(R2=0.67) between the datasets. We further note that the U comparative plot is the only 
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one that has a significant y-intercept (Fig. 2.3). This may reflect the impacts of secular 

disequilibrium, as described in the next section, or merely that U is the lowest 

concentration element of the three measured by NGR and thus may be expected to be the 

least precise. 

 

6. U-Series Secular Disequilibrium 

Several samples from shallow depths in the cores show large disparities between 

NGR and ICP-MS concentrations of U, which we interpret as indicating that the system 

is not in secular equilibrium. This trend arises from the difference in chemical properties 

of 238U and 230Th in seawater and manifests itself in our data because of the inherent 

differences between what each technique measures. ICP-MS measures 238U directly, 

while NGR infers 238U concentrations by measuring the decay of 214Bi, its daughter 

product. 

A system is in secular equilibrium when the concentration of each radioactive 

isotope in a decay chain series is solely dictated by the amount of decay of its parent 

isotope (Faure and Mensing, 2004). Over time, an isolated radioactive system will 

approach secular equilibrium, typically taking about six times the half-life of the longest-

lived daughter to fully equilibrate (Bourdon et al., 2003). Thus, the 238U- and 232Th-decay 

series require approximately 1.5 Myr and 40 years, respectively, to reach secular 

equilibrium.  
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The equilibration process is disrupted if there is a separation between parent and 

daughter isotopes in the system, which commonly occurs between U and Th in seawater. 

When 238U dissolved in seawater eventually decays to 230Th, the 230Th daughter-product is 

rapidly scavenged and deposited on the seafloor (Bacon, 1984). Thus, the surface of the 

seafloor becomes enriched in 230Th and subsequent daughter products relative to the 

concentration of the 238U parent present. At the seafloor, the initial system is not in 

secular equilibrium, but as time passes and the sediment is buried, the system approaches 

a state of equilibrium.  

The most shallowly buried samples analyzed in this study in Holes U1367B, 

U1368B, and U1369B show significantly higher U concentrations estimated from NGR 

than from ICP-MS (Fig. 2.4). We interpret that this difference results from the excess of 

238U-decay daughter products on the seafloor and measured by NGR spectroscopy before 

the system has reached secular equilibrium. In contrast, ICP-MS analysis of 238U only 

measures the parent product (and not the daughter products) and thus more accurately 

quantifies U concentrations in samples that are not at secular equilibrium. Our 

interpretation is supported by the complete NGR profiles from Expedition 329 (D’Hondt 

et al., 2011) that show a more gradual decline in 214Bi gamma radiation deeper down each 

hole. 

Sedimentation rates in the South Pacific Gyre are on the order of 0.1–1 m Myr-1 

(Expedition 329 Scientists, 2011) and consequently, the sediment reaches secular 

equilibrium in less than 1.5 meters below the seafloor. NGR measurements of sediment 

from other regions with higher sedimentation rates may give the appearance that 238U and 
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232Th concentrations decline over a greater depth below the seafloor. For example, during 

the Pacific Equatorial Age Transect (PEAT) IODP expeditions (Pälike et al., 2010), the 

NGR system measured high concentrations of 238U-series isotopes near the seafloor, due 

to the enrichment in the daughter product, 230Th, and exponentially decayed to a low 

concentration at depth as secular equilibrium was achieved (T. Williams, G. Winckler, 

and M. Lyle, pers. comm., 2012; Williams and Winckler, 2012). 

 

7. Considerations for Future Applications  

Our study shows that after employing the various corrections, use of the 

NGR/Monte Carlo technique onboard the JOIDES Resolution has the potential to rapidly 

determine U, Th, and K concentrations in marine sedimentary sequences, and thus 

contribute to the successful achievement of drilling objectives.  

The accuracy and precision of the required NGR density corrections, however, 

depends on the accuracy and precision of both the wet and dry weight measurements. 

Accurate characterization of the wet vs. dry density in core materials is therefore essential 

to ensure the accuracy of U, Th, and K concentrations determined from the NGR 

measurements. One methodological improvement in this regard would be to dry sediment 

for MAD data on the JOIDES Resolution using a freeze-drier rather than a convection 

oven. Indeed, this was originally suggested by Blum (1997) and would eliminate the need 

for the anhydrous correction shown in Fig. 2.2C. Reported values should fully describe 

how density was measured.  
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Quantifying the wet to dry density ratio should be done as precisely as possible 

for a variety of samples from different lithologies throughout the sediment sequence that 

is being analyzed for NGR to reduce scatter produced by different lithologies and their 

transitional boundaries. Additionally, the shipboard ICP-ES could be used to quantify 

concentrations of elemental K in the core material, thereby checking the NGR system’s 

accuracy while at sea. If the ICP samples are freeze-dried and the NGR samples continue 

to be oven-dried, then all ten major elements will need to be determined by ICP in order 

to facilitate the anhydrous-based data conversion. When incorporating the various 

datasets (GRA, MAD, NGR, ICP-ES and/or ICP-MS), samples must be co-located when 

possible to further enhance appropriate application of the density and anhydrous 

corrections. 

Secular disequilibrium in young marine sediment near the seafloor should also be 

considered when determining the U and Th concentrations with the NGR system because 

it measures the daughter products of 238U and 232Th instead of the parent isotope. In the 

South Pacific Gyre, slow sedimentation rates cause the upper several decimeters of 

sediment cores from three sites to be in 238U-series secular disequilibrium, while the 

232Th-series appears to be fully equilibrated throughout the sediment column.  
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Figure 2.1. The natural gamma radiation (NGR) system on the JOIDES Resolution (from 
Vasiliev et al., 2011).  
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Figure 2.2. ICP-ES vs. NGR concentrations of K wt% for 38 samples from 4 holes in the 
South Pacific Gyre. [A] Raw data before the NGR data was density corrected and 
before the ICP-ES data weres normalized to anhydrous values. [B] The K wt% 
correlation plot after the NGR estimates have been density corrected, but without 
the normalization of ICP-ES concentrations. [C] The normalized ICP-ES 
concentrations of K wt% plotted against the NGR data that have not been density 
corrected. [D] The final results correlating normalized ICP-ES concentrations of 
K wt% with the density corrected NGR estimates of K wt%. 
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Figure 2.3. Total U and Th concentrations measured by ICP-MS vs. density-corrected U 
and Th concentrations measured by NGR for the 38 samples from 4 sites in the 
South Pacific Gyre that were analyzed for this study.  

Three outliers were removed from the U graph and are discussed in the section about 
secular disequilibrium. 
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Figure 2.4. Depth profiles of the 
concentrations of K, Th, and U for 
Holes U1366B, U1367B, U1368B, and 
U1369B showing ICP-MS and ICP-ES 
data (circles) and NGR density-
corrected data (triangles).  

Additional NGR total cps data from 
Expedition 329 (not shown here) 
illustrates a more continuous 
equilibration trend from the highest 
NGR emitted from sediment at the 
sediment-water interface and declining 
with depth. 
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Table 2.1. Concentrations of U, Th, and K from the ICP-MS, ICP-ES, and NGR 
measurements.  

The freeze-dried concentrations of major oxides determined by ICP-ES were normalized 
to 100% to represent dry, volatile-free concentrations of K to better compare with 
concentrations from samples dried in a convective oven (see text). Column 3 reports the 
freeze-dried ICP-ES K (wt%, measured at l=766.490nm) concentrations prior to 
normalization and column 4 reports the normalized K (wt%) concentrations. Columns 7-9 
report the raw NGR estimates of U, Th, and K concentrations. Column 10 reports the 
bulk density to dry density ratio from the MAD data that was used to correct the NGR 
data from wet concentration to dry concentrations. There was limited MAD data that was 
co-located with our samples, so we averaged the density data from similar samples at 
each site that showed a consistent GRA density. Columns 11-13 report the density 
corrected NGR results. 
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CHAPTER 3: Dust, volcanic ash, and the evolution of the South Pacific Gyre through the 

Cenozoic 

 
Abstract 

We examine the 0-100 Ma paleoceanographic record retained in pelagic clay from 

the South Pacific Gyre (SPG) by analyzing 47 major, trace, and rare earth elements in 

bulk sediment in 206 samples from seven sites drilled during Integrated Ocean Drilling 

Program Expedition 329. We use multivariate statistical analyses (Q-mode factor analysis 

and multiple linear regression) of the geochemical data to construct a model of bulk 

pelagic clay composition and mass accumulation rates (MAR) of six end-members, (post-

Archean average Australian shale (PAAS), rhyolite, basalt, Fe-Mn-oxyhydroxides, 

apatite, and excess Si). Integrating the results with Co-based age models at Sites U1365, 

U1366, U1369, and U1370, we link changes in MAR of these components to global 

oceanographic, terrestrial, and climatic transformations through the Cenozoic. 

Our results track the spatial extent (1000s of kms) of dust deposition in the SPG 

during the aridification of Australia. Dispersed ash is a significant component of the 

pelagic clay, often comprising >50% by mass, and records episodes of Southern 

Hemisphere volcanism. Because both are transported by wind, the correlation of dust and 

ash MAR depends on the site’s latitude and suggests meridional shifts in the position of 

atmospheric circulation cells. 

The hydrothermal MARs provide evidence for rapid deposition from the Osbourn 

Trough spreading ridge before it went extinct. Excess Si MARs show the abrupt increase 
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in siliceous productivity observed at Site U1371 also extended at least as far north as 

Sites U1369 and U1370, suggesting large scale reorganizations of oceanic Si distributions 

~10-8 Ma in the southern SPG. 

 

1. Introduction 

Understanding provenance and accumulation rates of pelagic clay in the South 

Pacific Gyre (SPG) provides insight into major paleoceanographic and paleoclimatic 

events (e.g. Zhou and Kyte, 1992; Rea et al., 2006; Stancin et al., 2008). However, 

identification of provenance is complicated by authigenic processes that alter the 

mineralogy and chemical composition of the primary source of sediment. Authigenic 

phases found in the SPG such as Fe-Mn-oxyhydroxides or Mn-enriched nodules (or 

hardgrounds) can concentrate Th, rare earth elements (REEs) and other elements, limiting 

the use of these and other commonly employed geochemical tracers (e.g. Li and 

Schoonmaker, 2003).  

Another challenge to understanding SPG clay provenance is differentiating 

aluminosilicate eolian dust from aluminosilicate volcanic ash produced by the abundant 

subduction-zone volcanism surrounding the SPG. Ash layers are present in the pelagic 

sediment at all the sites drilled during Integrated Ocean Drilling Program (IODP) 

Expedition 329, except at the youngest Site U1368 (D’Hondt, Inagaki, Alvarez Zarikian, 

et al., 2011). In addition to these discrete ash layers, much ash is mixed into the bulk 

sediment as “dispersed” ash, which can be invisible to the naked eye but still be 
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chemically detectable, although it may be somewhat altered (Yamamoto et al., 1986; 

Peters et al., 2000; Scudder et al., 2009, 2014). Differentiating the dispersed ash 

(including both altered- and unaltered ash material) from other terrigenous sediment is 

important in order to develop an accurate record of non-volcanic terrigenous inputs. 

To distinguish subtle differences in provenance, we apply a variety of 

discrimination techniques to the chemical compositional data of bulk SPG sediment 

samples collected during IODP Expedition 329. Although we interpret the geochemistry 

of different lithologies from all 7 sites to identify basin-wide spatial patterns of sediment 

provenance, in this study we mainly focus on the pelagic clay intervals present at each of 

the Expedition 329 sites except Site U1368. We statistically model chemical 

compositional data of bulk SPG pelagic clay to identify and quantify end-member 

components. By applying Co-based age models constructed for the four sites 

predominantly composed of pelagic clay (Sites U1365, U1366, U1369, and U1370) 

(Dunlea et al., 2015), we determine mass accumulation rates of the sedimentary 

components and identify when changes in provenance and accumulation rates occurred 

over the past ~60-100 Ma, depending on the age of each site. We interpret changes in the 

sedimentary mass accumulation rates and composition in the context of various regional 

and global events. Combining provenance information from this study with the few other 

sedimentary records in the South Pacific, we present an unprecedented spatially and 

temporally extensive paleoceanographic history of the SPG from the beginning of the 

Cenozoic to the modern. 
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2. Pelagic Clay Lithology 

Seven sites were drilled during Expedition 329 (Figure 3.1).  Except for Site 

U1371, the pore fluids at each site are oxic through the entire sediment section (D’Hondt 

et al., 2015) and there is no evidence that the sites were anoxic in the past. The 

predominant sediment lithology throughout the Expedition 329 sites is a fine-grained, 

homogenous, brown pelagic clay (D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011). In 

addition to the pelagic clay, siliceous deposits exists at Site U1371 (0-104 meters below 

seafloor, mbsf), at Site U1365 as chert (from ~ 44-62 meters below seafloor, mbsf), and 

as thin porcellanite layers interlaced with the pelagic clay at Sites U1365 and U1366. 

Calcareous deposits are preserved at the younger, shallower Sites U1367 and U1368 and 

at the deeper Site U1370 as a thin layer of nannofossil ooze at ~62 mbsf. Additional 

minor lithologies include multiple discrete ash layers, and at least two types of altered 

ashes were reported at Site U1366 based on color alone. There is visible dispersed 

volcanic glass in smear slides throughout the entire sediment column at Sites U1365, 

U1366, and U1370. Other significant phases within the pelagic clay are red semi-opaque 

oxides and zeolites (D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011). 

To obtain relatively complete records at Sites U1365, U1366, and U1370 we use 

samples taken from different holes at each site. Stratigraphic correlation with a high 

degree of confidence between holes at these sites is difficult, because a high number of 

whole-round samples were taken for microbiology and geochemistry prior to collecting 

the multi-sensor track (MST) and natural gamma radiation (NGR) data and there is low 

variability in the NGR and MST records of the remaining sediment.  
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Apart from the lithostratigraphy, there is no formal stratigraphic correlation 

between holes (D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011). For Site U1366, we 

modified the originally published depths to align distinct features and trends in the MST 

and NGR data as well as trends in our geochemical dataset. The modified depths improve 

the correlation between holes at Site U1366 in each dataset and are reported along with 

the original depths (Table 3.S1). At Sites U1365, U1369, and U1370, the patchy MST, 

NGR, and geochemical data from multiple holes suggest that the holes are approximately 

aligned, but are insufficient to confidently refine further. Thus, we use the published 

depths at these Sites  (D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011).  

 

3. Analytical Procedures 

Most of our bulk sediment samples are from 10-cm-long whole-round cores 

(Table 3.S1) that are nominally evenly spaced by depth at each site and had pore fluids 

extracted via squeezing in a hydraulic press (D’Hondt, Inagaki, Alvarez-Zarikian et al., 

2011). Additionally, we analyzed 20 discrete samples taken with plastic plugs to fill gaps 

or to sample material that was visually identified as being ash or other specific lithologies 

(Table 3.S2).   

We conducted all additional sample preparation and analysis in the Analytical 

Geochemistry Facilities at Boston University.  Reagents used for sediment digestion were 

either UltraPure grade (Fisher, New Jersey) or double distilled at Boston University.  

MilliQ water (18.2 M$) was used for dilutions.   
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We freeze-dried a representative subsample of each sample and hand-powdered it 

in an agate mortar and pestle. For major element analyses, we dissolved samples by flux 

fusion broadly following techniques described by Murray et al. (2000). In detail, we 

combined 100 ± 0.5 mg of sample powder with 400 ± 0.5 mg of lithium metaborate 

(LiBO2) in an ultra-pure graphite crucible and heated the mixture at 1050°C for 10 

minutes. We directly poured the resulting molten mixture into 50 ml of 5% nitric acid, 

sonicated the fluid, filtered it through a 0.45 µm Millex filter unit fitted to an 12 mL 

HDPE plastic syringe, and re-diluted it to a final dilution factor of 1:4000 by mass. 

During dissolution, samples were manually shaken (not stirred).  We analyzed the 

solutions by inductively coupled plasma emission spectrometry (ICP-ES) for all 10 major 

elements, as well as Sc, V, Cr, Ni, Cu, Zn, Sr, Y, Zr, and Ba (Table 3.S1 and 3.S2).  

For the analysis of additional trace elements and REEs, we weighed 20 ± 2 mg of 

sample powder into a Teflon™ vial to which we added 2 mL of HNO3, 1 mL of HCl, and 

1 mL of HF. We then sealed the vial and heated it on a hotplate at sub-boiling 

temperature for ~24 hours. After sonicating for 60 minutes, we added 1 mL of H2O2, re-

sealed the vials, and heated them on the hotplate overnight. We then dried the samples 

and redissolved them in 1mL of HNO3 and 0.5 mL of H2O2. We diluted these solutions to 

60 g (3000x dilution) with 18.2 M$ H2O and analyzed them by inductively coupled 

plasma mass spectrometry (ICP-MS) (Table 3.S1 and 3.S2).  

For both ICP-ES and ICP-MS analyses, we analyzed three separate digestions of a 

homogenized SPG sediment in-house standard with each batch to quantify precision 

(standard deviation/average * 100), which we determined to be ~2% for each element. 
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We prepared and analyzed the international Standard Reference Material, BHVO-2, as an 

unknown with each batch run on the ICP-ES and ICP-MS. Our measured concentrations 

for BHVO-2 were compared to the known element concentrations and were consistently 

found to be accurate within precision throughout the element menu.  

 

4. Multivariate Statistical Techniques  

We computed multivariate statistics using MATLAB™ algorithms tailored for 

geochemical mixing problems (Pisias et al., 2013).  These algorithms have been 

successfully applied by our research group to samples from a diverse range of other 

ocean regions (e.g. Ziegler and Murray, 2007; Ziegler et al., 2007, 2008; Scudder et al., 

2009, 2014; Martinez et al., 2009, 2010).  Variations of these codes have also been used 

by other research groups over the past decades (as described in Pisias et al., 2013).  

Q-mode Factor Analysis (QFA) is an exploratory statistical technique used to 

identify elements that covary in a dataset and to determine the minimum number of 

components needed to explain a given fraction of the variance of the dataset (Pisias et al., 

2013, and references therein). Prior to performing factor analysis, we pretreated the 

dataset by normalizing each element concentration to the concentration range of that 

element. During QFA, elements that covary in the dataset were grouped into “factors” 

and a VARIMAX rotation was applied to keep the factors orthogonal to one another 

while maximizing the variance explained by each of the factors. Each VARIMAX-rotated 

factor indicates a unique sediment source, and the elements that covary strongly within 
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that factor can provide clues as to the type of sediment source that factor represents. 

Elements that covary strongly within a factor will have high absolute value VARIMAX 

factor scores in that factor. The importance of each factor to the variability of each 

sample is recorded by the VARIMAX factor loadings value, which can help reveal 

patterns in the importance of each factor throughout a sediment column or between 

different sites.   

While QFA allows us to identify the number and general categories of end-

members in the bulk sediment, a constrained least square (CLS) multiple linear 

regression model is required to quantify the proportion (and eventually the mass 

accumulation rate) of each end-member in each sample (Pisias et al., 2013, and 

references therein).  For the CLS model, we input geologically reasonable end-member 

compositions from the literature and discrete ash layer compositions analyzed in this 

study that corresponded to each of the factors suggested by the QFA results. The CLS 

mixing model then determines the optimal proportions of each end-member (' zero) that 

combine to form the composition of each bulk sediment sample.  This algorithm 

minimizes the sum of the squared residuals between the CLS model and the given 

dataset. Goodness-of-fit of a CLS model to the given dataset is measured by two 

statistical parameters: the coefficients of determination (an R2 value for each element) 

and the fraction (percent) of the compositional data explained by the model.  We used 

these two parameters to identify the end-members that best explain the dataset, as 

discussed in more detail in the later sections regarding end-member selection in the 

context of geological reasonableness.  
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5. Bulk Pelagic Clay Characterization  

Throughout this study, we focus our partitioning techniques on the pelagic clay 

lithology common throughout the Expedition 329 sites to assess basin-wide changes of 

provenance throughout deep time.   Previous work on deep-sea homogenous pelagic clay 

(e.g., Leinen, 1987; Zhou and Kyte, 1992; Kyte et al., 1993) demonstrates that this 

material is a complex mixture of aluminosilicate debris (from eolian sources, altered 

basalt, etc.), hydrothermal inputs (most commonly, but not exclusively, found directly 

overlying the basement rock), biogenic material (including apatite fish debris), and other 

inputs.  Superimposed on these sources are the effects of authigenic processes, which 

modify previously existing phases and/or create entirely new phases on and in the 

seafloor (e.g. Kastner, 1999; Cuadros et al., 2011).  In light of these sources and 

authigenic processes, we explore the origin of SPG pelagic clay through a variety of 

partitioning techniques applied to the geochemical compositions of the samples.  In this 

Section 5, we examine key major and trace element patterns from the pelagic clay 

intervals from Sites U1365, U1366, U1369, and U1370 to provide a first-order 

assessment of the main components of SPG pelagic clay to guide later statistical 

partitioning described in Section 6.  
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5.1. Bulk Pelagic Clay Characterization:  Bulk chemical composition 

5.1.1. Fe-Mn oxyhydroxide component 

Hydrothermal vents emit dissolved Fe, Mn, Zn, and other elements into the water 

column (e.g. Elderfield and Schultz, 1996). Rapid removal of these elements when the 

hydrothermal fluid mixes with ambient ocean water causes elevated Fe-Mn oxyhydroxide 

deposition near MORs. Reflected by high Fe/Al and Zn/Al ratios (Figure 3.2A and 3.2B), 

deposition from hydrothermal vents and plumes is highest directly above the basement 

rock and decreases rapidly upsection. This enrichment in Fe and Zn in the SPG sediment 

coincides with higher abundances of red semiopaque oxides (D’Hondt, Inagaki, Alvarez-

Zarikian et al., 2011).  

Dissolved hydrothermal Fe and Mn can be advected horizontally in the water 

column for thousands of kilometers (Saito et al., 2013; Fitzsimmons et al., 2014). As 

hydrothermal plumes spread, these elements continue to be deposited at the seafloor 

causing the Fe/Al and Zn/Al ratio (Figure 3.2A and 3.2B) of younger sediment deposited 

farther from the MOR to remain higher than the average continental values of Fe/Al 

(~0.43 g/g) and Zn/Al (~0.00082 g/g) (Rudnick and Gao, 2003).  

As the amount of hydrothermal deposition (Fe/Al) decreases as a site moves away 

from the MOR, the Fe/Mn ratio increases (Figure 3.2C) showing the increasing relative 

importance of Fe deposition further from the ridge. Fe and Mn deposited far from the 

MOR may adsorb to or precipitate on pre-existing aluminosilicates, be incorporated in 

authigenic minerals, or as part of Fe-Mn oxyhydroxide nodules/micronodules and crusts 

within or on the sediment.   
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5.1.2. Apatite and authigenic enrichments 

Apatite from fish debris (e.g., teeth and bones) is concentrated in slowly 

accumulating open-ocean sediment deposited below the calcium carbonate compensation 

depth (CCD). Since P is a structural component of apatite and apatite is the dominant 

source of P in pelagic clay (e.g. Li and Schoonmaker, 2003), the upsection decrease of 

P/Al ratio at each SPG site (Figure 3.2D) may broadly indicate an increase in 

sedimentation rate as each site migrated from the center of the South Pacific towards 

continents (Figure 3.1). Shallower sediment approaches continental P/Al values (~ 0.01 

g/g, Rudnick and Gao, 2003) at each site (Figure 3.2D) suggesting continental material 

(i.e., dust) becomes a more important influence on the P/Al in these intervals. Phosphorus 

also adsorbs onto and/or co-precipitates with Fe-Mn oxyhydroxides (e.g., Lyle, 1986; 

Marchig and Erzinger, 1986; Wheat et al., 1996) that may influence parts of the P/Al 

profile.  

Fish debris deposited in marine sediment with a long seawater exposure time (e.g. 

Ruhlin and Owen, 1986) incorporates REEs and certain other trace elements into the 

apatite structure (e.g. Takebe, 2005). This enrichment of REEs (La/Al, Figure 3.2E) 

dominates the REE abundances and patterns in the bulk sediment and inhibits the use of 

particular aluminosilicate discrimination indicators (e.g., La-Th-Sc) that are commonly 

employed to distinguish provenance (e.g., Ziegler et al., 2007).   
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5.1.3. Aluminosilicate input 

At least two, and possibly three, aluminosilicate end-members are indicated by 

the Ti/Al ratio, a ratio minimally affected by authigenesis and/or diagenesis (Yamamoto 

et al., 1986; Li and Schoonmaker, 2003).  Downhole profiles show ranges of high to low 

Ti/Al ratios (0.13 – 0.02 g/g) throughout Sites U1365, U1366, U1369, and U1370 (Figure 

3.2F). Altered basaltic grains in the sediment are present near the basement (D’Hondt, 

Inagaki, Alvarez Zarikian et al., 2011), which could explain the high Ti/Al near the base 

at Sites U1365, U1366, and U1370. Multiple discrete ash layers within the sediment have 

a rhyolitic Ti/Al (0.02 g/g; GEOROC, 2014) and therefore dispersed ash may be carrying 

the low Ti/Al signature.  Because the Ti/Al ratio is unaffected by ash alteration, it does 

not discriminate between altered versus unaltered ash material, but instead detects 

variations in the original ash composition. Further upsection, near the seafloor, Ti/Al 

ratios at each site approach an intermediate value (~0.05 g/g), indicating either a mixture 

of the high Ti/Al and low Ti/Al sources or the presence of a third intermediate source 

such as post- Archaean Australian shale (PAAS) (0.06 g/g; Taylor and McLennan, 1985) 

or Upper Continental Crust (0.05 g/g; Rudnick and Gao, 2003).  

 

5.2. Bulk Pelagic Clay Characterization:  Q-mode Factor Analysis (QFA) 

The QFA and subsequent CLS modeling was performed on the pelagic clay 

samples (sample size, n=138) from Sites U1365, U1366, U1367, U1369, U1370, and 

U1371 (excluding the samples of calcareous and siliceous lithology from Sites U1367 

and U1371, respectively). The initial QFA was run with a broad and inclusive element 
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menu, in order to capture the maximum number of potential sources and processes. This 

approach does not assume that any given element is specifically associated with a 

particular end-member component or exclusively from a single source. The element 

menu consisted of nine major elements (Si, Al, Ti, Fe, Mn, Ca, Mg, K, P, excluding Na 

because it is predominantly from sea salt) and 13 trace elements (Sc, V, Cr, Co, Cu, Zn, 

Rb, Zr, Nb, Cs, La, Hf, Th)  

The QFA indicates that four factors explain 96% of the variance (Figure 3.3 and 

Table 3.S3). Factor 1 explains 56% of the variance and indicates Si, Al, Ti, K, Cr, Rb, 

and Cs covary strongly. The presence of Al, Ti, and Cr in Factor 1 suggests that it 

represents an aluminosilicate. Fe, Mn, Mg, V, Cu, and Zn covary in a second factor that 

explains 20% of the variance and that we interpret to represent an Fe-Mn oxyhydroxide 

phase(s) associated with hydrothermal/hydrogenous oxide deposits and/or oxide coatings 

on pre-existing deposits. Factor 3 explains 16% of the variance and has high factor scores 

for Ca, P, Sc, Co, Zr, Nb, La, and Hf, which we interpret to represent biogenic carbonate 

fluorapatite (CFA) enriched in REEs and/or elements scavenged by oxides during periods 

of slow sedimentation. The fourth factor explains 4% of the variability of the dataset and 

isolates Si.  We interpret this factor to represent excess Si from biogenic opal and/or a Si-

enriched authigenic phase (e.g., Dymond and Eklund, 1978).  

We ran multiple tests to check the statistical stability of our modeling and ensure 

that the identification and composition of these four factors are not sensitive to the 

particular element menu used or to any of the statistical parameterizations.  Even though 

the number of elements in the menu is greater than the 17 element maximum 
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recommended by Reimann et al. (2002) for the number of samples we used, similar 

factors were generated when the element menu was progressively decreased to as few as 

six elements.  For example, a QFA run with Al, Ti, Fe, Zn, and Hf explained 98% of the 

variability of the dataset with 3 factors that corresponded to aluminosilicate (Al, Ti), Fe-

Mn oxyhydroxide (Fe, Zn), and authigenically enriched (Hf) components.  

We conducted other tests to confirm the factors are robust. For example, if we 

excluded Si from the element menu, only the first three factors were identified.  Also, 

because the sample size at each site varies (from 18 at Site U1369 to 45 at Site U1366), 

we ran model iterations to assess whether one site influenced the results of all the 6 sites 

combined. We chose eighteen samples approximately evenly spaced by depth from each 

of the 4 sites dominated by pelagic clays (Sites U1365, U1366, U1369, and U1370) to 

ensure that each site was equally represented in the dataset. For this test, we excluded the 

five most biogenic-Si enriched samples to avoid skewing the results. The QFA of the 

combined sites (n=72) with the 22-element menu produced nearly identical factors and 

factor loadings to the first three factors of the complete sample dataset. Therefore, we 

conclude that one site is not biasing the results for the whole data set.  

For another test, we excluded all of the elements with high factor scores in Factor 

1 (that is, Al, Ti, K, Cr, Rb, Cs) from the 22-element QFA. This new 14-element QFA 

shows that Nb, Hf, and Th covary with Factor 1 and produced factor loading patterns that 

are nearly identical to the first factor in the 22-element QFA. This test indicates that Nb, 

Hf, and Th are partly associated with the aluminosilicate factor, but are also affected by 
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authigenic/hydrogenous processes and thus contribute to the apatite/authigenic factor in 

the 22-element QFA.  

The remaining 4% of the variance that is not explained by these 4 factors can be 

explained by other minor sources, variations in end-member compositions (e.g., different 

aluminosilicate source compositions), and authigenic processes changing the primary 

source composition. Increasing the number of factors (e.g., to five or six) in the 22-

element QFA resulted in statistically insignificant factors (that is, explaining less than 2% 

of the variability, and thus below our “statistical detection limit” [Pisias et al., 2013] and 

excluded from the final model). However, the extra factors may still provide clues to 

minor sediment components.  Two additional factors, not shown here, each explain about 

1% of the variability with one having high factors scores for Mg and the other for K. 

These could represent Mg-enriched and K-enriched altered ashes and/or authigenic 

minerals. Additionally, barite within the hydrothermal sediment can influence trace 

element concentrations and introduce variability into the dataset, but given that elemental 

Ba in the dataset is only greater than 1 wt.% in 17 of 138 samples, we consider it overall 

to be a minor component of the sediment and accordingly exclude it from the model. 

 

5.3. Bulk Pelagic Clay Characterization: Constrained Least Squares (CLS) Multiple 

Linear Regression  

Using the QFA results as guidance, we constructed a CLS multiple linear 

regression model of the bulk pelagic clay dataset to quantify the proportions of each of 

the sediment end-member that mixed to create each sample. For the CLS model of the 
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bulk pelagic clay we chose to model 8 major elements (Si, Al, Ti, Fe, Mn, Ca, K, P) 

using 4 end-member compositions corresponding to the aluminosilicate, Fe-Mn 

oxyhydroxide, apatite, and excess Si factors identified by the QFA (Table 3.1). 

We constructed multiple CLS models that separately used PAAS, UCC, rhyolite, 

dacite, and andesite compositions to successively represent the single general 

aluminosilicate factor while the other three end-member compositions used in the model 

were held constant. These five CLS models calculated end-member proportions that 

exhibited similar patterns to each other when plotted downhole. The model with PAAS 

yielded the highest coefficients of determination and also explained the highest fraction 

(percentage) of the dataset amongst the five options.  We thus selected PAAS to represent 

the general aluminosilicate component in the bulk sediment.  

Two apatite end-member compositions were also tested in the CLS model of bulk 

pelagic clay. The first was a fish debris composition determined by microprobe analysis 

(Dymond and Eklund, 1978). The second was a pure apatite composition calculated from 

carbonate fluorapatite (CFA) stoichiometry (Takebe, 2005), with the other major 

elements set to zero as their abundance in apatite is negligible relative to Ca and P. There 

was <1% difference between the calculated end-member proportions for every sample in 

the two models. Both models also yielded high coefficients of determination indicating 

that both apatite compositions were effective end-members.  We thus averaged the end-

member proportions of each sample resulting from the two models. 

Although the Fe/Mn ratio in the SPG marine sediment changes with distance from 

the MOR, we used a pure hydrothermal end-member to represent the third Fe-Mn 
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oxyhydroxide QFA factor. Hydrothermal bulk sediment analyses in the literature do not 

commonly differentiate between pure hydrothermal deposition and the altered basalt or 

authigenic minerals enriched by hydrothermal inputs of Fe and Mn. For example, 

Marchig and Erzinger (1986) analyzed Deep Sea Drilling Program (DSDP) Leg 92 East 

Pacific Rise hydrothermal sediment on a carbonate-free basis and determined that even 

their most hydrothermally rich samples in fact were only 92% hydrothermal material. 

The remaining 8% was altered basalt. As we are trying to discriminate between the 

aluminosilicate and hydrothermal fractions of the bulk sediment, it would be 

inappropriate to consider such a mixture as a pure end member. However, Marchig and 

Erzinger (1986) determined the composition of their 92%-8% mixture based on their own 

mixing model using tholeiitic basalt, continental crust, and a theoretical pure 

hydrothermal end-member. Therefore, we use the theoretical hydrothermal end-member 

of Marchig and Erzinger (1986) to represent our Factor 2.  

To check that this theoretical hydrothermal end-member was reasonable and a 

good choice for an end-member, we ran the model separately with the average 

composition of the metalliferous component of Leg 92 sediment from Barrett et al. 

(1987), who were careful to differentiate the Fe-Mn oxyhydroxide portion of 

hydrothermal deposition from the aluminosilicate fraction. The difference between the 

end-member proportions of these two models on a sample-by-sample basis was between 

0-10% and averaged ~ 1%. Both end-members produced results with high coefficients of 

determination. We therefore constructed four CLS models that used each Fe-Mn 

oxyhydroxide end-member with each of the apatite end-members and averaged the end-
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member proportions resulting from the four models. Each of the four models explained > 

89% (on average, 99%) of the compositional data of each sample. 

We used pure Si to represent the excess Si factor. To explore variations in this 

end-member, we also ran the model with a diatom frustrule composition (Loucaides et 

al., 2010) that included trace amounts of Al and K. However, the pure Si produced higher 

coefficients of determination for each element and explained a higher fraction of the 

dataset, possibly because diatom frustrules may not be representative of the altered 

radiolarian composition from the center of the SPG due to species differences or the low 

dust flux in the SPG changing the Al concentration of open-ocean biogenic siliceous 

material. 

 

6. Specific Discrimination of Aluminosilicate Sources 

In this section, we focus exclusively on the aluminosilicate fraction of the 

sediment, which to this point we have carefully only referred to as a “general 

aluminosilicate component”, which has been sufficient for (and required by) the broad 

characterization of the pelagic clay. However, partitioning of this “general 

aluminosilicate component” into PAAS, rhyolite, and mafic components is warranted and 

we are able to differentiate provenance variations with a higher fidelity.  We refer to 

these specific QFA and CLS treatments targeting the aluminosilicate component(s) as 

“QFAaluminosilicate” and “CLAaluminosilicate” so as to differentiate them clearly from the general 

characterization statistical work described above. 
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6.1. Aluminosilicates:  Q-mode Factor Analysis (QFAaluminosilicate) 

To determine the composition of the aluminosilicate fraction of the sediment, and 

only the aluminosilicate fraction, we selected elements most strongly associated with the 

Factor 1 “aluminosilicate” end-member from the broad 22-element QFA (Ti, Al, Cr, Rb, 

Cs) for the QFAaluminosilicate,. We excluded K and Mg because their concentrations can be 

affected during ash alteration and/or the formation of other authigenic minerals, and the 

goal of this study is to model the primary (original) source end-member composition(s).  

Rb and Cs can also be affected by ash alteration (Yamamoto et al., 1986), but are 

commonly associated with the detrital fraction of pelagic sediment (Li and Schoonmaker, 

2003). At Sites U1365, U1366, U1369, and U1370, a simple linear regression fit to 

concentrations of Cr vs. Rb has a r2 of 0.8 and Cr vs. Cs has a r2 of 0.9, suggesting strong 

relationships amongst these elements. Their relationship is also reflected in the results of 

every QFAaluminosilicate iteration we performed, which consistently indicated that Rb and Cs 

covary strongly with Cr. Considering that Cr has very different chemical behavior than 

Rb and Cs, this suggests that the elements are a good selection to identify primary 

provenance; consequently, we retained these elements in our models.  

The QFAaluminosilicate statistical runs with this aluminosilicate element menu 

produced three factors that explained 98% of the dataset variability (Figure 3.4 and 3. 

S4).  The first factor explains 50% of the variability of the dataset and indicates that Cr, 

Rb, and Cs covary strongly. We interpret this factor as an intermediate composition, 

continental aluminosilicate because the QFA factor loadings indicate that this factor is 
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more important in samples that plot near PAAS and UCC values in the Ti/Al profiles and 

several ternary diagrams (Figure 3.2F, Figure 3.5). We interpret the second factor, which 

isolates Ti and explains 27% of the variability, as representing a high Ti/Al, mafic, 

aluminosilicate source because the factor loadings indicate that this factor is most 

important near the basement of each site and in intervals with higher Ti/Al (Figure 3.2F). 

The third factor explains 22% of the variability and has strong factor scores for Al.  The 

factor loadings show that this third aluminosilicate factor is important in samples with a 

lower Ti/Al ratio, which we interpret as representing a felsic, rhyolite composition, as 

suggested by the Ti-Al-Cr ternary diagram (Figure 3.5) and the discrete ash layers from 

the SPG. The three aluminosilicate factors are consistent with and therefore reinforce the 

interpretations of the ratio plots and ternary diagrams that together suggest three distinct 

aluminosilicate sources. When we forced a QFA analysis to increase the number of 

factors, a fourth factor explained the remaining 2% of the dataset variability. We consider 

the fourth factor to be statistically insignificant and conclude that the variability of the 

dataset can best be explained by the mixing of the first three factors.  

 

6.2. Aluminosilicates:  CLSaluminosilicate Multiple Linear Regression 

Because the QFAaluminosilicate suggested three end members, we ran iterations of the 

CLS model using every combination of 3 end-members from a list of 20 possible 

aluminosilicate end-members to objectively test which combination(s) yield(s) the CLS 

model that best fits the dataset. These twenty possible end-members (Table 3.2) include 

upper crustal sources (e.g., PAAS, Chinese Loess, Upper Continental Crust, dacite), 
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mafic sources (e.g., average MORB, oceanic island basalt [OIB], andesite, and basalts 

drilled during Expedition 329), and felsic sources (e.g., average rhyolite, discrete SPG 

ash layers). We recorded the goodness-of-fit parameters for each CLS model iteration 

and identified the models that yielded the highest coefficients of determination. The ten 

CLS models that best fit the dataset included one end-member from each of the three 

categories of aluminosilicate end-members indicated by the Ti/Al ratio, ternary diagrams, 

and the QFAaluminosilicate, that is, a continental aluminosilicate, a rhyolite, and a mafic 

source.  We discuss these end-member results in sequence below. 

 

6.2.1. Continental Aluminosilicate End Member 

PAAS and Chinese Loess produced similar model outcomes, due to their similar 

chemistries, with the highest coefficients of determination (0.92-1.00) and explained 

~99.9% of the dataset. Other dust compositions, such as UCC, produced CLS models 

with acceptable, but lower, coefficients of determination (0.71-1.00). We selected PAAS 

to represent the intermediate end-member because (i) significant quantities of Chinese 

Loess are unlikely to be transported to the SPG given global wind-patterns (Li et al., 

2008), and (ii) Australian dust is directly upwind of the sites, making it a geologically 

reasonable end-member (Mackie et al., 2008).  
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6.2.2. Rhyolite End Member 

The CLSaluminosilicate models with the highest goodness-of-fit parameters 

consistently use a generic whole-rock rhyolite (Table 3.2) or one of two discrete ash 

layers with rhyolitic compositions (from Sites U1366 and U1370) to represent the low 

Ti/Al end-member. Although the discrete ash layers are bulk analyses and possibly 

include hydrogenous and/or Fe-Mn oxyhydroxide components in their composition, the 

proportions of the specific elements being used to model the aluminosilicate fraction 

should remain relatively unaffected (Li and Schoonmaker, 2003). Indeed, the ash layers 

may represent a more accurate end-member composition than the whole-rock analyses 

because they are a known part of the sedimentary material. Because the three 

compositions each produced excellent and comparable models (average coefficient of 

determinations between 0.92-0.96) and there is no a priori reason to favor one over the 

other, we averaged the results of the CLSaluminosilicate models run separately with these three 

ash compositions. Standard deviations of the end-member contributions determined by 

the three models averaged 11%, 9%, and 3% for the PAAS, rhyolite, and mafic end-

members, respectively.  These values help give a sense of the true precision of the 

statistical approach (that is, ~ 5-10% of the quantified abundances of the end members).   

 

6.2.3. Mafic Aluminosilicate End-Member 

The high Ti/Al end-member is surprisingly difficult to model and presents some 

subtle challenges.  As observed in the Al-Ti-Cr ternary diagram (Figure 3.5) and 

supported by the results of the CLSaluminosilicate models, average OIB and MORB 
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compositions (e.g., Willbold and Stracke, 2006; Gale et al., 2013) have Cr concentrations 

that are too high to encompass the sample compositions. Instead, a high Ti/Al, relatively 

low-Cr end-member is needed. The Al-Ti-Cr ternary diagram suggests an end-member 

similar to the Site U1367 basalt composition, although a hydrothermal source would also 

satisfy these initial constraints. The Site U1367 basalt is an average of five unaltered 

basalt samples from Site U1367 analyzed at Boston University (Dzaugis et al., 2013) and 

its Cr concentration (58 ppm) is within the wide range commonly found in basalts drilled 

during Expedition 329 (~30-730 ppm; Zhang and Smith-Duque, 2014) and in OIBs (3-

1290 ppm; Willbold and Stracke, 2006).   

The Ti/Al of the U1367 basalt (0.22 g/g) is also higher than an average MORB 

composition (0.13 g/g, Gale et al., 2013), but is lower than an average OIB composition 

(~0.26 g/g; Willbold and Stracke, 2006).  Eroded basaltic grains are observed in the 

sediment (D’Hondt, Inagaki, Alvarez Zarikian et al., 2011) and it is likely that still more 

of this eroded source has since been altered to authigenic clay (e.g., Kastner, 1999).  Such 

authigenic clay is likely to retain at least its approximate Ti and Al signature.  However, 

this basaltic source (either now altered or not) is also going to be broadly stratigraphically 

coincident with enriched Fe-Mn-oxyhydroxides from hydrothermal sources, and this 

hydrothermal source may also include at least some Al and Ti sourced from seawater and 

incorporated into or onto the hydrothermal particulates. However, given that the basalt 

component describes only a relatively small part of the bulk sediment (averaging 8%, and 

always less than 24%), and the hydrogenous fraction is even smaller, this approach has 

minimal impact to our broad-scale interpretations of the paleoceanographic evolution of 
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the SPG. Therefore, we selected the U1367 basalt to collectively represent a high Ti/Al, 

altered basalt source.  

 

7. End-member mass accumulation rate (MAR) patterns through the Cenozoic 

The CLSaluminosilicate analysis yields the fractions of the aluminosilicate component 

that are PAAS, rhyolite, and altered basalt in each sample. To estimate the fraction of 

PAAS, rhyolite, and altered basalt in the total bulk sediment, we weighted the 

CLSaluminosilicate results with the mass fraction of total aluminosilicate in bulk sediment 

determined by the general sediment characterization CLS model (Figure 3.6 and Table 

3.S5). For example, if the general characterization CLS determines that 50% of a bulk 

sample is aluminosilicate and the CLSaluminosilicate reveals that 50%, 30%, and 20% of that 

aluminosilicate portion is PAAS, rhyolite, and altered basalt, respectively, the total bulk 

sediment includes 25% PAAS, 15% rhyolite, and 10% altered basalt.  

For subsequent paleoceanographic interpretations, we calculated ages and 

instantaneous sedimentation rates from a Co-based technique for each pelagic clay 

sample from Sites U1365, U1366, U1369 and U1370 (Dunlea et al., 2015). By 

multiplying the instantaneous sedimentation rate (in cm/Myr) with the dry bulk density 

(DBD, in g/cm3) of each sample, we acquire the bulk sediment mass accumulation rate 

(MAR, in g/cm2/Myr). The product of the bulk sediment MAR and the mass fractions of 

each end-member determined by the CLS models yields the MAR of each end-member 

(in g/cm2/Myr) (Figure 3.7 and Table 3.S5).  In the following sections, we interpret the 
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end-member MAR patterns at Sites U1365, U1366, U1369, and U1370 along with the 

ternary diagrams using samples from all 7 sites, to highlight some of the key features of 

the paleoceanographic evolution of the SPG. 

   

7.1. Fe-Mn oxyhydroxides MAR decreases with distance from MOR 

As documented in previous studies of Fe-Mn enriched hydrothermal deposition, 

the MAR of the Fe-Mn oxyhydroxide component decreases rapidly at Sites U1365 and 

U1366 as they migrate away from the MOR (e.g. Lyle, 1986; Marchig and Erzinger, 

1986). That our results show this classic pattern provides further confidence in our 

modeling approach. Our age model for Site U1370 does not extend below the carbonate 

layer, which prevents calculation of MARs at this depth.  Three samples, however, 

located below this layer show higher mass fraction of Fe-Mn oxyhydroxides in a thin, 2 

m interval directly above the basement (Figure 3.6). Although Site U1369 was drilled to 

basement, the interval of hydrothermal deposition was thin (D’Hondt, Inagaki, Alvarez 

Zarikian, et al., 2011) and was not sampled. The modeled mass fractions at Site U1367 

(Figure 3.6) show a high contribution of Fe-Mn oxyhydroxides relative to the other 

components, which is likely due to its current proximity to the MOR and distance from a 

continental dust or volcanic ash source (D’Hondt, Inagaki, Alvarez Zarikian, et al., 

2011). 
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7.1.1. Hydrothermal Deposition from the Osbourn Trough?  

Intervals of hydrothermal-rich deposition overlying the basement are thicker at 

Sites U1365 and U1366 than at Sites U1369 and U1370. This may reflect that Sites 

U1365 and U1366 recorded local variability in hydrothermal input due to bathymetry 

(e.g., ponding, or lack thereof), deep ocean currents, or some other local process.  

Alternatively, Sites U1365 and U1366 may have experienced higher hydrothermal 

input due to tectonic processes relating to their locations in the late Cretaceous. For 

example, Sites U1365 and U1366 are located directly next to the Osbourn Trough, a 

failed ridge system that ceased spreading in the late Cretaceous between ~ 71-84 Ma 

(Billen and Stock, 2000) or 87-97 Ma (Downey et al., 2007). Using the approximated 

basement age estimate of ~95 Ma for Site U1366 (Dunlea et al., 2015), rapidly 

accumulating hydrothermal deposition begins decreasing at ~85 Ma and reached 

generally present-day levels by 70 Ma (Figure 3.7). With the range of possible basement 

ages for Site U1366 (85-105 Ma, Dunlea et al., 2015), the decline may have begun any 

time between ~75 Ma and 90 Ma, which is when the Osbourn Trough is thought to have 

gone extinct. The geochemical record at Site U1366 has a subtle pulse of hydrothermal 

activity at ~55 Ma (Fig. 3.7), which may indicate a brief and final reemergence of 

hydrothermal activity from the Osbourn Trough. A closely related potential explanation 

of the decreasing hydrothermal deposition at Sites U1365 and U1366 relates to the 

backtracked paths, which suggest that Sites U1365 and U1366 may have migrated 

parallel to the Osbourn Trough until ~80 Ma, when they began to migrate north away 
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from the MOR (Figure 3.1).  The decrease in hydrothermal input may reflect this change 

in plate motion.  

 

7.2. Temporal and spatial changes in biogenic siliceous accumulation 

The Late Cretaceous (~100-75 Ma) was a period of high excess Si MAR at Sites 

U1365 and U1366 caused by increased biogenic siliceous deposition that has been 

preserved as frustules or in Si-enriched authigenic mineral phases (Figure 3.7). This 

period of high excess Si is not seen at Site U1369, despite a backtrack path that suggests 

similar paleo-locations (Figure 3.1).  

A more subtle increase in the accumulation of excess Si at Sites U1369 and 

U1370 occurred at ~10-8 Ma.  This increase at these two sites coincided precisely with 

the transition from pelagic clay to siliceous ooze at Site U1371 that has been dated 

paleomagentostratigraphically and biostratigraphically at ~8.5 Ma (Cortese and Alvarez 

Zarikian, 2015; Suto and Uramoto, 2015).  Site U1371 is currently located on the outer 

edge of the SPG to the southwest of Sites U1369 and U1370.  

Changes in biogenic Si MAR reflect either a change in export production, 

preservation, or both.  There is no independent reason why the preservation of biogenic 

Si would change dramatically on this geographic scale, given seawater’s global and 

continual undersaturation with respect to silica (e.g., Raguenau et al., 2000). Therefore, 

we interpret the increase in biogenic Si MAR to reflect an increase in export production, 

caused by changes in water masses, nutrient supply, or other aspects of the 

biogeochemical cycle of Si.  We note the transition to more siliceous sediment in the 
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southern sites coincided with the so-named “Carbonate Crash” from 11-8 Ma in the 

eastern and central Pacific and closure of the Isthmus of Panama, consistent with a 

significant reorganization of ocean currents, nutrient distributions, and/or phytoplankton 

production at this time (e.g., Lyle et al., 1995; Pälike et al., 2012; Alvarez-Zarikian, 

2015).  

While tectonic processes may have shifted nutrient regimes by reorganizing ocean 

currents, changes in eolian dust and ash deposition could also have been a source of 

nutrients capable of stimulating productivity in the distal open ocean. For example, Sites 

U1369, U1370, and U1371 are currently located between the center of the SPG, which is 

primarily N-limited, and the Southern Ocean, which is primarily Fe-limited (Moore et al., 

2013). Considering the potential geographic and temporal variability of these nutrient 

regimes from changing water masses in concert with the northward migration of Sites 

U1369, U1370, and U1371 over time, it is possible that the inferred changes in export 

production at these sites reflects differences between a N- or Fe-limited regime. For 

example, the higher MAR of dust and ash at ~10-8 Ma as observed at some of the SPG 

sites (Figure 3.7) could provide the surface ocean with limiting nutrients causing 

increased export production and the increase in excess Si observed at Sites U1369, 

U1370, and U1371.  
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7.3. Australian Dust: spatial and temporal patterns  

7.3.1. Spatial Extent of Australian Dust Deposition 

Currently, Australian deserts are the largest dust source by mass in the Southern 

Hemisphere (Mackie et al., 2008). With the prevailing westerlies located between ~30-

60°S, Australia is the dominant source of dust in the South Pacific and much of the 

Southern Ocean (Li et al., 2008). Relative to Australia, Antarctica is an insignificant 

source of dust to the Southern Hemisphere and the SPG (Li et al., 2008). If it contributed 

more dust to the SPG in the past, perhaps during the initial aridification of Antarctica, it 

would be combined with the PAAS component in our model and is most likely to 

influence the more southern sites (Sites U1371 and U1370) when they were south of 

~60°S early in the Cenozoic (Figure 3.1). However, our results support Australia as the 

predominant source of dust to the SPG.  

Compositional trends in the sediment from the seven sites analyzed in this study 

correlate with the spatial relationship between each site and Australia. Sites U1371 and 

U1370, the sites closest to and most directly downwind of Australia (Figure 3.1), are 

compositionally closer to PAAS than the other sites (Figure 3.5). Additionally, sites distal 

from Australia show stronger authigenic enrichment from processes that concentrate 

elements in sediment with long seawater exposure times, such as scavenging on oxides 

and/or incorporation into fish debris. For example, samples from Site U1369, which is 

downwind but farther away from Australia than Sites U1371 and U1370, plot on a 

smooth compositional array that demonstrates mixing between PAAS and an 

authigenically enriched component represented by Co and Hf (Figure 3.5). Samples from 
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Sites U1365 and U1366 plot on an array between hydrothermal enriched elements (Mn 

and Zn) and authigenic enriched elements (Co and Hf), as well as along a second array 

from the authigenic enriched component toward PAAS (Figure 3.5). These arrays are 

remarkably consistent in a number of different diagrams. 

All of the pelagic sediment samples, including clay, siliceous, and calcareous 

lithologies plot within this trend, from a mainly hydrothermal-enriched composition to a 

more authigenic-enriched composition and then to a PAAS end-member. The Al-Ti-Cr 

and Mn-Hf-Cr ternary diagrams suggest the presence of ash components, but still exhibit 

trends toward PAAS. This result reinforces that sites downwind and closer to Australia 

trend toward PAAS and not an ash composition. The Australian input is clear and 

spatially consistent. 

  

7.3.2. Australian Dust Deposition through the Cenozoic 

At the beginning of the Cenozoic, Australia was covered in rainforests supported 

by a climate that was much warmer and more humid than today (Martin, 2006). The 

terrestrial vegetation record indicates that progressive cooling and aridification of 

Australia occurred in multiple steps that coincided with global climate trends. While the 

aridification occurred gradually throughout the Cenozoic, the first major transition from 

warm-humid climates to cool-dry climates in Australia occurred in the mid-Miocene 

(Martin, 2006). The cooling trend continued through the Miocene to present, interrupted 

by a brief period of wetter climate in the early Pliocene.  
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Our marine records track how the cooling and drying of Australia affected the 

deposition of dust in the open-ocean SPG through the Cenozoic (Figure 3.7).  Just after 

the Early Eocene Climatic Optimum (at ~50 Ma; Zachos et al., 2001), the MAR of PAAS 

began increasing at Sites U1366, U1369, and U1370. While all of these sites were 

downwind from Australia at this time (Figure 3.1), the MAR of PAAS increased more 

rapidly at Site U1370 than at Site U1366 and U1369, most likely because Site U1370 was 

closer to the Australian continent. Plate reconstructions suggest that Site U1365 was 

located north of Australia, which would not have been in the wind path from the 

continent, and thus would not have experienced a coeval increase in dust MAR at the 

same time as the more southern sites. The synchronous increase at multiple sites 

precludes the possibility that this PAAS increase occurred exclusively because a site 

tectonically migrated closer to Australia, the source of dust.  

After the Early Eocene, there was an overall increase of the MAR of PAAS at 

each site. However, the increase was not a smooth gradual trend, but was punctuated by 

abrupt increases and decreases from the Miocene to present. Even with the slow 

sedimentation rates at these sites, we can begin to correlate some common trends in the 

MAR of PAAS in the SPG sites and relate it to dust accumulation records from other 

studies in the South Pacific. Collectively, these records suggest at least three traceable 

episodes of increased dust accumulation in the SPG from the Miocene to the present.  

Below, we discuss the evidence for multiple episodes of increased dust 

accumulation across the SPG and suggest the timing of each episode based on our current 

preferred age model. The exact timing of these three episodes and subsequent 
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interpretations may be adjusted in the future with updated age models.  Furthermore, 

slight differences in our own age model determinations can impart variations in the 

PAAS MAR (e.g., See Figure 3.S1 for the PAAS MAR record using variations in the age 

model described in Dunlea et al., 2015).  

The first and most obvious local maximum of dust MAR occurred around the 

Mid-Miocene (15-10 Ma), when the terrestrial vegetation record suggests that Australia 

experienced its first major shift from a warm-humid to cool-dry climate (Martin, 2006).  

Relatively close to the eastern coast of Australia (<1000 km) at DSDP Sites 588, 590, and 

591, dust accumulation doubled during the Mid-Miocene from ~200 to ~500 g/cm2/Myr, 

as estimated by the smectite/illite ratio (Stein and Robert, 1986). At Site 596, dust 

accumulation, determined using statistical partitioning techniques, abruptly increased 

from 0 to ~15 g/cm2/Myr between 13-10 Ma (Zhou and Kyte, 1992).  Despite lower 

resolution sampling, this increase is also seen at Site U1365, located ~350 km west of 

Site 596 and is also subtly, yet clearly, present farther from Australia at Site U1366 

(Figure 3.7).  Site U1370 shows a very obvious maximum in PAAS accumulation, 

increasing from ~20 g/cm2/Myr up to ~30 g/cm2/Myr, between 13-10 Ma (Figure 3.7). 

Geographically close to Site U1370, core MV0502-01JC (40°00’S, 154°02’W; Figure 

3.1) had rapid accumulation of eolian material at ~10 Ma, as determined by fish teeth 

stratigraphy, operationally-defined leaching techniques, and mineralogy (Stancin et al., 

2008). After this pulse of dust MAR between ~15-10 Ma, all of these sediment records 

show that dust MARs returned to previous levels shortly after 10 Ma.   
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There was a second pulse of dust at ~6 Ma at some of the sites, including Site 588 

and core MV0502-01JC (Stein and Robert, 1986; Stancin et al., 2008). At Site 596 and 

Site U1365, the detrital accumulation rate also abruptly increased at ~6 Ma. The small 

increase in PAAS MAR at Site U1369 at ~8 Ma may be evidence of the first episode of 

dust, given the tolerance of the age model, or could be a combined signal from the first 

and second episodes. Although subtle features at U1370 may represent this dust pulse, 

the sampling resolution is too low for this time period to adequately resolve it.  

A third pulse of dust at ~4-3 Ma occurred at DSDP Sites 588, 590, 591, our IODP 

Site U1370, and core MV0502-01JC (Stein and Robert, 1986; Stancin et al., 2008). At 

Sites 596 and U1365, however, this third pulse is indistinguishable from the second pulse 

that started at ~6 Ma, but at Site 596 there was a distinct increase in detrital MAR from 

~15 g/cm2/Myr to ~ 30 g/cm2/Myr at ~3 Ma. The terrestrial record (Martin, 2006) 

indicates that just before this third pulse, in the early Pliocene (~5 Ma), there was a brief 

period of warm-humid climate that interrupted the overall cooling and aridification of 

Australia throughout the Cenozoic. There was a resurgence of rainforest in parts of 

southeast Australia, suggesting increased rainfall (Martin, 2006), which would stimulate 

vegetation cover and reduce dust activity (Mackie et al., 2008). These processes along 

with fluvial transport may have increased the transport and erodibility of soils in the 

region. After the early Pliocene warm period ended and the climate returned to being cool 

and dry in the late Pliocene, there likely was an increased amount of dust to be blown to 

the sea creating the pulse of dust at ~4-3 Ma.   
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In summary, three major episodes of rapid Australian dust MAR between the 

Mid-Miocene and the present occurred at multiple sites located at varying distances from 

Australia. These episodes are superimposed on an overall increase in dust MAR at the 

SPG sites since the Early Eocene. 

 

7.3.3. Regional and global aridification linked to opening of ocean gateways 

The initial increase in PAAS at Sites U1366, U1369, and U1370 at ~ 50 Ma 

coincides with the earliest evidence of the Tasman Gateway opening just after the Early 

Eocene Climatic Optimum (Bijl et al., 2013). However, the majority of the Tasman 

Gateway deepened between 36-30 Ma when Sites U1366 and U1369 experienced a local 

maximum of PAAS MAR (Figure 3.7), suggesting the Tasman opening may have been a 

significant step in the aridification of Australia.   

Did Australia aridify because the Tasman Gateway opened and Australia migrated 

into an arid air belt ~30°S? Or was the aridity a response to global cooling and 

aridification trends? The first hypothesis is supported by the terrestrial record, which 

suggests there was a steep climate gradient within the northwest Shelf of Australia during 

the Eocene. The northern region experienced warm-arid climates while the region ~1,800 

km to the south experienced cooler and wetter climates. Further south, there was also 

considerable rainfall and runoff in Southern Australia (Martin, 2006). The meridional 

climate gradient may indicate that the continent moved into downwelling air masses from 

Hadley Cell circulation and aridified northern Australia, while keeping the south moist 

with rainfall from upwelling air masses. The northward migration of Australia and 
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changes in moisture transport may have affected Antarctic climate as well. 

Reconstructions of East Antarctica temperature and precipitation indicate that East 

Antarctica gradually aridified from ~54-13Ma, with an abrupt increase in aridification at 

~34 Ma (Passchier et al., 2013), the same time as an episode of increased PAAS MAR at 

Sites U1366 and U1369. 

Both Australia and Antarctica may have aridified in response to global cooling in 

the Early Eocene and Eocene-Oligocene (Zachos et al., 2001). Although Sites U1366 and 

U1369 were located at different latitudes at ~34 Ma, the relative increase in PAAS MAR 

was of similar magnitude at both sites, suggesting that either there was not a significant 

meridional difference in Australian aridity or the westerlies transported dust from 

northern Australia farther southeast across the SPG. Thus, the SPG data cannot strictly 

exclude that the increase in Australian dust flux may have been a simple response to 

planetary global cooling.  Although the preponderance of evidence, as well as “Occam’s 

Razor”, support the meridional migration explanation, future studies should further 

examine whether both the migration and cooling were together responsible for the 

observed increase in Australian fluxes.  

 

7.4. Explosive South Pacific volcanism 

The SPG is surrounded by explosive ash-emitting subduction-zone volcanism that 

encircles the Pacific plate and includes the Andes to the east and New Zealand to the 

west.  A few studies have examined the frequency of (altered) ash layers at multiple sites 

in the South Pacific to estimate volcanic activity throughout the Cenozoic, including just 
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off the eastern coast of Australia (Gardner et al., 1986), east of New Zealand (Carter et 

al., 2004), the Andes (Noble et al., 1974), and the entire Pacific Ocean (Straub and 

Schmincke, 1998). Episodes of increased volcanism can be broadly summarized as 

having occurred around one or more of these intervals: 110-70 Ma, ~40-35 Ma, 26-24 

Ma, 15-10 Ma, ~4 Ma, and 2-0 Ma. While these intervals of increased frequency of ash 

layers do not occur at every site, possibly due to poor preservation due to water depth and 

local oceanographic conditions, the Mid-Miocene (~15-10 Ma) episode is the most 

common and clear feature amongst the sites. 

In our study, we quantify dispersed ash (rhyolitic and basaltic) in the bulk 

sediment rather than the discrete ash layer frequency. This focus on dispersed ash yields 

additional information about the volcanic record, in addition to studies based just on 

discrete ash layers (e.g., Scudder et al., 2014). The range in the MAR of rhyolite is 

comparable to the range of the MAR of PAAS. That these rates are relatively close in 

magnitude is consistent with modern observations of distal volcanic input to the deep sea 

(Olgun et al., 2011).  The high abundance of dispersed ash is consistent with the very 

distal nature of the SPG, and the large amount of explosive volcanism in the surrounding 

region. Along with quantifying the MAR magnitude, dispersed ash also allows us to 

avoid potential problems associated with ash layer preservation and or loss of ash layers 

due to drilling.  

Although sampling resolution at the SPG sites may be too low to resolve some of 

the short-lived episodes observed at other sites (cited above), the Cretaceous interval 

(110-70 Ma) of increased volcanism is apparent in the accumulation rate profiles of 
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rhyolite at Sites U1365 and U1366.  The Mid-Miocene interval is also a notable feature at 

Site U1370 at ~13 Ma and at Site U1365 at ~10 Ma.  These episodes of volcanism are 

superimposed on a longer-term trend of increasing ash deposition that roughly double 

throughout the Cenozoic.  This Cenozoic trend of increasing deposition is seen at all the 

SPG sites. Collectively, the consistency between the records of ash accumulation in this 

study and the previously published records of volcanism from ash layer frequency 

indicates that the SPG faithfully records long-term records of volcanism.  

 

7.4.1. Interrelationships of aridity, volcanic activity, and wind 

Comparison of the collective dust and ash records reveals that many of the 

episodes of increased dust and ash MAR were broadly synchronous (Figure 3.7). For a 

more detailed look at this relationship, we compare the MAR of PAAS and rhyolite 

(Figure 3.8) at the SPG sites and find that the extent of the correlation of dust and ash in 

our data depends on the latitude of the site. The more northern Sites U1365 and U1366, 

exhibit no significant covariance (r2 = 0.2) between the MAR of PAAS and rhyolite 

(Figure 3.8 upper). However, a significant positive correlation (r2 = 0.8) between PAAS 

and rhyolite MAR is observed at the more southern Sites U1369 and U1370 (Figure 3.8 

lower). The different relationships at different sites reinforce our confidence that our Co-

based accumulation rate methodology and statistical modeling have not systematically 

biased the MAR data toward a positive, negative, or any correlation between PAAS and 

rhyolite. Instead, its fidelity allows us to examine the latitudinal differences in processes 

that control the accumulation of PAAS and rhyolite in pelagic clay. 
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The accumulation of eolian dust and ash in marine sediment is the sum of four 

processes, including: (1) Production (dust availability and volcanic ash emission), (2) 

Transport (paleo-location and wind direction and/or intensity), (3) Deposition (settling 

through the water column to the seafloor) and (4) Preservation (chemical and physical).  

Since dust and ash in the pelagic clay have similar grain sizes and their general 

aluminosilicate nature (Stancin et al., 2008; Dubois et al., 2014), we expect that they 

behave broadly similarly in the deposition and preservation processes, at least to the 

extent relevant to this study. If this assumption is correct, then differences in production 

and/or transport must have caused the different PAAS and rhyolite accumulation rates at 

Sites U1365 and U1366.  

Temporal differences in production would have depended on the timing of 

Australian aridification and the timing of episodes of volcanic activity. Also, the 

production of dust and ash may have differed spatially depending on the latitude at which 

Australia aridifies or where volcanism occurs.  

Transport process may vary depending on the direction and strength of the 

prevailing winds in the troposphere or the stratosphere at the latitude of the site. 

Throughout the Cenozoic, Sites U1365 and U1366 migrated north across 30°S, possibly 

crossing into a different prevailing wind belt or into latitudes more sensitive to shifts in 

Hadley Cell circulation. Climate simulations demonstrate that the north-south position of 

the ITCZ and Hadley Cell responds to changes in interhemispheric temperature and ice 

sheet contrasts (e.g. Broccoli et al., 2006).  This sensitivity has been documented in the 

geological past as well. For example, there is evidence of a northward shift in the ITCZ 
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when ice sheets expanded on Antarctica in the mid-Miocene (Holbourn et al., 2010). 

Similarly, Northern Hemisphere ice growth starting in the late Miocene may have shifted 

Northern Hemisphere westerlies southward (Chang et al., 2013). The hemispheric 

asymmetries shift the whole Hadley Cell including the downwelling arid air masses 

around 30°S. These shifts may have caused Sites U1365 and U1366 to experience 

variable prevailing wind directions even if the latitude of the site itself did not change. A 

northward shift (as we propose occurred in the mid-Miocene, ~15-10 Ma) would have 

kept the sites within the westerlies and downwind of Australia.  This may partly explain 

the episode of rapid PAAS accumulation that occurred at these sites at this time. A 

southward shift (as we propose occurred in the late Miocene) would have caused the 

easterlies to be the prevailing wind direction over these sites at this time. The sites would 

not have been downwind of Australia and deposition may have been limited to ash. 

Shifting wind belts may explain (i) the intervals of very low accumulation of PAAS at 

Sites U1365 (also observed at Hole 596; Zhou and Kyte, 1992) after the mid-Miocene 

and (ii) why dust and ash do not covary at Sites U1365 and U1366. 

For the MAR of dust and ash to behave similarly (as observed at the more 

southern Sites U1369 and U1370), both the production and transport of dust and ash must 

have been similar or one process must have dominated over the other. Unlike Sites 

U1365 and U1366, throughout the Cenozoic Sites U1369 and U1370 have always been 

located between ~30-60°S within the prevailing westerlies. These sites were always 

downwind of the sources of Australia dust and New Zealand arc volcanism, which were 

at overlapping latitudes. The MAR of rhyolite relative to the MAR of PAAS at Site 
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U1369 was broadly similar to that at Site U1370 (Figure 3.8 lower), but the absolute 

MAR of both PAAS and rhyolite was generally higher at Site U1370. This finding 

indicates that both of these sites received a similar ratio of dust:ash abundance, but the 

site closer to Australia accumulated dust and ash more rapidly. These patterns 

collectively suggest that at least transport pathways were similar for both PAAS and 

volcanic ash.  

  

8. Summary  

We analyzed major, trace, and rare earth elements in 206 bulk sediment samples 

from 7 sites in the South Pacific. We used multivariate statistical partitioning techniques 

to identify and quantify 6 sediment source components for these samples. These 

components are PAAS, rhyolite, altered basalt, Fe-Mn oxyhydroxide, apatite, and excess 

Si. By applying a Co-based age model to 4 of the sites dominated by pelagic clay, we 

assess the timing of changes in mass accumulation rate of each sediment source to 

characterize the spatial and temporal evolution of the South Pacific Gyre throughout the 

Cenozoic. 

Fe-Mn oxyhydroxides accumulated most rapidly near the basement at each site 

and decreased rapidly as the site migrated away from the MOR. Sites U1365 and U1366 

may have sustained higher hydrothermal MARs due to their proximity to the Osbourn 

Trough in the Cretaceous. The rapid deposition of Fe-Mn oxyhydroxides at Site U1366 
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decreased sharply at the same time that the Osbourn Trough is predicted to have ceased 

spreading. 

Excess Si preserved in the sediment as frustules or Si-enriched authigenic phases 

accumulated rapidly at Sites U1365 and U1366 in the late Cretaceous, suggesting the 

distribution of siliceous plankton production was different from modern-day. Sites U1369 

and U1370 experienced an increase in excess Si ~8 Ma when Site U1371 transitioned 

from pelagic clay to siliceous deposition, supporting hypotheses of a major 

reorganization of ocean nutrients distributions in the southern SPG at this time. 

The accumulation of eolian dust and volcanic ash reflects spatial and temporal 

variations in the production and transport of both materials. Sites U1371 and U1370, 

which are closer to and downwind of Australia, have a stronger dust signature than the 

sites further north and closer to the center of the SPG. Beginning in the Early Eocene, the 

MAR of dust increased gradually with multiple sites experiencing local maxima at the 

Eocene-Oligocene boundary and the mid-Miocene. These multi-site patterns record 

variations of the dust deposition in the open-ocean during the aridification of Australia as 

it migrated into an arid belt at ~30°S while cooling and aridification occurred globally. 

Dispersed volcanic ash is a significant component of SPG pelagic clay, often 

comprising >50% of the bulk sediment by mass. Rhyolitic and basaltic ash accumulation 

gradually increased throughout the Cenozoic with episodes of increased accumulation at 

each site. At the more northern Sites U1365 and U1366, the dust MAR and ash MAR are 

not well correlated, suggesting a difference in production and/or transport processes at 

these more northern sites. One possible explanation is that asymmetrical interhemispheric 
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temperature and ice growth caused meridional shifts in atmospheric circulation cells and 

the more northern sites to experience variable prevailing wind patterns. At the more 

southern Sites U1369 and U1370, the dust MAR and ash MAR are significantly 

correlated, suggesting similar production and/or transport mechanisms. The sites have 

remained within the prevailing westerlies between ~30-60°S and downwind of Australia 

throughout the Cenozoic, which suggests that at least similar transport mechanisms may 

have influenced the relationship between dust and ash. 
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Figure 3.1. Backtrack paths of the 7 sites drilled during IODP Expedition 329 plotted on 
a background map of the age of the oceanic lithosphere at various times through 
the Cenozoic.  

Each tick along the backtrack paths denotes a 10 Myr increment. Core MV0502-01JC 
and Deep Sea Drilling Project (DSDP) Sites 588, 590, 591, and 596 are plotted for 
reference. Maps were generated using GPlates open source software and plate 
reconstructions (Seton et al., 2012; Gurnis et al., 2012). Paths are plotted against a 
latitude/longitude reference frame, and thus appear to cross the East Pacific Rise when in 
reality each site’s history has entirely been on the Pacific Plate. 
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Figure 3.2. Element ratio (g/g) depth profiles for the four sites dominated by pelagic 
clay.  

The grey vertical lines in some subplots depict average values for upper continental crust 
(UCC, Rudnick and Gao, 2003), rhyolite (GEOROC, 2014), and mid-ocean ridge basalt 
(MORB, Gale et al., 2013), as labeled. Note different scales on the x-axes.  
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Figure 3.3. Factors 1, 2, 3, and 4 from the 22-element QFA run with 138 pelagic clay 
samples.  

The % variability of the dataset explained by each factor is reported at the top of each 
column. Each row is an element used in the QFA and the color in the boxes corresponds 
to the absolute value of the VARIMAX-rotated factor scores of each element in each 
factor. The darker the color, the stronger those elements covary within each factor.  
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Figure 3.4.  Factors 1, 2, and 3 produced by the aluminosilicate element QFAaluminosilicate 
modeling.   

Diagram is structured similarly to Figure 3.3, and with the same scale bar.  
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Figure 3.5. Samples from the seven sites drilled during Expedition 329 plotted on ternary 
diagrams with end-member compositions including samples that primarily consist 
of calcareous and siliceous material.  

To construct the ternary diagram, element concentrations were scaled (as noted in the 
units of each plot) to be of comparable magnitude with the other elements in the plot and 
then normalized so the three element concentrations sum to a constant. This later step is 
common to all ternary diagrams and allows each ternary plot to graphically depict the 
ratio of the three elements as positions in an equilateral triangle.   Highlighted in yellow 
are inter-site patterns that express clusters determined by paleogeographic position. For 
example, sites geographically closer to and downwind of Australia (e.g., Site U1370 and 
Site U1371) plot closer to continental sources such as post-Archean average Australian 
shale (PAAS).  End-members plotted are listed Table 3.1 and Table 3.2.  
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Figure 3.6. The relative mass fractions of six end-members produced by the bulk pelagic 
clay and CLSaluminosilicate multivariate models.  

At Site U1365, the interval from 42-65 mbsf is chert that was not analyzed in this study. 
At Site U1367, calcareous sediment is the dominant lithology from 5 mbsf to the basalt 
(22 mbsf). At Site U1371, siliceous deposits dominate the lithology from the seafloor to 
104 mbsf and are not included in the CLS models (see text). 
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Figure 3.7. The mass accumulation rate (g/cm2/Myr) of each end-member at the four 
sites dominated by pelagic clay lithology, Sites U1365, U1366, U1369, and 
U1370.  

The symbols (denoted in the legend) mark the MAR of each sample and the lines depict a 
3-point moving average of the samples. Inset graphs emphasize smaller scale mass 
accumulation rate variations from 65-0 Ma.  
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Figure 3.8. PAAS mass accumulation rate (g/cm2/Myr) versus rhyolite mass 
accumulation rate (g/cm2/Myr) at Sites U1365 and U1366 (upper) and Site U1369 
and U1370 (lower).  

The black line is a linear fit to all the points in each plot, and the equations and r2 are 
expressed on the plot. One outlier with anomalously high rhyolite MAR (at 100 Ma) was 
removed from Site U1365 to ensure that samples older than 65 Ma were not biasing the 
correlation. The dotted gray line marks a 1:1 ratio for reference.  
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Figure 3.9. Mass accumulation rate of PAAS at various times through the Cenozoic.  

The center of each dot marks the location of a site backtracked to the time labeled on 
each map. The size of each dot is proportional to the MAR of PAAS (from Figure 3.7) at 
that site at the given time. Background maps are the same as described in Figure 3.1.   
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Figure 3.S1. Age (Ma) vs. a three-point moving average of PAAS mass accumulation 

rates (g/cm2/Myr) for three different potential age models described in Dunlea et 
al., 2015.  

All three of the age models are based on the accumulation of non-detrital Co on the 
seafloor, but each model uses different values for K, the non-detrital flux of Co to the 
seafloor. The grey trends represent an age model that uses a K value of 2350 "g/cm2/Myr 
and the brown trends use a K value of 1650 "g/cm2/Myr. The black lines depict the age 
model using the K value that was calculated using data from that site and is the preferred 
model. 
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Table 3.1. End-member compositions used in the constrained least square (CLS) multiple 
linear regression modeling of the bulk pelagic clay. 
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Table 3.2. End-member compositions tested in the constrained least square (CLS) 
multiple linear regression model of the aluminosilicate component of the pelagic clay. 

The references for each end-member composition are listed in the first column. Rhyolite, 
dacite, andesite, and basalt are average compositions of whole-rocks from New Zealand, 
Central and South America downloaded from GeoRoc database accessed March 2014 
(http://georoc.mpch-mainz.gwdg.de/georoc/). Prior to averaging the GeoRoc data, 
elements were plotted against Al and extreme outliers were removed. The Mg-ash and K-
ash are discrete altered ash layers from Sites U1366 and U1370, respectively, that were 
analyzed in this study (See Table 3.S2). The low-Cr basalt was an average of 5 basalt 
samples drilled from Site U1367 and analyzed on the ICP-ES and ICP-MS at Boston 
University (Dzaugis et al., 2013). 
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Table 3.S1. Major, trace, and rare earth element concentrations for squeeze cake samples 
and discrete samples from the 7 sites drilled during IODP Expedition 329.  

Site Hole Core
Core
Type Sect.

Interval 
Top

 Interval 
Bot Depth

Modified 
Depths SiO2 Al2O3 TiO2 Fe2O3 MnO

(cm) (cm) (mbsf) (mbsf) wt.% wt.% wt.% wt.% wt.%
U1365 B 1 H 1 30 40 0.35 51.49 16.53 0.83 9.12 1.00
U1365 B 1 H 1 80 90 0.85 50.46 16.73 0.80 8.59 0.96
U1365 B 1 H 1 130 140 1.35 49.71 16.40 0.85 9.06 1.07
U1365 B 1 H 3 70 80 3.75 48.94 16.12 0.92 9.25 1.29
U1365 B 2 H 1 130 140 5.45 43.69 14.95 0.79 9.52 0.98
U1365 B 2 H 2 65 75 6.30 46.33 15.57 0.76 9.72 0.94
U1365 B 2 H 3 65 75 7.80 45.67 15.27 0.65 8.43 1.52
U1365 B 2 H 3 130 140 8.45 48.23 15.87 0.64 7.84 1.40
U1365 B 2 H 4 130 140 9.95 40.82 13.62 0.62 8.50 2.93
U1365 B 2 H 5 130 140 11.45 38.69 12.39 0.58 11.40 3.57
U1365 B 2 H 7 48 58 13.63 40.55 12.18 0.72 11.86 4.13
U1365 B 3 H 2 65 75 15.80 43.04 13.94 0.66 7.20 2.65
U1365 B 3 H 3 130 140 17.95 43.48 13.90 0.69 7.80 2.78
U1365 B 3 H 6 65 75 21.80 48.07 14.47 0.55 7.25 2.64
U1365 B 4 H 1 130 140 24.45 48.52 13.40 0.57 7.59 3.07
U1365 B 4 H 2 65 75 25.30 47.76 13.44 0.56 7.45 3.00
U1365 B 4 H 4 65 75 28.30 49.19 14.07 0.64 7.60 2.66
U1365 B 4 H 6 130 140 31.95 49.30 14.14 0.96 8.35 2.43
U1365 B 5 H 1 130 140 33.95 48.91 14.17 0.82 7.61 2.54
U1365 B 5 H 2 130 140 35.45 47.47 13.42 0.74 8.42 2.93
U1365 B 5 H 3 0 10 35.65 47.40 13.56 0.75 8.33 2.98
U1365 B 5 H 4 65 75 37.80 44.71 11.67 0.41 10.72 3.25
U1365 B 5 H 6 65 75 40.80 69.89 6.47 0.22 4.29 1.12
U1365 B 5 H 7 53 63 42.18 60.90 8.74 0.30 5.97 1.53
U1365 B 8 H 2 30 40 65.35 76.96 0.93 0.07 8.52 2.24
U1365 B 9 H 2 30 40 68.85 37.05 2.98 0.17 21.60 6.65
U1365 B 9 H 2 80 90 69.35 29.54 2.21 0.17 23.68 7.50
U1365 B 9 H 3 80 90 70.90 16.95 1.30 0.09 32.46 12.37
U1365 B 9 H 4 130 140 72.90 15.66 1.79 0.13 38.19 11.93
U1365 B 9 H 5 80 90 73.9 45.40 10.00 0.35 11.52 3.04
U1365 C 9 H 3 70 80 74.75 9.54 1.65 0.15 49.90 15.34
U1366 D 1 H 1 30 40 0.35 0.75 48.03 15.77 0.83 8.94 1.50
U1366 D 1 H 1 130 140 1.35 1.75 47.63 15.60 0.87 9.31 1.82
U1366 D 1 H 2 80 90 2.35 2.75 48.87 16.39 0.84 9.32 1.51
U1366 D 1 H 3 30 40 3.35 3.75 47.75 16.13 0.84 9.05 1.50
U1366 D 1 H 3 130 140 4.35 4.75 49.01 16.48 0.83 8.78 1.36
U1366 D 1 H 4 30 40 4.85 5.25 49.58 16.81 0.84 8.80 1.60
U1366 D 1 H 4 80 90 5.35 5.75 48.01 16.24 0.81 8.71 1.35
U1366 D 1 H 4 130 140 5.85 6.25 48.25 16.32 0.80 8.60 1.36
U1366 D 1 H 5 30 40 6.35 6.75 47.61 15.93 0.80 8.81 1.37
U1366 D 1 H 5 80 90 6.85 7.25 47.16 15.86 0.83 8.85 1.50
U1366 D 1 H 5 130 140 7.35 7.75 47.33 15.88 0.79 8.94 1.30
U1366 D 1 H 6 80 90 8.35 8.75 46.70 15.37 0.65 8.13 1.68
U1366 D 1 H 7 10 20 8.85 9.25 47.71 15.58 0.65 8.60 1.97
U1366 D 2 H 1 30 40 9.75 10.15 44.72 15.57 0.69 8.83 2.27
U1366 D 2 H 1 80 90 10.25 10.65 41.67 14.55 0.66 8.55 2.74
U1366 D 2 H 1 130 140 10.75 11.15 39.38 14.13 0.64 10.98 3.54
U1366 D 2 H 2 80 90 11.75 12.15 32.60 11.71 0.52 16.57 3.56
U1366 D 2 H 2 130 140 12.25 12.65 28.84 10.64 0.50 20.83 4.24
U1366 D 2 H 3 30 40 12.75 13.15 27.77 10.06 0.53 24.35 4.37
U1366 D 2 H 3 130 140 13.75 14.15 30.24 9.51 0.57 17.98 4.44
U1366 D 2 H 4 80 90 14.75 15.15 43.20 13.23 0.48 6.28 2.62
U1366 D 2 H 4 130 140 15.25 15.65 42.32 11.86 0.53 8.17 3.06
U1366 F 1 H 3 60 70 3.65 3.65 48.00 16.36 0.85 9.04 1.51
U1366 F 2 H 2 50 60 7.55 9.35 45.58 15.55 0.76 9.14 1.82
U1366 F 2 H 4 50 60 10.55 12.35 32.90 11.93 0.52 18.72 3.85
U1366 F 2 H 5 80 90 12.35 14.15 37.56 12.00 0.47 7.91 3.20
U1366 F 2 H 6 0 10 13.05 14.85 42.75 12.26 0.52 7.27 2.92
U1366 F 3 H 1 30 40 14.35 16.15 24.50 9.18 0.48 24.75 4.14
U1366 F 3 H 1 80 90 14.85 16.65 26.60 9.17 0.47 22.80 4.30



!

!

105 

  

U1366 F 3 H 1 130 140 15.35 17.15 76.11 2.41 0.09 6.08 1.73
U1366 F 3 H 2 30 40 15.85 17.65 40.64 7.15 0.18 18.39 3.66
U1366 F 3 H 2 80 90 16.35 18.15 42.57 9.20 0.27 11.70 3.65
U1366 F 3 H 3 30 40 17.35 19.15 54.95 5.02 0.21 9.94 4.00
U1366 F 3 H 3 130 140 18.35 20.15 27.69 3.37 0.22 24.52 6.76
U1366 F 3 H 4 80 90 19.35 21.15 35.75 3.82 0.15 18.84 5.07
U1366 F 3 H 5 30 40 20.35 22.15 21.67 2.38 0.22 28.78 7.44
U1366 F 3 H 5 130 140 21.35 23.15 23.33 2.74 0.15 23.07 10.22
U1366 F 3 H 6 80 90 22.35 24.15 28.75 7.15 0.31 24.32 6.91
U1366 F 3 H 7 20 30 23.25 25.05 12.76 3.57 0.33 43.27 11.81
U1366 F 4 H 1 80 90 24.35 26.15 17.50 3.36 0.29 37.48 11.38
U1366 F 4 H 2 30 40 25.35 27.15 12.85 2.00 0.23 37.31 10.30
U1366 F 4 H 2 120 130 26.25 28.05 13.22 2.11 0.22 37.21 10.79
U1366 F 4 H 3 80 90 27.35 29.15 14.79 1.98 0.19 34.88 11.38
U1366 F 4 H 4 10 20 28.15 29.95 16.09 2.87 0.26 38.41 11.94
U1366 F 4 H 5 40 50 29.36 31.16 9.96 3.34 0.32 43.00 17.27
U1367 C 1 H 1 0 10 0.05 26.97 9.59 0.73 14.86 3.48
U1367 C 1 H 1 50 60 0.55 29.93 11.27 1.03 19.79 4.61
U1367 C 1 H 1 100 110 1.05 30.30 11.06 0.79 20.32 4.69
U1367 C 1 H 3 0 10 3.05 26.91 9.99 0.44 22.88 4.18
U1367 C 1 H 3 140 150 4.45 12.81 6.62 0.33 39.00 4.82
U1367 C 1 H 4 50 60 5.05 13.58 6.74 0.36 36.25 6.17
U1367 C 1 H 5 0 10 6.05 0.72 1.38 0.04 1.72 0.29
U1367 C 1 H 5 50 60 6.55 2.42 1.53 0.05 2.27 0.57
U1367 C 1 H 5 95 105 7 0.49 1.31 0.04 1.49 0.28
U1367 C 2 H 1 100 110 8.25 1.87 1.85 0.09 6.27 1.20
U1367 C 2 H 1 140 150 8.65 1.26 1.66 0.06 5.98 1.05
U1367 C 2 H 2 50 60 9.25 bdl 1.16 0.02 0.90 0.14
U1367 C 2 H 2 100 110 9.75 0.50 1.18 0.03 1.26 0.20
U1367 C 2 H 4 100 110 12.75 0.14 1.15 0.03 3.22 0.62
U1367 C 2 H 6 50 60 15.25 0.40 1.14 0.03 6.95 2.03
U1367 C 3 H 2 0 10 18.25 0.27 1.15 0.05 8.84 2.76
U1367 C 3 H 4 100 110 22.25 0.51 1.34 0.07 3.01 1.04
U1367 D 3 H 6 0 10 24.45 7.08 2.43 0.36 11.52 1.64
U1367 C 3 H 6 140 150 25.65 4.22 2.38 0.14 6.80 1.61
U1368 C 1 H 1 0 10 0.05 6.17 2.41 0.18 5.91 1.37
U1368 C 1 H 1 50 60 0.55 1.07 0.60 0.05 6.30 1.39
U1368 C 1 H 2 50 60 2.05 0.37 1.29 0.05 5.81 1.08
U1368 C 1 H 2 140 150 2.95 0.38 0.41 0.04 6.96 1.46
U1368 C 1 H 3 50 60 3.55 0.57 0.38 0.05 3.30 0.52
U1368 C 1 H 5 50 60 6.55 0.83 1.42 0.07 7.39 1.29
U1368 C 1 H 6 21 31 7.76 0.40 0.37 0.03 6.84 1.51
U1368 C 2 H 2 50 60 10.05 0.23 0.35 0.03 5.14 0.94
U1368 C 2 H 2 100 110 10.55 0.53 0.44 0.04 7.34 1.63
U1368 C 2 H 3 100 110 12.05 0.74 1.14 0.05 12.37 2.64
U1368 C 2 H 4 50 60 13.05 0.61 0.36 0.03 11.20 2.84
U1368 C 2 H 4 140 150 13.95 0.57 0.33 0.03 11.37 2.96
U1368 C 2 H 5 100 110 15.05 3.60 1.90 0.11 16.37 4.88
U1368 C 2 H 5 140 150 15.45 2.45 0.59 0.06 17.45 6.51
U1369 C 1 H 1 5 15 0.10 50.63 15.69 0.68 7.34 0.67
U1369 C 1 H 1 40 50 0.45 50.67 15.85 0.67 7.13 0.72
U1369 C 1 H 1 140 150 1.45 50.58 15.70 0.65 7.09 1.05
U1369 C 1 H 2 90 100 2.45 48.89 15.66 0.55 6.84 1.06
U1369 C 1 H 2 140 150 2.95 50.73 16.05 0.55 6.37 1.02
U1369 C 1 H 3 40 50 3.45 49.23 15.54 0.56 6.23 0.84
U1369 C 1 H 3 90 100 3.95 49.63 15.45 0.60 6.22 0.87
U1369 C 1 H 3 140 150 4.45 49.49 15.26 0.58 6.12 0.88
U1369 C 1 H 4 122 132 5.77 50.45 15.48 0.53 6.11 0.96
U1369 C 2 H 1 140 150 7.45 48.53 15.91 0.58 6.69 1.50
U1369 C 2 H 2 140 150 8.95 50.16 16.23 0.66 7.12 1.45
U1369 C 2 H 3 140 150 10.45 50.41 15.51 0.54 5.92 1.06
U1369 C 2 H 4 140 150 11.95 47.24 15.27 0.49 5.86 1.34
U1369 C 2 H 5 90 100 12.95 48.11 15.09 0.46 5.63 1.22
U1369 C 2 H 6 40 50 13.95 49.52 15.91 0.49 5.86 1.28
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U1369 C 2 H 6 140 150 14.95 47.39 15.62 0.44 6.22 1.70
U1369 C 2 H 7 35 45 15.40 45.24 14.96 0.43 5.90 1.70
U1369 C 2 H 7 69 79 15.74 48.87 16.27 0.47 6.32 1.74
U1370 E 1 H 1 5 15 0.1 52.84 16.36 0.75 6.94 0.75
U1370 E 1 H 1 42.5 52.5 0.475 53.06 16.25 0.75 7.57 1.66
U1370 E 1 H 1 140 150 1.45 52.20 16.49 0.74 6.82 0.81
U1370 E 1 H 2 90 100 2.45 51.69 16.31 0.73 6.93 0.66
U1370 E 1 H 3 40 50 3.45 52.99 16.75 0.78 7.29 0.75
U1370 E 2 H 1 140 150 7.65 51.82 16.48 0.72 6.46 0.70
U1370 E 2 H 2 140 150 9.15 52.57 16.33 0.73 6.57 0.64
U1370 E 2 H 4 140 150 12.15 53.65 16.68 0.72 6.61 0.75
U1370 E 2 H 5 140 150 13.65 54.23 17.06 0.77 7.07 0.74
U1370 E 2 H 6 113 123 14.88 51.84 16.66 0.68 6.51 0.94
U1370 E 3 H 1 140 150 17.15 50.41 15.98 0.79 7.46 1.06
U1370 E 3 H 2 140 150 18.65 52.80 15.85 0.76 7.30 0.95
U1370 E 3 H 3 140 150 20.15 51.54 15.77 0.87 7.26 0.95
U1370 E 3 H 4 140 150 21.65 51.01 15.77 1.06 7.64 0.84
U1370 E 3 H 5 140 150 23.15 50.90 15.65 0.92 7.52 0.89
U1370 E 4 H 1 140 150 26.65 50.51 15.58 0.88 7.58 0.81
U1370 E 4 H 3 140 150 29.65 49.40 15.41 0.69 7.07 0.79
U1370 E 4 H 5 140 150 32.65 52.68 16.50 0.76 7.58 1.06
U1370 E 5 H 1 140 150 36.15 51.57 16.82 0.77 7.62 0.99
U1370 F 5 H 3 140 150 39.65 53.86 17.26 0.78 7.99 1.16
U1370 E 5 H 6 60 70 42.79 52.66 16.70 0.77 7.88 1.22
U1370 E 6 H 2 134 144 47.09 51.97 17.43 0.73 8.21 1.31
U1370 E 6 H 5 100 110 51.18 47.61 16.16 0.68 7.55 1.37
U1370 F 7 H 1 140 150 55.65 48.48 15.92 0.57 7.44 1.86
U1370 F 7 H 2 140 150 57.15 47.85 14.99 0.70 8.16 2.30
U1370 F 7 H 3 140 150 58.65 45.31 15.33 0.58 6.80 2.30
U1370 F 7 H 4 140 150 60.15 45.93 14.35 0.30 3.99 2.01
U1370 F 7 H 5 140 150 61.65 49.28 14.91 0.33 4.24 2.06
U1370 F 7 H 6 140 150 63.15 45.98 13.01 0.42 8.11 2.91
U1370 E 9 H 1 140 150 63.55 37.27 6.30 0.46 18.90 3.74
U1370 E 9 H 2 140 150 65.05 23.70 5.57 0.32 26.84 7.46
U1371 E 1 H 1 40 50 0.45 56.20 15.47 0.80 7.15 0.48
U1371 E 1 H 4 140 150 5.95 57.08 15.41 0.79 6.81 0.12
U1371 E 1 H 5 140 150 7.45 56.45 13.98 0.67 6.38 0.14
U1371 E 2 H 1 140 150 9.65 59.04 14.22 0.71 6.44 0.12
U1371 E 3 H 2 140 150 20.65 56.96 15.85 0.79 6.68 0.13
U1371 E 3 H 4 140 150 23.65 58.50 15.61 0.72 6.54 0.11
U1371 E 4 H 1 140 150 28.65 58.83 15.34 0.79 6.62 0.16
U1371 E 4 H 3 140 150 31.65 58.07 14.94 0.77 6.76 0.16
U1371 E 5 H 1 140 150 38.15 60.18 14.42 0.73 6.33 0.16
U1371 E 5 H 4 140 150 42.65 58.79 14.19 0.75 6.28 0.11
U1371 E 6 H 2 140 150 49.15 55.77 16.10 0.80 6.96 0.58
U1371 E 6 H 3 140 150 50.65 58.58 14.92 0.78 6.64 0.28
U1371 E 6 H 5 140 150 53.65 60.49 14.93 0.69 6.01 0.28
U1371 E 7 H 3 140 150 60.15 57.23 15.48 0.78 6.39 0.40
U1371 E 8 H 5 140 150 72.65 59.26 14.96 0.76 6.33 0.23
U1371 E 9 H 4 140 150 79.55 59.57 14.68 0.76 6.65 0.11
U1371 E 10 H 1 140 150 85.65 60.57 14.84 0.77 6.13 0.08
U1371 E 10 H 3 140 150 88.65 61.73 14.05 0.72 6.17 0.10
U1371 E 10 H 5 140 150 91.65 64.07 12.12 0.66 5.16 0.26
U1371 E 11 H 1 140 150 95.15 61.55 12.49 0.66 5.65 0.09
U1371 E 11 H 3 140 150 98.15 64.07 12.95 0.50 4.24 0.06
U1371 E 11 H 5 140 150 101.15 60.63 13.52 0.66 5.60 0.14
U1371 E 12 H 2 140 150 106.15 58.54 16.38 0.82 6.74 0.17
U1371 E 13 H 1 140 150 114.15 57.09 15.65 0.80 7.07 0.55
U1371 E 13 H 4 140 150 118.65 56.85 15.69 0.83 7.30 0.54
U1371 E 13 H 7 29 39 122.04 55.23 15.23 0.91 7.89 0.66
U1371 E 14 H 3 130 150 126.6 49.20 17.10 0.60 7.09 1.40
U1371 E 14 H 4 130 150 128.10 49.68 15.66 0.55 7.28 2.08
U1371 E 14 H 6 56 66 130.31 47.93 11.08 0.57 11.15 2.63
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CaO MgO Na2O K2O P2O5 Li Be Sc V Cr
wt.% wt.% wt.% wt.% wt.% ppm ppm ppm ppm ppm
1.83 3.89 3.19 2.85 0.25 62.23 2.29 18.44 164.94 68.07
1.56 3.62 4.03 2.92 0.23 62.01 2.36 18.76 151.77 65.33
1.63 3.77 3.84 2.80 0.27 61.74 2.37 20.17 157.40 69.07
1.44 3.47 4.55 2.83 0.30 56.08 2.27 19.92 150.33 55.39
1.36 2.54 5.29 2.42 0.35 45.43 1.26 25.11 136.47 13.14
1.57 2.27 5.44 3.01 0.32 34.01 1.23 27.78 137.88 11.29
1.90 2.27 4.94 3.31 0.82 41.26 1.80 24.53 130.66 24.08
2.09 2.51 4.54 3.58 1.04 49.83 2.11 23.47 136.95 38.12
5.83 2.68 3.75 2.70 3.86 51.27 1.93 49.78 135.34 27.29
5.60 2.96 4.30 2.08 3.66 50.43 2.00 49.42 171.64 23.16
3.23 3.17 4.21 2.09 1.88 46.99 1.85 37.81 185.77 17.02
4.78 3.01 4.02 2.96 3.12 66.06 1.85 49.69 124.24 28.37
4.64 2.96 4.01 2.89 3.07 51.00 1.90 54.46 136.04 28.13
1.61 2.92 3.67 3.61 0.93 53.28 1.86 35.98 111.47 22.59
2.13 2.90 3.74 3.17 1.26 45.74 1.88 38.89 118.38 18.62
2.11 2.97 3.73 3.20 1.22 47.59 1.77 40.44 106.42 17.18
2.09 2.99 3.97 3.51 1.17 42.51 1.78 34.08 106.62 18.50
2.07 3.14 3.67 2.99 0.93 41.06 1.90 43.21 96.44 40.29
2.51 3.23 3.66 2.79 1.22 42.79 1.76 47.23 85.90 32.82
2.75 3.15 3.66 2.60 1.38 38.60 1.73 42.85 101.40 19.97
2.78 3.17 3.87 2.69 1.38 40.17 1.71 45.98 96.43 22.36
2.32 3.28 3.74 2.36 1.26 41.84 2.02 33.50 144.68 13.86
0.93 1.75 2.85 1.62 0.54 35.67 0.80 14.10 22.00 3.04
1.64 2.53 3.77 2.14 0.89 56.80 1.29 21.56 38.57 5.19
0.58 0.72 1.35 0.30 0.15 5.49 1.61 2.36 140.39 0.86
1.23 4.34 4.37 1.19 0.27 28.61 2.29 8.21 210.28 1.94
1.66 3.53 3.93 0.92 0.40 21.51 3.64 9.52 341.33 2.57
4.32 2.51 3.18 0.64 2.06 12.97 4.47 4.80 515.59 1.46
1.69 2.39 2.94 0.71 0.40 15.17 4.21 6.93 645.12 1.22
0.63 5.89 2.59 0.94 0.15 212.13 3.18 8.00 152.18 1.30
1.82 2.52 1.50 0.27 1.80 14.76 1.65 7.00 346.02 5.90
1.62 2.98 3.81 2.91 0.42 55.49 2.74 21.95 138.30 49.14
1.64 2.95 4.02 2.86 0.52 50.14 2.74 22.51 146.89 49.77
1.65 2.88 3.94 2.88 0.53 62.03 2.63 23.44 149.80 54.42
1.73 2.84 4.02 3.07 0.59 66.70 2.94 25.23 155.15 51.22
1.60 2.79 3.94 3.30 0.55 61.34 3.01 23.45 159.59 48.91
1.69 2.81 4.16 3.27 0.54 64.44 2.58 24.39 151.55 45.31
1.64 2.61 4.05 3.08 0.57 56.10 2.86 23.62 145.54 40.36
1.76 2.56 4.32 3.22 0.60 61.27 2.33 25.26 140.96 33.43
1.70 2.46 4.34 3.36 0.56 52.17 2.52 24.16 149.99 34.19
1.71 2.50 4.22 3.06 0.51 55.28 2.22 24.43 147.87 31.83
1.64 2.34 4.58 3.33 0.54 40.40 2.24 24.36 147.34 50.43
2.22 2.52 4.23 3.44 1.15 49.61 2.47 23.91 133.87 39.07
1.96 2.67 3.90 3.46 0.95 57.30 2.44 21.91 151.55 42.88
2.51 2.66 3.41 3.19 1.46 61.90 3.10 25.40 171.23 54.15
2.82 2.62 3.11 2.88 1.53 66.79 2.65 26.98 167.37 38.57
4.02 2.68 3.63 2.66 2.47 54.39 3.17 32.62 220.93 36.04
3.85 2.77 3.59 1.81 2.50 44.81 3.18 34.30 318.94 35.71
3.07 2.74 3.41 1.63 2.13 47.33 3.34 32.81 427.19 20.05
4.23 2.72 3.02 1.52 2.95 34.55 3.75 37.63 482.84 17.03
7.34 2.67 2.81 1.46 4.99 28.18 3.10 61.00 360.85 15.35
5.57 2.58 3.52 3.32 3.47 43.65 1.76 66.37 109.63 14.24
6.86 2.77 2.74 3.13 4.46 38.16 2.11 92.07 153.35 15.00
1.72 2.79 3.89 3.08 0.56 64.73 2.91 24.40 148.32 51.37
2.23 2.78 3.54 3.28 1.18 62.96 3.09 25.02 172.59 50.13
3.84 2.83 3.45 1.78 2.64 45.05 3.46 35.33 348.50 25.15
8.73 2.63 3.64 2.30 5.60 43.24 1.81 77.33 156.28 15.47
6.37 2.68 2.90 3.45 4.09 39.69 2.10 85.14 148.24 16.89
4.55 2.63 3.17 1.36 3.21 32.24 3.92 40.84 514.74 16.39
6.07 2.68 3.25 1.41 4.15 31.20 3.62 53.65 484.65 16.46
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0.84 1.00 1.37 0.50 0.59 12.29 1.41 9.38 149.45 2.07
2.33 4.05 3.59 1.22 1.40 44.55 1.98 27.41 315.89 5.37
3.90 4.03 4.04 1.85 2.40 70.91 2.14 44.53 182.32 8.88
1.96 2.60 2.28 0.91 1.29 42.38 2.37 25.94 180.98 3.94
2.71 3.44 3.81 0.97 1.46 19.48 4.78 15.01 425.02 2.30
1.34 5.10 6.02 1.15 0.52 54.01 2.74 10.74 211.32 bdl
1.89 3.48 4.60 0.77 0.88 20.38 5.53 13.44 438.55 bdl
2.31 3.88 5.01 0.85 0.82 29.83 5.15 4.88 291.94 bdl
1.88 3.72 4.19 1.03 0.99 130.24 5.18 10.90 230.43 bdl
2.80 0.97 2.57 1.80 1.71 7.17 3.25 13.60 299.97 bdl
2.79 1.52 3.74 1.29 1.63 14.30 5.14 16.82 381.10 bdl
3.08 2.39 3.41 0.66 1.52 8.27 6.02 8.05 658.85 bdl
2.59 2.35 2.82 0.66 1.15 7.97 5.83 8.12 622.91 4.18
2.08 2.74 3.63 0.68 0.85 8.80 5.56 5.38 743.89 bdl
1.51 2.27 3.08 0.66 0.81 8.86 8.00 8.48 954.59 bdl
2.65 0.79 1.83 1.29 1.41 4.00 3.55 12.00 452.66 bdl
13.26 1.85 3.46 2.06 2.49 19.43 1.86 30.87 255.20 27.63
4.30 2.19 3.53 2.22 2.51 25.95 2.40 31.80 361.55 31.23
3.93 2.09 3.90 2.36 2.46 20.77 2.55 31.09 354.63 18.88
4.09 2.11 3.98 2.44 2.65 17.80 3.16 30.84 441.09 10.33
4.60 2.63 2.35 0.92 3.51 12.25 4.85 23.36 735.28 11.47
5.29 2.63 2.38 0.95 3.75 13.38 4.53 25.51 656.06 10.45
50.50 0.24 0.54 0.10 0.26 0.96 0.29 2.62 40.38 0.63
50.63 0.31 0.59 0.12 0.37 1.63 0.37 3.43 50.32 1.20
52.22 0.22 0.53 0.07 0.25 1.06 0.25 2.49 29.52 0.53
46.58 0.51 0.76 0.15 0.63 2.74 1.03 5.51 148.33 1.34
47.90 0.46 0.62 0.11 0.55 2.24 0.87 4.04 139.90 1.00
55.36 0.21 0.59 0.02 0.10 0.38 0.14 1.05 18.73 0.27
46.58 0.14 0.43 0.04 0.11 0.40 0.16 1.06 24.01 0.14
51.04 0.30 0.61 0.02 0.17 0.44 0.34 1.29 81.47 0.21
47.35 0.47 0.54 0.04 0.35 4.75 0.65 1.46 205.61 0.28
38.83 0.55 0.71 0.10 0.51 1.18 0.70 1.48 296.85 0.34
44.57 0.65 0.37 0.10 0.14 1.82 0.27 2.22 104.83 0.54
38.29 1.22 1.09 0.53 0.43 13.61 0.72 6.02 291.85 1.18
42.80 0.94 0.92 0.40 0.22 2.83 0.49 4.68 217.97 4.97
44.08 0.61 1.13 0.44 1.10 6.96 0.78 12.15 114.11 6.33
39.77 0.47 0.79 0.09 0.49 1.27 0.58 2.68 153.09 1.32
42.03 0.42 0.76 0.06 0.30 0.76 0.62 2.15 136.53 0.78
47.59 0.44 0.58 0.03 0.34 0.71 0.49 1.55 172.13 0.46
41.71 0.34 0.75 0.06 0.21 0.94 0.31 1.67 74.60 2.33
39.50 0.52 0.51 0.12 0.29 1.11 0.59 2.25 158.95 3.39
47.01 0.45 0.73 0.02 0.40 0.90 0.41 1.54 187.36 0.54
49.05 0.35 0.54 0.00 0.23 0.42 0.36 1.18 127.83 0.39
46.75 0.46 0.64 0.00 0.40 0.76 0.53 1.54 176.95 0.61
37.31 0.59 0.71 0.09 0.73 0.59 0.70 1.47 389.27 0.54
44.35 0.53 0.81 0.05 0.61 0.51 0.61 1.46 437.90 0.26
44.76 0.51 0.58 0.04 0.63 0.41 0.57 1.30 485.65 0.30
33.43 1.45 0.76 0.16 1.23 1.03 0.74 3.47 346.90 0.28
40.66 1.00 0.39 0.04 1.25 1.06 0.50 1.95 566.63 2.16
1.00 2.73 4.50 3.07 0.12 56.17 2.24 22.70 114.69 40.27
0.86 2.66 4.52 3.19 0.10 56.02 2.27 24.23 112.11 40.63
0.85 2.61 4.27 3.39 0.16 54.99 2.35 25.84 111.51 38.16
0.87 2.52 4.46 3.49 0.21 55.66 2.12 25.40 107.99 34.61
1.00 2.46 4.70 3.76 0.28 52.53 2.32 23.32 105.88 33.10
0.96 2.66 4.71 3.54 0.23 61.12 2.39 24.43 102.12 33.01
1.14 3.56 5.03 2.77 0.32 94.63 2.90 29.10 118.31 38.19
1.10 3.38 4.54 2.85 0.33 93.56 2.77 28.39 115.32 35.85
1.38 2.19 4.70 4.19 0.57 46.46 2.26 26.67 100.01 26.91
1.67 2.20 4.36 3.91 0.80 47.77 2.19 27.90 120.39 33.09
1.97 2.42 4.15 3.63 0.97 52.41 2.40 24.07 135.99 40.59
1.72 2.06 4.28 3.90 0.96 42.36 2.18 19.93 103.60 36.43
1.73 1.91 4.45 4.20 1.00 43.33 2.14 25.60 106.12 31.17
2.17 1.99 4.61 4.16 1.30 42.36 2.11 23.62 95.20 28.44
2.36 1.74 4.66 4.24 1.50 37.87 1.93 25.94 110.26 26.18
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3.11 1.67 4.23 4.20 2.04 41.51 1.76 35.08 123.77 22.86
2.90 1.61 4.31 4.13 1.90 40.55 1.65 32.56 118.95 22.25
2.71 1.74 4.55 4.36 1.75 42.22 1.91 28.00 126.58 25.65
1.46 2.90 4.20 2.88 0.13 67.14 2.61 20.29 119.39 49.89
1.81 3.05 4.05 2.89 0.15 75.17 2.44 20.77 119.71 48.84
1.17 2.87 4.43 2.77 0.09 67.37 2.73 22.37 116.33 45.04
0.96 2.86 4.14 2.78 0.09 65.21 2.68 20.29 108.01 42.09
1.14 3.00 4.11 2.89 0.08 66.11 2.83 22.17 116.65 46.39
1.10 3.10 4.47 2.93 0.13 77.23 2.66 22.75 118.46 41.30
1.12 3.37 4.57 2.86 0.15 88.44 2.67 24.01 111.91 39.54
1.19 2.76 3.85 3.09 0.31 72.49 2.79 25.44 126.11 37.87
0.99 2.63 3.91 3.20 0.26 61.74 2.58 21.12 130.69 39.36
1.03 2.45 3.85 3.33 0.32 63.32 2.29 23.52 127.10 37.57
1.32 3.10 3.91 2.80 0.57 74.14 2.77 22.94 133.90 50.44
1.64 3.43 4.24 2.81 0.62 57.90 2.59 16.75 119.67 47.95
1.39 2.90 3.98 3.16 0.56 70.67 2.73 23.75 131.78 49.33
1.24 2.98 4.06 2.90 0.50 65.25 2.78 23.25 134.39 62.71
1.22 3.12 3.95 2.87 0.46 74.90 2.81 23.19 127.85 47.93
1.11 2.99 4.03 3.04 0.44 67.37 2.59 21.04 128.64 49.83
0.99 2.74 3.61 3.04 0.52 62.75 2.80 22.48 126.26 44.93
1.08 2.86 3.54 3.32 0.40 65.97 2.94 22.00 133.11 47.15
1.30 2.74 3.35 3.35 0.65 67.12 2.86 23.06 134.33 45.87
1.19 2.88 3.14 3.41 0.59 72.96 2.68 24.00 135.49 46.94
1.11 2.71 3.00 3.68 0.48 68.61 2.94 21.72 137.78 47.28
1.00 2.83 3.04 3.38 0.46 75.74 2.49 23.42 140.97 43.35
1.59 2.81 3.89 2.97 0.90 79.43 2.19 29.48 118.28 37.29
1.92 2.90 3.37 3.38 1.09 66.49 1.97 29.51 110.43 26.27
2.13 3.11 3.43 3.41 1.24 69.11 1.75 35.43 124.59 23.71
3.95 2.45 3.07 3.92 2.66 56.21 1.74 49.25 104.87 19.85
4.52 1.37 4.41 5.00 3.06 22.66 1.27 47.09 74.48 10.22
3.88 1.44 4.44 5.30 2.50 19.54 1.40 45.15 74.36 9.54
4.29 2.34 3.25 5.10 1.37 36.18 2.00 50.59 143.44 23.32
5.45 3.48 3.38 1.74 3.13 31.43 2.37 23.34 264.88 5.81
2.26 2.35 2.45 1.93 1.13 16.07 5.36 25.34 721.91 5.32
1.82 3.33 3.89 2.99 0.16 56.56 2.52 15.62 124.79 66.22
1.52 3.15 3.99 3.00 0.12 62.56 2.59 15.60 123.92 63.17
1.36 2.84 3.92 2.83 0.11 52.83 2.45 14.59 102.10 56.74
1.33 2.76 3.84 2.91 0.12 52.57 2.48 14.84 104.49 58.31
1.56 2.99 3.50 3.31 0.14 65.98 2.72 16.52 119.26 61.04
1.61 2.71 3.87 3.42 0.13 55.28 2.53 13.72 98.89 54.97
1.61 2.79 3.61 3.07 0.13 55.02 2.42 15.30 113.28 57.87
1.50 2.78 3.71 3.08 0.13 54.90 2.58 16.13 113.47 58.67
1.50 2.59 3.87 2.96 0.14 43.89 2.56 15.49 93.45 50.82
1.43 2.63 3.71 2.80 0.15 49.33 2.51 16.20 104.11 53.14
1.39 2.78 3.15 3.17 0.14 59.89 2.74 16.27 157.03 61.50
1.50 2.81 3.87 2.90 0.14 55.36 2.62 16.94 112.26 57.05
1.35 2.47 3.82 3.20 0.12 55.04 2.45 15.42 92.08 48.80
1.24 2.77 3.65 3.09 0.13 64.11 2.68 16.98 176.42 60.58
1.29 2.60 3.69 2.93 0.14 56.24 2.50 16.46 107.99 53.96
1.50 2.37 3.64 2.90 0.18 46.96 2.36 14.44 92.10 47.65
1.42 2.39 3.73 2.95 0.17 50.61 2.49 15.97 122.63 53.54
1.29 2.39 3.72 2.97 0.16 50.61 2.59 15.77 121.13 52.67
1.05 2.11 3.64 2.48 0.12 44.08 2.33 13.67 95.97 44.72
1.14 2.18 3.55 2.59 0.16 42.03 2.45 14.38 87.97 45.64
1.09 1.52 3.50 3.33 0.14 34.23 2.52 12.67 87.63 34.86
1.25 1.89 3.42 2.80 0.20 39.38 2.42 14.21 87.27 45.00
1.22 2.70 3.38 3.07 0.21 57.89 2.85 17.72 122.05 53.37
1.15 2.83 3.15 3.22 0.26 63.03 2.92 17.95 131.44 59.50
1.12 2.72 2.95 3.00 0.34 60.85 2.73 17.79 130.50 56.98
1.48 2.65 2.68 3.27 0.57 54.36 2.86 18.04 139.85 57.06
1.69 2.76 2.29 3.37 1.13 62.53 2.30 25.57 124.05 34.00
1.94 2.68 2.77 3.75 1.24 51.79 2.24 31.16 142.77 33.38
3.10 2.81 2.90 3.20 1.72 31.29 2.93 20.95 165.63 21.28
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Co Ni Cu Zn Rb Sr Y Zr Nb Mo Sn
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
69.94 94.81 182.85 143.98 106.96 211.98 41.31 97.07 11.23 7.47 2.26
69.61 98.24 155.15 132.03 113.22 209.71 36.37 109.65 12.23 15.94 2.31
91.17 113.18 188.40 135.51 108.24 209.85 44.68 117.63 12.78 22.13 2.24
117.69 162.20 202.95 136.35 97.13 212.31 51.59 135.36 13.90 34.80 2.24
108.49 76.29 229.12 119.64 44.36 162.18 64.00 101.03 5.25 59.64 1.18
97.42 64.73 252.86 114.40 52.31 155.57 54.03 99.03 5.24 42.44 1.08
179.60 182.50 254.28 121.79 78.28 175.73 161.53 124.21 11.82 61.89 1.95
176.10 213.84 239.58 136.57 98.45 180.42 142.42 124.67 13.55 50.49 2.18
362.51 512.87 298.69 168.96 64.57 338.80 675.52 173.07 21.51 85.78 3.16
327.93 454.58 273.51 180.61 47.64 349.13 633.23 193.74 24.76 97.04 3.20
393.49 441.64 347.95 189.48 41.54 315.93 331.97 189.54 22.27 111.35 4.28
326.94 755.40 347.49 211.93 63.12 284.78 462.98 184.46 24.12 69.69 4.03
342.42 508.94 296.86 227.69 57.44 292.64 530.62 185.18 23.54 66.87 3.34
238.23 451.48 319.58 251.09 64.43 187.01 232.35 166.22 15.43 59.56 2.97
290.91 582.69 415.57 230.04 52.08 223.71 284.73 174.84 16.38 53.88 2.55
252.74 533.54 397.60 202.13 51.14 233.95 312.85 177.20 15.36 52.49 2.72
217.15 483.87 410.95 215.80 48.56 221.70 264.61 176.00 14.90 40.56 2.27
243.09 505.89 496.22 222.07 46.40 261.26 302.74 236.66 18.39 35.47 3.15
237.63 741.50 831.87 240.12 46.45 247.85 303.34 209.62 14.51 37.35 2.32
243.15 562.50 715.70 233.62 41.07 263.34 301.06 209.86 14.75 41.07 2.28
233.99 464.46 682.71 216.11 43.16 295.49 338.72 221.51 14.88 37.23 2.52
145.06 429.22 636.07 229.44 41.65 270.21 294.97 190.58 11.32 45.51 1.93
51.31 179.22 275.36 100.55 16.62 112.17 88.21 80.77 3.87 8.52 0.89
79.80 214.26 385.73 147.86 23.27 162.30 150.00 107.08 5.51 13.07 1.42
12.73 54.13 403.32 103.74 5.35 228.90 35.90 62.56 1.87 7.20 0.41
34.87 214.39 536.17 293.04 17.26 609.16 71.65 227.03 12.19 17.91 1.35
46.77 341.68 831.35 366.73 15.91 783.28 106.67 132.28 4.34 21.99 1.05
69.19 357.51 1082.01 467.45 6.98 1127.92 128.99 104.87 3.07 33.32 1.11
65.50 332.49 1165.64 491.53 8.07 1097.26 143.16 143.13 4.25 38.63 1.26
15.54 145.49 471.96 264.72 14.39 314.77 36.53 196.11 7.87 8.13 1.39
72.95 350.20 490.19 85.62 3.16 1230.82 169.44 143.98 4.15 6.30 1.62
188.14 196.73 272.65 117.38 105.42 245.10 87.72 137.15 15.94 30.34 2.33
223.92 263.69 310.91 142.45 98.21 238.83 107.37 143.58 18.68 45.23 3.34
172.21 191.95 301.73 160.27 106.90 238.65 106.65 151.45 18.15 44.39 4.73
185.61 189.45 267.68 168.11 116.44 238.74 118.70 151.97 19.07 48.68 2.97
170.47 154.09 221.92 139.43 116.09 217.98 100.98 135.11 17.94 49.72 3.05
181.28 155.75 221.18 150.38 123.80 212.67 97.41 137.38 16.95 45.54 3.13
174.16 137.57 217.68 128.98 106.36 216.69 103.78 134.29 15.78 48.24 2.11
160.03 127.61 208.88 126.15 111.61 203.91 105.45 132.15 15.56 43.85 2.67
185.09 136.03 216.52 121.69 100.89 216.72 106.75 134.27 14.37 47.91 2.33
177.27 131.94 207.47 124.19 99.14 201.54 94.09 130.99 14.87 44.85 2.70
173.40 145.76 269.09 135.40 85.50 202.36 98.31 117.96 12.32 46.06 3.54
225.49 282.37 242.70 145.23 94.96 196.82 167.57 134.03 15.44 53.99 2.78
214.84 263.59 238.77 154.24 109.83 186.13 118.36 141.47 17.20 57.61 2.56
338.32 343.44 237.41 177.20 103.31 238.49 176.31 149.55 18.90 68.95 3.60
382.30 424.26 201.30 191.15 105.02 243.49 188.26 160.22 20.52 73.69 3.12
491.53 534.18 265.51 215.26 80.46 329.73 316.47 178.88 23.56 109.18 3.37
315.63 470.99 386.91 240.92 47.78 312.66 350.63 221.81 26.29 115.30 2.96
299.57 465.86 437.68 323.31 44.23 306.34 310.29 281.56 31.06 123.26 2.85
284.84 484.68 500.33 384.94 33.83 340.17 440.97 260.01 25.84 133.50 3.35
387.07 601.85 544.76 299.91 27.38 429.70 773.25 227.94 19.66 117.80 4.28
284.41 872.64 550.87 247.91 47.15 314.40 753.31 190.66 15.55 76.43 2.97
249.34 941.04 838.09 289.12 42.27 408.33 1130.96 221.04 13.54 85.28 3.19
182.09 191.18 270.71 153.29 110.27 236.76 116.21 154.40 19.01 49.83 2.76
244.05 300.81 223.08 170.06 111.73 224.04 145.09 163.72 21.36 71.80 3.44
306.24 468.96 392.73 301.10 46.47 317.89 369.25 241.25 27.39 123.62 3.18
366.93 1111.43 559.58 268.85 38.02 410.65 935.29 178.98 18.67 99.93 3.74
275.39 1070.14 766.61 304.99 47.17 385.47 1057.19 208.01 14.41 90.52 3.72
285.22 538.57 558.43 398.86 29.77 367.46 511.15 279.52 26.63 138.63 3.46
312.46 641.17 610.77 418.75 28.55 416.46 723.88 259.80 23.79 135.84 3.57
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29.04 102.04 296.73 93.07 7.69 140.72 79.25 57.42 2.87 39.40 0.26
59.98 195.55 814.23 292.03 16.19 269.28 170.87 142.66 6.22 116.47 1.87
78.95 263.34 917.03 311.93 20.31 310.35 293.78 131.18 5.81 72.27 1.46
65.54 223.91 551.81 262.47 13.58 515.48 187.32 96.28 4.86 59.36 1.65
62.64 296.51 845.27 411.91 13.94 663.15 230.60 167.93 8.72 211.95 2.18
41.06 164.17 448.27 273.16 15.92 456.01 102.93 123.09 13.93 160.47 2.02
58.82 295.91 1012.05 465.74 10.42 731.88 154.63 181.60 7.40 222.46 1.97
74.73 542.61 915.32 453.15 11.21 813.18 106.27 83.76 5.55 189.03 0.91
91.85 89.54 1156.41 484.53 11.72 992.97 125.58 138.70 10.92 33.30 1.74
92.30 71.92 602.42 208.33 9.83 1216.79 222.30 183.78 9.53 12.06 2.36
87.43 213.04 839.97 315.43 9.55 1370.35 215.96 181.06 9.14 34.06 2.15
75.00 262.04 857.90 513.31 9.47 949.60 193.74 138.09 7.32 217.39 2.66
64.82 287.38 848.49 423.28 8.96 903.80 149.65 137.43 6.32 200.43 1.37
57.06 453.97 863.61 396.99 9.87 778.33 129.19 129.12 6.26 218.65 2.19
66.01 155.54 731.32 323.43 10.75 1026.52 110.41 146.80 6.40 34.03 1.84
62.57 216.35 454.45 169.62 7.63 1454.39 117.80 158.08 8.19 52.85 3.70
275.61 795.94 657.84 248.63 41.14 605.79 568.67 221.36 25.63 33.01 2.21
327.49 1126.31 878.71 324.35 40.59 400.24 533.20 288.05 35.95 128.66 3.09
314.19 797.89 788.11 294.18 41.83 391.40 516.32 282.67 32.24 130.87 2.98
296.27 993.53 926.60 356.95 44.04 361.16 486.02 317.01 25.18 165.82 2.74
188.17 755.55 1146.51 592.31 21.68 415.37 407.35 368.78 19.88 162.71 2.65
234.09 849.36 982.42 545.17 20.86 485.86 491.85 348.17 20.55 169.31 2.88
11.25 46.48 55.76 28.05 1.89 1761.53 41.82 19.21 1.02 9.49 0.12
16.86 73.61 71.69 38.08 2.53 1756.97 57.27 24.94 1.52 13.68 0.20
11.86 41.76 46.07 23.96 1.37 1804.74 40.49 16.77 0.98 8.75 0.12
43.34 210.19 199.22 116.60 3.05 1579.26 87.14 60.47 2.95 31.83 0.55
30.81 216.32 179.90 110.17 2.14 1662.33 69.32 47.80 2.08 31.66 0.39
3.58 18.41 20.30 13.50 0.47 1650.53 12.75 6.92 0.28 4.38 0.19
3.78 23.12 24.94 17.93 0.51 1433.67 14.13 8.01 0.32 7.01 0.02
5.09 51.31 63.99 55.58 0.43 1372.84 20.43 14.50 0.51 17.16 0.11
10.05 166.10 153.51 115.94 0.53 1278.98 32.65 22.41 0.73 48.21 0.36
12.82 204.29 202.78 154.57 0.64 1181.77 39.99 25.07 0.75 55.03 0.64
5.14 160.26 67.61 46.44 2.26 628.46 30.38 13.76 0.31 25.35 0.17
10.20 114.56 176.68 154.38 15.10 950.59 30.71 40.25 1.05 48.46 0.72
8.41 277.11 155.13 100.02 6.69 510.27 34.25 36.60 0.49 35.14 0.32
77.81 382.47 298.57 104.36 10.54 1215.34 309.39 79.85 7.19 32.48 0.94
15.71 172.13 210.51 99.77 1.53 1144.82 63.68 32.80 1.40 91.82 0.31
11.73 96.64 184.46 81.67 0.85 1150.00 44.94 31.09 1.04 58.66 0.20
8.62 100.74 167.89 93.34 0.60 1037.24 32.73 19.35 0.68 65.43 0.23
5.13 40.71 93.87 45.27 0.86 979.49 35.36 15.02 0.84 17.03 0.10
10.32 99.30 180.77 94.91 1.37 1058.04 39.21 26.52 1.07 37.19 0.29
7.74 122.92 161.28 96.79 0.49 944.23 53.84 15.84 0.54 47.96 0.24
6.31 65.59 126.66 68.19 0.37 1010.60 29.00 15.07 0.51 13.99 0.12
9.21 129.97 181.15 106.43 0.52 1208.63 35.04 18.34 0.62 24.94 0.25
13.28 153.72 249.93 147.71 0.56 1444.59 40.93 22.78 0.78 31.45 0.41
12.63 148.58 230.36 134.63 0.50 1522.80 45.30 20.59 0.72 24.37 0.33
12.80 150.03 254.29 136.69 0.42 1597.09 38.62 19.51 0.71 14.48 0.52
17.73 240.02 372.46 222.37 0.81 1513.54 49.59 24.82 0.91 7.69 1.12
25.50 278.10 197.36 170.74 0.39 1475.34 54.50 27.10 1.01 10.31 1.38
84.10 130.44 258.81 124.37 101.77 233.93 25.76 130.61 12.21 12.46 2.75
89.84 145.52 282.37 122.81 103.31 242.40 28.89 143.89 12.70 19.57 2.76
124.45 188.52 329.92 125.93 102.17 244.13 46.05 155.66 13.24 35.56 2.68
127.05 199.11 372.63 122.15 96.31 182.68 56.38 139.63 12.05 43.08 2.39
109.61 144.43 297.50 109.34 96.94 197.20 68.71 128.38 10.93 39.67 2.21
89.34 173.80 295.11 119.65 98.24 178.72 58.59 126.89 10.44 34.07 2.19
103.39 244.32 349.56 168.92 104.53 266.03 88.50 141.00 12.19 46.71 2.44
109.61 242.59 423.12 168.72 101.94 209.34 75.63 137.32 11.98 45.96 2.47
106.50 211.12 297.19 118.65 100.49 195.88 111.93 122.66 10.18 35.41 2.09
175.08 266.05 295.16 115.59 101.60 181.60 153.96 135.55 12.83 40.96 2.30
161.02 224.14 255.23 121.46 105.62 191.01 149.57 133.77 13.20 44.38 2.41
101.40 175.95 215.06 98.68 94.12 152.61 107.32 112.26 9.45 32.76 1.90
128.08 266.48 301.47 117.88 87.95 173.20 134.66 132.60 11.16 42.30 1.97
114.81 213.47 264.41 109.61 84.48 174.65 142.98 123.94 10.56 38.24 1.99
141.92 252.18 229.35 105.10 86.06 174.62 175.53 133.34 11.69 37.46 2.03
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211.09 465.07 281.74 145.29 85.70 211.01 275.93 147.92 12.20 45.99 2.29
199.85 458.34 268.63 133.99 80.93 196.97 257.69 140.98 11.37 46.25 2.19
195.65 411.66 271.93 133.17 86.84 187.19 216.83 139.37 11.61 46.52 2.20
73.94 144.42 196.08 136.27 126.22 249.99 24.54 121.40 14.36 7.46 2.61
71.06 134.19 191.23 146.75 124.10 244.26 24.34 118.14 14.26 11.46 3.26
72.24 140.75 170.03 130.30 122.43 243.84 23.28 134.47 13.83 15.29 2.52
68.79 130.96 181.46 131.50 112.14 224.42 21.11 130.85 12.14 18.15 2.74
83.64 121.05 204.86 129.23 120.59 230.87 21.88 142.90 13.47 17.86 3.52
58.39 140.19 180.95 130.29 123.25 167.68 31.32 120.90 12.63 25.07 2.28
58.21 158.19 174.57 141.81 121.50 160.31 33.21 122.23 12.88 21.61 2.29
75.19 146.98 235.77 134.42 132.19 172.76 76.49 133.73 13.36 28.23 2.88
70.38 136.47 175.31 120.94 128.20 155.87 55.41 122.84 13.07 23.60 2.76
86.03 160.16 211.13 121.13 125.97 142.68 71.60 130.17 14.09 26.77 3.30
73.51 208.66 242.65 156.46 110.32 156.91 75.11 136.63 15.44 37.02 2.66
73.50 134.36 208.44 152.65 88.81 123.68 54.61 128.77 17.02 30.85 2.75
72.28 116.43 214.57 148.12 110.72 159.91 75.32 143.90 19.85 33.30 2.81
64.95 101.37 196.51 139.79 97.73 163.40 60.39 139.83 19.22 26.20 3.16
67.20 126.92 193.79 156.11 104.67 150.31 68.44 144.44 18.64 23.35 2.80
60.91 95.63 163.89 143.90 106.29 127.70 64.37 127.46 18.37 18.10 2.55
74.93 124.26 169.59 146.27 114.00 131.44 84.89 124.55 15.45 14.46 3.19
86.46 204.78 178.29 160.51 124.71 129.45 65.19 126.15 16.75 14.66 3.78
81.31 134.18 168.31 139.88 113.88 138.21 98.60 125.83 15.62 15.78 2.45
87.34 180.21 184.75 153.16 118.74 130.09 91.51 137.97 17.21 18.90 3.16
88.26 149.53 158.53 151.14 124.04 132.65 75.78 126.40 16.20 23.21 2.61
106.15 192.57 160.31 172.30 112.24 113.61 69.33 142.43 17.78 30.41 2.52
131.34 314.05 187.77 174.34 83.89 129.06 129.98 160.27 19.29 32.05 4.44
173.32 331.86 245.89 198.86 73.27 125.46 110.27 148.56 17.47 35.17 2.07
214.18 388.24 322.60 227.29 63.18 156.46 144.20 167.16 19.43 41.58 3.38
238.44 461.17 341.49 179.60 72.40 210.97 394.42 138.52 13.96 31.29 2.89
243.36 587.75 220.43 156.47 76.70 251.58 425.69 139.84 12.59 27.20 2.26
243.74 607.03 240.22 191.64 78.02 205.90 365.60 142.00 12.12 24.85 2.16
207.15 559.05 426.69 263.04 63.60 193.88 244.30 202.12 15.32 36.89 3.33
30.29 236.25 553.34 347.69 43.83 351.22 101.34 156.84 4.61 71.79 1.18
52.50 391.26 1080.75 521.83 34.26 781.43 153.54 271.02 7.33 166.50 2.02
34.15 65.84 106.31 124.19 115.40 237.42 23.69 77.64 12.28 0.97 2.30
22.05 75.87 58.03 126.58 124.41 220.62 20.45 86.57 12.26 0.28 2.42
20.22 64.36 61.51 106.98 119.62 220.01 20.90 75.79 10.30 0.28 2.10
19.14 61.58 57.23 109.89 121.33 215.26 18.45 80.84 11.44 0.34 2.08
26.04 64.42 90.41 123.12 136.57 237.26 26.71 92.13 11.96 2.48 2.51
20.96 45.06 40.58 97.30 139.58 229.56 20.37 85.85 10.93 0.36 2.31
27.33 52.33 59.09 110.28 125.84 251.27 20.28 83.07 12.03 0.95 2.29
30.69 59.59 62.67 117.05 132.17 240.98 21.57 95.66 12.80 0.38 2.33
21.26 50.65 115.86 106.44 120.55 218.48 23.87 101.83 12.12 0.53 2.35
26.93 59.82 67.57 111.22 115.43 230.78 27.98 100.66 12.24 0.54 2.31
32.52 64.22 50.33 118.94 135.06 215.98 23.90 98.99 12.88 0.52 2.59
31.63 71.73 62.91 123.63 120.83 231.78 24.36 97.09 12.68 0.50 2.28
27.29 67.01 70.98 110.20 122.26 194.80 26.23 112.55 11.64 4.33 2.46
29.41 70.37 61.85 130.54 127.18 187.88 24.06 103.25 12.74 0.50 2.61
25.00 52.34 55.83 111.20 119.52 199.77 29.24 98.33 12.44 0.55 2.43
20.44 46.39 83.02 95.46 120.24 208.75 30.33 98.46 12.48 0.66 2.32
22.82 47.63 44.51 107.23 125.85 213.84 32.16 102.25 13.14 1.14 2.46
24.36 52.31 76.12 106.49 130.10 206.33 29.60 95.90 13.28 0.59 2.46
23.05 43.30 37.48 95.19 101.71 177.36 21.13 73.46 12.40 0.60 2.04
19.85 49.85 71.84 96.83 112.34 184.56 26.93 87.60 12.68 0.56 1.95
14.51 33.20 37.51 85.27 133.42 149.07 35.03 101.36 12.69 0.91 2.44
14.35 40.75 102.04 90.56 123.92 192.69 34.10 100.19 13.18 0.88 2.22
24.48 77.41 95.72 118.42 137.44 196.27 37.22 114.10 14.82 1.42 2.62
53.01 97.32 122.39 143.50 142.95 180.62 42.05 126.81 17.60 7.47 2.89
51.84 101.56 128.64 143.37 130.29 166.35 50.31 127.69 15.85 8.69 2.56
46.38 113.01 137.11 165.49 122.69 209.16 48.85 132.41 19.46 14.89 2.89
92.22 186.30 269.42 172.16 98.31 140.50 94.54 134.06 12.44 31.41 2.79
123.46 341.35 367.19 198.03 87.93 170.23 159.26 171.56 17.52 58.85 3.00
30.38 327.14 581.36 288.44 73.40 348.71 135.53 157.95 9.37 67.69 1.70
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Sb Cs Ba La Ce Pr Nd Sm Eu Gd Tb
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
1.22 7.29 461.30 28.63 69.06 7.49 29.08 6.67 1.65 6.89 1.07
1.47 6.78 531.50 29.42 78.42 7.77 31.42 6.72 1.59 6.86 1.03
1.85 7.09 456.03 32.41 82.07 8.67 35.13 7.61 1.83 7.98 1.20
2.27 5.84 425.53 35.40 90.04 9.92 40.28 9.15 2.23 9.70 1.49
3.02 2.22 197.66 29.81 58.44 7.93 34.80 7.87 2.05 9.47 1.45
2.83 2.20 214.40 27.60 49.97 7.72 32.74 7.50 1.93 8.82 1.34
2.78 4.32 249.69 78.60 113.01 21.31 86.40 20.61 4.63 22.51 3.41
2.75 5.89 337.39 78.92 113.81 21.49 90.48 19.42 4.52 22.08 3.26
3.64 4.54 338.23 310.74 357.67 93.97 427.18 102.36 23.61 109.21 16.52
4.41 3.65 327.29 310.75 397.09 96.70 430.78 103.15 23.53 111.02 16.63
4.85 2.99 425.26 186.43 399.38 54.35 226.71 53.43 12.17 53.67 7.87
3.00 4.80 398.11 279.62 391.17 80.03 337.77 79.69 17.78 80.35 12.02
4.04 3.91 460.14 335.69 488.08 94.88 389.67 89.49 20.33 96.83 13.91
2.54 3.90 451.98 127.39 269.07 36.45 147.96 35.69 7.95 37.64 5.61
3.37 3.03 637.05 172.68 338.46 48.43 202.34 46.52 10.71 50.71 7.39
2.86 2.85 554.37 158.18 292.81 45.07 186.95 44.27 10.25 46.09 6.96
2.97 2.38 561.59 160.20 249.73 43.92 183.27 41.08 9.71 46.36 6.71
2.79 2.42 497.61 165.30 291.59 49.22 206.70 50.00 11.44 51.31 7.66
2.74 2.40 728.52 209.14 306.08 62.22 264.43 61.37 14.21 64.96 9.27
3.73 1.98 673.53 203.98 313.55 54.63 232.77 50.87 12.44 56.73 8.23
2.75 2.11 620.28 211.38 271.50 60.20 249.46 58.49 13.68 60.18 9.04
4.97 1.87 699.43 173.22 177.69 48.32 195.27 44.60 10.35 47.11 7.05
1.28 0.62 218.84 51.97 78.92 14.64 59.83 13.60 3.27 14.05 2.08
1.73 0.89 283.97 83.40 119.06 22.76 93.45 21.38 5.08 22.50 3.34
1.32 0.16 3469.94 34.75 14.34 8.13 32.73 7.02 1.94 7.51 1.11
1.01 0.35 17531.16 80.99 38.28 20.76 86.61 18.97 5.07 19.14 2.70
2.33 0.34 17851.14 119.03 24.82 26.12 108.14 22.74 6.55 25.44 3.56
2.93 0.17 15844.87 138.11 19.91 31.21 124.50 25.21 7.57 28.84 4.28
2.62 0.17 15603.81 142.21 26.44 32.95 133.05 28.65 8.07 29.36 4.37
0.50 0.36 7269.49 39.41 51.64 9.32 38.35 7.84 2.28 8.38 1.17
2.78 0.08 18309.60 160.68 28.19 39.89 160.81 33.08 9.67 36.56 5.30
2.80 6.96 947.25 58.84 149.29 15.91 66.14 15.86 3.80 16.91 2.57
3.27 6.28 443.44 69.27 159.48 19.65 79.94 17.53 4.34 20.49 2.97
3.15 7.12 435.78 67.09 149.00 19.42 79.46 18.49 4.37 20.18 3.00
2.88 7.32 460.59 73.94 149.71 20.63 84.92 19.44 4.62 21.48 3.24
3.17 7.16 458.67 65.05 137.61 18.24 73.72 15.80 4.22 18.80 2.83
2.21 7.04 447.46 61.57 136.74 17.14 73.00 16.15 4.10 17.71 2.82
2.58 6.42 415.58 65.36 133.66 17.53 73.16 17.27 3.88 18.70 2.90
2.69 6.68 400.90 63.33 125.41 17.16 73.33 18.00 4.25 18.89 2.92
2.90 5.88 369.12 64.57 128.09 17.32 71.87 15.25 4.19 18.73 2.80
3.08 5.72 370.37 57.28 117.09 14.92 64.31 15.17 3.73 16.51 2.61
3.92 4.85 346.39 58.33 113.89 16.31 66.64 16.28 4.05 17.94 2.62
2.41 5.83 323.11 92.22 146.74 24.29 100.05 23.48 5.27 25.69 3.86
2.70 6.31 345.09 71.84 146.78 17.82 77.32 16.79 3.77 19.56 2.73
3.77 6.61 403.32 106.65 213.65 27.44 112.95 25.46 6.03 29.14 4.41
3.11 6.69 408.36 112.31 247.75 28.04 121.15 26.56 6.38 30.59 4.57
6.64 5.40 399.64 175.79 378.97 47.02 189.99 43.95 9.99 51.04 7.48
8.33 3.59 349.11 225.95 411.51 62.86 265.31 60.82 14.02 64.99 9.73
9.45 2.94 373.88 197.20 400.18 52.37 227.06 51.94 12.26 55.76 8.16
11.20 2.53 406.09 280.90 450.03 78.98 332.72 74.42 17.54 81.40 11.69
8.41 1.75 494.32 480.97 651.55 140.11 606.72 136.86 33.02 147.96 21.14
2.78 1.54 484.08 472.06 422.28 143.10 601.41 139.66 32.12 148.03 21.36
4.48 1.55 693.32 691.48 497.11 211.19 889.85 199.86 49.22 219.27 30.02
3.23 7.03 444.31 71.37 149.61 20.80 84.70 20.13 4.63 21.27 3.12
3.18 7.48 398.53 89.48 180.03 22.54 92.52 19.82 4.76 22.93 3.40
8.91 3.43 358.46 224.63 402.91 62.09 261.98 57.98 13.53 65.95 9.23
4.20 1.56 472.81 574.85 594.49 165.53 693.58 151.62 36.94 167.99 24.29
3.84 1.85 671.04 665.88 491.44 205.08 857.70 186.91 45.50 215.30 29.84
11.97 2.14 416.65 306.93 451.71 87.43 365.03 82.80 18.71 88.47 12.65
11.69 1.86 458.75 432.30 514.06 125.77 524.09 117.65 27.48 127.49 18.43
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4.09 0.34 1162.56 61.29 46.64 16.46 68.31 14.19 3.62 16.27 2.30
8.11 0.50 2934.86 134.03 119.39 37.42 154.62 34.36 8.40 35.95 4.99
3.61 0.66 3563.34 200.99 176.17 59.38 251.07 57.21 13.59 59.17 8.75
5.18 0.53 15334.31 147.73 108.76 43.56 181.12 41.60 10.30 40.64 6.06
8.65 0.59 17399.85 253.52 109.12 61.37 241.37 50.30 12.95 52.72 7.49
2.80 0.44 9198.12 122.11 68.34 31.86 126.31 27.11 6.74 26.49 3.73
5.79 0.32 14277.47 182.19 63.15 44.88 179.45 37.52 10.08 38.55 5.38
3.59 bdl 13139.25 135.98 55.02 28.65 115.42 23.26 6.43 24.08 3.17
3.82 0.26 18334.52 162.61 98.62 40.10 162.32 32.75 9.85 35.27 4.73
6.50 bdl 24635.98 331.83 100.30 86.76 339.56 61.02 16.65 64.28 8.81
6.79 bdl 19390.97 276.48 94.49 66.83 268.34 54.05 14.61 55.43 7.91
5.86 0.38 10987.96 264.81 66.43 59.89 235.63 46.98 12.49 51.07 6.83
4.37 bdl 10109.96 218.38 76.11 53.74 213.47 44.69 11.09 43.60 6.35
5.80 0.40 4788.33 165.44 63.83 46.74 185.02 39.18 9.71 40.21 5.71
9.05 bdl 10364.14 205.30 69.54 52.30 206.13 41.47 10.00 37.60 5.38
4.76 bdl 22821.87 283.32 82.69 71.55 264.71 53.07 12.85 44.80 6.50
7.96 1.96 710.56 288.15 193.11 76.72 331.94 76.57 18.63 90.51 13.36
10.80 1.91 503.57 281.93 210.24 75.78 329.04 76.87 18.08 87.48 13.05
10.59 1.86 482.80 287.68 211.46 76.83 329.27 75.62 17.80 86.38 12.70
14.27 1.72 419.09 280.70 226.41 69.07 293.41 63.81 14.70 76.06 10.84
19.46 1.33 410.48 242.77 154.21 53.28 227.24 49.11 12.13 60.81 8.98
16.94 1.37 460.99 291.90 178.22 60.94 268.61 55.35 13.85 70.66 10.29
1.00 0.10 25.03 20.81 13.50 4.16 18.10 3.91 0.91 4.64 0.69
1.21 0.15 40.18 29.54 19.63 5.92 25.04 5.43 1.27 6.54 0.98
0.75 0.07 33.98 20.97 12.17 3.86 16.83 3.66 0.87 4.35 0.65
3.21 0.18 102.15 53.15 32.58 10.70 44.21 9.41 2.30 11.46 1.67
3.00 0.13 93.59 40.53 25.14 8.02 33.49 7.06 1.71 8.56 1.28
0.38 0.01 14.25 8.63 4.37 1.46 6.88 1.50 0.34 1.76 0.26
0.46 0.01 23.97 10.15 4.79 1.57 7.31 1.59 0.36 1.88 0.28
0.94 0.01 61.44 13.60 5.47 2.03 9.11 1.94 0.46 2.40 0.36
1.81 0.01 184.25 20.08 6.38 3.13 13.53 2.81 0.74 3.60 0.54
1.97 0.01 263.35 26.47 6.35 4.17 18.05 3.67 0.97 4.73 0.71
0.94 0.05 102.59 9.98 3.01 1.27 6.24 1.38 0.39 2.00 0.31
3.57 0.37 181.97 11.41 6.59 2.00 9.74 2.46 0.72 3.18 0.50
1.90 0.04 141.49 9.63 2.92 1.78 8.85 2.27 0.70 3.14 0.51
3.62 0.69 842.45 135.13 61.35 34.25 142.60 32.48 8.03 39.51 6.02
3.35 0.07 880.44 31.13 11.67 5.45 23.98 5.06 1.41 6.64 1.03
2.20 0.04 638.57 22.50 8.53 3.44 15.49 3.21 0.89 4.30 0.66
1.99 0.01 655.46 15.84 4.83 2.16 9.82 2.03 0.59 2.82 0.43
0.80 0.02 358.00 14.44 3.66 2.21 10.23 2.19 0.61 2.99 0.45
1.45 0.03 620.93 19.18 6.55 2.95 13.43 2.82 0.81 3.83 0.58
1.48 0.00 294.81 21.00 3.19 3.18 14.38 3.05 0.86 4.31 0.66
0.98 0.00 487.72 13.61 3.83 1.69 8.04 1.69 0.49 2.37 0.36
1.41 0.01 543.94 16.52 4.49 2.27 10.41 2.15 0.64 3.03 0.47
2.10 0.01 669.23 22.54 5.94 3.40 14.96 3.12 0.91 4.15 0.65
1.80 0.01 570.22 24.13 5.27 3.58 15.96 3.29 0.98 4.62 0.70
1.83 0.00 492.11 20.79 5.08 3.07 13.67 2.88 0.83 3.86 0.60
1.83 0.00 735.79 27.78 5.40 4.11 18.24 3.76 1.15 5.26 0.82
2.34 bdl 1077.10 31.79 6.30 5.21 22.51 4.61 1.40 6.32 0.95
1.37 7.10 3676.26 28.58 145.97 7.50 28.51 6.46 1.75 6.29 0.98
1.52 6.98 4298.12 27.99 139.87 7.37 28.45 6.56 1.78 6.28 0.98
1.78 6.42 5300.91 38.08 163.76 11.21 44.28 10.54 2.77 10.33 1.60
1.84 5.74 2598.31 40.40 151.51 11.54 45.92 11.15 2.70 11.45 1.78
1.71 5.58 3174.71 44.33 146.06 13.33 53.03 13.21 3.21 13.73 2.14
1.56 5.75 2784.42 37.97 138.01 11.71 47.07 11.65 2.86 11.89 1.84
1.63 6.66 6110.93 53.81 151.34 16.05 64.07 15.53 3.90 16.06 2.46
1.62 6.63 3308.99 46.65 148.78 14.08 56.45 13.89 3.39 14.27 2.22
1.54 5.37 2934.61 68.26 148.69 20.11 81.85 20.16 4.82 21.24 3.21
1.85 6.13 873.08 89.18 184.95 26.20 105.14 25.34 5.79 26.87 3.97
1.99 6.66 793.35 87.15 175.86 23.91 97.92 23.16 5.35 25.29 3.78
1.45 5.31 1222.09 62.53 126.28 17.13 69.37 16.64 3.83 17.82 2.67
1.76 4.48 1163.61 75.77 127.84 20.89 84.95 20.19 4.69 21.42 3.19
1.59 4.37 1409.85 84.01 125.06 22.90 94.79 22.09 5.11 24.41 3.68
2.04 3.89 840.86 98.08 143.05 26.48 109.32 25.74 5.96 28.55 4.23
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2.52 3.75 637.07 153.13 204.55 41.49 173.32 41.01 9.50 44.94 6.68
2.45 3.60 731.08 135.69 185.82 37.52 154.63 36.57 8.55 40.22 5.88
2.50 4.02 459.45 117.26 179.86 32.02 132.24 31.46 7.31 34.54 5.13
0.93 7.37 2371.30 28.30 120.77 7.39 27.97 6.03 1.49 5.32 0.79
1.06 7.61 2569.85 28.16 120.32 7.24 27.51 6.48 1.74 5.24 0.95
1.33 7.29 3331.69 26.23 113.92 6.67 25.37 5.15 1.33 4.64 0.78
0.82 6.90 3176.28 23.90 111.28 6.25 23.65 5.20 1.24 4.85 0.85
1.48 7.40 2613.62 26.22 122.82 6.75 25.50 5.61 1.64 5.63 0.80
1.29 7.25 1177.04 26.74 110.96 7.72 29.65 6.37 1.71 6.59 1.08
1.28 7.71 1481.09 26.53 111.97 7.80 30.73 7.10 1.90 7.09 1.13
1.69 8.18 1270.63 51.74 127.06 15.46 64.59 15.74 3.66 15.42 2.45
1.21 7.60 642.94 39.66 113.30 11.88 48.72 11.32 2.75 10.79 1.72
1.39 7.78 618.65 50.62 126.50 15.40 63.35 15.18 3.52 14.58 2.31
0.92 7.07 1040.51 50.80 104.02 13.93 56.29 12.36 2.92 12.89 2.04
0.64 5.27 1277.44 40.82 87.31 11.27 45.19 10.30 2.33 9.80 1.51
1.28 6.55 982.29 52.82 105.26 14.16 57.60 13.81 3.09 12.64 2.01
1.45 6.00 997.26 44.47 97.30 11.98 48.55 11.29 2.71 11.49 1.60
0.82 6.02 943.59 49.37 101.09 13.74 55.70 13.43 2.83 12.81 1.82
0.92 6.14 613.52 46.78 96.22 12.47 51.07 10.87 2.61 12.01 1.85
1.10 6.94 573.80 58.37 110.83 15.93 65.08 15.55 3.49 14.90 2.22
0.71 7.41 599.59 49.54 109.38 13.46 53.35 13.35 2.56 11.93 1.78
0.58 6.72 597.82 65.99 115.07 17.59 73.54 17.43 3.79 16.74 2.51
0.88 7.11 709.34 61.91 121.98 16.92 68.96 15.60 3.49 15.42 2.44
0.59 7.10 599.57 55.61 121.53 14.85 60.77 14.00 3.03 13.54 2.00
1.59 6.94 458.02 53.02 139.13 14.71 60.28 13.25 3.15 13.17 2.03
1.60 5.10 347.79 82.97 208.73 23.31 98.04 22.87 5.42 23.13 3.59
1.01 3.67 343.11 70.30 233.19 18.85 80.42 16.65 4.32 18.46 2.87
1.88 3.17 415.50 92.00 319.30 26.47 112.03 25.70 5.90 25.72 3.86
1.92 3.41 437.20 233.74 563.03 77.48 342.76 79.82 17.90 79.69 11.54
2.04 1.06 1581.91 271.65 374.73 78.80 331.42 76.58 17.18 72.80 10.93
2.33 1.34 885.79 242.26 392.42 74.70 318.76 76.40 16.61 70.01 10.50
3.63 1.97 553.27 184.67 291.00 55.19 236.17 54.40 12.50 55.03 7.89
4.94 2.16 943.62 103.51 40.15 21.43 89.50 18.39 4.50 20.44 2.96
17.14 1.61 16595.28 172.74 71.56 39.69 167.69 34.79 9.50 36.02 5.37
0.82 6.97 1780.41 23.78 59.53 6.21 24.23 5.18 1.28 4.97 0.73
0.61 7.32 1643.47 23.70 63.76 5.90 23.10 4.81 1.15 4.44 0.65
0.58 6.99 1866.34 21.28 53.84 5.55 21.93 4.67 1.17 4.40 0.66
0.50 6.99 1845.22 20.36 52.53 5.12 20.24 4.23 1.04 3.82 0.59
1.76 8.03 1741.18 25.87 66.29 6.60 26.19 5.56 1.35 5.19 0.80
0.50 7.72 1444.71 22.55 56.16 5.55 21.54 4.42 1.04 4.10 0.62
0.76 7.27 1875.28 23.63 60.84 5.86 22.91 4.85 1.19 4.37 0.66
0.75 7.47 1605.46 25.20 64.47 6.15 23.81 4.99 1.19 4.42 0.68
0.73 6.96 1566.98 24.66 65.13 6.25 23.80 4.99 1.19 4.66 0.69
0.70 6.67 1967.54 27.10 71.74 6.96 27.16 5.75 1.42 5.45 0.82
0.86 7.97 1554.56 24.93 60.30 6.31 24.43 5.15 1.21 4.70 0.71
0.53 7.01 1989.19 26.38 71.62 6.68 26.49 5.61 1.37 5.18 0.78
1.42 6.92 1440.26 24.55 62.92 6.42 25.20 5.39 1.24 5.18 0.78
0.62 7.56 1539.39 24.92 69.52 6.41 25.03 5.27 1.25 4.94 0.75
1.32 6.92 1634.45 26.35 65.79 6.97 27.38 5.86 1.42 5.62 0.86
0.62 6.77 1221.16 28.23 65.76 7.14 27.98 5.98 1.39 5.70 0.85
0.69 6.91 1583.73 28.75 68.97 7.53 29.43 6.30 1.48 5.94 0.89
1.53 7.06 1546.98 27.90 67.39 7.21 27.82 5.82 1.39 5.52 0.82
1.18 5.77 1648.58 20.51 48.57 5.38 20.90 4.41 1.08 4.19 0.61
0.78 6.19 1810.14 25.69 59.87 6.39 25.58 5.29 1.28 5.07 0.77
0.55 7.15 1178.68 26.52 55.48 6.75 27.39 6.11 1.16 6.00 0.94
0.51 6.98 1483.23 29.99 61.51 7.75 30.51 6.68 1.55 6.40 1.01
0.82 8.47 1766.53 34.93 72.87 8.82 34.86 7.44 1.75 7.21 1.08
0.92 9.94 1817.27 37.90 74.03 9.63 38.46 8.31 1.93 8.34 1.28
1.05 8.75 1837.30 41.75 73.24 10.63 41.99 8.80 2.13 8.97 1.37
0.99 7.97 2287.80 43.33 84.00 10.58 42.43 8.79 2.13 8.92 1.31
1.90 7.21 1591.37 66.80 240.55 19.61 80.85 18.75 4.31 18.47 2.77
2.35 6.27 1499.24 106.07 280.36 30.02 123.79 28.94 6.46 28.92 4.28
3.77 4.08 7175.49 94.75 57.70 18.68 77.60 15.25 4.22 18.70 2.80
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Dy Ho Er Yb Lu Hf Ta Pb Th U
ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm
6.63 1.34 3.80 3.56 0.55 2.60 0.69 44.89 9.33 1.85
6.25 1.24 3.53 3.26 0.51 2.71 0.74 47.91 11.05 1.85
7.35 1.49 4.28 3.94 0.63 2.82 0.73 50.17 10.62 1.88
9.13 1.84 5.30 4.83 0.76 3.35 0.78 56.72 11.51 1.96
9.36 1.98 5.82 5.38 0.81 2.62 0.28 37.70 3.92 1.48
8.70 1.77 5.14 4.69 0.75 2.49 0.28 33.08 3.78 1.41
21.79 4.40 12.45 11.11 1.77 3.23 0.54 40.27 9.45 2.00
20.71 4.32 12.42 11.15 1.75 3.22 0.73 44.20 11.75 2.18
102.22 20.21 55.63 44.99 6.83 4.72 0.96 80.86 23.90 4.43
102.21 20.55 56.82 45.86 6.85 5.65 1.09 76.90 24.44 3.86
48.37 9.31 25.47 20.77 3.19 5.50 1.19 96.14 17.47 2.45
74.28 14.42 38.70 31.45 4.75 5.60 1.28 62.07 19.94 2.87
83.47 16.50 44.70 34.87 5.16 5.81 1.16 71.66 20.01 2.48
34.79 6.87 19.09 15.93 2.43 4.73 0.85 54.72 9.09 1.35
45.33 9.00 24.93 21.05 3.24 4.95 0.85 67.76 9.80 1.51
42.59 8.36 23.54 19.86 2.91 4.81 0.78 60.81 8.39 1.50
41.69 8.35 23.35 19.67 3.05 4.76 0.81 53.30 8.05 1.43
46.18 8.91 24.18 20.45 3.10 5.95 0.98 50.34 9.14 1.54
54.89 10.46 27.98 22.83 3.45 5.76 0.87 55.41 8.16 1.57
49.53 9.84 27.57 23.20 3.32 5.31 0.82 56.89 6.46 1.62
54.24 10.52 28.49 24.22 3.70 5.45 0.83 55.50 6.80 1.63
43.55 8.48 23.37 20.00 3.09 4.08 0.48 60.91 4.19 1.78
12.57 2.49 6.77 5.82 0.84 1.83 0.18 18.58 2.07 1.03
20.56 4.02 11.19 9.62 1.40 2.37 0.27 24.57 2.84 0.92
6.82 1.35 3.68 3.47 0.52 0.66 0.05 23.82 0.40 0.70
15.48 2.93 7.78 6.39 0.96 3.30 0.43 68.07 2.48 0.84
21.70 4.30 11.79 9.87 1.51 1.50 0.11 67.80 0.90 1.39
27.88 5.88 16.82 16.12 2.52 1.17 0.07 88.40 0.68 2.40
26.23 5.07 14.04 12.56 1.85 1.54 0.08 94.38 0.53 2.44
6.95 1.36 3.69 3.17 0.48 4.99 0.60 34.12 11.11 0.64
32.68 6.49 18.28 14.69 2.13 1.65 0.09 117.14 0.62 4.52
15.67 3.22 8.86 8.34 1.26 4.18 0.63 69.99 16.62 1.85
18.91 3.72 10.86 9.22 1.41 3.44 0.73 80.51 17.30 1.94
18.22 3.88 10.82 9.73 1.59 4.04 0.96 69.14 16.68 2.15
19.13 4.03 11.64 10.51 1.61 3.98 0.85 60.13 14.49 2.15
16.69 3.69 9.46 8.68 1.42 2.95 0.86 58.82 14.16 2.26
16.42 3.44 9.95 8.72 1.24 3.98 0.81 58.54 14.01 2.20
17.86 3.57 10.44 9.88 1.55 3.85 0.75 60.38 12.43 2.37
18.03 3.88 10.43 10.16 1.59 4.04 0.97 58.86 12.96 2.14
17.87 3.67 9.83 9.06 1.38 3.51 0.56 60.89 10.57 2.21
15.94 3.42 9.99 8.20 1.26 3.56 0.70 59.27 10.46 2.13
16.95 3.37 9.89 8.67 1.38 3.23 0.57 56.61 9.35 1.95
23.65 5.26 14.88 12.91 2.16 3.33 0.75 52.98 12.34 1.98
18.67 3.89 11.52 10.06 1.62 3.40 0.84 55.07 12.27 2.19
26.45 5.66 16.00 13.81 2.08 4.18 0.78 74.55 14.73 2.72
28.71 5.93 16.60 14.45 2.03 4.01 0.90 81.52 15.37 2.72
45.74 9.79 27.52 22.24 3.29 3.77 0.88 106.73 18.54 3.33
57.13 11.49 32.09 26.36 3.89 5.72 0.82 98.59 15.80 3.70
50.38 10.51 29.51 22.68 3.42 6.46 1.16 112.31 15.28 3.83
72.77 14.53 39.37 30.26 4.52 6.14 0.61 129.07 16.29 4.66
130.52 26.40 69.78 55.85 8.43 6.01 0.60 103.75 23.19 4.63
125.87 24.78 67.95 52.35 7.94 6.28 0.70 69.08 11.30 2.88
183.42 36.27 97.81 76.43 11.19 6.11 0.61 66.29 10.35 3.18
19.50 3.98 11.27 9.74 1.64 3.86 0.86 61.82 15.12 2.03
20.91 4.52 12.95 10.99 1.75 4.14 1.08 60.87 15.17 2.43
54.26 11.51 31.64 24.80 3.73 5.74 1.12 102.00 15.26 3.88
140.25 29.80 77.35 60.98 9.22 5.14 0.62 68.85 14.77 4.11
175.42 35.01 90.44 70.12 10.22 5.89 0.58 72.99 10.88 3.24
74.29 15.42 43.28 33.33 5.02 6.30 0.92 124.26 15.52 4.39
108.97 21.95 60.90 46.36 7.09 6.10 0.66 118.43 19.06 4.63
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  13.35 2.68 7.17 6.69 0.96 0.92 bdl 34.37 0.80 4.47
31.60 6.02 16.90 13.90 2.07 2.76 bdl 60.34 1.76 1.76
52.59 10.32 28.78 25.85 3.91 2.94 bdl 64.44 2.48 1.96
33.09 6.82 17.26 14.66 2.11 2.02 bdl 52.18 1.55 2.71
43.26 8.76 24.32 19.35 2.78 2.48 0.18 141.31 1.11 2.81
20.38 4.05 10.84 8.56 1.31 2.51 0.30 114.35 3.56 1.38
31.19 6.09 16.46 13.64 2.05 2.43 0.18 139.21 0.77 3.18
20.37 4.25 11.55 10.36 1.50 1.72 bdl 73.98 2.82 2.63
28.72 5.18 14.17 11.17 1.64 2.33 0.26 156.65 5.55 2.75
47.39 9.41 23.97 17.65 2.50 2.39 0.17 264.94 0.74 3.48
43.52 8.36 22.48 16.60 2.42 2.86 0.18 210.98 0.92 4.23
40.91 8.12 22.00 17.73 2.48 1.67 0.08 193.09 0.51 4.34
36.38 6.58 18.23 15.10 2.05 2.29 bdl 193.64 0.49 4.24
31.21 6.14 15.44 12.81 1.76 1.39 0.08 184.36 0.49 4.00
28.21 5.32 13.54 11.18 1.54 2.72 bdl 166.30 1.13 4.35
33.57 6.11 15.59 11.61 1.66 2.26 bdl 327.89 0.70 5.24
84.14 17.34 48.69 39.97 6.06 5.08 0.81 96.74 13.32 3.08
82.59 17.29 47.79 40.18 6.22 6.48 1.17 120.19 10.28 4.03
81.09 16.73 46.93 38.63 6.15 6.20 0.89 122.09 10.68 4.12
70.77 14.77 41.40 34.39 5.31 6.09 0.52 106.18 9.67 4.63
57.40 12.33 35.57 29.65 4.27 5.85 0.42 124.23 6.45 5.81
65.94 14.44 41.58 35.20 5.19 5.90 0.45 136.42 7.74 5.67
4.43 0.95 2.73 2.36 0.35 0.32 0.04 7.34 0.51 0.34
6.22 1.34 3.86 3.20 0.49 0.47 0.05 10.56 0.83 0.47
4.14 0.89 2.55 2.21 0.34 0.29 0.05 6.02 0.45 0.30
10.82 2.30 6.64 5.40 0.86 0.91 0.08 22.76 0.95 0.94
7.99 1.69 4.89 4.09 0.63 0.67 0.06 18.76 0.64 0.87
1.66 0.36 1.04 0.92 0.13 0.10 0.03 2.74 0.09 0.16
1.84 0.40 1.11 0.98 0.14 0.11 0.02 3.55 0.10 0.19
2.32 0.51 1.46 1.26 0.18 0.16 0.13 8.79 0.17 0.41
3.59 0.80 2.32 2.06 0.31 0.27 0.02 21.68 0.14 0.87
4.73 1.05 3.08 2.68 0.41 0.29 0.03 32.60 0.09 1.24
2.19 0.54 1.65 1.63 0.27 0.18 0.02 8.56 0.01 0.52
3.38 0.74 2.07 1.84 0.28 0.83 0.05 16.61 0.06 1.47
3.60 0.82 2.52 2.45 0.41 0.36 0.04 16.40 0.01 0.86
39.18 8.59 24.31 20.10 3.22 1.87 0.19 39.45 4.77 1.46
6.97 1.53 4.68 4.02 0.63 0.42 0.04 20.38 0.38 0.96
4.67 1.05 3.18 2.77 0.44 0.36 0.03 18.78 0.15 0.83
2.97 0.69 2.07 1.89 0.28 0.21 0.02 17.34 0.06 0.92
3.18 0.73 2.17 1.93 0.29 0.19 0.04 8.01 0.07 0.52
4.17 0.94 2.83 2.55 0.39 0.34 0.05 19.70 0.11 1.08
4.67 1.08 3.23 2.85 0.45 0.18 0.03 17.45 0.04 1.27
2.45 0.58 1.75 1.63 0.25 0.14 0.01 11.48 0.03 0.90
3.32 0.78 2.37 2.19 0.33 0.20 0.02 20.22 0.04 1.36
4.57 1.04 3.12 2.89 0.44 0.26 0.02 28.07 0.06 2.20
5.03 1.15 3.48 3.12 0.49 0.24 0.02 30.33 0.06 2.10
4.22 0.94 2.83 2.53 0.39 0.21 0.04 30.70 0.04 2.17
5.87 1.35 4.05 3.65 0.56 0.38 0.03 53.07 0.06 3.22
6.54 1.45 4.35 3.83 0.59 0.33 0.03 110.56 0.09 2.86
5.64 1.13 3.13 3.02 0.47 3.87 0.79 35.76 14.00 1.58
5.78 1.16 3.09 3.01 0.49 3.85 0.79 36.16 13.19 1.49
9.23 1.81 4.89 4.45 0.71 4.12 0.78 51.66 13.92 1.50
10.54 2.08 5.64 5.26 0.83 3.79 0.69 47.42 11.84 1.40
12.64 2.51 6.93 6.41 1.01 3.54 0.66 43.49 11.22 1.44
11.00 2.18 6.01 5.64 0.90 3.48 0.65 34.51 10.71 1.43
14.81 2.96 8.32 7.62 1.20 3.73 0.74 40.08 12.77 1.71
13.22 2.61 7.29 6.79 1.07 3.57 0.68 38.01 12.47 1.55
19.17 3.76 10.62 9.36 1.47 3.50 0.57 36.02 12.16 1.80
24.11 4.78 13.52 12.04 1.91 3.75 0.61 40.38 14.66 2.05
23.27 4.83 13.65 12.44 1.98 3.75 0.69 41.12 15.38 2.34
16.81 3.50 10.09 9.18 1.47 3.19 0.56 31.10 11.44 1.97
19.85 4.14 11.79 10.56 1.70 3.49 0.58 37.48 10.41 1.84
22.39 4.62 13.02 11.85 1.87 3.42 0.63 37.60 10.97 2.16
26.26 5.44 15.46 13.78 2.16 3.64 0.61 37.87 11.56 2.23
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  41.36 8.47 23.67 20.01 3.15 4.12 0.55 49.06 14.07 2.72
37.13 7.67 21.35 18.22 2.84 3.74 0.53 48.00 12.99 2.54
31.91 6.50 18.41 16.09 2.47 3.77 0.55 50.65 13.16 2.46
5.27 0.91 2.59 2.88 0.28 2.75 0.81 43.66 15.26 1.99
5.23 1.08 3.12 2.56 0.48 3.28 0.82 42.67 16.01 1.94
4.55 0.91 2.70 2.30 0.47 3.24 0.69 41.57 14.97 1.61
4.45 0.71 2.87 2.01 0.15 4.30 0.65 40.50 14.76 1.82
4.63 0.82 3.02 2.04 0.28 4.25 0.76 43.28 14.69 1.88
6.25 1.28 3.38 3.24 0.40 2.85 0.83 32.63 12.27 2.11
6.77 1.37 3.54 3.65 0.46 3.19 0.74 29.33 13.12 1.95
14.56 2.92 8.15 7.19 1.16 3.57 0.88 36.21 15.52 2.50
9.90 2.09 5.58 5.05 0.52 4.03 0.61 33.50 14.00 2.16
13.58 2.72 7.33 7.08 0.98 3.29 0.80 32.19 14.79 2.25
12.32 2.65 7.05 6.68 1.03 3.62 0.80 36.91 13.60 2.25
9.34 1.89 5.24 4.70 0.67 3.20 1.01 36.86 11.29 2.15
11.69 2.57 7.60 6.81 0.95 3.60 1.17 34.69 14.40 2.17
10.24 2.07 6.19 4.58 0.70 4.26 1.03 31.49 12.52 2.07
11.52 2.35 6.86 5.71 0.78 4.17 1.01 35.28 13.41 1.81
10.32 2.16 5.97 5.56 0.78 2.98 1.06 35.10 13.20 1.85
13.73 2.82 7.68 6.48 0.92 3.61 0.81 38.22 16.21 2.13
11.07 2.36 5.98 5.66 0.75 3.89 0.96 39.78 14.59 2.06
15.74 3.22 8.55 7.03 1.01 3.86 0.82 42.26 16.54 2.15
14.25 3.02 8.39 7.11 1.03 3.57 0.92 43.46 16.02 1.99
12.24 2.59 6.83 5.85 0.88 3.45 0.86 50.42 15.93 1.99
12.21 2.36 6.68 5.48 0.87 3.62 0.90 47.98 15.09 1.73
21.01 4.34 11.75 9.65 1.52 4.24 1.11 45.56 18.78 1.96
16.39 3.46 10.03 8.01 1.11 4.45 0.93 43.21 17.80 1.46
22.34 4.55 13.45 10.74 1.60 4.34 0.97 49.49 25.22 1.51
64.72 12.98 34.84 26.20 4.07 3.63 0.63 48.80 39.82 1.85
63.91 13.14 33.84 26.29 4.01 4.66 0.55 43.03 18.31 1.66
60.31 12.07 30.83 23.68 3.46 4.56 0.47 46.21 20.18 1.38
44.90 8.90 23.41 18.32 2.80 6.17 0.67 69.70 11.17 1.38
18.66 3.96 11.43 10.36 1.59 2.54 0.23 65.39 2.20 2.06
32.05 6.65 17.72 14.02 2.03 3.43 0.26 108.40 3.02 2.88
4.36 0.82 2.39 2.25 0.32 2.07 0.80 25.18 10.06 1.71
3.82 0.70 2.08 1.96 0.29 2.25 0.81 23.32 10.04 1.74
3.89 0.73 2.16 2.06 0.30 1.94 0.74 21.42 9.57 1.46
3.47 0.67 1.94 1.83 0.27 2.02 0.74 22.11 9.25 1.52
4.76 0.91 2.67 2.58 0.38 2.42 0.81 24.26 11.23 1.83
3.68 0.69 2.05 2.00 0.28 2.13 0.73 20.34 9.83 1.65
3.83 0.74 2.14 2.06 0.30 2.17 0.80 22.21 10.73 1.82
3.90 0.76 2.19 2.12 0.31 2.39 0.81 24.39 10.88 1.83
4.12 0.77 2.27 2.22 0.32 2.50 0.82 19.93 9.99 1.70
4.95 0.93 2.69 2.53 0.38 2.44 0.81 24.95 10.50 1.72
4.29 0.81 2.36 2.38 0.35 2.55 0.86 24.94 10.99 1.87
4.53 0.87 2.50 2.36 0.35 2.44 0.80 27.24 11.04 1.66
4.71 0.90 2.65 2.55 0.38 2.94 0.80 24.34 10.91 2.49
4.33 0.81 2.44 2.29 0.34 2.65 0.87 27.56 11.30 1.90
5.10 0.98 2.81 2.62 0.38 2.52 0.84 24.47 10.86 1.76
5.12 0.96 2.85 2.67 0.39 2.43 0.82 22.59 10.30 1.90
5.46 1.02 2.98 2.80 0.41 2.46 0.88 22.26 10.74 1.81
4.97 0.92 2.71 2.54 0.37 2.37 0.86 23.11 10.33 1.65
3.71 0.69 2.02 1.94 0.28 1.94 0.81 18.44 8.92 1.88
4.49 0.91 2.57 2.36 0.35 2.12 0.80 20.15 9.04 1.60
5.70 1.16 3.36 3.23 0.49 2.78 0.81 20.56 11.91 2.35
5.87 1.21 3.37 3.25 0.49 2.60 0.84 20.38 11.29 2.14
6.45 1.30 3.67 3.39 0.48 2.94 0.97 27.93 12.25 1.98
7.45 1.49 4.06 4.00 0.53 3.30 1.11 27.17 14.44 2.24
8.33 1.66 4.80 4.42 0.63 3.22 1.02 28.25 12.72 2.09
8.18 1.62 4.55 4.15 0.59 3.39 1.23 31.07 13.34 2.17
16.21 3.20 9.04 7.63 1.06 3.25 0.76 28.72 22.07 2.14
25.78 5.14 14.52 12.33 1.76 4.57 1.09 37.79 23.67 2.18
17.97 4.07 12.24 11.82 1.73 3.40 0.62 43.81 8.05 1.86
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Table 3.S2. Major, trace, REE concentrations in discrete layer bulk sediment samples 
from sites drilled during IODP Expedition 329. 
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Table 3.S3. VARIMAX Factor Scores for the 22-element general pelagic clay 
characterization QFA (n=138). 

  

Element Factor 1 Factor 2 Factor 3 Factor 4
Si 0.22 -0.01 -0.01 0.84
Al 0.44 -0.03 0.14 0.07
Ti 0.34 0.06 0.03 -0.13
Fe 0.00 0.45 -0.15 -0.15
Mn -0.02 0.39 -0.11 -0.03
Ca -0.04 0.06 0.22 -0.02
Mg 0.16 0.26 -0.08 0.19
K 0.26 -0.03 0.16 0.12
P -0.09 0.08 0.38 0.01
Sc 0.02 -0.02 0.33 0.11
V 0.02 0.35 -0.09 -0.09
Cr 0.37 0.00 -0.10 -0.19
Co 0.01 0.00 0.42 -0.09
Cu -0.06 0.46 -0.01 0.22
Zn -0.03 0.40 0.01 0.02
Rb 0.43 -0.01 -0.12 -0.10
Zr 0.04 0.20 0.21 -0.08
Nb 0.13 0.08 0.23 -0.19
Cs 0.40 0.00 -0.15 -0.17
La -0.09 0.12 0.29 -0.01
Hf 0.12 0.10 0.42 -0.02
Th 0.14 -0.04 0.17 -0.09

% Variability Explained 55.7 20.2 15.9 3.9
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Table 3.S4. VARIMAX Factor Scores for the aluminosilicate characterization QFA 
(n=138). 

  

Element Factor 1 Factor 2 Factor 3
Al 0.14 0.17 0.95
Ti 0.08 0.97 -0.15
Cr 0.58 0.03 -0.24
Rb 0.55 -0.08 0.11
Cs 0.58 -0.13 -0.08

% Variability Explained 49.5 27.0 22.4
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Table 3.S5. CLS model results. Samples listed (n=138) were used in the QFA and CLS 
modeling described in the text.  

Column I reports depths for Site U1366 that were modified to improve the stratigraphic 
correlation between Holes U1366D and U1366F. Ages and dry bulk densities values 
were obtained from Dunlea et al., in review. Modeled mass fraction for the pelagic clay 
samples from Sites U1365, U1366, U1367, U1369, U1370, and U1371 are the results of 
the CLS modeling described in the text. Instantaneous sedimentation rates and mass 
accumulation rates for each sample were also calculated as described in the text. 
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Site Hole Core
Core
Type Sect.

Interval 
Top

 Interval 
Bot Depth

Modified 
Depth

Age
(Dunlea et al., 

in review)

Dry Bulk
Density

(Dunlea et al., 
in review)

(cm) (cm) (mbsf) Myr (g/cm3)
U1365 B 1 H 1 30 40 0.35 0.30 0.34
U1365 B 1 H 1 80 90 0.85 0.74 0.36
U1365 B 1 H 1 130 140 1.35 1.30 0.38
U1365 B 1 H 3 70 80 3.75 4.99 0.36
U1365 B 2 H 1 130 140 5.45 7.72 0.33
U1365 B 2 H 2 65 75 6.30 8.95 0.35
U1365 B 2 H 3 65 75 7.80 12.51 0.41
U1365 B 2 H 3 130 140 8.45 14.62 0.41
U1365 B 2 H 4 130 140 9.95 21.81 0.37
U1365 B 2 H 5 130 140 11.45 30.45 0.33
U1365 B 2 H 7 48 58 13.63 42.24 0.31
U1365 B 3 H 2 65 75 15.80 53.80 0.33
U1365 B 3 H 3 130 140 17.95 64.72 0.32
U1365 B 3 H 6 65 75 21.80 0.38
U1365 B 4 H 1 130 140 24.45 0.40
U1365 B 4 H 2 65 75 25.30 0.40
U1365 B 4 H 4 65 75 28.30 0.41
U1365 B 4 H 6 130 140 31.95 0.42
U1365 B 5 H 1 130 140 33.95 0.51
U1365 B 5 H 2 130 140 35.45 0.45
U1365 B 5 H 3 0 10 35.65 0.44
U1365 B 5 H 4 65 75 37.80 0.39
U1365 B 5 H 6 65 75 40.80 0.37
U1365 B 5 H 7 53 63 42.18 0.39
U1365 B 8 H 2 30 40 65.35 0.41
U1365 B 9 H 2 30 40 68.85 95.40 0.37
U1365 B 9 H 2 80 90 69.35 95.73 0.36
U1365 B 9 H 3 80 90 70.90 97.29 0.37
U1365 B 9 H 4 130 140 72.90 99.90 0.44
U1365 B 9 H 5 80 90 73.9 100.67 0.46
U1365 C 9 H 3 70 80 74.75 101.50 0.50

U1366 D 1 H 1 30 40 0.35 0.75 2.47 0.35
U1366 D 1 H 1 130 140 1.35 1.75 6.16 0.36
U1366 D 1 H 2 80 90 2.35 2.75 9.73 0.36
U1366 F 1 H 3 60 70 3.65 3.65 12.70 0.39
U1366 D 1 H 3 30 40 3.35 3.75 13.05 0.36
U1366 D 1 H 3 130 140 4.35 4.75 16.32 0.38
U1366 D 1 H 4 30 40 4.85 5.25 18.00 0.39
U1366 D 1 H 4 80 90 5.35 5.75 19.72 0.39
U1366 D 1 H 4 130 140 5.85 6.25 21.32 0.39
U1366 D 1 H 5 30 40 6.35 6.75 22.99 0.39
U1366 D 1 H 5 80 90 6.85 7.25 24.79 0.40
U1366 D 1 H 5 130 140 7.35 7.75 26.57 0.41
U1366 D 1 H 6 80 90 8.35 8.75 30.62 0.40



!

!

126 

  U1366 D 1 H 7 10 20 8.85 9.25 32.81 0.38
U1366 F 2 H 2 50 60 7.55 9.35 33.22 0.33
U1366 D 2 H 1 30 40 9.75 10.15 37.27 0.34
U1366 D 2 H 1 80 90 10.25 10.65 40.30 0.30
U1366 D 2 H 1 130 140 10.75 11.15 43.74 0.29
U1366 D 2 H 2 80 90 11.75 12.15 50.25 0.32
U1366 F 2 H 4 50 60 10.55 12.35 51.26 0.30
U1366 D 2 H 2 130 140 12.25 12.65 52.79 0.33
U1366 D 2 H 3 30 40 12.75 13.15 55.46 0.35
U1366 D 2 H 3 130 140 13.75 14.15 62.21 0.39
U1366 F 2 H 5 80 90 12.35 14.15 62.21 0.39
U1366 F 2 H 6 0 10 13.05 14.85 66.97 0.40
U1366 D 2 H 4 80 90 14.75 15.15 68.81 0.43
U1366 D 2 H 4 130 140 15.25 15.65 71.96 0.47
U1366 F 3 H 1 30 40 14.35 16.15 74.85 0.36
U1366 F 3 H 1 80 90 14.85 16.65 77.72 0.36
U1366 F 3 H 1 130 140 15.35 17.15 79.36 0.34
U1366 F 3 H 2 30 40 15.85 17.65 79.76 0.35
U1366 F 3 H 2 80 90 16.35 18.15 80.39 0.37
U1366 F 3 H 3 30 40 17.35 19.15 81.73 0.37
U1366 F 3 H 3 130 140 18.35 20.15 82.75 0.25
U1366 F 3 H 4 80 90 19.35 21.15 83.39 0.23
U1366 F 3 H 5 30 40 20.35 22.15 83.99 0.23
U1366 F 3 H 5 130 140 21.35 23.15 84.83 0.24
U1366 F 3 H 6 80 90 22.35 24.15 85.95 0.27
U1366 F 3 H 7 20 30 23.25 25.05 87.10 0.26
U1366 F 4 H 1 80 90 24.35 26.15 88.44 0.25
U1366 F 4 H 2 30 40 25.35 27.15 89.49 0.24
U1366 F 4 H 2 120 130 26.25 28.05 90.30 0.24
U1366 F 4 H 3 80 90 27.35 29.15 91.15 0.24
U1366 F 4 H 3 10 20 28.15 29.95 91.78 0.24
U1366 F 4 H 3 40 50 29.36 31.16 92.77 0.24

U1367 C 1 H 1 0 10 0.05
U1367 C 1 H 1 50 60 0.55
U1367 C 1 H 1 100 110 1.05
U1367 C 1 H 3 0 10 3.05
U1367 C 1 H 3 140 150 4.45
U1367 C 1 H 4 50 60 5.05

U1369 C 1 H 1 5 15 0.10 0.14 0.34
U1369 C 1 H 1 40 50 0.45 0.66 0.36
U1369 C 1 H 1 140 150 1.45 2.64 0.36
U1369 C 1 H 2 90 100 2.45 5.08 0.37
U1369 C 1 H 2 140 150 2.95 6.22 0.36
U1369 C 1 H 3 40 50 3.45 7.12 0.34
U1369 C 1 H 3 90 100 3.95 7.96 0.34
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U1369 C 1 H 3 140 150 4.45 8.92 0.36
U1369 C 1 H 4 122 132 5.77 12.06 0.48
U1369 C 2 H 1 140 150 7.45 18.48 0.51
U1369 C 2 H 2 140 150 8.95 25.59 0.51
U1369 C 2 H 3 140 150 10.45 31.26 0.58
U1369 C 2 H 4 140 150 11.95 36.27 0.52
U1369 C 2 H 5 90 100 12.95 39.83 0.56
U1369 C 2 H 6 40 50 13.95 44.01 0.62
U1369 C 2 H 6 140 150 14.95 50.29 0.64
U1369 C 2 H 7 35 45 15.40 53.67 0.64
U1369 C 2 H 7 69 79 15.74 56.14 0.65

U1370 E 1 H 1 5 15 0.1 0.05 0.38
U1370 E 1 H 1 42.5 52.5 0.475 0.24 0.38
U1370 E 1 H 1 140 150 1.45 0.71 0.37
U1370 E 1 H 2 90 100 2.45 1.19 0.38
U1370 E 1 H 3 40 50 3.45 1.73 0.38
U1370 E 2 H 1 140 150 7.65 3.75 0.37
U1370 E 2 H 2 140 150 9.15 4.28 0.36
U1370 E 2 H 4 140 150 12.15 5.82 0.48
U1370 E 2 H 5 140 150 13.65 6.81 0.50
U1370 E 2 H 6 113 123 14.88 7.70 0.49
U1370 E 3 H 1 140 150 17.15 9.16 0.34
U1370 E 3 H 2 140 150 18.65 9.87 0.37
U1370 E 3 H 3 140 150 20.15 10.63 0.40
U1370 E 3 H 4 140 150 21.65 11.29 0.37
U1370 E 3 H 5 140 150 23.15 11.87 0.34
U1370 E 4 H 1 140 150 26.65 13.19 0.38
U1370 E 4 H 3 140 150 29.65 14.67 0.44
U1370 E 4 H 5 140 150 32.65 16.82 0.50
U1370 E 5 H 1 140 150 36.15 19.64 0.52
U1370 F 5 H 3 140 150 39.65 22.61 0.54
U1370 E 5 H 6 60 70 42.79 25.50 0.55
U1370 E 6 H 2 134 144 47.09 30.16 0.57
U1370 E 6 H 5 100 110 51.18 35.86 0.56
U1370 F 7 H 1 140 150 55.65 43.82 0.52
U1370 F 7 H 2 140 150 57.15 47.23 0.53
U1370 F 7 H 3 140 150 58.65 51.61 0.61
U1370 F 7 H 4 140 150 60.15 56.87 0.66
U1370 F 7 H 5 140 150 61.65 62.23 0.61
U1370 F 7 H 6 140 150 63.15 0.59
U1370 E 9 H 1 140 150 63.55 0.53
U1370 E 9 H 2 140 150 65.05 0.33

U1371 E 12 H 2 140 150 106.15
U1371 E 13 H 1 140 150 114.15
U1371 E 13 H 4 140 150 118.65
U1371 E 13 H 7 29 39 122.04
U1371 E 14 H 3 130 150 126.6
U1371 E 14 H 4 130 150 128.1
U1371 E 14 H 6 56 66 130.31
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Fe-Mn 
oxyhydroxide Excess Si Apatite PAAS Rhyolite Basalt
Mass Fraction Mass Fraction Mass Fraction Mass Fraction Mass Fraction Mass Fraction

8% 0% 1% 56% 29% 7%
7% 0% 1% 55% 32% 6%
8% 0% 1% 57% 27% 7%
9% 0% 1% 42% 35% 14%
10% 0% 1% 3% 66% 20%
9% 0% 1% 3% 70% 18%
9% 0% 2% 15% 62% 11%
8% 0% 3% 32% 51% 6%
12% 0% 12% 16% 49% 10%
19% 1% 11% 10% 47% 11%
21% 3% 5% 4% 47% 18%
9% 0% 10% 17% 51% 12%
10% 0% 9% 14% 52% 13%
9% 2% 2% 13% 64% 8%
10% 6% 3% 7% 60% 11%
10% 5% 3% 6% 62% 11%
9% 4% 3% 6% 63% 14%
11% 4% 2% 13% 46% 24%
9% 5% 4% 10% 52% 19%
12% 6% 4% 5% 54% 18%
12% 5% 4% 5% 54% 18%
18% 9% 3% 5% 57% 7%
6% 54% 1% 1% 34% 4%
8% 36% 2% 1% 46% 5%
17% 77% 0% 0% 3% 2%
49% 31% 1% 0% 13% 5%
57% 27% 1% 1% 8% 5%
73% 15% 7% 0% 3% 1%
78% 12% 1% 0% 5% 3%
23% 25% 0% 0% 45% 6%
86% 6% 2% 0% 2% 2%

10% 0% 1% 42% 37% 11%
11% 0% 1% 40% 36% 12%
10% 0% 1% 44% 35% 9%
10% 0% 1% 43% 36% 10%
10% 0% 1% 45% 34% 9%
9% 0% 1% 42% 38% 10%
9% 0% 1% 39% 41% 10%
9% 0% 1% 33% 46% 11%
8% 0% 1% 27% 51% 12%
9% 0% 1% 26% 50% 13%
10% 0% 1% 23% 51% 15%
9% 0% 1% 36% 43% 10%
9% 0% 3% 33% 48% 6%

Modeled Mass Fraction of Pelagic Clay for Sites U1365, U1366, U1367, U1369, U1370, U1371
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10% 0% 2% 40% 43% 5%
11% 0% 3% 45% 34% 7%
11% 0% 4% 46% 34% 4%
12% 0% 5% 36% 39% 7%
18% 0% 7% 26% 40% 7%
30% 0% 7% 19% 37% 7%
32% 0% 7% 11% 41% 8%
38% 0% 5% 9% 38% 8%
41% 0% 7% 4% 35% 10%
33% 1% 15% 3% 34% 13%
12% 1% 19% 4% 54% 8%
10% 2% 13% 6% 56% 11%
7% 1% 11% 5% 64% 8%
12% 3% 14% 5% 53% 11%
43% 0% 9% 4% 33% 10%
40% 0% 12% 4% 34% 9%
12% 73% 1% 1% 11% 2%
34% 21% 4% 1% 36% 2%
22% 16% 8% 2% 47% 4%
22% 45% 4% 1% 23% 4%
55% 20% 4% 0% 14% 6%
44% 29% 1% 0% 22% 3%
66% 17% 2% 0% 9% 5%
60% 18% 3% 0% 13% 3%
51% 9% 2% 0% 32% 4%
77% 2% 3% 0% 11% 6%
72% 7% 3% 0% 11% 5%
78% 8% 4% 0% 4% 4%
79% 8% 3% 0% 4% 5%
77% 10% 2% 0% 5% 4%
76% 9% 1% 0% 8% 4%
81% 1% 2% 0% 8% 5%

27% 0% 16% 12% 23% 16%
36% 0% 7% 8% 24% 24%
36% 0% 7% 4% 34% 18%
40% 0% 7% 3% 40% 8%
59% 0% 8% 2% 17% 5%
62% 0% 9% 2% 18% 5%

5% 0% 0% 38% 50% 7%
5% 0% 0% 39% 50% 7%
5% 0% 0% 36% 52% 6%
5% 0% 0% 32% 58% 4%
4% 0% 0% 30% 61% 4%
4% 0% 0% 32% 59% 4%
4% 2% 0% 38% 51% 4%
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4% 2% 0% 36% 53% 4%
4% 0% 1% 25% 64% 5%
6% 0% 2% 30% 57% 4%
6% 0% 2% 36% 49% 6%
4% 0% 2% 33% 57% 3%
4% 0% 2% 26% 62% 3%
4% 0% 3% 23% 65% 2%
4% 0% 4% 20% 68% 4%
5% 0% 5% 16% 68% 3%
5% 0% 5% 16% 68% 3%
5% 0% 4% 18% 68% 3%

4% 1% 0% 49% 39% 6%
7% 2% 0% 46% 37% 6%
4% 1% 0% 43% 44% 7%
4% 1% 0% 39% 48% 8%
5% 0% 0% 43% 44% 8%
4% 0% 0% 41% 49% 7%
4% 1% 0% 39% 49% 8%
4% 1% 0% 38% 50% 7%
4% 0% 0% 37% 50% 9%
4% 0% 0% 37% 52% 6%
6% 0% 1% 46% 38% 8%
5% 3% 1% 36% 45% 10%
5% 0% 1% 45% 37% 12%
6% 0% 1% 49% 26% 18%
6% 0% 1% 41% 37% 15%
5% 0% 0% 45% 36% 13%
5% 0% 0% 46% 42% 6%
6% 0% 0% 45% 42% 7%
6% 0% 1% 40% 46% 8%
6% 0% 0% 40% 45% 7%
6% 0% 0% 44% 42% 7%
7% 0% 0% 36% 50% 7%
7% 0% 2% 26% 56% 8%
8% 0% 2% 15% 67% 7%
10% 0% 3% 10% 63% 14%
7% 0% 7% 10% 65% 9%
1% 2% 9% 3% 78% 1%
1% 3% 7% 4% 77% 1%
10% 1% 6% 15% 59% 4%
34% 16% 10% 2% 24% 13%
56% 5% 3% 2% 24% 8%

1% 3% 0% 55% 33% 7%
3% 5% 0% 65% 22% 5%
4% 5% 0% 58% 26% 8%
5% 3% 1% 56% 23% 12%
6% 0% 2% 27% 60% 4%
7% 0% 2% 28% 57% 4%
17% 10% 5% 18% 40% 11%
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SR of
 Fe-Mn 

oxyhydroxide
SR of 

Excess Si
SR of 

Apatite
SR of 
PAAS

SR of 
Rhyolite

SR of 
Altered Basalt

g/cm2/Myr g/cm2/Myr g/cm2/Myr g/cm2/Myr g/cm2/Myr g/cm2/Myr

8.62 0.00 0.81 63.97 33.48 7.70
7.61 0.00 0.55 60.11 34.94 6.05
5.97 0.00 0.49 42.05 20.13 5.42
5.18 0.00 0.33 23.53 19.73 7.61
6.51 0.00 0.51 1.96 44.25 13.26
6.15 0.00 0.57 1.86 48.33 12.13
2.78 0.00 0.64 4.37 18.51 3.24
2.31 0.00 0.80 9.99 15.75 1.82
1.88 0.00 1.82 2.53 7.47 1.50
3.67 0.19 2.14 1.93 9.11 2.03
3.67 0.60 0.95 0.76 8.12 3.03
1.80 0.00 1.89 3.33 10.15 2.29
1.95 0.00 1.72 2.64 9.85 2.53

84.65 53.86 1.35 0.76 23.30 7.88
72.89 34.19 1.88 0.98 10.15 6.19
57.39 11.66 5.22 0.18 2.23 1.16
56.68 8.35 0.80 0.02 3.29 1.87
114.22 125.85 0.72 0.00 224.76 28.87
48.24 3.48 1.01 0.08 0.89 0.85

3.12 0.00 0.33 13.70 11.86 3.47
2.86 0.00 0.32 10.42 9.34 3.27
3.39 0.00 0.41 15.41 12.31 3.24
2.89 0.00 0.41 12.91 11.03 3.02
3.07 0.00 0.45 14.34 10.95 3.02
2.86 0.00 0.39 14.12 12.88 3.19
2.73 0.00 0.37 11.85 12.54 2.98
2.78 0.00 0.42 10.43 14.52 3.63
2.97 0.00 0.52 9.42 17.82 4.25
2.64 0.00 0.40 7.78 14.77 3.78
2.86 0.00 0.40 6.92 15.30 4.43
2.75 0.00 0.39 10.85 13.18 3.17
2.07 0.00 0.69 7.77 11.17 1.49

Instantaneous Sedimentation Rates (SR) for Sites U1365, U1366, U1369, and U1370
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2.55 0.00 0.57 10.20 11.13 1.20
2.84 0.00 0.77 11.78 8.77 1.90
2.00 0.00 0.66 8.06 6.06 0.78
2.20 0.00 0.82 6.30 6.93 1.15
2.48 0.00 1.01 3.62 5.61 1.03
5.95 0.00 1.44 3.89 7.39 1.35
7.10 0.00 1.51 2.51 9.17 1.72
7.65 0.00 1.05 1.83 7.60 1.68
8.25 0.00 1.50 0.86 7.10 2.06
4.28 0.18 1.95 0.41 4.51 1.75
1.67 0.12 2.59 0.61 7.42 1.17
1.78 0.44 2.38 1.12 10.24 1.93
1.21 0.19 1.88 0.82 10.67 1.37
2.06 0.59 2.44 0.81 9.32 1.96
8.43 0.00 1.70 0.78 6.44 1.87
6.98 0.00 2.09 0.66 6.08 1.66
24.82 152.39 2.79 1.33 22.96 3.29
34.51 21.65 3.71 1.46 36.83 1.81
16.48 11.83 5.60 1.59 34.89 2.63
18.99 39.21 3.10 0.81 20.04 3.57
73.19 26.05 5.84 0.37 18.44 8.21
98.89 64.69 3.21 0.00 50.33 6.36
98.18 25.61 3.44 0.00 12.74 7.79
66.64 20.17 3.37 0.00 13.96 3.60
42.78 7.87 1.72 0.00 27.24 3.49
63.82 1.29 2.34 0.00 8.72 4.81
67.92 6.50 2.99 0.00 10.00 4.98
86.44 8.91 4.50 0.00 4.87 4.89
101.71 10.48 3.77 0.61 5.29 6.41
113.13 15.20 2.92 0.00 7.66 5.39
96.50 10.78 1.72 0.00 9.81 5.56
110.11 1.47 3.06 0.00 10.68 6.49

3.82 0.00 0.00 31.26 40.59 6.03
3.28 0.04 0.00 27.78 36.18 4.76
2.62 0.17 0.00 17.14 24.84 3.03
2.47 0.00 0.00 14.68 26.57 1.62
2.34 0.00 0.07 16.38 33.79 1.93
2.99 0.00 0.06 23.53 44.21 3.26
2.78 1.34 0.29 23.80 32.03 2.58
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2.42 1.31 0.25 19.88 29.34 2.37
1.61 0.00 0.44 10.68 27.10 1.91
1.34 0.00 0.40 6.88 13.12 0.99
1.54 0.00 0.57 9.03 12.46 1.41
1.40 0.15 0.76 12.36 21.38 1.04
1.40 0.00 0.69 8.25 19.52 0.82
1.23 0.00 1.07 7.69 21.31 0.81
0.90 0.00 0.84 4.58 15.80 0.82
0.78 0.00 0.80 2.37 10.16 0.38
0.81 0.00 0.81 2.52 10.58 0.41
0.81 0.00 0.68 2.78 10.82 0.41

5.52 0.87 0.18 63.60 50.54 8.00
9.64 2.99 0.46 61.53 50.22 8.34
5.89 1.31 0.00 57.65 58.99 8.85
5.71 1.14 0.00 54.35 66.86 11.03
4.93 0.34 0.00 47.06 48.19 8.65
6.48 0.43 0.00 73.26 87.16 12.32
6.60 2.15 0.07 71.95 90.16 14.48
3.56 1.09 0.34 36.50 48.32 6.82
4.02 0.19 0.04 37.91 51.88 9.00
3.24 0.00 0.14 29.45 41.30 4.74
8.75 0.43 1.27 65.81 54.50 12.04
7.15 3.63 1.84 47.25 58.14 12.65
6.82 0.27 1.24 57.70 47.19 16.00
9.45 0.00 1.14 84.36 44.70 31.63
9.53 0.65 1.04 69.40 62.62 25.80
9.55 0.00 0.74 78.33 63.81 23.14
5.36 0.00 0.36 49.48 44.94 6.39
4.50 0.00 0.20 36.14 33.20 5.57
4.60 0.00 0.67 32.72 37.48 6.58
4.36 0.00 0.36 29.12 32.82 5.34
4.37 0.00 0.22 30.47 29.36 4.97
3.70 0.00 0.08 18.86 26.69 3.53
3.06 0.00 0.71 11.07 23.31 3.53
2.49 0.00 0.77 4.94 21.67 2.31
2.47 0.00 0.73 2.57 16.13 3.62
1.41 0.00 1.45 1.87 12.73 1.75
0.21 0.27 1.62 0.59 13.68 0.15
0.25 0.50 1.36 0.78 14.62 0.27
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MAR of
 Fe-Mn 

oxyhydroxide
MAR of 
Excess Si

MAR of 
Apatite

MAR of 
PAAS

MAR of 
Rhyolite

MAR of 
Altered Basalt

g/cm2/Myr g/cm2/Myr g/cm2/Myr g/cm2/Myr g/cm2/Myr g/cm2/Myr

2.96 0.00 0.28 21.94 11.49 2.64
2.74 0.00 0.20 21.60 12.56 2.18
2.25 0.00 0.18 15.85 7.59 2.04
1.88 0.00 0.12 8.52 7.15 2.76
2.12 0.00 0.17 0.64 14.42 4.32
2.18 0.00 0.20 0.66 17.10 4.29
1.15 0.00 0.26 1.80 7.63 1.33
0.94 0.00 0.32 4.06 6.41 0.74
0.70 0.00 0.68 0.95 2.80 0.56
1.22 0.06 0.71 0.64 3.03 0.67
1.13 0.18 0.29 0.23 2.49 0.93
0.59 0.00 0.61 1.08 3.31 0.75
0.63 0.00 0.56 0.86 3.19 0.82

31.20 19.85 0.50 0.28 8.59 2.90
26.35 12.36 0.68 0.35 3.67 2.24
21.46 4.36 1.95 0.07 0.83 0.44
24.74 3.64 0.35 0.01 1.43 0.81
52.91 58.29 0.33 0.00 104.11 13.37
24.14 1.74 0.51 0.04 0.45 0.43

1.09 0.00 0.12 4.80 4.16 1.22
1.03 0.00 0.11 3.74 3.35 1.17
1.22 0.00 0.15 5.56 4.44 1.17
1.12 0.00 0.16 5.02 4.30 1.17
1.11 0.00 0.16 5.20 3.97 1.10
1.08 0.00 0.15 5.35 4.88 1.21
1.06 0.00 0.14 4.58 4.85 1.15
1.08 0.00 0.16 4.04 5.63 1.41
1.15 0.00 0.20 3.63 6.87 1.64
1.03 0.00 0.16 3.04 5.78 1.48
1.15 0.00 0.16 2.79 6.17 1.79
1.12 0.00 0.16 4.43 5.38 1.29
0.82 0.00 0.27 3.07 4.42 0.59

Mass Accumulation Rates (MAR) for Sites U1365, U1366, U1369, and U1370
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0.96 0.00 0.22 3.84 4.19 0.45
0.93 0.00 0.25 3.84 2.86 0.62
0.68 0.00 0.23 2.74 2.06 0.26
0.66 0.00 0.24 1.89 2.07 0.34
0.72 0.00 0.30 1.05 1.64 0.30
1.88 0.00 0.46 1.23 2.34 0.43
2.10 0.00 0.45 0.74 2.71 0.51
2.56 0.00 0.35 0.61 2.54 0.56
2.89 0.00 0.52 0.30 2.49 0.72
1.68 0.07 0.77 0.16 1.77 0.69
0.66 0.05 1.02 0.24 2.92 0.46
0.71 0.18 0.95 0.45 4.11 0.78
0.52 0.08 0.81 0.35 4.57 0.59
0.96 0.28 1.14 0.38 4.34 0.91
3.00 0.00 0.61 0.28 2.29 0.67
2.52 0.00 0.76 0.24 2.19 0.60
8.55 52.50 0.96 0.46 7.91 1.13
12.00 7.53 1.29 0.51 12.80 0.63
6.02 4.32 2.05 0.58 12.75 0.96
6.95 14.35 1.13 0.30 7.33 1.31
18.26 6.50 1.46 0.09 4.60 2.05
22.62 14.80 0.73 0.00 11.51 1.46
22.83 5.96 0.80 0.00 2.96 1.81
16.19 4.90 0.82 0.00 3.39 0.88
11.37 2.09 0.46 0.00 7.24 0.93
16.80 0.34 0.62 0.00 2.30 1.27
16.69 1.60 0.73 0.00 2.46 1.22
20.82 2.15 1.08 0.00 1.17 1.18
24.49 2.52 0.91 0.15 1.27 1.54
27.28 3.67 0.70 0.00 1.85 1.30
23.27 2.60 0.41 0.00 2.37 1.34
26.23 0.35 0.73 0.00 2.54 1.55

1.31 0.00 0.00 10.75 13.96 2.07
1.17 0.02 0.00 9.93 12.93 1.70
0.95 0.06 0.00 6.21 9.01 1.10
0.91 0.00 0.00 5.40 9.78 0.60
0.85 0.00 0.02 5.91 12.19 0.70
1.02 0.00 0.02 8.02 15.07 1.11
0.95 0.46 0.10 8.11 10.91 0.88



!

!

136 

 
 
 
 
 
 
  

0.87 0.47 0.09 7.13 10.52 0.85
0.78 0.00 0.21 5.16 13.09 0.92
0.68 0.00 0.20 3.50 6.68 0.51
0.79 0.00 0.29 4.64 6.41 0.73
0.81 0.09 0.44 7.14 12.35 0.60
0.73 0.00 0.36 4.33 10.24 0.43
0.70 0.00 0.60 4.34 12.03 0.46
0.56 0.00 0.52 2.86 9.86 0.51
0.50 0.00 0.51 1.51 6.46 0.24
0.52 0.00 0.52 1.62 6.82 0.26
0.52 0.00 0.44 1.79 6.98 0.26

2.09 0.33 0.07 24.06 19.12 3.03
3.62 1.12 0.17 23.11 18.87 3.13
2.20 0.49 0.00 21.55 22.05 3.31
2.17 0.43 0.00 20.65 25.40 4.19
1.87 0.13 0.00 17.84 18.27 3.28
2.39 0.16 0.00 26.98 32.09 4.54
2.36 0.77 0.02 25.78 32.30 5.19
1.72 0.53 0.16 17.59 23.29 3.29
2.00 0.09 0.02 18.87 25.82 4.48
1.60 0.00 0.07 14.55 20.41 2.34
3.01 0.15 0.44 22.62 18.74 4.14
2.64 1.34 0.68 17.44 21.46 4.67
2.71 0.11 0.49 22.95 18.77 6.36
3.49 0.00 0.42 31.17 16.51 11.69
3.24 0.22 0.35 23.58 21.27 8.76
3.59 0.00 0.28 29.42 23.97 8.69
2.38 0.00 0.16 21.99 19.98 2.84
2.24 0.00 0.10 17.94 16.48 2.76
2.38 0.00 0.35 16.90 19.36 3.40
2.34 0.00 0.19 15.63 17.63 2.87
2.41 0.00 0.12 16.82 16.20 2.74
2.11 0.00 0.04 10.74 15.20 2.01
1.72 0.00 0.40 6.21 13.07 1.98
1.30 0.00 0.41 2.59 11.34 1.21
1.31 0.00 0.39 1.36 8.54 1.91
0.86 0.00 0.89 1.15 7.80 1.08
0.14 0.18 1.07 0.39 9.01 0.10
0.15 0.31 0.83 0.48 8.97 0.17
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CHAPTER 4: Cobalt-based age models of pelagic clay in the South Pacific Gyre 

Abstract 

Dating pelagic clay can be a challenge due to its slow sedimentation rate, post-

depositional alteration, and lack of biogenic deposition. Co-based dating techniques have 

the potential to create age models in pelagic clay under the assumption that the flux of 

non-detrital Co to the seafloor is spatially and temporally constant, resulting in the non-

detrital Co concentrations being inversely proportional to sedimentation rate. We apply a 

Co-based method to the pelagic clay sequences from Sites U1365, U1366, U1369, and 

U1370 drilled during Integrated Ocean Drilling Program (IODP) Expedition 329 in the 

South Pacific Gyre. We distinguished non-detrital Co from detrital Co using multivariate 

statistical partitioning techniques. We found that the non-detrital flux of Co at Site U1370 

is approximately twice as high than at the other sites, implying that the non-detrital Co 

flux is not regionally constant.  This regional variation reflects the heterogeneous 

distribution of Co in the water column, as is observed in the present day. We present an 

improved approach to Co-based age modeling throughout the South Pacific Gyre and 

determine that the Co-based method can effectively date oxygenated pelagic clay 

deposited in the distal open-ocean, but is less reliable for deposition closer to continents. 

When extending the method to geologically old sediment, it is important to consider the 

paleolocation of a given site to ensure these conditions are met. 
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1. Introduction 

Dating pelagic clay is a challenge for paleoceanographic studies, due to its low 

accumulation rate, post-depositional alteration, and lack of appropriate material for 

detailed biochronology. However, the composition of pelagic clay exhibits subtle 

variations associated with provenance that can be related to changes in tectonic, 

chemical, and biological factors influencing open-ocean sedimentary environments. To 

put these changes in a paleoceanographic context and correlate open-ocean variations 

with global climate events requires robust age modeling. Although pelagic clay 

sequences have proven to be an important archive of ocean history over long time scales 

(0-85 Myr) (e.g., Rea and Bloomstine, 1986; Leinen, 1989; Zhou and Kyte, 1992; Kyte et 

al., 1993; Gleason et al., 2002; Stancin et al., 2008a, b), such models have been difficult 

to construct. A standardized technique to date pelagic clay would greatly increase its use 

in paleoceanography and paleoclimatology.  

Techniques based on 230Th and 10Be have been used to date pelagic clay, but are 

limited to relatively short time spans (~0.5 Myr, and 8 Myr, respectively), that can 

translate to a few 10s of cm in regions with extremely low sedimentation rates (e.g. 

Kadko, 1985; Bourlès et al., 1989; Marcantonio et al., 1996; Frank et al., 2008). For 

deeper time, ichthyology (e.g., Ingram, 1995; Martin and Haley, 2000; Gleason et al., 

2002), magnetostratigraphy (e.g., Backman et al., 2008), and authigenic Os isotopic 

techniques (e.g., Peucker-Ehrenbrink et al., 1995; Klemm et al., 2005; Ravizza, 2007) 

have been employed to provide discrete age dates. Each of these approaches has strengths 

and weaknesses. Most importantly, however, they only provide discrete age points 
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between which linear sedimentation rates are often assumed.  Due to slow sedimentation 

rates, such tie points are often spaced far apart in age. 

A Co-based dating technique, can be the foundation for age modeling of pelagic 

clay and Fe-Mn crust and nodules, by determining instantaneous sedimentation rates on a 

sample-by-sample basis. This is a great advantage compared to other techniques that rely 

on linear interpolations between stratigraphically spaced control points.  While Co-based 

age models are widely cited, their use in marine sediment is, in fact, relatively infrequent 

(Krishnaswami, 1976; Kadko, 1985; Zhou and Kyte, 1992; Kyte et al., 1993; Dalai and 

Ravizza, 2006). Their application to ferromanganese crusts and nodules is relatively more 

common (Halbach et al., 1982, 1983; Manheim and Lane-Bostwick, 1988; Puteanus and 

Halbach, 1988; McMurtry et al., 1994; Banakar et al., 1997; Frank et al., 1999; van de 

Flierdt et al., 2004; Klemm et al., 2005; Li et al., 2008; Hein et al., 2012).  

Co-based techniques assume that the flux of non-detrital Co to the seafloor is 

spatially and temporally constant. Thus, high concentrations of non-detrital Co indicate 

slow sedimentation rates and vice-versa. Other techniques to determine instantaneous 

sedimentation rates of pelagic sediment in deep time include Ir and 3He. Ir is thought to 

behave similarly to Co, except at the K-Pg boundary (e.g. Zhou and Kyte, 1992; Kyte et 

al., 1993; Dalai and Ravizza, 2006). Extraterrestrial 3He in pelagic sediment is sometimes 

proven to be constant enough to determine sedimentation rates (e.g. Marcantonio et al., 

1996; Paquay et al., 2014), but in other studies has shown to be variable (e.g. Farley, 

1995; Farley et al., 2012). Many of the studies examining the variable flux of 3He (and 

also extraterrestrial Os isotopes) in deep-sea pelagic clay (e.g. Farley, 1995; Pegram and 
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Turekian, 1999) developed using samples from Core LL44-GPC3 and use a Co-based age 

model (Kyte et al., 1993) to ground truth their conclusions. These studies assume the flux 

of non-detrital Co to be “constant”, and “hydrogenous” or “authigenic” in origin, being 

sourced directly from seawater.  

We assess the accuracy of these assumptions in Co-based dating techniques and 

discuss why the flux of non-detrital Co to the seafloor may seem to be approximately 

“constant”, particularly at a single location, even when Co concentrations are not well-

mixed in the ocean (e.g. Saito and Moffett, 2002). We improve the understanding and 

quantify the uncertainties associated with use of Co-based age models.  These 

uncertainties can be large. They are best identified by working with material from 

multiple locations to separate local from regional influences on Co accumulation and to 

determine the effectiveness and limitations of Co-based methods overall.  We produce a 

relatively high-resolution age model to 65.5 Ma, 95 Ma, and 58 Ma for the pelagic clay 

sequences of Sites U1365, U1366, and U1369, respectively, drilled during Integrated 

Ocean Drilling Program (IODP) Expedition 329 in the South Pacific Gyre. In addition to 

developing age models for these particular IODP sites, we provide an analytical and 

numerical roadmap for other researchers to apply Co-based accumulation rate models to 

different pelagic locations around the global ocean. 
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2. Sampling and analytical methods 

Six of the seven sites (Table 4.1) drilled to basement during IODP Expedition 329 

(U1365-U1370) are mostly composed of oxic (Fischer et al., 2009; D’Hondt, Inagaki, 

Alvarez-Zarikian et al., 2011; D’Hondt et al., 2015), homogenous, brown pelagic clay 

(Figure 4.1). Average sedimentation rates calculated from total sediment thickness and 

approximate basement age at each site are extremely low, ranging from 0.3-1 m/Myr 

(D’Hondt et al., 2009, 2015; D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011).  The 

seventh site (U1371) is mostly siliceous ooze (D’Hondt, Inagaki, Alvarez-Zarikian et al., 

2011). This study focuses primarily on Sites U1365, U1366, U1369, and U1370, which 

are exclusively pelagic clay except for a thick chert interval from 44 mbsf to 62 mbsf at 

Site U1365, and a thin carbonate interval from 62 mbsf to 63 mbsf at Site U1370. The 

pelagic clay portions of Sites U1367 (shallower than the carbonate interval) and U1371 

(deeper than the siliceous interval) are also included in part of this study but the sampling 

resolution is too low for age model determinations.   

Details of the analytical geochemical procedures are presented in Dunlea et al. 

(2015).  In brief, samples consist of sediment squeeze cakes remaining after porewater 

extractions performed on the IODP drillship R/V JOIDES Resolution (D’Hondt, Inagaki, 

Alvarez-Zarikian et al., 2011). Sample preparation, digestions and analysis were 

conducted at Boston University. Sediment samples were freeze-dried and hand-powdered 

with an agate mortar and pestle. For major and certain trace elements, sample powders 

were digested by flux fusion (Murray et al., 2000) and analyzed by inductively coupled 

plasma-emission spectrometry (ICP-ES). For analysis of further trace and rare-earth 
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elements, including Co, sample powders were dissolved in a heated acid cocktail (HNO3, 

HCl, and HF, with later additions of HNO3 and H2O2 after samples were dried down) 

under clean-lab conditions and analyzed by inductively couple plasma-mass spectrometry 

(ICP-MS).  The protocol was similar to that described in Scudder et al. (2014) and is 

detailed in Dunlea et al. (2015).  Three separate digestions of an in-house South Pacific 

Gyre (SPG) sediment standard were analyzed with each batch and determined precision 

[(average)/(standard deviation)*100] was ~2% or better of the measured value for each 

element.  The international Standard Reference Material BHVO-2 was analyzed as an 

unknown with each batch and results were consistently found to be accurate within 

precision for each element (Ireland et al., 2014). 

 

 3. Defining the Language: “Constant” Co, Non-Detrital Co, Hydrogenous 

As cited above, several previous studies have employed Co-based accumulation 

rates for marine sediment, Fe-Mn nodules, and Fe-Mn crust.  Particularly in marine 

sediment, terminology such as “Constant-Co” (or a slight variation thereof) is commonly 

used.  Implicit in the use of this term is the assumption that the flux of Co to the seafloor 

is constant, either globally or at least over very large distances (e.g., ocean-basin scale).  

Thus, the term “Constant-Co” includes an interpretation from the outset.  Because we 

will show that such constancy is not the case, we instead use the term “Co-based”, which 

does not imply any process or distribution pattern.  We prefer this term because it is more 

objective, and only refers to the chemical element used in the age models. 
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We further show that the crux of constructing Co-based age models is, on a per 

sample basis, determining what fraction of the total Co is contributed by non-biogenic 

detrital inputs (e.g., eolian dust, other terrigenous inputs, volcanic ash, altered eroded 

basalt, etc.) and what fraction of the total Co is contributed by the sum of the other 

sources (e.g., authigenic uptake, hydrogenous precipitation, etc.) which are, by closure, 

non-detrital. For the purposes of Co-based accumulation rates, therefore, the most 

important partitioning is between detrital Co (which cannot be part of a Co-based 

accumulation model) and the total non-detrital Co (upon which a Co-based age model is 

wholly based), regardless of which phase currently hosts this non-detrital Co.  Therefore, 

and aware of extensive discussions in the literature about the variety of processes by 

which authigenic and hydrogenous phases may form, we simply refer to the Co that is 

relevant to Co-based accumulation rate models as non-detrital Co. 

 

4. Pathways of Co to Deep Pelagic Sediment 

Previous studies using a constant Co flux method (hereinafter referred to as “Co-

based”, as above) refer to the Co deposited on the seafloor at a constant rate as being 

“authigenic” or “hydrogenous” (hereinafter, part of “non-detrital Co”, as above).  This 

historical terminology implies specific pathways by which Co becomes part of the bulk 

sediment.  However, such labels neglect the primary origin and distribution of the Co, 

which is of utmost importance when developing a Co-based age model. Here we explore 
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two questions that address this, namely: Why and how is Co deposited in marine 

sediment? and, how constant is “constant”?  

 

4.1. Sources of Co to the water column 

Ongoing water-column research is rapidly improving our understanding of the 

supply to and distribution of Co in the ocean. We briefly review the sources of Co to the 

ocean, focusing on how they may affect the distribution of Co in the water column 

overlying pelagic clay in the open ocean. 

Eolian dust and volcanic ash are removed to the seafloor quite rapidly and do not 

supply a spatially constant nor large flux of Co across all ocean basins over time. Eolian 

dust and volcanic ash influence Co concentrations in the surface waters close to 

continents (Dulaquais et al., 2014a, b), but they are likely to be an insignificant source in 

the open ocean (Shelley et al., 2012). For example, in the South Atlantic, eolian material 

is estimated to contribute < 1% of the Co in the water column (Noble et al., 2012). The 

solubility of Co in natural dust is low (0.14%; Thuroczy et al., 2010), but even if it were 

more soluble, even by an order of magnitude, the contributions of eolian Co would still 

be relatively quite small compared to other sources in the open ocean (Noble et al., 2012).  

Hydrothermal fluids are enriched in Co relative to seawater (20-230 nM vs. 0.03 

nM; von Damm et al., 1985), but hydrothermal Co precipitates very close to the ridge 

axis (German et al., 1990; Noble et al, 2008, 2012) and even if it traveled far would only 

comprise ~2.4% of the total Co flux to the global oceans (Swanner et al., 2014). In the 

Pre-Cambrian, anoxic oceans may have caused Co from hydrothermal vents to disperse 
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further through the water column (Swanner et al., 2014), but in present-day oxygenated 

oceans it is removed very rapidly close to the ridge. 

Micrometeorites could contribute a continuous flux of Co to the seafloor, but even 

the highest estimate of 270 metric tons of cosmic dust accreted to Earth every day (Plane, 

2012) explains only ~0.5% of the non-detrital Co flux to the seafloor, assuming typical 

micrometeorites have an average chondritic composition (500 "g/g Co; McDonough and 

Sun, 1995). Interestingly, Co correlates well with Ir, a common cosmogenic tracer (Dalai 

and Ravizza, 2006), at multiple sites except at the K-Pg Boundary where Ir 

concentrations spike upward and Co concentrations show little change (Kyte and Wasson, 

1986; Zhou and Kyte 1992; Kyte et al., 1993). While the correlation between Ir and Co in 

non-K-Pg sediment is consistent with a cosmogenic origin of Co, it is interpreted as more 

likely resulting from similar behavior of Ir and Co during authigenesis (Dalai and 

Ravizza, 2006). 

Rivers supply large amounts of Co to the continental margins (Swanner et al., 

2014), but the Co is very particle-reactive and deposited on the continental shelf. When 

this sediment becomes anoxic, dissolved Mn, Fe, and Co are released into the water 

column as metal-bearing mineral phases are reduced (Noble et al., 2012).  

Anoxic sediment along the continental margin is the main source of dissolved Co 

to the open ocean (Noble et al., 2012). In the South Atlantic Ocean, the dissolved Co 

plume is transported 1,000s of kilometers toward the centers of gyres with the highest Co 

concentrations traveling at the depth of the oxygen minimum zone (OMZ, < 100 "mol 

O2/kg) and decreasing further from the continent (Noble et al., 2012).  The total Co 



!

!

146 

concentration is found to be inversely proportional to oxygen concentrations between 

300-800m in the South Atlantic water column (Noble et al., 2012) and ongoing studies of 

Co concentration transects across the South Pacific will reveal if Co behaves similarly in 

the SPG. 

 

4.2. Co behavior in the water column 

Co is not well mixed in the ocean, with whole-ocean residence times on the order 

of 40-150 years (Saito and Moffett, 2002; Aparicio-González et al., 2012). The 

concentration of Co in seawater ranges from ~ 4 to 120 pM, occurring primarily as Co2+ 

ions and its chloro-, sulfato-, and carbonato- complexes (Nolan et al., 1992). Co is a 

micronutrient, a structural component of vitamin B12, and may be co-limiting in some 

regions (Saito and Moffett, 2001; Noble et al., 2012; Shelley et al., 2012). 

As succinctly described by Noble et al. (2012, their p. 989) the water column 

profiles of “iron, cobalt, and manganese fall into the hybrid-type category since their 

distributions are controlled by a combination of phytoplankton uptake, which creates 

nutrient-like distributions in the photic zone, and scavenging, which creates scavenged-

like distributions in intermediate and deep waters.” Ongoing studies of the complexities 

of Co removal are examining several different mechanisms, including co-precipitation 

with Mn-oxides and biological export to the seafloor (Swanner et al., 2014, and 

references therein).  

Deeper than the OMZ in the open ocean, Co concentrations show smaller 

gradients and are relatively homogenous across the ocean basin (Noble et al., 2012; 
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Dulaquais et al., 2014b). Organic complexing of Co reduces the scavenging rate (Saito 

and Moffett, 2001) and possibly explains how Co can become dispersed throughout and 

relatively well mixed in the deeper ocean away from continents.  

While the exact mechanism that removes Co from seawater to pelagic clay, 

nodules, and ferromanganese crust is poorly understood, the primary pathway in the 

open-ocean is the settling of Mn-phases that form microbially mediated in the water 

column and adsorb Co onto their surfaces and/or incorporate Co into their structure 

(Knauer et al., 1982; Cowen and Bruland, 1985; Moffett and Ho, 1996; Saito and 

Moffett, 2001; Bown et al., 2011; Castrillejo et al., 2013). The settling of these Co-

bearing Mn-phases to the seafloor is described as a slow, leaky process as they are 

gradually removed from seawater over time (Cowen and Bruland, 1985). If the removal 

process is steady and constant, Co concentrations in marine sediment will be inversely 

proportional to sedimentation rate and may be suitable as a sedimentation rate 

chronometer.  

Very importantly, however, the concentration of Co in the water column is neither 

evenly distributed across an ocean basin nor does it have a constant concentration of Co 

through time or space. Export of Co to the seafloor may be higher near continents than in 

the open-ocean, due to higher concentrations of dissolved Co in the OMZ and higher 

productivity in upwelling regions near the coasts. While it is possible that slow 

precipitation of Co in the open ocean may be constant enough to act as a chronometer, 

the water-column Co heterogeneities call into question the assumption that Co-based 

accumulation rate models can be based on a globally or even regionally precisely 
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constant flux of Co to the seafloor.  More research targeting Co removal mechanisms to 

marine sediment is critical to improve our understanding of the relative importance of the 

spatial and temporal variability of these processes.  Regardless, however, these lines of 

research clearly indicate that these processes are not constant across ocean basins, which 

has implications for the use of Co in sediment dating. 

 

5. Co-based Chronology Calculations 

In this study, we create Co-based age models for marine sediment using 

calculations similar to Krishnaswami (1976) and Kadko (1985). Co-based techniques and 

equations for calculating the growth rate of ferromanganese crusts and nodules cannot be 

applied to sediment because sediment has Co concentrations that are an order of 

magnitude lower and contain a detrital component that contributes significant Co 

abundances.  

In marine sediment, the total concentration of Co (Cot) in the sediment is the sum 

of the contributions from detrital phases (Cod) and the sum of the non-detrital phases 

(Conon-det.). In SPG pelagic clay, Cot concentrations may be as high as ~500 "g/g (Figure 

4.2A; Table 4.S1), and the Co/Al ratio (ranging 2-100 "g/g, Figure 4.2B) significantly 

surpasses that of Post-Archean average Australian Shale (PAAS) (23 "g/g Co and 2.3 

"g/g Co/Al; Taylor and McLennan, 1985) and mid-ocean ridge basalt (43 "g/g Co and 

5.53 "g/g Co/Al; Gale et al., 2013).  Thus, the Co/Al ratios and Co concentration 

comparisons indicate that the vast majority of the Co in SPG pelagic clay is non-detrital 
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and sourced from elsewhere.  We use Al in these ratios because there is no recognizable 

scavenged Al component (Murray et al., 1993; Murray and Leinen, 1996) in the SPG 

pelagic clay (Dunlea et al., 2015), due the very high aluminosilicate inventory. 

Previous studies have used operationally defined chemical leaches to separate 

detrital Co from putative authigenic Co (e.g., Krishnaswami, 1976).  Given the highly 

altered nature of pelagic clay, however, and the difficulty these leaching techniques have 

in distinguishing different aluminosilicate materials from each other (e.g., Ziegler et al., 

2007), we avoid such leaching. Instead, we determine the amount of detrital Co in each 

sample by multivariate statistical partitioning (Miesch, 1976; Heath and Dymond, 1977; 

Leinen and Pisias, 1984; Zhou and Kyte, 1992; Kyte et al., 1993; Ziegler and Murray, 

2007; Ziegler et al., 2008; Scudder et al., 2009, 2014; Pisias et al., 2013).  The 

partitioning calculations used in this study are detailed in Dunlea et al. (2015), and 

determine the mass fraction of sediment contributed by eolian dust, volcanic ash, apatite, 

Fe-Mn oxyhydroxides, biogenic silica, and altered basalt, on a sample-by-sample basis.  

From the compositional mass fractions, we quantify the amount of Cod collectively 

sourced from eolian dust and volcanic ash and compare that to the Cot analyzed in each 

sample. The difference is Conon-det., which is the Co upon which the age models are based 

or, simply: 

!" !"! ! !"# ! ! !" ! ! !" !  (1) 

Assuming, for now, that the flux of non-detrital Co to the seafloor is constant, 

Conon-det. will be inversely related to sedimentation rate, 

! ! !
!

!" !"! ! !"# !!! !! !! !
  (2) 
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where for sample i, 

! ! !"! ! !"# !!!  = concentration of non-detrital Co ("g/g) 

Si = instantaneous sedimentation rate (cm/Myr) 

K = non-detrital input rate ("g/cm2/Myr) 

%i = Dry Bulk Density (DBD, g/cm3)  

The latter three of these terms are discussed in Sections 5.1 and 5.2. 

 

5.1. Dry Bulk Density (DBD) 

For the DBD of each sample (Table 4.S1), we used IODP Expedition 329 

shipboard moisture and density (MAD) and gamma ray attenuated (GRA) density data 

(D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011). We removed GRA data outliers 

(defined as ± 1 standard deviation of the surrounding 50 measurements, covering ~100 

cm of core thickness) and took a 50-point moving window average to reduce noise in the 

GRA trend. GRA density was co-located with the MAD data points and a linear trend 

was fit to relate the wet GRA density with the dry bulk MAD density at each site 

individually.  This correlation at each site is strong (r2  between 0.87-0.97). Based on the 

overall GRA-to-DBD relationship, we converted the 50-point moving-point averaged 

GRA density at the depth of each of the samples to DBD.  If MAD data was not from the 

same hole as the samples, we regressed a line through GRA and MAD data from the 

same hole and then applied the equation to GRA data co-located with the samples.  
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5.2. Instantaneous Sedimentation Rate and K 

We solved the sedimentation rate equation (Equation 2) two different ways (Table 

4.S1). We first solved for S in Equation 2 using published values of K. To our 

knowledge, there are only five published values (from only two research groups) of 

“hydrogenous” or “authigenic” Co fluxes to pelagic clay.  These values are 1990 

"g/cm2/Myr (Zhou and Kyte, 1992), 2320 and 2490 "g/cm2/Myr (Kyte et al., 1993), as 

well as 2300 and 5000 "g/cm2/Myr (Krishnaswami, 1976). Of the five values determined 

for pelagic clay, the second flux of 5000 "g/cm2/Myr by Krishnaswami (1976) is only 

briefly mentioned by these authors as it is based on “revised” sedimentation rates, and is 

regarded as an outlier.  

While we cannot apply the Co-based ferromanganese crust and nodule growth 

rate equations to marine sediment, the flux of non-detrital Co estimated from crusts and 

nodules is comparable to estimates determined from marine sediment. Non-detrital Co 

flux to ferromanganese deposits (not sediment) is 2950 "g/cm2/Myr (Halbach et al., 

1983) and this value is commonly used in Co-based chronologies applied to nodules and 

crust. However, Halbach et al. (1983) used an approximate average in situ density of 1.6 

g/cm3 in their calculation of K; when corrected to a recent, more refined estimate of 

average dry bulk density for ferromanganese crust and nodules (1.3 g/cm3; Hein and 

Koschinsky, 2014), their data produces a K of 2370 "g/cm2/Myr, which is comparable to 

the estimates of K in pelagic sediment. Frank et al. (1999) analyzed ferromanganese 

crusts with lower Co concentrations than those in Halbach et al. (1983) and estimated the 

flux of non-detrital Co to the seafloor to be 1900 "g/cm2/Myr, which is also within the 
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range estimated from marine sediment. The similarity between the rates at which marine 

sediment, crusts, and nodules incorporate Co from the water column may suggest a 

common pathway of Co removal from the water column. Collectively, therefore, we 

summarize the existing estimates of K from the literature and this study to be between 

~1650 and ~2350 "g/cm2/Myr. 

In the second method, we calculate a K value using our own Co data. The 

calculation of the non-detrital Co flux to the seafloor requires at least two independently 

determined sediment ages that can be used as boundary conditions to constrain the model. 

These ages ideally bracket many or all of the sediment samples and establish the time 

parameter for the rate calculation. At Sites U1366 and U1369, we used the age of the 

seafloor (0 Ma) and the age of the basement basalt as constraints. IODP Site U1365 is a 

re-drill of DSDP Hole 596 and has matching solid-phase chemical concentration profiles, 

provided that Site U1365 depths are shifted upward by 2 m (Figure 4.3). Accordingly, we 

transferred the K-Pg boundary identified in Hole 596 (Zhou and Kyte, 1992) to Site 

U1365 to act as an age constraint. Other age constraints in Hole 596 (Zhou and Kyte, 

1992) acted as independent checks. For Site U1370, the constraints are the seafloor and 

the top of the thin carbonate layer that was dated to be within a few million years of the 

K-Pg boundary, 65.5 Ma (D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011; Alvarez-

Zarikian, 2015).  We did not extend the calculation of K deeper than the K-Pg boundary 

at Sites U1365 and U1370 due to the presence of biogenic sediment (chert and 

carbonates, respectively) to which application of the Co-based method is not appropriate. 

For each site each with its own age constraints, for sample i, 
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! !! ! ! ! !! !!" !"! ! !"# !!! !! !! ! !

! ! !
! !   (3) 

where  

! ! !  = hole depth interval that sample i represents (cm) 

! ! !"! ! !"# !!!  = concentration of non-detrital Co ("g/g) 

%i = Dry Bulk Density (g/cm3)  

! ! ! = time in total interval bracketed by age constraints (Myr) 

K = non-detrital input rate ("g/cm2/Myr) 

 

The depth intervals in a hole should sum to equal the total depth of the hole that is 

bounded on either side by the age constraints. 

! !! ! ! ! ! !   (4) 

where 

dt = total depth included between age constraints. 

 If the calculated non-detrital Co flux matches the estimates published in 

previous literature, these two approaches to the Co-based model should produce similar 

sedimentation rates and ages for each sample. A different calculated non-detrital Co flux 

may indicate (1) uncertainty within the parameters or assumptions of the model, or (2) 

that the previously published values of K are incorrect. 
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5.3. Ages; Sample-by-Sample  

Once instantaneous sedimentation rates are calculated for each sample using both 

techniques, we calculate the age of the samples (Table 4.S1). Broadly, this is done by 

applying a series of single instantaneous sedimentation rates to the series of depth 

segments through the sedimentary sequence (Figure 4.S1). It is critical that the sampling 

resolution is high enough to capture the compositional variability of the sequence so each 

sample is an accurate representation of that segment of core. 

The age of the shallowest sample can be calculated by applying the instantaneous 

sedimentation rate of that sample to the depth interval between the younger age constraint 

and that sample.  

! ! ! !! ! ! !
! ! ! ! !

! !
  (5) 

where initially A0 = 0 and D0 = 0 if the seafloor is the younger age constraint and  

A1 = age of the shallowest sample (Myr) 

D1 = depth of shallowest sample (cm) 

S1 = instantaneous sedimentation rate of shallowest sample (cm/Myr) 

 

The equation assumes that the sediment within the depth interval between the 

younger boundary constraint and the shallowest sample accumulated at the instantaneous 

sedimentation rate that was calculated for the shallowest sample. To calculate the age of 

the deeper samples, we assume half of the depth interval in between samples has the 

instantaneous sedimentation rate of the adjacent shallower sample and half of the depth 

interval has the rate of the adjacent deeper sample (Figure 4.S1). Using the two 
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instantaneous sedimentation rates we can calculate how much time has passed in between 

the two samples and add that to the age of the shallower sample to acquire the age of the 

deeper sample. In this way, samples deeper than the shallowest sample are calculated 

successively as follows, 

! ! ! ! ! ! ! !
!
!
! ! ! ! ! ! ! ! !

! ! ! !
!

!
!
! ! ! ! ! ! ! ! !

! !
 (6) 

Ai = age of the sample (Myr) 

Di = depth of sample (cm) 

Si = instantaneous sedimentation rate of sample (cm/Myr) 

 

The model can estimate the age of the lower boundary constraint (e.g., basalt) by 

applying the sedimentation rate of the deepest sample to the depth interval between the 

deepest sample and the lower boundary constraint.  

! ! ! ! ! !
! ! ! ! ! ! !

! !
  (7) 

AB = age of lower age constraint (Myr) 

An = age of deepest sample (Myr)  

DB = depth of lower age constraint (cm) 

Dn = depth of deepest sample (cm)  

Sn = instantaneous sedimentation rate of deepest sample (cm/Myr) 
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6. Dating samples below the chert layer at Site U1365 

At Site U1365, the age model cannot be extended continuously from seafloor to 

the basement basalt because the Co-based method cannot be applied to the ~18 m of chert 

present from ~44 – 62 mbsf. However, we can create a second age model that calculates 

ages from basalt and extends stratigraphically upward to the bottom of the chert layer.  

This technique allows us to calculate ages for samples deeper than the chert layer. We 

calculate instantaneous sedimentation rates of each sample, Si, in the same way as 

described above using Equation 2. We used modified versions of Equations 5-7 to 

calculate ages starting with the basement. Using the same notation as Equation 7, we 

determined the age of the deepest sample, n, by: 

! ! ! ! ! !
! ! ! ! ! ! !

! !
  (8) 

We calculated ages of the samples shallower than the deepest sample using a 

modified version of Equation 6. Using the same notation as Equation 6, the calculation is 

expressed as:  

! ! ! ! ! ! ! !
!
!

! ! ! ! ! ! !

! ! ! !
!

!
!
! ! ! ! ! ! ! ! !

! !
  (9) 

where samplei+1 refers to the next deepest sample from samplei in the stratigraphic 

column.  By combining this model starting at the basalt with the model starting at the 

seafloor at Site U1365 (and thus stratigraphically converging toward the thick chert 

sequence from above and below), we produce an age model for samples above and below 

the chert layer without applying the Co-based dating method directly to the chert layer 

itself. 
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7. Model Uncertainties 

Here we sequentially discuss the sensitivity and variability in model outcomes 

produced by the uncertainties associated with each input parameter.  A final 

determination of uncertainty is not as simple as a standard calculation of error 

propagation that does not consider error covariance, since many of the uncertainties are 

related to each other and/or act to cancel each other.  Nonetheless, it is illuminating to 

examine each step in the process of determining a Co-based age model to identify where 

further improvements can be found. 

First, the analysis of Cot in Equation 1 by ICP-MS is precise to ~2% of the 

measured value (Dunlea et al., 2015), establishing a baseline uncertainty of the entire 

methodology. 

Second, we examine the uncertainty associated with the statistical modeling of the 

bulk sedimentary composition, from which Cod in Equation 1 is determined. We 

statistically model the bulk sedimentary composition to determine the amount of “upper 

crust”, volcanic ash (a rhyolite), apatite, excess silica, Fe-Mn oxyhydroxide, and altered 

basalt, on a per sample basis (Dunlea et al., 2015). We determine that this number of 

components (6) and these specific compositions are necessary to fit the multivariate 

linear modeling. During the multivariate statistical partitioning process described in 

Dunlea et al. (2015), we test different specific compositions for each end-member to 

check the sensitivity of the partitioning calculations. For example, we test 3 different 
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rhyolite compositions (e.g., we compare an average rhyolite composition to two discrete 

ash layers from SPG marine sediment, etc.). Twelve combinations of the 6 final end-

members produce strongly similar trends and fit the dataset equally well. Because there is 

no reason to favor one model over the rest, we average the modeled mass fraction of each 

end-member of each sample that is output by the twelve models (e.g., we average the 

rhyolite results from the 12 models together for each sample, etc.). However, exactly 

which end-member we use for each of these components matters little for the Co-based 

accumulation rates. When we separately use the twelve multivariate statistical models 

[that we average to produce the final compositional model (Dunlea et al., 2015)] in the 

Co-based accumulation rate calculations, they yield non-detrital Co fluxes that varied less 

than 0.5% from each other. Thus, the potential uncertainty in partitioning end-members 

with the statistical model has a minimal effect on our age model. 

Third, we examine the uncertainty associated with the determination of the 

amount of Co in each compositional end-member. Average concentrations of Co 

concentrations in rhyolite are 10 ± 15 "g/g (GEOROC, 2014), and typical continental 

crust sources (Chinese Loess, NASC, PAAS, GLOSS, UCC) range from 17 – 25 "g/g 

(Taylor et al., 1983; Gromet et al., 1984; Taylor and McLennan, 1985; Plank and 

Langmuir, 1998; Rudnick and Gao, 2003). Whether we use 17 "g/g or 25 "g/g in the Co 

model for the “upper crust” end-member to calculate the !" !  of Equation 1 will have 

more of an effect on the sites with a higher portion of eolian dust and ash (U1369 and 

U1370). As a sensitivity test, we compare the non-detrital Co fluxes at each site from the 

highest and lowest reasonable Co concentrations for each detrital end-member; this 
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comparison indicates a ~7% difference in Sites U1365 and U1366 and a ~15% difference 

in Sites U1369 and U1370.  

 Fourth, we examine the lower age constraint provided by the age of the basement 

(ocean basalt) at Sites U1366 and U1369.  Obviously, this has a significant impact on age 

model outcomes when the basement age itself is only broadly known. For example, the 

basement of Site U1366 occurs within magnetic polarity Chron 34n, which ranges in age 

from 84 to 124.6 Myr (D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011). Taken at face 

value, this range causes a 33% difference in the calculated flux of non-detrital Co. 

However, tectonic models of the complex triple junction where this basement was formed 

significantly narrows basement age to be within 90-105 Ma (Pockalny and Dahn, 2013) 

and causes only a 14% difference in the flux of non-detrital Co estimates. We selected a 

mid-point basement age of 95 Ma to construct the model at Site U1366.  Although Site 

U1365 occurs on the same magnetic polarity chron as Site U1366, Re and Os isotope 

dating of basalt at Site U1365 tightly constrains the basement age to be ~103 Ma (G.L. 

Zhang, 2014, pers. comm.). Site U1369 is located within magnetic polarity Chron 25r 

(D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011), which has a narrow basement age 

range (57.2 to 58.4 Myr, Gradstein et al., 2004) that only causes an ~2% difference in the 

calculated non-detrital Co flux. At Site U1370 and the shallower interval (0-18 mbsf) of 

Site U1365, the K-Pg boundary is used as the lower age constraint and has a well-known 

age with essentially zero uncertainty (Zhou and Kyte, 1992; Alvarez-Zarikian, 2015).  

Fifth, the model would be improved with a more rigorous stratigraphic correlation 

at each site. If samples in this study from different holes at a single site do not correctly 
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overlap, they will not represent an accurate interval of sediment. Additionally, core gaps 

that align between different holes at the same site prevent the construction of a complete 

splice and some of the total sediment depth may be missing. When calculating the non-

detrital Co input rate, K (Equation 2), a missing segment of core would lower the total 

sum of non-detrital Co that accumulated between the age brackets causing the overall K 

to be too low.  

Sixth, ash layers, hardgrounds, hiatuses, intervals of rapid biogenic deposition, or 

other instances of either very high or very low sedimentation rate can impose error on the 

age model by introducing depth intervals that are not representative of the rest of the 

sequence. For example, if a bulk sample is used to represent an interval that includes a 

discrete ash layer or if a bulk sample included part of an altered discrete ash layer, the 

samples will not represent the overall sediment composition. For example, to account for 

hardgrounds in the sediment column when developing their estimates of non-detrital Co, 

Zhou and Kyte (1992) used a Mn-encrusted hardground thickness and average 

composition to calculate the amount of extra “hydrogenous” Co incorporated into this 

phase (stated to be 5% more Co) and added it to the total “hydrogenous” Co. This value 

is untestable and we do not include any such approximations. At Site U1365, we were 

able to date samples shallower and deeper than the anomalous chert layer by combining 

two age models, one starting from the seafloor and going to the K-Pg boundary and the 

second starting from the basalt and extending up to the bottom of the chert layer, as 

described above. At Site U1370, core disturbance (flow-in) and our small number of 
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samples below the carbonate layer prevented us from modeling the age of sediment 

below the K-Pg boundary.  

The above presentation highlights the importance of understanding uncertainty at 

each site in a Co-based age model, due to the fact that each site is likely to have a unique 

set of conditions and/or assumptions associated with it.  Some of the uncertainties 

introduce systematic errors and others introduce random errors that propagate differently. 

To arrive at a final general confidence level for each age model, we have taken the 

approach of running “ensembles” of models that allow us to collectively assess variability 

in the final result at any given site.  

 

8. Non-detrital Co fluxes at Sites U1365, U1366, U1369, and U1370 

Analyses, calculations, and models from Sites U1366 and U1369 separately 

produce a flux of non-detrital Co (1812 and 1652 "g/cm2/Myr, respectively) that is close 

to, but slightly less than, the lowest previously published estimate for pelagic clay of 

1990 "g/cm2/Myr (Zhou and Kyte, 1992).  

For Site U1365, using the K-Pg boundary as a lower age constraint, the modeling 

yields a non-detrital Co flux of 2051 "g/cm2/Myr. This is very close to the value of 1990 

"g/cm2/Myr for nearby Hole 596 by Zhou and Kyte (1992), despite minor differences in 

approach.  

Site U1370 produced a non-detrital Co flux of 4176 "g/cm2/Myr, which is the 

highest value amongst the SPG sites, but still lower than the highest previously published 
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estimates of 5000 "g/cm2/Myr (Krishnaswami, 1976).  However, considering the tight 

clustering of other previously published values and estimates in this study from Sites 

U1366, U1369, and U1365 (to the K-Pg boundary), we believe our Site U1370 estimate 

is not representative of regional fluxes. Instead, as discussed later in this paper, we regard 

this estimate of K at Site U1370 to reflect a local increase due to an enhanced source of 

Co affecting Co concentrations in the overlying water.  

We estimate the non-detrital flux of Co to pelagic clay ranges from 2000 ± 350 

"g/cm2/Myr and use this range of K values in our model to further assess the sensitivity 

of Co-based ages and sedimentation rates at each site (Table 4.S1, Figure 4.4 and Figure 

4.5). Because instantaneous sedimentation rates are directly proportional to K, rates 

produced using a K of 1650 "g/cm2/Myr are 30% different than rates produced with a K 

of 2350 "g/cm2/Myr (since the two K values are 30% different). Unlike sedimentation 

rates, age estimates from different K values become more divergent as time intervals 

between independent age constraints lengthen. Because flux estimates are rates, the 

difference in ages produced by these two K values increases with time. Thus, Site U1366 

with a basement age of ~95 Ma exhibits up to a 31-Myr difference between the models 

with two different K values, while Site U1369 with a basement age of 58 Ma exhibits a 

17-Myr difference.  

As per Equations 2 and 5-7, the non-detrital Co at each site also influences 

estimates of sedimentation rate and age. Higher fluxes of non-detrital Co (e.g., Site 

U1370) amplify the resultant K value, producing a more divergent age model than a site 

with lower fluxes of non-detrital Co (e.g., U1365). Consequently, although we modeled 
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the same time interval (0-65.5 Ma) at Sites U1365 and U1370, the two K values produced 

ages that differed more at Site U1370 (49 Myr) than at Site U1365 (24 Myr). This is 

because the higher non-detrital flux of Co that we calculated at Site U1370 relative to 

Site U1365 translates into very slow sedimentation rates and thus a greater difference in 

age estimates at Site U1370. 

In summary, at each site, the sensitivity of modeled ages to varying non-detrital 

Co fluxes is controlled mainly by the length of the time interval between independent age 

boundary constraints and the fluxes of non-detrital Co. In our interpretations, we consider 

the models created using the range of K values as part of our ensemble approach. 

Additional independent discrete age points would reduce the uncertainty in age estimates 

caused by variability in non-detrital Co flux. 

We do not have access to additional independent age constraints at Sites U1366, 

U1369 or U1370. However, independent age constraints from Hole 596 that were depth 

shifted upward by 2 m at Site U1365 (Figure 4.3) indicate that the ages produced in this 

study agree within 7 Myr. Given the uncertainties of the model (Sect. 6, this chapter), 

these estimated ages are consistent with the independent age checks within error. 

Compared with the assumptions and results of the linear sedimentation rate model, our 

Co-based model significantly improves age and sedimentation rate estimates at every site 

we studied (Figure 4.4 and 4.5). 
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9. How constant is the flux of non-detrital Co to pelagic clay? 

The historical development and application of Co-based accumulation rate 

modeling has implicitly or explicitly (depending on the study) considered that the flux of 

non-detrital Co to the seafloor is spatially and temporally constant, at least within the 

uncertainty imposed by the range of input parameters. While additional age constraints 

are required to define temporal variations within a site, our multi-site approach shows 

that there are spatial differences in non-detrital Co flux to the seafloor throughout the 

SPG.  

Our non-detrital Co fluxes from Sites U1366 and U1369 are slightly lower than 

previously published global values. The earlier values are from sites in the North Pacific 

or closer to continents in the SPG. In contrast, plate reconstructions of Sites U1366 and 

U1369 indicate that they have always been located towards the center of the SPG (Figure 

4.1). Gyre centers have lower Co concentrations in seawater, which we infer caused the 

lower non-detrital Co flux results at these two sites.  Additionally, extremely low levels 

of productivity near the center of the gyre would minimize any potential biological export 

of Co to the seafloor. Such variations in the water column are key to understanding the 

spatial and temporal variability of Co fluxes to the seafloor. 

Site U1370 was located relatively close to Antarctica (~800 km; Gurnis et al., 

2012) at the beginning of the Cenozoic (~65 Ma), a time when ocean circulation patterns 

were very different from today. Indeed, with the Drake Passage and Tasmanian Gateway 

then closed (Barker et al., 2007), some ocean models predict a second polar gyre that 

circulated in the region where Site U1370 was located at the time (Huber et al., 2004). 
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These paleoceanographic conditions, along with proximity to Antarctica, could have 

increased the non-detrital flux to Site U1370 in a variety of ways, including: (i) OMZ 

expansion/contraction causing higher Co concentrations in the overlying water column, 

(ii) upwelling along the gyre boundaries causing redistribution of Co and other nutrients, 

and (iii) increased biogenic export of Co to the seafloor in regions of enhanced 

upwelling. While we are unable to differentiate the relative importance of these processes 

in the past, even at the present-day Site U1370 remains further southeast and closer to 

continents than Sites U1366 and U1369 (Figure 4.1). Consequently, it may still receive a 

higher flux of non-detrital Co.  This proximity to continents, and the associated 

oceanographic variables mentioned above, may lead to higher amounts of Co in the water 

column and result in the higher non-detrital flux to the seafloor.  This would explain the 

high K values we determined for Site U1370.  

Since the processes that affect non-detrital Co removal to the seafloor may be 

more variable close to continents and in regions of upwelling, a Co-based age model is 

most effective in open-ocean regions far from shore, where the concentration of Co in the 

water column is relatively homogenous. The relative homogeneity of Co concentrations 

in the open ocean and the slow, leaky process by which Co is deposited to the seafloor 

cause it to be inversely proportional to sedimentation rate. Co-based age models are best 

suited at locations where the sediments remain completely oxygenated (Fischer et al., 

2009; D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011; Røy et al., 2012; D’Hondt et al., 

2015).  Nearer to continents, seawater heterogeneities and potential long-term variations 

in OMZ strength and extent, upwelling, and biogenic export of Co decrease the 
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applicability of Co-based age models.  Certainly, comparing proximal and distal locations 

is not advised, due to these known variations in seawater chemistry and removal process. 

Co-based age models applied to shorter, more recent time scales are likely to be 

more accurate given the similarities between the present day and the past distribution of 

Co in the water column and flux of non-detrital Co to the seafloor. To apply a Co-based 

age model to longer time scales requires consideration of the paleolocation of the given 

site and awareness that the Co distribution in the water column may have changed over 

time in ways that are unknown. Additional independent age constraints (from Os isotope 

or Sr isotope analyses) could be used to track the temporal variability of the non-detrital 

Co flux to the seafloor by bracketing different time intervals covered in the sedimentary 

sequence. A Co-based model constrained with independent ages that is carefully applied 

to the appropriate site or intervals within a site is capable of providing an effective record 

of sedimentation rates and ages of pelagic clay. 

 

10. How fast did the chert accumulate at Site U1365? 

Although the Co-based method is not directly applicable to the chert layer at Site 

U1365, it can be used indirectly to estimate how quickly the chert and surrounding Si-

rich sediment accumulated.  At Site U1365, we constructed two Co-based age models, 

one starting from the seafloor and extending downward to the K-Pg boundary and the 

other starting at the basalt and extending upward to the base of the chert layer. According 

to the Co-based age models, the 50.9 m gap occurred in 30.5 Myr, suggesting that the 
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average sedimentation rate of the chert and clay with excess Si was 1.67 m/Myr (0.167 

cm/kyr). Since the interval between the Co-based models at Site U1365 includes both 

chert and pelagic clay interlaced with porcellanite layers, it is likely that the accumulation 

rate was not constant over this entire interval, but slower during the accumulation of clay 

and faster during chert accumulation. Regardless, our estimate of chert accumulation is 

an improvement over simple linear sedimentation rate estimates derived from the age of 

the seafloor and basalt.  

 

11. Improving Basement Age Constraints at Site U1366 

In addition to dating pelagic clay, the Co-based model can be a powerful tool for 

constraining basement age ranges. For example, Site U1366 was formed in a tectonically 

complex region and its basement age is difficult to tectonically model any more tightly 

than the range of ages determined by the magnetic polarity chron (84-124.6 Ma). Using 

this range of basement ages in the Co-based model produces a range of non-detrital Co-

fluxes, some of which are comparable to the current estimates of K (2000 ± 350 

"g/cm2/Myr) and some of which are lower (Figure 4.6). Calculation of non-detrital Co 

flux estimates that are lower than the current known range of K (< 1650 "g/cm2/Myr) 

suggests that a basement age estimate is too high. At Site U1366, non-detrital Co fluxes 

within the range of known estimates only occur when using ages that range from 85-104 

Ma. This range is narrower than the range given by the magnetic polarity chron and 
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agrees with additional tectonic modeling of abyssal hill lineations in the region that 

estimate basement age to be 90-105 Ma (Pockalny and Dahn, 2013).  

 

12. Are the double peaks at Sites U1365 and U1366 synchronous?  

Our results indicate that two local maxima in sedimentation rate occurred near the 

basement at both Sites U1365 and U1366, which are located relatively near each other 

(Figure 4.7). It is possible that these were synchronous events recorded at both sites. 

However, to align these double peaks, the basement at Site U1366 would have to be 115 

Ma, and the non-detrital Co would have accumulated with a K value of 1497 

"g/cm2/Myr. While 115 Ma is within the basement age range defined by the magnetic 

polarity chron, it is clearly higher than more refined tectonic modeling predicts (Pockalny 

and Dahn, 2013).  Furthermore, the K value of ~1500 "g/cm2/Myr is lower than our 

determined accepted range (Figure 4.6).  Thus, it is unlikely that the two deep local 

maxima were synchronous at Sites U1365 and U1366.  Instead, hydrothermal, biogenic 

Si, and ash layer deposits identified in these intervals may be responsible for the high and 

variable sedimentation rates (Dunlea et al., 2015). 

 

13.  Conclusion 

Our basin-wide, multi-site approach highlights the utility of Co-based age models 

for quantitative, stratigraphically useful, age control in otherwise homogeneous ultra-fine 
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grained pelagic clay sequences. Furthermore, we are able to assess variability in the flux 

of non-detrital Co to pelagic clay and relate it to Co concentration heterogeneities within 

the water column. The accumulation rate of non-detrital Co, is not “constant”.  After 

addressing the variable deposition of non-detrital Co, we have identified a series of 

conditions that must be met for this dating method to work at a given location and 

successfully constructed age models to 65.5 Ma, 95 Ma, and 58 Ma, for SPG Sites 

U1365, U1366, and U1369, respectively.  We also apply this Co-based technique to 

improve estimates of chert accumulation at Site U1365, and help constrain loosely 

defined basement ages at Site U1366 and thus support tectonic modeling results. 

A site is ideally suited for a Co-based age model if it has always been completely 

oxygenated and located in the distal open-ocean since being created at a MOR. Sites 

nearer to continents in the present or past are more susceptible to heterogeneities in 

seawater composition and potential long-term variations in OMZ strength and extent and 

biological export of Co; these susceptibilities decrease the applicability of Co-based age 

models for such locations. For example, we show that Site U1370 received an 

anomalously high flux of non-detrital Co, most likely because it was too close to a source 

of Co to the water column from sediment along the coast of Antarctica at the beginning 

of the Cenozoic.  

We estimate the non-detrital Co flux to pelagic clay in the open ocean to be 2000 

± 350 "g/cm2/Myr. Deviations from this range may indicate variable non-detrital Co 

deposition, poorly constrained independent ages, and/or the presence of an anomalous 

sediment layer or hiatus. 
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We used the Co-based technique as a method to determine instantaneous 

sedimentation rate in sequences with virtually no other age control.  However, the Co-

based technique could be inverted to examine temporal changes in the water column.  For 

example, future Co work at a site with excellent independent age control, could track 

variations in non-detrital Co deposition during different time intervals of sediment 

deposition. Combined with the paleopostion of the site, these variations in Co 

accumulation could provide insight into large-scale alteration and redox state of coastal 

sediment and OMZ behavior throughout the Cenozoic.  
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Figure 4.1.  Top. Site locations plotted on a background map of seasurface chlorophyll 
concentrations (http://oceancolor.gsfc.nasa.gov/SeaWiFS/). Middle and Bottom. 
Sites with backtrack paths (Seton et al., 2012; Gurnis et al., 2012) against age of 
oceanic lithosphere (Müller et al., 2008) at 35 Ma and 65 Ma.   

Paths are plotted against a latitude/longitude reference frame, and thus appear to cross the 
East Pacific Rise, when in reality each site’s history has entirely been on the Pacific 
Plate. 
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Figure 4.2. (A) Total Co concentrations in ("g/g) (Cot, in Equation 1) and (B) Co/Al 
("g/g) ratio vs. depth (meters below seafloor).  Arrow indicates Co concentration 
("g/g) and Co/Al ("g/g) of PAAS (23 "g/g and 2.3 "g/g; Taylor and McLennan, 
1985) and MORB (43 "g/g and 5.54 "g/g; Gale et al., 2013).  
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Figure 4.3. Co concentration ("g/g) vs. depth (meters below seafloor) at Site U1365 
(from Figure 4.2) and Hole 596 (Zhou and Kyte, 1992).   

The position of the K-Pg Boundary in Hole 596 is indicated by black dashed line. Note 
the slight offset between profiles; when Site U1365 is shifted downward by 2 m the two 
profiles match extremely well.   
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Figure 4.4. Age (Ma) vs. depth (mbsf) at the four SPG sites.  

The black dots are the Co-based models for each site that were analyzed using the non-
detrital Co flux calculated from the Co data and age constraints specific to that site (K in 
"g/cm2/Myr). The maximum and the minimum non-detrital Co flux (2350 "g/cm2/Myr 
and 1650 "g/cm2/Myr) estimates were also analyzed in each model to determine 
uncertainty in the ages (shaded gray area). For comparison, an age model constructed 
assuming a simple linear sedimentation rate from the seafloor to the basement (or to the 
K-Pg boundary at Site U1370) is plotted (blue line). Site U1365 is a combination of two 
Co-models, one beginning from the seafloor and a second beginning from the basement, 
to avoid application of the Co-based model to the interval of chert (~44 to 62 mbsf). The 
sediment-basalt interface is marked by a solid brown line and below is shaded in yellow 
with the darker gradient depicting the uncertainty in basement age. At Site U1370, a 
brown dashed line marks the K-Pg boundary that was used as a lower age constraint for 
the calculations of K at that site.  
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Figure 4.5. Upper row. Instantaneous sedimentation rate (cm/Myr) vs. age (Ma). Bottom 
row.  Bulk sediment mass accumulation rate (g/cm2/Myr) vs. age (Ma).  

Ages are modeled with the non-detrital Co flux estimates specific to each site. 
Instantaneous sedimentation rates are an average of three models using a non-detrital flux 
estimate of 1650 "g/cm2/Myr, 2350 "g/cm2/Myr, and the estimate calculated specific to 
each site. The gray lines represent the maximum and minimum in these ranges. The 
simple linear sedimentation rate (from Figure 4.4) is plotted for comparison (blue lines). 
The gap in the Co-based model at Site U1365 contains the chert layer to which the Co-
based technique cannot be directly applied.  
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Figure 4.6. Estimates of the flux of non-detrital Co at Site U1366 (green dots) that are 
calculated using the range of basement ages inferred from the magnetic polarity 
Chron 34n (84 – 124.6 Ma, Gradstein et al., 2004).  

Site U1366 only produces non-detrital Co fluxes within the range of current estimates 
(1650 to 2350 "g/cm2/Myr) when the basement age is 84-104 Ma. 
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Figure 4.7. Bulk sediment mass accumulation rate (g/cm2/Myr) vs. age (Ma) for Sites 
U1365 and U1366 (from Figure 4.5) are plotted using basement ages of 95 Ma 
and 103 Ma, respectively.  

The double peaks at both sites are likely not synchronous. 
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Figure 4.S1. Instantaneous sedimentation rates (cm/Myr) vs. depth (mbsf) for the Co-
model at Sites U1365, U1366, U1369, and U1370.  

 Instantaneous sedimentation rates are an average of three models using a non-
detrital flux estimate of 1650 "g/cm2/Myr, 2350 "g/cm2/Myr, and the estimate calculated 
specific to each site (black line). The gray lines represent the maximum and minimum 
sedimentation rates produced by the three non-detrital flux values. For comparison, the 
linear sedimentation rate is plotted assuming a simple linear sedimentation rate from the 
seafloor to the basement (or to the K-Pg boundary at Site U1370) (blue line). 
 When calculating the non-detrital flux of Co and ages at a specific site, it is 
necessary to assume that a sample composition is representative of the composition of a 
segment of core. In this study, each sample represented a stratigraphic mid-point of an 
interval of core, so that some of the sediment above and below that sample was assumed 
to be of the same composition as that sample. The black and gray lines represent the 
instantaneous sedimentation rate at each depth assuming each sample is the stratigraphic 
mid-point of a depth interval.  
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Table 4.1. Summary of IODP sites examined in this study. (D’Hondt, Inagaki, Alvarez-
Zarikian et al., 2011). 

  

Site Latitude Longitude
Water
Depth

Total 
Sediment 
Thickness

Polarity Chron 
Age Range

Tectonic
 Reconstruction

 Estimate
(m) (m) (Ma) (Ma)

U1365 !  23¡51' !  165¡39' 5697 75.6 84-124.6 100
U1366 !  26¡03' !  156¡54' 5127 34 84-124.6 95
U1367 !  26¡29' !  137¡56' 4285 22 33.3-33.7 33.5
U1369 !  39¡19' !  139¡48' 5283 16 57.2-58.4 58
U1370 !  41¡51' !  153¡06' 5076 73 73.6-79.5 75
U1371 !  45¡58' ! 163¡11' 5306 132 71.5-72.9 73
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Table 4.S1. Pelagic clay samples from sites drilled during IODP Expedition 329, Co and 
Al concentrations, Dry Bulk Density, and Co-based model parameters and results. 

  

Site Hole Core
Core
Type Sect.

Interval 
Top

 Interval 
Bot Depth

Modified 
Depth

Total Co 
Concentration

Al 
Concentration Co/Al

(cm) (cm) (mbsf) (mbsf) (ppm) (ppm) (g/g)

U1365 B 1 H 1 30 40 0.35 69.94 8.75 8.00
U1365 B 1 H 1 80 90 0.85 69.61 8.86 7.86
U1365 B 1 H 1 130 140 1.35 91.17 8.68 10.50
U1365 B 1 H 3 70 80 3.75 117.69 8.53 13.79
U1365 B 2 H 1 130 140 5.45 108.49 7.91 13.71
U1365 B 2 H 2 65 75 6.30 97.42 8.24 11.82
U1365 B 2 H 3 65 75 7.80 179.60 8.08 22.22
U1365 B 2 H 3 130 140 8.45 176.10 8.40 20.97
U1365 B 2 H 4 130 140 9.95 362.51 7.21 50.28
U1365 B 2 H 5 130 140 11.45 327.93 6.56 50.00
U1365 B 2 H 7 48 58 13.63 393.49 6.44 61.06
U1365 B 3 H 2 65 75 15.80 326.94 7.38 44.32
U1365 B 3 H 3 130 140 17.95 342.42 7.36 46.53

U1365 B 3 H 6 65 75 21.80 238.23 7.66 31.11
U1365 B 4 H 1 130 140 24.45 290.91 7.09 41.02
U1365 B 4 H 2 65 75 25.30 252.74 7.12 35.52
U1365 B 4 H 4 65 75 28.30 217.15 7.45 29.16
U1365 B 4 H 6 130 140 31.95 243.09 7.48 32.49
U1365 B 5 H 1 130 140 33.95 237.63 7.50 31.68
U1365 B 5 H 2 130 140 35.45 243.15 7.10 34.23
U1365 B 5 H 3 0 10 35.65 233.99 7.18 32.60
U1365 B 5 H 4 65 75 37.80 145.06 6.18 23.48
U1365 B 5 H 6 65 75 40.80 51.31 3.42 14.99
U1365 B 5 H 7 53 63 42.18 79.80 4.63 17.24
U1365 B 8 H 2 30 40 65.35 12.73 0.49 25.98
U1365 B 9 H 2 30 40 68.85 34.87 1.58 22.13
U1365 B 9 H 2 80 90 69.35 46.77 1.17 39.95
U1365 B 9 H 3 80 90 70.90 69.19 0.69 100.74
U1365 B 9 H 4 130 140 72.90 65.50 0.95 69.27
U1365 B 9 H 5 80 90 73.9 15.54 5.29 2.94
U1365 C 9 H 3 70 80 74.75 72.95 0.87 83.69
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  U1366 D 1 H 1 30 40 0.35 0.75 188.14 8.34 22.55
U1366 D 1 H 1 130 140 1.35 1.75 223.92 8.26 27.11
U1366 D 1 H 2 80 90 2.35 2.75 172.21 8.68 19.85
U1366 F 1 H 3 60 70 3.65 3.65 182.09 8.66 21.03
U1366 D 1 H 3 30 40 3.35 3.75 185.61 8.54 21.74
U1366 D 1 H 3 130 140 4.35 4.75 170.47 8.72 19.54
U1366 D 1 H 4 30 40 4.85 5.25 181.28 8.90 20.38
U1366 D 1 H 4 80 90 5.35 5.75 174.16 8.60 20.26
U1366 D 1 H 4 130 140 5.85 6.25 160.03 8.64 18.52
U1366 D 1 H 5 30 40 6.35 6.75 185.09 8.43 21.96
U1366 D 1 H 5 80 90 6.85 7.25 177.27 8.39 21.12
U1366 D 1 H 5 130 140 7.35 7.75 173.40 8.41 20.63
U1366 D 1 H 6 80 90 8.35 8.75 225.49 8.13 27.72
U1366 D 1 H 7 10 20 8.85 9.25 214.84 8.25 26.05
U1366 F 2 H 2 50 60 7.55 9.35 244.05 8.23 29.66
U1366 D 2 H 1 30 40 9.75 10.15 338.32 8.24 41.05
U1366 D 2 H 1 80 90 10.25 10.65 382.30 7.70 49.63
U1366 D 2 H 1 130 140 10.75 11.15 491.53 7.48 65.72
U1366 D 2 H 2 80 90 11.75 12.15 315.63 6.20 50.92
U1366 F 2 H 4 50 60 10.55 12.35 306.24 6.31 48.49
U1366 D 2 H 2 130 140 12.25 12.65 299.57 5.63 53.17
U1366 D 2 H 3 30 40 12.75 13.15 284.84 5.32 53.52
U1366 D 2 H 3 130 140 13.75 14.15 387.07 5.04 76.87
U1366 F 2 H 5 80 90 12.35 14.15 366.93 6.35 57.78
U1366 F 2 H 6 0 10 13.05 14.85 275.39 6.49 42.45
U1366 D 2 H 4 80 90 14.75 15.15 284.41 7.00 40.63
U1366 D 2 H 4 130 140 15.25 15.65 249.34 6.28 39.72
U1366 F 3 H 1 30 40 14.35 16.15 285.22 4.86 58.70
U1366 F 3 H 1 80 90 14.85 16.65 312.46 4.85 64.37
U1366 F 3 H 1 130 140 15.35 17.15 29.04 1.27 22.81
U1366 F 3 H 2 30 40 15.85 17.65 59.98 3.78 15.85
U1366 F 3 H 2 80 90 16.35 18.15 78.95 4.87 16.21
U1366 F 3 H 3 30 40 17.35 19.15 65.54 2.66 24.67
U1366 F 3 H 3 130 140 18.35 20.15 62.64 1.78 35.15
U1366 F 3 H 4 80 90 19.35 21.15 41.06 2.02 20.30
U1366 F 3 H 5 30 40 20.35 22.15 58.82 1.26 46.79
U1366 F 3 H 5 130 140 21.35 23.15 74.73 1.45 51.50
U1366 F 3 H 6 80 90 22.35 24.15 91.85 3.78 24.28
U1366 F 3 H 7 20 30 23.25 25.05 92.30 1.89 48.89
U1366 F 4 H 1 80 90 24.35 26.15 87.43 1.78 49.21
U1366 F 4 H 2 30 40 25.35 27.15 75.00 1.06 71.02
U1366 F 4 H 2 120 130 26.25 28.05 64.82 1.12 58.03
U1366 F 4 H 3 80 90 27.35 29.15 57.06 1.05 54.44
U1366 F 4 H 3 10 20 28.15 29.95 66.01 1.52 43.42
U1366 F 4 H 3 40 50 29.36 31.16 62.57 1.77 35.38

U1367 C 1 H 1 0 10 0.05 275.61 5.07 54.33
U1367 C 1 H 1 50 60 0.55 327.49 5.97 54.90
U1367 C 1 H 1 100 110 1.05 314.19 5.85 53.70
U1367 C 1 H 3 0 10 3.05 296.27 5.29 56.02
U1367 C 1 H 3 140 150 4.45 188.17 3.50 53.70
U1367 C 1 H 4 50 60 5.05 234.09 3.57 65.63

0
U1369 C 1 H 1 5 15 0.10 84.10 8.30 10.13
U1369 C 1 H 1 40 50 0.45 89.84 8.39 10.71
U1369 C 1 H 1 140 150 1.45 124.45 8.31 14.97
U1369 C 1 H 2 90 100 2.45 127.05 8.29 15.33
U1369 C 1 H 2 140 150 2.95 109.61 8.49 12.91
U1369 C 1 H 3 40 50 3.45 89.34 8.23 10.86
U1369 C 1 H 3 90 100 3.95 103.39 8.18 12.64
U1369 C 1 H 3 140 150 4.45 109.61 8.08 13.57
U1369 C 1 H 4 122 132 5.77 106.50 8.19 13.00
U1369 C 2 H 1 140 150 7.45 175.08 8.42 20.79
U1369 C 2 H 2 140 150 8.95 161.02 8.59 18.75
U1369 C 2 H 3 140 150 10.45 101.40 8.21 12.35
U1369 C 2 H 4 140 150 11.95 128.08 8.08 15.85
U1369 C 2 H 5 90 100 12.95 114.81 7.99 14.38
U1369 C 2 H 6 40 50 13.95 141.92 8.42 16.86
U1369 C 2 H 6 140 150 14.95 211.09 8.27 25.53
U1369 C 2 H 7 35 45 15.40 199.85 7.92 25.23
U1369 C 2 H 7 69 79 15.74 195.65 8.61 22.72

16.00
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U1370 E 1 H 1 5 15 0.1 73.94 8.66 8.54
U1370 E 1 H 1 42.5 52.5 0.475 71.06 8.60 8.26
U1370 E 1 H 1 140 150 1.45 72.24 8.73 8.28
U1370 E 1 H 2 90 100 2.45 68.79 8.63 7.97
U1370 E 1 H 3 40 50 3.45 83.64 8.87 9.43
U1370 E 2 H 1 140 150 7.65 58.39 8.72 6.70
U1370 E 2 H 2 140 150 9.15 58.21 8.65 6.73
U1370 E 2 H 4 140 150 12.15 75.19 8.83 8.52
U1370 E 2 H 5 140 150 13.65 70.38 9.03 7.80
U1370 E 2 H 6 113 123 14.88 86.03 8.82 9.76
U1370 E 3 H 1 140 150 17.15 73.51 8.46 8.69
U1370 E 3 H 2 140 150 18.65 73.50 8.39 8.76
U1370 E 3 H 3 140 150 20.15 72.28 8.35 8.66
U1370 E 3 H 4 140 150 21.65 64.95 8.35 7.78
U1370 E 3 H 5 140 150 23.15 67.20 8.28 8.11
U1370 E 4 H 1 140 150 26.65 60.91 8.25 7.39
U1370 E 4 H 3 140 150 29.65 74.93 8.16 9.18
U1370 E 4 H 5 140 150 32.65 86.46 8.73 9.90
U1370 E 5 H 1 140 150 36.15 81.31 8.90 9.14
U1370 F 5 H 3 140 150 39.65 87.34 9.14 9.56
U1370 E 5 H 6 60 70 42.79 88.26 8.84 9.98
U1370 E 6 H 2 134 144 47.09 106.15 9.22 11.51
U1370 E 6 H 5 100 110 51.18 131.34 8.55 15.36
U1370 F 7 H 1 140 150 55.65 173.32 8.43 20.57
U1370 F 7 H 2 140 150 57.15 214.18 7.93 27.00
U1370 F 7 H 3 140 150 58.65 238.44 8.11 29.40
U1370 F 7 H 4 140 150 60.15 243.36 7.59 32.05
U1370 F 7 H 5 140 150 61.65 243.74 7.89 30.89

U1370 F 7 H 6 140 150 63.15 207.15 6.88 30.10
U1370 E 9 H 1 140 150 63.55 30.29 3.33 9.09
U1370 E 9 H 2 140 150 65.05 52.50 2.95 17.81
U1371 E 12 H 2 140 150 106.15 24.48 8.67 2.82
U1371 E 13 H 1 140 150 114.15 53.01 8.28 6.40
U1371 E 13 H 4 140 150 118.65 51.84 8.31 6.24
U1371 E 13 H 7 29 39 122.04 46.38 8.06 5.75
U1371 E 14 H 3 130 150 126.6 92.22 9.05 10.19
U1371 E 14 H 4 130 150 128.1 123.46 8.29 14.89
U1371 E 14 H 6 56 66 130.31 30.38 5.86 5.18
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Non-detrital
Co

Dry Bulk
Density

Linear Sed 
Rate

Sed. Rate
(K=1650)

Sed. Rate
(K=2350)

Sed. Rate
(K=calculated)

(ppm) (g/cm3) (cm/Myr) (cm/Myr) (cm/Myr) (cm/Myr)

51.29 0.34 !"#$% 93.78 133.56 116.54
51.37 0.36 !"#$% 89.38 127.30 111.08
72.25 0.38 !"#$% 60.59 86.29 75.29
98.78 0.36 !"#$% 46.10 65.66 57.29
92.66 0.33 !"#$% 54.63 77.81 67.90
82.29 0.35 !"#$% 56.68 80.72 70.43
165.26 0.41 !"#$% 24.23 34.51 30.11
160.99 0.41 !"#$% 25.20 35.89 31.32
349.67 0.37 !"#$% 12.59 17.94 15.65
316.32 0.33 !"#$% 15.69 22.35 19.50
380.23 0.31 !"#$% 14.14 20.14 17.58
312.97 0.33 !"#$% 16.19 23.06 20.12
328.28 0.32 !"#$% 15.51 22.09 19.28

225.28 0.38
278.53 0.40
240.34 0.40
203.69 0.41
225.31 0.42
221.97 0.51
229.02 0.45
219.61 0.44
135.40 0.39
46.02 0.37
72.52 0.39
11.63 0.41
31.48 0.37 !"#$% 142.21 202.54 176.74
43.71 0.36 !"#$% 104.41 148.71 129.76
68.22 0.37 !"#$% 64.70 92.14 80.40
63.93 0.44 !"#$% 59.13 84.22 73.49
8.63 0.46 !"#$% 412.95 588.14 513.21
72.10 0.50 !"#$% 45.73 65.12 56.83



!

!

193 

  170.19 0.35 35.79 27.65 39.39 30.37
205.85 0.36 35.79 22.33 31.81 24.52
154.47 0.36 35.79 29.62 42.18 32.52
164.36 0.39 35.79 25.79 36.73 28.32
167.73 0.36 35.79 27.13 38.63 29.79
152.81 0.38 35.79 28.50 40.59 31.30
164.04 0.39 35.79 26.01 37.04 28.56
157.14 0.39 35.79 27.09 38.58 29.75
143.53 0.39 35.79 29.82 42.47 32.74
168.45 0.39 35.79 25.04 35.66 27.49
160.48 0.40 35.79 25.49 36.30 27.99
156.35 0.41 35.79 25.85 36.82 28.39
210.28 0.40 35.79 19.85 28.27 21.80
199.43 0.38 35.79 21.98 31.31 24.14
227.20 0.33 35.79 22.26 31.71 24.45
322.54 0.34 35.79 15.07 21.46 16.55
367.33 0.30 35.79 15.01 21.38 16.48
478.33 0.29 35.79 11.83 16.85 12.99
304.62 0.32 35.79 17.11 24.37 18.79
296.15 0.30 35.79 18.85 26.85 20.70
290.04 0.33 35.79 17.01 24.23 18.68
275.89 0.35 35.79 17.09 24.34 18.76
377.17 0.39 35.79 11.16 15.89 12.25
356.90 0.39 35.79 11.75 16.73 12.90
263.85 0.40 35.79 15.59 22.21 17.12
273.27 0.43 35.79 14.10 20.08 15.48
238.11 0.47 35.79 14.88 21.19 16.34
276.93 0.36 35.79 16.73 23.83 18.37
304.10 0.36 35.79 15.04 21.42 16.52
27.10 0.34 35.79 176.72 251.69 194.05
55.23 0.35 35.79 85.94 122.40 94.37
72.16 0.37 35.79 62.58 89.13 68.72
61.23 0.37 35.79 73.63 104.86 80.85
58.53 0.25 35.79 112.98 160.91 124.06
37.61 0.23 35.79 191.81 273.18 210.62
55.72 0.23 35.79 127.32 181.33 139.81
72.07 0.24 35.79 94.26 134.24 103.50
86.82 0.27 35.79 71.52 101.86 78.54
88.75 0.26 35.79 70.61 100.57 77.54
84.08 0.25 35.79 79.87 113.76 87.71
72.66 0.24 35.79 94.31 134.32 103.56
62.17 0.24 35.79 110.21 156.97 121.03
54.96 0.24 35.79 124.52 177.35 136.74
63.35 0.24 35.79 108.01 153.84 118.61
59.74 0.24 35.79 115.96 165.15 127.33

263.60
312.88
301.95
288.03
183.95
229.57

67.14 0.34 27.59 71.46 101.77 71.56
73.12 0.36 27.59 63.15 89.94 63.24
108.34 0.36 27.59 42.01 59.83 42.07
112.29 0.37 27.59 39.93 56.87 39.99
95.09 0.36 27.59 48.12 68.54 48.19
74.24 0.34 27.59 65.19 92.85 65.29
87.84 0.34 27.59 55.13 78.52 55.21
94.30 0.36 27.59 48.79 69.48 48.86
92.33 0.48 27.59 37.00 52.69 37.05
160.66 0.51 27.59 20.17 28.73 20.20
145.42 0.51 27.59 22.06 31.42 22.10
86.94 0.58 27.59 32.86 46.80 32.90
114.67 0.52 27.59 27.43 39.07 27.47
101.84 0.56 27.59 28.68 40.85 28.73
129.15 0.62 27.59 20.48 29.17 20.51
199.47 0.64 27.59 13.00 18.52 13.02
188.19 0.64 27.59 13.61 19.38 13.63
183.71 0.65 27.59 13.92 19.83 13.94



!

!

194 

  

55.98 0.38 95.57 77.92 110.98 197.21
54.09 0.38 95.57 81.20 115.64 205.50
54.94 0.37 95.57 80.36 114.45 203.38
51.58 0.38 95.57 84.19 119.91 213.07
65.90 0.38 95.57 66.06 94.08 167.18
41.21 0.37 95.57 108.74 154.87 275.20
41.05 0.36 95.57 112.20 159.80 283.96
58.48 0.48 95.57 58.54 83.37 148.15
53.13 0.50 95.57 62.39 88.86 157.91
69.68 0.49 95.57 47.93 68.26 121.29
55.48 0.34 95.57 86.50 123.20 218.92
56.55 0.37 95.57 79.04 112.57 200.04
53.03 0.40 95.57 78.24 111.43 198.01
43.07 0.37 95.57 103.69 147.68 262.42
47.48 0.34 95.57 102.29 145.69 258.88
41.34 0.38 95.57 106.27 151.35 268.94
57.47 0.44 95.57 64.59 92.00 163.48
68.87 0.50 95.57 48.26 68.74 122.15
64.16 0.52 95.57 49.78 70.89 125.98
70.32 0.54 95.57 43.70 62.23 110.59
70.91 0.55 95.57 42.16 60.05 106.71
90.10 0.57 95.57 32.16 45.80 81.39
116.06 0.56 95.57 25.35 36.10 64.15
160.10 0.52 95.57 19.70 28.06 49.86
199.61 0.53 95.57 15.62 22.24 39.53
225.95 0.61 95.57 11.91 16.96 30.14
234.47 0.66 95.57 10.68 15.21 27.03
234.47 0.61 95.57 11.48 16.35 29.05

196.07 0.59
21.80 0.53
45.98 0.33
5.35
33.76
32.75
26.04
78.27
109.74
17.77
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MAR 
(Linear 

Sed. Rate)
MAR

(K=1650)
MAR

(K=2350)
MAR

(K=calculated) Depth

Age
(Linear Sed. 

Rate)
Age

(K=1650)
Age

(K=2350)
Age

(K=calculated)
(mbsf) (Ma) (Ma) (Ma) (Ma)

Upper Constraint: 0 0.00 0.00 0.00 0.00
25.18 32.17 45.81 39.98 0.35 0.48 0.37 0.26 0.30
26.38 32.12 45.74 39.92 0.85 1.16 0.92 0.65 0.74
27.67 22.84 32.53 28.38 1.35 1.84 1.61 1.13 1.30
26.60 16.70 23.79 20.76 3.75 5.11 6.20 4.35 4.99
23.92 17.81 25.36 22.13 5.45 7.43 9.60 6.74 7.72
25.97 20.05 28.56 24.92 6.30 8.58 11.12 7.81 8.95
30.24 9.98 14.22 12.41 7.80 10.63 15.54 10.91 12.51
29.85 10.25 14.60 12.74 8.45 11.51 18.17 12.76 14.62
27.50 4.72 6.72 5.86 9.95 13.56 27.10 19.03 21.81
24.40 5.22 7.43 6.48 11.45 15.60 37.84 26.57 30.45
22.52 4.34 6.18 5.39 13.63 18.57 52.49 36.86 42.24
23.90 5.27 7.51 6.55 15.80 21.53 66.87 46.95 53.80
23.78 5.03 7.16 6.25 17.95 24.46 80.43 56.48 64.72

Lower Constraint: 18.10 24.66 81.40 57.15 65.50
21.80 29.70
24.45 33.31
25.30 34.47
28.30 38.56
31.95 43.53
33.95 46.25
35.45 48.30
35.65 48.57
37.80 51.50
40.80 55.59
42.18 57.47
65.35 89.04

27.05 52.41 74.64 65.13 Upper Constraint: 68.85 93.80 93.55 96.36 95.40
26.53 37.75 53.76 46.91 69.35 94.48 93.97 96.66 95.73
27.44 24.19 34.45 30.06 70.90 96.60 95.91 98.02 97.29
32.04 25.81 36.76 32.08 72.90 99.32 99.14 100.29 99.90
34.00 191.28 272.42 237.71 73.9 100.68 100.11 100.97 100.67
36.73 22.89 32.59 28.44 74.75 101.84 101.14 101.69 101.50

Lower Constraint: 75.60 103.00 103.00 103.00 103.00



!

!

196 

  

Upper Constraint: 0 0.00 0.00 0.00 0.00
12.55 9.70 13.81 10.65 0.75 2.10 2.71 1.90 2.47
12.85 8.02 11.42 8.80 1.75 4.89 6.76 4.75 6.16
12.91 10.68 15.21 11.73 2.75 7.68 10.69 7.50 9.73
13.93 10.04 14.30 11.02 3.65 10.20 13.95 9.80 12.70
12.98 9.84 14.01 10.80 3.75 10.48 14.33 10.06 13.05
13.56 10.80 15.38 11.86 4.75 13.27 17.93 12.59 16.32
13.84 10.06 14.33 11.04 5.25 14.67 19.76 13.88 18.00
13.87 10.50 14.96 11.53 5.75 16.07 21.65 15.20 19.72
13.80 11.50 16.37 12.62 6.25 17.46 23.41 16.44 21.32
14.00 9.80 13.95 10.76 6.75 18.86 25.25 17.73 22.99
14.44 10.28 14.64 11.29 7.25 20.26 27.23 19.12 24.79
14.61 10.55 15.03 11.59 7.75 21.65 29.17 20.48 26.57
14.15 7.85 11.18 8.62 8.75 24.45 33.63 23.61 30.62
13.47 8.27 11.78 9.09 9.25 25.85 36.02 25.29 32.81
11.67 7.26 10.34 7.97 9.35 26.13 36.48 25.61 33.22
12.15 5.12 7.29 5.62 10.15 28.36 40.93 28.74 37.27
10.71 4.49 6.40 4.93 10.65 29.76 44.25 31.07 40.30
10.43 3.45 4.91 3.79 11.15 31.15 48.03 33.72 43.74
11.33 5.42 7.71 5.95 12.15 33.95 55.18 38.74 50.25
10.58 5.57 7.94 6.12 12.35 34.51 56.29 39.53 51.26
11.97 5.69 8.10 6.25 12.65 35.35 57.97 40.70 52.79
12.53 5.98 8.52 6.57 13.15 36.74 60.90 42.76 55.46
14.03 4.37 6.23 4.80 14.15 39.54 68.31 47.96 62.21
14.08 4.62 6.58 5.08 14.15 39.54 68.31 47.96 62.21
14.35 6.25 8.91 6.87 14.85 41.49 73.54 51.63 66.97
15.33 6.04 8.60 6.63 15.15 42.33 75.56 53.05 68.81
16.67 6.93 9.87 7.61 15.65 43.73 79.01 55.48 71.96
12.75 5.96 8.49 6.54 16.15 45.13 82.19 57.71 74.85
12.91 5.43 7.73 5.96 16.65 46.52 85.35 59.92 77.72
12.33 60.88 86.70 66.85 17.15 47.92 87.15 61.19 79.36
12.44 29.88 42.55 32.81 17.65 49.32 87.58 61.49 79.76
13.08 22.86 32.56 25.11 18.15 50.71 88.27 61.98 80.39
13.10 26.95 38.38 29.59 19.15 53.51 89.75 63.02 81.73
8.93 28.19 40.15 30.96 20.15 56.30 90.87 63.80 82.75
8.19 43.88 62.49 48.18 21.15 59.10 91.57 64.30 83.39
8.32 29.61 42.17 32.52 22.15 61.89 92.23 64.76 83.99
8.69 22.89 32.61 25.14 23.15 64.68 93.15 65.40 84.83
9.51 19.00 27.07 20.87 24.15 67.48 94.38 66.27 85.95
9.42 18.59 26.48 20.41 25.05 69.99 95.65 67.16 87.10
8.79 19.63 27.95 21.55 26.15 73.07 97.11 68.19 88.44
8.62 22.71 32.34 24.94 27.15 75.86 98.27 69.00 89.49
8.62 26.54 37.80 29.14 28.05 78.38 99.16 69.62 90.30
8.63 30.02 42.76 32.97 29.15 81.45 100.10 70.28 91.15
8.63 26.04 37.09 28.60 29.95 83.68 100.79 70.77 91.78
8.52 27.62 39.34 30.33 31.16 87.06 101.87 71.53 92.77

Lower Constraint: 34.00 95.00 104.32 73.25 95.00
0.05
0.55
1.05
3.05
4.45
5.05

Upper Constraint: 0 0.00 0.00 0.00 0.00
9.49 24.58 35.00 24.61 0.10 0.36 0.14 0.10 0.14
9.86 22.57 32.14 22.60 0.45 1.63 0.66 0.46 0.66
10.00 15.23 21.69 15.25 1.45 5.26 2.64 1.86 2.64
10.15 14.69 20.93 14.72 2.45 8.88 5.09 3.57 5.08
9.95 17.35 24.71 17.38 2.95 10.69 6.23 4.38 6.22
9.40 22.22 31.65 22.26 3.45 12.51 7.14 5.01 7.12
9.40 18.78 26.75 18.81 3.95 14.32 7.97 5.60 7.96
9.89 17.50 24.92 17.52 4.45 16.13 8.94 6.28 8.92
13.33 17.87 25.45 17.90 5.77 20.92 12.07 8.48 12.06
14.04 10.27 14.63 10.29 7.45 27.01 18.51 13.00 18.48
14.19 11.35 16.16 11.36 8.95 32.44 25.63 17.99 25.59
15.94 18.98 27.03 19.01 10.45 37.88 31.31 21.98 31.26
14.47 14.39 20.49 14.41 11.95 43.32 36.33 25.50 36.27
15.58 16.20 23.08 16.23 12.95 46.94 39.89 28.01 39.83
17.21 12.78 18.20 12.79 13.95 50.57 44.08 30.95 44.01
17.55 8.27 11.78 8.28 14.95 54.19 50.36 35.36 50.29
17.78 8.77 12.49 8.78 15.40 55.83 53.75 37.74 53.67
17.79 8.98 12.79 8.99 15.74 57.06 56.22 39.47 56.14

Lower Constraint: 16.00 58.00 58.08 40.78 58.00
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Upper Constraint: 0 0.00 0.00 0.00 0.00
36.15 29.48 41.98 74.60 0.1 0.10 0.13 0.09 0.05
35.91 30.50 43.45 77.20 0.475 0.50 0.60 0.42 0.24
35.72 30.03 42.77 76.01 1.45 1.52 1.81 1.27 0.71
36.31 31.99 45.56 80.96 2.45 2.56 3.02 2.12 1.19
36.23 25.04 35.66 63.37 3.45 3.61 4.37 3.07 1.73
35.19 40.04 57.03 101.33 7.65 8.00 9.48 6.66 3.75
34.24 40.19 57.25 101.72 9.15 9.57 10.84 7.61 4.28
46.06 28.21 40.18 71.41 12.15 12.71 14.74 10.35 5.82
47.57 31.06 44.23 78.60 13.65 14.28 17.22 12.09 6.81
47.22 23.68 33.72 59.93 14.88 15.57 19.49 13.69 7.70
32.86 29.74 42.36 75.27 17.15 17.94 23.17 16.27 9.16
35.28 29.18 41.55 73.84 18.65 19.51 24.99 17.55 9.87
38.01 31.11 44.31 78.74 20.15 21.08 26.90 18.89 10.63
35.31 38.31 54.56 96.95 21.65 22.65 28.58 20.07 11.29
32.47 34.75 49.50 87.95 23.15 24.22 30.04 21.09 11.87
35.90 39.91 56.85 101.02 26.65 27.88 33.39 23.45 13.19
42.48 28.71 40.89 72.66 29.65 31.02 37.13 26.07 14.67
47.44 23.96 34.12 60.63 32.65 34.16 42.56 29.88 16.82
49.38 25.72 36.63 65.09 36.15 37.82 49.70 34.90 19.64
51.32 23.46 33.42 59.38 39.65 41.49 57.22 40.18 22.61
52.74 23.27 33.14 58.89 42.79 44.77 64.54 45.31 25.50
54.42 18.31 26.08 46.34 47.09 49.27 76.32 53.59 30.16
53.60 14.22 20.25 35.98 51.18 53.55 90.75 63.72 35.86
50.00 10.31 14.68 26.08 55.65 58.23 110.91 77.87 43.82
50.58 8.27 11.77 20.92 57.15 59.80 119.52 83.92 47.23
58.60 7.30 10.40 18.48 58.65 61.37 130.62 91.71 51.61
62.97 7.04 10.02 17.81 60.15 62.94 143.94 101.06 56.87
58.59 7.04 10.02 17.81 61.65 64.51 157.49 110.58 62.23

Lower Constraint: 62.6 65.50 165.77 116.39 65.50
63.15
63.55
65.05
106.15
114.15
118.65
122.04
126.6
128.1
130.31
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CHAPTER 5: Optimization of end-members used in multiple linear regression 

geochemical mixing models 

Abstract 

Tracking marine sediment provenance (e.g., of dust, ash, hydrothermal material, 

etc.) provides insight into contemporary ocean processes and helps construct 

paleoceanographic records. In a simple system with only a few end-members that can be 

easily quantified by a unique chemical or isotopic signal, chemical ratios and normative 

calculations can help quantify the flux of sediment from the few sources. In a more 

complex system (e.g., each element comes from multiple sources), more sophisticated 

mixing models are required. MATLAB codes published in Pisias et al. (2013) solidified 

the foundation for application of a constrained least square (CLS) multiple linear 

regression technique that can use many elements and several end-members in a mixing 

model.  However, rigorous sensitivity testing to check the robustness of the CLS model is 

time- and labor intensive. MATLAB codes provided in this paper reduce the time and 

labor involved and facilitate finding a robust and stable CLS model. By quickly 

comparing the goodness of fit between thousands of different end member combinations, 

users are able to identify trends in the results that reveal the CLS solution uniqueness and 

the end-member composition precision required for a good fit. Users can also rapidly 

check that they have the appropriate number and type of end-members in their model. In 

the end, these codes improve the user’s confidence that the final CLS model(s) they 

select are the most reliable solutions. These advantages are demonstrated by application 
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of the codes in two case studies of well-studied datasets (Nazca Plate, South Pacific 

Gyre).  

 

1. Introduction 

A tremendous amount of paleoceanographic knowledge has originated from or is 

based on studies quantifying marine sediment provenance from geochemical datasets. In 

simple systems of two or three marine sediment sources, ratios, ternary diagrams, and 

normative calculations can be effective tools for identifying and quantifying provenance 

variations. In more complex systems where more end-members exist or where each 

element comes from multiple sources, more sophisticated mixing models are required.  

Constrained Least Squares (CLS) multiple linear regression modeling of 

geochemical datasets has proven to be a successful technique to distinguish and quantify 

provenance of marine sediment in a variety of complex geological settings. Pisias et al. 

(2013) aimed to elucidate and unify the statistical treatment of large sedimentary 

geochemical datasets to allow for inter-study comparison by increasing the accessibility, 

transparency, and control of the MATLAB codes used to produce the CLS models. These 

codes were the culmination of several decades of work creating, applying, and improving 

these codes to be ideally suited to solve geochemical mixing problems (Leinen and 

Pisias, 1984; Leinen, 1987; Knoop and Owen, 1991; McMurty et al., 1991; Zhou and 

Kyte, 1992; Kyte et al., 1993; Ziegler and Murray, 2007; Ziegler et al., 2007, 2008; 

Martinez et al., 2009, 2010; Scudder et al., 2009, 2014; Dunlea et al., 2015a, b). 
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However, in cases where the sediment sources are not well understood, finding the end-

members that best fit the geochemical dataset in the CLS model is very time consuming 

and labor-intensive. Once a final model is selected, rigorous sensitivity testing of the CLS 

models produced by these codes requires even more time and effort.  

In this paper, we provide an additional new tool to rapidly determine the 

combination of end-members that best fits the geochemical dataset in a CLS model.  The 

two new MATLAB scripts we provide here are designed to increase the objectivity and 

efficiency in the selection and application of end-members to be used in the CLS models. 

They allow the user to determine the uniqueness and stability of the CLS solution as well 

as quantify the precision of end-member compositions used. Additionally, these codes 

make it easy to check that the CLS model is constructed correctly with the appropriate 

number and type of end-members. The code output allows problems in the CLS model to 

be identified and provides information to guide improvements to the set up of the CLS 

model. Overall, these codes quicken and significantly improve the opportunity for the 

user to find the best fitting end-members for the CLS model and understand the 

uncertainty in the solution.  

 

2. The pre-existing CLS method 

The CLS model described in Pisias et al. (2013) requires input of a geochemical 

dataset of element concentrations for each sample and pre-defined, geologically 

reasonable, end-member compositions. The CLS code then creates a multi-dimensional 
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mixing model that determines the optimal proportions of each end-member (' zero) 

combining to form each sample by minimizing the sum of the squared statistical residuals 

between the model and the given sample dataset. The Pisias et al. (2013) scripts then 

generate the proportions of the end-members in each sample of the dataset.    

A single run of the existing CLS code allows for one set of end-members to be fit 

to the sample dataset and the code output includes parameters to assess the goodness of 

fit of that specific combination of end-members. While prior Q-mode Factor Analysis 

(QFA), previously published studies, and geological observations may provide clues as to 

which sources are contributing to the samples (as detailed in Pisias et al., 2013), there 

commonly is uncertainty in the exact end-members and/or end-member compositions that 

should be used in the CLS model. If an improved goodness of fit for the model is desired, 

iterations of the CLS code can be repeated using different combinations of end-member 

compositions. Changing the end-member inputs, re-running the code, and collecting the 

necessary information provided by the extensive and detailed output files of each run is 

inefficient and time consuming. Meticulous effort is required to record the results of each 

iteration and is susceptible to human error.  

 

3. Rapid determination of the best-fit CLS model 

We present here MATLAB codes to make the process of finding the best fit CLS 

model more efficient. The new code runs iterations of the CLS scripts so that every 

possible combination of end-members is tested in a CLS model. The output file is a 
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record of the goodness of fit parameters for each iteration, which allows for a rapid and 

confident identification of the end-members that best fit the model.  The list of results in 

the output file allows the user to identify trends in the end-member iterations and assess 

the stability of each end-member in the model and uniqueness and robustness of the 

model itself. This overall approach is increases the objectivity of the statistical process.  

The core statistical treatments of the new MATLAB codes are identical to the 

CLS multiple linear regression of Pisias et al. (2013). As such, the new codes do not 

provide information to calculate the final relative contributions of each end-member to 

each sample for each iteration. To acquire this information requires running the original 

CLS codes of Pisias et al. (2013). Therefore, these new MATLAB scripts are not 

intended replace the previously published codes, but facilitate in selecting which end-

members to use in them.  

The new codes also facilitate comparison of changes in the goodness of fit of the 

CLS model when a different number of end-members are used. For example, if the 

goodness of fit for a model with 3 end-members is not improved by using 4 end-members 

in the CLS model, than the fourth end-member may be interpreted as being excessive and 

unnecessary. 

  

3.1. Testing all end-member combinations in a CLS model 

There are two variations of the new code. Each of the two variations has distinct 

advantages and which of the two new codes to use depends on the goal of the user and 

the degree of prior knowledge of the geochemical system. 
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The first new MATLAB script (“CLS_EMcombos_all.m”) runs all the possible 

end-member compositions that are listed in a single MATLAB file (Figure 5.1, upper).  

Supporting Text S1 is a detailed user guide for this code.  After the number of end-

members to be used in the model is defined, every combination of that many end-

members from the list of all possible end-members is tested in the CLS model. This first 

code is useful if no prior information exists about the chemical composition of each 

specific end-member.  

If prior information does exist (e.g., from interpretations of QFA results, Pisias et 

al., 2013), it may prove insightful to compare the end-members that best fit to the dataset 

to interpretations of QFA factors. If there is a one-to-one correspondence between the 

QFA factors and the end-members used in the best fit CLS model, it suggests that the 

model is statistically robust and a good fit to the dataset. A disparity between the QFA 

factors and the types of end-members that were required to best fit the model may raise 

awareness of issues associated with the selected element menu, compositional outliers 

skewing results, the user’s interpretation of the QFA factor scores, and/or other possible 

discordances in the model. 

 

3.2. End-member combinations choosing one per bin 

The second code (“CLS_EMcombos_bins.m”) is ideal if the user is confident, 

based on prior knowledge such as QFA results or geological awareness, of the broad 

compositional category (e.g., eolian dust, eroded basalt, hydrothermal, etc.) to which each 
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of the end-members belong (Figure 5.1, lower).  Supporting Text S3 is a detailed user 

guide for this code.   

If the user wishes for two end-members to be selected from one category of end-

members, the user can create two bins with identical list of end-members. For example, if 

two aluminosilicates are to be selected from a list of 15 possible aluminosilicate 

compositions, the user can create two separate bins that each contain the data for the 15 

possible end-member compositions.  

By pre-defining the end-member bins, the end-members in each combination 

tested are forced to align with the prior knowledge from QFA or other sources. Pre-

defined binning of end-members also reduces the number of possible end-member 

combinations, making the run time faster and therefore allowing more end-members to be 

tested and the output files more condensed. 

 

4. Interpretation of the output file 

4.1. Goodness of fit parameters 

For each iteration in the new MATLAB scripts, the output file records two types 

of goodness of fit parameters to assess how closely that model matches the sample 

dataset. Each parameter measures goodness of fit differently and both should be 

considered when selecting the best fit CLS model. 

As described in Pisias et al. (2013), the first statistic to measure the goodness of 

fit is the group of the coefficients of determination (that is, r2 x 100) for each element in 
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the model. This value represents how well the model explains the concentration of each 

given element.  If the model is the result of a perfect mix of the end members, each 

element’s value would be 100%. The coefficients of determination are a reliable 

assessment of goodness of fit and can provide information about the behavior of each 

element in the CLS model. 

The second statistic to evaluate the goodness of fit is the “statistical residual” 

calculated by taking the difference between the sum of the relative contributions and 

100%. To shorten run time, in the new codes this statistic is calculated by summing all of 

the relative contributions of each end-member to each sample. While it is an efficient 

way to compare the amount of the dataset explained by the different combinations of end-

members in the various models, the value is unique to a specific sample suite and element 

menu. Thus, the value of the statistic can only be directly compared between runs with 

identical sample and elements. This parameter may be misleading if there is an error in 

the input data that causes the model to over-explain the dataset. For example, error in the 

normalization and scaling of the input dataset and end-member compositions can cause 

the relative contributions to sum to > 100%.  In these cases, some models will have a 

high amount of data explained relative to the other iterations but not necessarily be the 

best fit. Careful attention should be dedicated to the normalization and scaling of the 

input data (e.g., Pisias et al., 2013) and the summation of the final relative contributions 

to make sure this does not occur. 
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4.2. Selecting the best end-member combination 

When examining the goodness of fit parameters for the end-member combinations 

run in the CLS iterations, it is important to consider more than just the single best fitting 

model. Instead, it is important to examine at least the 10 end-member combinations with 

the highest goodness of fit parameters. Sometimes the best end-member combination may 

have a goodness of fit that is significantly higher than the next best end-member 

combination. In this case, the end-member combination to select is clear. However, 

depending on the end-member compositions tested, there may be multiple end-member 

combinations that have a negligible difference in the goodness of fit parameters. In this 

case, patterns amongst these models can be helpful for selecting the end-member 

combination(s) to use. 

When two or more end-member combinations produce models that fit the data 

equally well and there is no reason to expect one to be more correct than the other, it may 

be practical to average the output fractions of each model. This is only prudent when 

there are distinct families (categories of end-members) common throughout all the best 

end-member combinations. For example, consider a 5 end-member model that includes 

post-Archean average Australian shale (PAAS; Taylor and McLennan, 1985) and a 

separate model with all the same end-members, except that PAAS is replaced by an 

average upper continental crust composition (UCC; Rudnick and Gao, 2003). If these two 

combinations produce CLS models with approximately equal goodness of fit parameters, 

there is no reason why the model based on PAAS should be selected over the model 

based on UCC. Instead, the results are suggesting that there is a terrigenous end-member 
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that has a composition similar to PAAS and UCC but it is not sensitive enough to 

differentiate between the two. Thus, in the final CLS models created using these two 

combinations of 5 end-members, the relative contributions of PAAS from one model and 

the relative contributions UCC from the other model can be averaged together and 

reported as a “terrigenous” component. Similarly, the relative contributions of all the 

other end-members produced by the two models should be averaged on a sample-by-

sample basis, because their relative concentrations may be slightly different in the PAAS-

model vs. the UCC-model. Averaging the two similar end-member compositions (e.g. 

PAAS and UCC) prior to running the CLS model is discouraged as it may be 

geologically inaccurate and may not be as good a fitting model as the two end-members 

were separately.   

Once the preferred end-member combination has been selected based on the 

goodness of fit parameters, those end-members need to be run in the original CLS 

multiple linear regression code (Pisias et al., 2013) to acquire the output fractions of each 

end-member in each sample. Also known as the “B matrix” that can be displayed in the 

MATLAB window by typing “B” into the command line after the original CLS scripts 

have run, the output fractions are the information required to calculate the relative 

contributions of each end-member in each sample following instructions outlined in the 

appendices of Pisias et al. (2013).   
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5. Case Studies: Nazca Plate and South Pacific Gyre 

5.1. Nazca Plate 

To demonstrate the use of “CLS_EMcombos_all.m,” we tested it on the Nazca 

plate marine sediment dataset (Table 5.S1) described and analyzed in Dymond (1981) and 

Pisias et al. (2013). We tested 17 different sediment end-members (Table 5.S2) including 

the five original end-members that modeled the dataset in Pisias et al. (2013) in addition 

to 12 other end-members of similar types (e.g. detrital, hydrothermal, etc.) but with 

different compositions. 

Studying the ten best fitting end-member combinations reported in the results 

output file (Table 5.S3) and interpretation of results (Table 5.S4), it is apparent that every 

combination has one end-member from five categories (i.e., types of end-members): 

detrital, hydrothermal, biogenic, hydrogenous, and dissolution residue.  These groupings 

correspond to the interpretation of QFA results of the Nazca plate dataset that suggested 5 

factors of these composition types (Pisias et al., 2013). Thus, we are reassured that these 

end-member classifications are appropriate for modeling the elements of this dataset. 

The specific end-member combination that includes the five original end-member 

compositions used in Dymond (1981) and Pisias et al. (2013) occurs in the ten best-fit 

CLS models, which all have similar goodness of fits and thus confirms that these end-

members do a very good job modeling the dataset. The overall model fit could be 

improved slightly by using the NOD-P1 standard reference material composition instead 

of the original hydrogenous end-member. This change would improve the correlation 

coefficients of Ni and Cu by 21 and 12, respectively, but would decrease that of Fe by 17. 
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Thus, using NOD-P1 as an end-member improves the total sum of correlation 

coefficients, but if the user would prefer to maximize the fit Fe rather than Ni and Cu, the 

user may chose to proceed with the original end-member compositions. The trends 

revealed in the output file could also suggest that a new hydrogenous end-member with 

different proportions of Fe, Ni, and Cu may improve the model results even further and 

should be tested. 

 

5.2. Nazca Plate model with pre-defined bins 

Here, we use the same Nazca Plate data set to illustrate the use of the 

“CLS_EMcombos_bins.m” code and show how it is different from the 

“CLS_EMcombos_all.m” code. For the input to this code, we made five separate files 

(i.e., bins) with end-members compositions (Table 5.S5) that correspond to the five 

factors suggested by the QFA results from the Nazca plate marine sediment dataset 

(Table 5.S1, Pisias et al., 2013). The end-member compositions are the same as the ones 

used in “CLS_EMcombos_all.m”, but are now split into categories based on a priori 

knowledge. 

The output file generated by the “CLS_EMcombos_bins.m” code (Table 5.S6 and 

Table 5.S7) is noticeably shorter than the output file from “CLS_EMcombos_all.m” (224 

combinations, as opposed to 6188 combinations, respectively) and took less time to run 

the code to completion. In cases where many end-members need to be tested, the time 

saving aspect of this code is significant and therefore desirable. 
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Even with the shorter run time and condensed output file, the results of 

“CLS_EMcombos_bins.m” arrive at the same top ten best fitting end-member 

combinations as “CLS_EMcombos_all.m.” Thus, if prior knowledge is available, the  

“CLS_EMcombos_bins.m” code is capable of being more efficient at arriving at the best 

solution(s) to the CLS model. 

 

5.3. South Pacific Gyre 

The end-members for the Nazca plate CLS model were well-optimized prior 

application of these codes, but here we illustrate how helpful these scripts were to 

construct a CLS model for a system that was much less constrained prior to application. 

Marine sediment from the South Pacific Gyre mainly consists of brown, homogenous 

pelagic clay, and there have been very few studies quantifying the provenance of these 

clays (Zhou and Kyte, 1992; Stancin et al., 2008; Dunlea et al., 2015a, b). Dunlea et al. 

(2015) analyzed the concentration of 47 elements in 138 pelagic clay samples from the 

South Pacific and modeled them with QFA and CLS techniques (Pisias et al., 2015). This 

research resulted in a robust model of the bulk sediment (yielding aluminosilicate, 

apatite, hydrothermal, excess Si, end-members) and also created a second model 

specifically focused on the aluminosilicate fraction of the marine sediment to 

differentiate dust vs. ash. Previous studies had identified and quantified the main 

components of bulk pelagic sediment (e.g. Dymond, 1981; Zhou and Kyte, 1992; Kastner, 

1999; Li and Schoonmaker, 2003) and it was relatively easy to find end-members that fit 

the broad bulk sediment dataset in the CLS model well. The “aluminosilicate only” CLS 
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model proved much more difficult because due to the authigenic alteration of the 

sediment, which required use of an unusual suite of elements (Al, Ti, Cr, Rb, and Cs) to 

adequately characterize the end-members. .  

To specifically present how the codes published in this paper facilitated the results 

in Dunlea et al. (2015), we here describe the thought process behind their use.  First, 

QFA of only these ‘aluminosilicate elements’ suggested three factors that were initially 

interpreted as different dust and ash end-members. As determined from study of ternary 

diagrams and element ratios, the compositions of these three end-members were 

documented to range from low (0.02 g/g) to high (0.13 g/g) Ti/Al and showed variations 

in the other elements as well.  However, without further statistical work, deducing the 

precise composition or source of these end-members was impossible given the 

sedimentation and alteration history of the sediment. 

Beginning with little information about the primary source of aluminosilicates in 

the SPG, the MATLAB scripts presented here in this paper were used to test a wide 

variety of different end-members. Using the “CLS_EMcombos_all.m” script, every 

combination of twenty different end-members including multiple continental 

compositions and ashes ranging from felsic to mafic were tested (Dunlea et al., 2015).  

The results generated by the “CLS_EMcombos_all.m” code revealed interesting 

trends. To best fit the data, each end-member combination needed an end-member that 

was a continental composition, a rhyolite, and a basalt. Each of these broad compositions 

were required to model the dataset.  The challenge was to identify which specific 

composition to use for each of those classifications. 
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First, the basalt composition used in the final end-member combination was 

relatively easy to determine because “Site U1367 Basalt” (from the SPG itself) 

composition was used by the MATLAB code in each of the ten best fit combinations and 

many more beyond the top ten. Second, for the continental composition, most of the best 

fitting end-member combinations used either post-Archean average Australian shale 

(PAAS, Taylor and McLennan, 1985) or Chinese Loess (CL, Taylor et al., 1983) as an 

end-member. Considering the geographic proximity of the South Pacific Gyre to 

Australia and its distance from China, we chose PAAS to represent the continental 

source. Finally, for the rhyolite, two ash compositions (“K-ash” and “Mg-ash”) that were 

analyses of discrete ash layers in the SPG occurred in almost every best fit end-member 

combination used by the MATLAB scripts, except when an average rhyolite composition 

took its place. Because each of these seemed like geologically reasonable end-members, 

we ran each of these end-members with PAAS and Site U1367 Basalt and averaged the 

results. 

We were reassured that the families of end-members apparent in the output file 

matched with our broad interpretations of the QFA results, ratio profiles, and ternary 

diagrams, but to double check that we were using the correct number of end-members, 

we ran the code again requesting four end-members to be used, instead of three. When 4 

end-members are fit to the model, the PAAS and CL still dominated the continental end-

member group, and Site U1367 Basalt still consistently dominated the basalt end-

member. The other two end-members were some combination of two different rhyolite 

ashes (commonly rhyolite, K-ash, Mg-ash, and dacite). A fourth end-member will nearly 
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always improve the correlation coefficients in the CLS model, but we wanted to avoid 

over explaining the data. Because the CLS fit was quite good fit with 3 end-members 

(correlation coefficients >90) and QFA results explained 99% of the variability of the 

dataset with 3 end-members, we selected the 3 end-member model.  

Without the new CLS codes in this paper, running enough iterations of the end-

member combinations to identify these “families” of end-members would have taken 

months or years of tediously creating input files and tracking the results, and would not 

have been as objective a process. Because of these codes, we also identified that the 

PAAS composition was not specifically unique to the model results, and that the similar 

Chinese Loess end-member composition would also yield an acceptable output. 

Similarly, a few of the rhyolite compositions all fit the model well. This aided in our 

interpretations of the CLS model results. We could not conclude that these are the best 

and only end-members to fit the model, but could describe groupings and types of end-

members. 

 

6. Conclusions 

CLS multiple linear regression models provide successful solutions to diverse 

geochemical partitioning problems, which are an integral part of many paleoceanographic 

studies. New MATLAB scripts presented here enable the user to test many different end-

member combinations in a CLS model in quick succession to efficiently and more 

objectively determine which end-members best fit a geochemical sample dataset. In 
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complex marine sediment systems, the best, robust end-member combination(s) are easily 

identified from the output file and the stability and uniqueness can be determined. 

Subsequent paleoceanographic interpretations of the CLS model can be made with more 

confidence and a better understanding of the uncertainty surrounding end-members in the 

CLS model. 
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Figure 5.1. Upper. A schematic representation of the “CLS_EMcombos_all.m” 
MATLAB code that runs iterations of a CLS model using every end-member 
combination possible from a single list of end-member compositions. Lower. A 
schematic representation of the “CLS_EMcombos_bins.m” MATLAB code that 
runs iterations of a CLS model with every combination of end-members that uses 
one end-member from each user-defined end-member bin.  

The red text highlights the change in end-members used in each combination. 

 

 
 
 
 
 
 
 
 
 
 

!"#$%#&'()
!"#$%#&'(*
!"#$%#&'(+
!"#$%#&'(,
!"#$%#&'(-
!"#$%#&'(.
!"#$%#&'(/

012$3#4"$56()
012$3#4"$56(*
012$3#4"$56(+

7%38"9%:()
7%38"9%:(*

012$386()
012$386(*
012$386(+

!%;6(<";6()
!%;6(<";6(*

!"#$"%&'
!"#$%#&'()
!"#$%#&'(*
!"#$%#&'(+
!"#$%#&'(,
!"#$%#&'(-

!"#$"%('
!"#$%#&'()
!"#$%#&'(*
!"#$%#&'(+
!"#$%#&'(,
!"#$%#&'(.

!"#$"%)'
!"#$%#&'()
!"#$%#&'(*
!"#$%#&'(+
!"#$%#&'(,
!"#$%#&'(/

!"#$"%*'
!"#$%#&'()
!"#$%#&'(*
!"#$%#&'(+
!"#$%#&'(,
012$3#4"$56()

=>?@AB:35C3;@&''65

!"#$%#&'()
!"#$%#&'(*
!"#$%#&'(+
!"#$%#&'(,
!"#$%#&'(-
!"#$%#&'(.
!"#$%#&'(/

012$3#4"$56()
012$3#4"$56(*
012$3#4"$56(+

7%38"9%:()
7%38"9%:(*

012$386()
012$386(*
012$386(+

!%;6(<";6()
!%;6(<";6(*

!"#$"%&'
!"#$%#&'()
012$3#4"$56()
7%38"9%:()
012$386()
!%;6(<";6()

!"#$"%('
!"#$%#&'()
012$3#4"$56()
7%38"9%:()
012$386()
!%;6(<";6(*

!"#$"%)'
!"#$%#&'()
012$3#4"$56()
7%38"9%:()
012$386(*
!%;6(<";6()

!"#$"%*'
!"#$%#&'()
012$3#4"$56()
7%38"9%:()
012$386(*
!%;6(<";6(*

=>?@AB:35C3;@C%9;65



!

!

219 

Supporting Information for “Optimization of end-members used in multiple linear 

regression geochemical mixing models” 

Supporting Text S1. Annotated user guide for the MATLAB script 

“CLS_EMcombos_all.m” testing all end-member combination in a CLS model. 

 
This appendix is designed to explain how to use the MATLAB code 

“CLS_EMcombos_all.m” that runs iterations of the CLS model with different end-

member combinations from a list of potential end-members. The output file records the 

goodness of fit parameters from each iteration to help identify the end-members that best 

fit a dataset. The main calculation is identical to the CLS codes described in Pisias et al. 

(2013), but can be run independently of any other scripts.  

 

Below is a step-by-step outline of what is needed to perform CLS using the MATLAB 

scripts included in this paper using the Nazca dataset (Table 5.S1) as an example: 

 

1) Create a Summary File (example provided below): 

¥ In an Excel worksheet, construct a summary data file with sample 

numbers (e.g., in chronological order if so desired) in the first column. The 

first row contains the element labels and the subsequent rows contain the 

concentration data from the samples.  
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¥ Create a separate Excel worksheet in the workbook that contains the end-

members and their respective compositions in each row.  

¥ Make sure the concentration for each element is in the same units (e.g. 

ppm or wt. %).  

¥ For each end-member, normalize the element compositions so the element 

concentrations sum to a constant value. If the data is in wt.%, have each 

end-member sum to 100. If it is in ppm, have each end-member sum to 

1,000,000.  

o The constant value selected for end-member normalization is 

flexible, but does have some limitations. Ultimately, the element 

concentrations of each end-member should sum to a constant value 
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that is higher than the maximum sum of the element concentrations 

in each sample.   

¥ In the code output, each end-member will be represented by the 

corresponding “Row No.” (Column A) in the input file. 

 

 

 

2) Create data input file. 

¥ In order to input the data into MATLAB, copy and paste only the sample 

number and concentration data (no element names) into a MATLAB file 

(e.g., “Nazca_input_ppm.m”) in the working directory. 
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3) Create the end-member input file. 

¥ Copy and paste only the end-member concentrations (no end-member 

names and no element names) into a MATLAB (*.m) file (e.g., 

“Nazca_EM_all.m”) in the MATLAB working directory. 

 

 

4) Create label file. 
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¥ Copy and paste the two-letter element symbols into a MATLAB (*.m) file 

in the working directory (e.g., “Nazca_label.m”), as shown below. Note 

that the element symbols are transposed into a column, even though the 

end-members are in rows. 

 

 

 

Prior to analysis, check the following: 

!  Same units between data input and end-member concentrations.  

!  The number of elements (variables) is at least one more than the number 

of end-member (so the model is over-determined).  

!  The end-member input file contains the normalized individual end-

member concentrations that sum to 1,000 (or 1,000,000). 

 

5) Open MATLAB: 

¥ Open the correct working directory. This should contain the 

“CLS_EMcombos_all.m” CLS script as well as the input sample data, 

end-member data, and element label *.m files described above. 
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¥ At the command prompt, type CLS_EMcombos_all (without the .m 

extension) 

¥ Follow onscreen instructions to read in files. Make sure that each file 

entered contains the .m extension. 

¥ The time it takes for the code to run to completion depends on the number 

of potential end-members, the number of end-members chosen to test in 

the model, and the computing power of the computer that is running the 

code.  

 

6) Output data in the MATLAB window: 

¥ When the run is complete, the command line will display the ten 

combinations of end-members that produced the highest sum of 

coefficients of determination and the ten combinations of end-members 

that explained the highest percentage of data.  

¥ While these combinations may be the only results required for 

interpretation, the coefficients of determination for each end-member 

combination are also saved in the output file.  
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7) Working with the output file: 

¥ Once the CLS iterations are complete (the ten best end-member 

combinations and a new prompt appears in the MATLAB window), open 

the output text file in Excel. Select column A in Excel and in the data 

menu select “text to column”, select “Delimited,” then “Space.” 
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¥ Each row represents an iteration of the CLS code that used a different end-

member combination. 

¥ The first set of columns (in the Nazca dataset, columns A-E labeled 

“EM1,” “EM2,” “EM3”…etc.) contain all the different possible end-

member combinations that were tested where “1” corresponds to the first 

end-member that was listed and “2” corresponds to the second end-

member listed on the list of potential end-members etc.  

o For example, in the Nazca results illustrated above, the end-

member combination with the highest sum of coefficient of 

determination (639.64) is (1) Detrital, (8) Hydrothermal, (11) 

Biogenic, (15) NOD-P1, and (16) Dissolution Residue. 

o The order that the end-members are listed horizontally (within one 

combination) is the order they were tested in and do not reflect the 

importance of each end-member. 

¥ The second set of columns (in the Nazca dataset, columns F-M labeled 

“coef_Al,” “coef_Si,” “coef_Fe,” etc.) report the coefficients of 

determination for each element in each end-member combination. 

¥ The second to last column labeled “sum_coef” (column N in the Nazca 

dataset) is the sum of all the coefficients of determination produced by a 

particular end-member combination. 

¥ The final column labeled “sum_B” is the sum of all the output fractions 

produced by that end-member combination. The higher the sum of the 
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output fractions (the B matrix in the empirical CLS code), the larger the 

percent of the dataset is explained. Note: If a scaling or normalization 

error causes the end-members to over-explain the dataset, the percent 

explained could exceed 100%. In this case, the “sum_B” is not a good 

parameter to check the goodness of fit as the data is over-explained. 

 

 

 

¥ The dataset can be sorted so that one of the final two columns 

(“sum_coef” or “sum_B”) are ordered chronologically. To do this in 

Excel, highlight the entire dataset and go to “Data” and then “Sort.” Select 

a column by which to sort the data and choose “Largest to Smallest”. 

¥ By substituting the end-member numbers with the names of the 

corresponding end-member on the list, the results become easier to 

interpret.  
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8) The next step: 

¥ Using the results provided by this code, the combination of end-members 

that produces the highest coefficients of determination can be selected. 

The selected end-member combination can then be run through the pre-

existing CLS code published in Pisias et al. (2013) to acquire the 

complete output file (including the output fractions, referred to as “the B 

matrix”) associated with that end-member combination. 
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Supporting Text S2. MATLAB code for “CLS_EMcombos_all.m” 

 

function [] = CLS_EMcombos_all() 

% function [] = CLS_EMcombos_all() 

% 

% Program fits linear partitioning model using the constrained least 

% squares routine using every possible combination of Q end-members from a 

% given list of end-members. Coefficients of determination are recorded for each 

% combination of end-members so the optimal combination of end-members can 

% be identified. 

 

%MATLAB claims the nchoosekfunction is only practical for situations where the set of 

all choices is less than about 15. This may be a good cut off value for the number of end-

members you can do at one time. 

 

 

% specify output file 

while 1 

    outfile = input('\nEnter file name for output: ','s'); 

    if exist(outfile,'file') 

        yn = input('\nFile exists, overwrite (y/n): ', 's'); 

        if strcmp(yn,'y')  
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            break  

        end 

    else  

        break 

    end  

end 

 

% read input data 

fid = -1; 

while fid == -1 

    infile = input('\nEnter file name of input data: ','s'); 

    fid=fopen(infile,'r'); 

end 

fclose(fid); 

X1 = load (infile); %X1 is input dataset with sample labels in first column 

X = X1(:,2:end); % X is the input dataset without the sample labels 

[N, nv] = size(X); %N=number of samples, nv=number of variables aka. elements 

 

%read variable labels 

fid = -1; 

while fid == -1 

    labelfile = input('\nEnter file name with variable labels: ','s'); 
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    fid=fopen(labelfile,'r'); 

end 

vname = cell(nv,1); 

for i = 1:nv 

    vname{i} = fscanf(fid, '%s', 1); 

end 

fclose(fid); 

 

%read end-member compositions 

fid = -1; 

while fid == -1 

    infile = input('\nEnter file name with all end-member compositions: ','s'); 

    fid=fopen(infile,'r'); 

end 

fclose(fid); 

EM = load (infile); 

total = size(EM, 1); 

 

%specify the number of end-members to use in the model 

Q  = input('\nEnter number of end-members to fit to data:'); % number of end-members 

that we want to use in the model 
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tic 

 

% initialize 

p = nchoosek(total, Q); % the number of possible end-member combinations 

P = nchoosek(1:total, Q); % a list of all the different possible end-member combinations 

(just the number combinations) 

RecordGoodness=zeros(p,Q+nv+2); %pre-defining matrix that will record the coef of 

determination for all the different end-member combos 

RecordGoodness(:,1:Q)=P; %the first Q columns will be P, the combo of end-members 

used to make the data 

options = optimset('Diagnostics','off'); % set options for lsqnonneg 

 

% for every possible end-member combinations 

for k =1:p  

    coef = EM((P(k,:)),:)'; % defines the end-member matrix that will be used to model the 

dataset in this iteration 

    % take the kth combination of end-members from P (the list of all possible 

combinations) and all the rows of that matrix.  

    % coef is transposed from original input for future calculations. 

     

    % add constraint that sum of coeff. add to 1.0 

    coef(nv+1,:) = 1.0/Q; 
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    % zero vectors for goodness of fit calculation 

    sumr = zeros(nv, 1); 

    sumsr = zeros(nv, 1); 

     

    % Main loop 

    B=zeros(N, Q); 

    for i = 1: N 

        rhs = [X(i,:) 1];      % rhs is the right hand side of the equation, append one for sum 

of coefficients as a constraint 

        scale = sqrt(rhs);     % scale the right hand side     

        scale(scale~=0)= 1./scale(scale~=0); % don't divide by Zero    

        A=repmat(scale',1,Q).* coef;          

        rhs = (rhs .* scale)'; % apply scales and then make column vector 

        B(i,:) = lsqnonneg(A,rhs,[],options)'; % save end-member weights as rows in B        

        rhs = rhs ./scale';% remove scaling         

        Estimate = coef(1:nv,:) * B(i,:)'; % estimate sample composition 

        residual = rhs(1:nv,:) - Estimate; % residual between observed and estimated 

        sumr = sumr + residual; % sum residuals 

        sumsr = sumsr + (residual .* residual); % sum of squared residuals   

    end 
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    variance = var(X); 

    sumr = sumr/N; 

    sumsr = sumsr/N - (sumr .* sumr); 

    goodness = ((variance' - sumsr) ./(variance')).*100; % calculating coefficient of 

determination 

    RecordGoodness( k, Q+1 : Q+nv)=goodness'; %recording the coeff. of determinations 

for this permutation of end-members 

    RecordGoodness( k, Q+nv+1) = sum(goodness); %sum of coef. of determination in 

second to last column 

    RecordGoodness( k, Q+nv+2)=sum(B(:)); %sum of the B matrix reported in final 

column - this is a measure of the % explained of each sam 

     

end 

 

 

 

% report results, display top 10 by coef of determination 

RecordGoodness = flipud(sortrows(RecordGoodness, Q+nv+1)); % sort by coefficeint of 

determination 

fprintf('\n Combinations of End-Members that give you the highest sum of coef of 

determinations \n'); 

if p>10 
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    disp(RecordGoodness(1:10, 1:Q)); 

    fprintf('Coefficients of Determination for the above combinations\n'); 

    disp(RecordGoodness(1:10, Q+1 : Q+nv+1)); 

else % when the number of combinations is less than 10 

    disp(RecordGoodness(1:p, 1:Q)); 

    fprintf('Coefficients of Determination for the above combinations\n'); 

    disp(RecordGoodness(1:p, Q+1 : Q+nv+1)); 

end 

 

 

% save results to file 

fid = fopen(outfile, 'w+'); 

for i=1:Q; fprintf(fid, 'EM%i, ', i); end 

for i=1:nv; fprintf(fid, 'coef_%s, ', vname{i}); end 

fprintf(fid, 'sum_coef, sum_B\n'); 

for i=1:p 

    fprintf(fid, '%i, ', RecordGoodness(i,1:Q)); 

    fprintf(fid, '%.4f, ', RecordGoodness(i,Q+1:end)); 

    fprintf(fid, '\b\b\b\n'); 

end 

fclose(fid); 
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% report results, display top 10 by % explained 

RecordGoodness1 = flipud(sortrows(RecordGoodness, Q+nv+2)); 

fprintf('\n Combinations of End-Members that give you the highest percent explained \n'); 

if p>10 

    disp(RecordGoodness1(1:10, 1:Q)); 

    fprintf('Sum of Percent Explained for the above combinations\n'); 

    disp(RecordGoodness1(1:10, Q+nv+2)); 

else 

    disp(RecordGoodness1(1:p, 1:Q)); 

    fprintf('Sum of Percent Explained for the above combinations\n'); 

    disp(RecordGoodness1(1:p, Q+nv+2)); 

end 

 

toc 

 

end 
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Supporting Text S3. Annotated user guide for the MATLAB script 

“CLS_EMcombos_bins.m” testing end-member combinations in a CLS model using 

one end-member from each end-member bin. 

 

This appendix is designed to explain how to use the MATLAB code 

“CLS_EMcombos_bins.m” that runs iterations of the CLS model with different end-

member combinations that consist of one end-member from each list of potential end-

members compositions. The output file records the goodness of fit parameters from each 

iteration to help identify the end-members that best fit a dataset. The main calculation is 

identical to the CLS codes described in Pisias et al. (2013), but can be run independently 

of any other scripts.  

 

Below is a step-by-step outline of what is needed to perform CLS using the MATLAB 

scripts included in this paper: 

 

9) Create a Summary File (example provided below): 

¥ In an Excel worksheet, construct a summary data file with sample 

numbers (e.g., in chronological order if so desired) in the first column. The 

first row contains the element labels and the subsequent rows contain the 

concentration data from the samples.  
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¥ Create a separate Excel worksheet in the workbook that contains the end-

members and their respective compositions in each rows.  

¥ Make sure the concentration for each element is in the same units (e.g. 

ppm or wt. %).  

¥ For each end-member, normalize the element compositions so the element 

concentrations sum to a constant value. If the data is in wt.%, have each 

end-member sum to 100. If it is in ppm, have each end-member sum to 

1,000,000.  

o The constant value selected for end-member normalization is 

flexible, but does have some limitations. Ultimately, the element 

concentrations of each end-member should sum to a constant value 
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that is higher than the maximum sum of the element concentrations 

in each sample.   

¥ In the code output, each end-member will be represented by the 

corresponding “Row No.” (Column A) in the input file. 

 

 

 

10) Create data input file. 

¥ In order to input the data into MATLAB, copy and paste only the sample 

number and concentration data (no element names) into a MATLAB file 

(e.g., “Nazca_input_ppm.m”) in the working directory. 
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11) Create the end-member input files. 

¥ For the first end-member bin, copy and paste only the end-member 

concentrations (no end-member names and no element names) into a 

MATLAB *.m file (e.g., “Bin1_Detrital.m”) in the MATLAB working 

directory.  

¥ Repeat Step #3 for each end-member bin. Be sure to use unique label 

names to differentiate each end-member bin file. 
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12) Create label file. 

¥ Copy and paste the two-letter element symbols into a MATLAB (*.m) file 

in the working directory (e.g., “Nazca_label.m”), as shown below. Note 

that the element symbols are transposed into a column, even though the 

end-members are in rows. 

 

 

 

Prior to analysis, check the following: 

!  Same units between data input and end-member concentrations.  

!  The number of elements (variables) is at least one more than the number 

of end-member (so the model is over-determined).  

!  The end-member input file contains the normalized individual end-

member concentrations that sum to 1,000 (or 1,000,000). 

 

13) Open MATLAB: 

¥ Open the correct working directory. This should contain the 

“CLS_EMcombos_bins.m” CLS script as well as the input sample data, 

end-member data, and element label *.m files described above. 



!

!

243 

¥ At the command prompt, type CLS_EMcombos_bins (without the .m 

extension) 

¥ Follow onscreen instructions to read in files. Make sure that each file 

entered contains the .m extension. 

¥ Each prompt that requests the file name with the possible compositions for 

one end-member, enter the file name that contains the next end-member 

bin until the prompt changes. 

¥ The time it takes for the code to run to completion depends on the number 

of potential end-member compositions, the number of end-member bins, 

the number of end-members chosen to test in the model, and the 

computing power of the computer that is running the code.  

 

14) Output data in the MATLAB window: 

¥ When the run is complete, the command line will display the ten 

combinations of end-members that produced the highest sum of 

coefficients of determination and the ten combinations of end-members 

that explained the highest percentage of data.  

¥ While these combinations may be the only results required for 

interpretation, the coefficients of determination for each end-member 

combination are also saved in the output file.  
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15) Working with the output file: 

¥ Once the CLS iterations are complete (the ten best end-member 

combinations and a new prompt appears in the MATLAB window), open 
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the output text file in Excel. Select column A in Excel and in the data 

menu select “text to column”, select “Delimited,” then “Space.” 

¥ Each row represents an iteration of the CLS code that used a different end-

member combination. 

¥ The first set of columns (in the Nazca dataset, columns A-E labeled 

“EM1,” “EM2,” “EM3”…etc.) contain all the different possible end-

member combinations that were tested where “1” corresponds to the first 

end-member that was listed and “2” corresponds to the second end-

member listed on the list of potential end-members etc.  

o For example, in the Nazca results illustrated above, the end-

member combination with the highest sum of coefficient of 

determination (639.64) is (1) Detrital, (8) Hydrothermal, (11) 

Biogenic, (15) NOD-P1, and (16) Dissolution Residue. 

o The order that the end-members are listed horizontally (within one 

combination) is the order they were tested in and do not reflect the 

importance of each end-member. 

¥ The second set of columns (in the Nazca dataset, columns F-M labeled 

“coef_Al,” “coef_Si,” “coef_Fe,”…etc.) report the coefficients of 

determination for each element in each end-member combination. 

¥ The second to last column labeled “sum_coef” (column N in the Nazca 

dataset) is the sum of all the coefficients of determination produced by a 

particular end-member combination. 
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¥ The final column labeled “sum_B” is the sum of all the output fractions 

produced by that end-member combination. The higher the sum of the 

output fractions (the B matrix in the empirical CLS code), the larger the 

percent of the dataset is explained. Note: If a scaling or normalization 

error causes the end-members to over-explain the dataset, the percent 

explained could exceed 100%. In this case, the “sum_B” is not a good 

parameter to check the goodness of fit because as the data is over-

explained. 

 

 

 

¥ The dataset can be sorted so that one of the final two columns 

(“sum_coef” or “sum_B”) are ordered chronologically. To do this in 

Excel, highlight the entire dataset and go to “Data” and then “Sort.” Select 

a column by which to sort the data and choose “Largest to Smallest”. 
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¥ By substituting the end-member numbers with the names of the 

corresponding end-member on the list, the results become easier to 

interpret.  

 

 

 

 

 

16) The next step: 

¥ Using the results provided by this code, the combination of end-members 

that produces the highest coefficients of determination can be selected. 

The selected end-member combination can then be run through the pre-

existing CLS code published in Pisias et al. (2013) to acquire the 

complete output file (including the output fractions, referred to as “the B 

matrix”) associated with that end-member combination. 
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Supporting Text S4. MATLAB code for “CLS_EMcombos_bins.m” 

 

function [] = CLS_EMcombos_bins() 

% function [] = CLS_EMcombos_bins() 

% 

% Program fits linear partitioning model using the constrained least 

% squares routine using every possible combination of Q end-members that takes one 

end-member from each "bin" aka. a different file that contains multiple potential 

compositions for a single end-member.  

% 

%Coefficients of determination are recorded for each 

% combination of end-members so the optimal combination of end-members can 

% be identified. 

 

%MATLAB claims the nchoosekfunction is only practical for situations where the set of 

all choices is less than about 15. This may be a good cut off value for the number of end-

members you can do at one time. 

 

 

% specify output file 

while 1 

    outfile = input('\nEnter file name for output: ','s'); 



!

!

249 

    if exist(outfile,'file') 

        yn = input('\nFile exists, overwrite (y/n): ', 's'); 

        if strcmp(yn,'y') 

            break 

        end 

    else 

        break 

    end 

end 

 

% read input data 

fid = -1; 

while fid == -1 

    infile = input('\nEnter file name of input data: ','s'); 

    fid=fopen(infile,'r'); 

end 

fclose(fid); 

X1 = load (infile); %X1 is input file with sample labels in first column 

X = X1(:,2:end); % X is the dataset without the sample labels 

[N, nv] = size(X); %N=number of samples, nv=number of variables aka. elements 

 

%read variable labels 
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fid = -1; 

while fid == -1 

    labelfile = input('\nEnter file name with variable labels: ','s'); 

    fid=fopen(labelfile,'r'); 

end 

vname = cell(nv,1); 

for i = 1:nv 

    vname{i} = fscanf(fid, '%s', 1); 

end 

fclose(fid); 

 

 

%specify the number of end-members to use in the model 

Q  = input('\nEnter number of end-members to fit to data:'); % number of end-members 

that we want to use in the model 

 

 

 

%read first end-member composition matrix 

%EMall=zeros(20,20,20); 

for i=1:Q 

    fid = -1; 
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    while fid == -1 

        infile = input('\nEnter file name with possible compositions for one end-member: 

','s'); 

        fid=fopen(infile,'r'); 

    end 

    fclose(fid); 

    EM = load (infile); 

    [r, c]= size(EM); 

    v(i) = r; 

    EMall(1:r,1:c,i)=EM(:,:); 

end 

 

 

tic 

 

% initialize 

% a list of all the different possible end-member combinations (just the 

% number combinations) adjusting for different number of end-members 

if Q==2 

    P=combvec(1:v(1), 1:v(2))'; 

elseif Q==3 

    P=combvec(1:v(1), 1:v(2), 1:v(3))'; 
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elseif Q==4 

    P=combvec(1:v(1), 1:v(2), 1:v(3),1:v(4))'; 

elseif Q==5 

    P=combvec(1:v(1), 1:v(2), 1:v(3),1:v(4), 1:v(5))'; 

elseif Q==6 

    P=combvec(1:v(1), 1:v(2), 1:v(3),1:v(4), 1:v(5), 1:v(6))'; 

elseif Q==7 

    P=combvec(1:v(1), 1:v(2), 1:v(3),1:v(4), 1:v(5), 1:v(6), 1:v(7))'; 

elseif Q==8 

    P=combvec(1:v(1), 1:v(2), 1:v(3),1:v(4), 1:v(5), 1:v(6), 1:v(7), 1:v(8))'; 

end 

 

p=size(P,1); % the number of possible end-member combinations 

 

 

RecordGoodness=zeros(p,Q+nv+2); %pre-defining matrix that will record the coef of 

determination for all the different end-member combos 

RecordGoodness(:,1:Q)=P; %the first Q columns will be P, the combo of end-members 

used to make the data 

options = optimset('Diagnostics','off'); % set options for lsqnonneg 

 

% for every possible end-member combinations 
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for k =1:p 

    for j=1:Q 

        d(j,:)= EMall(P(k,j),:,j); % defines the end-member matrix that will be used to 

model the dataset in this iteration 

    end 

     

    % take the kth combination of end-members from P (the list of all possible 

combinations). The jth column of the kth row is taken and the end-member corresponding 

to that index is pulled from the appropriate location in the EMall matrix. 

    coef=d';     % coef is transposed from original input for future calculations. 

    % add constraint that sum of coeff. add to 1.0 

    coef(nv+1,:) = 1.0/Q; 

     

    % zero vectors for goodness of fit calculation 

    sumr = zeros(nv, 1); 

    sumsr = zeros(nv, 1); 

     

    % Main loop 

    B=zeros(N, Q); 

    for i = 1: N 

        rhs = [X(i,:) 1];      % rhs is the right hand side of the equation, append one for sum 

of coefficients as a constraint 
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        scale = sqrt(rhs);     % scale the right hand side 

        scale(scale~=0)= 1./scale(scale~=0); % don't divide by Zero 

        A=repmat(scale',1,Q).* coef; 

        rhs = (rhs .* scale)'; % apply scales and then make column vector 

        B(i,:) = lsqnonneg(A,rhs,[],options)'; % save end-member weights as rows in B 

        rhs = rhs ./scale';% remove scaling 

        Estimate = coef(1:nv,:) * B(i,:)'; % estimate sample composition 

        residual = rhs(1:nv,:) - Estimate; % residual between observed and estimated 

        sumr = sumr + residual; % sum residuals 

        sumsr = sumsr + (residual .* residual); % sum of squared residuals 

    end 

     

    variance = var(X); 

    sumr = sumr/N; 

    sumsr = sumsr/N - (sumr .* sumr); 

    goodness = ((variance' - sumsr) ./(variance')).*100; % calculating coefficient of 

determination 

    RecordGoodness( k, Q+1 : Q+nv)=goodness'; %recording the coeff. of determinations 

for this permutation of end-members 

    RecordGoodness( k, Q+nv+1) = sum(goodness); %sum of coef. of determination in 

second to last column 
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    RecordGoodness( k, Q+nv+2)=sum(B(:)); %sum of the B matrix reported in final 

column - this is a measure of the % explained of each sam 

     

end 

 

 

 

% report results, display top 10 by coef of determination 

RecordGoodness = flipud(sortrows(RecordGoodness, Q+nv+1)); % sort by coefficeint of 

determination 

fprintf('\n Combinations of End-Members that give you the highest sum of coef of 

determinations \n'); 

if p>10 

    disp(RecordGoodness(1:10, 1:Q)); 

    fprintf('Coefficients of Determination for the above combinations\n'); 

    disp(RecordGoodness(1:10, Q+1 : Q+nv+1)); 

else % when the number of combinations is less than 10 

    disp(RecordGoodness(1:p, 1:Q)); 

    fprintf('Coefficients of Determination for the above combinations\n'); 

    disp(RecordGoodness(1:p, Q+1 : Q+nv+1)); 

end 

 



!

!

256 

 

% save results to file 

fid = fopen(outfile, 'w+'); 

for i=1:Q; fprintf(fid, 'EM%i, ', i); end 

for i=1:nv; fprintf(fid, 'coef_%s, ', vname{i}); end 

fprintf(fid, 'sum_coef, sum_B\n'); 

for i=1:p 

    fprintf(fid, '%i, ', RecordGoodness(i,1:Q)); 

    fprintf(fid, '%.4f, ', RecordGoodness(i,Q+1:end)); 

    fprintf(fid, '\b\b\b\n'); 

end 

fclose(fid); 

 

 

 

% report results, display top 10 by % explained 

RecordGoodness1 = flipud(sortrows(RecordGoodness, Q+nv+2)); 

fprintf('\n Combinations of End-Members that give you the highest percent explained \n'); 

if p>10 

    disp(RecordGoodness1(1:10, 1:Q)); 

    fprintf('Sum of Percent Explained for the above combinations\n'); 

    disp(RecordGoodness1(1:10, Q+nv+2)); 
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else 

    disp(RecordGoodness1(1:p, 1:Q)); 

    fprintf('Sum of Percent Explained for the above combinations\n'); 

    disp(RecordGoodness1(1:p, Q+nv+2)); 

end 

 

toc 

 

end 
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Table 5.S1. Geochemical compositions of Nazca plate surface sediments (Pisias et al., 
2013). 

 

Table S1. Geochemical compositions of Nazca plate surface sediments.
Sample No Al (ppm) Si (ppm) Mn (ppm) Fe (ppm) Cu (ppm) Ni (ppm) Zn (ppm) Ba (ppm) Sum

237 36631 191426 54780 114041 815 977 584 46339 445593
239 20805 141861 40982 136607 648 919 328 24423 366573
241 38622 164004 44740 127039 1262 1147 869 19647 397330
251 23551 301714 17081 99816 725 897 512 16728 461024
252 7778 238060 27012 73047 184 405 206 7954 354646
275 49626 211960 75801 206385 1748 1413 405 16430 563768
318 31352 123786 59059 162562 1444 1432 400 27796 407831
319 3097 54135 69535 250141 401 1092 454 52735 431590
320 69144 203994 36476 114585 1269 1188 309 7369 434334
328 25629 187270 46768 135721 763 913 379 18667 416110
391 9268 60206 205239 135272 1705 731 334 14925 427680
405 39030 190325 36009 89627 965 949 326 28467 385698
406 36267 205010 26244 63743 781 884 258 25238 358425
407 18579 162492 44273 124666 1140 1172 451 21404 374177
408 50455 206063 16750 42980 550 611 233 21891 339533
409 26031 202000 49053 151546 763 920 431 19949 450693
414 27895 151394 49295 114200 1079 1074 355 26282 371574
415 31838 164007 65054 176729 1212 1263 442 19436 459981
416 17742 253915 10816 77501 617 814 417 11065 372887
417 27134 262629 3676 19548 244 351 295 8393 322270
418 25409 233543 15620 40196 432 697 347 16960 333204
419 53028 301335 2775 34633 567 551 553 10574 404016
420 36043 286230 4347 60060 592 1172 519 22092 411055
421 60712 253531 20885 52668 741 785 315 29146 418783
422 42011 191695 13350 79977 392 660 335 21344 349764
426 22425 91821 66040 205714 521 1104 453 9350 397428
438 35041 108899 65603 204625 501 966 411 9815 425861
439 8440 99928 54485 221269 571 1237 531 14138 400599
440 10336 106926 49213 211110 480 1179 478 13154 392876
441 11191 150239 52047 243245 644 1198 572 22233 481369
442 26103 165179 25668 127164 185 525 203 3787 348814
443 5621 90555 71609 227671 421 1223 460 4277 401837
444 2376 84243 87274 223826 493 1167 451 4600 404430
446 29471 180350 72376 153008 985 1080 402 15640 453312
447 24065 270315 23680 83512 418 681 439 16189 419299
448 10321 242033 7329 61929 125 489 275 10772 333273
449 8721 263985 15610 57603 209 553 346 14219 361246
452 16155 227839 26712 103257 359 741 301 18837 394201
453 8137 278958 13006 48436 161 440 135 14983 364256
454 5987 244021 11679 63122 208 472 258 12186 337933
455 7679 233996 15600 65264 199 509 155 14184 337586
456 10449 193346 24219 111937 224 682 233 15367 356457
457 9366 218679 20728 78766 311 643 209 16352 345054
458 15244 201801 21295 95883 234 758 287 15674 351176
459 9834 206274 27425 118764 227 781 251 10110 373666
460 9012 221757 18998 87736 200 560 183 1755 340201
461 8058 237944 37125 141906 272 846 297 11449 437897
462 8254 202921 5073 144848 187 581 288 12803 374955
463 6175 234605 20402 67030 185 498 201 6703 335799
464 19846 235973 13501 88850 133 496 162 7252 366213
466 18163 238836 40690 119123 366 631 300 16844 434953
467 21507 250327 27889 117760 289 688 300 16887 435647
470 84326 99402 41583 112655 679 1127 515 44314 384601
483 25255 184219 30876 75245 493 1064 309 44622 362083
484 2392 73791 89871 236424 459 1200 455 4770 409362
485 2511 79562 98073 270106 507 1366 560 5316 458001
486 9810 228633 30523 136948 302 812 357 16597 423982
487 5197 235431 13177 74700 143 457 180 7256 336541
488 7354 235499 14088 69388 161 484 167 9181 336322
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489 8148 216588 15271 93977 125 602 217 10820 345748
490 9374 240909 10430 64612 134 462 153 6595 332669
491 9069 172314 31118 137851 233 730 322 14981 366618
492 7936 96457 68100 216848 515 1102 403 8038 399399
493 7491 93515 69847 223076 408 1126 449 3867 399779
494 5976 243619 15311 55829 203 423 173 11352 332886
497 27350 202204 38104 177509 625 980 386 19035 466193
499 33149 305189 7757 37059 441 560 523 16090 400768
522 6218 91062 68811 228988 415 1166 461 4571 401692
523 2742 94584 92305 259308 513 1300 560 6690 458002
524 14285 126254 54122 176384 492 919 311 11943 384710
525 2501 72015 86634 242918 469 1200 494 4217 410448
526 10740 118390 55140 183261 503 1200 342 22653 392229
527 6579 100798 65444 215137 685 1068 382 7527 397620
528 3616 93082 93298 277809 472 1368 546 5108 475299
529 3551 82621 75179 238719 385 1167 464 3910 405996
530 8673 126898 82323 256994 672 1269 466 10637 487932
531 14277 222538 33919 152546 269 933 398 21149 446029
533 21793 173837 34271 104302 348 1118 293 29094 365056
543 5437 223897 50259 152657 344 799 332 10276 444001
544 4936 210452 56329 168083 479 861 360 8277 449777
545 4974 176912 51793 160035 425 786 333 7343 402601
546 5155 135680 49018 184137 306 842 368 6961 382467
547 8397 161745 39568 148952 347 749 354 10063 370175
548 9616 169983 39005 130523 243 759 373 16667 367169
549 21548 195450 25819 79628 314 820 356 31156 355091
550 23419 209819 30973 81358 585 942 552 42535 390183
551 19852 187377 30783 92201 402 773 334 26368 358090
552 32346 120667 51585 141784 664 1297 356 38974 387673
553 16844 67181 78517 228834 903 1365 218 17974 411836
554 2416 45403 109931 318934 662 1393 595 2449 481783
555 3871 35369 103892 277279 656 1266 541 3432 426306
578 7079 229518 23801 67547 233 481 191 9336 338186
579 3323 88564 89458 238894 544 1095 533 6381 428792
607 63642 229678 11525 63754 368 580 312 25085 394944
608 55682 180896 63846 102153 1674 1447 321 51289 457308
609 41117 116407 48503 133383 606 1091 513 47775 389395
610 28344 105112 17519 310957 197 723 763 42373 505988
611 27535 77313 62159 199467 696 1299 597 41130 410196
612 7489 47850 92076 259672 624 1293 590 12595 422189
613 2020 53921 98041 333981 489 1394 600 2696 493142
614 34459 215696 26891 42343 759 770 562 16493 337973
615 22366 194006 37846 85679 437 598 347 14211 355490
616 8972 240095 14573 61011 136 430 197 7569 332983
617 17350 80521 60045 254215 483 1127 467 12109 426317
618 10903 44942 83722 258776 609 1203 561 9329 410045
619 13800 49997 100438 301883 772 1392 690 6722 475694
620 22917 66231 99347 312759 718 1601 681 11814 516068
621 59926 179187 41067 130454 986 954 497 15916 428987
622 61631 163583 26425 75500 730 906 466 28689 357930
623 73336 122012 25080 88120 1220 2464 496 70496 383224
624 61443 197915 19187 52777 632 759 482 17113 350308
625 66217 199124 39825 116917 1498 1297 234 14249 439361
626 62564 191072 38202 102477 1167 935 386 11130 407933
627 61412 181298 34142 93184 1059 772 466 14486 386819
628 46389 141349 46709 112654 1217 1015 444 19813 369590
629 49432 147193 46029 117855 1057 971 743 16577 379857
630 30606 93493 47890 200438 659 1170 452 8960 383668
631 14278 44715 91237 263110 807 1400 590 13354 429491
632 7070 180071 64575 182072 365 1160 539 12405 448257
633 4130 120692 65518 190233 351 897 397 6096 388314
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634 61333 230510 21738 59816 540 832 458 62150 437377
743 12250 276042 8333 102431 52 208 296 24132 423744
744 10736 301238 20083 60523 110 495 240 14993 408418
745 10164 261456 28841 110512 175 647 324 15094 427213
746 9863 166460 76398 201242 509 1031 449 12925 468877
747 5293 139838 85643 241765 733 1218 488 6280 481258
748 2175 59088 116899 332209 532 1696 730 3181 516510
749 2442 133515 71219 273501 433 1134 491 3542 486277
750 4559 94428 46131 249002 283 1010 513 5473 401399
751 7395 123314 53215 296902 313 1252 652 7589 490632
752 6588 134722 39955 216848 572 960 457 7567 407669
753 7800 114486 31893 228972 257 1063 541 9742 394754
754 8679 148408 36408 231687 267 1249 573 8541 435812
755 17026 66820 55530 258065 438 1498 656 14516 414549
756 22476 75567 54408 234257 882 1537 594 19395 409116
757 24235 77351 68069 197246 677 1740 629 23012 392959
758 57909 224304 30728 103854 926 782 235 10332 429070
759 26208 200615 32655 71753 527 732 215 13618 346323
760 16520 200890 36908 327374 322 97 268 211 582590
761 24641 69799 92886 201342 631 1573 1474 10243 402589
762 43901 126712 54717 231537 1025 1474 512 8179 468057
763 35190 79984 39587 245014 911 1367 577 6783 409413
764 32204 83756 52030 215736 584 1675 660 15228 401873
765 20428 64353 49644 264307 483 1609 538 13560 414922
766 9037 51773 100778 335699 953 1600 666 8354 508860
767 24637 66481 81056 232683 1278 1841 695 29661 438332
768 7650 62118 106549 322173 969 1621 672 12529 514281
769 6866 61045 77760 370631 698 1453 655 6323 525431
770 39567 122363 71730 206751 1013 1814 354 46414 490006
771 62849 182786 47778 123064 1755 1321 326 46149 466028
772 64266 195199 43982 113583 1669 1124 329 22943 443095
773 66592 203983 37619 106402 1354 939 340 20881 438110
774 72923 210717 35003 106414 1258 923 310 16756 444304
775 81684 236958 30573 113212 978 832 298 6490 471025
776 80442 221461 20782 90109 695 661 299 9764 424213
777 44727 110800 48985 166783 1061 1318 412 8717 382803
778 8850 175446 52970 159089 486 748 327 1300 399216
779 9028 59909 119132 320886 971 1507 789 3940 516162
780 5470 112694 69753 199186 542 855 380 1475 390355
781 18672 286053 17095 79553 254 508 181 10072 412388
782 11913 255734 32687 121428 417 693 291 3496 426659
783 32293 167569 36847 45043 535 493 264 3187 286231
784 43278 99513 61029 259570 1106 1703 503 5335 472037
785 13570 255867 24825 104682 255 615 302 9801 409917
787 33047 144509 65919 179682 1387 1450 456 19412 445862
789 28494 119960 71387 259076 845 1127 542 3242 484673
791 60207 172686 45459 127943 1250 1029 285 17679 426538
794 75607 221250 24757 89722 802 684 261 13071 426154
796 68505 206691 36675 110531 1325 984 305 16451 441467
798 63992 182006 35833 98060 1322 922 287 16129 398551
800 64830 172256 54084 123435 1981 1397 338 38005 456326
801 59074 167133 44076 118324 1257 1109 294 36976 428243
803 59238 171066 31685 152715 689 642 315 1142 417492
805 55254 143488 60927 150110 1148 1170 581 44371 457049
807 47638 122435 68688 157712 934 1224 409 26770 425810
809 19174 67957 98359 308789 1455 1896 728 15022 513380
811 54040 136367 63877 157899 1196 1244 608 69140 484371
813 13437 60211 74309 343643 661 1792 673 30546 525272
815 2073 55091 114006 337129 645 1800 653 2917 514314
817 3532 55634 113613 341366 507 2012 712 2013 519389
820 5502 62165 101685 325786 514 2162 745 2113 500672
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823 41689 86092 55960 167879 904 1119 624 49072 403339
825 44593 126938 44658 119339 863 1696 461 44227 382775
827 4357 44958 95152 297201 831 1346 561 3589 447995
829 5340 45256 110876 332272 945 1385 624 3613 500311
831 4580 47174 115924 318507 954 1302 577 3168 492186
833 7648 43401 97804 262172 702 1069 522 5523 418841
835 8232 45616 102562 272620 714 1118 572 6136 437570
837 13697 52380 82947 246635 825 1292 458 6825 405059
839 24751 67466 69338 249130 951 1459 431 7874 421400
841 37114 164947 60871 165886 1408 1444 443 23192 455305
843 11134 148582 13461 16785 152 384 243 17273 208014
878 2265 74754 84753 243152 703 1282 623 4346 411878
904 25743 174468 35169 101696 466 846 283 14122 352793
910 6940 187968 40281 110115 218 846 318 10855 357541
911 4901 200648 35391 101684 184 665 298 8315 352086
912 3308 83506 95918 248195 522 1337 563 6622 439971
913 2891 79640 92743 236754 482 1230 504 6393 420637

1280 62081 171507 34009 117242 872 796 335 11837 398679
1282 35244 97475 47140 167114 930 1132 404 10727 360166
1284 27925 206423 33420 75573 685 874 434 12220 357554
1289 36447 175144 49402 164452 1259 1360 473 23570 452107
1304 20738 321291 3088 28108 286 477 352 12780 387120
1305 20973 182261 48374 172093 1070 1245 538 22338 448892
1306 33047 163451 58608 159602 1071 1166 390 26697 444032
1307 20739 188067 43326 175463 734 1099 508 19974 449910
1308 35303 139397 47962 118533 1222 1185 368 33147 377117
1309 52689 169519 29391 65932 608 1226 408 39345 359118
1310 83695 278700 4764 52129 216 377 176 3961 424018
1311 85188 273784 12779 47833 413 492 215 4020 424724
1312 75068 227678 24170 83737 761 650 231 12272 424567
1313 72232 210963 41265 123103 892 870 267 7818 457410
1314 62479 182759 48494 135071 1117 1016 296 18680 449912
1315 11613 53043 99366 284006 713 1311 571 4520 455143
1316 46291 134593 33925 128570 543 1661 506 31342 377431
1317 26424 78780 61668 218174 847 1291 498 17554 405236
1318 11974 52955 83422 258508 803 1118 562 9172 418514
1319 9972 49869 86340 251490 848 1057 560 7903 408039
1320 13770 63316 67672 288708 740 890 515 7812 443423
1321 11889 58560 69577 269749 655 848 487 6710 418475
1322 12790 59620 69149 279168 642 924 512 8787 431592
1323 12650 57359 65567 272867 594 893 502 8208 418640
1324 40891 146157 48574 209562 447 618 389 3631 450269
1325 12578 56959 88977 301072 611 994 558 5795 467544
1326 15080 64447 84956 299544 600 942 545 6345 472459
1327 11915 57244 81054 286741 543 860 510 5804 444671
1328 26248 100133 82811 256472 561 997 518 5490 473230
1329 81486 218156 15357 107623 198 248 167 575 423810
1330 20672 60936 76600 241311 861 1350 467 10224 412421
1358 32125 141281 49175 121196 1087 1059 462 29902 376287
1359 39602 183807 51402 148546 1103 1246 522 31281 457509
1360 33044 161060 69090 177198 1468 1427 482 23907 467676
1361 36956 181610 55304 168806 1420 1453 465 22616 468630
1362 43946 184652 47368 139604 1186 1354 402 30653 449165
1363 44540 177360 66668 151684 1614 1475 463 26931 470735
1364 40282 166578 42686 140177 1182 1272 403 26145 418725
1365 40422 172473 59066 169599 1451 1519 455 21506 466491
1366 37091 167909 68489 166554 1561 1385 469 22861 466319
1368 87771 238275 4228 81798 102 128 114 495 412911
1369 11495 54515 99405 319115 880 1147 639 8172 495368
1370 48451 126505 68971 232770 1387 1502 472 7185 487243
1373 63316 251298 11676 50925 398 569 232 19126 397540



!

!

262 

  

1376 64571 210360 32453 144920 823 679 324 708 454838
1401 30808 79979 81394 258806 1422 1659 499 10130 464697
1402 42444 105779 72299 240525 1442 1547 471 9878 474385
1403 44130 114529 69207 230834 1442 1512 471 9657 471782
1404 35799 95905 57438 190378 1221 1330 428 9782 392281
1405 38874 102212 81844 242306 1507 1555 535 8428 477261
1406 45992 115255 66483 232547 1480 1528 471 9638 473394
1407 46036 117901 68283 232722 1394 1522 470 9470 477798
1408 44527 118443 52160 173268 1004 1133 389 12358 403282
1409 50357 124451 65465 226742 1348 1478 450 9654 479945
1410 49726 128441 63123 216957 1321 1395 449 10388 471800
1411 50077 128520 63223 219356 1315 1435 446 10841 475213
1412 44096 115360 47335 156807 925 1043 342 12340 378248
1413 92239 238792 6275 70163 138 179 168 3842 411796
1445 42036 205156 33216 102569 801 1049 340 32504 417671
1446 67811 252965 16006 56442 614 654 248 20821 415561
1447 34575 179534 64224 170534 1323 1353 460 24735 476738
1448 6768 104695 89654 287196 615 1321 563 7308 498120
1449 58027 207940 45219 103332 1153 1228 327 33396 450622
1450 73160 268265 3612 48098 231 329 233 11439 405367
1451 56186 203029 44549 108797 1313 1157 367 33179 448577
1452 52898 212244 54993 100120 1125 1209 338 33161 456088
1453 2019 53545 114577 346412 402 2092 713 1707 521467
1458 64686 195598 43121 119795 977 901 272 15734 441084
1459 6579 54772 105455 348081 822 1504 671 2603 520487
1460 61171 191152 46963 121735 1641 1189 338 21129 445318
1461 16110 58034 109684 324487 912 1614 720 6463 518024
1462 28110 112745 69731 291564 616 1152 487 2897 507302
1463 52975 164983 53885 138801 1578 1982 647 52747 467598
1464 9356 44382 124828 336751 878 1473 625 4741 523034
1465 6099 32135 158617 322166 1208 1773 802 4072 526872
1466 34497 137811 86427 214148 1941 1853 636 14655 491968
1467 13006 331261 3490 48721 66 275 177 7979 404975
1482 59069 186809 44280 135919 939 908 347 19473 447744
1483 11574 55616 114753 277464 850 1174 676 8411 470518
1484 47970 150812 53275 207656 320 663 338 3876 464910
1485 38225 105283 52656 173966 545 1138 386 16290 388489
1486 21836 67122 76753 243596 830 1391 475 10458 422461
1487 24945 71007 78228 261116 1089 1559 491 8447 446882
1488 54677 174904 38787 180160 289 516 298 2341 451972
1489 25993 74819 61354 227751 742 1399 459 8587 401104
1490 36561 104657 51829 178549 478 1104 342 15720 389240
1491 37627 106930 57416 194291 729 1252 372 11111 409728
1492 58178 204641 43666 156454 1585 942 411 9186 475063
1493 44802 126110 65208 235668 860 1388 432 10718 485186
1494 42181 119826 64473 227779 794 1318 418 11690 468479
1495 65467 199653 37403 121946 993 824 325 11978 438589
1496 68585 206405 21411 72140 638 594 229 17156 387158
1497 76281 231780 19534 80458 611 572 224 11324 420784
1498 79332 235842 17500 74023 490 484 207 9801 417679
1499 81127 236290 13569 69184 291 422 206 9326 410415
1520 37267 125390 78559 233051 418 1245 505 1622 478057
1521 76106 226704 20204 87381 634 630 301 11438 423398
1522 27344 87529 20783 361928 696 621 253 8048 507202
1523 51912 139604 52478 213590 467 1029 438 11819 471337
1524 61547 198730 42544 112272 1439 1057 345 17285 435219
1526 8958 44057 130040 331992 1051 1613 643 4567 522921
1527 48028 167930 54746 138616 1462 1420 433 26783 439418
1528 42389 121028 65572 239225 868 1252 502 11267 482103
1529 40865 117927 70162 232468 465 1312 614 22948 486761
1530 49862 129456 59219 215919 543 1143 502 12987 469631
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1531 63905 197193 41652 120057 943 910 261 15713 440634
1592 59065 158826 40674 192709 273 753 336 6853 459489
1593 5227 59087 104496 345197 403 1993 711 1548 518662
1594 62537 198013 32803 129659 1093 907 482 16593 442087
1595 24466 83734 28537 347720 743 1160 753 26331 513444
1596 16521 62881 103126 322431 873 1606 673 6321 514432
1597 44707 135198 60231 184201 1091 2098 676 55700 483902
1598 3822 60374 81978 347042 549 1753 573 2321 498412
1599 64301 198994 41988 118937 933 862 255 12651 438921
1600 38830 120335 77167 225704 664 1336 644 9496 474176
1605 26040 279865 17063 73651 180 542 217 16741 414299
1606 36246 114609 76622 242428 1394 1533 656 23419 496907
1608 72557 220728 26211 98111 833 683 246 6419 425788
1609 46453 142562 64606 200387 1568 1318 476 8241 465611
1610 6843 171345 39988 220481 447 363 298 1439 441204
1613 58741 210175 6582 48976 81 401 212 7314 332482
1614 23509 73277 80923 234364 1485 1577 545 8654 424334
1615 66937 211408 31071 104788 1061 804 300 5580 421949
1617 45543 142438 50033 108409 1718 1281 411 12075 361908
1969 72098 287647 3633 47465 197 327 229 11986 423582
1970 76096 279736 2664 42746 219 397 265 5934 408057
1971 61579 241985 18588 51200 606 672 263 23601 398494
1972 35601 159538 69483 165953 1669 1554 494 21224 455516
1973 46368 117272 63764 219123 1355 1416 480 8500 458278
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Table 5.S2. Geochemical 
compositions of all 
potential end members, 
normalized to sum to 1 
million (see Pisias et al., 
2013, for further 
information). 
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Table 5.S3. Output of the "CLS_EMcombos_all.m" code using the Nazca dataset (Table 
5.S1) and 17 potential end-members (Table 5.S2). Only the first page of 90 pages of 
results are presented here to exemplify the code output. See online version for full 
example.  

  

Table S3. Output of the "CLS_EMcombos_all.m" code using the Nazca dataset (Table S1) and 17 potential end-members (Table S2).
EM1  EM2  EM3  EM4  EM5  coef_Al  coef_Si  coef_Fe  coef_Mn  coef_Ni  coef_Cu  coef_Zn  coef_Ba  sum_coef  sum_B

1 8 10 14 16 98.2509 99.9213 79.4942 95.4473 45.9077 70.9331 53.0728 96.6144 639.6416 137.4875
1 8 11 14 16 98.2603 99.9219 79.4909 95.4537 45.8993 70.9388 52.1117 96.624 638.7006 137.49
1 8 10 15 16 98.6845 99.9166 97.4822 96.5095 21.7305 67.3938 53.1181 96.5574 631.3925 138.5506
1 8 11 15 16 98.6879 99.9173 97.4794 96.5152 22.0703 67.4422 52.4438 96.5674 631.1235 138.5535
1 8 10 14 17 96.2843 99.7993 79.3955 95.3989 52.6307 58.7648 42.3624 99.9939 624.6298 137.3615
1 8 10 12 16 98.6276 99.9064 96.7787 96.4921 24.4461 58.6449 52.6128 96.5324 624.0411 138.5803
1 8 11 14 17 96.2909 99.8 79.3932 95.4056 52.6011 58.7076 41.4623 99.9952 623.6559 137.3633
1 8 11 12 16 98.6316 99.9073 96.7789 96.4983 24.4569 58.6183 51.8013 96.5426 623.2351 138.5839
1 8 9 11 16 98.5927 99.8991 97.3768 96.4942 15.7104 64.3228 50.5722 96.5449 619.5132 138.5159
1 8 9 10 16 98.5892 99.8983 97.3801 96.4887 15.3451 64.2479 50.9178 96.5349 619.402 138.5132
1 4 8 10 16 98.5342 99.8931 85.8746 96.1432 17.1393 67.719 53.8706 96.3663 615.5403 138.2772
1 4 8 11 16 98.5388 99.8939 85.876 96.1504 17.5014 67.772 53.2571 96.3792 615.3688 138.2807
1 8 10 16 17 98.2434 99.911 79.3859 95.355 18.4343 70.2549 52.9384 99.8865 614.4095 137.4608
1 8 11 16 17 98.2498 99.9116 79.3801 95.3612 18.7401 70.288 52.263 99.8879 614.0817 137.4622
7 8 10 15 16 83.7884 99.5949 96.8104 95.937 17.489 69.646 54.6656 95.4324 613.3637 137.3054
7 8 11 15 16 83.8114 99.5956 96.8068 95.942 17.9346 69.688 53.9932 95.4446 613.2162 137.3059
6 8 10 15 16 86.1915 99.8099 96.1244 95.7936 16.0596 68.678 54.9896 95.5486 613.1953 137.2677
1 2 8 10 16 98.4846 99.898 84.0009 96.0057 15.398 68.52 54.3526 96.3345 612.9943 138.1974
6 8 11 15 16 86.2358 99.8099 96.1186 95.7982 16.5341 68.7281 54.0557 95.5569 612.8372 137.2655
1 2 8 11 16 98.4889 99.8989 84.0035 96.0128 15.7675 68.5723 53.6714 96.3461 612.7613 138.201
1 3 8 10 16 97.9667 99.8833 83.7448 95.9488 15.6882 68.5304 54.4539 96.2635 612.4796 138.1395
1 3 8 11 16 97.9723 99.8843 83.7446 95.9557 16.1112 68.5939 53.8336 96.2753 612.3711 138.1431
1 6 8 10 16 97.6633 99.8697 82.864 95.828 14.5478 69.0142 54.7038 96.2707 610.7616 138.0299
1 6 8 11 16 97.669 99.8708 82.8629 95.8349 14.9897 69.0784 54.1041 96.2819 610.6916 138.0335
1 5 8 10 16 98.035 99.8845 83.5594 95.9382 14.1952 68.615 54.1566 96.2816 610.6654 138.1276
1 5 8 11 16 98.0402 99.8855 83.56 95.9452 14.6139 68.6761 53.5588 96.293 610.5727 138.1312
1 7 8 14 17 81.4489 78.4852 79.4196 95.2902 67.2731 63.1809 45.3714 99.9954 610.4647 134.0074
1 7 8 11 16 97.3086 99.8677 81.7108 95.6676 15.7513 69.4434 53.936 96.3491 610.0346 137.8368
6 8 9 10 16 86.1862 99.7979 95.95 95.7696 13.698 68.8341 54.2521 95.5458 610.0337 137.2447
1 7 8 10 16 97.3031 99.8665 81.7133 95.6608 15.293 69.3755 54.423 96.3388 609.9742 137.8333
6 8 9 11 16 86.2297 99.7978 95.9429 95.774 14.1831 68.8982 53.4928 95.5538 609.8723 137.2424
1 8 10 11 16 98.1924 99.9117 79.3848 95.3582 17.74 67.9391 53.9638 96.6057 609.0957 137.4235
7 8 9 11 16 83.7684 99.5854 96.6419 95.9123 14.4894 69.0422 53.2099 95.4328 608.0824 137.2765
7 8 9 10 16 83.7461 99.5847 96.6465 95.9074 14.032 68.985 53.6807 95.421 608.0033 137.2761
5 8 10 15 16 81.4521 99.9123 95.3698 95.8084 15.1061 67.926 54.8607 95.433 605.8683 137.0644
5 8 11 15 16 81.473 99.9121 95.3609 95.8129 15.5853 67.9818 53.8851 95.438 605.4492 137.0594
5 8 9 10 16 81.4573 99.8974 95.1737 95.7865 13.295 68.5102 54.6834 95.4336 604.2372 137.0442
5 8 9 11 16 81.4775 99.8972 95.1632 95.7909 13.7848 68.5806 53.8895 95.4383 604.0219 137.0391
1 7 8 14 16 84.2359 79.1866 80.0708 95.4698 58.3268 68.2849 52.0344 85.0757 602.685 133.3558
3 8 10 15 16 76.8447 99.9043 95.1261 95.8554 16.6127 67.8519 55.2366 95.2286 602.6603 136.8485
3 8 11 15 16 76.8595 99.904 95.1166 95.8601 17.0961 67.9107 54.1809 95.2329 602.1607 136.8425
7 8 10 14 16 84.502 99.6 80.0623 95.1181 37.901 55.2233 53.8024 95.5205 601.7296 136.9527
6 8 10 14 16 86.8494 99.807 79.7789 95.0713 35.44 54.5625 54.5552 95.5395 601.6038 137.0686
2 8 10 15 16 76.3098 99.9651 94.7771 95.8467 16.3636 67.7421 55.2955 95.2611 601.561 136.877
3 8 9 10 16 76.8554 99.8898 94.9217 95.8334 14.9531 68.5667 54.8439 95.2302 601.0942 136.8288
2 8 11 15 16 76.2858 99.9651 94.7643 95.8517 16.7765 67.7897 54.1772 95.2613 600.8715 136.8693
3 8 9 11 16 76.8695 99.8895 94.9107 95.8379 15.4457 68.6389 53.9714 95.2342 600.7977 136.8227
2 7 8 10 16 89.8796 99.805 80.7059 95.1655 15.3692 68.8867 55.3405 95.6343 600.7868 137.3072
4 7 8 10 16 85.7797 99.6721 83.7479 95.4507 16.0137 69.3635 55.3524 95.401 600.7809 137.1917
7 8 11 14 16 84.5235 99.6012 80.0554 95.1239 37.906 55.3081 52.7243 95.5313 600.7737 136.9543
4 7 8 11 16 85.8027 99.6728 83.7508 95.4573 16.4268 69.4058 54.7534 95.415 600.6844 137.1926
2 7 8 11 16 89.8999 99.8057 80.7093 95.1717 15.7562 68.9277 54.6895 95.6454 600.6054 137.3082
6 8 11 14 16 86.8774 99.8075 79.7698 95.078 35.4427 54.6485 53.2382 95.5487 600.4107 137.0686
2 8 9 10 16 76.3176 99.949 94.5846 95.828 14.8429 68.5328 54.9667 95.2624 600.284 136.8592
2 8 9 11 16 76.2928 99.949 94.5701 95.8328 15.2678 68.5968 54.0659 95.2622 599.8374 136.8514
4 6 8 10 16 86.2207 99.8261 83.0899 95.2736 15.1574 69.2734 55.5929 95.3261 599.7602 137.0387
4 6 8 11 16 86.2667 99.8262 83.088 95.2796 15.6133 69.3231 54.718 95.3368 599.4518 137.0371
3 7 8 10 16 87.3491 99.7174 80.9885 95.1883 15.7122 68.9253 55.3242 95.4398 598.6447 137.169
3 7 8 11 16 87.3717 99.7181 80.9884 95.1943 16.1342 68.9726 54.6912 95.4517 598.5222 137.17
5 7 8 10 16 89.0807 99.7686 80.4346 95.1179 14.0284 68.8785 55.2906 95.5562 598.1555 137.2247
5 7 8 11 16 89.1019 99.7693 80.4348 95.1238 14.4474 68.9249 54.7095 95.5672 598.0789 137.2256
1 6 8 14 17 78.1788 62.7813 80.3195 95.6456 73.1567 61.9671 45.5648 99.9949 597.6087 132.5071
6 7 8 10 16 88.2439 99.7229 80.0494 95.0249 14.3997 69.3346 55.2404 95.4704 597.4862 137.1068
6 7 8 11 16 88.2658 99.7237 80.0458 95.0304 14.8393 69.3828 54.5947 95.4815 597.3639 137.1077
2 6 8 10 16 87.368 99.9016 80.0429 95.0137 14.9325 68.9128 55.642 95.3607 597.1741 137.0359
1 8 9 12 16 82.2469 46.7586 97.4 96.429 75.0635 70.0926 47.1824 81.6617 596.8347 129.5318
2 6 8 11 16 87.4129 99.9018 80.041 95.0192 15.3728 68.9622 54.746 95.369 596.8248 137.0343
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Table 5.S4. Output of the "CLS_EMcombos_all.m" code using 17 potential end-
members (Table 5.S2) for the Nazca dataset (Table 5.S1). Output is interpreted. Only the 
first page of 115 pages of results are presented here to exemplify the output. See online 
version for full example.  
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Table 5.S5. 
Geochemical 
compositions of all 
potential end members 
grouped into 5 bins that 
each represent a potential 
end-member. 
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Table 5.S6. Output of the "CLS_EMcombons_bins.m" code run with the Nazca dataset. 
Every combination of 5 end-members (one from each bin define in Table 5.S3) was 
tested. 

 

EM1  EM2  EM3  EM4  EM5  coef_Al  coef_Si  coef_Fe  coef_Mn  coef_Ni  coef_Cu  coef_Zn  coef_Ba  sum_coef  sum_B
1 1 1 3 1 98.2509 99.9213 79.4942 95.4473 45.9077 70.9331 53.0728 96.6144 639.6416 137.4875
1 1 2 3 1 98.2603 99.9219 79.4909 95.4537 45.8993 70.9388 52.1117 96.624 638.7006 137.49
1 1 1 4 1 98.6845 99.9166 97.4822 96.5095 21.7305 67.3938 53.1181 96.5574 631.3925 138.5506
1 1 2 4 1 98.6879 99.9173 97.4794 96.5152 22.0703 67.4422 52.4438 96.5674 631.1235 138.5535
1 1 1 3 2 96.2843 99.7993 79.3955 95.3989 52.6307 58.7648 42.3624 99.9939 624.6298 137.3615
1 1 1 1 1 98.6276 99.9064 96.7787 96.4921 24.4461 58.6449 52.6128 96.5324 624.0411 138.5803
1 1 2 3 2 96.2909 99.8 79.3932 95.4056 52.6011 58.7076 41.4623 99.9952 623.6559 137.3633
1 1 2 1 1 98.6316 99.9073 96.7789 96.4983 24.4569 58.6183 51.8013 96.5426 623.2351 138.5839
7 1 1 4 1 83.7884 99.5949 96.8104 95.937 17.489 69.646 54.6656 95.4324 613.3637 137.3054
7 1 2 4 1 83.8114 99.5956 96.8068 95.942 17.9346 69.688 53.9932 95.4446 613.2162 137.3059
6 1 1 4 1 86.1915 99.8099 96.1244 95.7936 16.0596 68.678 54.9896 95.5486 613.1953 137.2677
6 1 2 4 1 86.2358 99.8099 96.1186 95.7982 16.5341 68.7281 54.0557 95.5569 612.8372 137.2655
5 1 1 4 1 81.4521 99.9123 95.3698 95.8084 15.1061 67.926 54.8607 95.433 605.8683 137.0644
5 1 2 4 1 81.473 99.9121 95.3609 95.8129 15.5853 67.9818 53.8851 95.438 605.4492 137.0594
3 1 1 4 1 76.8447 99.9043 95.1261 95.8554 16.6127 67.8519 55.2366 95.2286 602.6603 136.8485
3 1 2 4 1 76.8595 99.904 95.1166 95.8601 17.0961 67.9107 54.1809 95.2329 602.1607 136.8425
7 1 1 3 1 84.502 99.6 80.0623 95.1181 37.901 55.2233 53.8024 95.5205 601.7296 136.9527
6 1 1 3 1 86.8494 99.807 79.7789 95.0713 35.44 54.5625 54.5552 95.5395 601.6038 137.0686
2 1 1 4 1 76.3098 99.9651 94.7771 95.8467 16.3636 67.7421 55.2955 95.2611 601.561 136.877
2 1 2 4 1 76.2858 99.9651 94.7643 95.8517 16.7765 67.7897 54.1772 95.2613 600.8715 136.8693
7 1 2 3 1 84.5235 99.6012 80.0554 95.1239 37.906 55.3081 52.7243 95.5313 600.7737 136.9543
6 1 2 3 1 86.8774 99.8075 79.7698 95.078 35.4427 54.6485 53.2382 95.5487 600.4107 137.0686
6 1 1 3 2 81.495 99.5589 79.9219 94.8357 44.2272 49.0451 47.2183 99.9966 596.2988 136.4571
6 1 2 3 2 81.5379 99.5564 79.8994 94.834 44.307 49.0747 46.031 99.9977 595.238 136.45
7 1 1 3 2 76.4335 99.3532 80.1644 94.929 50.3005 47.4878 45.8196 99.9967 594.4847 136.1618
7 1 2 3 2 76.4496 99.3532 80.1498 94.9319 50.3411 47.47 44.9963 99.9976 593.6893 136.1607
1 1 1 1 2 96.2412 99.7561 97.0227 96.4362 19.6588 41.5605 40.521 99.9941 591.1905 138.4297
5 1 1 3 1 82.6328 99.9024 79.2781 95.138 32.7268 50.6608 55.0916 95.4463 590.8767 136.9579
7 1 1 2 1 85.0726 99.6578 88.2296 95.5345 1.4204 71.2564 54.061 95.2839 590.5163 137.2772
1 1 2 1 2 96.2441 99.7571 97.023 96.4422 19.6817 41.5106 39.8336 99.9953 590.4876 138.4314
5 1 2 3 1 82.6432 99.9026 79.2679 95.1447 32.6714 50.713 53.7617 95.4537 589.5582 136.9561
7 1 2 2 1 85.098 99.6588 88.2423 95.5417 1.2236 71.2886 53.1864 95.2962 589.5355 137.2787
1 1 1 2 1 98.7975 99.9426 89.5618 96.0924 -16.2493 69.5807 53.3908 96.4707 587.5872 138.3217
1 1 2 2 1 98.8017 99.9433 89.5714 96.0996 -16.4017 69.6132 52.504 96.4811 586.6125 138.3256
1 1 2 4 2 96.2936 99.7681 97.5133 96.4363 13.3035 43.2567 39.6144 99.9954 586.1813 138.3461
1 1 1 4 2 96.2922 99.7674 97.5168 96.4309 12.759 43.0722 40.1237 99.9941 585.9564 138.3451
5 1 1 3 2 78.8469 99.7231 79.4892 94.9459 36.3304 45.3908 47.9787 99.9964 582.7015 136.3962
5 1 2 3 2 78.8408 99.7201 79.4633 94.9446 36.263 45.3924 46.6578 99.9977 581.2797 136.3828
3 1 1 3 1 78.3722 99.8938 79.2601 95.2055 31.2247 46.997 54.4395 95.2694 580.6623 136.7823
3 1 2 3 1 78.3777 99.894 79.2496 95.2138 31.1355 47.0377 53.0105 95.2764 579.1952 136.7796
2 1 1 3 1 77.9233 99.951 79.0271 95.2101 30.3193 46.7382 54.4866 95.3267 578.9823 136.8236
6 1 1 2 1 86.3006 99.8538 87.3843 95.3827 -11.565 70.2298 54.6707 95.247 577.5039 137.1669
2 1 2 3 1 77.8975 99.9512 79.0152 95.2187 30.1883 46.7172 53.1535 95.331 577.4726 136.82
6 1 2 2 1 86.3481 99.8541 87.3958 95.3897 -11.7075 70.2701 53.6003 95.2562 576.4067 137.1658
7 1 1 1 1 83.7774 99.5944 96.1087 95.9357 -6.2555 57.3449 53.8242 95.3531 575.6829 137.317
7 1 2 1 1 83.8023 99.5952 96.1089 95.9415 -6.0689 57.332 53.0479 95.3662 575.1252 137.3179
4 1 1 4 1 48.5483 99.9878 93.7176 96.0236 17.7531 67.6883 55.6881 93.6111 573.0179 135.4745
4 1 2 4 1 48.374 99.9878 93.7 96.0353 18.0948 67.726 54.5895 93.6067 572.1142 135.4554
3 1 1 3 2 74.0365 99.7074 79.3668 95.0421 32.3559 41.1225 47.9731 99.996 569.6004 136.0979
3 1 2 3 2 74.022 99.7037 79.3383 95.039 32.2458 41.1124 46.5592 99.9975 568.0178 136.082
2 1 1 3 2 74.6592 99.8504 79.1436 95.0894 28.4186 41.2236 48.3663 99.9958 566.747 136.279
2 1 2 3 2 74.5783 99.8484 79.1139 95.0876 28.1551 41.141 46.9513 99.9976 564.8732 136.2597
6 1 2 4 2 79.7759 99.5471 95.8179 95.3624 6.4523 45.5295 41.4437 99.9979 563.9268 136.3199
6 1 1 4 2 79.695 99.5518 95.8299 95.3674 5.7404 45.2908 42.077 99.9968 563.5491 136.3318
7 1 2 4 2 74.4428 99.3275 96.639 95.6138 7.3075 46.8466 41.8368 99.9978 562.0118 136.1891
7 1 1 4 2 74.4306 99.3294 96.6465 95.612 6.7048 46.638 42.0518 99.9969 561.4099 136.1929
1 1 1 2 2 97.2981 99.8465 90.0749 96.0409 -14.7013 46.8105 42.4718 99.994 557.8353 138.2636
6 1 1 1 1 86.1793 99.8054 95.3685 95.7869 -23.7051 54.6106 54.1959 95.4668 557.7081 137.2645
6 1 2 1 1 86.2252 99.8055 95.367 95.7923 -23.4472 54.6123 53.1785 95.476 557.0096 137.2627
5 1 2 4 2 76.4692 99.7234 94.9628 95.394 5.7582 44.4014 40.1897 99.9979 556.8968 136.1434
5 1 1 4 2 76.4408 99.7284 94.9815 95.4024 4.9949 44.1467 41.022 99.9966 556.7134 136.1639
1 1 2 2 2 97.3024 99.8473 90.0882 96.0479 -15.0596 46.917 41.5558 99.9952 556.6943 138.2659
5 1 1 2 1 81.217 99.9365 86.4498 95.387 -26.9602 69.341 54.8169 95.0818 555.2699 136.9356
2 1 1 4 2 71.6539 99.8664 94.296 95.499 6.7229 43.9236 42.2195 99.9963 554.1776 135.9863
5 1 2 2 1 81.2411 99.9366 86.4587 95.3941 -27.0948 69.3877 53.7389 95.088 554.1503 136.9317
2 1 2 4 2 71.5719 99.8632 94.2719 95.4928 7.4224 44.1459 41.0981 99.9979 553.8641 135.9574
3 1 2 4 2 70.9484 99.7069 94.7369 95.4788 7.5255 44.1577 41.0808 99.9978 553.6329 135.7873

Table S6. Output of the "CLS_EMcombons_bins.m" code run with the Nazca dataset. Every combination of 5 end-members (1 from each bin in Table S3) was tested.
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3 1 1 4 2 70.9429 99.7129 94.7579 95.4878 6.7627 43.8837 41.984 99.9964 553.5281 135.811
3 1 1 2 1 76.5361 99.9303 86.1408 95.4345 -25.2355 69.2652 55.2101 94.8501 552.1315 136.7227
3 1 2 2 1 76.5543 99.9302 86.1496 95.4417 -25.3711 69.3142 54.0486 94.8556 550.923 136.7178
2 1 1 2 1 75.9293 99.9742 85.7726 95.4263 -32.7552 69.0528 55.3711 94.8717 543.643 136.7325
5 1 1 1 1 81.4653 99.9048 94.5729 95.8022 -31.1526 53.3124 53.9916 95.3534 543.2501 137.0546
5 1 2 1 1 81.4877 99.9047 94.5691 95.8077 -30.8911 53.3182 52.932 95.3594 542.4877 137.05
2 1 2 2 1 75.9084 99.9744 85.7771 95.4338 -32.9388 69.0922 54.1757 94.8731 542.296 136.7259
3 1 1 1 1 76.8698 99.8975 94.3134 95.8478 -31.2298 53.0843 54.3876 95.1457 538.3163 136.836
3 1 2 1 1 76.8863 99.8973 94.3092 95.8534 -30.956 53.0943 53.2503 95.1512 537.4859 136.8303
2 1 1 1 1 76.3442 99.9565 93.9414 95.839 -32.6193 52.9842 54.4496 95.1792 536.0747 136.8622
2 1 2 1 1 76.3215 99.9565 93.9337 95.8449 -32.4452 52.9786 53.2446 95.1804 535.0151 136.8548
7 1 1 2 2 77.0951 99.45 88.6924 95.3283 -24.1095 49.4143 42.4933 99.9968 528.3608 136.4324
7 1 2 2 2 77.1179 99.4492 88.7118 95.333 -24.5425 49.5968 41.9879 99.9977 527.6519 136.4298
7 1 2 1 2 74.5015 99.3341 96.2337 95.6557 -21.4631 34.1304 40.9122 99.9977 519.3022 136.2355
7 1 1 1 2 74.4844 99.3358 96.2347 95.6528 -21.7715 34.0506 41.2278 99.9968 519.2114 136.2389
4 1 1 4 2 38.4121 99.9482 92.9051 95.9799 7.4521 41.7883 41.7542 99.9964 518.2363 133.6461
4 1 2 4 2 37.9484 99.9456 92.8687 95.9896 8.0177 41.9208 40.4118 99.9981 517.1007 133.5795
6 1 1 2 2 80.4136 99.6636 87.8202 95.0699 -35.5336 47.1885 42.1448 99.9968 516.7638 136.3937
6 1 2 2 2 80.5041 99.6605 87.8364 95.0679 -35.8715 47.3978 41.2705 99.9979 515.8634 136.3829
4 1 1 2 1 47.8953 99.9915 84.402 95.6115 -30.2184 68.8476 55.8235 93.1107 515.4638 135.3256
4 1 2 2 1 47.726 99.9917 84.3976 95.6256 -30.5756 68.873 54.6464 93.1093 513.7938 135.3074
4 1 1 3 1 52.1928 99.967 80.0098 95.5683 17.5971 15.9139 52.3035 94.1077 507.6601 135.657
4 1 2 3 1 52.0403 99.967 79.992 95.5822 17.2586 15.7373 51.1001 94.1107 505.7882 135.644
4 1 1 1 1 48.5683 99.9786 92.7141 96.0008 -40.0199 52.5944 54.79 93.5126 498.1389 135.4471
4 1 2 1 1 48.3948 99.9786 92.7 96.0132 -39.8897 52.5804 53.5959 93.5097 496.8829 135.4283
6 1 1 1 2 79.7097 99.5545 95.3646 95.3968 -42.9752 27.8253 40.9897 99.9968 495.8622 136.3465
6 1 2 1 2 79.7938 99.55 95.359 95.3927 -42.4917 27.948 40.2643 99.9979 495.8139 136.3348
5 1 1 2 2 76.4206 99.8116 86.7979 95.0797 -54.0553 45.4143 40.9378 99.9966 490.4034 136.1415
5 1 2 2 2 76.4569 99.8081 86.8073 95.0743 -54.316 45.6374 39.9063 99.9979 489.3722 136.1221
3 1 1 2 2 70.7943 99.7998 86.4875 95.1624 -56.7311 45.0588 41.8109 99.9963 482.3791 135.7926
3 1 2 2 2 70.8073 99.7956 86.4957 95.1566 -56.9729 45.3032 40.7117 99.9977 481.2949 135.77
5 1 1 1 2 76.4931 99.7274 94.4518 95.4252 -53.5839 23.8918 39.5943 99.9966 475.9963 136.1635
5 1 2 1 2 76.524 99.7225 94.4405 95.4179 -53.0374 24.0331 38.6697 99.9979 475.7681 136.1432
2 1 1 2 2 71.304 99.9123 85.8844 95.1477 -63.8027 44.6843 41.9692 99.9962 475.0957 135.9091
2 1 2 2 2 71.2279 99.9103 85.8854 95.1444 -64.0617 44.878 40.7021 99.9978 473.6842 135.8812
3 1 1 1 2 70.9883 99.7126 94.1943 95.5051 -53.6135 22.8957 40.5576 99.9963 470.2364 135.8072
3 1 2 1 2 70.996 99.7068 94.181 95.4973 -53.0406 23.0619 39.5653 99.9978 469.9654 135.7838
2 1 1 1 2 71.7224 99.8599 93.6432 95.5088 -55.9274 22.6107 40.7609 99.9963 468.1747 135.9765
2 1 2 1 2 71.6423 99.8567 93.6265 95.5039 -55.4536 22.7149 39.5456 99.9979 467.4342 135.9477
4 1 1 3 2 45.0438 99.9194 79.189 95.6225 -10.8644 3.9472 47.6752 99.996 460.5288 134.3342
4 1 2 3 2 44.6513 99.9168 79.1496 95.6353 -11.703 3.4949 46.2424 99.998 457.3852 134.2851
4 1 1 1 2 38.3829 99.9406 91.9493 95.9666 -57.8217 19.9036 40.1358 99.9963 428.4535 133.6269
4 1 2 1 2 37.9216 99.9378 91.9181 95.9775 -57.3556 19.9393 38.6969 99.998 427.0336 133.5604
4 1 1 2 2 37.2592 99.977 83.6602 95.5825 -76.6507 41.8798 41.0939 99.9963 422.7982 133.5464
4 1 2 2 2 36.8007 99.9759 83.6417 95.5949 -77.0975 41.9936 39.6283 99.998 420.5357 133.4807
5 2 2 4 2 86.4105 99.9161 93.2921 24.7625 0.8353 -0.046 -3.5878 99.9999 401.5826 92.5442
2 2 2 4 2 84.8171 99.977 93.3688 24.9938 2.5363 -0.1534 -6.3228 99.9999 399.2166 92.1869
6 2 2 4 2 85.7412 99.7271 93.1426 24.2706 0.7132 -0.1165 -5.244 99.9999 398.234 92.924
3 2 2 4 2 82.7006 99.8958 93.3409 24.9049 2.3365 -0.1151 -6.1174 99.9999 396.9459 92.2059
5 2 1 4 2 86.4431 99.9217 93.2912 24.6745 -0.0346 -1.0895 -6.5856 99.9994 396.6203 92.5954
6 2 1 4 2 85.7701 99.7384 93.1462 24.2003 -0.1194 -1.036 -7.7789 99.9995 393.9201 92.9638
2 2 1 4 2 84.8571 99.9778 93.3634 24.8831 1.7179 -1.3054 -9.7476 99.9994 393.7457 92.2534
3 2 1 4 2 82.7639 99.9028 93.338 24.8151 1.4784 -1.1655 -9.0014 99.9994 392.1306 92.2583
7 2 2 4 2 77.0186 99.4153 92.8529 23.5086 0.4654 -0.3919 -3.5177 99.9999 389.351 93.069
7 2 1 4 2 77.0872 99.4285 92.8629 23.4588 -0.301 -1.1568 -5.7835 99.9995 385.5955 93.0979
1 2 2 4 2 94.5523 98.7741 92.5002 2.7642 9.734 -2.8161 -13.3655 99.9982 382.1415 104.683
4 2 2 4 2 62.4696 99.9952 93.3545 25.7355 4.5467 0.4272 -4.8088 100 381.7198 89.4941
1 2 1 4 2 94.5489 98.7706 92.5059 2.7791 9.0504 -3.55 -15.4477 99.9977 378.6548 104.6774
4 2 1 4 2 62.7136 99.9948 93.3411 25.5872 3.7657 -0.8775 -9.0144 99.9996 375.5102 89.604
1 2 2 4 1 95.1423 99.3401 92.523 2.2228 13.5413 -9.3777 -18.2716 96.0437 371.1638 105.3776
6 2 2 4 1 92.0475 99.926 93.2004 19.7983 10.1497 -14.7243 -18.8759 88.1008 369.6225 96.8968
5 2 2 4 1 90.054 99.992 93.2814 20.0481 10.166 -15.3758 -17.3055 87.3968 368.2569 96.5601
1 2 1 4 1 95.1394 99.3368 92.5282 2.2403 13.0518 -9.6692 -20.5498 96.028 368.1055 105.3681
7 2 2 4 1 87.5541 99.7024 92.9938 19.2685 10.2431 -14.2956 -17.023 88.5398 366.983 97.1466
6 2 1 4 1 92.0048 99.9271 93.2018 19.7723 9.6483 -15.0311 -21.4386 88.036 366.1208 96.9103
5 2 1 4 1 90.0145 99.9922 93.2811 20.0164 9.6799 -15.7215 -20.3945 87.3383 364.2064 96.5778
7 2 1 4 1 87.5348 99.7044 92.9971 19.2495 9.7456 -14.5496 -19.1969 88.4742 363.9591 97.1561
3 2 2 4 1 87.4114 99.9889 93.3124 20.1413 11.3309 -15.7232 -20.1565 86.9821 363.2873 96.3546
2 2 2 4 1 87.2224 99.9987 93.3217 20.1421 11.3001 -16.2124 -20.3822 86.8866 362.277 96.2955
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3 2 1 4 1 87.3758 99.9892 93.3114 20.1086 10.8378 -16.0692 -23.1017 86.9175 359.3694 96.3728
2 2 1 4 1 87.1985 99.9987 93.3201 20.1072 10.8572 -16.585 -23.9169 86.8332 357.8128 96.3181
4 2 2 4 1 68.4128 100 93.2882 20.2495 13.2568 -18.5109 -21.0902 83.3271 338.9334 94.7864
4 2 1 4 1 68.3994 99.9999 93.2843 20.2063 12.8509 -18.8983 -25.314 83.2848 333.8132 94.8232
1 2 1 1 1 95.7764 99.5051 93.2759 9.8244 -265.8039 47.9131 35.2325 95.9229 211.6463 108.4847
1 2 2 1 1 95.78 99.509 93.2733 9.8113 -266.5646 47.8964 35.4156 95.9402 211.0614 108.4992
1 2 1 1 2 94.7774 99.009 93.3118 10.4473 -291.9681 40.237 40.7527 99.9976 186.5646 108.1944
1 2 2 1 2 94.7829 99.0155 93.3054 10.4378 -293.1611 40.0565 41.0129 99.9982 185.448 108.2068
7 2 1 1 1 87.7977 99.7425 93.8945 26.1775 -298.5404 38.1416 34.1789 89.8921 171.2844 101.2094
7 2 2 1 1 87.8323 99.742 93.8974 26.1983 -299.3416 38.2215 34.3973 89.9441 170.8914 101.2071
6 2 1 1 1 91.8097 99.958 94.1052 26.8818 -335.0818 35.2806 35.0872 89.2793 137.3199 100.8476
6 2 2 1 1 91.8656 99.9577 94.1114 26.9104 -336.211 35.3554 35.58 89.3311 136.9007 100.8416
7 2 1 1 2 77.8983 99.4932 93.8818 30.2093 -343.4445 31.0926 42.4056 99.9996 131.5359 97.9177
7 2 2 1 2 77.8597 99.4847 93.8869 30.2599 -344.8188 30.9546 42.7661 99.9999 130.3931 97.8972
5 2 1 1 1 88.9776 99.9967 94.1185 27.183 -360.7832 32.443 36.512 88.4529 106.9005 100.4362
5 2 2 1 1 89.0445 99.9967 94.1267 27.2187 -362.3532 32.4859 37.3802 88.5018 106.4013 100.4258
3 2 1 1 1 86.1573 99.9966 94.1098 27.3065 -368.4357 31.285 35.8553 87.9308 94.2056 100.1962
3 2 2 1 1 86.231 99.9966 94.1188 27.3449 -370.0798 31.3233 36.6593 87.9827 93.5767 100.1851
2 2 1 1 1 85.5595 99.999 94.1051 27.3292 -371.9474 31.1972 35.6364 87.8286 89.7077 100.1252
2 2 2 1 1 85.6123 99.9991 94.1139 27.3694 -373.8756 31.1969 36.6847 87.8711 88.9719 100.1102
6 2 1 1 2 86.1912 99.8235 94.1816 31.2412 -390.8998 24.7742 43.0831 99.9996 88.3946 97.5736
6 2 2 1 2 86.2025 99.8166 94.1977 31.3139 -392.8498 24.5921 43.4968 99.9999 86.7699 97.5421
5 2 1 1 2 86.1268 99.9605 94.229 31.9035 -431.6321 18.7465 44.247 99.9996 43.5808 97.0387
5 2 2 1 2 86.1715 99.9581 94.2538 31.9985 -434.3837 18.4735 44.8939 99.9999 41.3655 96.9952
3 2 1 1 2 82.5413 99.9566 94.2322 32.1342 -442.119 16.6188 43.9818 99.9995 27.3454 96.6498
3 2 2 1 2 82.5597 99.9537 94.2587 32.2317 -444.9141 16.3507 44.5467 99.9999 24.987 96.6046
4 2 1 1 1 61.6507 99.9999 93.7875 27.2749 -403.815 26.531 35.6318 83.5948 24.6555 98.5257
4 2 2 1 1 61.752 100 93.7952 27.3303 -407.0649 26.3803 37.0802 83.6248 22.8978 98.4943
2 2 1 1 2 83.4148 99.9857 94.2072 32.1838 -448.8484 15.5146 43.8457 99.9995 20.303 96.5718
2 2 2 1 2 83.4509 99.9857 94.2333 32.301 -452.5149 15.0487 44.607 99.9999 17.1114 96.5117
4 2 1 1 2 55.8386 99.9983 93.6817 33.0195 -510.3946 3.65 44.8056 99.9997 -79.4012 93.6574
4 2 2 1 2 55.8655 99.9989 93.7136 33.1952 -517.449 2.4818 45.8219 100 -86.3721 93.5438
7 2 1 2 1 85.7011 99.8719 95.7904 60.4973 -1036.0382 53.8645 32.295 89.8963 -518.1216 121.4009
7 2 2 2 1 85.7747 99.8747 95.7898 60.5954 -1037.7495 53.978 31.8149 89.8692 -520.053 121.4292
7 2 1 2 2 78.4382 99.7295 95.667 62.0262 -1060.4341 54.0455 32.9278 99.9977 -537.6023 120.5727
7 2 2 2 2 78.544 99.7336 95.6696 62.1433 -1063.2399 54.35 32.555 99.9989 -540.2455 120.5942
6 2 1 2 1 85.7907 99.9962 95.3656 61.4927 -1084.9871 54.2418 32.6894 89.2708 -566.14 120.8942
6 2 2 2 1 85.9263 99.9967 95.3663 61.5967 -1087.4624 54.3851 32.3224 89.2404 -568.6285 120.9193
5 2 1 2 1 77.3254 99.9977 95.0346 61.8389 -1096.9091 54.1485 33.4203 88.4639 -586.6798 120.473
5 2 2 2 1 77.4712 99.9983 95.0327 61.9477 -1099.9922 54.3086 33.2415 88.4284 -589.5638 120.4938
3 2 1 2 1 71.6726 99.998 94.879 61.9372 -1094.8177 54.0134 32.9336 87.9676 -591.4163 120.2481
2 2 1 2 1 69.9806 99.9989 94.8359 61.9654 -1094.7707 53.9018 32.7664 87.8634 -593.4582 120.1853
3 2 2 2 1 71.8389 99.9985 94.8752 62.0494 -1098.0012 54.1731 32.709 87.929 -594.4281 120.2674
6 2 1 2 2 82.4703 99.9682 95.1895 63.607 -1123.1032 53.9088 33.3986 99.9977 -594.563 119.9414
4 2 1 2 1 29.24 99.9994 95.041 61.058 -1050.31 52.4374 31.6495 84.7407 -596.1441 119.1197
2 2 2 2 1 70.0929 99.9995 94.8297 62.0765 -1098.054 54.0728 32.7137 87.818 -596.4511 120.2024
6 2 2 2 2 82.7271 99.9692 95.2004 63.7368 -1127.4083 54.2538 32.8004 99.999 -598.7215 119.9526
4 2 2 2 1 29.1766 100 95.0214 61.1747 -1053.5006 52.6388 31.9804 84.6671 -598.8416 119.1238
4 2 1 2 2 16.144 99.9984 93.8942 63.8805 -1079.9698 52.7411 33.8154 99.9972 -619.499 116.9626
5 2 1 2 2 74.2098 99.9884 94.6526 64.3321 -1143.7205 53.4877 33.8051 99.9976 -623.2471 119.3103
4 2 2 2 2 15.9828 100 93.8475 64.0769 -1085.3868 53.0736 33.5521 99.999 -624.8549 116.899
3 2 1 2 2 67.6166 99.9902 94.3844 64.5774 -1141.8773 53.3217 33.773 99.9974 -628.2166 118.9566
5 2 2 2 2 74.5289 99.9895 94.658 64.4811 -1149.4302 53.8571 33.2751 99.999 -628.6414 119.3076
2 2 1 2 2 66.1108 99.993 94.2918 64.6701 -1142.9149 53.2432 33.6801 99.9974 -630.9285 118.8608
3 2 2 2 2 67.9855 99.9914 94.3895 64.7328 -1148.0294 53.7048 33.1647 99.9989 -634.0618 118.9494
2 2 2 2 2 66.3347 99.9942 94.2898 64.8303 -1149.1838 53.609 33.1704 99.999 -636.9564 118.8447
1 2 1 2 1 97.1684 99.9547 96.0366 54.3732 -1172.5577 56.4798 34.8287 92.7198 -640.9965 123.7851
1 2 2 2 1 97.1822 99.956 96.0294 54.4607 -1175.3467 56.6267 34.6315 92.6998 -643.7604 123.8195
1 2 1 2 2 96.0755 99.9034 95.7129 54.252 -1220.075 52.159 33.6862 99.9952 -688.2909 124.1036
1 2 2 2 2 96.1021 99.9061 95.7016 54.3473 -1224.1665 52.4726 33.3802 99.9963 -692.2604 124.1424
7 2 1 3 1 85.4441 99.7111 98.1282 56.4149 -985.7355 -600.629 6.5881 92.6029 -1147.4751 119.2323
7 2 2 3 1 85.5108 99.7152 98.128 56.4428 -985.7637 -599.94 4.5152 92.6096 -1148.7822 119.25
6 2 1 3 1 87.6255 99.8967 98.2312 56.7602 -988.6221 -606.3925 4.6018 92.7559 -1155.1433 119.1543
6 2 2 3 1 87.6734 99.8987 98.2314 56.7895 -988.8615 -605.7941 2.179 92.7596 -1157.1239 119.1707
5 2 1 3 1 84.1183 99.9672 98.2816 56.9441 -990.2353 -609.2445 4.7173 92.6802 -1162.771 118.98
7 2 1 3 2 77.4831 99.4933 98.1603 56.8832 -976.009 -626.7707 5.9976 99.997 -1164.7651 118.5755
5 2 2 3 1 84.1236 99.968 98.2819 56.9738 -990.5609 -608.662 2.23 92.6818 -1164.9637 118.9951
7 2 2 3 2 77.5661 99.4986 98.1611 56.9227 -975.6629 -626.9999 3.9686 99.998 -1166.5476 118.5871
3 2 1 3 1 80.5624 99.9607 98.28 56.9914 -989.0963 -610.6176 2.4353 92.5031 -1168.981 118.8305
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6 2 1 3 2 82.4552 99.7341 98.2931 57.3851 -979.8476 -632.629 4.2796 99.9971 -1170.3324 118.6106
2 2 1 3 1 80.1773 99.9772 98.292 57.0305 -989.453 -610.649 1.5065 92.5488 -1170.5697 118.8038
3 2 2 3 1 80.5605 99.9616 98.2802 57.0214 -989.3974 -610.0217 -0.2023 92.5046 -1171.293 118.8449
2 2 2 3 1 80.1428 99.9777 98.2919 57.0594 -989.7806 -610.046 -0.8663 92.5489 -1172.6722 118.818
6 2 2 3 2 82.5278 99.7364 98.2942 57.4297 -979.67 -633.1524 1.7125 99.9982 -1173.1236 118.6173
5 2 1 3 2 80.2542 99.886 98.3378 57.6968 -982.2729 -636.238 4.0573 99.997 -1178.2816 118.4619
5 2 2 3 2 80.2381 99.8871 98.3381 57.7443 -982.0137 -636.8233 1.2444 99.9982 -1181.3868 118.4639
2 2 1 3 2 76.6031 99.9519 98.3763 57.9087 -981.4104 -638.2221 0.8547 99.9963 -1185.9414 118.2657
3 2 1 3 2 75.7993 99.8615 98.328 57.7571 -981.779 -638.3704 2.0682 99.9965 -1186.3388 118.231
2 2 2 3 2 76.4871 99.9525 98.3764 57.9586 -981.0258 -638.8453 -2.0486 99.998 -1189.147 118.2636
3 2 2 3 2 75.762 99.8624 98.3283 57.8067 -981.4855 -638.9749 -0.8653 99.9977 -1189.5686 118.2313
4 2 1 3 1 57.4038 99.9791 98.3091 57.0508 -992.6859 -618.8912 -2.4918 91.2432 -1210.0829 117.8478
4 2 2 3 1 57.2646 99.9795 98.3079 57.0807 -992.9725 -618.155 -4.6814 91.2363 -1211.9399 117.8557
4 2 1 3 2 48.0313 99.9703 98.3678 58.0563 -991.7499 -651.0353 -2.85 99.9973 -1241.2122 116.8083
4 2 2 3 2 47.614 99.9708 98.3641 58.1135 -990.6989 -651.2923 -5.7091 99.9989 -1243.639 116.7862
1 2 1 3 1 98.0772 99.833 97.8434 52.1566 -1266.6134 -708.7937 16.6257 94.0366 -1516.8345 121.785
1 2 2 3 1 98.0869 99.8362 97.8421 52.1715 -1268.1514 -709.3349 15.1361 94.0496 -1520.364 121.8085
1 2 1 3 2 96.189 99.686 97.829 51.7801 -1292.8569 -768.3334 11.3815 99.9936 -1604.3312 122.1253
1 2 2 3 2 96.2096 99.6928 97.8285 51.7923 -1294.5872 -770.1207 9.7755 99.9947 -1609.4145 122.1514
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Table 5.S7. Output of the "CLS_EMcombos_bins.m" code. Every combination of 5 end-
members (one from each bin as defined in Table 5.S3) was sequentially fit to the Nazca 
dataset (Table 5.S1). Output is interpreted. 
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CHAPTER 6: Deep Sea Clay and global seawater Mg through the Cenozoic 

Abstract 

The most enigmatic sink of many elements in the global ocean is the formation of 

deep sea authigenic clay. We examine such pelagic clay from sediments from the South 

Pacific Gyre (SPG), which is the largest province of authigenic clay in the global ocean, 

and identify two chemically-distinct authigenic clay components.  Both authigenic clays 

are likely both aluminosilicate rhyolitic volcanic ash that has been altered in two different 

ways, one slightly enriched in K and the other in Mg. Multivariate statistical models of a 

138-sample dataset from 6 sites distributed through the central SPG quantifies the amount 

of each of the altered ash components, which together can comprise as much as ~90% of 

the bulk sediment mass on a per sample basis. The Mg-ash mass fraction within the bulk 

sediment correlates with !26Mg, suggesting that the authigenic clay formation 

fractionated and incorporated Mg from seawater or porewater. High concentrations of 

biogenic Si and hydrothermal material appear to have created conditions conducive to 

forming this Mg-ash. Shifts in the large-scale geographic distribution of biogenic Si 

accumulation may have reduced the global rate of Mg removed from seawater by 

authigenic aluminosilicates and could contribute significantly to the increase in seawater 

Mg/Ca ratio through the evolution of the Cenozoic global ocean. 
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1. Introduction 

Constraining geochemical budgets and cycling of elements in the ocean is 

necessary to understand current and past ocean processes as well as to quantify the 

anthropogenic impact(s) on ocean chemistry. The most enigmatic sink of many critical 

elements in the ocean (e.g. Si, Mg, K, Fe) is the formation of authigenic aluminosilicate 

clay minerals. (e.g., Mackenzie and Kump, 1995; Higgins and Schrag, 2010; Tréguer and 

De La Rocha, 2013; Baldermann et al., 2015). A few chemical reactions of authigenic 

clay formation, such as  “reverse weathering” or cation exchanges, were hypothesized in 

the early days of modern oceanography as a way for aluminosilicate clays in the ocean to 

act as a sink for Si, Mg, K, and bicarbonates, and to therefore balance element ocean 

budgets (Mackenzie and Garrels, 1966; Sillén, 1967). This line of hypotheses became 

less favored when the discovery of hydrothermal vents introduced an alternative 

elemental sink (e.g., Von Damm et al., 1985; Elderfield and Schultz, 1996). The modern 

Mg budget loosely constrains the hydrothermal Mg sink as accounting for 61-100% of 

the total flux (Spencer and Hardie, 1990; Holland, 2005; Tipper et al., 2006). However, 

through the Cenozoic a 2-3 fold increase in the global seawater Mg/Ca ratio has been 

observed that cannot be explained by the relatively constant mid-ocean ridge spreading 

rates nor the composition of material being weathered (Holland, 2005; Higgins and 

Schrag, 2015). In this study, we propose and provide evidence that authigenic 

aluminosilicates (specifically, altered volcanic ash) can be a significant sink for Mg, and 

can therefore be a quantitatively important controlling factor in the seawater Mg/Ca ratio 

over geological time.  



!

!

278 

We use the Mg isotope system to identify the presence of authigenic 

aluminosilicates (Higgins and Schrag, 2010, 2015; Wimpenney et al., 2014; Blätter et al., 

2015).  Secondary clay mineral formation preferentially incorporates isotopically heavy 

Mg during its formation in the terrestrial environment (Wimpenney et al., 2014) and the 

same has been inferred for the marine environment from pore fluid analyses of !26Mg 

(Higgins and Schrag, 2010). Here, we provide the first evidence for a heavy !26Mg 

signature in deep sea marine sediment, and demonstrate the prevalence of authigenic 

aluminosilicate minerals and/or a higher degree of authigenic alterations in pelagic clay.  

We also use partitioning techniques and construct multivariate statistical mixing 

models for a geochemical dataset including major, trace, and rare earth element 

concentrations in 138 pelagic clay samples from Integrated Ocean Drilling Program 

(IODP) Sites U1365, U1366, U1367, U1369, U1370, and U1371 to identify and quantify 

contributions of each authigenic end-members. Our data provides clues to the subseafloor 

conditions most conducive to the formation of authigenic clay minerals or different types 

of ash alterations in the open-ocean. Increased Mg uptake seems to be favored in Si-rich, 

Fe-rich subseafloor sediment environments. Putting together the !26Mg and elemental 

chemistry data sets, we hypothesize that geographic changes in the accumulation of 

biogenic-Si through the Cenozoic may have reduced the formation of pelagic Mg-rich 

authigenic minerals, which may explain global seawater Mg/Ca trends through the 

Cenozoic. 

 



!

!

279 

2. Authigenic aluminosilicate formation and volcanic ash 

Authigenic minerals are defined by their in situ formation on or within the 

sediment by replacement of a precursor mineral or by direct precipitation from seawater 

or surrounding pore fluids (Piper and Heath, 1989; Kastner, 1999). Under this broad 

definition, the use of the term “authigenic” varies between fields and can refer to Fe/Mn-

oxides micronodules or coatings and hydrothermal deposition, biogenic deposition, rare 

earth element or trace element enrichment, geochemical signatures in fish teeth/bones, 

carbonate recrystallization, and/or biogenic Si diagenesis/opal-chert formation, and more 

(e.g., Krishnaswami, 1976; Hesse, 1998; Piper and Heath, 1989; Filippelli and Delaney, 

1996; Tachikawa et al., 1999; Kastner, 1999; Takebe, 2005; Little et al., 2015; Blättler et 

al., 2015). In this paper, we will address Fe/Mn-oyhydroxides, apatite, and biogenic Si, 

but we focus on the in situ formation of aluminosilicate minerals.  

Previous studies have shown that authigenic clay formation is dependent on a 

number of variables including a reactive-Si supply and the kinetics of clay dissolution-

precipitation reactions (Sayles and Manheim, 1975; Sayles et al., 1975; Heath and 

Dymond, 1977; Dymond and Eklund, 1978; Sayles, 1981; Cole and Shaw, 1983; Mackin 

and Aller, 1984; Cole, 1985; Alt, 1988; Michalopoulos and Aller, 1995, 2004; Dekov et 

al., 2008; Cuadros et al., 2011). In the open-ocean, authigenic smectites have been 

described forming in a range of possible conditions derived from submarine 

hydrothermal activity, from relatively close to the point of hydrothermal discharge to 

locations distant from it or after activity ceased (e.g. Cole and Shaw, 1983; Cuadros et 

al., 2011). Cuadros et al. (2011) hypothesized that Mg is broadly more abundant in 
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smectite formed in the sediment without contact with hydrothermal fluid and may 

indicate that the greater Mg content is caused by incorporation from the ambient seawater 

in a slow maturation reaction. This hypothesis invokes a smectite formation mechanism 

that begins with a metastable Si-Fe phase quickly formed within hydrothermal discharge 

and deposited on the seafloor where it was transformed into Fe-oxides and nontronites 

over thousands of years. While the origin of the Si (hydrothermal vs. biogenic) and the 

temperature of formation can vary, a common theme is that intimate contact between a Fe 

oxide and reactive Si appear to be the most conducive environments to forming 

authigenic aluminosilicates (Heath and Dymond, 1977; Cole et al., 1985; Cuadros et al., 

2011). Some elements incorporated into the smectites (e.g. Al, Ti, and perhaps others) 

may be sourced from hydrothermal fluids, but further from the ridge are likely more 

supplied by detrital dust and volcanic ash. 

Our study focuses on the alteration of volcanic ash to create authigenic minerals 

and thus here we define our terminology specific to volcanic ash alteration. Volcanic ash  

can originate from submarine or eolian eruptions and is commonly deposited on the 

seafloor as amorphous glass shards with a diverse size range. The amorphous structure is 

metastable on and within the seafloor, which makes the volcanic ash grains very 

susceptible to a variety of different chemical and structural changes depending on the 

surrounding conditions. The structural alterations often cause the volcanic ash to be 

completely replaced by a smectite or zeolite structure, which are both common 

aluminosilicate minerals in pelagic sediment (Gardner et al., 1986; Hodder et al., 1993; 

D’Hondt, Inagaki, Alvarez-Zarikian et al., 2011).  Desprairies et al. (1991) described four 
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zones of volcanic ash mineralogical alterations that subsequently occurred with 

increasing depth: (1) fresh unaltered glass, (2) glass hydrolysis [gain H2O and K, lose Si], 

(3) phillipsite formation [ash converted to zeolites and smectites], and (4) smectite 

formation [massive growth of authigenic smectite, few zeolites and altered glass present]. 

In particular, zeolites and smectites have a high cation exchange capacity, making them 

potentially a significant sink for Mg, K, and other elements in seawater.   

The variety of sources that supply elements that combine to form authigenic clays 

makes it challenging to discuss the origin of a specific grain. For example, if an 

authigenic clay is comprised of Si from biogenic deposition, Fe from hydrothermal fluids, 

Al from a volcanic ash shard, and Mg from the seawater, it is appropriate it to refer to it 

as “an authigenic mineral.” However, it could also be considered as 50% biogenic, 25% 

hydrothermal, 20% detrital, and 5% seawater. In this paper, we tend to think about 

authigenic clay formation in terms of the latter classification where the source of each 

element in the authigenic aluminosilicate is identified (or hypothesized) because it is 

more specific from a chemical perspective and allows for an easier discussion of the role 

authigenic clays have in element cycling and budgets in the ocean.   

 

3. Identifying chemical ash alterations 

The authigenic signature of the sediment we explore here became apparent during 

a study of pelagic clay provenance in the South Pacific Gyre (Dunlea et al., 2015a, b). In 

addition to analyzing the composition hundreds of bulk pelagic clay samples, Dunlea et 
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al. (2015a) analyzed two samples from discrete ash layers that express geochemical 

signatures of authigenic processes at Site U1366 and U1370. The proportions of 

immobile elements that are relatively unaffected by alteration processes (e.g. Al, Ti, Cr) 

indicate the two samples were originally a rhyolite composition (Dunlea et al., 2015a). 

However, both have low concentrations of Si relative to typical rhyolites (Figure 6.1A). 

The Si may have been lost during the initial step of ash alteration that involves hydration 

and partial dissolution (Desprairies et al., 1991; Hodder et al., 1993; Schacht et al., 

2008). One ash layer, which we will refer to as the “Mg-ash,” has higher concentrations 

of Mg (3.9 wt.% Mg) than average rhyolite (0.19 ± 0.16 wt.% Mg, GeoRoc, online 

database, 2014) and lower concentrations of K (0.99 wt.% K) than average rhyolite (3.1 

± 0.8 wt.% K, GeoRoc, online database, 2014). The other ash layer, which we will refer 

to as the “K-ash,” has concentrations of K (4.7 wt.% K) higher than average rhyolite (3.1 

± 0.8 wt.% K, GeoRoc, online database, 2014), but still within the range of some felsic, 

K-rich rhyolites seen in the rock record. The K-ash is also slightly enriched in Mg (0.7 

wt.% Mg) relative to average rhyolite, but is still within the range seen in the rhyolite 

volcanic rock compositions. The difference in the concentrations of Mg and K in the two 

ash layers suggests that they have undergone different alterations to their chemistry 

(Figure 6.1). 

The authigenic signature of these two altered ashes is also expressed within bulk 

sediment samples from the sites in the SPG. For example, bulk sediment samples can be 

explained by the mixing of Post-Archean average Australian Shale (PAAS, Taylor and 

McLennan, 1985), the K-ash, and the Mg-ash (Dunlea et al., 2015a), as shown in Figure 
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6.1. Generally, samples from Site U1365 and U1366 trend toward the Mg-ash 

composition and samples from Sites U1369 and U1370 trend towards the K-ash 

composition. A few samples with Si concentrations greater than PAAS appear to be 

trending towards an unaltered average rhyolite composition (Figure 6.1A and 6.1C), but 

this feature is more likely due to the radiolarian microfossils present in the sediment 

interval from which those samples were collected. 

The two different types of ash alterations are also expressed throughout the bulk 

sediment in Mg-K-Ti and Mg-K-Ca ternary diagrams (Figure 6.2), with the latter also 

showing an enrichment of Ca from apatite contributions. Samples from Sites U1369 and 

U1370 generally trend toward the K-ash, while Sites U1365 and U1366 trend towards the 

Mg-ash. The broad inter-site differences may be indicative of regional, lithological, or 

age differences determining the occurrence of the various ash alteration processes. 

However, a few samples from each site trend toward the other altered ash end-member 

indicating that both types of ash alteration are occurring at each site, suggesting that these 

are basin-wide alteration processes. The Mg-ash trends toward seawater composition also 

possibly suggesting the incorporation of Mg and K in approximate seawater proportions 

during the Mg-ash alteration.  

 

4. Quantifying authigenic contributions to pelagic clay   

Using the geochemical dataset from Dunlea et al. (2015a), we performed Q-mode 

factor analysis (QFA) and constrained least squares multiple linear regression analyses 
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(CLS) to construct multivariate statistical mixing models of the bulk pelagic clay 

samples. Dunlea et al. (2015a) note the affects of authigenic processes within their 

models, but choose to focus on the elements less affected by alterations processes in 

order to focus on the primary origin of the eolian dust and volcanic ash. Here, we adjust 

the statistical models to include the elements affected during alterations with the goal of 

quantifying the presence of each type of altered ash within the bulk sediment.  

We computed multivariate statistics using MATLAB™ algorithms tailored for 

sedimentary geochemical mixing (Pisias et al., 2013; Dunlea and Murray, 2015).  These 

algorithms have been successfully applied by our research group to samples from a 

diverse range of other ocean regions (e.g. Ziegler and Murray, 2007; Ziegler et al., 2007, 

2008; Martinez et al., 2009, 2010; Scudder et al., 2009, 2014, 2016). The QFA results 

suggested that six factors explained 99% of the variability in the dataset (12-elements, 

138-samples) that we interpret as dust, Fe/Mn-oxyhydroxide, apatite, and excess Si, an 

Mg-enriched altered ash and a K-enriched altered ash (Supplementary Text S1). A CLS 

model fit the dataset well with end-member compositions used in Dunlea et al. (2015a) 

for their bulk sediment characterization plus the two discrete Mg-rich and K-rich ash 

layers corresponding to each of the factors (Supplementary Text S2). 

The CLS modeled mass fractions of Fe/Mn-oxyhydroxides, apatite, and excess Si, 

are very similar to those in Dunlea et al. (2015a), but the aluminosilicate fraction is 

partitioned differently, as appropriate for our focus here on authigenesis (Figure 6.3). The 

Mg-ash and K-ash are present throughout the sediment at each site, generally each 

comprising between 10-40% of the bulk sediment, and together comprising as much as 
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~80% of some bulk sediment samples. These results are consistent with the sedimentary 

petrographic studies performed by the shipboard scientific party (D’Hondt, Inagaki, 

Alvarez-Zarikian et al., 2011).  The magnitude and prevalence of these altered ashes 

within the pelagic clay at four sites throughout the South Pacific is a huge potential sink 

or source for elements. 

The distribution of Mg-ash vs. K-ash down hole appears to be related to 

sedimentation rate. Mg-ash comprises more of the bulk sediment when the accumulation 

rates were higher, that is, with a lower seawater exposure time (Dunlea et al., 2015b) and 

K-ash occurs more commonly when sedimentation rates are lower, that is, a higher 

seawater exposure time The differences suggests different formation conditions, as we 

will discuss later in this paper.  

 

5.  Authigenic ! 26Mg signature of the Mg-ash 

At Site U1366, the analysis of Mg isotopes on the same samples that were 

statistically modeled yields a distinctly authigenic signature for the Mg-ash end-member. 

The Mg-ash mass fraction and the !26Mg at Site U1366 are significantly correlated 

(Figure 6.4) and the !26Mg of the Mg-ash layer sample is 0.52 %o, which is the highest 

!26Mg analyzed in this study. Using the linear relationship between !26Mg and Mg-ash 

mass fraction of the bulk sediment samples and extrapolating to 100% Mg-ash (i.e., to 

approximate an idealized, theoretically “pure” authigenic aluminosilicate) yields a !26Mg 

of 1.39 %o. The !26Mg of both the Mg-ash layer sample and the extrapolated value from 
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bulk samples are within the range of secondary mineral fractionation observed in 

terrestrial samples (0.2 %o to 1.6 %o, Wimpenney et al, 2014) and close to the range 

predicted in marine sediment (0 %o to 1.25 %o, Higgins and Schrag, 2010).  

The lowest !26Mg values occur when Fe/Mn oxyhydroxide fraction is the highest, 

which may indicate Mg is adsorbed onto these phases (Wimpenney et al., 2014). Samples 

with high mass fractions of PAAS plot within or near the typical !26Mg values of 

continental crust (-0.1 to -0.3%o, Wimpenney et al., 2014), but otherwise no other 

correlation is seen between !26Mg and the other end-members in the model (Figure 6.4). 

Thus, the Mg-ash is most likely an altered/authigenic aluminosilicate that incorporated 

Mg from seawater or porewater during the alteration process. 

The heaviest !26Mg value and highest abundance of Mg-ash at Site U1366 occurs 

between 17.65 and 19.15 mbsf, which is an interval that has very high mass fractions of 

biogenic Si and Fe/Mn-oxyhydroxides (Figure 6.3). Many altered ash layers were 

described throughout this Fe-rich, biogenic Si-rich interval as well (D’Hondt, Inagaki, 

Alvarez-Zarikian et al., 2011), which could provide ample elements and pre-existing 

minerals for an authigenic or alteration process to occur. If this intimate contact between 

a Fe oxide and reactive Si is indeed the most conducive environment to forming 

authigenic aluminosilicates via ash alteration, changes in the global distribution of the 

reactive Si supply with respect to Fe/Mn-oxyhydroxide accumulation could have major 

implication for seawater chemical composition over time, and specifically !26Mg and Mg. 
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6. Implications for Mg cycle and global ocean Mg/Ca  

A two- to three-fold increase in global seawater Mg/Ca over the Cenozoic is 

observed in a variety of records of ancient seawater chemistry, including fluid inclusions 

in halite (Zimmermann, 2000; Lowenstein et al., 2001; Horita et al., 2002), deep-sea pore 

fluid profiles (Fantle and DePaolo, 2006; Higgins and Schrag, 2012), the mineralogy of 

inorganic marine cements (Sandberg, 1983), low-temperature calcium carbonate veins in 

oceanic crust (Coggon et al., 2010), and biogenic carbonates (Stanley and Hardie, 1998; 

Dickson, 2002). During this time, the Mg/Ca of the river supply and the seafloor 

spreading rate were both relatively constant, and therefore another Mg or Ca source or 

sink must have changed to cause the increase in Mg/Ca.  

Using !26Mg, Higgins and Schrag (2015) demonstrated that the change in Mg/Ca 

cannot be credited to changes in the rate of carbonate deposition and dolotimization (e.g. 

Holland, 2005), but instead suggests that changes in the formation of aluminosilicates 

caused the global geochemical shift, They hypothesize that the cooling bottom water 

temperatures throughout the Cenozoic reduced the rate of Mg incorporation into basalt. 

Additionally, they propose that cooler bottom water temperatures might reduce heat flow 

and hydrothermal circulation, which would also decrease the total uptake of Mg in low-

temperature basalt alterations (Coogan and Gillis, 2013). Higgins and Schrag (2015) also 

theorized that the Mg/Ca shift could have been caused by a change in the mineralogy 

and/or Mg content of authigenic clay, but their study provide little evidence or 

explanation of how this may occur. In this section, we show how the trends in !26Mg and 

Mg authigenesis supports the hypothesis that the Cenozoic increase in Mg/Ca is due to 
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changes in the global authigenic aluminosilicate formation, possibly caused by large-

scale changes in the availability of reactive Si. 

Through the Cenozoic, the global distributions of siliceous microfossil production 

and preservation have been continuously reorganizing. Major changes in siliceous faunal 

communities and accumulation on the seafloor have been commonly reported at the 

Eocene-Oligocene boundary (~34 Ma) (e.g. Funakawa et al., 2006; Lazarus et al., 2008; 

Wade and Pearson, 2008; Houben et al., 2013; Moore, 2013), the Oligocene-Miocene 

boundary (~23 Ma) (e.g. Kennett, 1978; Keller and Barron, 1983; Diester-Haass, 1995; 

Vanden Berg and Jarrard, 2004; Kamikuri et al., 2005), in the early to mid-Miocene 

(~18-12.5 Ma) (Keller and Barron, 1983), and since the Miocene (e.g. Cortese et al., 

2004; Piela et al., 2012). Most of these studies link shifts in siliceous accumulation to 

tectonic-driven ocean circulation changes and Antarctica ice sheet formation, which 

result in changing global nutrient distributions and loci of biogenic production and 

sedimentation.    

Very broadly, these changes can be summarized as a shift of siliceous deposition 

accumulation from the global open-oceans (specifically the North Atlantic) toward being 

relatively more concentrated in the Southern Ocean and equatorial Pacific (Keller and 

Barron, 1983; Cortese et al., 2004). Known as the “silica switch”, siliceous sediment was 

significantly restricted in the North Atlantic and started accumulating in the North Pacific 

and Indian Oceans. If siliceous sediment previously accumulated in the open ocean in 

proximity to mid-ocean ridges, there would have been vast regions of the seafloor that 

were more conducive for forming the Mg-enriched authigenic phase and removing 
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significant amounts of Mg from the water column. In this scenario, the geographic 

distributions of siliceous accumulation on the seafloor would shift away from spreading 

ridges and hydrothermal material and towards the Southern Ocean and equatorial Pacific, 

and would accumulate in subseafloor conditions less conducive to the formation of Mg-

enriched clays. Alternatively, the spatial expansion and increase in calcareous deposition 

may dilute the Fe oxides and reactive Si within the marine sediment thus slowing or 

preventing the interaction between the components required to make a Mg-rich 

authigenic aluminosilicate. In both scenarios, the amount of Mg removed by authigenic 

clay formation will be reduced and global Mg/Ca will increase. 

While Higgins and Schrag (2015) model the global seawater Mg/Ca trend through 

the Cenozoic as an exponential increase, their results could also be interpreted as 

presenting a relatively constant Mg/Ca from 40 Ma until approximately 25-15 Ma, after 

which the Mg/Ca begins to increase. Major shifts in the accumulation patterns of 

biogenic Si from the North Atlantic to the Southern Ocean occurred around this time 

(Kennett, 1978; Keller and Barron, 1983; Diester-Haass, 1995; Vanden Berg and 

Jarrard, 2004; Cortese et al., 2004; Kamikuri et al., 2005; Piela et al., 2012) and could 

have reduced the rate of seawater Mg sequestration by pelagic clays.  

The magnitude of the altered ash/authigenic aluminosilicate sink is able to 

account for the predicted change in seawater Mg. As noted by Mackenzie and Garrels 

(1996), a large flux of Mg from seawater could be accounted for by a small increase in 

the MgO content of shallow marine sediment. For example, assuming a sediment flux to 

the ocean of 1-2 x 1016 g/yr (Milliman and Syvitski, 1992), an increase of 0.2–0.4 wt. % 
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MgO due to the formation of marine clays would represent a Mg sink of 1 Tmol/yr. 

Higgins and Schrag (2015) predicted a maximum of ~3 Tmol of Mg/yr flux into these 

authigenic clays, which would require an increase in the average detrital sediment Mg 

content by 0.6 to 1.2 wt.% MgO. Considering typical continental curst and average shale 

MgO are ~ 2.5 wt.% and the Mg-ash end-member in this study is 6.48 wt.% MgO, if this 

altered ash/biogenic-Si authigenic mineral occurs widely across the seafloor when 

biogenic Si is accumulating, it could be responsible for the shift in Mg/Ca seen during the 

Cenozoic.   

 

7. Conclusion 

Our study identifies and tracks the abundance of two chemically-defined 

authigenic aluminosilicate components across multiple sites in the South Pacific Gyre, an 

Mg-enriched and a K-enriched altered ash component. The Mg-ash mass fraction 

correlates with !26Mg at Site U1366 indicating the fractionation and incorporation of Mg 

from seawater or porewater into this authigenic phase. The formation of the Mg-enriched 

altered ash occurs more in intervals with high mass fractions of biogenic Si and 

hydrothermal material. Global shifts in the geographic distribution of siliceous 

accumulation on the seafloor may have reduced the regional extent of ideal conditions for 

Mg-enriched authigenic aluminosilicate formation to occur. Altered ash is a large and 

reactive reservoir for Mg and a reduction in the removal of Mg into the altered ash 
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component is significant enough to explain the increase in global seawater Mg/Ca over 

the Cenozoic. 

 

Methods 

The dataset of bulk sediment major, trace, rare earth element concentrations used 

in this study is from Dunlea et al. (2015a, b) and they describe the analytical methods and 

age model in depth. The acid digestions that were prepared and run on the trace and rare 

earth element analyses were then processed and analyzed for Mg isotopes at Princeton 

University.  

Mg ions were separated with an automated ion chromatography (IC) system, 

Dionex ICS-5000+ IC system coupled with a Dionex AS-AP fraction collector. Then 

samples were injected in 0.2% HNO3 and passed through a Dionex CS-16 cation-

exchange column using methyl-sulfonic acid (MSA) as the eluent at a flow rate of 1 

mL/min. The conductivity of each sample was measured and the sample was collected 

during the desired time window. Including column washing, elution time per sample 

ranges from 30 to 50 min, depending on the matrix. Blank levels yielded < 5 ng for both 

Mg, or <1% of the sample mass, respectively (500 ng for Mg). Following ion separation, 

samples were treated with concentrated HNO3, then dried and re-diluted to 150–200 ppb 

in 2% HNO3 and analyzed on the Thermo Scientific Neptune Plus multi-collector 

inductively coupled plasma mass spectrometer (MC-ICP-MS) at Princeton University.  
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Sample-standard-sample bracketing was used to correct for instrumental mass 

fractionation (Galy et al., 2001) and measurements of inter-laboratory standards confirm 

the accuracy of these analytical methods. Mg isotope ratios are reported using delta 

notation that calculates sample Mg ratios relative to the standard DSM-3. For Mg, !26Mg 

of the Cambridge-1 standard measured at (2.59 ± 0.06h agrees well with measurements 

of other laboratories (Galy et al., 2003). 
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Supplementary Text S1. Q-mode Factor Analysis (QFA) 

QFA performed in Dunlea et al. (2015a) found that four factors explain 96% of 

the variance of a 22-element QFA analyses of 138 pelagic clay samples from Sites 

U1365, U1366, U1367, U1369, U1370, and U1371 (excluding the samples of calcareous 

and siliceous lithology from Site U1367 and U1371, respectively). The factors were 

interpreted as an aluminosilicate, a Fe/Mn-oxyhydroxides, a carbon-fluoroapatite 

enriched in REEs or other elements concentrated during periods of slow sedimentation 

rates, and excess Si. They note that the remaining 4% of the variability can be explained 

by additional factors that were statistically insignificant to them, but can provide 

important clues to authigenic phases. Two of these additional factors had high factor 

scores for Mg and K, respectively, which they note may represent Mg-enriched and K-

enriched altered ashes. Here, we focus our statistics on these authigenic aluminosilicate 

end-members in a QFA analyses. 

We performed a 12-element QFA on the pelagic clay samples (sample size, 

n=138) from Sites U1365, U1366, U1367, U1369, U1370, and U1371. The element 

menu consisted of 9 major elements (Si, Al, Ti, Fe, Mn, Ca, Mg, K, and P) and three 

trace elements (Cr, Rb, Cs) shown to be the least affected by authigenic processes and aid 

in distinguishing dust and ash aluminosilicate sources (Dunlea et al., 2015a).  

Six factors explain 99% of the variability of the dataset. Factors 1-4 directly 

correspond to the factors defined in Dunlea et al. (2015a) and we interpret them as 

PAAS, Fe/Mn-oxyhydroxide, apatite, and excess Si, which explain 62%, 17%, 11%, and 

4% of the variability, respectively. The fifth factor explains 3% of the variability and has 
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high factor scores for Mg and corresponds to the Mg-enriched ash factor noted by Dunlea 

et al. (2015a). The K-enriched factor noted by Dunlea et al. (2015a) is represented in the 

sixth factor in this study that explains 2% of the variability and has high factor scores for 

Al, Ti, K, Cr, and Cs. 

To check the robustness of the factors, many iterations of the QFA were 

performed on a variety of element menus all with a statistically legitimate number of 

elements (< 17 for 138 samples, as defined by Reimann et al., 2002) and varying sample 

size and sample selection. The six factors are consistently repeated.  

If we force an iteration of the QFA to explain the dataset variability with seven 

factors, the seventh factor has high factor scores for Al, Ti, Rb, and Cs, and expresses a 

factor score pattern similar to the mafic/basalt end-member defined in the aluminosilicate 

QFA of Dunlea et al. (2015a). However, because it explains < 1% of the variability, we 

consider it a statistically insignificant part of this model and only consider the six robust 

factors.  

 

Supplementary Text S2. Constrained Least Squares Modeling 

Using the QFA results as guidance, we constructed a constrained least square 

multiple linear regression model of the bulk pelagic clay dataset to quantify the 

proportions of each of the sediment end-member that mixed to create each sample. We fit 

a CLS model to the 12-element, 138 pelagic clay sample dataset using six end-member 

compositions that correspond with the six QFA factors.  We tested tens of thousands of 
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different end-member composition combinations and the model that produced the best 

correlation coefficients and explained the most data included PAAS, metalliferous 

sediment (Barrett et al., 1987, their Table 2b), fish debris (Dymond and Eklund, 1978, 

their Table 2), pure Si, K-enriched ash, and Mg-enriched ash (Dunlea et al., 2015a). The 

coefficients of determination*100 are Si (100), Al (98), Ti (69), Fe (99), Mn (93), Ca 

(89), Mg (47), K (95), P (89), Cr (36), Rb (88), Cs (59). Although Mg and Cr seem a bit 

low, the correlation is significant given the samples size. 
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Figure 6.1. Element concentrations of bulk sediment samples from seven sites in the 
South Pacific Gyre (colored shapes) and reference compositions of average rocks, 
ash layers, and end-members (black shapes) plotted on x vs. y diagrams.  

 
The trends in the bulk sediment samples suggest these element concentrations can be 
explained by a mixing of Mg-ash, K-ash, and Post-Archean average Australian Shale 
(PAAS) compositions. [End-member sources: Taylor and McLennan, 1985; Barrett et al., 
1987; Rudnick and Gao, 2003; Willbold and Stracke, 2006; Gale et al., 2013; GeoRoc, 
online report, 2014; Dunlea et al., 2015a] 
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Figure 6.2. The relative proportions of three element concentrations in bulk sediment 
samples from five sites in the South Pacific Gyre (colored shapes) and in the 
compositions of average rocks, ash layers, and end-members (black shapes) 
plotted on ternary diagrams.  

Sites with sediment dominated by carbonate lithologies were excluded. Trends in the 
bulk sediment samples suggest the presence of ash and authigenic enrichment of Mg. 
Apatite causes the pelagic clay samples to trend toward Ca in the Ca-K-Mg plot.   
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Figure 6.3. Left: Mass fraction of the six end-members (see legend) that comprise the 
pelagic clays at Site U1366 generated by CLS analyses. Middle: Mass 
accumulation rates (MAR) of each end-member calculated from the CLS mass 
fractions and total MARs (Dunlea et al., 2015b). Right: The !26Mg (%O) of the 
same bulk sediment samples modeled with CLS.  

The green shaded region indicates the typical !26Mg expected for average upper 
continental composition. Higher !26Mg suggests Mg has been incorporated into an 
authigenic aluminosilicate and lower !26Mg may indicate adsorbed Mg. 
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Figure 6.4. The !26Mg (%O) vs. the CLS modeled mass fraction of each of the six end-
members.  

The significant correlation (r2 = 0.51) between !26Mg and Mg-ash may indicate the 
authigenic inclusion of Mg into an ash grain during alteration. The green shaded region 
indicates !26Mg values typical of upper continental crust. 
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Table 6.1. Column 1: Depth of samples at Site U1366. Columns 2-7: Mass fractions of 
the six end-members used to model the bulk sediment chemistry at Site U1366. Nine 
major elements and Cr, Rb, and Cs are included in the element menu for the CLS 
analyses. Column 8: The !26Mg of each bulk sediment sample.  

! !

Depth Fe/Mn
oxides Apatite Excess Si PAAS Mg-ash K-ash ! 26Mg

(mbsf) mass 
fraction

mass 
fraction

mass 
fraction

mass 
fraction

mass 
fraction

mass 
fraction per mil

0.75 10% 0% 0% 62% 18% 9% -0.19
1.75 12% 0% 0% 57% 19% 12% -0.19
2.75 11% 1% 0% 66% 16% 6% -0.40
3.65 10% 0% 0% 64% 14% 11% -0.21
3.75 10% 0% 0% 63% 15% 11% -0.34
4.75 9% 0% 0% 65% 13% 12% -0.36
5.25 9% 0% 0% 61% 15% 15% -0.14
5.75 9% 0% 0% 68% 12% 10%
6.25 9% 0% 0% 67% 11% 12%
6.75 9% 0% 0% 68% 9% 14% 0.00
7.25 10% 0% 0% 67% 11% 11%
7.75 9% 0% 0% 72% 7% 11% -0.34
8.75 9% 1% 0% 50% 14% 26% -0.26
9.25 10% 0% 0% 46% 17% 27%
9.35 11% 1% 0% 51% 16% 21% -0.24
10.15 12% 1% 0% 40% 18% 29% -0.24
10.65 13% 2% 0% 29% 22% 34%
11.15 19% 5% 0% 25% 22% 29% -0.24
12.15 31% 6% 0% 40% 19% 3% -0.19
12.35 34% 6% 0% 42% 18% 0% -0.22
12.65 40% 4% 0% 37% 17% 0%
13.15 44% 6% 0% 35% 14% 0%
14.15 34% 14% 0% 32% 19% 0% -0.16
14.15 13% 16% 0% 12% 27% 31% 0.09
14.85 10% 9% 3% 3% 24% 51% 0.19
15.15 8% 7% 1% 9% 24% 51% 0.00
15.65 13% 10% 3% 5% 25% 44% 0.07
16.15 46% 7% 0% 31% 14% 0% -0.68
16.65 42% 11% 0% 31% 16% 0% -0.41
17.15 13% 1% 72% 0% 9% 5% -0.10
17.65 36% 2% 15% 0% 39% 7% 0.31
18.15 24% 5% 10% 0% 41% 19% 0.16
19.15 23% 2% 40% 0% 25% 9% 0.24
20.15 56% 3% 17% 0% 17% 5%
21.15 44% 0% 22% 0% 26% 4% -0.04
22.15 66% 1% 15% 0% 12% 3%
23.15 60% 1% 15% 0% 14% 4%
24.15 52% 0% 5% 0% 35% 6%
25.05 79% 0% 4% 0% 0% 15%
26.15 74% 0% 9% 0% 1% 14% -0.41
27.15 80% 2% 8% 0% 4% 4%
28.05 80% 1% 9% 0% 5% 4%
29.15 78% 0% 10% 0% 5% 4%
29.95 76% 0% 8% 0% 10% 1% -0.32
31.16 81% 0% 3% 0% 0% 11%
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