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ABSTRACT 

Hydrogenetic Ferromanganese Crusts of the California Continental Margin 

 

 

Tracey A. Conrad 

 

 

 Hydrogenetic Ferromanganese (Fe-Mn) crusts grow from seawater and in 

doing so sequester elements of economic interest and serve as archives of past 

seawater chemistry. Ferromanganese crusts have been extensively studied in open-

ocean environments. However, few studies have examined continent-proximal Fe-Mn 

crusts especially from the northeast Pacific. This thesis addresses Fe-Mn crusts within 

the northeast Pacific California continental margin (CCM), which is a dynamic 

geological and oceanographic environment. In the first of three studies, I analyzed the 

chemical and mineralogical composition of Fe-Mn crusts and show that continental-

proximal processes greatly influence the chemistry and mineralogy of CCM Fe-Mn 

crusts. When compared to global open-ocean Fe-Mn crusts, CCM crusts have higher 

concentrations of iron, silica, and thorium with lower concentrations of many 

elements of economic interest including manganese, cobalt, and tellurium, among 

other elements. The mineralogy of CCM Fe-Mn crusts is also unique with more 

birnessite and todorokite present than found in open-ocean samples. Unlike open-

ocean Fe-Mn crusts, carbonate-fluorapatite is not present in CCM crusts. This lack of 

phosphatization makes CCM Fe-Mn crusts excellent candidates for robust 

paleoceanography records. The second and third studies in this thesis use isotope 



viii 
 

geochemistry on select CCM Fe-Mn crusts from four seamounts in the CCM to study 

past terrestrial inputs into the CCM and sources and behavior of Pb and Nd isotopes 

over the past 7 million years along the northeast Pacific margin. The second study 

focuses on riverine inputs into the Monterey Submarine Canyon System and sources 

of the continental material. Osmium isotopes in the crusts are compared to the 

Cenozoic Os seawater curve to develop an age model for the samples that show the 

crusts range in age of initiation of crust growth from approximately 20 to 6 Myr. Lead 

and neodymium isotopes measured in select Fe-Mn crusts show that large amounts of 

terrestrial material entered the CCM via the Monterey Canyon from prior to 6.8±0.5 

until 4.5 ±0.5 Myr ago. These data combined with reconstructions of the paleo-

coastline indicate that incision of the modern Monterey Canyon started around 7 Myr 

ago. Isotope plots of potential source regions indicate that the source of the material is 

the border of the southern Sierra Nevada and western Basin and Range. This answers 

a long-standing and fundamental question about the timing and formation of the 

Monterey Canyon, the dominant feature of the Monterey Bay. The third study 

presented here uses the differences in lead and neodymium isotopic values in CCM 

Fe-Mn crusts over time compared to open-ocean Pacific, North Pacific, and Arctic 

Ocean Fe-Mn crusts to identify regional time-series trends and sources for these 

important oceanographic tracers. I found that sediment fluxes and inputs of terrestrial 

material from North American rivers effects the lead and neodymium isotope 

composition of regional seawater. 
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INTRODUCTION 

 

This thesis focuses on hydrogenetic ferromanganese (Fe-Mn) crusts from an active 

continental margin environment along the eastern boundary of the North Pacific 

Subtropical Gyre, the California continental margin (CCM). Ferromanganese crusts 

from the CCM are used to study local and regional inputs and processes that 

characterize the boundary region. Many processes affect the CCM. Upwelling of 

nutrient-rich water and terrestrial inputs result in high primary productivity in surface 

waters and lead to a well-developed oxygen minimum zone [Biller and Bruland, 

2014]. Redox cycling occurs in sediments on the continental shelf and slope which, 

releases elements into the water column under low-oxygen conditions. [Biller and 

Bruland, 2014]. The CCM is also tectonically active with primarily right-lateral strike 

slip movement dominated by the San Andreas Fault system and to a lesser degree by 

the Palo-Colorado San Gregorio Fault zone [Amina, et al., 2002]. One of North 

America’s largest submarine canyons, the Monterey Canyon, also occurs in this 

region within the Monterey Bay National Marine Sanctuary. Despite rivaling the 

Grand Canyon in scale, the age of formation of the Monterey Canyon is not well 

constrained.  

Hydrogenetic Fe-Mn crusts are found in the global ocean at water depths of 

400 to 7000 meters [Hein et al., 2000]. These rocks grow by precipitation and 

accretion of iron and manganese oxides from seawater onto elevated seafloor rock 

surfaces where sediment accumulation is not present or is insignificant. The slow 
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growth rates of Fe-Mn crusts (1 to 5 mm/Myr) high porosity (mean 60%) and 

extremely high surface area (mean 325 m2/g) allow for the sorption of many elements 

from seawater [Hein et al., 2000]. Redox reactions on the surface of the negatively 

charged manganese oxide and positively charged iron oxyhydroxide minerals result in 

further enrichment of many elements [Koschinsky and Hein, 2003]. These processes 

make Fe-Mn crusts important sinks for many elements in the ocean. There is interest, 

particularly internationally, in Fe-Mn crusts for their potential economic value, as Fe-

Mn crusts have high concentrations of heavy rare earth elements, tellurium, and 

cobalt, among other elements [Hein et al., 2013].  

Ferromanganese crusts can also be used as archives for paleo seawater 

chemistry [Frank, 2002]. Due to the extremely slow growth rates, Fe-Mn crusts are 

most useful as paleo-archives when studying long-term trends that occur over 

hundred-thousand to million-year time scales. Ferromanganese crusts have been used 

as paleoceanographic records to study global ocean circulation, water mass mixing, 

terrestrial inputs and other sources and sinks of elements in the global ocean [Frank, 

2002]. This dissertation focuses on three isotope systems in the Fe-Mn crusts that do 

not re-equilibrate with seawater once the crust is formed; osmium, lead, and 

neodymium. Osmium remains in seawater for thousands to around 50 thousand years 

and is generally well-mixed in the global ocean, but can show isotope variations due 

to strong regional inputs with very different isotope signatures than seawater 

[Levasseur et al., 2004; Paquay and Ravizza, 2012]. Lead is scavenged in seawater by 

sinking particles and in sediments. This scavenging results in its removal from 
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seawater over 80 to 100 years, which is rapid relative to the ~1000 years it takes for 

global circulation of seawater to travel from the North Atlantic, where deep water 

forms, to the northeast Pacific [Frank, 2002].  

Neodymium isotopes are currently of great interest in oceanography and have 

been designated as a “key parameter” of the international GEOTRACES program 

[van de Flierdt et al., 2016]. Neodymium has a residence time in seawater of 400 to 

950 years with isotope values that vary between ocean basins [Frank, 2002]. In the 

past, neodymium isotopes were used to trace different water masses in seawater [van 

de Flierdt et al., 2016]. However, additional studies have shown that there are 

multiple sources of neodymium in the oceans that are poorly constrained. These 

sources include fluxes from seafloor sediment, exchange along continental margins 

between terrestrial particles and seawater, submarine groundwater discharge, and 

river and dust inputs of terrestrial material [van de Flierdt et al., 2016]. Without 

knowing the neodymium isotopic signature and concentration for all sources and 

sinks within a region, neodymium cannot be used as a conservative tracer of water 

mass mixing [van de Flierdt et al., 2016]. Many of the sources of neodymium and 

lead to seawater are particularly important in a near-shore environment, such as the 

CCM.  

The first chapter in this dissertation addresses the chemical and mineralogical 

composition of the CCM Fe-Mn crusts. It explores how upwelling, high primary 

productivity in surface waters, the presence of a well-developed oxygen minimum 

zone and proximity to continental shelf and slope sediments influence the formation 
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of Fe-Mn crusts. Samples were collected from within the United States 200 nautical 

mile Exclusive Economic Zone and the potential of these samples as a future 

economic resource is evaluated. This provides essential information to inform policy 

makers and regulations. The paleoceanographic potential of these Fe-Mn crusts are 

also assessed and a select group of these samples are used for additional work in later 

chapters. This chapter provides an extensive dataset of Fe-Mn crust chemistry and 

mineralogy for a large number of Fe-Mn crusts from sixteen seamounts across the 

CCM, a region that has not previously been well studied. Further, it shows that 

existing data from the Pacific Ocean cannot be unequivocally extrapolated or inferred 

for the study region or for other similar continental-margin sites. These data 

significantly add to our knowledge of how near-shore processes in a region of high 

biological productivity, effect long-term seawater chemistry and ultimately the 

formation of Fe-Mn crusts.  

The second and third studies use CCM Fe-Mn crusts as paleoceanographic 

archives by analyzing the osmium, neodymium, and lead isotopes recorded in the 

samples. The second chapter in this thesis focuses on constraining the initiation of 

Monterey Canyon incision and identifying the continental sources of inputs during 

canyon incision. Ferromanganese crusts from near the base of the Monterey Canyon 

Submarine Fan and farther off shore were selected based on analyses from Chapter 1. 

Osmium measurements from select CCM Fe-Mn crusts are used to create an age 

model which is then applied to high-resolution neodymium and lead isotope records 
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and used to study local inputs that markedly affect seawater chemistry recorded in Fe-

Mn crusts closest to the base of the Monterey Canyon.  

In the third study, lead and neodymium isotopes from the northeast Pacific are 

put in a regional and global context through comparison of time-series data from 

around the North Pacific and Arctic oceans. This study focuses on the behavior of 

neodymium and lead in the northeast Pacific margin over the past 7 Myr. Fluvial 

input from North American rivers is shown to be an important source of lead over the 

past 6 Myr. This study also improves our understanding of neodymium sources 

within the marine environment by showing the importance of sediment pore-water 

flux as a long-term source of neodymium to bottom and intermediate waters, which 

are recorded in the Fe-Mn crusts. Chapter 3 also shows that river input transporting 

old continental material from the interior of western North America into the 

northeastern Pacific is a significant source of unradiogenic neodymium that has 

affected the neodymium isotopic composition of seawater in the northeast Pacific and 

parts of the central Pacific over the past 3 Myr. The comparison presented in this 

section helps to improve our understanding of neodymium sources into the North 

Pacific and suggests an unradiogenic neodymium end member that was not identified 

in previous studies that focused on the central Pacific.  

Each chapter in this thesis contributes to our understanding of the processes 

that effect the northeast Pacific CCM with applications for other near-shore regions of 

the global ocean. Each of these studies explores unique research questions that are 
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connected in terms of the study region and type of samples used to further our 

understanding of continental-margin processes. 
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Abstract 

The sources of terrestrial material delivered to the California margin over the past 7 

Myr were assessed using 187Os/188Os, ƐNd, and Pb isotopes in hydrogenetic 

ferromanganese (Fe-Mn) crusts from three seamounts along the central and southern 

California margin. From 6.8±0.5 to 4.5±0.5 Ma, all three isotope systems had more 

radiogenic values at Davidson Seamount, located near the base of the Monterey 

Canyon System, than in Fe-Mn crusts from Taney and Hoss seamounts farther away. 

Osmium isotopes also deviate from the Cenozoic osmium isotope seawater curve 

towards more radiogenic values from 6.8±0.5 to 4.5±0.5 Ma at the Taney Seamounts, 

approximately 150 km farther offshore from Davidson Seamount. However, unlike 

samples from Davidson Seamount, Pb and Nd isotopes in Taney Seamount Fe-Mn 

crusts do not deviate from regional seawater values. None of the isotopes deviate 

from seawater values in Fe-Mn crusts from Hoss Seamount located approximately 

450 km to the south. Our data indicate that substantial input of dissolved and 

particulate terrestrial material are responsible for the local deviations in the seawater 

Nd, Pb, and Os isotopes from 6.8±0.5 to 4.5±0.5 Ma. The isotope ratios are consistent 

with a southern Sierra Nevada or western Basin and Range provenance of the 

terrestrial material delivered via riverine input to the canyon during that time period. 

The initiation of the modern Monterey Canyon incision has been constrained to 

between 10 Ma and 6.8±0.5 Ma based on our data, the age of incised strata, and the 

paleo location of the Monterey Canyon relative to paleo-coastline.    
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2.1 Introduction 

The Monterey Canyon (MC) is the main channel of the Ascension-Monterey 

Canyon system and the dominant feature of central California’s Monterey Bay 

National Marine Sanctuary [Greene et al., 1989; Greene and Hicks, 1990; Eittreim et 

al., 2002]. On scale with the Grand Canyon, the MC has a maximum vertical relief of 

1700 m, width of ~12 km, and length including the fan-valley of 470 km [Greene et 

al., 2002]. The age and history of the canyon system are poorly known. Here 

hydrogenetic ferromanganese crust records of paleo-seawater chemistry are used to 

shed new light on terrestrial inputs into the California margin proximal to the canyon 

system. 

2.1.1 Canyon Systems 

The Ascension-Monterey Canyon system includes six canyons with sixteen 

canyon heads and extends 153 km off the modern shoreline, reaching a depth of 3600 

m below sea level [Greene and Hicks, 1990; Greene et al., 2002]. The Ascension 

Canyon system located north of the MC includes the three canyons, that do not reach 

the modern coastline, and the fan-valley combines with that of the Monterey Canyon 

system (MCS) at ~3,290 m water depth [Greene and Hicks, 1990]. Above ~3,290 m, 

the Ascension and Monterey Canyon systems are separated by a smooth ridge with 

chemosynthetic communities and active methane seep-induced carbonate 

precipitation [Greene and Hicks, 1990; Greene et al., 2002]. The MCS includes the 

Soquel, and Carmel canyons, which join the MC at 970 m and ~2000 m water depths, 

respectively [Greene and Hicks, 1990; Greene et al., 2002]. It has been proposed that 
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the MCS was initially incised in the Oligocene to early Miocene, near the current 

location of California’s Transverse Range, possibly subaerially [Greene, 1977; 

Greene and Hicks, 1990]. That paleo MC was then filled and re-exhumed possibly 

more than once to form the modern MC [Greene, 1977; Greene and Hicks, 1990]. 

Overall, the age and initial formation of the modern MC and MCS are poorly known. 

Today, the Monterey and Carmel canyons are the only canyons extending to 

the shoreline. Several rivers drain into Monterey Bay north and south of the MC, but 

only the Salinas River and Elkhorn Slough feed into the MC at Moss Landing [Best 

and Griggs, 1991; Eittreim et al., 2002; Greene et al., 2002]. Active sediment 

deposition during the modern sea-level highstand in the MC is consistent with 

submarine canyons studied off southern California [Eittreim et al., 2002; Covault et 

al., 2007]. In addition to fluvial sediments, the MCS also traps sediment carried by 

longshore currents and from local erosion of sea cliffs, gullies, and mountain streams 

[Best and Griggs, 1991; Eittreim et al., 2002; Greene et al., 2002]. Trapped sediment 

is carried down canyon episodically by turbidity events and causes further canyon 

incision [Greene and Hicks, 1990; Paull et al., 2003; Covault et al., 2007].  

2.1.2 Geology 

The MCS lies along an active tectonic margin spanning the boundary of the 

Pacific and North American plates [Anima et al., 2002; Eittreim et al., 2002; Greene 

et al., 2002]. The region is dominated by right-lateral strike slip movement from the 

San Andreas and San Gregorio fault systems [Anima et al., 2002]. The MCS 

primarily cuts into the allochthonous Salinian block, which is bounded to the east by 
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the San Andreas fault and is mainly composed of Cretaceous granite, bounded by 

rocks of the Franciscan complex [Greene, 1977; Anima et al., 2002; Barbeau et al., 

2005]. The complex tectonic environment makes reconstructing movement difficult. 

It is thought that parts of the Ascension Canyon system, the Año Nuevo Canyon, 

originated as a channel to the Monterey Canyon during the Pliocene lowstand (~3.8 

Ma) [Nagel et al., 1986; Greene and Hicks, 1990]. It is presumed that other canyons 

in the Ascension canyon system originated from the lower MC during sea level 

lowstands and have undergone displacement to reach their present locations [Greene 

and Hicks, 1990]. If that is true, right lateral motion or excavation of the canyon 

systems would have increased as there is an increased distance between canyons of 

the Ascension Canyon System (1 to 4 km apart) and the Monterey Canyon System 

around 30 km apart, with time starting from around 10 to 7 Ma [Greene and Hicks, 

1990]. 

Sedimentary particulate and dissolved inputs through the MCS and sediment 

deposition on the continental shelf and in the Monterey Fan are affected by tectonic, 

eustatic, climatic, and oceanographic processes [Griggs and Hein, 1980; Edwards, 

2002; Lewis et al., 2002]. Rivers are the main source of sedimentary and dissolved 

material to the California margin [Griggs and Hein, 1980; Best and Griggs, 1991]. 

Modern river sediment fluxes are affected by anthropogenic activities with many 

activities causing an increase in sediment flux while reservoir building and 

conservation activities decrease the sediment flux [Meade, 1969; Griggs and Hein, 

1980; Jeandel and Oelkers, 2015]. This is reflected in California’s rivers where 
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mining, agriculture, and timber harvesting have increased the sediment and dissolved 

load [Griggs and Hein, 1980]. Inputs through the MCS have been affected by 

anthropogenic activities, making the volume and source of paleo-inputs unclear and 

identifying the past source of material transported to the MCS challenging.  

Reconstructing the stratigraphy of sedimentary sequences in the Monterey 

Bay region is also complicated by unconformities. Previous work around the 

Monterey Bay has shown that primarily Neogene strata overlies the Mesozoic 

basement complex without the presence of Paleogene deposits [Greene, 1977; Greene 

and Hicks, 1990]. There are also unconformities bounding sedimentary deposits of 

late Miocene to Pliocene, and late Pliocene to Holocene, ages [Greene, 1977]. 

Seismic-reflection data show that the MC and some related canyons incised into 

Mesozoic basement rock and are filled with middle Miocene and younger sediment, 

implying a pre-middle Miocene origin for the paleo-canyons [Greene, 1977; Greene 

and Hicks, 1990]. Uninterrupted sedimentation occurred in the Monterey Bay region 

during the middle to late Miocene, evidenced by conformable strata filling canyons in 

the upper MCS near the coastline on seismic-reflection profiles. The modern MC cuts 

through this material indicating incision of the canyon occurred since the middle 

Miocene [Greene, 1977; Greene and Hicks, 1990]. Formation of the modern MC is 

thought to have begun in the late Pliocene by erosion of canyon fill from seaward 

sediment transport [Greene and Hicks, 1990]. It has also been proposed that the MC 

was re-exhumed during two separate events occurring in the late Miocene and the 

Pleistocene [Greene, 1977; Greene and Hicks, 1990]. 



 

30 

 

During the early to middle Miocene, the coastline was further east (inland) 

than today (Fig. 2.1) [Bowersox, 2005; Müller et al., 2008]. The San Joaquin Basin, 

southeast of the modern Monterey Bay,  was connected to the Pacific in the west and 

extended to the Sierra Nevada Mountains in the east with a depth of ~250 m below 

sea level (bsl) in the center of the basin [Johnson and Graham, 2007; Pyenson et al., 

2009]. By the late Miocene to Pliocene, the major rivers draining the southern Sierra 

Nevada flowed westward, possibly emptying into the San Joaquin Basin [Graham et 

al., 1988; Reid, 1995; Wakabayashi and Sawyer, 2001; Bowersox, 2004, 2005]. This 

resulted in rates of sediment deposition that equaled or exceeded the rate of basin 

subsidence, causing gradual, progressive shallowing of the basin with a maximum 

rate of 140 cm/kyrs in the early Pliocene during uplift of the Coast Range [Loomis, 

1990; Bowersox, 2004, 2005]. In the late Pliocene, after the uplift of the Temblor and 

Gabilan Ranges along the western margin of the San Joaquin Basin, the basin was 

connected to the Pacific only through the Priest Valley Strait, which closed around 

2.2 Ma due to tectonic uplift and sedimentation [Loomis, 1990; Bowersox, 2004, 

2005]. 

2.1.3 Hydrogenetic Ferromanganese Crust Paleo-Seawater Records 

The inputs into the California margin proximal to the MCS were determined 

using hydrogenetic ferromanganese (Fe-Mn) crust records of paleo-seawater 

chemistry. Fe-Mn crusts grow over millions of years on elevated rock surfaces, such 

as seamounts, when slope or submarine currents are sufficient to prevent sediment 

accumulation [Bonatti et al., 1972; Hein and Koschinsky, 2014]. Hydrogenous Fe-Mn 
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crusts grow very slowly (1 to 5 mm/Myr) by precipitation of dissolved elements from 

seawater and they record changes in seawater chemistry over the time of their growth 

[Halbach and Puteanus, 1984; Hein and Koschinsky, 2014]. 

Numerous seamounts exist along the California Margin including several 

(Guide, Pioneer, Gumdrop, Davidson) proximal to the MCS as well as farther away 

from the MCS on the Pacific plate. Hydrogenetic Fe-Mn crust samples were selected 

from Davidson, Taney B and D, and Hoss seamounts (Fig. 2.1). Davidson seamount 

overlies the Salinian granitic block at the base of the MC fan and would have moved 

with the MCS since emplacement of the block 14.8 to 9.8 Ma [Davis et al., 2002; 

Clague et al., 2009]. Taney B and D seamounts lie approximately 150 km offshore 

from the MC on the Pacific Plate. They are part of a chain of five seamounts and 

formed approximately 26 Ma [Coumans et al., 2015]. Hoss seamount was selected to 

provide a regional control away from the MCS as it is also located on the Pacific 

Plate, but is significantly farther south of the MCS, offshore of San Diego. Hoss 

Seamount is estimated to be 22 to 17 Ma [Hein et al., 2010; Conrad et al., 2017a].  

2.1.4 Osmium Isotopes 

Estimates of the residence time of osmium in seawater vary from few 

thousand to about 50 kyr, pegging this element at the transition between an ocean-

wide well mixed reservoir [Levasseur et al., 1999] and tracers that can show regional 

variations in isotope composition [Paquay and Ravizza, 2012]. Having such an 

interesting residence time not only makes the marine Os isotope system responsive to 

climatic (short-term) as well as tectonic (long-term) forcings, it also increases the 
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likelihood of observing strong regional forcings from inputs with isotope signatures 

very different from that of contemporaneous seawater. Most of the scarce water 

column profiles of Os are consistent with conservative behavior in seawater with an 

187Os/188Os ~1.06, though indications of non-conservative behavior in oxygen 

minimum zones have been observed [Sharma and Wasserburg, 1997; Levasseur et al., 

1999; Woodhouse et al., 1999; Peucker-Ehrenbrink and Ravizza, 2000; Zeng et al., 

2014]. Osmium is not subject to significant diffusive re-equilibration in Fe-Mn crusts 

[Burton et al., 1999b; Klemm et al., 2005]. This allows Os to be used to develop age 

models for the Fe-Mn crust samples by comparing the 187Os/188Os of subsamples 

collected through a crust with the Cenozoic Os isotope seawater curve [Burton et al., 

1999b; Klemm et al., 2005; Peucker-Ehrenbrink and Ravizza, 2012] (A2.1.2 Osmium 

Isotopes).  

2.1.5 Neodymium Isotopes 

Neodymium has a residence time in seawater of 400 to 950 years, shorter than 

the ~1000 year mixing time of the global ocean [David et al., 2001; Lacan et al., 

2012]. The Nd isotope composition of seawater is controlled by the isotopic signature 

of the source inputs, which in turn is controlled by weathering of source rocks, and 

varies in different water masses in the oceans [Goldstein et al., 1984; Frank, 2002; 

van de Flierdt et al., 2016]. Fluvial and aeolian inputs are both important sources of 

Nd to the ocean but cannot account for the mass balance of Nd in seawater [Goldstein 

et al., 1984; van de Flierdt et al., 2016]. Other sources of Nd that influence seawater 

near the continental margin include submarine groundwater discharge, reversible 
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scavenging, fluxes from sediment pore waters, and chemical reactions between 

terrestrial particles and seawater “boundary exchange” [Lacan and Jeandel, 2005; 

Jeandel and Oelkers, 2015; Du et al., 2016]. The Nd isotope signature of Fe-Mn 

crusts is generally thought to reflect changes in water masses, but continental input, 

benthic flux, and boundary exchange processes with the continental shelf and slope 

must also be taken into account particularly in coastal areas [Abouchami et al., 1997; 

Jeandel and Oelkers, 2015; van de Flierdt et al., 2016]. In Fe-Mn crusts, Nd does not 

re-equilibrate with modern seawater or diffuse noticeably within the crust 

[Abouchami et al., 1997; Frank, 2002; Bau and Koschinsky, 2006].  

2.1.6 Lead Isotopes 

Lead is considered to be a closed system in Fe-Mn crusts [Abouchami et al., 

1997; Ling et al., 2005; Chen et al., 2013]. In seawater, Pb has a scavenged-type 

element profile with a relatively short residence time of 80-100 years [Flegal and 

Patterson, 1983]. Aeolian dust, fluvial input, and hydrothermal fluids are all sources 

of Pb to the oceans [Frank, 2002]. Anthropogenic activity has altered the dissolved 

seawater lead isotope signature in the modern oceans [Boyle et al., 2014]. Minerals 

hosing Pb have different time-integrated U-Pb and Th-Pb compositions and different 

susceptibilities to weathering resulting in variations between the Pb isotope 

composition of source rocks and  the transported weathered material [Erel et al., 

1994; Frank, 2002]. 
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2.2 Methods 

The geochemical composition of bulk Fe-Mn crust samples has been analyzed 

previously [Conrad et al., 2017a]. The Fe-Mn crusts used are hydrogenetic with 

Fe/Mn ratios ranging from 1.00 to 1.53. A hydrogenetic origin was confirmed by 

plotting the data for selected Fe-Mn crust samples on the ternary discrimination 

diagram with Fe, Mn, and Co+Ni+Cu end members [Bonatti et al., 1972; Conrad et 

al., 2017a]. When possible, the thickest crusts from each seamount were chosen as 

these are typically the oldest crusts and allow for a higher temporal resolution and 

longer duration records. Consideration was also given to water depth; the two 

samples from Davidson and the two samples from Taney seamounts differ in water 

depth by approximately 1000 m (and may represent different water masses). Samples 

were encased in Tap Plastic Clear-Lite Casting Resin and cut using a sintered 

diamond blade into billets perpendicular to the growth layers. Samples for Os and Nd 

isotopes were subsampled using a New Wave Micromill with Brasslinger 1 mm 

cylindrical (flat head) diamond tipped drill bit. Osmium was sampled at 2 mm 

intervals through the crust. Neodymium was sampled at 0.3 mm intervals. However, 

for both isotope systems not every subsample was analyzed, resulting in a sampling 

resolution lower than the sampling interval. 

All three isotope systems, Os, Nd, and Pb were analyzed at the Woods Hole 

Oceanographic Institute (WHOI) inductively coupled plasma mass spectrometer 

(ICPMS) facility using a Thermo Finnigan NEPTUNE multi-collector ICPMS (MC-

ICPMS). Two Fe-Mn crusts each were selected from the Hoss, Davidson, and Taney 
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seamounts (B and D) to measure Os isotopes and create age models for 

paleoceanographic study. USGS nodule standard A-1 was prepared together with the 

crust samples using an Anton Parr high-pressure asher (HPA-S). Osmium isotopes 

were measured using an Ar gas sparging method with three ion counters on the 

NEPTUNE ICPMS [Sen and Peucker-Ehrenbrink, 2014]. Measurements of Re 

concentrations on an Element 2 ICPMS showed that Re concentration in the  in the 

Fe-Mn crust samples was extremely low and that in-growth corrections of 187Os to 

account for the decay of 187Re within the crusts was not necessary, even in the bottom 

(oldest) sections of these samples, a finding consistent with previous studies [Klemm 

et al., 2008]. Multiple analysis (n=48) of the LoOsStd reference standard over 

multiple analysis sessions yielded an average 187Os/188Os value of 0.1098±0.0041, 

within error of the reference value (0.1069) and a 2σ standard deviation of 0.0042 

[Sen and Peucker-Ehrenbrink, 2014] (Supplemental Table S2.1). Multiple analysis of 

the USGS A-1 nodule standard, prepared with the Fe-Mn crust samples yielded an 

average 187Os/188Os value of 0.9693±0.0129 (n=15) and a 2σ standard deviation of 

0.0252, when three samples with anomalously low 187Os/188Os are excluded. Two of 

the excluded samples A1-9 and A1-10 had unknown contamination on the 185Re, 

194Pt, and 196Pt masses (mass/charge) (see A2.1.2 Osmium Isotopes). 

Neodymium isotopes were measured in four Fe-Mn crusts that had an Os age 

model, one each from Hoss and Taney B, and two Fe-Mn crusts from Davidson 

seamounts. Nodule standards USGS A-1 and P-1 were prepared together with the Fe-

Mn crust samples using 50-100 µm particle size Eichrom Ln resin and analyzed on 
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the MC-ICPMS following the method of Scher and Delaney (2010). Neodymium 

isotopes are corrected to JNdi-1 = 0.512115 and expressed as ƐNd, which is the 

143Nd/144Nd ratio normalized to Chondritic Uniform Reservoir (CHUR = 0.512638), 

[ƐNd((143Nd/144Ndsamp/CHUR)-1) x 1000] [Jacobsen and Wasserburg, 1980]. 

Measurements Nd occurred in the fall of 2014 and the spring of 2015, analyses of the 

JNdi-1 standard yielded 2σ ƐNd 0.29 (n=31), and 2σ ƐNd 0.10 (n=14) respectively. 

(Supplemental Table S2.2). Analysis of the USGS A-1 nodule standard (n=16) gave 

an average value of 0.5121770 (ƐNd = -9.13) and a 2σ ƐNd 0.31.  

Lead isotopes were measured in three Fe-Mn crusts and in pressed pellets of 

USGS nodule standards A-1 and P-1 using NewWave/Merchantek NWR-193 

homogenized ArF excimer laser ablation (LA) system coupled with the NEPTUNE 

MC-ICPMS [Foster and Vance, 2006b]. Standard sample bracketing was used to 

correct for Pb isotope fractionation as the Tl fractionation factor was not resolvable. 

Repeated analysis of the USGS A-1 nodule standard yielded average values of 

206Pb/204Pb (19.211, 2σ 0.078), 207Pb/204Pb (15.980, 2σ 0.090), and 208Pb/204Pb 

(39.916, 2σ 0.291), (n=85). Repeated analysis of the USGS P-1 nodule standard 

yielded average values of 206Pb/204Pb (18.958, 2σ 0.0836), 207Pb/204Pb (15.936, 2σ 

0.0478), and 208Pb/204Pb (39.668, 2σ 0.304), (n=85). A Python code was written to 

process the laser ablation Pb isotopic data, including separating background from 

sample data and applying corrections based on the paired standards bracketing the 

samples (see A2.1.5 Python Code and supplemental materials S2.1-S2.3). 
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2.3 Results 

2.3.1 Osmium Isotopes 

Osmium 187Os/188Os were measured in 86 samples from six Fe-Mn crusts and 

plotted against the Cenozoic seawater Os isotope curve to determine ages (Fig. 2.2, 

Supplemental Table S2.1). Samples from the control site Hoss Seamount generally 

can be fitted to the seawater curve and yield maximum ages of 20.5 ±0.5 Myr for 

D11-4 (2,540-2,560 mbsl) and 5.4±0.5 Myr for D11-11 (2,540-2,560 mbsl) with 

variable growth rates. Fe-Mn crust samples D173-R2 Taney B (3,178 mbsl), T121-R5 

Taney D (3,887 mbsl), and Davidson T145-R9 (3,298 mbsl) and T141-R5 (2,388 

mbsl) fit the seawater curve from approximately 4.5±0.5 Ma to present. All four Fe-

Mn crust samples older than 4.5±0.5 Ma deviate from the Cenozoic seawater Os 

isotope curve towards more radiogenic values (Fig. 2.2), making age determinations 

impossible. Ages for the samples were therefore extrapolated using a constant growth 

rate as the most conservative estimate, and are also constrained by the age of the 

substrate on which they grew. Davidson Seamount Fe-Mn crusts T145-R9 and T141-

R5 started growing 6.4±0.5 and 6.7±0.5 Ma respectively, with growth rates of 7.6 and 

5.6 mm/Myr. Crust T121-R5 had a growth rate of 6.0 mm/Myr and growth was 

initiated at 5.6±0.5 Ma, while D173-R2 had a growth rate of 7.5 mm/Myr and is 

6.8±0.5 Myr old. The deviation to more radiogenic Os isotopes relative to seawater is 

detected from the beginning of crust growth and therefore predated Fe-Mn crust 

accretion of the samples studied. The oldest Fe-Mn crust to show this deviation is 

D173-R2 from Taney B Seamount with an estimated age of 6.8±0.5 Myr. That 
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provides a minimum age range for the radiogenic Os isotope excursion of 6.9 to 4.5 

Ma, spanning at least 2.3 Myr. 

2.3.2 Neodymium Isotopes 

Neodymium isotopes were measured in 190 samples from four of the six Fe-

Mn crusts for which Os isotope age models were created. Fe-Mn crusts D11-4 (Hoss) 

and D173-R2 (Taney) have ƐNd values consistent with those from central Pacific Fe-

Mn crusts [Ling et al., 1997, 2005; Frank, 2002; Chen et al., 2013] (Supplemental 

Fig. A2.6; Supplemental Table S2.2). Both Davidson Seamount Fe-Mn crusts T145-

R9 and T141-R5 show deviations in ƐNd towards more radiogenic values that may 

have started before the crusts began to grow. The deviation from regional seawater 

values, represented by Hoss D11-4, is particularly prominent in crust T145-R9 which, 

increases from -3.3 to -2.0 ƐNd units from ~6.7±0.5 to 4.5±0.5 Ma (Fig. 2.3). There is 

only a minor radiogenic ƐNd excursion in T141-R5 which is most noticeable from 

~4.5±0.5 to 5.3±0.5 Ma and then becomes slightly less radiogenic in the oldest part of 

the crust returning to ƐNd values consistent with Hoss D11-4 from ~6.4±0.5 to 

6.2±0.5 Ma. The Fe-Mn crust D173-R2 from Taney B Seamount does not show the 

excursion seen in the two Davidson Seamount crusts. 

2.3.3 Lead Isotopes 

Three Fe-Mn crusts with a total of 400 samples, D11-4 (188), D173-R2 (87), 

and T145-R9 (125) from Hoss, Taney, and Davidson Seamounts respectively, were 

analyzed for Pb isotopes at high resolution using LA-MC-ICPMS (Supplemental 
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Table S2.3; A2.6). The Pb isotope ratios in T145-R9 from Davidson Seamount 

deviate from 5.3±0.5 to 4.8±0.5 Ma away from regional seawater values, recorded in 

Hoss Fe-Mn crust D11-4. However, the Pb isotope ratios in Fe-Mn crusts D173-R2 

and D11-4 from Taney B and Hoss seamounts do not show any significant changes 

during that time. The unusually radiogenic 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb 

values in T145-R9 lasted for about 500 kyr, and a possible second, minor peak at 

5.5±0.5 Ma lasted for about 200 kyr this is also apparent when comparing 207Pb/206Pb 

where lower values represent the excursion (Fig. 2.3; A2.9). 

2.4 Discussion 

2.4.1 Isotope Excursions in California Margin Fe-Mn Crusts 

The deviation of 187Os/188Os away from the Cenozoic Os isotope seawater 

curve towards more radiogenic values from about 6.8±0.5 or prior to 4.5±0.5 Ma is 

accompanied by Nd isotope deviations recorded in the two Davidson Seamount Fe-

Mn crusts over the same time period, which also coincide with an excursion towards 

radiogenic Pb isotope values in T145-R9 (Fig. 2.3). The changes towards more 

radiogenic Os isotope values relative to the Os isotope seawater curve in the four Fe-

Mn crusts from Davidson and Taney seamounts was surprising given the long 

residence time and uniform distribution of Os in seawater [Levasseur et al., 1999; 

Peucker-Ehrenbrink and Ravizza, 2000, 2012]. Approximately 80% of the Os in 

seawater is from continental crustal material, with hydrothermal, and extraterrestrial 
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sources providing the remainder [Sharma and Wasserburg, 1997; Williams and 

Turekian, 2002]. 

Modern seawater has an 187Os/188Os of ~1.06 [Peucker-Ehrenbrink and 

Ravizza, 2000] whereas fresh Mid-Ocean Ridge Basalt (MORB) is characterized by a 

value of 0.133 [Gannoun et al., 2006; Zeng et al., 2014], slightly less radiogenic than 

unaltered abyssal peridotite (187Os/188Os = 0.121) [Harvey et al., 2011; Zeng et al., 

2014]. Hydrothermal 187Os/188Os values at the Juan de Fuca Ridge, approximately 

1,200 km north of the MCS, range from 0.11 to 1.04 [Sharma et al., 2000, 2007]. 

Hydrothermal seafloor massive sulfides have 187Os/188Os between 0.968 to 1.209 

[Zeng et al., 2014]. Hydrothermal inputs are therefore unlikely to have provided the 

radiogenic Os observed in Taney and Davidson seamount Fe-Mn crusts. 

Extraterrestrial sources have a much less radiogenic 187Os/188Os signature than 

seawater of ~0.12 – 0.13 and have high Os concentrations [Peucker-Ehrenbrink and 

Ravizza, 2000; Horan et al., 2003; Brandon et al., 2006]. Extraterrestrial material 

would therefore cause an excursion in the opposite direction to that observed in 

Davidson and Taney seamount Fe-Mn crusts. Fe-Mn crusts with 187Os/188Os that plot 

below the Os seawater curve have been shown to contain micrometeorite fragments 

[Peucker-Ehrenbrink and Ravizza, 2000; Klemm et al., 2005]. A few Fe-Mn crust 

samples analyzed here show less radiogenic values relative to the Os seawater curve. 

attribute these values to the presence of extraterrestrial material. Specifically, Hoss 

D11-4 has an Os isotope ratio below the seawater curve ~2.6±0.5 Ma, the timing of 
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which is within error of the Eltanin asteroid impact (2.51±0.07)  in the South Pacific 

[Goff et al., 2012]. 

Change in water column processes such as changes in ocean productivity may 

affect the concentrations of Os, Nd, and Pb available to be incorporated into Fe-Mn 

crusts, but are unlikely to impact the isotope ratios recorded in the crusts. Unlike Nd 

concentration data which mimic nutrient-like depth profiles in seawater, ƐNd appears 

to trace water masses and does not co-vary with chlorophyll-a [Stichel et al., 2012; 

Jeandel and Oelkers, 2015; Hu et al., 2016]. Lead isotopes are even less likely to be 

influenced by primary productivity, as Pb is not utilized by primary producers [Chow 

and Patterson, 1962; Flegal and Patterson, 1983]. Increased burial of Os caused by 

enhanced primary productivity or decrease in deep-water dissolved oxygen 

concentrations does not affect the 187Os/188Os values as evident from measurements at 

ODP site 849 that is located in the eastern equatorial Pacific [Dalai et al., 2005]. 

Hence changes in marine primary productivity cannot explain the isotopic offset 

observed prior to 4.5±0.5 Ma in Fe-Mn crusts collected close to the MCS. 

Aeolian dust transported to seawater has an 187Os/188Os of 1.05±0.2 and an Os 

concentration of ~30 pg/g  [Peucker-Ehrenbrink and Jahn, 2001], but little of the Os 

in dust is expected to dissolve in seawater. The 187Os/188Os of average fluvial inputs is 

likely more radiogenic (~1.4) than average crustal material because easily 

weatherable, Os-rich lithologies, such as sediments rich in organic matter, have more 

radiogenic isotope values [Peucker-Ehrenbrink and Ravizza, 2000; Dubin and 

Peucker-Ehrenbrink, 2015]. Overall, aerosol deposition is likely a small fraction of 
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the overall continental input [Sharma and Wasserburg, 1997; Williams and Turekian, 

2002]. This favors fluvial input of Os into the California margin through the MCS as 

the most likely source. Inputs from rivers transporting dissolved and particulate 

terrestrial material has been shown to affect local seawater 187Os/188Os [Sharma et al., 

1999; Martin et al., 2000]. 

Model calculations using ƐNd over the past 14 Myr from North Pacific Fe-Mn 

crusts indicate that dust dissolution provided just a few percent of dissolved Nd in this 

region for the time of interest, >6.8 to 4.5 Ma [Pettke et al., 2000; van de Flierdt et al., 

2004a]. Rivers are the main source of sediment to the central California margin, a 

region that has storm-dominated shelves where sediment input is often dominated by 

episodic floods [Best and Griggs, 1991; Edwards, 2002; Lewis et al., 2002]. Fluvial 

sediment is normally transported past the littoral zone and may be deposited on or off 

the continental shelf [Edwards, 2002; Lewis et al., 2002]. On-shelf sediments can 

subsequently be advectied, or resuspended during high-energy events, and transported 

significant distances along-shore [Best and Griggs, 1991; Ogston and Sternberg, 

1999; Edwards, 2002]. 

 Resuspension and transport of sediment may affect the concentrations and 

isotope signatures of Os and Nd. Marine Os is scavenged in estuary and coastal zone 

sediments, reducing the flux of dissolved fluvial Os transported to the ocean [Martin 

et al., 2000, 2001; Williams and Turekian, 2004]. However, it is also possible that 

changes in salinity may cause the release of previously non-soluble Os sequestered in 

sediments [Martin et al., 2001]. It has been well documented that the release of Nd 
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from sediments along continental margins due to the dissolution of terrestrial 

particulate material can change the ƐNd signature of regional seawater [Lacan and 

Jeandel, 2005; Arsouze et al., 2007; Stichel et al., 2012; Garcia-Solsona et al., 2014; 

Jeandel and Oelkers, 2015]. Sediment resuspension and release of Nd and possibly Os 

are potential sources of these elements to California margin seawater from >6.8 to 

4.5±0.5 Ma. Based on these observations and arguments, we attribute the Os, Nd, and 

Pb isotope excursions from >6.8 to 4.5±0.5 Ma to large volumes of radiogenic 

terrestrial material entering the California margin at that time. This is consistent with 

sedimentation rates observed in the San Joaquin Basin when infill of the basin 

occurred as the rate of sedimentation exceeded subsidence rates; in the latest Miocene 

the basin was subsiding at rates of approximately 25 cm/kyr, but a maximum rate of 

140 cm/kyrs occurred in the early Pliocene during uplift of the Coast Range, and rates 

slowed to 11 to 86 cm/kyr in the late to latest Pliocene [Bowersox, 2005]. 

2.4.2 Timing the incision of the modern Monterey Canyon 

Isotope records in continent proximal Fe-Mn crusts, reported here, show that 

from before 6.8±0.5 Ma and up to 4.5±0.5 Ma the base of the MCS at Davidson 

Seamount was bathed in more radiogenic dissolved Os, Nd, and Pb. For Os, the 

radiogenic signature was apparent for ~150 km farther offshore and was also recorded 

in Fe-Mn crusts from the Taney Seamount chain. We propose that the radiogenic Os 

isotope signal reflects large volumes of terrestrial material transported into the system 

from prior to 6.8±0.5 and until 4.5±0.5 Myr. Such inputs may reflect increased 

incision of canyons along the coast. A case for an increase in incision due to greater 
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river transport is supported by the increase in spacing observed between the canyon 

heads of the Ascension and Monterey Canyon Systems [Nagel et al., 1986; Greene 

and Hicks, 1990]. If it is true, that the canyon heads in the Ascension Canyon System 

were at one time part of the MCS and have since been offset, then sediment transport 

down the MCS or right lateral motion must have increased from 10 to 7 Ma to 

account for the increased distances between the upper reaches of the canyons along 

the coast (Fig. 2.1) [Greene and Hicks, 1990]. This observation is consistent with the 

timing of the radiogenic isotope excursion recorded in Fe-Mn crusts from prior to 

6.8±0.5 until 4.5±0.5 Ma.  

Constraining total right-lateral offset within the Monterey Bay and slip rates is 

challenging. The Salinian block and MCS is bisected by several faults including the 

Palo Colorado-San Gregorio fault zone which caused northward displacement of 

canyons in the Ascension Canyon System from the MCS [Greene and Hicks, 1990]. 

The San Gregorio fault in Monterey Bay has only a moderate dip, a change from the 

steep near vertical dip observed along the rest of the San Gregorio Fault indicating 

strike slip movement, this may be due to interaction with the Monterey Bay Fault 

Zone and other nearby faults or changes in fault geometry within Monterey Bay 

[Langenheim et al., 2013]. This makes determining the slip rates in for the San 

Gregorio Fault in Monterey Bay difficult, especially since estimates and 

reconstructions of slip rates and total strike-slip offsets along the length of the San 

Gregorio fault vary widely [Dickinson et al., 2005; Langenheim et al., 2013].  
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The input of radiogenic material into the MCS most likely began before Fe-

Mn crusts on Taney and Davidson Seamounts started to grow, ~6.8±0.5 and 6.4±0.5 

Ma, respectively for the two oldest crusts. Since the modern MC cuts through middle 

Miocene strata, the incision of the canyon must have also occurred since the middle 

Miocene [Greene, 1977; Greene and Hicks, 1990]. This is supported by seismic-

reflection profiles showing uninterrupted sedimentation in the canyons during the late 

to middle Miocene [Greene, 1977; Greene and Hicks, 1990]. Miocene strata form 

uniformly thick flat beds on either side of the MC but thin towards the canyon center, 

indicating possible incision of the MC in the late Miocene to Pliocene [Greene, 

1977].  

Approximately 10 Ma the MC would have been located south and slightly east 

of the canyon’s current location, inland from present day San Diego and seaward 

from the paleo-coastline [Wilson et al., 2005; Müller et al., 2008; DeMets and 

Merkouriev, 2016]. By around 5 Ma the MC was on the coastline and would have 

been near the southern edge of the San Joaquin Basin (Fig 2.1) [Wilson et al., 2005; 

Müller et al., 2008; DeMets and Merkouriev, 2016]. The approximate reconstructed 

location of the MC was seaward of the coastline at 10 Ma, which makes incision of 

the canyon system due to fluvial input unlikely. However, submarine incision of the 

canyon due to down-canyon transport, hyperpycnal flows, and other turbidity currents 

is possible [Greene and Hicks, 1990; Mulder and Syvitski, 1995]. Large volumes of 

terrestrial material were deposited into the San Joaquin Basin as evidenced by late 

Pliocene sedimentary deposits up to 2,470 m thick, and by deposition exceeding the 
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subsidence rate of 140 cm/ky in the early Pliocene [Loomis, 1990; Bowersox, 2005]. 

By 5 Ma the reconstructed location of the MC head was coincident with the coastline, 

or very slightly landward [Bowersox, 2004, 2005; Wilson et al., 2005; DeMets and 

Merkouriev, 2016]. Incision of the modern MC occurred since the late Miocene 

(11.63 Ma) as the canyon cuts through late Miocene sediments. As the MC was 

seaward from the paleo-coastline at 10 Ma it is likely that incision of the canyon 

started after that time, closer to 7 Ma, after the canyon was closer to river and 

sediment sources. Around 7 Ma the head of the MC was near or above sea level and 

was located at the paleo-coastline. That is consistent with the >6.8±0.5 Ma onset of 

radiogenic Os and Nd isotope excursions in Davidson Seamount Fe-Mn crusts.  

During the late Miocene the San Joaquin Basin southeast of the modern 

Monterey Bay was a shallow sea open to the Pacific on the western side that captured 

westward drainage from the southern Sierra Nevada [Loomis, 1988, 1990; Reid, 

1995; Stanton and Dodd, 1997; Bowersox, 2005; Müller et al., 2008]. By the late 

Pliocene the basin was connected to the Pacific only through the Priest Valley Strait 

that connected to the Pacific near the modern location of the MC [Loomis, 1990; 

Bowersox, 2004, 2005]. Once cut off from open-ocean circulation, the San Joaquin 

Basin likely had a very different isotopic signature from that of open-ocean seawater. 

However, the connection to the Pacific was likely over 300 km north of the MC at 5 

Ma. The Priest Valley Strait closed completely ~2.2 Ma while the isotope excursion 

in Davidson and Taney seamount Fe-Mn crusts had already returned to open-ocean 

seawater values by 4 Ma [Bowersox, 2005]. 
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The return to open-ocean seawater values in Davidson and Taney seamount 

Fe-Mn crusts at 4.5±0.5 Ma coincides with the Pliocene orogeny in western 

California [Page et al., 1998; DeMets and Merkouriev, 2016]. Reconstruction of plate 

slip and rotation of the Sierra Nevada and Great Valley blocks with reference to the 

Pacific plate show that from 9 to 5.2 Ma, the plates were parallel to the San Andreas 

Fault, but that from 5.2 Ma onwards progressive clockwise rotation from the San 

Andreas Fault has occurred [DeMets and Merkouriev, 2016]. The Sierra Nevada-

Great Valley block and the Pacific plate began to converge at an angle orthogonal to 

the San Andreas Fault from 5.2 to 4.2 Ma [DeMets and Merkouriev, 2016]. That 

coincides with the onset of the orogeny determined in other studies, with uplift of the 

Santa Lucia Range starting around 6 Ma and estimated onset of shortening in central 

California at around 3.9 to 3.4 Ma [Page et al., 1998; Ducea et al., 2003]. Most of 

Monterey Bay was emergent by the late Pliocene to early Pleistocene in part due to 

marine regression in addition to regional uplift [Nagel et al., 1986; Greene and Hicks, 

1990]. We propose that this uplift of the California Coast Range and emergence of 

the Monterey Bay region may have terminated the isotopic excursion through a 

change in the dominant sediment sources. The change in Fe-Mn crust Os, Nd, and Pb 

isotope values towards compositions consistent with regional seawater at ~4.5±0.5 

Ma may reflect a change in sediment type and river transport from fine-grained 

material and a larger dissolved fraction, to a coarser-grained river sediment load and a 

reduced dissolved flux. A decrease in catchment basin areas may also have decreased 

the amount of fluvial material transported into the MCS.  
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Incision of the modern MC starting in the late Miocene is consistent with the 

Os isotope excursion recorded in Fe-Mn crusts from Taney and Davidson seamounts. 

This helps to constrain the start of modern MC incision to the late Miocene between 

the start of the late Miocene 11.63 Ma to 6.8±0.5 Ma. This timing is earlier than the 

late Pliocene (~2.6 Myr) incision of the modern MC as proposed by Greene and 

Hicks [Greene and Hicks, 1990]. There is also no evidence in the Os, Nd, or Pb 

isotope records from any of the Fe-Mn crusts for a second separate event occurring in 

the Pleistocene (<2.6 Ma), as proposed by Greene [Greene, 1977]. However, a shorter 

incision event in the MCS since ~4 Ma that did not change the seawater isotope 

signature locally over several hundred thousand years, and was therefore not recorded 

in Fe-Mn crusts is possible as indicated by active transport in the canyon and 

associated incision continuing today. 

2.4.3 Source Areas of Fluvial Input 

To examine potential sources of the terrestrial material responsible for the 

more radiogenic signatures in Davidson Seamount Fe-Mn crust T145-R9, 

207Pb/206Pb was plotted against ƐNd (Fig. 2.4). Source regions were selected inland 

from the MCS to incorporate possible catchment regions, and extended from north of 

San Francisco Bay to the Mojave Desert in the south, and to the Colorado Plateau in 

the east[Feuerbach et al., 1993; Cousens, 1996; Reid and Ramos, 1996; Beard and 

Johnson, 1997; Heumann and Davies, 1997, 1997, 1997; Miller et al., 2000; 

Wannamaker et al., 2000; Farmer et al., 2002; Schott et al., 2004; Wolff et al., 2005]. 

Data over the period of interest, (~ 7.5 to 4 Ma) from central Pacific Fe-Mn crusts, 
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outside the influence of the MCS, are used to represent open-ocean seawater isotopic 

values, and data from D11-4 at Hoss Seamount are plotted as a regional control [Ling 

et al., 1997, 2005; Chen et al., 2013]. The Pb and Nd composition from Davidson 

Seamount rock samples was also used as a comparison [Castillo et al., 2010]. Using 

Pb isotopic data from terrestrial source rocks to identify the source of the dissolved 

marine material has inherent uncertainties as the Pb isotope composition of labile Pb 

can differ from that of the bulk rock [Erel et al., 1994; Frank, 2002]. The Colorado 

Plateau is not a likely source as it has a higher 207Pb/206Pb and more positive ƐNd 

than the Fe-Mn crust [Beard and Johnson, 1997; Wannamaker et al., 2000; Wolff et 

al., 2005]. It is not possible to exclude the granitic Sierra Nevada as a potential source 

region due to overlap in the data. In addition, the Salinian block, on which Davidson 

Seamount and the head of the MCS rests, was derived from the southern Sierra 

Nevada by strike-slip motion [Barbeau et al., 2005; Chapman et al., 2014]. However, 

the most likely source of the terrestrial material was erosion of the Big Pine Volcanic 

Field along the border of the southern Sierra Nevada and western Basin and Range 

(Fig. 2.4). 

An additional potential source of radiogenic Os to the MCS, which would 

account for the radiogenic 187Os/188Os deviation from the osmium isotope seawater 

curve prior to 4.5±0.5 Ma, even beyond average continental river values (~1.4), is 

organic-rich black shale from the Monterey Formation. Radiogenic Os is efficiently 

mobilized during weathering of organic-rich shale, that can lose 45 to 90% of its 

initial Os [Ravizza and Esser, 1993; Peucker-Ehrenbrink and Blum, 1998; Peucker-
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Ehrenbrink and Ravizza, 2000]. Rivers draining shale deposits frequently have high 

187Os/188Os, and it has been proposed that black shale can provide a more radiogenic 

flux of Os than other rock types [Ravizza and Esser, 1993; Singh et al., 1999; Dalai 

and Ravizza, 2010]. However, Os released from shale can be incorporated into 

secondary iron oxides and clay minerals during weathering and in rivers, which may 

restrict the flux of labile, radiogenic Os [Pierson-Wickmann et al., 2002; Dalai and 

Ravizza, 2010]. A possible scenario is that a river or tributary sourced near the Big 

Pine Volcanic Field flowed through shale deposits in California’s Central Valley, or 

near the coast, transporting radiogenic Os into the ocean. 

2.5 Conclusion 

We analyzed Os, Nd, and Pb isotopes in Fe-Mn crusts on three seamounts, 

Davidson proximal to the MCS, Taney offshore from the MCS, and Hoss, well-

removed from the MCS. Four Fe-Mn crust records from Davidson and Taney 

seamounts deviated from the Cenozoic seawater Os isotope curve towards more 

radiogenic values from >6.8±0.5 to 4.5±0.5 Ma. We attribute this to input of 

radiogenic material to the MCS that started in the late Miocene since ~10 Ma to 

6.8±0.5 Ma and ended about 4.5±0.5 Ma, causing the 187Os/188Os in the Fe-Mn crusts 

to return to a seawater-dominated isotopic signature. This is supported by more 

positive ƐNd and more radiogenic Pb in Fe-Mn crusts from Davidson Seamount when 

compared to regional seawater isotope values of similar ages from >6.8±0.5 to 

4.5±0.5 Ma. This constrains the start of modern MC incision to between 10 Ma and 

6.8±0.5 Ma and provides a minimum age of 6.8 ±0.5 Ma for the MC. 
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The most likely source of radiogenic Os, which would also account for the 

trends observed in Nd and Pb, is fluvial input of continental material with a 

radiogenic 187Os/188Os signature transported through the MCS. The most likely origin 

is terrestrial fluvial material that appears to be sourced from near the border of the 

southern Sierra Nevada and southern edge of the western Basin and Range. Any input 

of weathered or dissolved material from organic-rich shale along the fluvial transport 

pathway could contribute to the radiogenic Os isotope signature. The isotope values 

in Davidson and Taney seamount Fe-Mn crusts returned to regional seawater values 

after 4.5±0.5 Ma. The timing of the end of the isotope excursion is concurrent, within 

error, with the orogeny of the California Coast Range. This may have led to a change 

in the source material, sediment type, or drainage basin, thereby reducing the 

radiogenic signature of the fluvial material, which, resulted in seawater near the MCS 

reverting to regional values subsequently recorded in the Fe-Mn crusts. 
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Figures 

 

Figure 2.1 Location map of the central and southern California coast with the 

Davidson, Taney, and Hoss Seamounts, the Monterey Submarine Canyon System and 

Fan, the San Andreas Fault, Paleo San Joaquin Basin with Priest Strait, paleo coast 

line and MC locations at 5 Ma and 10 Ma indicated (GeomapApp.org).  

References, subscripts in key: 1. [Müller et al., 2008]; 2. [Bowersox, 2005]; 3. [Bird, 

2003]; 4. [Fildani and Normark, 2004]; 5. [Wilson et al., 2005]; 6. [DeMets and 

Merkouriev, 2016]; 7. [King, SIMoN.org]; 8. [Greene and Hicks, 1990]. 
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Figure 2.2 Plot of 187Os/188Os in six CCM Fe-Mn crust samples over the past 9 Myr. 

The gray shaded region is the Cenozoic Osmium isotope seawater curve [Peucker-

Ehrenbrink and Ravizza, 2012]. Solid samples were analyzed for Pb.  

 

 

  



 

66 

 

Figure 2.3 Isotope values for 187Os/188Os, ƐNd, and 206Pb/204Pb for Fe-Mn crust 

T145-R9, Davidson Seamount are shown relative to Hoss D11-4, representing 

regional seawater. For ƐNd, and 206Pb/204Pb Central Pacific seawater, in gray, is 

represented by Fe-Mn crusts CD29-2 and D11-1 [Ling et al., 1997]. The Cenozoic Os 

isotope seawater curve is used for 187Os/188Os [Peucker-Ehrenbrink and Ravizza, 

2012]. The region highlighted in yellow, from ~ 7 to 4.5 Myr shows deviation away 

from regional seawater at Davidson Seamount. Error for ƐNd and 206Pb/204Pb are 2σ 

for all runs of the USGS A-1 nodule standard, n=16 and 85, respectively. Error for 
187Os/188Os is 2σ of A-1 excluding the lowest 3 values, 2 of which had contamination 

on 185Re, n=13. Instrumental error over this amount is shown for individual points.  
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Figure 2.4 A. Location map of the south-western United States showing sample 

locations. B. Plot of average 207Pb/206Pb and ƐNd isotope values by region. C. Inset 

box with individual 207Pb/206Pb and ƐNd data points. Samples from Davidson and 

Hoss Fe-Mn crusts have 2-4 average Pb measurements for Nd each sample. Only data 

from 7 to 4.5 Myr is shown for California Margin and Central Pacific Fe-Mn crusts. 

All Nd data is normalized to JNdi-1= 0.512115 for comparison. Southern Sierras 

includes data from Kern, San Joaquin, and Kings volcanic fields. 

References: 1. Ling et al., 1997; 2. Chen et al., 2013; 3. Castillo et al., 2010; 4. Beard 

& Johnson 1997; 5. Wannamaker et al., 2000; 6. Wolff et al., 2005; 7. Heumann & 

Davies 1997; 8. Cousens 1991; 9. Farmer et al., 2002; 10. Schott et al., 2004; 11. 

Feuerbach et al., 1993; 12. Reid and Ramos 1996; 13. Miller et al., 2002 
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Abstract 

High-resolution time series data for Pb and Nd isotopes from hydrogenetic 

ferromanganese crusts along the California continental margin (CCM) in the eastern 

North Pacific are evaluated and compared to data from central Pacific, North Pacific, 

and Arctic Ocean crusts. These Fe-Mn crusts provide isotope records for 

approximately the past 7 to 9 Myr and were collected from three separate seamounts, 

covering a considerable region of the CCM. Surface ƐNd from CCM Fe-Mn crusts 

collected above 3000 m plots off of a North Pacific Intermediate Water and Pacific 

Deep Water mixing line towards more radiogenic ƐNd values from sediment pore-

water. This is evidence for sediment pore-water benthic fluxes affecting the ƐNd 

signal in the continental margin Fe-Mn crusts. Similar ƐNd trends are recorded in Fe-

Mn crusts from the central Pacific. Crusts from both regions show an increase in ƐNd 

from ~7 to ~3 Ma, likely due to an increase in Nd from young radiogenic Pacific arcs, 

and after ~3 Ma ƐNd decreases towards the present. Based on the ƐNd ratios and 

input timing of circum-Pacific sources, this decrease in ƐNd is most plausibly 

attributed to cyclic failure of glacial lakes that transported material from older-inland 

North American rocks into the Pacific, which initiated ~2.5 Ma. Lead isotopic ratios 

in near-shore California margin Fe-Mn crusts resemble those found in crusts from the 

North Pacific and Arctic Ocean and show increasing 206Pb/204Pb from the late 

Miocene to present. The isotope ratios of Pb suggest that this increase in radiogenic 

Pb reflects terrestrial material sourced from the North American continent and 

delivered to the ocean via riverine transport, rather than from Asian dust.  
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3.1 Introduction 

Radiogenic isotopes with residence times shorter than that of global ocean 

mixing (Hf, Be, Nd, Pb, among others) can be used to study paleoceanographic 

conditions including ocean circulation, changes in climate, and inputs due to changes 

in continental weathering or uplift [Frank, 2002; van de Flierdt et al., 2003, 2004a]. 

Here, high resolution Pb and Nd isotopic profiles for three hydrogenetic 

ferromanganese (Fe-Mn) crusts from the northeast Pacific along the California 

Continental Margin are discussed (CCM) (Fig. 3.1).  

Hydrogenetic Fe-Mn crusts are rock deposits that form as chemo-stratigraphic 

precipitates on elevated rock surfaces when submarine currents or the degree of slope 

prevents sediment from accumulating and burying the slowly growing (1-10 

mm/Myr) Fe-Mn crusts [Bonatti et al., 1972; Hein et al., 2000; Conrad et al., 2017a]. 

Ferromanganese crusts record the chemical and isotopic signature of seawater as they 

grow, providing low-resolution, long-term archives of paleo-seawater [Frank, 2002; 

Hein and Koschinsky, 2014]. Elements with low diffusive re-equilibration within the 

Fe-Mn crusts, including Os, Hf, Be, Pb, and Nd, among others, can be used as paleo-

seawater archives [Abouchami et al., 1997; O’Nions et al., 1998; Abouchami et al., 

1999; Frank, 2002; van de Flierdt et al., 2004a; Klemm et al., 2005; Nielsen et al., 

2009; Horner et al., 2010; Nielsen et al., 2011; Chen et al., 2013]. Other elements 

including Sr and Li, and to a lesser degree U, re-equilibrate with seawater or have 

diffusion coefficients in Fe-Mn crusts too high for use as paleoceanographic archives 

[Ingram et al., 1990; Frank, 2002; Chan and Hein, 2007]. Due to slow growth rates, 



 

71 

 

variations in paleo-seawater recorded in Fe-Mn crusts are averaged over tens to 

hundreds of thousand years; shorter-term perturbations in seawater chemistry cannot 

be identified.  

Most studies have utilized Fe-Mn crusts from the open ocean [Abouchami et 

al., 1997, 1999; Christensen, 1997; Ling et al., 1997; Klemm et al., 2005, 2007; 

Horner et al., 2010; Nielsen et al., 2011; Chen et al., 2013]. Comparatively less work 

has been conducted on Fe-Mn crusts from the northeast Pacific and continental 

margin regions [Conrad et al., 2017a]. Time-series studies of two Fe-Mn crusts from 

the North Pacific measured Pb, Nd, and Hf isotopes [van de Flierdt et al., 2003, 

2004a]. One CCM crust, D9-29 was analyzed for pre-anthropogenic Pb isotopes 

averaged over the past 48 ka by scraping the most recent growth surface and yielded 

isotopic values more radiogenic than Fe-Mn crusts located in the central and southern 

Pacific [von Blanckenburg et al., 1996]. 

3.2 Sample locations 

The CCM is a complex, tectonically active environment that undergoes 

strong, seasonal upwelling of nutrient-rich deep and intermediate water and receives 

relatively large terrestrial inputs from western North America via aeolian and fluvial 

sources, resulting in high primary productivity in the surface waters [Barron and 

Bukry, 2007; Biller and Bruland, 2014; DeMets and Merkouriev, 2016]. 

Resuspension of continental shelf and slope sediments can also effect the element 

concentration of seawater within the CCM [Berelson et al., 2013]. Ferromanganese 

crusts collected from the CCM are enriched in Fe, Si, and Th and have lower 
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concentrations of P and elements of economic interest (Co, Ni, Cu, and Te, among 

others) than Fe-Mn crusts from the open-ocean Pacific [Conrad et al., 2017a].  

Samples for this study were collected from Hoss, Davidson, and Taney B 

seamounts (Fig. 3.1). Ferromanganese crust D11-4 was collected on USGS cruise F7-

87-SC from Hoss seamount by chain-bag dredge from 2,560-2,540 m below sea level 

(bsl). Samples T141-R5 and T145-R9 were collected via remotely operated vehicle 

(ROV) from Davidson Seamount on a Monterey Bay Aquarium Research Institute 

(MBARI) 2004 cruise, from 2,388 m and 3,298 m bsl, respectively. Ferromanganese 

crust D173-R2 was collected by ROV on a MBARI 2010 cruise, from the Taney 

Seamount from 3,178 m water depth.  

3.3 Isotopes 

3.3.1 Neodymium Isotopes 

The isotopic distribution and behavior of Nd in seawater has been the subject 

of many global studies and Nd has been designated as a key parameter of the 

GEOTRACES program [Piepgras and Wasserburg, 1980, 1987; Bau and Koschinsky, 

2006; Lacan et al., 2012; Lambelet et al., 2016; van de Flierdt et al., 2016]. To date, 

more data are available for the Atlantic than Pacific Ocean. North Atlantic Deep 

water has a less radiogenic ƐNd of ~ -13.5, while North Pacific Deep Water has a 

more radiogenic ƐNd of ~ -4, and the deep water from the Southern and Indian 

Oceans have values that fall between these two end-members, with ƐNd ~ -7 to -9 

[van de Flierdt et al., 2016]. Seawater 143Nd/144Nd is expressed as ƐNd, which is the 



 

73 

 

measured 143Nd/144Nd normalized to the chondritic uniform reservoir (CHUR = 

0.512638) in parts per 10,000 [Jacobsen and Wasserburg, 1980]. Neodymium has a 

residence time between 400 to 950 years, shorter than the ~1000 yr circulation time 

of seawater from the North Atlantic to North Pacific, making ƐNd a useful tracer for 

water mass mixing [Abouchami et al., 1997; von Blanckenburg and O’Nions, 1999; 

David et al., 2001; Bau and Koschinsky, 2006; Lacan et al., 2012].  

Hydrogenetic Fe-Mn crusts in addition to other stratigraphic records support 

using ƐNd as a tracer for paleo circulation when sediment benthic fluxes are 

negligible or are taken into account [Abbott et al., 2016; Du et al., 2016; van de 

Flierdt et al., 2016]. Ocean basins have distinct ƐNd signatures, due to the differences 

in ƐNd from continental source rocks surrounding the basins [Jeandel et al., 2007; van 

de Flierdt et al., 2016]. However, dissolved aeolian and fluvial inputs alone cannot 

account for the mass balance of Nd in the oceans [Goldstein et al., 1984; Goldstein 

and Jacobsen, 1988; Tachikawa et al., 1999; Jeandel et al., 2007; van de Flierdt et al., 

2016]. Along continental margins “boundary exchange” which describes all chemical 

transfer reactions between terrestrial particles and seawater (adsorption/desorption, 

dissolution/precipitation, redox, and ion exchange) is thought to be one of the drivers 

of ƐNd in the oceans [Lacan and Jeandel, 2005; Jeandel et al., 2007; Jeandel and 

Oelkers, 2015]. Possible additional inputs of Nd to the oceans from submarine ground 

water discharge, pore water fluxes, and reversible scavenging have also been 

considered [Abbott et al., 2015a; Du et al., 2016; van de Flierdt et al., 2016]. There is 
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a decoupling between Nd concentration and isotopic ratios, the “Nd Paradox” further 

complicating use of ƐNd in seawater as a tracer or paleo proxy [Stichel et al., 2015].  

3.3.2 Lead Isotopes 

Dissolved lead in modern seawater has been greatly impacted by 

anthropogenic sources, however, Fe-Mn crusts make excellent archives of pre-

anthropogenic seawater Pb isotopic compositions (e.g. Chen et al., 2013; Christensen, 

1997; Foster and Vance, 2006; Klemm et al., 2007). Since the removal of Pb from 

gasoline and paint, anthropogenic inputs of Pb have decreased leading to higher 

concentrations of Pb in deep “older” water than in surface waters across most of the 

ocean [Boyle et al., 2005; Dekov et al., 2006]. Seawater profiles of Pb without 

anthropogenic influences would show a decrease with water depth, as  Pb is rapidly 

scavenged from seawater and has a residence time of 80-100 years [Abouchami et al., 

1997; Frank, 2002]. Hydrothermal sources of Pb are minor, <2% of the total flux 

[Frank, 2002; van de Flierdt et al., 2004b]. Aeolian dust contributes approximately 

10-12% of the natural flux of dissolved Pb to the oceans [Chow and Patterson, 1962; 

Frank, 2002]. Rivers are considered to be a much greater source of Pb [Frank, 2002]. 

However, dissolved Pb is rapidly scavenged in estuaries and given the short residence 

time, dust may be an important source in the open ocean [Jones et al., 2000]. Unlike 

Nd, Pb undergoes fractionation during weathering. The radiogenic isotopes, 206Pb, 

207Pb, 208Pb are loosely bonded and are more easily mobilized than nonradiogenic 

204Pb [Erel et al., 1994; Jones et al., 2000; Frank, 2002]. This makes determining the 

terrestrial source of Pb isotopes in seawater difficult as dissolved Pb in seawater does 



 

75 

 

not always reflect the source rock isotopic signature [von Blanckenburg and Nägler, 

2001; Frank, 2002].  

3.4 Methods 

Ferromanganese crusts D11-4, T145-R9, T141-R5, and D173-R2 from Hoss, 

Davidson and Taney Seamounts within the CCM were selected for paleoceanographic 

study. These crusts were selected based on chemical composition, thickness, and 

internal growth structures. The selected samples all have Fe/Mn ratios between 1.00 

to 1.53 and plot within the hydrogenetic region on genesis discrimination diagrams 

[Bonatti et al., 1972; Bau et al., 2014; Conrad et al., 2017a]. The internal structures of 

the samples are laminated or massive, which are preferred for paleoceanographic 

work as it is easier to sample across a single layer of the crust with a consistent age. 

Samples were encased in TAP Plastic Clear-Lite casting resin and cut into billets 

perpendicular to the growth surface. The billets were mounted on glass slides in 

preparation for subsampling. To determine growth rates and ages of the Fe-Mn crusts, 

187Os/188Os ratios were compared to the Cenozoic Os isotope seawater curve [Klemm 

et al., 2005; Sen and Peucker-Ehrenbrink, 2014; Conrad et al., 2017b].  

Neodymium samples were collected using a New Wave Micromill with 

diamond tipped flat head bit. Subsamples for Nd were collected continuously down 

the stratigraphic layers at 0.3 mm resolution. Every second or third Nd subsample 

was prepared for analysis resulting in a 0.3 mm sample every 0.6 to 1.2 mm. Samples 

were prepared for Nd analysis by column chemistry using Eichrom Ln resin 50-100 

µm particle size after the method of [Scher and Delaney, 2010] and analyzed on a 
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Neptune multicollector-inductively coupled plasma mass spectrometer (MC-ICPMS) 

at the Woods Hole Oceanographic Institute (WHOI) Non-traditional Isotope Research 

on Various Advanced Novel Applications (NIRVANA) facility [Conrad et al., 

2017b]. Standard JNdi-1 with a reference value of 143Nd/144Nd 0.512115± 7 was used 

for data correction and to determine accuracy. A value of 0.512115 ± 7 for standard 

JNdi-1 corresponds to a value 0.511858 ± 7 for the La Jolla Nd standard [Tanaka et 

al., 2000]. Over the course of the study JNdi-1 had a 2 σ standard deviation of 

143Nd/144Nd = 3.82E-5, n=48. United States Geological Survey nodule standards A-1 

and P-1 were prepared along with the samples and compared to previously published 

values [Foster and Vance, 2006a].  

Lead isotopes were analyzed on three Fe-Mn crusts using an NWR193 laser 

ablation connected to a Neptune MC-ICPMS after the method of [Foster and Vance, 

2006b]. Billets of these crusts were placed into an aluminum foil lined ablation cell 

sample holder and packed with Crayola air-dry clay along with three pressed powder 

pellets of both the USGS A-1 and P-1 nodule standards. Pellets were prepared using a 

hand press at the WHOI experimental petrology lab. Setting the samples and pellets 

in clay created a very level surface on which to focus the laser and allowed sequential 

sampling of USGS A-1 and P-1 nodule standards and Fe-Mn crust samples. Standard 

sample bracketing was used to correct the Pb data for internal fractionations; the Tl 

fractionation factor could not be resolved [Conrad et al., 2017b]. In total, 40 pairs of 

USGS A-1 and P-1 nodule standards were run with a 2 σ standard deviation for A-1 – 

P-1 of ±0.03 206Pb/204Pb, ±0.02 207Pb/204Pb, and ±0.05 208Pb/204Pb. 
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3.5 Results 

3.5.1 Neodymium Isotopes Time Series 

Neodymium isotopes were measured in four Fe-Mn crusts: Hoss D11-4 

(n=44), Taney D173-R2 (n=56), and Davidson T145-R9 (n=42) and T141-R5 (n=31). 

Sample ages and water depths are presented in Table 1. Neodymium isotope data for 

samples older than ~ 4.5 Ma from Davidson Fe-Mn crusts were excluded as those 

data show a trend away from regional values due to large local inputs, and have been 

previously discussed [Conrad et al., 2017b]. The ƐNd values in CCM samples range 

from a high of -1.86 in the upper crust layer, most recent growth layer, of D173-2 

(0.03±0.5 Ma) to a low of -4.21 in the upper layer of T145-R9 (0.03±0.5 Ma). The 

surface layers of T141-R5 and D11-4 are -2.60 and -2.90 ƐNd, respectively (Table 

3.1, Figure 3.2). When averaged over approximately 1 Myr, D11-4, D173-R2, T141-

R5, and T145-R9 have ƐNd values of -2.95, -2.70, -2.80, and -4.21, respectively 

(Table 3.1). Davidson Seamount Fe-Mn crust T145-R9 from 3298 m bsl is offset 

from the other three CCM crusts by approximately 0.5 ƐNd units. This offset is 

particularly noticeable when comparing T145-R9 against the other Davidson crust 

T141-R5 from 2388m water depth. Overall, the four CCM Fe-Mn crusts show similar 

trends with ƐNd increasing from around 7 Ma until around 3 Ma by approximately 

0.7 ƐNd units before declining towards modern values (Fig. 3.3). Although, ƐNd in 

crust D173-R2 increases in the surface as does crust T141-R5. The peak at ~3 Ma is 

consistent with ƐNd data recorded in central Pacific Fe-Mn crusts (see discussion).  
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3.5.2 Pb Isotopes Time Series  

 Lead isotopes were measured in three Fe-Mn crusts, Hoss D11-4 (n=188), 

Davidson T145-R9 (n=125), and Taney D173-R2 (n=87). Sample T141-R5 from 

Davidson seamount was not analyzed for Pb isotopes. Ferromanganese crust D11-4 

from Hoss Seamount was analyzed for Pb isotopes from 8.7±0.5 Ma to present but 

not through the older section of the crust. These exclusions allowed for development 

of higher resolution records over the period of greatest interest. Data from Davidson 

Fe-Mn crust T145-R9, from 6.1 to 4.8 Myr show a large radiogenic signature due to 

local inputs which was discussed previously and will not be further discussed here as 

it does not represent basin wide trends [Conrad et al., 2017b]. 

 In general, all three CCM Fe-Mn crusts measured for Pb isotopes trend 

towards more radiogenic values with time, consistent with other North Pacific Fe-Mn 

crusts (see discussion). That trend is most noticeable for 206Pb/204Pb, which shows a 

large increase from 18.72 at 8.5±0.5 Ma to 18.86 at 0.10 ±0.5 Ma for Hoss D11-4 

(Fig. 3.4). Davidson and Taney crusts show even more radiogenic 206Pb/204Pb 

signatures. Davidson Fe-Mn crust T145-R9 goes from 18.88 at 6.6±0.5 Ma to a high 

of 18.96 at 0.6±0.5 Ma before decreasing slightly to a modern 206Pb/204Pb of 18.95. 

Taney, D173-R2, shows a very similar trend in 206Pb/204Pb with 18.72 at 6.1±0.5 Ma 

and a high modern seawater ratio of 18.95. Unlike 206Pb/204Pb ratios in CCM Fe-Mn 

crusts, 207Pb/204Pb does not change towards radiogenic values relative to central 

Pacific data until a slight increase in the uppermost layers of Taney D173-R2 and 

Hoss Dll-4. The average 207Pb/204Pb for D11-4, T145-R9, and D173-R2 is 15.64 for 
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all three crusts with n values of 199, 80 and 87, respectively. Although there are 

changes in the 207Pb/204Pb ratio over time, the scale is much smaller than that of 

206Pb/204Pb. The 207Pb/204Pb was nearly consistent through the entire region, whereas 

206Pb/204Pb showed much greater increase towards radiogenic values at Davidson and 

Taney seamounts than at Hoss. When comparing the last 1 Myr mean of 206Pb/204Pb 

values, Hoss Seamount (D11-4) is 18.82 (n=63), Davidson (T145-R9) is 206Pb/204Pb= 

18.94 (n=16), and Taney D173-R2 is 206Pb/204Pb= 18.93 (n=19). All three CCM Fe-

Mn crusts show a very similar trend for 208Pb/204Pb, which starts within the range of 

central Pacific data with a low of 38.63 at 8.4±0.5 Ma in D11-4 and gradually 

increases starting at ~6 Ma to a high of 39.02 at 0.1±0.5 Ma in D11-4.  

3.6 Results 

3.6.1 Sources of Nd to the northeast Pacific deep water 

Neodymium isotopes in Fe-Mn crusts can be used as tracers of water masses 

and water mixing, presuming that ƐNd reflects conservative water-mass mixing 

[Abouchami et al., 1997; Frank, 2002; Abbott et al., 2015a]. However, that is unlikely 

to be the case along continental margins where ƐNd may be altered by boundary 

exchange processes [Abbott et al., 2015a; Stichel et al., 2015]. Further contributing to 

the non-conservative nature of ƐNd are benthic pore water fluxes from sediment 

[Abbott et al., 2015b; Du et al., 2016]. Input of Nd from benthic flux and possibly 

reversible scavenging into bottom waters means that ƐNd in the Pacific is not 

conservative within water masses [Du et al., 2016]. Northeast Pacific, Gulf of Alaska 
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(GOA) pore waters have a more radiogenic ƐNd than bottom water and GOA bulk 

sediment [Du et al., 2016]. Sediment, seawater, and pore fluid samples from the 

Oregon margin show that seawater ƐNd remains constant with depth, -2.5 at 1200 m 

and -2.3 at 3000 m bsl, which is within error [Abbott et al., 2015a]. If the ƐNd were 

recording water mass mixing between North Pacific Intermediate Water (NPIW) and 

Pacific Deep Water (PDW), then ƐNd would be expected to become less radiogenic 

with depth towards a PDW ƐNd signature, -3 to -3.5 [Haley et al., 2014; Abbott et al., 

2015a]. Instead ƐNd deviates towards pore fluid values from sediments (-0.2 to -1.8) 

showing the importance of benthic fluxes from sediment pore fluids to bottom water 

[Abbott et al., 2015a]. This is consistent with ƐNd measurements on core-top 

sediments from the GOA that show ƐNd of core top leachates, representing sediment 

pore fluid, are more radiogenic than bottom water and that measured seawater 

profiles deviate towards the sediment and therefore the pore fluid values [Du et al., 

2016]. It should be noted that Fe-Mn oxyhydroxides (diagenetic micronodules and 

grain coatings) in the core-tops were the main Nd bearing phases and acquired their 

ƐNd signature from the pore water then, once formed, acted to buffer the benthic flux 

[Du et al., 2016].   

To evaluate ƐNd in the northeast Pacific ƐNd from the uppermost layers of 

CCM, central Pacific, and northeast Pacific Fe-Mn crusts were compared to ƐNd of 

core top leachates, seawater profiles from the GOA, sediment and sediment pore 

water from the Oregon coast, and the predicted ƐNd for 1200 year old conservative 

mixed water (NPIW and PDW) from along the northeastern Pacific coast (Fig. 3.2) 
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[Haley et al., 2014; Abbott et al., 2015a; Du et al., 2016]. Surface data from Davidson 

T141-R5 (2,398m) and Hoss D11-4 (~2550 m) plot along the GOA seawater profiles 

and show slightly more radiogenic ƐNd values than the modeled conservative mixing 

line, trending towards sediment benthic flux values. Central Pacific CD29-2 (ƐNd -

3.71) plots essentially on the modeled conservative mix line for NPIW and PDW. 

Northeast Pacific D4-13A from the GOA (ƐNd -1.87) is within error of the seawater 

profiles but trends slightly towards pore water values. Taney D173-R2 (3178 m) 

shows slightly higher ƐNd and plots off the GOA seawater profiles towards GOA 

sediment pore fluids, almost congruent with Oregon sediment pore fluid values. 

These data indicate that benthic fluxes from sediment pore waters influence ƐNd in 

PDW along the CCM to a depth of ~3000 m, in good agreement with published data 

[Haley et al., 2014; Abbott et al., 2015b, 2015a, 2016; Du et al., 2016]. 

3.6.2 Evidence for the presence of Pacific bottom water 

A less radiogenic ƐNd was measured from the surface of Davidson crust 

T145-R9 (3298 m, ƐNd -4.21) than in surface samples from the other CCM Fe-Mn 

crusts. The second youngest layer in T145-R9 (ƐNd -3.61) falls between the modeled 

NPIW-PDW mixing line and the GOA seawater profiles (Fig. 3.2). The -4.21 ƐNd 

value from T145-R9 is consistent with a lower ƐNd signature in T145-R9 overall. 

When comparing ƐNd in CCM Fe-Mn crusts over the past 9 Myr, Hoss D11-4, Taney 

D173-R2, and Davidson T141-R5 show a very similar range of ƐNd values despite 

the different water depths, distances between the samples, and proximity to the 

continental shelf (Fig. 3.3). Davidson T141-R5 generally falls between D173-R2 and 
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D11-4, with D173-R2 having the most radiogenic ƐNd values. The two Davidson Fe-

Mn crusts T145-R9 (3298m) and T141-R5 (2388) have similar trends but the deeper 

water T145-R9 is 0.42 ƐNd units less radiogenic on average and appears to plot closer 

to some of the central Pacific Fe-Mn crust data. Central Pacific Fe-Mn crusts VA13/2 

and MDD53 have less radiogenic ƐNd than T145-R9, for some data points. For both 

crusts this was attributed to the Pacific bottom water signature [Ling et al., 1997; 

Chen et al., 2013]. 

Davidson crust T145-R9 is the deepest water CCM sample and Davidson 

Seamount is closest to the continental shelf where it is more likely to be influenced by 

upwelling and shelf boundary exchange processes. Pacific bottom water has a less 

radiogenic ƐNd (-4.5 to -6) signal than PDW (-3.5) and NPIW (-3.0), and northeast 

Pacific surface water with ƐNd ~ -2.2 to 0.2 [Piepgras and Jacobsen, 1988; Shimizu et 

al., 1994; Amakawa et al., 2004a, 2004b; Haley et al., 2014; Abbott et al., 2015b]. 

Pacific bottom water is the most likely source of the Nd providing the less radiogenic 

ƐNd observed in crust T145-R9, even with a diluted, more radiogenic ƐNd value due 

to the influence of benthic flux from sediment pore water. Other potential sources of 

Nd including boundary exchange from the shelf and terrestrial input from the 

continent would be apparent in crust T141-R5 and would have a more radiogenic ƐNd 

as would submarine ground water discharge [Haley et al., 2014,2004; Johannesson 

and Burdige, 2007]. Hydrothermal systems are not a significant source of Nd as it is 

scavenged before the Nd isotope signature of the surrounding water can be affected 

[van de Flierdt et al., 2004b].  
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3.6.3 ƐNd evolution in the northeast Pacific 

The most noticeable trend in CCM Fe-Mn crust ƐNd data over the past 9 Myr 

is a peak in ƐNd around 3 Ma. That peak is also observed in some of the central 

Pacific crust data, specifically crusts D11-1, CD29-2, MKD13, and CSD55, although 

given the sampling resolution the exact timing is questionable in some samples (Fig. 

3.3) [Ling et al., 1997; Chen et al., 2013]. Other central Pacific Fe-Mn crusts do not 

show this peak, and the North Pacific crusts D4-13A and 13D-27A show a much 

broader and slightly older peak that tapers off and decreases slightly starting around 5 

Ma [van de Flierdt et al., 2004a]. The timing of the ƐNd decrease in North Pacific Fe-

Mn crusts coincides with a decrease in ƐNd in Arctic Ocean Fe-Mn crusts attributed 

to intensification of Northern Hemisphere Glaciation and an increased input of less 

radiogenic ƐNd material eroded and transported to the Arctic Ocean [van de Flierdt et 

al., 2004a; Dausmann et al., 2015].  

Previous studies attributed the peak in ƐNd values at ~3 Ma in central Pacific 

Fe-Mn crusts to the closure of the Panama Gateway [Ling et al., 1997]. The 

hypothesis is that closing of the Panama gateway would have decreased the 

contribution from North Atlantic Bottom Water (NABW) (ƐNd ~ -13), causing the 

trend towards more radiogenic ƐNd values observed in Pacific Fe-Mn crusts starting 

~ 14 Ma, when the depth of the Isthmus of Panama shoaled enough to restrict mixing 

of deep waters [Ling et al., 1997; Frank, 2002; Schmittner et al., 2004; Brierley and 

Fedorov, 2016]. The trend towards less radiogenic ƐNd since ~ 3 Ma was then 

attributed to an increase in North Atlantic Deep Water (NADW) to the Pacific via 
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circumpolar circulation [Ling et al., 1997]. This is consistent with ƐNd data from 

Atlantic Ocean Fe-Mn crusts that trend towards less radiogenic ƐNd values starting at 

~ 4 Ma but is not reflected in Fe-Mn crusts from the Southern Ocean [O’Nions et al., 

1998; Abouchami et al., 1999; Burton et al., 1999a; Frank, 2002]. It is possible that 

local inputs from the Southern Ocean control the ƐNd values in Southern Ocean Fe-

Mn crusts [Frank, 2002]. Regardless, since the trend towards less radiogenic ƐNd is 

not present in Southern Ocean crusts circumpolar circulation is unlikely to be the 

cause of the less radiogenic ƐNd values observed in North Pacific crusts since ~ 4 

Ma. New age models for the closing of the Panama gateway also do not fit with this 

idea [Coates and Stallard, 2013].  

An alternative hypothesis attributed the rise in ƐNd to an increase in terrestrial 

input from young ƐNd radiogenic Pacific volcanic arcs [Ling et al., 2005]. Input from 

Pacific volcanic arcs and marine basalts could account for the more radiogenic ƐNd 

signature observed in CCM Fe-Mn crusts until ~3 Ma [van de Flierdt et al., 2004a; 

Castillo et al., 2010; Haley et al., 2014]. The intensification of Northern Hemisphere 

Glaciation, which roughly fits the inflection point of the ƐNd peak in CCM Fe-Mn 

crusts, may have resulted in a change in weathering regimes leading to an influx of 

eroded continental material [Raymo, 1994; von Blanckenburg and Nägler, 2001; 

Zachos et al., 2001; Foster and Vance, 2006b]. After ~ 3 Ma, the ƐNd recorded in 

Pacific Fe-Mn crusts gradually decreased by about 1 ƐNd unit. The cause of this 

decrease is most likely input of older continental material from North America with 

less radiogenic ƐNd values than previous Pacific seawater and Pacific volcanic arcs. 
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Much of the coastal terrain in California is too young and has ƐNd values that are too 

radiogenic to provide the unradiogenic endmember needed [Heumann and Davies, 

1997; Borg et al., 2000; Schmitt et al., 2006]. However, older regions further inland 

and north of California could have provided the necessary Nd with unradiogenic ƐNd. 

Continental input delivered into the Pacific along the coast from the Columbia River 

drainage has modern ƐNd of -3 to -4.5 with most older samples collected from the 

offshore fan showing ƐNd values of -7.1 to -15.2 [Goldstein and Jacobsen, 1988; 

Prytulak et al., 2006]. These sediment samples show isotope compositions with a mix 

of Columbia River Basalts (ƐNd 0) and Proterozoic Belt Supergroup meta-sediments 

(ƐNd -8 to -30) or northeastern Idaho Batholith (-18 to -21), and were deposited by 

flood events from cyclical filling and failure of glacial lakes starting at ~ 2.5 Ma with 

the most recent event at 14 to 13 ka [Prytulak et al., 2006]. That fits very well with 

the timing of the change towards less radiogenic ƐNd observed in Fe-Mn crusts; 

suggesting that this caused the trend towards less radiogenic ƐNd observed in some 

central Pacific Fe-Mn crusts over the same period.   

Past formation of PDW in the North Pacific would not result in less 

radiogenic ƐNd as source rocks for PDW would not provide an unradiogenic Nd 

endmember, as evidenced by GOA and northeast Pacific sediments [Haley et al., 

2014; Abbott et al., 2015b, 2015a; Du et al., 2016]. Future sampling of Nd isotopes in 

the Pacific on upcoming GEOTRACERS cruises should help to identify the ƐNd of 

Pacific water masses and to constrain currently poorly understood ƐNd sources from 

continental margin boundary exchange and benthic fluxes.  
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3.6.4 Pb evolution and provenance in the northeast Pacific 

Lead isotope data from three northeast Pacific CCM Fe-Mn crusts, Hoss D11-

4, Davidson T145-R9, and Taney D173-R2, for the past 9 Myr are compared to high-

resolution Pb isotope data from North and central Pacific Fe-Mn crusts (Fig. 3.4). 

Lead isotopes in CCM Fe-Mn crusts have 206Pb/204Pb trends similar to North Pacific 

crusts with ratios moving towards radiogenic values, relative to central Pacific crusts, 

starting around 7 to 6 Ma [Ling et al., 1997, 2005; van de Flierdt et al., 2003; Chen et 

al., 2013]. Rates of sedimentation in the GOA, along the Surveyor and Baranoff Fans, 

show increased sedimentation between 5.91 and 5.50 Ma [Lagoe et al., 1993; van de 

Flierdt et al., 2003], which matches the inflection towards more radiogenic 

208Pb/204Pb and 206Pb/204Pb in CCM Fe-Mn crusts. All of the Pb isotope ratios have 

more radiogenic values in Davidson crust T145-R9 and Taney crust D173-R2 than 

those in North and central Pacific Fe-Mn crusts, while Hoss crust D11-4 has a 

206Pb/204Pb ratio slightly less radiogenic than the other CCM Fe-Mn crusts and values 

at Hoss level out ~ 2 Ma, to a trend that resembles central Pacific crusts. This likely 

reflects a greater influence from NPIW and Asian aerosol sources at Hoss Seamount. 

That theory is supported by a 206Pb/204Pb vs 208Pb/204Pb plot of potential sources 

where Hoss D11-4 trends towards more radiogenic values but deviates from the other 

CCM crusts in the direction of Asian loess (Fig. 3.5). The bias toward a central 

Pacific end member is consistent with the location of Hoss Seamount and the greater 

distance to continental sources than at Davidson Seamount.  
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The Pb isotope records from Taney crust D173-R2 and Davidson crust T145-

R9 are similar. For 206Pb/204Pb, Taney crust D173-R2 shows step increases at ~ 5.6 

Ma, ~ 4.2 Ma, ~ 2.7 Ma, and ~0.3 Ma towards more radiogenic values. Davidson 

crust T145-R9 shows similar steps at ~ 4.7 Ma, ~ 2.7 Ma, and ~ 0.7 Ma. The same 

step increases from ~ 4.2 Ma on were found in Arctic Ocean Fe-Mn crusts with the 

first two steps matching very well and the third occurring within error ~ 0.5 Ma 

[Dausmann et al., 2015]. The consistency in timing and trends between the CCM and 

the Arctic indicates that this is likely due to a change in glacial weathering rather than 

solely an increase or change in local source. The step trends are not apparent in the 

North Pacific Fe-Mn crusts. Lead undergoes incongruent physical weathering that is 

likely enhanced during interglacial times, which resulted in the radiogenic Pb 

signatures recorded in CCM Fe-Mn crusts. The differences among 206Pb/204Pb, 

208Pb/204Pb, and 207Pb/204Pb are likely due to the source rock and not weathering 

processes or loss of 207Pb/204Pb signature along the path to the ocean.  

To determine the source of more radiogenic Pb in North Pacific Fe-Mn crusts, 

[van de Flierdt et al., 2003] used a four-member mixing model that considered the 

Meiji drift (material from the Bering Sea), GOA sediments from North America, 

Asian loess, and Aleutian Arc material. Weathering of continental material from 

North America delivered by rivers (GOA sediments) mixed with material from the 

Bearing Sea (Meji Drift) as an unradiogenic endmember was considered the most 

likely source reflected in the radiogenic Pb trends observed in North Pacific Fe-Mn 

crusts. This led to the conclusion that Pb in the marginal far northeast Pacific reflects 



 

88 

 

continental river inputs from North America [van de Flierdt et al., 2003]. That is 

consistent with the findings in Arctic Fe-Mn crusts that show very similar trends 

among all Pb isotope ratios, shifting towards a terrestrial source supplied by the 

Mackenzie River at ~4.5 Ma [Dausmann et al., 2015]. Given these previous findings, 

river sources to the CCM and nearby coast are considered, including lead isotope data 

from the Columbia, Fraser, Skeena, and Nass river sediments (Fig. 3.1) [Millot et al., 

2004; Prytulak et al., 2006]. Hoss crust D11-4 and Davidson crust T145-R9 plot 

between central Pacific Pb isotope ratios, represented by an average Pacific volcanic 

arc and crust CD29-2 ratios, towards Columbia and Fraser River ratios (Fig 3.5). 

While the Fraser River is a much more radiogenic end member, the Columbia River 

transports more material. Measurements of dissolved seawater Pb isotopes along 

transect Line P (Fig. 3.1) show Asian dust sources at the western most point of the 

transect and North American fluvial sources along the line eastward towards the coast 

[McAlister, 2015]. A terrestrial source of radiogenic Pb delivered to the ocean via 

fluvial input is consistent with CCM Fe-Mn crust records; the sample closest to shore, 

Davidson crust T145-R9 shows the most radiogenic ratios, followed by D173-R2. 

While D11-4, the CCM sample furthest from a Columbia or Fraser River source and 

the continental shelf, has a less radiogenic signature indicating mixing with central 

equatorial Pacific lead sources, Asian dust, and Pacific deep water. 

3.7 Conclusions 

Time-series data for ƐNd and Pb isotopes from regionally distributed CCM 

Fe-Mn crusts spanning the past 9-7 Ma along the northeastern Pacific are discussed in 
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the context of similar records from the central Pacific, North Pacific, and Arctic. 

Variations in radiogenic terrestrial sources delivered to the near-shore northeast 

Pacific via fluvial input are recorded in these Fe-Mn crusts in both ƐNd and Pb 

isotope systems.  

The ƐNd ratios recorded in Fe-Mn crusts do not fall on the conservative 

mixing line between NPIW and PDW, but rather deviates towards sediment pore-

water fluids supporting benthic flux as one of the sources of Nd in the Pacific Ocean 

with a radiogenic ƐNd. This conclusion is based on comparisons among ƐNd in CCM 

Fe-Mn crust surfaces, ƐNd water-depth profiles, and sediment pore-water 

measurements from the GOA and Oregon coast. The deepest water CCM Fe-Mn crust 

does not indicate a benthic flux source and instead shows evidence of a less 

radiogenic ƐNd Pacific Bottom Water mass below 3200 m. All of the CCM Fe-Mn 

crusts show a general trend towards more radiogenic ƐNd values until ~3 Ma when 

the trend changes to less radiogenic values towards the present. This is consistent 

with ƐNd trends observed in some central Pacific crusts. Intensification of Northern 

Hemisphere Glaciation and repeated failures of glacial lakes beginning at ~2.5 Ma 

resulted in large amounts of material that were delivered though the Columbia River 

onto the Astoria Fan providing a source of Nd with unradiogenic ƐNd that changed 

the ƐNd seawater values recorded in CCM and central Pacific Fe-Mn crusts.  

Lead isotopes in CCM Fe-Mn crusts trend away from those of central Pacific 

Fe-Mn crusts and towards radiogenic terrestrial material from ~7 Ma to present, 

particularly in the 206Pb/204Pb record. This trend is similar to those from far North 
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Pacific and Arctic Ocean crusts. Fluvial input from North American rivers is the most 

likely source of the radiogenic Pb. Two of the CCM crusts, from Taney and Davidson 

Seamounts, fall on a mixing line between central Pacific Fe-Mn crusts and the 

Columbia River or Fraser River sediments. A third CCM crust, from Hoss Seamount, 

has slightly less radiogenic 206Pb/204Pb ratios than the other CCM crusts and deviates 

from the central Pacific ratios to a North American river mixing line and then towards 

Asian dust. This indicates that North American river input has a geographically 

limited scope as a Pb isotope source, a finding consistent with Pb isotope analysis 

along transect Line P off the coast of Vancouver Island.    
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Figures 

 

Figure 3.1. Location map showing seamount and sample locations for crusts from 

three California Margin seamounts used in this study, Central Pacific Fe-Mn crusts 

used for reference from [Christensen, 1997; Ling et al., 1997, 2005; Chen et al., 

2013], and North Pacific samples [van de Flierdt et al., 2003]. Line P shows location 

for Pb isotope data from [McAlister, 2015] and  the ellipse labeled Oregon shows 

locations for pore water samples [Abbott et al., 2015a]. 
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Figure 3.2. Plots showing ƐNd versus water depth for Gulf of Alaska (GOA) core top 

leachates1, Oregon sediment and pore fluid samples (HH3000) 1, surface data from 

four California margin Fe-Mn crusts and comparison with northeast Pacific D4-13A3 

and central Pacific CD29-24. Depth profiles from the Gulf of Alaska (GOA)5, with a 

mixing line for North Pacific Intermediate water (NPIW) and North Pacific Deep 

Water (NPDW)1 shown for comparison. Surface-water range is also for GOA1&5. 1. 

[Du et al., 2016]; 2. [Abbott et al., 2015a]; 3. [van de Flierdt et al., 2004a] ; 4. [Ling 

et al., 1997]; 5. [Haley et al., 2014]. 
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Figure 3.3. Plot showing ƐNd data for four California margin samples compared to 

Fe-Mn crust samples from the North and central Pacific over the past 9 Myr [Ling et 

al., 1997, 2005; van de Flierdt et al., 2004a; Chen et al., 2013]. All lines for colored 

data (California Margin Fe-Mn crusts) are three point moving average trend lines.  
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Figure 3.4. Plots of 206Pb/204Pb, 207Pb/204, 208Pb/204, and 207Pb/206Pb for California 

margin samples compared to Fe-Mn crust samples from the northwest Pacific13D-

27A (1,500-1,800 m) and northeast Pacific D4-13A (2,100 m) and CD29-2 (2300 m) 

from the central Pacific along with nine other central Pacific Fe-Mn crusts with lower 

resolution records for which data were combined to show central Pacific values; 

MDD53 (2700 m), MKD13 (1530 m), MP3D07(2860 m), CXD55(1961 m) [Chen et 

al., 2013], D11-1 (1800 m), VA13/2 (4800 m) [Ling et al., 1997] CJ01 (3082 m), 

CLD01 (2210 m), CB12 (2381 m) [Ling et al., 2005].  
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Figure 3.5. Plot of 206Pb/204Pb vs. 208Pb/204 comparison of Fe-Mn crusts to potential 

sources to the eastern Pacific based on van de Flierdt et al. (2003), showing CCM Fe-

Mn crusts, North Pacific Fe-Mn crusts, CD29-21,2, Nass, Fraser, and Skeena River 

sediments3, Columbia River sediment over the past 8 Myr from the Astoria Fan4, 

Average Pacific volcanic arc5, Average Asian aeolian (loess)6, Pacific sediments and 

turbidites7, Meiji drift7,1, eastern & central Aleutian Arc7,1. Black square in upper 

panel shown in lower panel. 

1. [van de Flierdt et al. 2003]; 2. [Christensen 1997]; 3. Nielsen et al. 2009]; 4. 

[Millot et al. 2004]; 5. [Prutulak et al. 2006]; 6. [Chen et al. 2013]; 7. [GeoRock] 
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Table 3.1 Surface and upper 1 Ma average ƐNd and Pb isotope ratios  

Seamount Hoss Taney B Davidson Davidson 

Crust D11-4  D173-R2 T141-R5 T145-R9 

Water Depth (m)1 
2,560-

2,540 
3,178 2,388 3,298 

Crust Thickness (mm) 0-45  0-52 0-38 0-51 

Age (Ma) ±0.52 20.5 6.9 6.7 6.8 

Ave ƐNd ~1 Ma -2.95 -2.70 -2.80 -3.40 

Surface ƐNd -2.90 -1.86 -2.60 -4.21 

Ave 206Pb/204Pb ~1 Ma 0.43 18.93 -- 18.94 
 Ave 207Pb/204Pb ~1 Ma 18.82 15.65 -- 15.64 

Ave 208Pb/204Pb ~1 Ma 15.64 38.89 -- 38.91 
 Ave 207Pb/206Pb ~1 Ma 38.85 0.83 -- 0.83 

Surface 206Pb/204Pb 18.84 18.95 -- 18.95 

Surface 207Pb/204Pb 15.65 15.65 -- 15.64 

Surface 208Pb/204Pb 38.88 38.92 -- 38.91 

Surface 207Pb/206Pb 0.83 0.83 -- 0.83 

 

1.[Conrad et al., 2017a] 2. [Conrad et al. 2017b] 
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CONCLUSIONS 

 

The northeast Pacific continental margin is a dynamic, complex environment and 

studies in this region can be applied to other near-shore areas in the global ocean to 

answer long-standing questions regarding element sources, fluxes, and sinks. 

Furthermore, understanding the processes occurring in this continental-margin 

environment can provide a better understanding of marine geochemical cycling. The 

research presented in this dissertation used hydrogenetic Fe-Mn crusts to determine 

geochemical, geological, and oceanographic processes that characterize the northeast 

Pacific continental margin.  

In Chapter 1, the chemistry and mineralogy of hydrogenetic Fe-Mn crusts 

from the United States Exclusive Economic Zone along the California continental 

margin (CCM) were evaluated. This chapter provides detailed chemistry and 

mineralogy for Fe-Mn crusts from an important region for which little existing data 

are available and evaluates the biogeochemical processes effecting the formation of 

Fe-Mn crusts in a continent-proximal environment. This chapter provides an 

extensive dataset of major, minor, and rare earth element chemistry and mineralogy 

for a large collection of Fe-Mn crust samples from sixteen different seamounts 

located across the central and southern CCM. Regional inputs and continental-margin 

influences were recorded in the Fe-Mn crusts throughout the study area, resulting in 

higher concentrations of Fe and Si in CCM Fe-Mn crusts compared to those from the 

central Pacific. The Fe enrichment is due to remobilization of metals from 
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continental-margin sediments and shows the importance of sediment pore fluid fluxes 

in near-shore environments. The Si enrichment is due to the presence of the North 

Pacific silica plume and is evidence of regional inputs and element enrichment along 

the path of circumpolar circulation. The CCM crusts formed from lower oxidation 

potential seawater than open-ocean crusts and consequently have a different 

mineralogy, showing birnessite, todorokite, and vernadite rather than solely vernadite 

as found for open-ocean crusts; vernadite is the most oxidized of the Mn minerals. 

Prior to this study, Pacific Fe-Mn crusts were thought to have an Fe/Mn ratio of less 

than 1 and vernadite mineralogy. My research shows for the first time that this is not 

true for Pacific continental-margin Fe-Mn crusts  

The CCM Fe-Mn crusts have lower concentrations of elements considered of 

economic interest relative to open-ocean Pacific crusts, which has substantial 

economic implications for Fe-Mn crust resource studies in other continental-margin 

areas. This study provides information for future policy makers to use in resource 

assessments and environmental conservation efforts. It also expands our fundamental 

knowledge of the processes influencing the seawater chemistry of near-shore 

continental margin environments 

For Chapters 2 and 3, the information collected in Chapter 1 was used to 

select a subset of Fe-Mn crusts to use for paleoceanographic study and osmium, 

neodymium, and lead isotopes in the crusts were measured to further our 

understanding of the local and regional processes and sources influencing seawater 

near the continental margin. Chapter 2 presents evidence of large-scale, local 
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terrestrial input into the seafloor environment near the base of the Monterey Canyon 

Submarine Fan and helps to constrain the start of canyon incision. Osmium isotopes 

were analyzed and compared the data to the Cenozoic Os isotope seawater curve to 

create an age model, successfully using a recently developed, more efficient 

analytical method that had not been previously applied to Fe-Mn crusts [Peucker-

Ehrenbrink and Ravizza, 2012; Sen and Peucker-Ehrenbrink, 2014]. High-resolution 

osmium isotope records showed that age of initiation for Fe-Mn crust growth in CCM 

Fe-Mn crust samples ranged from 6 to 20 Myr. Osmium isotope records also showed 

evidence of large local inputs of radiogenic terrestrial material from around 7 to 4.5 

Myr ago in Fe-Mn crusts near the Monterey Canyon Submarine Fan, a finding 

confirmed by analysis of neodymium and lead isotopes. These findings greatly 

enhance our understanding of the timing and processes influencing the formation of 

the Monterey Submarine Canyon. The long-term variations in local seawater osmium 

isotopes, where osmium deviates away from the Cenozoic osmium isotope seawater 

curve towards local source values, has been observed in short-term seawater 

measurements, but has not been previously observed in long time-scale Fe-Mn crust 

records [Paquay and Ravizza, 2012].  

Chapter 3 evaluates high-resolution time-series neodymium and lead isotope 

data from CCM Fe-Mn crusts in a regional and global context and provides new 

insight into the sources and process affecting lead and neodymium along the northeast 

Pacific continental margin. This third study in the dissertation builds upon the work 

conducted in the second study and shows that the neodymium isotopic composition of 
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seawater in the near-shore northeast Pacific has been influenced by sediment pore-

water fluxes over long-term (hundred thousand year) time-scales. Additionally, our 

data show that a trend towards unradiogenic neodymium since 3 Myr ago, also 

observed in northeast Pacific and central Pacific Fe-Mn crusts, is likely due to a 

previously unidentified source of inputs from continental North America, rather than 

seawater circulating from the Atlantic Ocean or Southern Ocean. High-resolution 

time-series analyses of lead isotope data confirm the importance of terrestrial sourced 

fluvial material to the region, and show that for the near-shore northeast Pacific, 

Asian dust is not the most important source of lead to the region at intermediate- and 

deep-water sites. 

Together these studies provide a significant expansion of the global Fe-Mn 

crust database. They also provide the first time-series studies of osmium, neodymium, 

and lead isotopic data for this region of the northeast Pacific. The research presented 

in this dissertation contributes considerably to our understanding of the processes 

influencing geochemical cycling in the near-shore northeast Pacific and provides 

insights that can be applied to other continental-margin regions in the global ocean. In 

continental-margin environments, sediment pore-water fluxes and local to regional 

scale fluvial inputs of continental material can alter the concentrations and isotopic 

compositions of elements in seawater over long-term geologic time scales.  
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APPENDICES 

Chapter 1 Formation of Fe-Mn crusts within a continental margin 

environment 

Figure A 1.1 Post-Archean Australian shale (PAAS) normalized rare earth element 

plot, example from San Juan Seamount [Taylor and Mclennan, 1985], (Supplemental 

Fig. S1 in text). Sample T665-R17A, in red, shows offset due to diagenetic input. 
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Table A1.1 Seamount information (in text Supplemental Table S1) 

  

Seamount 
Lattitude 

(N) 

Longitude 

(W) 

Seamount 

Age (Ma) 

Dating 

Method 

Summit 

Water 

Depth 

(m) 

Base 

Water 

Depth 

(m) 

Taney Chain3   

(A-E) 

36° 45' 

00"  

125° 20' 

00"  
26 ± 0.5 40Ar/39Ar  

2,157 -

3,761 

4,150-

4,250 

Pioneer4 
37° 21' 

10"  

123° 26' 

10"  

13.01 ± 

0.16 to 

10.94 ± 

0.138 

40Ar/36Ar 

& total 

fusion  

820 2,750 

Gumdrop4,5 
37° 27' 

00" 

123° 28' 

00" 

16.43 

±0.32 to 

14.97 ± 

0.328 

40Ar/36Ar 

& total 

fusion  

1,207 1,933 

Guide4 
37° 00' 

60"  

123° 21' 

00"  

16.58 ± 

0.50  
40Ar/39Ar  1,682 3,122 

Davidson1,2,4 
35° 43' 

00"  

121° 04' 

80"  
14.8-9.8 

40Ar/36Ar 

& total 

fusion  

1,250 3,530 

Rodriguez4,5,6,7 
34° 01' 

20"  

122° 43' 

00"  

17.87 ± 

0.36 to 

9.71 ± 

0.347 

40Ar/36Ar 

& total 

fusion  

650 2,325 

San Juan5,6,7 
33° 02' 

00"  

121° 00' 

00"  

18.72 ± 

0.42 to 

2.69 ± 0.05 

40Ar/36Ar 

& total 

fusion  

560 3,400 

North East 

Bank6,7 

32° 34' 

00"  

119° 60' 

00"  

8.76 ± 0.33 

to 7.03 ± 

0.11 

40Ar/36Ar 

& total 

fusion  

516 1,150 

San Marcos6 
32° 37' 

00"  

121° 34' 

00"  

10.12 ± 

0.30 to 

6.71 ± 0.33 

40Ar/39Ar 

& total 

fusion  

1,900 4,000 

Little Joe5,6 
31° 54' 

00"  

120° 02' 

00"  

11.06 ± 

0.07 

40Ar/39Ar 

& total 

fusion  

2,210 3,600 

Ben6 
31° 44' 

00"  

120° 44' 

00"  
20 

Est. & 

nanofossil 
2,600 3,800 

Adam6 
32° 04' 

00"  

121° 15' 

00"  
17-22 

Est. & 

nanofossil 
2,200 4,000 
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Hoss6 
32° 00' 

00"  

121° 30' 

00"  
17-22 

Est. & 

nanofossil 
2,500 4,000 

1Clague et al., 2000; 2Clague et al., 2009; 3Coumans et al., 2015; 4Davis et al., 2002; 
5Davis et al., 2010; 6Hein et al., 2010b; 7Paduan et al., 2009 
 

Chapter 2 River sediment sources to the Monterey Canyon Submarine 

Canyon System- constraints from Fe-Mn crust Os, Nd, and Pb isotopes 

 

A2.1 Supplemental Methods 

A2.1.1 Sample Preparation:  

The Fe-Mn crusts were encased in Tap Plastic Clear Lite Casting Resin and 

cut into billets perpendicular to the growth surface prior to mounting on large glass 

slides using Crystalbond 590 adhesive. The samples were then hand sanded to create 

a smooth and level surface. Subsamples for Os and Nd isotopes were collected using 

a New Wave Micromill and Brasseler 1 mm cylindrical (flat head) diamond tipped 

drill bit. For Fe-Mn crust samples the optimal drill rotation was found to be 40-50% 

depending on crust hardness, with harder crusts requiring faster rotation. The optimal 

lateral drill speed depended on hardness and ranged from 15-45 µm/s, with slower 

speeds for harder samples. The plunge speed of the drill, into the sample, ranged from 

25 to 50 µm/s. Faster drill speeds increased fracturing along the drill line and faster 

rotational speeds increased sample loss to air. The sample height, measured by the 

micromill poking the sample with the drill bit, was only measured on resin encasing 

the crust, as measurements attempted on samples penetrated the Fe-Mn crust and did 

not register a sample height. Drilled subsamples were collected with a paintbrush 

onto weighing paper. The crust surface, drill bit, and paint brush were cleaned 

between samples using hand-held compressed gas (Dust-Off) and Kimwipes. 

 Os samples were collected over 2 mm stratigraphic depth, 2 mm deep into the 

layer, and 10 mm along the layer running parallel to the top of the crust. This yielded 

a minimum of 15 to 40 mg of material for each subsample. Sampling error, the crust 

chipping and uncertainty in the sample lines is added to the error in the age model. 

The amount of sample used in the digestions ranged from 13.75 mg to 38.90 mg. 

Subsamples for Os were stored in cleaned 1 dram glass vials. Subsamples for Nd 

isotopes were collected using a New Wave Micromill using a 1 mm cylindrical drill 

bit penetrating 0.5 mm deeper into the same section of the Fe-Mn crust sampled for 

Os, at 0.3 mm resolution. Neodymium subsamples were stored in acid washed plastic 

vials. In both cases, fractures along the drill lines were estimated and included in the 
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depth of crust error calculations. Samples for Pb isotopes were collected via laser 

ablation during analysis. 

 

A2.1.2 Osmium Isotopes:  

Ferromanganese crust samples were prepared for Os analysis using an Anton 

Paar High Pressure Asher (HPA-S). Samples were prepared using 30-40 ml reagent 

grade 15.8 N nitric acid. Reagent grade acid was used since Os is a volatile element 

that may become more concentrated in distilled acid depending on the distillation 

process (Mukul Sharma personal communication 9/2013). Samples were spiked with 

an in-house 190Os standard (BPE95) (Sen and Peucker-Ehrenbrink, 2014) with a 

concentration of 0.6061 ppb. Polytetrafluoroethylene (PTFE) tape was used to cover 

the lip of the vessel and a quartz lid was placed over the tape and wrapped with more 

PTFE tape to create a seal. Digestion used an Anton Paar High Pressure Asher (HPA-

S) using 20 ml quartz vessels for the Hoss Seamount samples and 15 ml quartz 

vessels for the samples from Davidson and Taney B and D Seamounts. USGS A-1 

nodule standard was prepared along with all samples, as were blanks, for each HPA 

run. Samples were digested at 280˚ C and 130 bars (1900 psi) for 1 hour with 

additional time (~1 hr each) for warm up and cool down. This resulted in digestion of 

the Fe-Mn material although a residue most likely consisting of aluminosilicates was 

observed in some of the vials. The quartz vessels were placed in an ice bath to cool 

and once cool the sample was transferred to 22 ml PFA Teflon beakers and capped 

tightly. During this process, 1 ml milliQ (MQ) water was used to rinse the vials and 

added to the sample. Care was taken to exclude detrital silica remnants, which were 

visually inspected and discarded. PFA Teflon beakers and lids were cleaned by 

wiping with methanol, rinsed three times with water and then soaked in an acid bath 

of 50% HNO3 at 115˚ C for a minimum of ten hours and rinsed three times with MQ 

water prior to use. Samples were stored in the PFA Teflon beakers in a refrigerator 

kept at 4˚C until analysis. The storage time ranged from less than half an hour to 10 

days. Samples were kept in a cooler on ice until approximately 5 minutes prior to 

sparging when 100 ml MQ water was added and the PFA Teflon beaker cap was 

replaced with a sparging cap. 

Quartz vials used as digestion vessels in the HPA-S were cleaned by rinsing 

with deionized (DI) water, dissolving any Fe-Mn crust residue remaining on the sides 

of the vials with concentrated reagent grade hydrochloric acid, rinsed well with DI 

water and then cleaned with a cleaning solution of 10 parts MQ water, 5 parts 

concentrated nitric acid and 1 part concentrated hydrofluoric acid in a sonicator for 1 

minute, rinsed well with DI water and run in the HPA-S with 100 ml reagent grade 

nitric acid. The vials were then rinsed well with MQ water prior to each use.   

Samples were analyzed for Os isotopes on a ThermoElectron NEPTUNE MC-

ICPMS with three continuous-dynode ion counters at the Woods Hole Oceanographic 

Institute in the Non-traditional Isotope Research on Various Advanced Novel 

Applications (NIRVANA) facility after the methods of Sen and Peucker-Ehrenbrink 

(2014) using the Ar gas sparging technique. A subset of ~10% of the digested Fe-Mn 
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crust samples and nodule standards contained no Os. It is thought that the Os escaped 

as a volatile OsO4 during the digestion and decanting process. Another 21% of the 

subsamples had an unknown contaminant on the 185Re, 194Pt, and 196Pt lines. The 

presence of another element on the 185Re line resulted in 187Os/188Os ratios below the 

seawater curve and in the case of one sample, D173-R2 41-42, the processed data 

yielded a negative 187Os/188Os ratio, which is not possible. These samples were not 

used to fit the data to the seawater curve. However, replacing the contaminated 185Re 

line for these samples with the blank 185Re value brought those data points in line 

with uncontaminated data and this data is shown on the plots. This was consistent 

with the nodule standards and Fe-Mn crust samples. Similar contamination was seen 

previously using this method [Sen and Peucker-Ehrenbrink, 2014] (A2.2, A2.3). Data 

were processed using mass/charge ratios of 194Pt and 196Pt to correct for interference 

on 190Os and 192Os and the mass/charge ratio of 185Re to correct for Re interference on 

the 187Os line [Sen and Peucker-Ehrenbrink, 2014]. This yielded the 187Os/188Os ratios 

that were compared with the Cenozoic Os isotope seawater curve, to determine 

approximate ages and growth rates for each crust sample. Samples that deviated from 

the Os seawater curve were not used to determine age; instead, the growth rate was 

extrapolated as the most conservative estimate.  

A subset of 11 subsamples was also spiked with an in-house Re standard prior 

to digestion in the HPA-S and subsequent Os analysis. The samples were then 

prepared after the methods of Sen and Peucker-Ehrenbring (2014) and run for Re on 

the Element Rx ICPMS. Re values of unspiked samples were below the detection 

limit and Re concentrations were extremely low. This was done to confirm that Os 

isotopes, in Fe-Mn crusts of this age, do not need to be corrected for Re decay and is 

consistent with results from other Fe-Mn crust studies [e.g., Klemm et al., 2008, 

2005].  

 

A2.1.3 Neodymium Isotopes:  

For Nd isotopes, an average of 1.9 mg Fe-Mn crust subsample was rinsed into 

a 7 ml Teflon beaker with MQ water and the water was evaporated using a hot plate 

set to 120˚ C for 1.5 hours. To digest the dry sample, 3 ml 6N distilled hydrochloric 

acid was added and the sample fluxed on a hot plate at 120˚C for a minimum of 8 

hours before being re-dried and dissolved in 400 µl 0.25N HCl. Dissolved samples 

were cooled to room temperature, centrifuged for 3 minutes at 15,000 rpm, and 

decanted to acid washed 7 ml Teflon beakers to remove undissolved detrital silicate 

material. Nd was extracted using a single column with a 125 µl stem volume and LN 

Resi (lanthanide-specific cation exchange resin) [Scher and Delaney, 2010]. Blanks 

and USGS Fe-Mn nodule standards A-1 and P-1 were prepared with each batch of Fe-

Mn crust subsamples. Nd subsamples were run at WHOI on the MC-ICPMS using a 

52 sample auto changer using the method of Scher and Delaney (2010). Standard 

JNdi-1 with a reference value of 0.512116 was used. The mean offset of measured 

JNdi-1 standard values from the reference value was calculated for each auto-changer 
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batch and used to correct the 143Nd/144Nd ratio. The corrected ratio was then used to 

calculated ƐNd using the equation; [ƐNd = ((Cor143Nd/144Ndsamp/0.512638)-1) x 1000] 

after the method of [Scher and Delaney, 2010]. 

 

A2.1.4 Lead Isotopes:  

Lead isotopes on 3 Fe-Mn crusts, from Hoss, Davidson, and Taney B 

Seamounts were analyzed using a NewWave/Merchantek NWR-193 homogenized 

ArF excimer laser ablation system coupled with the MC-ICPMS at the WHOI 

NIRVANA facility [Foster and Vance, 2006]. Pellet standards of USGS A-1 and P-1 

nodule standards were prepared at the WHOI experimental petrology lab using a hand 

press and 5 mm die. Nodule standard powder was pressed at 0.3 tons for 5 minutes to 

create pressed powder pellets. Three Fe-Mn crust samples analyzed for Pb isotopes 

and 3 pressed pellets of both the A-1 and P-1 USGS nodule standards were packed 

into the laser ablation cell. The cell was lined with aluminum foil and filled with 

Crayola Air-Dry Clay into which the Fe-Mn crust billets, still encased in TAAP 

Plastic resin and mounted on glass slides, and the standard pellets were placed to 

create a level surface (Fig. A2.5). For use with laser ablation, it is critical to have as 

little height variation as possible between the surface of the samples and standards. 

Future work using this method should encase the bottom of the standard pellets in 

resin to keep the pellets from adsorbing water from the clay and crumbling. 

The laser ablation cell was placed into the chamber, which was purged with 

He gas. Up to eight sample lines were run between USGS nodule A-1 and P-1 

standard pairs. The laser was set to a 50 µm diameter spot size and a 0.5 mm line was 

used to account for the heterogeneous nature of Fe-Mn crusts. The laser parameters 

were slightly modified from published work to 70% power with a 5 µm/s scan speed 

and 20 Hz repetition rate for all samples and standards [Foster and Vance, 2006]. 

Resolution through the crusts varied. The highest resolution was measured in the 

upper 2.9 mm of D11-4 from the Hoss Seamount at 50 µm. The lowest resolution was 

measured in Fe-Mn crust D173-R2 with 50 µm wide lines placed .95 mm apart. The 

laser ablation cell was not removed from the ablation chamber during continuous run 

time. The aluminum foil and clay into which the samples and standards were packed 

was removed from the ablation cell and stored when necessary between runs. This 

allowed the same lines and reference points to be used for multiple runs. A python 

code was written and used to process the Pb data during breaks in the run time. 

A2.1.5 Python Code for processing Lead Isotope Data: 

A Python code was written and used to process Pb isotope data from exp files, 

allowing for efficient processing of the data during the analysis. The code was run on 

Python 3.4.3 installed using the anaconda installation package and requires the 

python launcher. The code has three modules. The first module is read_exp.py this 

reads in the exp files, the raw files containing the data from the LA-MC-ICPMS, and 
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will output a file list to be modified in excel. A sample list created by the user must 

be imported and all samples must be bracketed by paired standards. The user must 

identify each file as std, samp, or bg for standard, sample, or background, 

respectively. All sample files of raw data must exist in the location the user has 

indicated or an error message will appear. The sample list must start and end with 

standards. The second module identifies the raw data to keep and which can be 

discarded. The raw data used for correction and calculation of Pb ratios include 

values of non-ratio raw data for 204Pb, 206Pb, 207Pb. 208Pb, 203Tl, 204Tl, 205Tl, and 202Hg. 

The second module Parse_exp.py allows the user to manually separate the files into 

background and data. This is done using slide bars to set the minimum and maximum 

for the background and the sample as shown on data graphs. A standard deviation is 

provided to help select the sample and exclude the background data. This process 

must be done as one step, the program will not save progress if closed in the middle 

and must be restarted from the beginning. However, as long as the window remains 

open the data can be reinterpreted. This uses Process_exp.py and calculates the 

standard sample bracketing correction to process the raw Pb data using the 

background and sample selected by the user and yields corrected Pb ratios. Further 

instructions for each module are included in the text files with the code.  

Utilizing a Python code to process LA-MC-ICPMS Pb isotope data greatly 

reduced the time required to process data and allowed for real-time data analysis. 

Mounting all samples and standards into a stable setting within the laser ablation cell 

permitted very accurate sample locations and enabled rapid continuation of work if 

the laser ablation cell needed to be removed or emptied between runs.  

Standard values used for processing (Foster and Vance, 2006; Ling et al., 

2005) are in (Methods Table A2.21). Additional values used in the processing code: 

NIST SRM 997 205Tl/203Tl = 2.388. 
 

Figure A 2.1. Plot of Os isotope standard LoOsStd by date analyzed 
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Figure A2.2.  a) Duplicate Os analyses of USGS nodule standard A-. Analysis #s 15, 

19, and 21 had no Os present. Analysis #'s 9,10,17, and 20 had an unknown 

contaminant on the 185Re line. Dark points for those analyses are with the measured 
185Re and the light points for the same run are with a blank 185Re value replacing the 

contaminated 185Re. Error bars are instrumental error, most are too small to see. b) 

Larger view of the outlined region in figure a.   

 

 

Figure A2.3.  Plot of ƐNd from 4 Fe-Mn crusts compared to published data from 

central Pacific Fe-Mn crusts. Central Pacific D11-1 and CD29-2 from Ling et al., 

(1997).All lines are three point moving average trendlines. 
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Figure A2.4 Ferromanganese crusts D11-4, T145-R9, D173-R2 and sets of 3 USGS 

nodule standards A-1 and P-1 pellets, packed in Crayola Air-Dry Clay in the ablation 

cell sample holder.  
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Figure A2.5  Plot of LA-MC-ICPMS data for 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb 

compared to CD29-2 [Christensen, 1997; Nielsen et al., 2011]. Trend lines for CA 

Fe-Mn crusts (colored samples) are 3 point moving average trend lines. 
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Table A2.1: USGS nodule standard values [Foster and Vance, 2006] 

 

USGS 

Nod-P1 

USGS 

Nod-A1 

Delta 

A1-P1 

206Pb/204Pb 18.70 18.964 0.264 

207Pb/204Pb 15.638 15.685 0.047 

208Pb/204Pb 38.697 38.965 0.268 

Ƹ 205 Tl 0.5 10.7 - 

205Tl/203Tl 2.388 2.391 - 
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Table A 2.2 Water normalized chemical data for Fe-Mn crusts 

       

Sample D11-4 D11-11 
T141   

R-5A           

T145   

R-9A           
D173-R2 

T121   

R-5B          

Seamount Hoss Hoss Davidson Davidson Taney B Taney D 

Cruise F7-87-SC F7-87-SC M. 2000 M. 2003 M. 2010 M. 2000 

Collection 

Method 
Dredge Dredge ROV ROV ROV ROV 

Water 

Depth (m) 

2,560-

2,540 

2,560-

2,540 
2388 3298 3178 3887 

GR 

(mm/Myr) 
3.72 2.53 9.80 17.1 6.06 22.1 

Age (Ma) 9.7 15.8 3.3 2.6 8.3 2.1 

Thickness 

(mm) 
36 40 32 45 50 46 

Fe (wt%) 21.5 20.3 29.0 25.2 21.0 25.5 

Mn 18.1 18.7 22.7 16.4 15.5 20.2 

Fe/Mn 1.19 1.09 1.28 1.53 1.35 1.26 

Si 8.19 6.86 9.01 13.9 8.88 10.9 

Al 1.29 1.29 1.66 2.42 1.15 1.97 

Ca 2.04 2.14 2.45 1.83 1.73 2.01 

Mg 0.95 0.95 1.19 0.97 0.86 1.18 

Na 1.7 1.74 1.77 2.01 1.42 1.86 

K 0.6 0.61 1.04 1.13 0.59 1.05 

P 0.39 0.41 0.56 0.38 0.35 0.40 

Ti 0.61 0.66 0.64 0.59 0.39 0.54 

LOI -- -- 15.8 15.5 36.1 16.7 

H2O- 23.1 24.2 21.1 17.5 17.9 17.9 

Ag (ppm) -- -- -- -- 0.07 -- 

As 312 317 322 195 205 226 

Ba 2211 1715 2041 1830 1981 1754 

Be -- -- 2.79 3.15 5.66 2.46 

Bi -- -- 21.5 17.0 10.8 11.3 

Cd 1.80 1.70 3.30 2.42 2.67 4.17 

Co 2861 3562 2091 1208 1981 1153 

Cr 10.0 9.00 57.0 52.1 28.3 14.4 

Cs -- -- 7.60 -- -- -- 

Cu 533 369 304 464 532 630 

Ga -- -- 29.2 29.1 5.07 37.2 

Hg (ppb) -- -- 7.60 6.06 -- 15.4 

Hf (ppm) -- -- 19.0 18.2 4.20 7.54 
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In -- -- -- -- 0.12 -- 

Li -- -- 6.34 4.85 8.25 14.0 

Mo 585 554 534 322 479 437 

Nb -- -- 40.6 40.0 26.9 27.6 

Ni 2471 2507 2357 1236 1415 2410 

Pb 1430 1451 1470 1045 1285 886 

Rb -- -- 46.9 23.0 8.02 33.7 

Sb -- -- 58.7 38.2 48.2 36.9 

Sc -- -- 6.46 8.24 10.6 9.73 

Se -- -- -- -- 0.94 6.79 

Sn -- -- -- -- 2.36 -- 

Sr 1560 1451 1195 939 1344 997 

Ta -- -- -- 2.42 0.41 0.98 

Te -- -- 7.22 7.27 6.49 6.05 

Th -- -- 38.3 41.0 23.7 40.0 

Tl -- -- 61.3 15.6 13.2 25.6 

U -- -- 11.5 7.88 10.9 8.37 

V 741 686 678 533 636 582 

W -- -- 87.5 44.8 95.2 44.6 

Zn 702 594 598 555 627 676 

Zr -- -- 798 897 37.1 792 

La (ppm)      -- -- 317 304 309 305 

Ce                   1143 1240 1508 1069 943 1087 

Pr                   79.2 -- 64.9 73.3 72.1 79.9 

Nd                   321 369 286 320 291 336 

Sm                   68.5 -- 59.8 67.0 66.4 76.1 

Eu                   16.1 20.0 16.5 17.8 15.9 19.8 

Gd                   68.7 -- 60.7 64.7 65.9 68.4 

Tb                   11.1 -- 11.0 11.4 10.4 12.38 

Dy                   66.7 -- 64.9 63.6 62.4 72.1 

Y                    208 224 190 184 223 178 

Ho                   13.0 13.3 15.5 15.0 12.5 14.4 

Er                   35.0 36.3 36.2 34.4 33.0 32.4 

Tm                   5.33 5.30 4.94 4.61 4.88 4.45 

Yb                   32.9 34.2 30.9 27.5 31.0 26.2 

Lu                   4.56 4.71 5.04 5.07 4.52 4.09 

Au  (ppb)             -- -- -- -- -- 1.40 

Ru -- -- 10.1 -- -- 5.91 

Rh 7.00 7.30 6.34 -- -- 3.94 

Pd 2.90 3.30 -- -- -- 2.95 
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Os -- -- -- -- -- 1.97 

Pt 43.0 46.0 87.5 -- -- 43.3 

 
M. = Monterey Bay Aquarium Research Institute (MBARI) 

 
-- no  data  

  

SUPPLEMENTAL FILES 

Supplemental Files contain data tables that are too large to reasonably display in this 

thesis. The files are described here, and are available in digital format. 

 

Chapter 1. Formation of Fe-Mn crusts within a continental margin environment 

Table S1.1 Water-normalized California-continental margin bulk and mean bulk 

chemistry data 

Table S1.2 Water-normalized layer chemistry for California-continental margin Fe-

Mn crusts 

Table S1.3 Surface-scrape water-normalized chemistry data for California-continental 

margin Fe-Mn crusts 

Table S1.4 Water-normalized bulk chemistry statistics by seamount 

Table S1.5 X-ray diffraction mineralogy major, minor, & accessory minerals for 

California-continental margin Fe-Mn Crusts. All samples have major δ 

MnO2 and FeOOH 

 

Chapter 2. River sediment sources to the Monterey Canyon Submarine Canyon 

System- constraints from Fe-Mn crust Os, Nd, and Pb isotopes 

S2.1 Anaconda Python code to create a sample list from file. Must be named 

read_exp to use. 

S2.2 Anaconda Python code using Python launcher to provide a graphical interface 

for the user to designate sample and background on continuous laser ablation data. 

Must be named parse_exp to use. 

S2.3 Anaconda Python code to process the Pb sample data using a background 

reduction and standard sample standard bracketing for data correction. Must be 

named process_exp to use. 

Table S2.1 Data for 187Os /188Os for CCM Fe-Mn crusts, USGS standard Nod A-1, 

and standard LoOsStd 

Table S2.2 Data for 143Nd/144Nd and  ƐNd for Hoss D11-4, Taney D173-R2, 

Davidson T141-R5, T145-R9, USGS nodule standards A-1 and P-1, and 

Standard JNdi-1 
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Table S2.3 Data for 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb and 207Pb/206Pb Hoss D11-4, 

Taney D173-R2, Davidson T145-R9 and USGS nodule standards A-1 and 

P-1. 
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