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The Cretaceous was a period of extreme climatic conditions accompanied

by major perturbations in ocean-atmosphere biogeochemical cycles. One of the

most intriguing features is the sporadic interruption of normal marine pelagic

sediment deposition by organic rich sediments deposited during oxygen-deficient

conditions (ocean anoxic events OAEs). A current model for the abrupt onset and

conclusion of these events relates increased trace metal delivery to the ocean during

volcanic activity associated with ocean plateau construction, to the eventual

depletion of oxygen and deposition of organic rich sediments. A majority of the

trace metals are most likely released in eruption related "event plumes", degassed

magmatic fluids mixed with seawater, rather than typical hydrothermal activity

dominated by water/rock exchange. An important aspect of volcanic "event

plumes" is that trace element concentrations are controlled by volatility into

magmatic gases rather than solubility in water-rock reactions and therefore, the

abundance pattern of released elements is fundamentally distinct from background

hydrothermal venting.
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This study specifically evaluates a proposed link between "event plumes"

associated with the construction of the Caribbean ocean plateau and OAE2 at the

CenomanianlTuronian (C/T) boundary (-93 Ma) by examining five globally

distributed CIT boundary sedimentary sections for major, minor and trace

elemental abundance patterns. Resulting trace metal anomalies are evaluated in

terms of their timing and relationship to the other major biogeochemical

perturbations at this time.

After normalizing element concentrations to Zr to remove the effect of

variable terrigenous input to these sediments, an interval of metal anomalies, at

approximately the same stratigraphic location, is present in four of the five sites. I

interpret the presence of metal abundance anomalies, and their stratigraphic

position relative to events associated with OAE2, to suggest that hydrothermal

activity could be the causative agent in pushing the ocean abruptly into anoxia.

Also, the changes in trace metal patterns and intensities at all five sites are

consistent with a source of metals being the Caribbean ocean plateau and modeled

late-Cretaceous surface circulation.
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Hydrothermal Links between Ocean Plateau Formation and Global
Anoxia at the Cenomanian-Turonian Boundary

Chapter 1: The Black Shale - Ocean Plateau Connection

Introduction

Earth's climate during the Cretaceous period (144 65 Ma by the Harland Ct

al., 1990 time scale) was significantly different from that of the present. This time

interval is often refened to as the "greenhouse world" because CO, levels were

higher (ranging from 3-12 times pre-industrial pCO2; Berner, 1994) and

temperatures on land and in the ocean were much warmer than today. In fact,

oxygen isotope data indicate that deep ocean temperatures were up to 10-12°C

warmer than today (Brass et al., 1982). The Cretaceous was also characterized by a

general absence of polar ice caps, reduced temperature gradients from the equator

to the poles, higher sea levels due to a combination of a lack of glacial ice as well

as thermal uplift of the sea floor, and increased rates of volcanic activity (Schlanger

et al., 1981). The surfacing and melting of a mantle "superplume" in the Pacific

basin has been credited by Larson (1991 a, b) as the cause for a 50-100% increase

in ocean crust production and the formation of a number of rapidly-erupted Large

Igneous Provinces (LIPs) on land and in the ocean basins (e.g. Duncan and

Richards, 1991; Coffin and Eldholm, 1994).

One of the most intriguing features of the Cretaceous is the interruption of

normal marine sediment deposition by a number of distinct, ocean-wide anoxic

episodes (Schianger and Jenkyns, 1976; Jenkyns, 1980; Arthur et al., 1990). These



intervals are characterized by finely laminated, organic rich sediments deposited in

oxygen-deficient conditions, accompanied by a distinct positive '3C isotopic

excursion in both carbonate and organic carbon sediment fractions. Schianger and

Jenkyns (1976) termed these periods "Oceanic Anoxic Events" (OAEs) and, over

the past three decades, the origin of these black shales and the geological and

climatic processes that brought them about has received much attention. However,

despite extensive research in this area, there is still considerable debate about the

causes of these OAEs.

In the past ten years, increasingly precise radiometric dating of mid- to late-

Cretaceous LIPs, particularly oceanic plateaus, indicates that these major volcanic

events correlate with ocean-wide anoxic events (Larson, 1991b; Erba, 1994;

Bralower et al., 1997). Leary and Rampino (1986) also noticed a correlation

between mass extinctions, ocean anoxic events and flood basalt volcanism. Does

this temporal coincidence mean that these phenomena are related? If so, what

signals might we look for in the sedimentary sections to mark the presence and

effects of the significant volcanic activity? Orth Ct al. (1993) found high

abundances of trace metals in a number of sedimentary sequences deposited about

the time of the CenomanianlTuronian (C/T) boundary, -93 Ma, and attributed them

to increases in volcanic activity during this time. It has been suggested by a

number of people that hydrothermalism associated with large-scale submarine

volcanic events was partly responsible for the decreased levels of 02 and deposition

of black shales (e.g., Vogt, 1989; Orth et al., 1993; Erba, 1994). More recently,



Sinton and Duncan (1997) hypothesized that metal-rich, eruption-related

hydrothermal "event plumes" attending ocean plateau construction may have

promoted black shale events. However, an actual causal relationship between these

two, if it exists, is still unclear.

The main goal of this study is to expand on Sinton and Duncan's (1997)

hypothesis and better determine a specific link between anoxic events and LIP-

generated hydrothermal "event plumes" during the Cretaceous. To accomplish

this, I have measured the distribution of major, minor and trace element

abundances, specifically examining evidence for trace metal abundance anomalies

in pelagic carbonate and black shale sequences from a number of sites around the

world. An important aspect of "event plume" hydrothermalism is that the chemical

exchange of elements to seawater from erupted magmas is controlled by volatility

during high temperature degassing of magmas as well as low temperature water-

rock solubility. Therefore, the abundance pattern of elements released to seawater

is different from those derived from typical steady-state hydrothermal vents,

providing us with a suite of elements diagnostic of "event plume" activity. The

stratigraphic position of any trace metal abundances will determine the timing of

any "event plumes" with respect to the onset of anoxia, as well as to other

biogeochemical responses (e.g. species contraction or expansion, seawater carbon

and strontium isotopic changes). Also, by looking at the abundance patterns and

global distribution of these trace elements, information will be gained about the

source and global dispersal of "event plume" hydrothermal activity.



Background

Global Anoxic Events

There is considerable evidence of intermittent widespread episodes of

anoxia throughout the Cretaceous oceans (Figure 1) (Schlanger and Jenkyns, 1976).

However, the cause for these periods of global anoxia is a highly debated topic. In

the present ocean, two different marine environments give rise to anoxia and the

deposition of organic carbon rich, anaerobic sediments. The first is expanded and

intensified oxygen minimum zones underlying highly productive upwelling areas

(e.g., Gulf of California). Due to the high rain of organic matter from productive

surface waters, water column oxygen contents are drawn down leading to rapid

burial of organic matter and high sediment accumulation rates. The second is

stagnant, semi-enclosed basins with restricted circulation (e.g. the Black Sea).

Here, oxygen levels are low enough that remineralization is reduced and more

organic material from the photic zone can be deposited. Restricting oxygen-rich

ocean waters from entering the basin keeps oxygen levels low enough that even a

small amount of primary production can lead to anoxia. However, Cretaceous

black shale sequences are not confined to isolated basins cut off from oxygenated

bottom water or to upwelling areas. Instead, these organic carbon rich sediments

are found in sequences from ocean plateaus, ocean basins, and continental margins

as well as shallow and shelf seas. The global extent of these events suggests that

they were not formed by local conditions (restricted circulationlupwelling

conditions) but were instead produced by some global condition. The global





occurrence implies some fundamental change in ocean circulation and/or the

production and preservation of organic material (Sarmiento et al., 1988).

Two processes have been proposed for black shale formation during the

Cretaceous. The first is higher productivity. Schianger and Jenkyns (1976) first

suggested this process because ocean conditions during the mid to late Cretaceous

were favorable for high production within the marine ecosystem. Sea level was

higher, increasing the area of shallow banks with large influxes of terrestrial

nutrients, as was global mean temperature, both promoting primary productivity.

Large inputs of organic carbon to deep waters could have increased the extent and

intensity of the oxygen minimum zone, inducing black shale deposition.

The second process proposed for black shale formation is a global

stagnation of ocean circulation. Ocean stagnation during the Cretaceous could have

been produced by a number of mechanisms. The increased global temperatures

during this time could have inhibited cold bottom water formation in high latitudes,

reducing the supply of oxygenated bottom water to the oceans (Schlanger and

Jenkyns, 1976). Inhibiting bottom water circulation by density stratification can

also reduce oxygen. Ocean temperatures were much warmer than present; studies

suggest that temperatures of bottom water were as high as 15°C (Douglas and

Savin, 1975; Saltzman and Barron, 1982). Because the solubility of oxygen in

water drops off considerably as temperatures increase, the warm ocean

temperatures during the Cretaceous resulted in lower concentrations of 02

throughout the water column.
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However, these two explanations do not seem to satisfactorily explain the

presence of global anoxic periods during the mid to late Cretaceous. For instance,

black shale deposits correlate with periods of high species mortality at what seem

to be excellent conditions for marine life (Kaufmann, 1986; Larson,1991a, b).

Also, if anoxia were due to higher sea levels and warmer climate, then why isn't

the whole mid to late Cretaceous sediment record characterized by black shales

(Herbin et al., 1986)? Instead, Cretaceous black shale episodes have a very abrupt

onset and conclusion, suggesting some other intermittent forcing behind these

events, possibly pushing an already low oxygenated ocean over into an anoxic

state.

One factor not examined by most studies is the impact of volcanic activity

in the form of Large Igneous Provinces (LIPs), in particular submarine ocean

plateaus, on climate and ocean chemistry. Vogt (1989) explored the possibility that

the demise of Pacific carbonate bank communities during the mid and late

Cretaceous reflect local volcanogenic hydrothermal upwelling of anoxic nutrient

rich waters. Sinton and Duncan (1997) expanded this idea to look at the effects of

trace metal loading on the ocean during volcanic activity associated with ocean

plateau construction.

Large Igneous Provinces

Large Igneous Provinces (LIPs) are massive emplacements of intrusive and

extrusive rock erupted over a geologically short period (a few million years)

(Coffin and Eldholm, 1994). These include continental flood basalts, oceanic



plateaus and volcanic rifted margins. LIPs apparently originate by processes

unrelated to those of steady-state plate tectonics, such as subduction related

volcanic arcs and sea-floor spreading, but are related to surfacing and melting

mantle plumes at the beginning stage of hotspot activity (Morgan, 1971, 1981;

Richards et al., 1989). Compared to the relatively steady-state production of crust

at seafloor spreading centers, oceanic plateaus are enormous volumes of magma

erupted over time scales of 1O51O6 years. It is speculated that magmatism occurs

in short, large-volume pulses with flows erupting over periods of days to decades,

which is consistent with a flood basalt origin (Courtillot and Besse, 1987; Richards

et al., 1989). For brief periods (-1 Ma), submarine oceanic plateau formation

probably involved crustal accumulation rates in excess of total mid-ocean ridge

rates of production (Duncan and Richards, 1991; Larson, 1991a, b). During the

Cretaceous, a number of these ocean plateaus formed, including the Ontong Java

Plateau (early Albian), the Kerguelen Plateau (early Aptian), and the Caribbean

Plateau (CIT boundary). What were the environmental consequences, on ocean

chemistry, the atmosphere and life on Earth, of these large outpourings of magma

over such short time periods (days to decades)? Since there are no modern

analogues for LIPs, one must look in the sedimentary record and the

hydrothermally altered rocks of buried plateaus for any clues for the consequences

of plateau formation.

The sedimentary record reveals that the formation of these ocean plateaus

during the Cretaceous correlates closely with a number of global ocean phenomena.



The Sr isotope composition of seawater shows a number of distinct decreases in the

87SrI86Sr values during the early Albian and from the CIT boundary through the

upper Turonian (Figure 1). The onset and greatest development of these Sr-isotopic

lows correlate with the timing of the major ocean plateau construction. Seawater

87SrI86Sr values record a balance between the proportions of strontium in seawater

contributed by hydrothermal activity (87Sr/86Sr -0.704), the weathering of old sialic

rocks of the continental crust (87Sr/86Sr -0.720), and the weathering of marine

carbonate rocks (87Sr/86Sr -0.708). Because of this, it has been proposed that the

drop in seawater Sr isotope values seen are most likely the result of an increased

flux of hydrothermal Sr into the ocean, due to increased ocean crustal formation,

rather than a decrease in the chemical weathering of continental rocks (McArthur et

al., 1994; Ingram et al., 1994; Jones et al., 1994; Bralower et al., 1997).

The source of the unradiogenic Sr may be coming from ocean plateau

eruptions rather than pulses or new arrangements of spreading ridges. The fact that

these negative anomalies in the seawater Sr isotope evolution extend well beyond

the times of LIP eruption is due to the long residence time of Sr in the ocean (-5

Ma). The formation of ocean plateaus also correlates approximately with OAE 1

and 2 (Schlanger and Jenkyns, 1976), a number of defined Cretaceous extinction

events in groups such as the calcareous nannofossils (Erba, 1994), radiolarians

(Erbacher et al., 1996), deep-dwelling planktonic and benthic foraminifera (Kaiho

et al., 1993; Kaiho and Hasegawa, 1994; Kaiho, 1998), and molluscs (Kuhnt and
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Wiedmann, 1995), along with the well-documented positive '3C excursions

(Schlanger et al., 1987) (Figure 2).

The positive carbon-isotope excursion is widely interpreted as the response

of the ocean to enhanced preservation and burial of organic carbon in sediments

(Jenkyns, 1980; Arthur et al., 1987). Biologically synthesized organic matter is

enriched in '2C (lighter isotope) and so its removal by burial could cause the ocean

to be richer in 13C, producing a more positive ö'3C signal. Although these oceanic

events have similar timing to the formation of ocean plateaus, the relationship

between them, if it exists, is still unclear.

Sinton and Duncan (1997) proposed that there was indeed a relationship

between ocean plateau formation and other global ocean phenomena, in particular

anoxia, during the mid to late Cretaceous. They proposed that metals released

during hydrothermalism associated with single large ocean plateau eruptions were

oxidized, consuming 02 in ocean waters. Using approximate concentrations of

metal species from 350°C vent fluids from Von Damm (1995) and a lava volume

of 10,000 km3, Sinton and Duncan calculated the amount of 02 utilized if all

material released was oxidized. According to their calculations, approximately 6%

of the total dissolved 02 in today's ocean located beneath the mixed layer would be

consumed. However, considering °2 concentrations were probably much lower

during the Cretaceous, this could have been a much larger proportion of the ocean.

Also, due to buoyancy considerations, these hydrothermal plumes were most likely

carried to the ocean surface bringing nutrients and metals with them. This large
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influx of nutrients in the form of biolimiting metals may have increased primary

production, or eventually lead to massive kills as metal concentrations reached

levels toxic to marine organisms (e.g., Erickson and Dickson, 1987), both

promoting the consumption of °2

Recent experiments (Coale et al., 1996) in ocean areas with high nutrients

but low production, known as high nutrient low chlorophyll (HNLC) regions, have

shown that Fe is a limiting nutrient. The introduction of Fe to these regions can

actually stimulate phytoplankton blooms. Fe and other trace metals (such as Cu,

Zn, Co, Mo, Na, Mg and V) are important for such aspects as the growth of all

photosynthetic organisms (Sunda and Huntsman, 1996) and therefore are essential

for maintaining primary production. It has been suggested that an increasingly

stratified water column during the Cretaceous limited the availability of nutrients

and trace metals to the oceanic photic zone (Leckie et al., 2002). Hence, surface

production is the expected result of adding massive amounts of nutrients, Fe and

other bio-limiting metals into ocean surface waters during the Cretaceous. The

increased rain of organic carbon from the photic zone would have increased the

consumption of °2 in ocean waters. This reduction in 02would have expanded the

oxygen-minimum zone, allowing for the deposition of organic-rich sediments.

The combination of oxidation of released volcanic materials and increased

production may have periodically had a large enough effect to cause global anoxia.

These processes would have been especially effective in Cretaceous waters,

considering that they were already poorly oxygenated because of the warmer
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temperatures, which may have favored the formation of warm salty bottom waters

in the tropics rather than cold deep waters at the poles (Brass et al., 1982).

Hydrothermal Activily and Oceanic LIPs

Since there are no modern day equivalents of LIP eruptions, understanding

the hydrothermal processes associated with ocean plateau volcanism is very

challenging. However, ocean plateaus appear to be the submarine equivalents of

continental flood basalt provinces (Sinton et al., 1998). Therefore, volcanism most

likely occurred as a series of intermittent but large magmatic events. Individual

lava flows could have been up to thousands of km3 in volume each. For example,

single flows of the Columbia River basalt province erupted over a few years were

as large as 1500 km3 (Ho and Cashman, 1997) and flowed for hundreds of

kilometers from the source (Swanson et al., 1975). Considering that ocean

lithosphere is thinner and denser than continental crust, even larger volumes of

magma could be expected to rise to the Earth's surface in ocean basins. Therefore,

it is possible that individual flows from ocean plateau eruptions were much larger

(maybe even up to 10,000 km3 modeled by Sinton and Duncan, 1997).

It has been known for sometime that hydrothermal venting at MOR's occurs

as steady-state hydrothermal plumes associated with the convection of seawater

through hot rock (Corliss et al., 1979). However, with the discovery of large event

plumes over the southern Juan de Fuca Ridge in 1986, it was realized that a portion

of heat flux from MOR's is released episodically in larger, discrete plumes, termed

"event plumes" rather than just by continuous steady state vents (Figure 3) (Baker
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Figure 3. Cartoon summarizing the different methods of heat flux and metal flux
from ocean plateau eruptions. Figure derived from Lupton et al. (1999).
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et al., 1987). Differing 3He/AT ratios in event plumes compared to steady state

plumes suggest these two develop from different mechanisms (Lupton et al., 1999).

Event plumes are most likely generated by a distinct eruption or dike injection of

some sort. According to this idea, the entry of magma increases the permeability of

the ocean crust, allowing a sudden, massive release of hot, mature, buoyant fluid to

escape (Lupton et al., 1999). This newly created dike or lava flow then interacts

with seawater to produce the typical steady-state hydrothermal vents. It is likely

that both types of seawater-basalt interactions occurred with ocean plateau

formation during the Cretaceous; event plumes during eruption of single flows and

steady-state hydrothermal activity dominated by water/rock reactions during

cooling of intrusions.

Considering both event plume and steady-state hydrothermal activity, the

former has a much more pronounced impact on the surrounding environment,

especially for shorter periods of time. Eruption related event plumes can in fact be

quite large. The 1986 plume, due to an eruption on the Juan de Fuca ridge, was 20

km in diameter, 600 m thick, rose to about 800 m above the seafloor and, contained

about iO' J of excess heat, equivalent to the annual thermal output of a typical

ridge crest hydrothermal system (Baker et al., 1989). Vogt (1989) argued that

hydrothermal event plumes produced from an eruption of 15 ± 4 km3 would have

sufficient energy to bring bottom water to the ocean surface from 3 km deep

(typical spreading ridge axial depths). Considering that LIPs could be built from

much larger single eruptions (up to 10,000 km3) at much shallower depths (-4 km),
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OCEAN SURFACE__
rNT PLUME Near Field Far Field
(

Gas Rich Magmatic Fluid \
Abundant In Volatile Elements )

j\-Thermally buoyant reaches
suacewaterewater Pb, Cu, Se, Re, Au

Ocean Plateau Sn,Zn Bi,Cd
Eruption

Ocean Plateau

an Plateau

OCEAN FLOOR

Figure 4. Schematic drawing showing what occurs during an ocean plateau
eruption. A large eruption or dike injection releases a gas rich magmatic fluid
abundant in volatile elements. This megaplume has enough heat and energy, and
comes from a shallow enough depth, that it reaches the ocean surface and is caught
in surface circulation. Metals will then fractionate and precipitate out depending on
their reactivity (residence times). Those that precipitate out close to the source are
termed "near field" elements and those that precipitate out far from the source are
termed "far field" elements.
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degassed magmatic fluids, mixed with warmed ambient seawater, undoubtedly had

enough buoyancy to rise to the surface (Figure 4). Thus they would bring metals to

the surface where they could be transported rapidly throughout the ocean. Such

metals would enter into a variety of chemical exchanges (many biologically

mediated) and ultimately be removed from the surface as sinking particles that

accumulated as sediments.

An important aspect of this model is that the chemical exchange of elements

to seawater during eruption of large lava flows is controlled by the volatility-

exchange between basalts and very high temperature gas-rich magmatic fluids

(Rubin, 1997). The compositions of degassing fluids, and therefore the abundance

pattern of elements released to seawater in the form of an eruption event plume, are

fundamentally different from those derived from the solubility-driven exchange

between hot water and rock (e.g. typical high temperature, steady-state

hydrothermal vents) (Bowers et al., 1985). Rubin (1997) estimated that the general

predicted element enrichment pattern in a magmatic fluid is: main group elements

> transition metals > alkaline earths alkali metals > rare earths and actinides. For

marine hydrothermal processes, it is nearly the opposite, alkaline earths - alkali

metals > transition metals > rare earths and actinides > main group elements

(Figure 5). For example, many volatile transition metals and main group metals

such as Hg, Bi, Se, Cd, and As are expected to be much more prevalent in degassed

effluents ("event plumes") whereas the concentrations of Fe, Al, Zn, Mn, Ir, the
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Figure 5. Degassing efficiency for a suite of elements. Elements with a large
degassing efficiency are more volatile and therefore will be enriched in degassed
magmatic fluids whereas those elements with a small degassing efficiency are less
volatile and will be enriched in solubility-controlled hydrothennal reactions. Figure
from Rubin (1997).
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Figure 6. A diagrammatic representation of the volatility of elements into degassed
magmatic fluids and residence time of elements in seawater (after Rubin, 1997).
This matrix is useful in determining a source for elements enriched in pelagic
sediments and distinguishing near-field and far-field signatures. Elements in
yellow boxes tend to be more enriched in steady-state hydrothermal activity
whereas elements in blue and pink boxes tend to be more enriched in "event
plumes".
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lanthanides, alkali metals and alkaline earth elements are iO-iO4 greater in

hydrothermal fluids (steady-state vents) (Figure 6).

Therefore, these different chemical signatures could provide a way to

distinguish between metal enrichments produced by eruption related event plumes

and those by hydrothermal vents. Rubin (1997) suggested looking at variations in

Mo, W, Se, Hg, Cd, As, Cu, Re, Ti and Bi. Abundance patterns of these selected

trace metals plus others recorded in pelagic sediments have the potential to tell us if

the ocean was affected by intermittent hydrothermal vents or eruption related

plumes.

Metal Abundance Anomalies

In 1993, Orth et al. reported two closely spaced metal abundance peaks just

below the CIT boundary from a number of sites in the Western Interior Basin of

North America and around the world. These metal anomalies seem to correlate

well with a number of mollusk, planktonic and benthic foraminifera extinctions

(Eicher and Worstell, 1970; Hart and Bigg, 1981; Elder, 1987), the well-

documented positive 6'3C excursion in the late Cenomanian, and OAE 2 commonly

know as the "Bonarelli Level" of Italy (Arthur and Premoli-Silva, 1982) and the

"Black Band" of England (Leary et al., 1989).

Elements that showed enrichment patterns in Orth et al.'s (1993) study are

Sc, Ti, V. Cr, Mn, Co, Ni, Pt and Au. The authors attribute these metal abundance

peaks to new or increased activity in spreading center or hotspot activity in the

eastern Pacific basin. However, their suggested source of metals does not explain
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the sharp onset, brevity and magnitude of these metal abundances. Instead, Sinton

and Duncan (1997) concluded that the metal peaks of the late Cretaceous are not a

result of continuous magmatic activity, but rather to abrupt and distinct

hydrothermal "event plumes" released in conjunction with the rapid formation of

the Caribbean Plateau. Metals contained in these hydrothermal fluids are suggested

to be related to the drawdown in seawater oxygen concentrations, and therefore to

increases in the accumulation and preservation of organic carbon-rich sediments we

see around the C-T boundary. As mentioned above, this can happen by two

mechanisms: (1) the consumption of dissolved °2 in ocean waters by the reduction

of reduced materials vented during the plateau eruptions, and (2) the influx of bio-

limiting nutrients (e.g., Fe, Co, Mn, Cu, Zn, Se) (Martin and Fitzwater, 1988;

Martin and Gordon, 1988) from thermally buoyant hydrothermal plumes reaching

the ocean surface initially increasing primary production and then eventually

leading to mortality and extinctions as metal concentrations reached toxic levels.

The increased rain of organic matter to the deep ocean could have exhausted °2

concentrations for brief intervals.

If we look at the relative abundance of these metal anomalies with respect

to geographic location (Figure 7), we see that the strongest signals are in the south-

central and southern regions of the Western Interior of the United States. The

intensities drop off sharply to the north and more gradually to the east and west.

Orth et al. (1993) attribute this distribution pattern to a source of metals to the
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south, perhaps from or via the proto-Guif of Mexico/Caribbean area or far eastern

Pacific.

This Study

Although a comprehensive investigation of trace metals at all of the OAEs

throughout the Cretaceous is needed to evaluate the proposed link between ocean

plateau "event plumes" and ocean anoxic events, my study will specifically

concentrate on the OAE 2 at the CIT boundary in the late Cretaceous. This

prominent black shale layer has been correlated with the construction of the

Caribbean ocean plateau (Sinton and Duncan, 1997). I will investigate this

relationship through the following:

(1) In Chapter 2, I examine a C/T boundary section from Rock Creek Canyon,

Pueblo, Colorado for major, minor and trace elemental abundances and

discuss the results and their significance in terms of the timing and

relationship to other biogeochemical changes (e.g. carbon isotopes,

lithologic and biostratigraphic data).

(2) In Chapter 3, I present major, minor and trace element abundances for other

CIT boundary sections from other parts of the world. Specifically, these are

the Bass River borehole (ODP Leg 174AX) from the New Jersey Coastal

Plain, ODP Site 1138 on the Kerguelen Plateau, the Totumo-3 well core

from northern Venezuela, and the Baranca el Cañon section from southwest

Mexico. I examine this global array of sites for any gradients in trace metal
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abundance signals and changes in trace metal pattern between distal and

proximal locations relative to the Caribbean ocean plateau.

(3) In Chapter 4, I combine all CIT boundary sections to produce general

conclusions about the relationship between ocean plateau formation and

major anoxic event OAE2.

Although this study will examine the specific relationship between the

"Bonarelli" black shale layer (OAE2) and the Caribbean ocean plateau, the

rationale and analytical strategy should be applicable to other suspected

connections between submarine volcanic activity and ocean anoxia (e.g. Ontong

Java Plateau with the "Selli" black shale level (OAE la) at -122 Ma).
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Chapter 2: Trace Elemental Abundances in the Rock Creek Canyon, Pueblo,
Colorado Marine Sedimentary Section and their Relationship to Ocean

Plateau Construction and OAE2

Abstract

It has been recently recognized that the formation of the Caribbean ocean

plateau correlates closely in time with Ocean Anoxic Event 2 (OAE2), which

bracketed the CenomanianlTuronian (C/T) boundary at around 93 Ma (Gradstein et

al., 1995). These two features also correspond with an increase in carbon isotopic

composition and a decrease in the strontium isotopic compositions of seawater.

Hydrothermalism associated with large-scale submarine volcanism may have been

responsible for these CIT boundary ocean conditions. However, a causal

relationship among these signals, if it exists, is still unclear.

To determine a specific link between "event plume" activity from

Caribbean ocean plateau eruptions and OAE2, I determined the distribution of

major, minor and trace element abundances in a high density sampling of the Rock

Creek Canyon marine sedimentary section (Pueblo, Colorado), above and below

the CIT boundary. After normalizing element concentrations to Zr to remove the

variable contribution of terrigenous material to these sediments, an interval of

metal abundance anomalies can be seen. A weaker, lower set of metal anomalies

lies about four meters below the C/T boundary and coincides with the beginning of

the rapidly increasing positive '3C isotope excursion. A stronger, upper set of

metal anomalies lies about two meters below the CiT boundary and falls just below

the long duration of constantly positive '3C values. Both metal anomaly peaks fall
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roughly in the same stratigraphic location as high rates of speciation and extinction

in foraminifera, radiolaria and molluscs. The presence of metal abundance

anomalies, well developed in both the low and high volatility elements, strongly

supports the hypothesis that intermittent hydrothermal activity, both water/rock

solubility dominated and "event plume" dominated, introduced a large

concentration of trace metals into the Cretaceous ocean at the same time changes in

benthic species, organic carbon preservation, and burial of isotopically light carbon

occurred. The stratigraphic position of this interval of trace metal anomalies with

events associated with OAE2 suggests that hydrothermal activity could be the

causative agent in pushing the ocean abruptly into anoxia.

Introduction

The mid to late Cretaceous period is characterized by many extreme

climatic and ocean conditions including a number of distinct, world wide ocean

anoxic events (OAEs). Although a number of suggestions have been made about

the cause of these events, there is still considerable debate. One of the most

extensive and best expressed of these events occurred at the Cenomanian/Turonian

boundary (C/T), which has been dated 93.5 ± 0.2 Ma by the Gradstein et al. (1995)

time scale and can be considered the type example (Wignall, 1994). This OAE

correlates closely in time with the formation of a massive volcanic ocean plateau

that now constitutes the core of Caribbean plate. This study investigates a

proposed causal relationship between the two phenomena extraordinary

submarine volcanic activity and ocean-wide anoxia.
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To assess a proposed connection between these two Cretaceous phenomena,

I have investigated the pelagic sediment record for elements diagnostic of "event

plume" hydrothermal activity. For the most comprehensive analysis of this

interval, I have chosen the Rock Creek Canyon section for its accessibility and well

documented and defined lithologic and biostratigraphic descriptions. In particular,

I have analyzed bulk rock samples from the Rock Creek Canyon section for a broad

spectrum of trace metal abundances. The appearance of metal signals could

indicate "event plume" hydrothermal activity and the stratigraphic position of these

trace metal anomalies might determine their timing relative to ocean anoxic events,

biotic responses, and the positive shift in C.

The Caribbean Ocean Plateau

The late Cretaceous experienced a major pulse of LIP activity, including the

formation of the Caribbean ocean plateau. This ocean plateau has been proposed to

be the product of the onset of the Galapagos hotspot (Duncan and Hargraves, 1984)

and is a good choice for studying LIPs. First, the Caribbean ocean plateau can be

easily sampled because of uplift and exposure of predominantly tholeiitic pillow

basalt sequences around the tectonized margins of the plateau, whereas other LIPs

are still under the ocean and thick pelagic sediments, inaccessible except by deep

ocean drilling. Samples from the Caribbean plateau have been dated (using 40Ar-

39Ar radiometric dating methods) and indicate that the main pulse of volcanism

occurred between 92-88 Ma (Sinton, 1996). More recently, sections have been re-

analyzed and have yielded dates that are slightly older, ranging from 94-92 Ma



(Duncan, unpublished data, 2002), revealing a close correlation with the timing of

OAE2. However, early eruptive products and much of the internal structure of

deep ocean plateaus have not been sampled, so some volcanic activity occurred

some undetermined time earlier as well.

The core of the Caribbean plate, divided into the Columbian and

Venezuelan basins, and numerous tectonically uplifted sections along the plate

margins represent the bulk of the Caribbean ocean plateau that has been wedged

between North America and South America (Burke et al.,1978; Duncan and

Hargraves, 1984). Based on the combined volume of the Columbian and

Venezuelan basins, the Caribbean plateau is estimated to be about 5-10 x 106 km3

but could be quite larger if on-land sections and the unknown amount of obducted

and subducted parts were included (Larson, 1991b; Sinton, 1996). Rather than

continuous effusion, emplacement probably occurred in discrete, large-scale events,

in as short a period as a few days with volumes up to 1500 km3 (Swanson et al.,

1975).

Rocks of the Caribbean plateau are predominantly characterized by a

combination of thick, pillow and massive basaltic flows and sills, erupted in a

submarine environment, onto or intruding foraminiferal limestone (Sinton, 1996).

Composition of the magma is predominantly tholeiitic, but includes some high-Mg

lavas and alkali basalts. The Caribbean ocean plateau exhibits varying degrees of

low-grade alteration associated with hydrothermal processes. Some basalts show

signs of chlorite, celadonite, zeolite and secondary oxide phases, but most samples



have relatively pristine pyroxene and pristine to partially altered plagioclase (to

clays).

Study Site

Geological Setting - Rock Creek Canyon

During the Cretaceous, the Rock Creek Canyon (Figure 8) section of

Colorado was part of a shallow inland sea called the U.S. Western Interior Seaway

(WIS). Because of the warmer temperatures characteristic of the Cretaceous, there

was no polar ice and sea levels during this time were much higher. In fact, the WIS

extended across more than 300 latitude and more than 2000 km (Hay et al., 1993)

wide from the Gulf of Mexico coast to the Arctic Ocean with depth ranging to

about 1500 m (Sageman and Arthur, 1994). Sedimentation in this area was

dominated by deposition of siliciclastic input from the uplifted fold and thrust basin

to the west and more fine-grained, carbonate rich input from the east (Kauffman,

1984). One of the most studied rock formations of the Cretaceous WIS is the

Greenhorn Formation (e.g., Dean and Arthur, 1998; Pratt et al., 1993). Deposition

of this formation began just prior to the peak high sea level event of the C/T

boundary.

The Bridge Creek Limestone and Hartland Shale units of the Greenhorn

Formation are marked by the development of interbedded, light colored, highly

bioturbated limestone and finely laminated dark colored marlstone or calcareous

shale. This can be seen clearly in the sediments of the Rock Creek Canyon section
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Figure 8. Map showing location of the Rock Creek Canyon, Pueblo, Colorado
section.
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(Figure 9). The dark color of the maristones and shales is due to higher

concentrations of organic material whereas the lighter limestones contain more

carbonate-rich sediments. The limestoneshale couplets have been interpreted by

many to reflect climate-driven changes in productivity, clastic dilution and benthic

oxygenation (e.g., Barron et al., 1985; Pratt, 1984; Pratt et al., 1993).

The sequences of the Cretaceous WIS are among some of the best-studied

CIT boundary samples in the world due to the abundance of well-exposed and

easily accessible outcrops. The Rock Creek Canyon section provides high-

resolution biozones and well-defined lithologic changes. The Rock Creek Canyon

section also presents a number of well-dated bentonite layers (Obradovich, 1993;

Kauffman et al., 1993) providing excellent time constraints. For this project,

sampling at Rock Creek Canyon extended from the uppermost part of the Hartland

Shale through to the lower Bridge Creek Limestone, spanning about eight meters

below and six meters above the CIT boundary.

Carbon Isotope Excursion

The OAE2 is characterized by a global positive S'3C shift in both carbonate

and organic carbon fractions brought about by a major shift in the global carbon

budget (Figure 10). This excursion has been suggested to most likely result from

the increased burial of isotopically light organic matter (S'3C in the range of -15 to

30 %) under anoxic conditions and is clearly expressed in the Rock Creek Canyon

section (Figure 11) (Pratt et al., 1993). I made sure to sample the Rock Creek

Canyon section below and through this entire isotopic excursion to determine the
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Figure 9. Photograph of sedimentary sequence at Rock Creek Canyon, Pueblo,
Colorado. Layers of finely laminated dark colored marlstones and shales are
interbedded with sequences of light colored, highly bioturbated, thick limestones.
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position of metal anomalies with respect to changes in the 13C curve.

Methods

Sample Collection

Samples from the Rock Creek Canyon section in Pueblo, Colorado were

collected and measured with reference to a prominent, basal limestone, indicated by

the numbered marker beds of Cobban and Scott (1972), and taken as the 0 cm

position for this study. Samples were taken every 30 cm from 4 m below the basal

limestone, then every 10 cm starting 1.5 m above the basal limestone, then about

every 2 cm around the CIT boundary from 1.5 m to 3 m above the basal limestone,

every 10 cm from 3 m to 4.2 m above the basal limestone, and every 50 cm from

4.2 m to 10 m above the basal limestone.

Sample Preparation

Samples were prepared for digestion and analysis using the following

method. Whole rock samples were first washed thoroughly with deionized water to

remove any loose material. Samples were then broken with a hammer into smaller

pieces (ranging from 1" to 3"). The smaller pieces were further crushed in an

alumina jaw rock crusher to coarse size. This crushed material was then powdered

using a ball mill and mortar and pestle. All material was then sieved using a 100

tm plastic sieve to achieve a uniform sized powder ready for dissolution.
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Sample Digestion

All samples were digested in XP 1500 plus vials using a CEM Mars 5

microwave in the following manner. Each microwave "batch" contained 12

samples. One Teflon vial is designated solely for the pressure-temperature (PIT)

control, which records the temperature and pressure of the vials during the

procedure, and the other 11 are designated for actual samples. For each "batch", I

added approximately 35 ± 2 mg of a powdered sample to the PIT control vial and

approximately 25 ± 2 mg of sample to the other 11 vials. To each is then added,

carefully and slowly using a pipette, 5 ml of 40% omni trace HF, 1 ml of 6M

redistilled HCL and 3 ml of trace metal grade 16N HNO3. XP 1500 vent fittings

that have had new safety membranes installed are now screwed on tightly and

sample vials capped with XP 1500 plus load disks. Vials are covered with Kevlar

sleeves and placed in MARS 5 XP 1500 plus support modules. To prevent venting

of acid fumes into the microwave cavity, the top screws of the support modules are

tightened using a torque wrench. Support modules are then placed in a turntable

base in the microwave and both the pressure sensor (ESP-1500) and temperature

sensor (ESP-300 plus) are inserted.

Each set of 12 samples was then run on a "XP 1500 Shale" digestion

program with the following protocol. Samples are first heated over 15 minutes to a

temperature of -210°C and pressure of 130 psi. Once samples reach this

temperature and pressure, they are maintained here for 60 minutes. When the

program is finished, samples are allowed to cool down to near room temperature



37

before being removed from support modules. Samples are now ready for the

evaporation sequence.

The following steps occurred in the evaporation technique. XP 1500 vent

fittings are loosened to release pressure (there may be a small amount of venting

acid fumes). Each sample vial is removed from the support module and Kevlar

sleeve and placed in the evaporation turntable. Digestion caps are replaced with

evaporation caps that have Teflon vent tube and air filter installed. Evaporation

caps are aligned in such a manner that the filters are on the left-hand side of the

central opening. Samples are then placed in the microwave and attached to the

evaporation manifold by affixing the vacuum take-off tubing. The vacuum

manifold has three scrubbers where number one contains 4% boric acid, number

two contains 5% NaOH and number three contains distilled H20. Evaporated acid

is drawn into these containers to neutralize HF. A vacuum pump is turned on prior

to evaporation to verify that scrubbers are bubbling. For the first evaporation step,

samples are run on "Evap Mixed Acid 1500" program. Samples are heated up to

a plateau temperature and held here until the temperature drops, meaning the

sample has evaporated to a bead of liquid, and the microwave is turned off. After

samples have cooled down to room temperature, 5 ml of trace metal grade 8N

HNO1 is added to each. The above process is then repeated using an "EvapHNO3

1500" program. Samples are once again cooled to room temperature, 5 ml of 8N

HNO3is added and the procedure is repeated once more. After this third

evaporation step, the PIT sample is discarded. To the others, 10 ml of distilled 2N



HINO3 is added and the content of each vial are carefully poured into an acid-

cleaned, weighed, labeled 15 ml Nalgene bottle. Samples are then ready to run on

mass spectrometer. Standard reference materials and analytical blanks are prepared

according to the same procedure. For a list of standard reference materials with

accepted elemental abundances and average analytical blank levels, see Appendix

1.

Sample Analyses

Trace and minor element concentrations were determined simultaneously

using inductively coupled plasma mass spectrometry (a VG PQ-Excell ICP-MS in

the W.M. Keck Collaboratory) at Oregon State University. Sample solutions,

external standard reference materials, and procedure blanks are first diluted by 25x

(0.2 ml of sample solution to 5 ml of 1% 3 x quartz-distilled HNO3). To each is

added a known amount of internal standard (In-i 15 and Re-187) to correct for

factors such as instrument drift, loss of sensitivity, and matrix effects. Once this is

done, samples and standards are ready to be run on the ICP-MS. Sample sets are

analyzed in this order: first a procedure blank followed by all external standard

reference materials, then an acid blank (for extra wash out time) followed by

samples in which between every 10 samples is placed a reference standard material

run as an unknown. At the end of each procedure is placed a set of blind duplicate

samples (in this case there were three sediment samples from the CISMON Core,

Italy) followed with another procedure blank and all external standards.
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ICP-MS results are reported in "analyte integrated counts per second"

(ICPS) (corrected for instrument variability via internal standard) and are converted

to "analyte dilution concentrations" (e.g. ppt, ppb, ppm) through calculations from

standard curves. Based on the elemental ICPS for known concentrations of

standard reference materials, the elemental ICPS for given samples are assigned a

concentration value. The elemental concentration values of the liquid are then

corrected for dilution to yield elemental concentrations in the solid rock sample.

Based on the analysis of blind duplicates and standards the average error for most

elements for ICP-MS analyses is about 10% (2), depending on the element

analyzed (Table 1). However, some elements have slightly higher errors. Group

one, which includes Sc, V, Ni, Sn, Sb, Cs and Bi, exhibited errors of about 15%

and group two, which includes, Ag, Au and Se, about 21%. Because of this larger

instrumental uncertainty, inferences from this last group of elements should be

treated with more caution. Analytical errors may also be introduced because only

two internal standards were used during analyses (three to four is the norm). This

aspect should also be kept in mind when looking at the data.

Major element concentrations were determined using inductively coupled

plasma-atomic emission spectrometry (ICP-AES in the W.M. Keck Collaboratory)

at Oregon State University. Sample solutions, external standard reference

materials, and procedure blanks are diluted lOOx (0.1 ml of sample solution to 10

ml of 1% 3 x distilled FINO3) before being run. No internal standard is added for



Table 1. Mean and 2 standard deviation for ICP-MS analyses of a blind standard
and blind duplicates. All concentrations are ppm. (Continued).



Element MAG-1

Accepted
Values

MAG-1
Mean

MAG-1
2c

CS 16-268
Mean

CS 16-268
2c

CS 16-168
Mean

CS 16-168
2cT

CS 15-55
Mean

CS 15-55
2

Sc 1 7 14.7 4.5 2.5 0.25 1 .4 0.24 8.7 0.98
V 140 139 41 14.6 1.7 7.5 1.8 53 6.6
Cr 97.1 13.0 33.9 3.2 18.6 3.0 315 34.2
Co

_________?
20 21.1 3.8 38.1 8.7 7.1 1.1 9.7 1.0

Ni 53 50.6 16.2 127 36.9 44.6 10.0 105 11.6
cu 30 27.0 6.6 166 42.1 11.7 2.6 31.4 4.6
Zn 130 136 31 49 6.4 12.4 2.6 48.0 5.6
As 9.2 9.9 2.4 3.3 0.90 0.69 0.39 1.4 0.13
Se 4.2 1 .8 1.2 0.67 0.87 0.69 3.1 0.70__________?

150 149 34 13.8 2.4 7.2 1 .5 56.0 7.3
Sr 150 147 27 482 50 418 85 225 23
Y 28 26.9 5.9 21.5 2.2 16.1 3.2 32.1 2.8
Zr 130 124 19.6 13.3 1 .9 7.8 3.9 79.8 8.8
Mo 1.6 1.3 0.36 0.70 0.16 0.22 0.14 0.39 0.20
Ag 0.08 0.30 0.12 0.11 0.06 0.06 0.06 0.14 0.05
Cd 0.2 0.74 0.20 0.62 0.12 0.31 0.10 0.29 0.04
Sb 3.6 3.5 1.07 0.32 0.09 0.15 0.04 1.0 0.16
Sb 0.96 0.97 0.32 0.32 0.08 0.09 0.037 0.34 0.05
cs 8.6 8.0 2.34 0.91 0.10 0.41 0.13 3.6 0.30
W 1.4 1.6 0.45 0.22 0.03 0.10 0.02 0.95 0.13
Au 0.0024 0.11 0.053 0.02 0.008 0.011 0.000 0.03 0.006
TI ? 0.66 0.15 0.10 0.01 0.054 0.011 0.31 0.04
Pb 24 26.5 6.2 8.5 0.88 2.6 0.49 10.3 1.1

0.34 0.28 0.097 0.03 0.01 0.024 0.011 0.20 0.03
Th 12 12.1 1.9 1.0 0.09 0.54 0.12 5.7 0.49
U 2.7 2.9 0.48 0.30 0.04 0.33 0.06 1.6 0.18
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ICP-AES. Sample sets are analyzed in this order: first a procedure blank followed

by all external standard reference materials, then an acid blank (for extra wash out

time) followed by samples. A reference standard material is run as an unknown

between every 10 samples. Each procedure then ends with a set of blind duplicate

samples and a procedure blank followed by all external standards. Results for ICP-

AES are reported in intensities, which is proportional to the amount (concentration)

of that element in the analyzed sample. Element compositions of a given sample

are quantified relative to reference standards. Finally, the elemental concentration

values of the liquid are corrected for dilution to yield elemental concentrations in

the solid rock sample. Based on the analysis of blind duplicates and standards, the

average error for ICP-AES analyses generally ranged from 3 to 8%, depending on

the element analyzed (Table 2).

Results

28 trace and minor elements were measured on a VG PQ-ExCell ICP-MS

and eight major elements were measured on an ICP-AES at Oregon State

University for the Rock Creek Canyon section (for results see Appendix 2). All

elemental concentrations were normalized to Zr. The only significant source of Zr

to pelagic sediments is from terrigenous material, thus normalizing to Zr removes

the effect of variable terrigenous elemental components to these sediments (Mimes

and Fitzpatrick, 1989). It should be noted that problems may arise with

normalizing to Zr. The major source of Zr in these sediments is in zircons, which

are very difficult to fully dissolve. Therefore, there is a chance that all of the Zr is



'Element MAG-1
Accepted
Value

MAG-1
Mean

MAG-1
2c

CS 16-268
Mean

CS 16-268
2c

CS 16-168
Mean

CS 16-168
2

CS 15-55
Mean

CS 15-55
2

Al 86810.8 89089.4 10277.1 8748.2 551.7 4198.2 3597.6 40126.7 4085.4
Ba 480.0 499.6 84.7 493.8 58.4 185.0 12.8 1000.6 128.1
Ca 9792.2 9864.5 1288.1 323468 17308 336489 35232 7990.9 989.5
Fe 47566.2 47921.6 3288.8 5096.7 738.6 3224.6 384.3 21286 1690.1
K 29471.9 30530.8 4547.0 4631.5 14796.3 1780.1 5613.7 11391.3 454.7
Mg 18093.5 18459.1 2733.7 4322.5 656.4 3326.1 628.4 11366.6 1094.3
Mn 759.0 727.9 56.3 386.7 36.2 420.4 83.3 89.5 10.5
Na 28415.3 28300.5 2091.8 1222.7 185.9 738.9 757.2 5460.7 830.3
P 698.4 754.8 640.7 165.5 662.3 156.3 625.3 132.8 531.3
TI 4496.1 4201.9 236.1 490.8 85.3 285.3 27.4 2200.5 209.8

Table 2. Mean and 2c standard deviation for ICP-AES analyses of a blind standard and blind duplicates. All concentrations are
ppm.
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not being measured. However, an external reference material with a similar matrix

as my samples shows that all of the Zr is being fully dissolved (Table 1), which

makes me fairly confident that all of the Zr in these samples was in solution. Also,

the behavior of Zr in the oceans is not well known, but displays a non-nutrient

behavior with concentrations increasing with depth (Nozaki, 2001), indicating

possible flux from sediments. This makes it difficult to determine if Zr

measurements accurately represent terrigenous input. However, for this study, I

assume all of the Zr is from terrigenous material.

A 2.5 m interval of Zr-normalized metal abundance anomalies can be seen

in the Rock Creek Canyon section, between O cm and 250 cm above the basal

limestone (Figure 12 and Appendix 2). Within this interval are several distinct

peaks with much higher abundances. The largest of these metal abundance peaks

spans about 115 cm and is centered about 2 m above the basal limestone. There is a

precursor of weaker metal abundances that spans 80 cm centered around the basal

limestone (Figure 12). The upper anomaly is especially well developed in Mn, Ba,

Y, Au, and Sr, and more weakly in Sc, As, Bi, Ag, Na, Cr, Co, Ni, Cu, Cd, Fe, V,

Se, W, Pb, Mg and Ti. The lower anomaly is well developed in Mn, Na, Ba, Cr,

Co and Sc, but is also seen in Sr, Y, Cu, Ag, W, Ni, Bi, Fe, Se, V, Au, As, Pb, Mg,

Ti, and Cd. This interval of metal anomalies lies close below the CIT boundary,

the stronger metal abundance area about 2 m below and the weaker abundance area

about 4 m below.



Discussion

According to Sinton and Duncan's (1997) model, an increase in trace

metals to the ocean from "event plumes" from volcanic eruptions of the Caribbean

ocean plateau may have either (1) increased primary production by the introduction

of biolimiting trace metals (such as Fe, Zn, Cu) as in HNLC regions in today's

oceans, and/or (2) increased trace metal concentrations to toxic levels, causing an

increased flux of organic carbon to bottom waters and reduction of 02 levels,

possibly leading to expansion of the oxygen minimum zone and ocean anoxia. If

this "event plume" activity is the case, an increase in trace metals to ocean waters

should be reflected in ocean sediments accumulating at these times. There are

certain metals specifically associated with "event plume" activity, giving us a

diagnostic suite of elements to look for in these sediments. According to Rubin

(1997), metals concentrated in hydrothermal plumes generated by eruptions are

those that are more volatile in a magmatic degassing fluid, such as B, Bi, Cd, Se,

Hg, Ag, Pb, Au, Cu, As, Zn, Tl, In, Re, Sn and Mo (Figures 5 and 6). Elements

that are less volatile, such as Fe, Mn, Ba, V, Sr, Sc, Co, Cr, Ni and Rb would more

likely be found in higher concentrations in water/rock exchange reactions of typical

steady-state hydrothermal vents. Elemental abundance patterns at Rock Creek

Canyon show a stratigraphic interval of increased abundances in both the non-

volatile and volatile elements. The presence of metal anomalies indicates

concentrations of metals in the ocean, or at least at this site, were increased by

some mechanism other than influx of terrigenous sediment, possibly the release of
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metals in "event plumes". I interpret the anomalies at Rock Creek Canyon, in both

the non-volatile and volatile elements, to indicate that this area of the world

experienced the effects of both "event plumes" and increased hydrothermal

venting.

An important aspect of many trace metals is that once they enter the ocean

environment, they become biologically reactive (used in metabolic processes) and

chemically reactive (used in inorganic reactions) and will be removed from

seawater by scavenging particulate matter. Depending on how reactive they are,

some will be scavenged very quickly whereas others will remain in ocean water

much longer. An element's reactivity can mathematically be represented by its

mean oceanic residence time (total mass dissolved in oceans/rate of supply or

removal). Elements that are more reactive and are removed quickly have shorter

residence times, whereas those elements that are less reactive and stay in ocean

waters longer have longer residence times. In Figure 6 I have compiled a graph of

most trace metals (adapted from Rubin, 1997) showing their volatility versus their

mean oceanic residence times to get a better idea of what elements might be

released by "event plumes" and what happens to them once they are in the ocean.

When we look at the results from Rock Creek Canyon according to this

volatility vs. residence time figure, we can see some important features (Figure 13).

For interval of metal abundance anomalies, elements that are less volatile and have

shorter residence times are generally more enriched (abundances above background

levels) compared with elements that are more volatile and/or have longer residence
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times. For the lower (precursor) abundance anomaly peak, the less volatile, more

reactive elements range about 7-18 times above background levels and for the

stronger, upper abundance anomaly peak, are about 8-20 times above background

levels. An enrichment in the less volatile elements indicates that Rock Creek

Canyon was affected by water/rock exchange hydrothermal activity. This

hydrothermal activity occurred on an intermittent timescale and therefore is

associated with plateau construction rather than "steady-state" hydrothermal

activity associated with mid ocean ridge spreading centers. Both the lower and

upper abundance peaks also show enrichments in elements that are more volatile

with a wide range of residence times. These elements are present at about 2-6

times background levels. The presence of the more volatile elements suggests that

Rock Creek Canyon felt effects of "event plume" activity as well. These volatility

vs. residence time data seem to be consistent with the location of Rock Creek

Canyon in relationship to the suspected source of "event plumes". Assuming the

source of event plumes was the Caribbean ocean plateau (over the Galapagos

hotspot at 93 Ma), the Rock Creek Canyon was around 5000 km from this source

(distance based on reconstructed plate position to 90 Ma from Wignall, 1994).

Thus, it is not surprising to see enrichments in elements found in both water/rock

hydrothermal exchange activity and "event plume" activity, but also to see a

change in element enrichment factors based on residence time. That is, metal

anomalies are more pronounced in those elements that are more reactive (will be

pulled out of ocean water faster), termed near-field elements, compared to those
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elements that are less reactive (will remain in ocean waters longer), termed far-field

elements. Eruptions on ocean plateaus could have been up to thousands ofkm3 in

volume, producing enough water/rock hydrothermal activity and "event plume"

effluents to affect a site at a distance of 5000 km.

It should be noted that the elemental abundance pattern at Rock Creek

Canyon does not exactly follow the volatility/solubility vs. mean oceanic residence

time predicted pattern. This pattern is based on today's values, and although

oceanic residence times in the Cretaceous may have been similar, they were

probably slightly different, and therefore, may have resulted in a different

abundance pattern. For example, behavior of some elements could significantly

change with a change in ocean chemistry via °2 draw down. This would vary their

position on Rubin's diagrammatic representation of the different pathways an

element in a submarine eruption can take based on oceanic residence time and

volatility. For example, if ocean waters became dysoxic/anoxic, Fe and Mn would

become significantly more soluble, increasing their residence times. This possible

change in an elements behavior should be kept in mind when looking at results

according to Rubin's volatility vs. residence time matrix.

Also, some of the major and minor element abundances that produce big

anomalies, such as Na, Mg, Sr and Ca, are major constituents of seawater and an

injection of a metal rich "event plume" would probably not significantly change

their concentration in seawater. Therefore, it seems likely that something other

than increased hydrothermal metal release is occurring that might cause these
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elements to have higher concentrations in seawater at this time. These are precisely

the elements that are the major dissolved ions in seawater. One possible

explanation is that excess CO2 from volcanism may have increased acidity of

precipitation and enhanced continental weathering and increased the elemental

concentrations in river water (Table 3), especially the major components such as

Mg, Na, K, Ca, Rb, and Sr, and thus their supply to ocean waters. This increased

weathering may explain why Na, Mg, Sr, and Ca have such high abundances above

background values but are not predicted from the volatility vs. oceanic residence

time pattern.

Metal Anomalies in Relation to Bulk Sediment Composition

Although elemental concentrations have been normalized to Zr to remove

the terrigenous component of these sediments, it is important to look at the

compositional make-up of these sediments to make sure there is not a large flux of

detrital material in the same place as the metal anomalies. The detrital fraction is

calculated from Al concentrations, assuming that Al203 makes up about 17% of

typical shale composition (Gromet et al., 1984). The CaCO3 fraction is calculated

from Ca concentrations, assuming that all of the Ca is from CaCO3 and the Si02

fraction is calculated by subtracting the detrital and carbonate fractions from 100%.

The variability in the fractions of these three components in Rock Creek Canyon

can be seen in Figure 14. There is a slight increase in the detrital component of the

sediments at the same position as the stronger, upper anomaly peak. However, the

increased trace metal concentrations span about 115 cm and the increased detrital



Element Average
Black Sea
Sediments

Average
Gulf of California
Sediments

Average
Early Jurassic
Black Shales

Average
CIT Black Shales

Average Deep
Sea Clays

Average
Metal Source Potential
of Deep Sea Clays

Ag 0.3 0.2 3.3 0.2 0.1
Ba 566 191 771 580
Cd 1 2.5 2.7 16 0.225 0.1
Co 28 6.6 21 34 19 40
Cr 44 65 263 90
Co 58 27 72 218 39 100
Mn 193 908 282 850
Mo 29 11.9 19 39 2.6 5
Ni 76 38 101 201 68
Pb 18 17 59 15.3 20
Sb 2 10 1 1

Sr 167 1721 223 230
V 106 101 163 790 130 50
Zn 106 88 285 975 115 50

Table 3. Average trace metal composition of modern Black Sea sediments, upwelling sediments from the Gulf of California,
early-Jurassic black shales from SW Germany, CIT black shales and deep-sea clays and an estimate of the metal source potential
of deep-sea clays. All concentrations are ppm. It can be seen that the trace metal chemistry of CIT black shales is distinct when
compared to other anoxic sediments and also can not be explained by leaching of deep-sea clays. All data from Brumsack
(1986) except for average deep-sea clays data which is from Colley et al. (1984).
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composition only spans about 50 cm. There is no increase in the detrital

component of the Rock Creek Canyon sediments around the location of the lower,

weaker metal abundance anomalies. Lastly, there is a large flux of detrital material

in this core at 130 cm. However, in the element/Zr panels, there are no metal

abundance anomalies, which is encouraging that normalizing to Zr has taken out

the terrigenous elemental components.

Metal Anomalies in Today's Ocean Anoxic Places

Significant metal anomalies do exist in these sediments, thus it is important

to consider whether or not these trace metal abundances result from an actual

increase in metal concentrations in the ocean, caused by increased hydrothermal

input, or are the result of some other process, such as accelerated accumulation by

increased productivity, sediment diagenesis, or metal scavenging and particle

transport to the ocean floor during anoxic events. It can be seen from modern

ocean anoxic sediments (such as the Black Sea and Gulf of California) that some

trace metals do accumulate at greater rates compared to oxic sediments. However,

Brumsack and Thurow (1986) compared trace metal chemistry of

Cenomanian/Turonian black shales and early Jurassic black shales from southwest

Germany with modern upwelling-related sediments from the Gulf of California, to

show that the pattern of trace element abundances of the C/T black shales is quite

distinct (Table 3). In their study, CIT black shales showed an extremely high

enrichment of trace metals (particularly in Cd, Ag, Zn, Sb, Mo, Cu and V) not

typical of the early Jurassic black shales or upwelling-related organic-rich
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sediments. Considering the low trace metal content of plankton (for compilation

see Brumsack, 1983), it seems unlikely that high biological productivity could

concentrate enough metals to account for the extreme trace metal content of CIT

black shales (Brumsack and Thurow, 1986). Another aspect to consider is that

metal anomalies in these CIT sediments may be a result of diagenetic metal

accumulation. According to Brumsack and Thurow (1986), based on the metal

source potential of deep-sea clays, the element enrichment pattern of CIT black

shales cannot be explained by this process either. They suggest that the enrichment

factor of CIT shales is higher than that which can come from reasonable amounts of

diagenetically released metals (Table 3) and therefore these metal anomalies are

probably not a result of diagenetic accumulation.

Intervals of complete stagnation, as would occur in anoxic basins, may have

been able to trap metals from seawater to produce high abundances in sediments.

However, CIT black shales also show a significant enrichment of trace metals

compared to Black Sea sediments (a present day stagnant basin) (Table 3).

Therefore, if stagnation conditions could trap significant amounts of metals to

produce these C/T signals, it would be expected that the metal anomalies would fall

within the stagnant, anoxic sediments. However, the metal anomalies for the Rock

Creek Canyon section actually fall stratigraphically below the worldwide OAE2,

and thus do not fall within maximum anoxic conditions. If the C/T trace metal

anomalies are due solely to either simply higher productivity induced (e.g.,
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upwelling) anoxia, stagnant basin anoxia, or sediment diagenetic conditions, it is

expected that similar anomaly patterns would be seen in all black shales.

Position ofMetal Anomalies, Carbon Isotopes and Species Mortality in the Rock
Creek Canyon Section

There are a number of ways to distinguish the onset and duration of OAE2,

but probably the best and most universally utilized is the pronounced global carbon

isotope excursion. The onset of OAE2 is recognized by the shift towards more

positive 613C values. This indicates that marine organic matter (more negative I'3C

values) is removed from the carbon reservoir (i.e., buried). The slower regeneration

of light carbon (i.e., increased burial), due to low levels of benthic oxygen in

expanding oxygen minimum zones (Arthur et al., 1987; Schianger et al., 1987;

Pratt et al., 1993), leaves the ocean more enriched in heavy carbon, producing the

more positive 13C values. As this process continues through the duration of the

ocean anoxic event, the ocean becomes increasingly more positive. The conclusion

of OAE2 is recognized by the shift in the carbon isotope curve back to more

negative (i.e., background) '3C values. This shift indicates that light organic

matter is once again being recycled into the ocean, due to the presence of oxygen

and thus respiration. Bulk sedimentation rates for the Rock Creek Canyon section

have been determined from evolutive harmonic analysis and stratigraphic modeling

by Meyers et al. (2001). Based on their average sedimentation rates, OAE2 lasted

about 600 k.y.
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To determine the relationship between the metal anomalies in the Rock

Creek Canyon section and the onset and duration of OAE2, it is important to

examine their timing relative to the carbon isotope curve (Figure 15). All time

estimates are based on average sedimentation rates from Meyers et al. (2001). The

lower weaker interval of metal abundance anomalies falls at approximately the time

when the 613C curve just begins to shift towards more positive values, at the onset

of OAE2. The upper, stronger interval of metal abundance anomalies occurs above

the initial shift towards more positive &'3C values, but at approximately the onset of

the main duration of the '3C positive event. Both metal anomalies last about 120

k.y, which suggests that volcanic activity occurred over a similar time period. This

timing is consistent with the speculated eruption history of ocean plateaus, which is

that magmatism occurs in short, large volume pulses erupting in periods of days to

decades, over a total duration of 105106 years. The stratigraphic position of these

metal anomalies, the lower peak at -460 k.y. below and the upper peak right at the

main CIT OAE event, gives a good indication of the timing of events, which is that

the metal anomalies, indicating an "event plume" eruption, occur before the main

onset of OAE2. The OAE then lasts about 600 k.y. before oxygen is restored and

returns to background values. The position and timing of these anomalies

supports the hypothesis that "event plumes", associated with eruptions on the

Caribbean ocean plateau, may be directly related to the reduction of 02 levels,

possibly leading to ocean anoxia.
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Another important relationship to investigate is the position of the metal

anomalies with respect to species mortality. The release of high abundances of

trace metals to the ocean surface has the potential to increase primary production

and/or produce mass mortality from toxic metal concentrations. Therefore, looking

at the biostratigraphic data can give yet another indication of the order of events

during this period. It has been documented that major species perturbations,

particularly in radiolaria, calcareous nannoplankton (Bralower, 1988) and deeper-

dwelling planktic foraminifera, occurred during the main OAE2 event and have

been attributed to the expansion of the oxygen minimum zone (Leckie, 1985,

1989). However, more noteworthy is a study conducted by Leckie et al. (1998) of

planktonic and benthic foraminiferal assemblages in rocks from several sections of

the southwestern U.S. Western Interior Seaway, including the Rock Creek Canyon

section. The interval of metal anomalies we see in this section seems to fall in the

same position as an interval for which Leckie et al. (1998) noticed accelerated rates

of evolutionary turnover (speciation and extinction) in plankton and benthic

foraminifera, radiolaria and mollusks (Figure 16), about 2 m below the CIT

boundary. According to Leckie et al. (2002), changing nutrient availability and

water column stratification, possibly related to elevated rates of hydrothermal

activity, were likely the major factors responsible for high species turnover during

the OAE2. Increased rates of speciation and extinction may be a result of

biolimiting trace metals entering the ocean, stimulating production or leading to

toxicity. Also, excess CO2 from volcanism may have resulted in increased
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Element Average River Water
Concentration Today (mg/kg)

Na 6.3
Mg 4.1
K 2.3
Sr 0.07
B 0.01
Li 0.003
Mo 0.0006
As 0.002
V 0.0009
Ni 0.0003
Zn 0.02
Cu 0.007
Cs 0.00004
Cr 0.001
Sb 0.00007
Se 0.00006
Cd 0.00001
Ag 0.0003
Pb 0.002
Sn 0.00004
Ca 15
Co 0.0001
Ba 0.08
Mn 0.007
Fe 0.04
lb 0.001

Table 4. Today's average river concentrations from Taylor and McLennan (1985).
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continental weathering, leading to excess runoff of nutrients, and other elements in

river water (Table 4), and increased production and species turnover. Conversely,

excess CO, may have lowered seawater pH and reduced carbonate availability, a

necessary component in calcium carbonate used by many planktonic organisms to

form their hard parts, stressing and leading to the loss of calcareous plankton

(Leckie et al., in press). An increased supply of nutrients may in fact have had an

indirect negative effect on some species. Habitat expansion of previously nutrient-

limited organisms may have resulted in major changes to ecosystems. Erba (1994)

suggested this as a partial cause to the early Aptian "nannoconid crisis", in which a

group of heavily calcified calcareous nannoplankton experienced major

perturbations, and the same may have been true in producing the demise of species

around OAE2.

Summary and Conclusions

In this chapter, I examined a CIT boundary section from Rock Creek

Canyon, Pueblo, Colorado for major, minor and trace elemental abundances. The

CIT boundary of the late Cretaceous is synchronous with OAE2 and with the

massive volcanism that built the Caribbean ocean plateau at around 93 Ma. It has

been suggested by Sinton and Duncan (1997) that these events are related because

of their temporal coincidence. In particular, they proposed that metal rich, eruption

related hydrothermal "event plumes" accompanying ocean plateau construction

may have pushed the ocean temporarily into anoxia. If this hypothesis is true, high

metal abundances, marking the presence of ocean plateau "event plumes", should
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be present in sedimentary sections around the CIT boundary. The stratigraphic

position of metal abundance anomalies indicates the timing of "event plumes" with

respect to the onset of anoxia and other indicative biogeochemical responses.

Trace, minor and major element analyses demonstrate an interval with two

distinct abundance peaks. The lower, weaker anomaly, especially well developed

in Mn, Ba, Y, Au and Sr, lies about four meters below the CIT boundary and the

upper, stronger anomaly, well developed in Mn, Na, Ba, Cr, Co and Sc, lies about

two meters below the C/T boundary. The two anomalies show increased

abundances in both the non-volatile (concentrated in water/rock solubility

reactions) and volatile (concentrated in gas rich magmatic fluids) elements,

suggesting this area may have felt affects of both eruption related "event plumes"

as well as eruption related water/rock hydrothermal exchange. Both metal peaks are

more abundant in the less volatile, more reactive elements, such as Sc, Co, and Mn

and Fe, and less abundant in the more volatile, less reactive elements such as Se,

Cd, W, Au and Bi. Assuming the source of "event plume" metals was the

Caribbean ocean plateau, the Rock Creek Canyon is in fairly close proximity to this

source and therefore, it is expected to be rich in more volatile and less volatile

elements as well as near-field and far-field elements, with near-field being more

dominant.

An important aspect of these metal abundance anomalies is that the lower

peak of metal abundances occurs right at the beginning of OAE2, as defined by the

initial positive increase in '3C values, and that the upper peak of metal abundances



occurs right at the onset of the main duration of OAE2, defined by constantly

positive ö'3C values. This stratigraphic position indicates that "event plumes" lead

to ocean anoxia. The synchronous position of the lower abundance anomaly with

the first signs of a positive shift in 8'3C values suggests that this first "event plume"

injection may have consumed enough oxygen to shift the ocean into anoxia. The

position of the stronger upper metal anomaly right before the main duration of

OAE2 suggests that this larger event may have consumed enough oxygen in an

already partially anoxic ocean to maintain these conditions for a significant period.

The synchroneity of the lower metal abundance anomaly and high rates of

speciation and extinction in foraminifera, radiolarians and mollusks, as reported by

Leckie et al. (in press), seems to strengthen the argument that "event plumes"

carried biolimiting and/or toxic concentrations of metals into the ocean. Increased

productivity resulted in an increasing supply of organic carbon to the deep ocean,

thus exhausting oxygen supplies and bringing about the demise of benthic species.

The collapse of planktic species was most likely brought about by the stress

induced by major environmental perturbations, shrinking or loss of ecological

habitats, increased predation, increased pCO2 and river runoff, and possible metal

toxicity (Erba, 1994; Leckie et al., 2002).

Due to the stratigraphic location of these metal anomalies, falling at the

onset of the '3C positive shift and the OAE2, I interpret that metals released in an

"event plume", during an eruption on the Caribbean ocean plateau, may have

consumed enough oxygen by either the reduction of reduced material and/or the



influx of biolimiting trace metals. Thus, it seems highly reasonable that there is

indeed a relationship between ocean plateau formation and anoxia during the mid to

late Cretaceous.



Chapter 3: The Global Distribution of Metal Anomalies around the
CenomanianlTuronian Boundary. Evidence for the Ocean Plateau

Formation - Global Anoxia Connection

Abstract

Initial volcanism that formed a large part of the Caribbean ocean plateau

appears to have coincided with ocean anoxic event 2 (OAE2), which occurred

close to the Cenomanian/Turonian (C/T) boundary (-93 Ma). Increased trace

metal delivery to the surface ocean during volcanic activity associated with this

ocean plateau has been suggested as the cause for the depletion of seawater oxygen

concentration and deposition of organic rich sediments. An interval of trace metal

anomalies can be seen in pelagic carbonate and black shale sequences of the Rock

Creek Canyon section, Pueblo, Colorado at the onset of the ö13C global positive

event. In interpret the presence of these metal anomalies and their stratigraphic

position as indicating a relationship between ocean plateau formation and ocean

anoxia.

To further strengthen the argument for a direct connection between ocean

plateau formation and ocean anoxia, I determined the distribution of major, minor

and trace element abundances in pelagic carbonate and black shale sequences from

an additional four globally distributed sites (Bass River, New Jersey; ODP Site

1138, central Kerguelen Plateau; Baranca el Cañon, Mexico; and Totumo,

Venezuela). After normalizing element concentrations to Zr to remove the effect

of variable terrigenous input to these sediments, an interval of metal anomalies, at

approximately the same stratigraphic location, is present in all five sites. The



changes in the trace metal patterns and intensities among these sites is consistent

with modeled late-Cretaceous surface circulation and a source of metals being the

Caribbean ocean plateau.

Introduction

To further determine a connection between formation of the Caribbean

ocean plateau and OAE2, it is important to investigate other Cenomanian/Turonian

(C/T) pelagic sediment records for signs of submarine volcanic activity. In

particular, I have chosen a set of four globally distributed sections (Figure 17): the

Bass River Borehole, New Jersey; ODP Leg 183, Site 1138, central Kerguelen

Plateau; the Baranca el Cañon section, Mexico; and the Totumo-3 Well core,

Venezuela to analyze bulk sediments for trace metal abundance patterns. Again,

the appearance of metal anomalies indicates "event plume" activity and the

stratigraphic position of metal anomalies determines the timing of "event plume"

activity relative to other biogeochemical responses.

Another important aspect to consider in this study is variation in the

patterns and intensity of trace metal abundance signals in the five globally

distributed sites relative to the proposed source of metals (Caribbean ocean

plateau). Vogt (1989) argued that hydrothermal megaplumes from submarine

eruptions 15km3 volume had enough thermal buoyancy to rise to the surface.

Considering that single lava flows from ocean plateaus were much larger,

eruptions could have produced "event plumes" that easily spread through the water
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Figure 17. Map showing location of the five globally distributed sites.



column and up to the sea surface. Metals and warmed ambient seawater would

then be transported throughout the ocean by surface circulation while metals were

being removed from seawater by particle scavenging. Those elements with longer

residence times (less reactive) are expected to remain in ocean waters longer than

those elements with shorter residence times (more reactive). I am investigating if

changes in trace metal patterns and abundances are consistent with modeled late-

Cretaceous ocean circulation and with Rubin's (1997) general predicted element

enrichment pattern based on element volatility and residence times.

Cretaceous Ocean Circulation

Early modeling (Luyendyk et al., 1972; Gordon, 1973; Haq, 1984) of the

circulation of the mid-Cretaceous oceans applied present day wind stress profiles

or oceanic circulation patterns and biogeography patterns to mid-Cretaceous

paleocontinental reconstructions. These models simulate a circumglobal current

flowing westward through the Pacific Ocean and the Tethys Ocean. Most of these

reconstructions suggest that much of the Pacific surface circulation was similar to

the present day, just simply in a larger ocean. More recent models of Cretaceous

ocean circulation (Barron and Peterson, 1989, 1990) include atmospheric forcing

(temperature, precipitation-evaporation, and wind stress) from mid-Cretaceous

atmospheric general circulation models. These models also predict that much of

the Pacific circulation was similar to the modern day, with the exception of the

Cretaceous analogue of the Oyashio current, which means a westward flowing

equator current, counter-clockwise circulation in the southern hemisphere, and
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clockwise circulation in the northern hemisphere. However, in contrast to the

westward-flowing circumglobal current flowing through the Tethys Ocean, these

models simulate a clockwise circulation with easterly flow along the northern

margin and westerly flow along the southern margin (Figure 18).

Global, atmospheric, general circulation models have also been run for

circulation within the U.S. Western Interior Seaway and indicate a strong counter-

clockwise gyre controlling surface flow over the whole north-south extent of the

seaway and linking tropical Tethyn waters in the south to cold Boreal waters in the

north (Slingerland et al., 1996; Kump and Slingerland, 1999).

Examining models of the simulated mid-Cretaceous surface circulation can

give a rough estimate of where "event plume" metals could migrate. Assuming

the Caribbean Plateau is the source of "event plumes" (and other hydrothermal

activity), and was formed in approximately the present location of the Galapagos

hotspot (around 2°S, 90°W), metal rich plumes may have been entrained in waters

moving westward into the Pacific Ocean or moving north and northeast into the

Western Interior Seaway and Tethys Ocean, according to the current models of

late-Cretaceous surface circulation.

Study Sites

Bass River Borehole (ODP Leg 174AX), NJ

The Bass River borehole (ODP Leg 174AX) was drilled on the New Jersey

Coastal Plain, USA and recovered approximately 200 ft of upper Cenomanian to
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Figure 18. Simulated late-Cretaceous surface circulation on reconstructed plate
positions, from Wignall (1994), illustrated by streamlines, which follow the flow,
taken from Barron and Peterson (1990). Streamlines show the westward-flowing
circumglobal current and the clockwise circulation through the Tethys Ocean.
Detailed circulation for the U.S. Western Interior Seaway indicates a strong
counter-clockwise gyre linking Tethyn waters to Arctic waters (Slingerland et al.,
1996; Kump and Slingerland, 1999).
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lower Turonian strata, including the Bass River sequence that spans the CIT

boundary. Sugarman et al. (1999) place the CIT boundary for this section at

1935.5 ft (590.6 m) below sea floor. Benthic foraminifera from this core indicate

that the entire section was deposited in a shallow shelf marine environment with

sedimentation rates ranging from 2.35 to 3.07 cmlk.y. (Sugarman et al., 1999).

Samples for this study were taken from the lower part of the Bass River sequence,

which consists predominantly of very dark gray laminated, fossiliferous silty clay.

Samples were collected approximately every five inches from a sample depth of

1950 ft to 1941 ft below sea floor and approximately every three inches from a

sample depth of 1941 ft to 1925 ft below sea floor.

The carbon isotopic record for the Bass River borehole shows the familiar

positive increase starting below the CIT boundary. These increased '3C values

continue into the lower Turonian, in association with high values of organic carbon

in the sediments as well. The '3C profile from the Bass River borehole can be

correlated with the global carbon burial event recorded at the Rock Creek Canyon

section and in high resolution CIT sections in Europe (e.g. Pomerol, 1983; Gale et

al., 1993; Jenkyns et al., 1994).

ODP Leg 183, Site 1138, Central Kerguelen Plateau

ODP cores 1 138A-69R and 70R were taken on the central Kerguelen

Plateau (53° 33'S, 75° 58'E). The top of core 69R, Sections 1 through 5, consists

of light to dark gray chalk interbedded with very dark gray to black shale. Section
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5 contains a 1-rn thick black, organic-rich claystone that is unburrowed and

displays faint horizontal laminae (Coffin et al., 2000). This lowermost Turonian

section rnarks the main OAE2 event and confirms that this ocean anoxic event was

experienced in the Cretaceous high-latitude Indian Ocean. The bottom of core

69R, Section 6, and top of core 70R, Section 1, consists of a reddish brown to light

gray glauconite-bearing calcareous sandstone (Coffin et al., 2000). These

sediments were probably deposited in a nearshore shelf region of a subsiding

volcanic edifice during the major Cretaceous transgression (Wise et al., 2002).

Samples were taken approximately every 20 cm in core 69R, Sections 1 through 4,

and every 10 cm in core 69R, Sections 5-6, and core 70R, Section 1. Carbon

isotope data are not yet available for these samples (Wise and Meyers, in

preparation, 2002).

Baranca el Cañon, Mexico

The Baranca el Cañon section is located in southwest Mexico (northern

Guerrero State) and comprises upper Cenomanian and lower Turonian strata. The

upper Cenomanian consists of shallow-marine limestones of the Morelos

Formation which is part of the Guerrero-Morelos carbonate platform (Aguilera-

Franco et al., 2001). Rocks are characterized by 0.3-1.5m thick limestone beds

with mollusc fragments and benthic foraminifera (Aguilera-Franco et al., 2001).

The Mexcala Formation represents the lower Turonian and is characterized by

open-marine limestones. The Morelos and Mexcala Formations together represent

the maximum development of the Guerrero-Morelos Platform and the transition
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from a shallow-marine to a deeper-marine environment due to drowning and burial

of the platform as a result of tectonic and eustatic sea level change (Hernandez-

Romano et al., 1997). This site does not contain any black shale sediments,

indicating the shallow ocean waters at this location were oxic throughout the CIT

boundary. Samples are approximately every half-meter from 47 m to 83 m above

the base and span the CIT boundary. The Baranca el Cañon carbon isotopic profile

contains the positive '3C excursion characteristic of many other CIT boundary

sections throughout the world (Elrick and Molina, 2002). Previous studies

(Hernandez-Romano et al., 1997 and Aguilera-Franco et al., 2001) suggest that the

CIT boundary lies at the Morelos-Mexcala contact. However, given the observed

C-isotope profile, the C/T boundary lies well below this contact (Elrick and

Molina, 2002).

Totumo-3 Well Core, Venezuela

The Totumo-3 Well core was drilled in the Maracaibo Basin, located in

northwestern Venezuela, and spans the upper Cenomanian to Campanian of the

well-known La Luna Formation. This formation is characterized by thin-bedded,

laminated, organic-rich black shales interbedded with limestone and chert

(Martinez and Hernandez, 1992) which were deposited in a hemipelagic to pelagic

environment, in water depths of approximately 200-300 m (Peréz-Infante et al.,

1996). High organic carbon content and lack of benthic foraminfera suggest that

sediments were deposited in an anoxic environment. However, occasional bivalve

fragments indicate at least brief periods of benthic oxygenation (Davis et al.,
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1999). Samples were collected from the base of the La Luna Formation through

the CIT boundary and are taken approximately every 0.5 m. The CIT boundary is

located 15 m above the base of the La Luna Formation (de Romero et al., 2002).

The organic carbon fraction of samples from the Totoumo-3 Well core exhibit the

6'3C positive signal (de Romero, personal communication, 2002) typical of the

C/T boundary globally.

Sample Preparation and Analyses

Methods for preparation, digestion and elemental analyses for these four

sites are the same as those described in Chapter 2. Based on the analysis of blind

duplicates and standards, the average error for ICP-MS trace and minor element

concentrations is about 10% and for ICP-AES major element concentrations

ranges from 3 to 8%, depending on element analyzed (Table 1 and 2).

Results

28 trace and minor elements were measured on a VG PQ-ExCell ICP-MS

and eight major elements on an ICP-AES at Oregon State University for, the Bass

River Borehole, ODP Leg 183, Site 1138, the Baranca el Cañon sections, and the

Totumo-3 Well core (for results see Appendix 3). All elemental concentrations

were normalized to Zr.

Bass River Borehole, (ODP Leg 174AX), NJ

Very weak abundance anomalies in V, Cu, As, Pb, Sb, Fe and Bi can be

seen at depths of 1945, 1941 and 1935 feet below sea floor (fbsf) and lie about 10
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ft, 6 ft and 0 ft below the CIT boundary (Figure 19). However, these anomalies are

not very distinct and are not present in any other elements.

ODP Leg 183, Site 1138, Central Kerguelen Plateau

A 3.5 m interval of Zr-normalized metal abundance anomalies can be seen

in this section from the central Kerguelen Plateau between 655.5 mbsf and 659

mbsf (Figure 20). Within this interval are several peaks with much higher

abundances. These are especially well developed in As, Se, Rb, Mo, Cd, U, and

Bi, but are also seen in V, Zn, Cs, Sb, Y, Cr, Ag, Fe, Ba, TI, Mg, Co, Ni, Cu, Sc,

Mn and Sn. The most enriched part of the interval of metal anomalies falls 1-3 m

below the tentative placement of the CIT boundary.

Baranca el Cañon, Mexico

A 10 m interval, between 50 and 60 m above the base, and a weaker 11 m

interval, between 71 and 82 m above the base, of Zr-normalized metal abundance

anomalies can be see in the Baranca el Cañon, Mexico section (Figure 21). The

lower interval of metal peaks is well developed in Ag, Mo, Au, Na, Sb, Zn, Se, Y

but also seen in V, Ba, Fe, As, Cu, U, Cr, Mn, Mg, Sc, Ni, Th, Co, Sr, Cs, W, Ti

and Pb. The upper interval of metal abundance anomalies is well developed in Ba,

Cu, Cr, W, U, Zn, Sb and Ni and more weakly in Co, Sr, Na, Mg, Mn, As, V, Pb,

Ti, Se, Sc, Y, Ag, and Cs. The lower interval of metal anomalies falls below the

Morelos-Mexcala contact.
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Figure 19. Cu and Pb as Zr-normalized metal abundances for the Bass River
Borehole. Intervals of very weak high metal abundances can be seen at 1945 fbsf,
1941 fbsf and 1935 fbsf. C/T boundary show as dashed line from Sugarman et al.
(1999).
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Totumo-3 Well Core, Venezuela
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Figure 22. Cr, Cu and Pb as Zr-normalized metal abundances for the Totumo-3
Well core. An interval of high metal abundances can be seen below the position of
the CIT boundary shown as dashed line from de Romero et al. (2002).
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Totumo-3 Well Core, Venezuela

A 10 m interval, between 4 m and 14 m above the base of the La Luna

formation, of Zr-normalized metal abundance anomalies can be seen in the

Totumo-3 Well core (Figure 22). The interval of metal anomalies is well

developed in Au, Cd, Ag, Sr, Mg, Ba, Zn, U, Co, Pb and Na and more weakly in

Ni, Y, Sb, Mn, V, Se, Cr, Mo, Tl, As, Fe, Cu, Ti, Sc, W and Rb. The strongest

part of the interval of metal anomalies lies about 5 m below the C/T boundary

(which is at 15 m above the base of the La Luna formation).

Major Elements

Major element concentrations are used to determine the compositional

make-up of the sediments. The detrital, CaCO3 and Si02 fractions for each of the

four sites were calculated the same way as described in Chapter 2. The variability

in the fractions of these three components in Bass River (Figure 23) shows

sediments are dominated by the detrital fraction with small contributions from the

CaCO3 and Si02 fractions. This is consistent with a shallow shelf environment

with large fluxes of continental material. Sediments from ODP Site 1138 are more

abundant in the Si02 fraction toward the bottom of the core. Up-core, the

sediments are more abundant in the detrital and CaCO3 fractions (Figure 24).

Lastly, the variability in these three components in Baranca el Canon and the

Totumo-3 Well core show that the sediments at these two sites are mostly
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Figure 25. Compositional make-up of Baranca el Cañon sediments.
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Figure 26. Compositional make-up of Totumo-3 Well core sediments.



carbonates, although the upper most section of the Totumo-3 Well core has

slightly more of a detrital fraction (Figures 25 and 26). The compositional make-

up and the location of metal anomalies in these sediments encourages us that

normalizing to Zr has taken out the terrigenous elemental component.

Discussion

If an increase in trace metals to the ocean from eruptions of the Caribbean

ocean plateau is directly related to reduction of oxygen concentrations, this large

influx of trace metals should be reflected in sediments accumulating at these times.

In Chapter 2, sediments from the Rock Creek Canyon section, Pueblo, Colorado

show two intervals of metal abundance anomalies, both in the non-volatile and

volatile elements, suggesting that this region (Western Interior Seaway)

experienced the effects of both magmatic degassing "event plumes" and increased

hydrothermal venting. Elemental abundance patterns for the Bass River Borehole,

ODP Site 1138, the Baranca el Cañon section, and the Totumo-3 Well core also

show intervals of increased metal abundances just prior to the CIT boundary.

These intervals of metal anomalies are abundant in both the non-volatile and

volatile elements.

When we look at the results for each of the five sites according to the

matrix of element volatility versus mean oceanic residence time, some interesting

trends develop. For the Bass River Borehole (Figure 27), the only elements that

exhibit anomalies, ranging from 2-3 times background levels, are those that are

volatile, except for V and Fe, which are slightly less volatile but also less enriched
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(only 1.5 times above background levels), compared to the other elements. A

weak enrichment in the more volatile elements suggests that the Bass River

Borehole was probably only slightly affected by "event plume" activity. For the

interval of metal abundance anomalies in ODP Leg 183, Site 1138 (Figure 28),

elements that are more volatile and have longer residence times are more enriched

(9-20 times background levels) compared with elements that are less volatile and

those that are volatile but more reactive (2-8 times background levels). A strong

enrichment in the more volatile elements, but also an enrichment in the less

volatile elements, suggests that the Kerguelen plateau area of the ocean strongly

felt effects of "event plume" activity but felt effects of hydrothermal activity as

well. For the Baranca el Cañon section and the Totumo-3 Well core (Figures 29

and 30), the intervals of metal abundance anomalies are in both the volatile and

less volatile elements. Neither category of elements seems generally more

enriched than the other. This elemental make-up suggests that both "event plume"

activity and hydrothermal activity affected the Baranca el Cañon section and the

Totumo-3 Well core.

Strength ofMetal Anomalies compared with Distance from Source and
Cretaceous Surface Circulation

Considering that metal rich "event plumes" associated with formation of

the Caribbean ocean plateau reached the ocean surface and were transported

globally through wind-driven circulation, we would expect to see a fractionation in

elements according to their residence times and the distance of the site from the
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source of "event plumes". Based on reconstructed plate positions at -90 Ma

(Figure 31) from Wignall (1994), and assuming the source of "event plumes" is

the Caribbean ocean plateau, Rock Creek Canyon is approximately 5000 km, Bass

River is approximately 7000 km, ODP Site 1138 is approximately 12,000 km,

Baranca el Cañon is approximately 3000 km, and the Totumo-3 Well core is

approximately 4000 km away from the source (based on absolute distance). Based

on these distances, those elements with shorter residence times (i.e. Cu, Pb, Zn,

Sc) are expected to be relatively more enriched (abundances above background

levels) in those sites closer to the source, such as Baranca el Cañon and Totumo-3,

and those elements with longer residence times (i.e. Bi, As, Se, Cd) are expected to

be relatively more enriched in those sites further from the source, such as Bass

River and ODP Site 1138.

Although there are exceptions, in general, element abundance anomalies

for all five sites follow the above pattern. For example, Cu and Pb anomalies

(shorter residence times) are strong in the sites closest to the source and then

decrease as distance from the source increases, whereas the strength of the Bi and

As anomalies (longer residence times) are variable with distance from source

(Figure 32). Exceptions to this pattern are the Bass River site and the Totumo-3

well core. In the Bass River site, some elements with shorter and longer residence

times do not show anomalies that do occur at ODP Site 1138, even though Bass

River is closer to the Caribbean ocean plateau than ODP Site 1138. If an element

can reach the Kerguelen Plateau 12000 km away, why couldn't it reach Bass River
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at 7000 km away? The explanation to this question probably lies in the Cretaceous

surface circulation.

Current models predict very sluggish easterly flow along the

northern margin of the Tethys Ocean, where the Bass River site was located.

Therefore, to reach the Bass River site, surface waters would first flow westward

from the Caribbean ocean plateau, then across the Pacific into the Tethys Ocean.

In fact, based on actual travel distance, Bass River is 33,000 km away and ODP

Site 1138 is 23,000 km away. Any metal rich "event plume" water travelling to

Bass River would be greatly diluted and metal concentrations would have much

longer to be scavenged out, and so it is not surprising to see very weak metal

abundance anomalies at this site. If we look at the distance of sites from the

source based on the actual travel distance (flow line), elemental abundance

anomalies follow the predicted element enrichment pattern based on element

volatility versus mean oceanic residence time much better (Figure 33).

For the Totumo-3 Well core, all of the elements are generally much more

enriched than in the other sites, even though it is not the closest to the source either

by absolute distance or circulation distance. However, it is important to note that

eruptions on the Caribbean ocean plateau may have been as large as 10,000 km3

(and flowed 100-1000 km3) and that we do not know their exact extent, volume, or

emplacement rate of them. Therefore, depending on the exact eruption location,

the Totumo-3 Well core may have been very close to the source. This may explain

why elemental abundance anomalies are so strong at this location.
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Position ofMetal Anomalies and Carbon Isotopes

Since the pronounced global carbon isotope excursion around the CIT boundary is

a good way to distinguish the onset and duration of OAE2, and to correlate widely

distributed CIT sections, it is important to look at the position of metal anomalies

in these five sites compared to their carbon isotopic profiles (Figure 34). For the

Bass River Borehole, the very weak metal abundance anomalies at 1945 and 1941

fbsf fall just below the rapid rises in the '3C curve towards more positive values,

at the onset of OAE2. It should be noted that the organic carbon isotope curve for

the Bass River Borehole does not show the normal shift in 613C values back to

background values (pre-OAE2). It has been suggested that sedimentation rate is

very high in this core and so the sampled interval does not capture this shift back

to more negative values (Bralower, personal communication, 2002). However, the

'3C curve determined from carbonate for the whole core does show a decrease to

background values at 1905 fbsf (Sugarman et al., 1999), and so these samples miss

this decrease. Sugarman et al. (1999) estimate the duration of OAE2 at Bass River

to be -500k.y.

For the Baranca el Cañon section, the stronger interval of metal abundance

anomalies falls just at the main rise to positive values in the ö'3C excursion. A

brief positive ö'3C excursion occurs below this main global event but samples were

not collected below this, and therefore we do not know if any metal anomalies

occur before the main excursion. The weaker interval of metal anomalies in the

Baranca el Cañon section actually fall slightly above the CIT boundary and as the



5'3C values start to return to background values, which suggests these metal

anomalies are not related to the main OAE2 event. For the Totumo-3 Well core,

the maximum metal abundance peaks (ranging 6-10 m above the base of the La

Luna Formation), fall just below and at the start of the main rise in '3C values.

There is also a minor shift toward more '3C positive values below this main

event, and it looks like there may be an abundance anomaly at this point (e.g. Cr at

4 m, Cu at 0 m Figure 22). However, samples were not available below the earliest

peak and so it cannot be determined if there were any precursor metal anomalies.

There are no carbon isotope data available yet for ODP Site 1138, so unfortunately

the position of the metal anomalies with respect to the global 13C excursion

cannot be determined. However, obvious metal abundance anomalies occur 1-3 m

below the approximate C/T boundary, and certainly could correlate with peaks in

other sections. The stratigraphic position of these intervals of metal anomalies in

the Bass River Borehole, the Baranca el Cañon section (except for the higher

interval of abundance anomalies), and the Totumo-3 Well core, as in the Rock

Creek Canyon section, support the idea that "event plume" and hydrothermal

activity are integral to OAE2 events, particularly the removal and sequestering of

isotopically light carbon. The data are consistent with trace metal reduction of

ocean oxygen concentrations, possibly leading to ocean anoxia.

Another important aspect is the position of the interval of metal anomalies

in each of the five sites in relationship to each other. In Rock Creek Canyon, the

initial shift towards more positive '3C values occurs around 0 cm above the basal
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limestone, and the main duration of the '3C positive event begins at 200 cm above

the basal limestone, where we see the main metal abundance anomalies. Metal

abundances for the Bass River Borehole, the Baranca el Cañon section and the

Totumo-3 Well core are matched to Rock Creek Canyon by the shape of their

carbon isotope profiles (Figure 34). First, the weak metal abundance anomalies at

1945 fbsf in the Bass River section fall in the same stratigraphic position as the

lower, weaker area of metal abundance anomalies in Rock Creek Canyon.

Sampling in the Baranca el Cañon section and Totumo-3 Well core does not go

low enough to determine if there is a precursor interval of weak metal abundance

anomalies at these sites as well. Second, the weak metal anomalies at 1941 fbsf in

the Bass River section, the lower interval of metal anomalies in the Baranca el

Cañon section, and the interval of metal anomalies at the Totumo-3 well core fall

in almost the same stratigraphic position as the upper, stronger interval of metal

abundance anomalies in Rock Creek Canyon. Since there are no carbon data yet

available for the ODP Site 1138 section, I assume the maximum abundance peaks

fall in the same location as the other sites and match the abundance curves this

way. The position of the metal abundances relative to the other sites seems to

match well with the tentative placement of the CIT boundary at ODP Site 1138.

The global correlation of the position of the metal anomalies gives further

evidence that much of the surface ocean experienced large influxes of trace metals,

mainly at the beginning but intermittently through OAE2, through hydrothermal

activity associated with eruptions on the Caribbean ocean plateau.
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Depositional Environment ofSedimentary Sections

As was discussed in Chapter 2, sediments deposited in ocean anoxic

environments today, such as the Black Sea and Gulf of California, do show a

higher concentration of trace metals compared to sediments deposited in oxic

environments. However, Brumsack and Thurow (1986) showed that the pattern of

trace metal abundances in C/T black shales is quite distinct compared to other

anoxic sediments, and therefore, can not be explained by upwelling related anoxic

conditions, or by diagenetic leaching from deep sea clays. The intervals of metal

abundance anomalies in the Baranca el Cañon further support Brumsack and

Thurow's (1986) conclusions. This section consists of sediments deposited in a

shallow-marine environment where waters were always oxygenated, as is

illustrated by the absence of laminated, black shales. Intervals of metal anomalies

in this oxic environment indicate that ocean chemistry changed just prior to the

CIT boundary, in accordance with a global 6'3C excursion. Therefore, it seems

reasonable that anoxia resulted from, rather than promoted the trace metal

abundance anomalies, which are most likely the result of metals released in "event

plume" activity during Caribbean ocean plateau eruptions.

Summary and Conclusions

In this chapter, I examined five globally distributed CIT boundary sections

(Rock Creek Canyon, Bass River Borehole, ODP Site 1138, Baranca el Cañon,

and Totumo-3 Well core) for major, minor and trace elemental abundances to gain

additional information on the proposed connection between metal rich, eruption
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related magmatic degassing "event plumes" and associated hydrothermal activity,

and ocean anoxia. The appearance of anomalously high metal abundances marks

the presence of ocean plateau "event plumes" and the stratigraphic position of

these anomalies indicates the timing of "event plume" activity. In this chapter, I

also looked at the variation in trace metal patterns and intensities among all five

sites to determine if: (1) the changes in metal abundance gradients relative to the

proposed source of metals (the Caribbean ocean plateau at 90°W, 2°S) follow

the predicted enrichment pattern based on volatility and residence time, and (2) if

these patterns are consistent with models of late-Cretaceous surface circulation.

Trace, minor and major element analyses demonstrate intervals of high

metal abundances in all sites. When the shape of the carbon isotope curves for

each site are matched up to each other (with the exception of ODP Site 1138,

awaiting '3C data), the anomaly in the Bass River Borehole falls in the same

stratigraphic position as the lower metal abundance interval at Rock Creek

Canyon. Samples for the three other sites do not go low enough to capture any

potential anomalies at this stratigraphic level. The lower interval of metal

anomalies in Baranca el Cauion and the interval of metal anomalies in the Totumo-

3 Well core fall in the same position as the upper interval of metal abundances in

the Rock Creek Canyon section. The fact that the intervals of metal anomalies in

these sites occur in the same stratigraphic position, and that these metal anomalies

fall just at or slightly before the main shift to more positive carbon isotope values,
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further supports the idea that metals released in event plume activity may lead to

temporary periods of ocean anoxia.

The elemental abundance patterns for all five sites can potentially provide

information on the proposed source of metal rich event plumes. Based on the

predicted volatility and residence time separation of elements, the less volatile and

reactive volatile elements are expected to be more enriched in the sites closer to

the source, whereas the less reactive volatile elements are expected to be more

enriched further from the source. In general, the element abundance patterns of

these sites follow this prediction. Based on flow distance, Baranca el Cañon, the

Totumo-3 Well core, and Rock Creek Canyon, 3000 km, 4000 km, and 6000 km

away from the source, are more enriched in elements with shorter residence times

compared to the sites further away. On the other hand, ODP Site 1138, which is

approximately 23,000 km away from the Caribbean ocean plateau, is more

enriched in elements with longer residence times compared to the sites much

closer. Metal abundance anomalies at the Bass River section, which is

approximately 33,000 km away from the source, are very weak to mostly absent.

The gradients in elemental abundances are consistent with the position of the sites

from the proposed source, indicating that the Caribbean ocean plateau is a logical

source of the metal rich event plumes. These abundance patterns are also

consistent with late-Cretaceous surface circulation models.
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Chapter 4: Summary of Conclusions, and Future Research Directions

Primary Results

The primary goal of this thesis was to better determine a specific link

between ocean anoxic events and ocean plateau (LIP) generated hydrothermal

activity during the Cretaceous by examining the relationship between OAE events

and trace metal abundance anomalies in widely distributed late-Cretaceous marine

sediments. Here I summarize the primary conclusions of this thesis and suggest

areas of future research needed to supplement this work.

In Chapter 2, I determined major, minor and trace elemental abundances in

bulk rock samples from a high resolution sampling of the CIT boundary Rock

Creek Canyon section, Pueblo, Colorado. This marine sedimentary section was

chosen for its accessibility and well-defined biozones, carbon isotopic profile, and

lithologic changes. After normalizing element concentrations to Zr to remove the

variable contribution of terrigenous material to these sediments, an interval of

metal abundance anomalies with several distinct peaks is seen. The positions of

these metal peaks coincide with an interval of rapidly increasing '3C isotope

values, at the start of a global carbon isotopic excursion, and high rates of

speciation and extinction in foraminifera, radiolarians and molluscs. The chemical

pattern of these element abundance peaks indicates that trace metals were

introduced into the Cretaceous ocean by both waterlrock solubility dominated and

magmatic degassing "event plume" dominated activity. The presence and

stratigraphic location of the interval of metal abundance anomalies suggests that
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hydrothermal activity associated with the formation of the Caribbean ocean

plateau could be directly related to OAE2.

In Chapter 3, I described major, minor and trace elemental abundances in

bulk rock samples from an additional four globally distributed, CIT boundary

marine sedimentary sections. After normalizing element concentrations to Zr, all

five sites show intervals of metal abundance anomalies, some sites with several

distinct peaks within the intervals, that coincide with areas of rapidly increasing

J'3C isotope excursions (except for ODP Site 1138, awaiting carbon isotopic data).

Using the S'3C profiles, metal abundance peaks for each site were matched to the

Rock Creek Canyon section, revealing the position of metal abundance intervals

with respect to the global ocean signal. The anomalies in the Bass River Borehole

fall in the same stratigraphic position as the lower metal abundance interval at

Rock Creek Canyon. The lower interval of metal abundance anomalies in Baranca

el Cañon and the interval of metal abundance anomalies in the Totumo-3 Well

core fall in the same position as the upper interval of metal abundances in the Rock

Creek Canyon section. The presence and stratigraphic location of metal

abundance intervals further supports the evidence from Chapter 2 that

hydrothermal activity associated with the formation of the Caribbean ocean

plateau could be directly related to OAE2.

In Chapter 3, I also examined changes in patterns and intensities of trace

metal abundances relative to the source (Caribbean ocean plateau) in all five sites

to determine if they are consistent with the general predicted metal enrichment
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pattern and modeled late-Cretaceous surface ocean circulation. The metal

enrichment pattern of these five sites reveal that elements with shorter residence

times are more enriched in sites closer to the source and that the more volatile

elements with longer residence times are more enriched in sites farther from the

source. The gradients in elemental abundances agree with the proposed source of

metals and with modeled late-Cretaceous ocean surface circulation.

Future Research

Although this research strongly supports a link between hydrothermal

activity associated with formation of the Caribbean ocean plateau and OAE2, there

is still a considerable amount of research to be completed to strengthen this

connection.

(1) Ocean surface circulation models predict a strong westward equatorial

flow in the Pacific, so elemental abundances are expected to be strong in these

areas. Therefore, it would be very useful to measure the element abundances in

high-resolution sections "downstream" from the Caribbean ocean plateau,

particularly in the equatorial Pacific. However, much of the late-Cretaceous

Pacific ocean floor has been subducted, leaving the most promising location as

shallow rises, plateaus, and seamounts in the western Pacific.

(2) The Cretaceous period is characterized by a number of other distinct

ocean-wide anoxic episodes approximately synchronous with ocean plateau

formation. However, each of these OAEs has slightly different characteristics

illustrating the complex nature of these interactions. Since this particular project
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focuses only on the relationship between OAE2 and the Caribbean ocean plateau,

it would be extremely helpful to better determine a specific link between the other

OAEs and ocean plateau generated hydrothermal "event plume" activity, such as

OAE1a and the Ontong Java plateau in the early Aptian. This could be

accomplished by examination of trace metal abundance anomalies in pelagic

sediments deposited at the times of OAE1a, the "Selli" black shale.

(3) It would be extremely valuable to show that elements producing

significant metal abundance anomalies in CIT boundary sediments are the same

elements that have been lost from the Caribbean ocean plateau through some kind

of hydrothermal alteration. By comparing the bulk composition of altered lavas to

the composition of unmodified magmas, the flux of elements due to degassing and

seawater/rock exchange can be determined. However, in order to determine the

flux of elements from Caribbean ocean plateau lavas, the composition of unaltered

lavas needs to be determined. One means by which the primary composition of

parental melts can be determined is from melt inclusions trapped in crystals that

form early in the history of the magmagenesis. These inclusions trap melts before

they have experienced degassing and alteration with seawater and therefore

provide a starting inventory of trace metal concentrations. Elemental

concentrations in melt inclusions could be determined using an electron or ion

microprobe. Comparing the primary lava composition to altered Caribbean

plateau lava composition, such as with a normalized element pattern plot, will help

determine the loss of elements. This flux of elements due to degassing and



water/rock exchange can then be compared to the pattern of anomalies in pelagic

sediments.

(4) It would be very useful to continue radiometric dating of lavas from the

Caribbean ocean plateau. With more accurate age determinations, the volume and

emplacement rate of the Caribbean ocean plateau can be better constrained. This

will help in allowing a better understanding of oceanic responses, such as changes

in ocean chemistry and biota mass extinction events, to eruption events.

(5) Isotopic studies for selective elements in anomalous intervals may also

be extremely helpful. For example, the isotopic composition of Pb is characteristic

of ocean plateau formation, MORB, continental runoff, etc. Each source will have

a different Pb isotopic signature, which may help in determining the source of

elements that make-up abundance anomalies in these sediments.
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APPENDIX 1

List of standard reference materials with accepted elemental abundances and
average analytical blank.

Element

(Wt %)
A1203
CaO
Fe203
K20
MgO
MnO
Na20
P205
Ti02

(ppm)
Sc
V
Cr
Co
Ni
Cu
Zn
As
Rb
Sr
Y
Zr
Mo
Cs
Ba
Pb
Th
U

5I

14.99
10.94
1.46

0.639
6.62

0.168
2.13
0.14
1.07

35
264
114
47
75
113
84
9

21.4
193
22.6
99
9

0.9
160
7.8
2.6
0.6

GSP-1 G-2 AGV-1 SDO-1 SCO-1 SGR-1 Blank

15.16 15.39 17.15 12.27 13.7 6.52 -0.016
2.04 1.96 4.94 1.05 2.62 8.38 -0.018
1.75 2.66 6.77 9.34 5.13 3.03 -0.0067
5.51 4.48 2.92 3.35 2.77 1.66

0.988 0.75 1.53 1.54 2.72 4.44 0.0040
0.04 0.03 0.042 0.0009
2.8 4.08 4.26 0.38 0.9 2.99 0.0037

0.28 0.14 0.5 0.11 0.21 0.328
0.656 0.48 1.05 0.71 0.63 0.253 0.0034

(ppb)
6.2 3.5 12.2 13.2 11 4.6 -0.010
53 36 121 160 130 130 0.005
13 8.7 10.1 66.4 68 30 0.44

6.6 4.6 15.3 46.8 11 12 0.017
8.8 5 16 99.5 27 29 0.21
33 11 60 60.2 29 66 0.017
104 86 88 64.1 100 74 0.080

0.88 68.5 12 67 -0.088
254 170 67.3 126 110 ? 0.022
234 478 662 75.1 170 420 -0.10
26 11 20 40.6 26 13 -0.011

530 309 242 165 160 53 0.57
2.7 134 1.4 35 0.067

1.02 1.34 1.28 6.9 7.8 5.2 0.098
1310 1882 1226 397 570 290 0.11

55 30 36 27.9 31 38 0.087
106 24.7 6.5 10.5 9.7 4.8 -0.001

2.54 2.07 1.92 48.8 ? 5.4 -0.005
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APPENDIX 2

The following are the Zr-normalized data for the Rock Creek Canyon Section.

ample 45ScIZr 51 V/Zr 53Cr/Zr 59Co/Zr 60N1/Zr 65Cu/Zr

1020 0.07 1.71 0.40 0.16 0.91 0.46
970 0.06 1.13 0.33 0.12 0.51 0.39
920 0.06 1.46 0.36 0.12 0.45 0.29
870 0.11 2.66 0.44 0.18 1.30 0.53
820 0.10 1.65 0.44 0.14 0.63 0.50
770 0.11 3.65 0.56 0.16 1.71 0.60
720 0.09 2.54 0.53 0.17 1.12 0.54
670 0.07 2.05 0.46 0.15 0.94 0.51
620 0.07 1.85 0.48 0.10 0.80 0.47
570 0.04 0.54 0.17 0.08 0.11 0.20
520 0.08 1.04 0.52 0.23 0.51 0.64
470 0.10 0.83 0.39 0.25 0.64 0.69
420 0.08 0.77 0.42 0.18 0.37 0.52
410 0.08 0.82 0.34 0.09 0.38 0.36
400 0.09 0.85 0.48 0.22 0.44 0.54
390 0.10 1.01 0.45 0.15 0.93 0.69
380 0.08 0.93 0.27 0.10 0.49 0.36
370 0.07 0.85 0.44 0.14 0.45 0.60
360 0.08 0.90 0.39 0.15 0.52 0.51
350 0.08 0.76 0.33 0.13 0.33 0.31
340 0.08 0.85 0.38 0.16 0.53 0.63
330 0.05 0.54 0.26 0.12 0.26 0.34
304 0.06 0.41 0.48 0.07 0.37 0.31

300.5 0.13 0.69 0.42 0.22 0.97 0.47
297.5 0.09 0.44 0.44 0.20 0.51 0.47
294.5 0.08 0.52 0.31 0.15 0.92 0.27
291 0.08 0.46 0.57 0.16 0.54 0.35
288 0.10 0.65 0.81 0.10 0.40 0.29

286.5 0.13 0.83 0.75 0.09 0.30 0.38
285 0.10 0.87 0.90 0.09 0.26 0.30
282 0.08 0.88 0.51 0.08 0.16 0.27
279 0.09 0.87 0.46 0.08 0.19 0.30

275.5 0.09 0.90 0.51 0.15 0.23 0.29
273 0.09 0.85 0.47 0.08 0.19 0.29
270 0.10 0.95 0.54 0.11 0.23 0.43
267 0.12 0.91 0.55 0.20 0.45 0.46
263 0.09 1.04 0.61 0.18 0.24 0.45
260 0.10 0.86 0.45 0.19 0.57 0.44
258 0.09 0.91 0.57 0.23 0.47 0.50
255 0.13 0.95 0.46 0.10 0.48 0.32
235 0.24 1.64 0.87 0.17 0.41 0.65
234 0.22 1.37 0.59 0.14 0.60 0.50
231 0.25 1.63 0.82 0.15 0.35 0.56
226 0.20 1.31 0.88 0.41 1.09 0.70

221.5 0.26 1.52 1.13 0.42 0.94 0.80
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mple 45Sc/Zr 51V/Zr 53Cr/Zr S9Co/Zr 6ON1JZr 65CuJZr
218 0.36 2.56 1.60 0.37 0.69 1.57
216 0.09 0.97 0.73 0.18 0.35 0.43
212 0.03 0.50 0.14 0.08 0.12 0.18
211 0.57 2.60 1.50 0.59 1.26 1.62
205 0.51 1.68 1.26 0.57 1.48 1.05
204 0.32 2.49 2.12 0.42 0.99 1.13
202 0.46 1.96 1.52 0.47 1.46 1.46
201 0.50 1.97 1.51 0.50 1.14 1.08

197.5 0.24 1.55 0.90 0.22 0.69 0.59
195 0.24 1.67 1.26 0.29 0.77 0.75
193 0.31 1.95 1.97 0.69 1.56 1.42

188.5 0.44 2.12 1.85 0.77 1.70 1.82
186 0.24 1.53 1.36 0.34 0.80 0.77
183 0.21 1.31 1.64 0.26 0.96 0.56
178 0.29 1.51 2.12 0.47 1.25 0.84
177 0.41 2.50 3.49 0.40 1.93 0.88

176.5 0.18 1.30 1.96 0.45 1.36 0.67
171 0.24 1.49 3.23 0.41 1.32 0.79
169 0.40 3.04 4.16 0.44 1.96 1.11

166.5 0.31 1.97 2.78 0.27 0.91 0.94
164 0.19 1.41 2.27 0.31 0.94 0.70
150 0.09 0.68 0.26 0.20 0.81 0.32
140 0.06 0.59 0.11 0.13 0.99 0.08
140 0.07 0.58 0.22 0.14 0.49 0.15
130 0.09 0.76 0.14 0.22 2.00 0.18
120 0.08 0.62 0.35 0.20 0.85 0.46
110 0.10 0.83 0.35 0.13 0.74 0.36
100 0.07 0.96 0.48 0.17 0.44 0.28
90 0.10 0.90 0.63 0.14 0.64 0.31
80 0.31 1.12 1.25 0.21 1.27 0.28
70 0.30 0.96 0.84 0.16 1.17 0.17
60 0.10 0.88 0.61 0.15 0.65 0.32
50 0.09 0.85 0.44 0.15 0.51 0.42
40 0.10 0.81 0.47 0.29 0.85 0.81
30 0.07 0.63 0.13 0.14 1.26 0.25
20 0.23 1.41 1.17 0.24 0.79 0.89
10 0.06 0.67 0.29 0.20 1.35 0.23
0 0.14 0.70 0.45 0.31 1.18 0.14

-30 0.08 1.15 0.68 0.12 0.51 0.36
-60 0.12 1.89 0.89 0.14 0.67 0.60
-90 0.09 2.80 0.75 0.12 0.83 0.41

-120 0.09 2.26 0.69 0.11 0.60 0.29
-150 0.10 2.22 0.70 0.17 0.73 0.39
-180 0.10 2.26 0.77 0.12 0.64 0.34
-210 0.09 2.54 0.78 0.08 0.67 0.32
-240 0.13 3.75 1.08 0.16 1.03 0.58
-270 0.14 4.54 1.22 0.20 1.14 0.53
-300 0.11 4.22 1.09 0.18 1.08 0.53
-330 0.10 3.53 0.79 0.13 0.87 0.45
-360 0.12 4.08 1.13 0.22 1.01 0.57
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imple 66Zn/Zr 75AsIZr 77Se/Zr 85Rb/Zr 86Sr/Zr 89Y/Zr

1020 1.06 0.24 0.05 0.50 59.1 0.34
970 1.47 0.25 0.04 0.48 13.2 0.19
920 0.54 0.11 0.06 0.54 11.0 0.17
870 1.25 0.29 0.20 0.45 76.1 1.20
820 0.77 0.36 0.04 0.68 44.2 0.36
770 0.83 0.18 0.19 0.62 114.8 0.54
720 1.29 0.22 0.10 0.55 58.4 0.33
670 1.28 0.22 0.15 0.64 15.0 0.19
620 1.34 0.19 0.05 0.64 10.1 0.15
570 0.52 0.16 0.06 0.44 15.5 0.19
520 0.60 0.22 0.06 0.59 13.3 0.22
470 0.78 0.27 0.05 0.51 53.7 0.29
420 0.48 0.14 0.07 0.48 27.4 0.22
410 0.54 0.12 0.06 0.65 23.3 0.24
400 0.65 0.27 0.07 0.59 39.5 0.31
390 0.83 0.24 0.05 0.64 57.8 0.40
380 0.39 0.47 0.08 0.42 80.4 0.48
370 1.01 0.23 0.06 0.64 18.8 0.18
360 0.65 0.28 0.04 0.47 54.7 0.36
350 0.37 0.06 0.04 0.60 22.7 0.29
340 0.99 0.41 0.06 0.42 29.8 0.38
330 0.40 0.06 0.02 0.31 20.0 0.36
304 1.18 0.03 0.13 0.32 48.3 1.11

300.5 0.23 0.10 0.03 0.57 97.6 1.10
297.5 0.11 0.06 0.08 0.37 111.0 1.31
294.5 0.37 0.05 0.04 0.44 108.7 1.24
291 0.39 0.05 0.06 0.38 109.2 1.15
288 0.33 0.04 0.02 0.51 33.5 0.40

286.5 0.37 0.07 0.02 0.58 28.0 0.36
285 0.45 0.04 0.02 0.63 10.2 0.18

282 0.52 0.07 0.02 0.62 6.6 0.16
279 0.39 0.04 0.01 0.66 6.5 0.15

275.5 0.52 0.07 0.02 0.65 8.0 0.19
273 0.48 0.07 0.01 0.69 7.2 0.17
270 0.46 0.03 0.01 0.71 11.5 0.18
267 0.76 0.10 0.02 0.70 15.7 0.25
263 0.53 0.02 0.06 0.73 12.4 0.22
260 0.75 0.18 0.02 0.67 18.3 0.28
258 0.55 0.10 0.02 0.67 19.8 0.27
255 0.42 0.03 0.02 0.77 46.4 0.47
235 0.49 0.06 0.02 0.72 25.0 0.37
234 0.26 0.03 0.01 0.80 32.9 0.42
231 0.60 0.04 0.02 0.74 31.3 0.39
226 0.52 0.23 0.02 0.76 25.1 0.31

221.5 1.58 0.11 0.02 0.65 15.9 0.27
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66ZnIZr 75As/Zr 77Se/Zr 85Rb/Zr 86SrIZr 89Y/Zr
218 0.82 0.07 0.00 0.57 9.9 0.27
216 0.53 0.08 0.02 0.69 12.4 0.22
212 0.48 0.18 0.03 0.41 13.1 0.18
211 0.89 0.08 0.04 0.34 33.7 1.38
205 1.11 0.13 0.02 0.76 21.4 0.63
204 0.82 0.15 0.03 0.42 7.3 0.23
202 0.46 0.12 0.03 0.72 25.1 0.62
201 1.03 0.13 0.05 0.75 25.3 0.61

197.5 0.31 0.09 0.03 0.79 9.1 0.24
195 0.67 0.11 0.03 0.76 12.4 0.28
193 1.24 0.18 0.03 0.58 7.5 0.25

188.5 0.93 0.25 0.04 0.72 25.3 0.61
186 0.71 0.09 0.02 0.46 5.3 0.15
183 0.79 0.13 0.03 0.49 7.7 0.19
178 0.67 0.06 0.04 0.24 19.7 0.91
177 0.74 0.02 0.01 0.39 20.6 1.22

176.5 1.01 0.12 0.04 0.57 10.2 0.31
171 0.89 0.10 0.04 0.58 7.7 0.27
169 1.01 0.05 0.04 0.33 16.3 1.09

166.5 0.86 0.05 0.01 0.60 5.7 0.17
164 0.69 0.07 0.03 0.56 7.0 0.25
150 0.42 0.15 0.03 0.55 35.2 0.29
140 0.20 0.02 0.01 0.35 43.0 0.25
140 0.40 0.05 0.03 0.31 45.4 0.26
130 0.19 0.08 0.07 0.50 101.3 0.35
120 0.89 0.15 0.06 0.48 45.1 0.41
110 0.63 0.12 0.07 0.75 32.3 0.46
100 0.57 0.10 0.03 0.78 7.2 0.18
90 0.81 0.03 0.03 0.79 11.4 0.28
80 1.12 0.09 0.09 0.65 25.8 1.32
70 0.72 0.02 0.07 0.55 24.4 1.34
60 0.97 0.03 0.04 0.73 16.7 0.39
50 0.88 0.18 0.05 0.80 12.0 0.25
40 1.29 0.60 0.10 0.67 36.2 0.53
30 0.34 0.06 0.05 0.40 53.5 0.52
20 0.62 0.16 0.05 0.68 12.9 0.30
10 0.42 0.07 0.05 0.40 87.3 0.27
0 0.60 0.00 0.10 0.32 72.0 0.35

-30 0.79 0.27 0.03 0.64 17.5 0.25
-60 1.42 0.21 0.00 0.77 19.3 0.29
-90 1.32 0.27 0.07 0.83 16.6 0.22

-120 0.92 0.22 0.04 0.90 14.2 0.19
-150 1.25 0.21 0.03 0.93 16.6 0.22
-180 1.21 0.20 0.06 1.02 13.6 0.21
-210 1.13 0.17 0.01 0.97 12.3 0.20
-240 1.80 0.26 0.03 0.88 34.3 0.38
-270 2.26 0.26 0.01 1.02 25.6 0.31
-300 1.69 0.22 0.01 0.88 29.1 0.28
-330 1.25 0.20 0.04 0.90 28.5 0.21
-360 1.86 0.24 0.00 0.91 44.0 0.39
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amnie I95Mo/Zr 1O7A/Zr ll2Cd/Zr ll8Sn/Zr l2lSb/Zr 133Cs/Zr

1020 0.12 0.006 0.011 0.000 0.017 0.04

970 0.25 0.005 0.015 0.009 0.017 0.04

920 0.21 0.004 0.012 0.017 0.012 0.04

870 0.19 0.006 0.013 0.000 0.017 0.03

820 0.30 0.006 0.017 0.002 0.016 0.05

770 0.68 0.010 0.022 0.000 0.008 0.05

720 0.22 0.005 0.017 0.000 0.048 0.05

670 0.39 0.005 0.020 0.014 0.025 0.05

620 0.21 0.005 0.016 0.016 0.022 0.05

570 0.01 0.004 0.008 0.045 0.026 0.03

520 0.03 0.004 0.006 0.012 0.013 0.04

470 0.06 0.005 0.008 0.004 0.018 0.04

420 0.02 0.004 0.006 0.009 0.006 0.03

410 0.01 0.010 0.012 0.007 0.003 0.05

400 0.03 0.003 0.007 0.010 0.008 0.04

390 0.07 0.012 0.016 0.000 0.019 0.05

380 0.07 0.005 0.005 0.000 0.008 0.03

370 0.04 0.010 0.015 0.012 0.018 0.05

360 0.05 0.005 0.012 0.007 0.016 0.04

350 0.01 0.011 0.010 0.011 0.003 0.04

340 0.06 0.005 0.014 0.017 0.031 0.03

330 0.03 0.003 0.006 0.014 0.007 0.02

304 0.07 0.004 0.028 0.015 0.005 0.02

300.5 0.04 0.009 0.008 0.000 0.005 0.04

297.5 0.05 0.004 0.009 0.005 0.004 0.03

294.5 0.03 0.009 0.008 0.000 0.003 0.03

291 0.09 0.005 0.014 0.041 0.006 0.03

288 0.02 0.009 0.011 0.020 0.005 0.04

286.5 0.02 0.005 0.006 0.011 0.006 0.04

285 0.01 0.009 0.011 0.011 0.003 0.05

282 0.01 0.003 0.004 0.014 0.006 0.05

279 0.01 0.009 0.010 0.012 0.003 0.05

275.5 0.01 0.003 0.004 0.015 0.005 0.05

273 0.01 0.009 0.010 0.011 0.004 0.05

270 0.01 0.011 0.005 0.018 0.004 0.06

267 0.02 0.010 0.012 0.010 0.007 0.05

263 0.01 0.003 0.007 0.020 0.014 0.05

260 0.02 0.009 0.011 0.008 0.011 0.05

258 0.02 0.004 0.006 0.013 0.010 0.05

255 0.01 0.009 0.011 0.000 0.001 0.05

235 0.01 0.004 0.007 0.015 0.004 0.05

234 0.01 0.009 0.008 0.000 0.000 0.06

231 0.01 0.004 0.006 0.012 0.004 0.05

226 0.02 0.009 0.009 0.003 0.010 0.05

221.5 0.02 0.003 0.006 0.011 0.007 0.04
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mple 95Mo/Zr lO7AgIZr ll2Cd/Zr ll8SnIZr l2lSb/Zr 133Cs/Zr
218 0.01 0.008 0.009 0.004 0.003 0.03
216 0.03 0.003 0.005 0.017 0.006 0.05
212 0.02 0.004 0.006 0.039 0.023 0.03
211 0.03 0.005 0.010 0.000 0.002 0.02
205 0.01 0.008 0.010 0.000 0.004 0.05
204 0.01 0.003 0.005 0.010 0.006 0.03
202 0.02 0.008 0.009 0.000 0.004 0.05
201 0.02 0.006 0.006 0.010 0.006 0.05

197.5 0.01 0.009 0.010 0.009 0.004 0.06
195 0.01 0.004 0.005 0.012 0.005 0.06
193 0.02 0.009 0.010 0.007 0.007 0.04

188.5 0.03 0.004 0.007 0.010 0.010 0.05
186 0.01 0.009 0.011 0.014 0.003 0.03
183 0.01 0.003 0.005 0.014 0.005 0.03
178 0.03 0.012 0.006 0.000 0.002 0.01
177 0.01 0.009 0.007 0.000 0.000 0.02

176.5 0.01 0.006 0.005 0.013 0.009 0.04
171 0.01 0.009 0.010 0.006 0.004 0.04
169 0.02 0.014 0.009 0.003 0.005 0.02

166.5 0.01 0.009 0.009 0.006 0.002 0.04
164 0.01 0.006 0.005 0.013 0.006 0.04
150 0.06 0.009 0.012 0.000 0.002 0.03
140 0.02 0.022 0.008 0.000 0.000 0.02
140 0.03 0.016 0.006 0.001 0.001 0.02
130 0.02 0.008 0.009 0.000 0.000 0.03
120 0.03 0.015 0.011 0.018 0.008 0.03
110 0.01 0.012 0.012 0.003 0.003 0.05
100 0.01 0.004 0.007 0.03 1 0.005 0.05
90 0.01 0.009 0.012 0.009 0.002 0.05
80 0.04 0.008 0.013 0.013 0.009 0.04
70 0.01 0.010 0.013 0.008 0.001 0.03
60 0.02 0.005 0.008 0.020 0.004 0.05
50 0.01 0.010 0.011 0.013 0.006 0.05
40 0.05 0.005 0.011 0.032 0.013 0.04
30 0.03 0.009 0.008 0.000 0.000 0.02
20 0.03 0.005 0.007 0.018 0.008 0.05
10 0.05 0.009 0.012 0.000 0.000 0.02
0 0.08 0.011 0.032 0.013 0.000 0.03

-30 0.06 0.003 0.007 0.012 0.010 0.05
-60 0.11 0.004 0.011 0.023 0.010 0.09
-90 0.25 0.004 0.015 0.014 0.016 0.07

-120 0.41 0.003 0.011 0.015 0.013 0.08
-150 0.37 0.004 0.012 0.014 0.014 0.08
-180 0.29 0.004 0.013 0.015 0.013 0.09
-210 0.32 0.004 0.014 0.015 0.013 0.08
-240 0.56 0.006 0.023 0.026 0.019 0.11
-270 0.56 0.006 0.022 0.024 0.024 0.13
-300 0.44 0.006 0.022 0.020 0.020 0.11
-330 0.29 0.004 0.016 0.016 0.018 0.08
-360 0.39 0.007 0.022 0.022 0.020 0.11
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imnie 137Ba/Zr 182W/Zr 197Au/Zr 205T1/Zr 2O8Pb/Zr 2O9Bi/Zr

1020 21.8 0.005 0.0019 0.013 0.25 0.006

970 4.0 0.007 0.0004 0.010 0.16 0.004

920 2.2 0.007 0.0005 0.007 0.11 0.004

870 17.6 0.006 0.0000 0.012 0.11 0.004

820 3.8 0.009 0.0000 0.012 0.17 0.004

770 8.0 0.006 0.0000 0.021 0.13 0.005

720 5.0 0.008 0.0006 0.027 0.18 0.005

670 5.1 0.009 0.0005 0.018 0.20 0.006

620 2.5 0.010 0.0007 0.013 0.18 0.005

570 2.7 0.005 0.0017 0.012 0.26 0.010

520 2.8 0.015 0.0005 0.005 0.19 0.006

470 13.2 0.014 0.0000 0.007 0.19 0.006

420 2.9 0.015 0.0005 0.006 0.15 0.006

410 2.9 0.023 0.0005 0.005 0.08 0.007

400 3.5 0.016 0.0003 0.006 0.15 0.007

390 6.0 0.027 0.0005 0.011 0.21 0.008

380 4.1 0.009 0.0000 0.003 0.05 0.006

370 8.3 0.021 0.0009 0.006 0.17 0.007

360 5.4 0.010 0.0004 0.005 0.21 0.006

350 2.8 0.019 0.0005 0.006 0.07 0.010

340 2.6 0.011 0.0008 0.006 0.39 0.007

330 2.0 0.006 0.0006 0.005 0.17 0.005

304 3.1 0.007 0.0011 0.004 0.19 0.006

300.5 9.4 0.035 0.0009 0.009 0.20 0.009

297.5 7.9 0.011 0.0000 0.004 0.14 0.005

294.5 9.2 0.032 0.0000 0.007 0.14 0.006

291 6.7 0.014 0.0008 0.005 0.17 0.005

288 4.5 0.022 0.0006 0.004 0.11 0.006

286.5 3.0 0.014 0.0002 0.003 0.17 0.006

285 2.5 0.018 0.0007 0.004 0.10 0.007

282 2.5 0.014 0.0006 0.004 0.13 0.005

279 5.1 0.018 0.0007 0.005 0.07 0.007

275.5 4.5 0.015 0.0005 0.004 0.13 0.006

273 4.2 0.018 0.0008 0.004 0.14 0.008

270 3.7 0.017 0.0019 0.004 0.08 0.006

267 4.5 0.025 0.0008 0.005 0.15 0.007

263 4.1 0.020 0.0007 0.007 0.15 0.008

260 4.4 0.015 0.0007 0.007 0.19 0.006

258 4.7 0.014 0.0006 0.005 0.17 0.006

255 4.9 0.016 0.0008 0.004 0.06 0.008

235 3.9 0.019 0.0003 0.004 0.10 0.007

234 5.0 0.017 0.0005 0.007 0.08 0.008

231 4.0 0.019 0.0000 0.004 0.09 0.006

226 3.9 0.023 0.0008 0.011 0.13 0.007

221.5 2.6 0.029 0.0003 0.006 0.12 0.005
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mp1e l37BaJZr 182W/Zr l97AuIZr 205T1/Zr 2O8Pb/Zr 2O9BIJZr
218 1.9 0.051 0.0005 0.004 0.07 0.003
216 4.4 0.016 0.0003 0.005 0.13 0.006
212 2.5 0.004 0.0012 0.009 0.23 0.007
211 1.8 0.021 0.0000 0.002 0.04 0.016
205 3.4 0.021 0.0004 0.005 0.08 0.005
204 1.4 0.017 0.0004 0.005 0.11 0.003
202 3.5 0.024 0.0004 0.005 0.08 0.006
201 3.7 0.019 0.0000 0.004 0.08 0.005

197.5 3.4 0.014 0.0008 0.006 0.08 0.005
195 3.4 0.014 0.0002 0.007 0.10 0.004
193 2.1 0.024 0.0005 0.008 0.11 0.004

188.5 3.5 0.022 0.0004 0.006 0.12 0.005
186 1.4 0.013 0.0008 0.005 0.10 0.004
183 1.8 0.011 0.0004 0.005 0.11 0.004
178 15.4 0.007 0.0005 0.001 0.05 0.001
177 1.0 0.016 0.0000 0.002 0.06 0.001

176.5 2.6 0.012 0.0007 0.004 0.23 0.004
171 2.1 0.015 0.0006 0.004 0.14 0.005
169 1.3 0.017 0.0005 0.002 0.07 0.002

166.5 1.7 0.015 0.0006 0.004 0.09 0.004
164 2.1 0.012 0.0006 0.003 0.16 0.004
150 4.8 0.010 0.0005 0.004 0.13 0.009
140 3.0 0.006 0.0007 0.001 0.07 0.004
140 2.9 0.004 0.0014 0.001 0.06 0.005
130 35.8 0.008 0.0000 0.004 0.10 0.007
120 6.3 0.007 0.0024 0.004 0.22 0.006
110 3.4 0.011 0.0008 0.006 0.12 0.009
100 2.5 0.010 0.0011 0.005 0.13 0.007
90 2.6 0.015 0.0008 0.005 0.14 0.008
80 2.7 0.014 0.0006 0.005 0.12 0.004
70 2.4 0.016 0.0000 0.003 0.09 0.004
60 2.6 0.013 0.0005 0.004 0.14 0.005
50 2.9 0.011 0.0007 0.007 0.22 0.011
40 3.4 0.010 0.0020 0.009 0.29 0.008
30 4.6 0.006 0.0000 0.004 0.12 0.006
20 3.1 0.014 0.0005 0.005 0.11 0.004
10 19.1 0.009 0.0000 0.004 0.10 0.012
0 21.2 0.003 0.0026 0.003 0.10 0.005

-30 8.0 0.008 0.0005 0.015 0.20 0.004
-60 4.4 0.013 0.0011 0.019 0.17 0.008
-90 4.6 0.008 0.0006 0.019 0.16 0.003

-120 3.7 0.009 0.0007 0.015 0.16 0.003
-150 2.1 0.009 0.0007 0.013 0.17 0.003
-180 7.7 0.010 0.0006 0.012 0.16 0.003
-210 3.8 0.010 0.0006 0.010 0.16 0.003
-240 3.5 0.014 0.0010 0.020 0.24 0.005
-270 4.9 0.016 0.0011 0.028 0.29 0.006
-300 3.9 0.015 0.0011 0.026 0.25 0.006
-330 4.2 0.010 0.0006 0.020 0.17 0.004
-360 4.5 0.015 0.0009 0.020 0.23 0.006
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imple 232Th/Zr 238U/Zr Al/Zr Ba/Zr Ca/Zr Fe/Zr

1020 0.05 0.13 479.3 16.4 17648 205.5
970 0.06 0.14 302.1 2.9 2920 141.7
920 0.07 0.14 219.3 1.6 2703 109.7
870 0.05 0.54 519.0 14.2 24400 259.8
820 0.06 0.27 651.7 3.7 13002 339.7
770 0.06 0.28 243.2 4.8 24651 257.7
720 0.06 0.16 437.8 4.1 17039 269.9
670 0.11 0.17 321.0 3.9 3611 172.9
620 0.07 0.12 267.0 2.0 2497 153.6
570 0.27 0.11 81.7 0.0 3842 39.0
520 0.10 0.07 394.6 1.9 3541 216.4
470 0.07 0.07 592.4 10.0 14033 321.5
420 0.06 0.04 375.8 2.3 6747 199.2
410 0.07 0.04 281.5 2.2 7232 157.3
400 0.07 0.06 473.3 2.0 9005 226.0
390 0.07 0.13 736.9 4.6 15343 335.0
380 0.04 0.06 380.8 2.1 20854 243.1
370 0.10 0.05 535.6 7.4 5313 257.9
360 0.08 0.11 473.2 4.5 10135 249.8
350 0.08 0.04 317.4 2.4 6402 136.7
340 0.08 0.09 468.0 1.8 6780 254.9
330 0.12 0.09 262.1 1.5 6340 144.7
304 0.10 0.24 235.7 2.3 10376 116.1

300.5 0.08 0.16 575.4 8.0 21980 273.4
297.5 0.05 0.20 130.3 6.3 19822 179.7
294.5 0.05 0.21 370.0 7.7 22640 181.5
291 0.04 0.20 285.4 4.8 19671 169.7
288 0.06 0.07 237.8 4.2 7876 132.7

286.5 0.06 0.06 239.4 2.1 6426 148.9
285 0.07 0.03 234.3 2.1 2657 124.4
282 0.07 0.03 223.0 2.0 1561 119.0
279 0.07 0.03 221.0 4.9 1807 112.2

275.5 0.07 0.03 268.6 3.5 1968 129.7
273 0.07 0.03 272.5 3.8 2063 145.2
270 0.07 0.03 188.9 2.9 2621 105.4
267 0.08 0.03 397.9 3.8 4528 214.0
263 0.09 0.03 148.4 0.2 5853 71.6
260 0.07 0.04 411.7 3.8 5163 241.0
258 0.07 0.04 313.1 3.4 4394 163.4
255 0.06 0.04 351.4 3.8 10667 166.3
235 0.06 0.03 382.1 2.8 7634 202.4
234 0.07 0.04 294.4 4.6 11977 190.7
231 0.05 0.03 323.0 3.3 9022 192.4
226 0.08 0.04 987.3 3.3 8513 503.9

221.5 0.06 0.02 1385.5 1.9 5552 726.1
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imple 232Th/Zr 238U/Zr Al/Zr Ba/Zr Ca/Zr Fe/Zr

218 0.04 0.01 482.1 1.7 4997 254.9

216 0.07 0.03 318.2 3.4 3054 162.9

212 0.25 0.11 250.2 2.2 1587 123.5

211 0.03 0.08 726.8 0.0 33590 333.7

205 0.06 0.03 618.9 2.4 9206 367.1

204 0.04 0.02 577.0 1.1 2084 279.3

202 0.06 0.03 630.2 3.4 9550 355.8

201 0.05 0.03 768.0 3.3 10793 400.1

197.5 0.07 0.03 368.9 2.9 2496 212.1

195 0.06 0.04 437.7 2.9 3414 239.1

193 0.04 0.03 812.2 1.8 2379 431.9

188.5 0.05 0.03 623.3 2.4 7824 376.6

186 0.07 0.02 383.3 1.1 1500 200.4

183 0.06 0.02 535.3 1.6 1965 272.1

178 0.01 0.02 440.7 1.2 1867 218.1

177 0.02 0.03 294.1 12.5 13107 200.8

176.5 0.07 0.05 378.4 1.4 19061 230.4

171 0.05 0.05 461.2 2.3 2586 256.6

169 0.01 0.02 436.2 2.0 2335 230.0

166.5 0.05 0.02 363.6 0.8 13655 207.2

164 0.06 0.04 336.4 1.4 1787 169.5

150 0.06 0.04 363.8 1.7 1948 192.8

140 0.03 0.02 543.9 4.1 13257 242.6

140 0.03 0.02 403.2 0.7 20383 182.6

130 0.04 0.04 359.9 31.0 43825 284.5

120 0.04 0.03 407.3 4.0 15559 238.4

110 0.07 0.08 402.0 2.8 8745 219.7

100 0.08 0.05 310.1 2.0 2146 158.6

90 0.07 0.03 262.0 2.2 4231 147.4

80 0.04 0.20 803.0 1.8 15885 363.4

70 0.04 0.24 101.1 2.2 17772 166.0

60 0.06 0.03 413.9 2.2 5607 208.5

50 0.09 0.06 451.2 2.1 3429 250.0

40 0.07 0.08 1038.8 2.7 9756 550.3

30 0.04 0.04 309.6 2.9 24073 277.9

20 0.07 0.03 434.0 2.0 2947 215.0

10 0.04 0.03 525.0 17.6 28221 312.7

0 0.05 0.03 18.3 18.1 37437 104.8

-30 0.09 0.11 426.9 8.2 3707 228.1

-60 0.14 0.13 499.6 7.2 4418 264.0

-90 0.08 0.15 424.5 4.7 3394 227.5

-120 0.09 0.15 443.9 3.7 2481 240.4

-150 0.09 0.16 457.5 3.4 2850 245.1

-180 0.08 0.15 480.1 8.3 2366 254.4

-210 0.09 0.16 408.2 3.9 1925 221.4

-240 0.12 0.30 608.9 5.3 5224 337.4

-270 0.15 0.23 662.0 7.9 3595 350.2

-300 0.13 0.20 599.5 6.2 4022 310.5

-330 0.09 0.16 448.6 4.4 4073 240.7

-360 0.14 0.28 632.4 7.2 6505 336.5



133

imple Mg/Zr Mn/Zr Na/Zr Ti/Zr

1020 133.8 13.2 40.3 16.0

970 59.7 1.6 34.6 14.9

920 84.4 1.7 26.5 17.2

870 226.1 14.7 97.8 12.2

820 143.5 9.2 28.7 28.5

770 161.4 15.6 85.2 17.3

720 130.5 12.4 34.7 17.5

670 96.8 2.8 25.8 17.4

620 84.9 1.4 22.2 18.4

570 33.1 11.6 13.6 5.8

520 91.5 2.9 57.2 21.3

470 132.2 10.6 61.3 19.2

420 93.4 5.0 45.3 18.1

410 124.0 9.2 49.2 21.7

400 135.3 6.8 72.5 20.4

390 162.0 9.8 54.7 23.0

380 124.6 26.8 0.0 12.5

370 110.6 3.6 63.0 25.2

360 115.8 6.9 31.3 18.8

350 108.7 6.6 65.8 21.6

340 106.8 4.6 85.0 16.9

330 104.6 5.1 28.7 14.7

304 111.8 10.7 17.6 12.7

300.5 171.9 24.0 16.8 24.0

297.5 141.9 20.6 36.3 18.6

294.5 158.0 23.7 44.9 22.3

291 140.5 20.3 31.2 19.6

288 97.9 7.1 35.1 21.8

286.5 106.0 5.7 38.9 24.1

285 97.1 1.8 36.4 24.5

282 88.2 1.1 38.8 22.5

279 100.0 1.1 31.8 25.1

275.5 89.2 1.2 34.9 21.8

273 100.1 1.6 37.6 25.2

270 97.0 1.8 35.7 25.0

267 129.1 3.3 44.0 26.8

263 47.5 17.2 5.2 9.1

260 122.7 3.9 64.1 23.3

258 101.4 3.8 53.3 22.0

255 155.7 12.0 50.0 25.3

235 144.1 9.9 77.6 29.8

234 179.1 14.9 171.5 29.1

231 149.2 11.9 108.6 29.8

226 164.4 7.5 389.3 37.8

221.5 134.9 8.5 127.4 41.8
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imple Mg/Zr Mn/Zr Na/Zr Ti/Zr

218 166.4 7.3 150.3 60.2

216 103.6 2.4 56.6 25.3

212 91.6 2.4 20.5 12.7

211 287.7 98.5 137.6 41.3

205 181.5 14.3 93.6 35.7

204 106.6 3.1 74.0 45.4

202 217.9 11.2 110.3 49.5

201 221.1 15.7 167.7 45.1

197.5 122.7 2.4 64.2 29.6

195 117.4 5.2 94.8 35.2

193 129.6 4.3 78.5 53.7

188.5 184.4 9.5 121.2 44.6

186 109.6 1.8 57.3 35.8

183 106.3 2.6 62.4 31.2

178 129.9 3.6 85.3 48.7

177 132.5 30.5 54.1 31.9

176.5 229.6 45.2 150.2 51.5

171 109.7 3.4 60.1 32.4

169 122.9 2.8 108.4 36.6

166.5 206.4 32.4 3.9 52.7

164 144.0 2.3 63.3 42.6

150 111.5 2.5 54.5 34.1

140 104.6 14.2 1.9 20.6

140 106.5 35.6 0.0 10.5

130 235.7 94.7 100.5 13.6

120 111.3 18.0 10.6 20.4

110 123.2 9.9 65.4 20.5

100 95.5 2.6 31.6 26.2

90 117.4 7.8 36.9 26.4

80 158.7 43.9 54.4 26.7

70 153.8 48.3 10.8 20.0

60 108.5 10.4 22.5 23.0

50 114.8 4.0 48.1 25.1

40 123.0 11.2 77.3 30.6

30 135.1 35.4 9.7 12.7

20 103.3 3.4 39.4 28.9

10 151.3 51.8 0.0 16.9

0 183.6 87.8 64.3 6.5

-30 81.6 2.2 34.9 25.1

-60 125.5 2.6 36.7 40.5

-90 87.2 1.6 22.4 25.9

-120 89.6 1.3 21.3 26.0

-150 99.2 1.6 22.7 26.9

-180 99.0 1.4 29.9 28.8

-210 99.4 1.0 26.9 28.5

-240 159.4 3.0 53.9 40.8

-270 160.0 2.0 60.2 46.5

-300 154.7 2.5 47.0 41.2

-330 118.0 2.1 44.9 29.0

-360 188.3 3.9 63.6 42.9
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The following are the Zr-normalized data for the Rock Creek Canyon Section.

45Sc/Zr 51 V/Zr 53Cr/Zr
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66Zn/Zr 75As/Zr 77Se/Zr
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95Mo/Zr 1 O7Ag/Zr 11 2Cd/Zr
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182W/Zr 1 97Au/Zr
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232Th/Zr 238U/Zr
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APPENDIX 3

The following are Zr-normalized data for the Bass River Borehole.
Samples are feet below sea floor.

Lmple 45Sc/Zr 51 V/Zr 53Cr/Zr 59CoIZr 6ONi/Zr

1925.6 0.087 0.41 0.51 0.066 0.21
1926 0.101 0.45 0.57 0.074 0.23

1926.3 0.096 0.42 0.54 0.067 0.21
1926.6 0.096 0.43 0.56 0.069 0.22
1927 0.093 0.38 0.47 0.062 0.19

1927.3 0.083 0.38 0.47 0.062 0.18
1927.6 0.107 0.56 0.68 0.096 0.27
1928 0.092 0.49 0.57 0.069 0.21

1928.3 0.109 0.60 0.67 0.086 0.26
1928.6 0.105 0.56 0.63 0.085 0.26
1929 0.099 0.52 0.61 0.075 0.25

1929.3 0.098 0.51 0.59 0.074 0.24
1929.6 0.101 0.51 0.60 0.078 0.25
1930 0.084 0.40 0.52 0.056 0.19

1930.3 0.095 0.44 0.56 0.062 0.20
1930.6 0.104 0.47 0.61 0.069 0.22
1931 0.106 0.50 0.64 0.078 0.24

1931.3 0.115 0.54 0.68 0.085 0.27
1931.6 0.110 0.54 0.66 0.081 0.26
1932 0.104 0.52 0.62 0.076 0.24

1932.3 0.100 0.49 0.59 0.090 0.29
1932.6 0.100 0.48 0.58 0.076 0.22
1933.7 0.106 0.50 0.63 0.080 0.27
1934 0.105 0.51 0.62 0.078 0.26

1934.3 0.117 0.54 0.67 0.089 0.27
1934.6 0.123 0.56 0.71 0.095 0.30

1935 0.124 0.55 0.72 0.091 0.30
1935.3 0.127 0.58 0.76 0.098 0.32
1935.6 0.120 0.55 0.74 0.084 0.28
1936 0.102 0.43 0.60 0.072 0.24

1936.3 0.094 0.41 0.55 0.071 0.22
1936.6 0.110 0.47 0.62 0.090 0.26
1937 0.093 0.42 0.54 0.078 0.20

1937.3 0.100 0.47 0.58 0.085 0.22
1937.6 0.103 0.49 0.62 0.105 0.25
1938 0.105 0.50 0.74 0.093 0.20

1938.3 0.100 0.49 0.66 0.088 0.20
1938.6 0.074 0.39 0.45 0.071 0.18
1939 0.057 0.35 0.45 0.055 0.17

1939.3 0.073 0.36 0.44 0.066 0.16
1939.6 0.082 0.39 0.46 0.066 0.16
1940 0.068 0.33 0.38 0.062 0.15

1940.3 0.078 0.38 0.42 0.070 0.18
1940.6 0.100 0.50 0.54 0.096 0.23
1940.8 0.105 0.50 0.56 0.090 0.24
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nple 45ScIZr 51V/Zr 53Cr/Zr 59CoIZr 6ONi/Zr
1941 0.075 0.33 0.38 0.059 0.15

1941.5 0.091 0.45 0.55 0.080 0.25

1941.9 0.111 0.55 0.63 0.095 0.27

1942.5 0.090 0.40 0.44 0.071 0.19

1943 0.104 0.45 0.52 0.087 0.23

1943.5 0.092 0.41 0.47 0.076 0.23

1944 0.102 0.49 0.56 0.088 0.25

1944.5 0.106 0.50 0.55 0.088 0.25

1945 0.117 0.60 0.61 0.108 0.34

1945.5 0.086 0.69 0.60 0.097 0.26

1946 0.093 0.58 0.54 0.074 0.23

1946.5 0.081 0.49 0.46 0.061 0.20

1947 0.081 0.46 0.46 0.062 0.19

1947.5 0.068 0.38 0.37 0.048 0.15

1948 0.074 0.39 0.41 0.055 0.19

1948.5 0.078 0.38 0.43 0.058 0.23

1949 0.091 0.49 0.53 0.078 0.28

1949.5 0.062 0.38 0.37 0.022 0.12

1950 0.096 0.50 0.50 0.069 0.22
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mple 65Cu/Zr 66ZnIZr 75As/Zr 77Se/Zr 85Rb/Zr

1925.6 0.10 0.63 0.045 0.017 0.77
1926 0.12 0.66 0.063 0.014 0.84

1926.3 0.11 0.64 0.044 0.016 0.80
1926.6 0.11 0.65 0.055 0.015 0.80

1927 0.10 0.58 0.072 0.018 0.70
1927.3 0.09 0.56 0.077 0.014 0.70
1927.6 0.15 0.80 0.102 0.018 0.89

1928 0.10 0.69 0.069 0.017 0.84
1928.3 0.13 0.85 0.068 0.019 0.95
1928.6 0.14 0.84 0.099 0.016 0.86
1929 0.12 0.70 0.070 0.017 0.79

1929.3 0.12 0.69 0.060 0.017 0.78
1929.6 0.13 0.70 0.078 0.017 0.79
1930 0.08 0.53 0.060 0.014 0.70

1930.3 0.10 0.60 0.037 0.017 0.76
1930.6 0.10 0.64 0.059 0.020 0.83
1931 0.12 0.74 0.076 0.018 0.85

1931.3 0.13 0.84 0.088 0.019 0.92
1931.6 0.13 0.79 0.054 0.018 0.91
1932 0.11 0.72 0.057 0.017 0.87

1932.3 0.11 0.81 0.049 0.017 0.86
1932.6 0.11 0.69 0.061 0.016 0.86
1933.7 0.13 0.73 0.069 0.019 0.80
1934 0.12 0.75 0.074 0.018 0.80

1934.3 0.14 0.79 0.061 0.019 0.85
1934.6 0.15 0.83 0.091 0.021 0.90
1935 0.16 0.83 0.059 0.020 0.90

1935.3 0.16 0.83 0.156 0.024 0.90
1935.6 0.14 0.80 0.086 0.021 0.88
1936 0.11 0.64 0.061 0.016 0.79

1936.3 0.11 0.68 0.059 0.015 0.74
1936.6 0.13 0.71 0.105 0.016 0.81
1937 0.11 0.65 0.090 0.015 0.78

1937.3 0.12 0.94 0.070 0.016 0.81
1937.6 0.14 0.69 0.114 0.017 0.81
1938 0.11 0.54 0.121 0.020 0.74

1938.3 0.10 0.62 0.083 0.018 0.71
1938.6 0.08 0.52 0.125 0.013 0.65
1939 0.08 0.30 0.031 0.025 0.51

1939.3 0.07 0.52 0.079 0.014 0.64
1939.6 0.08 0.58 0.046 0.015 0.77
1940 0.07 0.57 0.063 0.016 0.68

1940.3 0.09 0.59 0.048 0.014 0.71
1940.6 0.12 0.92 0.053 0.018 0.93
1940.8 0.15 0.80 0.047 0.019 0.80



144

nple 6SCu/Zr 66Zn/Zr 75As/Zr 77SeIZr 85Rb/Zr
1941 0.08 0.58 0.028 0.014 0.73

1941.5 0.11 0.72 0.050 0.018 0.80

1941.9 0.14 0.94 0.062 0.018 0.93

1942.5 0.10 0.69 0.045 0.017 0.82

1943 0.13 0.76 0.061 0.019 0.89

1943.5 0.11 0.72 0.055 0.017 0.85

1944 0.14 0.85 0.081 0.018 0.77

1944.5 0.14 0.86 0.095 0.019 0.94

1945 0.17 0.83 0.148 0.024 0.70

1945.5 0.18 0.93 0.130 0.019 0.52

1946 0.12 0.77 0.140 0.020 0.82

1946.5 0.09 0.65 0.097 0.017 0.75

1947 0.10 0.63 0.073 0.015 0.73

1947.5 0.08 0.50 0.086 0.014 0.63

1948 0.08 0.58 0.085 0.015 0.68

1948.5 0.09 0.64 0.081 0.014 0.73

1949 0.12 0.71 0.095 0.018 0.62

1949.5 0.05 0.27 0.067 0.007 0.49

1950 0.11 0.71 0.114 0.019 0.83
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mple 86Sr/Zr 89Y/Zr 95Mo/Zr lO7Ag/Zr ll2Cd/Zr

1925.6 3.7 0.14 0.005 0.001 0.003

1926 5.1 0.16 0.002 0.001 0.003

1926.3 5.0 0.15 0.002 0.001 0.003

1926.6 4.9 0.15 0.005 0.002 0.003

1927 5.2 0.20 0.004 0.001 0.003

1927.3 4.6 0.15 0.003 0.001 0.003

1927.6 2.6 0.14 0.005 0.002 0.003

1928 2.1 0.13 0.005 0.002 0.003

1928.3 2.1 0.15 0.006 0.002 0.004

1928.6 2.1 0.15 0.005 0.002 0.004

1929 2.0 0.15 0.006 0.002 0.003

1929.3 2.0 0.15 0.005 0.002 0.003

1929.6 2.3 0.15 0.007 0.002 0.003

1930 2.2 0.13 0.007 0.001 0.003

1930.3 2.7 0.15 0.002 0.002 0.003

1930.6 2.8 0.19 0.004 0.002 0.003

1931 2.7 0.16 0.004 0.002 0.003

1931.3 3.0 0.17 0.005 0.002 0.003

1931.6 3.3 0.16 0.002 0.002 0.003

1932 3.4 0.16 0.001 0.001 0.003

1932.3 2.5 0.17 0.001 0.002 0.003

1932.6 3.3 0.16 0.001 0.002 0.003

1933.7 3.3 0.15 0.007 0.002 0.003

1934 3.0 0.16 0.007 0.002 0.003

1934.3 3.6 0.17 0.003 0.002 0.003

1934.6 3.7 0.17 0.004 0.001 0.003

1935 3.6 0.17 0.004 0.002 0.004

1935.3 4.4 0.18 0.007 0.002 0.004
1935.6 3.7 0.16 0.004 0.002 0.004
1936 4.3 0.13 0.004 0.001 0.003

1936.3 4.6 0.14 0.003 0.001 0.004
1936.6 7.8 0.16 0.006 0.002 0.003

1937 5.0 0.13 0.006 0.002 0.003
1937.3 5.2 0.14 0.004 0.002 0.004
1937.6 4.4 0.14 0.003 0.002 0.003

1938 4.6 0.15 0.002 0.002 0.003
1938.3 4.5 0.16 0.002 0.002 0.003
1938.6 4.9 0.14 0.001 0.001 0.003

1939 4.3 0.10 0.008 0.002 0.003

1939.3 6.9 0.13 0.002 0.001 0.003
1939.6 4.4 0.13 0.001 0.001 0.003
1940 2.2 0.13 0.002 0.001 0.003
1940.3 1.6 0.13 0.006 0.001 0.003
1940.6 2.1 0.16 0.004 0.001 0.004
1940.8 2.4 0.17 0.003 0.001 0.003



146

rnple 86SrIZr 89Y/Zr 95Mo/Zr lO7Ag/Zr ll2Cd/Zr
1941 2.6 0.14 0.002 0.001 0.003

1941.5 2.8 0.15 0.010 0.001 0.003
1941.9 2.7 0.17 0.006 0.001 0.003
1942.5 3.6 0.17 0.003 0.001 0.003
1943 4.1 0.19 0.003 0.001 0.003

1943.5 3.7 0.17 0.002 0.001 0.003
1944 2.1 0.17 0.003 0.001 0.003

1944.5 3.3 0.17 0.002 0.001 0.003
1945 3.2 0.21 0.005 0.001 0.003

1945.5 1.4 0.17 0.001 0.001 0.003
1946 2.8 0.16 0.001 0.001 0.003

1946.5 2.0 0.15 0.001 0.001 0.003
1947 1.8 0.13 0.001 0.001 0.003

1947.5 1.6 0.13 0.001 0.001 0.002
1948 1.6 0.13 0.002 0.001 0.003

1948.5 1.8 0.13 0.003 0.001 0.003
1949 1.6 0.15 0.003 0.001 0.003

1949.5 0.3 0.08 0.001 0.001 0.002
1950 2.9 0.16 0.001 0.001 0.003
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mple ll8Sn/Zr l2lSb/Zr 133Cs/Zr l37BaJZr 182W/Zr

1925.6 0.025 0.002 0.042 2.3 0.012

1926 0.028 0.003 0.047 2.5 0.014

1926.3 0.028 0.002 0.045 2.4 0.014

1926.6 0.029 0.003 0.045 2.5 0.014

1927 0.026 0.004 0.038 2.2 0.011

1927.3 0.024 0.003 0.037 2.2 0.011

1927.6 0.028 0.003 0.048 2.8 0.014

1928 0.027 0.003 0.045 2.7 0.014

1928.3 0.030 0.003 0.051 3.0 0.015

1928.6 0.036 0.003 0.047 2.8 0.015

1929 0.027 0.003 0.044 2.6 0.014

1929.3 0.026 0.002 0.042 2.6 0.013

1929.6 0.027 0.003 0.043 2.6 0.013

1930 0.025 0.003 0.039 2.2 0.012

1930.3 0.027 0.002 0.043 2.4 0.013

1930.6 0.029 0.003 0.047 2.6 0.014

1931 0.030 0.003 0.047 2.6 0.014

1931.3 0.031 0.004 0.052 2.8 0.016

1931.6 0.030 0.003 0.050 2.8 0.015

1932 0.028 0.002 0.047 2.6 0.015

1932.3 0.026 0.002 0.045 2.7 0.014

1932.6 0.027 0.002 0.046 2.5 0.014

1933.7 0.029 0.003 0.044 2.6 0.014

1934 0.027 0.003 0.043 2.6 0.014

1934.3 0.030 0.003 0.047 2.8 0.015

1934.6 0.031 0.004 0.049 2.9 0.015

1935 0.032 0.003 0.050 2.8 0.015

1935.3 0.031 0.004 0.050 2.9 0.015

1935.6 0.031 0.003 0.048 2.7 0.014

1936 0.029 0.002 0.045 2.3 0.014

1936.3 0.027 0.002 0.042 2.2 0.013

1936.6 0.028 0.003 0.045 2.6 0.014

1937 0.024 0.003 0.041 2.2 0.013

1937.3 0.025 0.003 0.044 2.2 0.013

1937.6 0.026 0.003 0.043 2.2 0.013

1938 0.020 0.002 0.029 1.8 0.010

1938.3 0.020 0.002 0.032 1.8 0.010

1938.6 0.020 0.002 0.032 1.8 0.010

1939 0.015 0.002 0.027 1.5 0.008

1939.3 0.018 0.002 0.030 1.8 0.010

1939.6 0.025 0.002 0.039 2.2 0.011

1940 0.022 0.002 0.034 2.1 0.010

1940.3 0.022 0.002 0.035 2.3 0.012

1940.6 0.030 0.002 0.049 2.7 0.014

1940.8 0.028 0.002 0.045 2.6 0.015



inpie ll8Sn/Zr l2lSb/Zr 133Cs/Zr 137Ba/Zr 182W/Zr
1941 0.023 0.001 0.036 2.2 0.012

1941.5 0.025 0.002 0.041 2.4 0.013

1941.9 0.030 0.002 0.048 2.9 0.015

1942.5 0.025 0.002 0.042 2.5 0.013

1943 0.028 0.002 0.046 2.6 0.014

1943.5 0.027 0.002 0.044 2.5 0.014

1944 0.03 1 0.002 0.048 2.6 0.016

1944.5 0.031 0.002 0.048 2.8 0.016
1945 0.033 0.003 0.049 2.5 0.017

1945.5 0.029 0.002 0.042 1.9 0.016

1946 0.028 0.002 0.044 2.4 0.014

1946.5 0.025 0.002 0.039 2.2 0.013

1947 0.027 0.002 0.040 2.1 0.014
1947.5 0.022 0.002 0.033 1.8 0.011

1948 0.024 0.002 0.036 2.0 0.012
1948.5 0.025 0.002 0.038 2.1 0.013

1949 0.030 0.003 0.044 2.2 0.016
1949.5 0.023 0.002 0.030 1.9 0.015

1950 0.029 0.002 0.045 2.4 0.015
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nDle I l97AuIZr 2O5TLIZr 2O8Pb/Zr 209B1/Zr 232Th/Zr

1925.6 0.0006 0.004 0.11 0.001 0.078
1926 0.0007 0.004 0.13 0.002 0.085

1926.3 0.0006 0.004 0.10 0.002 0.08 1
1926.6 0.0007 0.004 0.12 0.002 0.096
1927 0.0006 0.004 0.12 0.002 0.099

1927.3 0.0006 0.004 0.09 0.001 0.074
1927.6 0.0006 0.005 0.14 0.002 0.087
1928 0.0007 0.005 0.10 0.001 0.076

1928.3 0.0008 0.005 0.13 0.002 0.093
1928.6 0.0007 0.005 0.14 0.002 0.089
1929 0.0006 0.005 0.13 0.002 0.087

1929.3 0.0007 0.004 0.12 0.002 0.085
1929.6 0.0008 0.005 0.13 0.002 0.092
1930 0.0006 0.004 0.09 0.001 0.070

1930.3 0.0007 0.004 0.08 0.001 0.084
1930.6 0.0007 0.004 0.09 0.001 0.090

1931 0.0008 0.005 0.12 0.002 0.090
1931.3 0.0007 0.005 0.15 0.002 0.098
1931.6 0.0007 0.005 0.13 0.002 0.093
1932 0.0007 0.004 0.12 0.002 0.087

1932.3 0.0008 0.004 0.11 0.002 0.089
1932.6 0.0007 0.004 0.11 0.002 0.088
1933.7 0.0007 0.004 0.14 0.002 0.088
1934 0.0007 0.004 0.13 0.002 0.087

1934.3 0.0007 0.004 0.14 0.002 0.095
1934.6 0.0007 0.005 0.16 0.002 0.097
1935 0.0008 0.005 0.13 0.002 0.098

1935.3 0.0007 0.005 0.16 0.002 0.100
1935.6 0.0007 0.005 0.12 0.002 0.094
1936 0.0008 0.004 0.11 0.002 0.089

1936.3 0.0007 0.004 0.10 0.002 0.078
1936.6 0.0008 0.004 0.13 0.002 0.090
1937 0.0006 0.003 0.12 0.001 0.074

1937.3 0.0006 0.004 0.14 0.001 0.074
1937.6 0.0007 0.004 0.14 0.002 0.090
1938 0.0005 0.003 0.09 0.001 0.116

1938.3 0.0004 0.003 0.09 0.001 0.070
1938.6 0.0005 0.003 0.09 0.001 0.064
1939 0.0005 0.003 0.08 0.001 0.056

1939.3 0.0006 0.003 0.08 0.001 0.068
1939.6 0.0006 0.004 0.09 0.001 0.072
1940 0.0006 0.004 0.11 0.001 0.074

1940.3 0.0006 0.004 0.11 0.001 0.067
1940.6 0.0007 0.005 0.14 0.001 0.076
1940.8 0.0008 0.005 0.16 0.003 0.080



150

ruple 197Au/Zr 205T1/Zr 2O8Pb/Zr 2O9Bi/Zr 232Th/Zr
1941 0.0008 0.004 0.11 0.002 0.056

1941.5 0.0007 0.004 0.12 0.001 0.073

1941.9 0.0008 0.005 0.14 0.002 0.090

1942.5 0.0007 0.005 0.14 0.002 0.063

1943 0.0008 0.005 0.16 0.003 0.077

1943.5 0.0008 0.005 0.14 0.003 0.068

1944 0.0007 0.006 0.18 0.003 0.079

1944.5 0.0008 0.006 0.17 0.003 0.081

1945 0.0008 0.007 0.25 0.004 0.089

1945.5 0.0007 0.005 0.19 0.003 0.070

1946 0.0008 0.005 0.15 0.003 0.070

1946.5 0.0007 0.004 0.14 0.002 0.067

1947 0.0008 0.005 0.13 0.002 0.065

1947.5 0.0006 0.004 0.10 0.002 0.058

1948 0.0007 0.004 0.14 0.002 0.064

1948.5 0.0007 0.005 0.16 0.002 0.064

1949 0.0008 0.005 0.21 0.003 0.073

1949.5 0.0008 0.003 0.06 0.000 0.024

1950 0.0008 0.005 0.16 0.003 0.080
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mple 238U/Zr AL/Zr Ba/Zr Ca/Zr Fe/Zr

1925.6 0.017 462.9 2.3 445.5 211.3

1926 0.018 537.0 2.6 616.2 261.0

1926.3 0.019 478.7 2.4 561.9 200.2

1926.6 0.022 516.6 2.4 567.8 198.9

1927 0.022 478.9 2.2 952.1 189.7

1927.3 0.020 457.9 2.1 679.6 172.3

1927.6 0.023 571.8 3.0 237.6 249.8

1928 0.018 465.6 2.6 176.6 198.2

1928.3 0.021 565.6 3.0 165.9 233.1

1928.6 0.020 609.7 2.8 156.8 263.1

1929 0.020 502.2 2.5 167.7 216.0

1929.3 0.019 521.7 2.7 154.7 208.1

1929.6 0.021 528.7 2.5 184.6 228.3

1930 0.018 409.1 2.1 233.1 167.0

1930.3 0.019 490.8 2.3 301.7 166.3

1930.6 0.021 535.5 2.5 320.3 187.8

1931 0.020 561.5 2.6 236.5 218.5

1931.3 0.019 598.5 2.7 261.5 274.4

1931.6 0.018 595.6 2.7 277.8 232.9

1932 0.016 541.5 2.6 291.9 237.6

1932.3 0.016 529.6 2.7 241.2 278.0

1932.6 0.015 499.6 2.4 329.7 214.2

1933.7 0.018 524.7 2.6 293.9 226.4

1934 0.019 534.1 2.4 280.2 223.7

1934.3 0.020 609.5 2.7 302.1 244.5

1934.6 0.020 619.2 2.8 338.6 278.0

1935 0.021 631.0 2.8 384.3 231.3

1935.3 0.022 625.8 2.9 480.5 324.5

1935.6 0.022 604.6 2.6 444.4 240.0

1936 0.020 525.2 2.2 426.0 222.2

1936.3 0.019 494.7 2.2 482.2 191.2

1936.6 0.022 554.8 2.5 788.6 237.3

1937 0.015 464.4 2.2 611.8 282.7

1937.3 0.015 486.0 2.2 567.5 314.5

1937.6 0.017 546.0 2.2 462.1 326.6

1938 0.020 372.8 1.7 826.9 344.6

1938.3 0.016 389.5 1.7 708.9 263.7

1938.6 0.012 381.1 1.7 489.9 206.5

1939 0.011 333.1 1.6 516.3 169.2

1939.3 0.013 377.8 1.8 687.7 193.7

1939.6 0.014 418.3 2.2 362.7 164.8

1940 0.014 361.2 2.0 206.8 196.3

1940.3 0.014 375.4 2.2 134.0 359.9

1940.6 0.015 492.1 2.7 161.4 350.8

1940.8 0.021 737.6 2.8 179.4 387.1
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rnple 238U/Zr Al/Zr Ba/Zr Ca/Zr Fe/Zr
1941 0.017 462.1 2.4 275.2 241.2

1941.5 0.016 478.2 2.4 232.5 215.9

1941.9 0.017 561.2 2.8 193.5 251.6

1942.5 0.019 461.6 2.6 351.6 244.9

1943 0.021 517.0 2.8 394.8 268.4

1943.5 0.021 490.6 2.7 348.3 245.4

1944 0.023 607.5 2.8 164.7 310.9

1944.5 0.023 588.9 3.0 311.5 311.8

1945 0.025 707.7 2.8 255.6 378.5

1945.5 0.023 627.9 2.4 80.5 326.8

1946 0.021 444.7 2.6 326.9 235.8

1946.5 0.019 385.4 2.4 254.3 202.8

1947 0.019 343.0 2.3 213.3 185.8

1947.5 0.017 292.2 2.0 204.8 151.7

1948 0.018 413.5 2.2 182.7 215.7

1948.5 0.020 423.8 2.4 212.6 225.7

1949 0.023 561.7 2.7 147.9 296.3

1949.5 0.016 180.3 2.1 0.0 101.0

1950 0.021 412.3 2.5 365.2 223.5
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mple Mg/Zr Mn/Zr Na/Zr Ti/Zr

1925.6 56.4 1.4 26.6 27.8

1926 65.4 1.7 28.3 31.3

1926.3 59.4 1.5 28.0 27.9

1926.6 57.6 1.5 26.8 28.0

1927 63.3 2.2 27.0 24.7

1927.3 48.8 1.9 24.0 25.8

1927.6 60.1 1.6 27.5 32.1

1928 52.0 1.5 29.6 30.1

1928.3 61.0 1.7 30.1 32.1

1928.6 57.7 1.6 26.3 31.0

1929 50.6 1.3 24.3 28.6

1929.3 52.8 1.2 24.8 28.1

1929.6 52.7 1.3 24.4 28.0

1930 42.9 1.2 21.5 25.3

1930.3 48.3 1.1 22.2 26.5

1930.6 54.1 1.4 24.5 28.5

1931 54.6 1.4 25.0 28.6

1931.3 59.5 1.2 23.7 29.3

1931.6 58.7 1.3 25.1 30.2

1932 57.0 1.3 25.7 28.4

1932.3 58.0 1.5 26.5 29.5

1932.6 57.3 1.5 24.4 27.9

1933.7 52.6 1.3 24.8 28.8

1934 53.3 1.3 23.9 28.4

1934.3 58.3 1.4 24.3 30.2

1934.6 62.5 1.6 28.0 31.7

1935 62.0 1.4 26.7 30.7

1935.3 65.6 1.5 28.0 31.3

1935.6 61.1 1.4 25.9 29.7

1936 52.0 1.3 23.6 30.0

1936.3 48.4 1.5 21.8 27.9

1936.6 57.2 2.0 23.8 29.9

1937 54.4 1.8 24.6 26.2

1937.3 56.6 1.5 25.4 27.7

1937.6 55.1 1.5 23.3 28.6

1938 53.4 2.2 24.0 25.8

1938.3 49.2 2.0 20.5 23.9

1938.6 41.4 1.2 19.6 22.1

1939 35.2 1.2 17.6 21.3

1939.3 41.1 1.4 21.6 23.4

1939.6 39.0 1.5 23.7 25.5

1940 37.1 1.6 21.9 24.2

1940.3 55.9 2.0 21.1 26.7

1940.6 66.1 2.4 24.6 29.6

1940.8 72.9 2.5 24.7 35.6
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rnple Mg/Zr Mn/Zr Na/Zr Ti/Zr

1941 49.3 1.9 20.4 30.2

1941.5 47.2 1.6 24.1 28.0

1941.9 57.8 1.8 26.3 30.9

1942.5 57.9 1.8 23.8 31.5

1943 63.4 1.9 27.5 32.0

1943.5 58.8 1.9 22.5 32.6

1944 59.0 1.8 22.9 36.0

1944.5 64.7 1.9 27.4 36.8

1945 59.6 1.8 22.9 36.5

1945.5 54.3 2.1 36.0 37.1

1946 50.9 1.5 21.9 33.8

1946.5 45.6 1.4 23.0 31.1

1947 39.5 1.3 19.0 32.0

1947.5 37.4 1.1 18.9 26.9

1948 42.2 1.2 18.4 29.3

1948.5 48.5 1.4 20.6 30.0

1949 53.5 1.4 20.7 33.7

1949.5 24.5 0.6 15.0 29.3

1950 53.4 1.5 25.1 33.0
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The following are the Zr-normalized data for the Bass River Borehole.

45Sc/Zr 51 V/Zr 52Cr/Zr

1 925 1 925 1 925

1930

0
2 1935
LI-

Ca
a,
U)

0

1940
a,
a,
U-

1945

1930

0
2 1935
U-

Ca
a,

(/)

1940
a,
a,
U-

1945

1930

0
2 1935
U
ca
a,

C,)

0

1940
a,
a,
LI-

1945

1950 I

0.055 0.205

59Co/Zr

1950 "e
0.300 1.300

60N1/Zr

1950 Ie I

0.4 0.9 1.4

65Cu/Zr

1925 1925 H
1925

1.

1930 1930 1930

2 1935 I 2 1935 2 1935
U- Ip LI- U-

Caa, Ca
I a, a,

U)
I

C/) C,)I,
2 I 2 2

1940 H 1940 1940

a a, a,
U- U- LI-

1945 -J 1945 1945

1950 1950 1950

0.020 0.220 0.10 0.60 0.045 0.245

L
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66Zn/Zr 75As/Zr 77Se/Zr

1925 1925 1925

1930 1930 1930

1935 11935 1935

1940 1940 194O-

I-I- U- U-

1945--- 1945- 1945

1950 1950 1950

0.25 1.25 2.25 0.03 0.23 0.006 0.056

. .._ ..J
[ ............... -

85Rb/Zr 86Sr/Zr 89Y/Zr

1925 ---i 1925 1925

1930 1930 1930-------

21935- 21935- 21935
U- U- U-

Q) I

Cl) Cl) (I)

1940 -i
1940 1940

1945 1945 1945

1950- 1950 1950

L..

0.0000200 OAOO
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195Mo/Zr 1 O7Ag/Zr 11 2Cd/Zr

1925

H;
1925 1925

PT1
1930 1930 1930

2 1935 0
.2 1935

02 1935
U- U- U-

Ca
a)

Ca
G)

(a
a)

U) Cl) Cl)

o 0 0

1940 4 1940 1940

a) a) G)
IL U- U.

1945 1945 1945
p

1950 1950 1950
0.000 0.010 0.020 0.000 0.002 0.004 0.000 0.005

118Sf/Zr l2lSb/Zr I 133Cs/Zr

1925 1925 1925

1930 4:: 1930 -1 1930

I2 1935 i 2 1935 -i 2 1935
U- U- I U-

Ca
a) a)

(a
a)

U) Cl) Cl)

.2 2 2
1940 1940 1940

a) a) a)
U- U- U-

1945 1945 --1 1945

1950 1950 1950
0.000 0.020 0.040 0.000 0.005 0.000 0.050 0.100



135Ba/Zr

1925 r

1930

0
.2 1935
IL

ca
a)
U)

0

1940
a)
G)
IL

1945

182W/Zr 197Au/Zr

1925 1925
C

I

1930 1930

0
0
01.21935

U..
Ca

Ca C)
I

1940

a)
a)
a)

C)
IL

LL

1945
1945

19501
1950 0.000 0.000 0.001

0.00 0.01 0.02 0 5 0

--I

208 Pb/Zr

1925
i

1930 1930

°R.2 1935 .2 1935
IJ_ IL

Ca Ca
a) a)

Ci) (1)

i0 0
1940 - 1940

G) a)
IL U..

1945
I

1 1945

1950

0.000 0.005 0.010 0.00 0.20 0.40

209B1/Zr

1925

1 930

0
.2 1935
U-

Ca
a)

(I)

0

1940
a)
a)
IL

1945

1 950 '*
0.000 0.005

L
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232Th/Zr I 238U/Zr

1925 1925
i

1930

21935

1930

1 21935
LL

cc cc
a

(I) C/)

1940 194O

1945 1945

1950 1950

0.00 0.10 0.20 0.00 0.02 0.04

Ba/Zr Ca/Zr

1925

1930

0
2 1935
LJ

cc
a
Co

0
1940

a
a
U-

1945

1950 -1--

1.5 4.5

1925

1930

0
2 1935
IL

cc
a
C')

0

1940
a
a
U-

1945

1 950

0

1 925

1930

1935

1940
a
a
U-

1945

1950

100

Fe/Zr

600
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Mg/Zr Mn/Zr

1925 1925

1930 1930

1940 1940

G)
l)

1945 1945

1950 1950
23 73 123 05

1925 r

1930

0
21935
LI.

U)

0
1940

LI.

1945

1950ic
20 40 60

Na/Zr

1925ri
1930

0
21935
U.

1940
C)
C)
U.

1945

1950

5.5 15 35 55

160
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Core Position

The following are Zr-normalized data for ODP Site 1138.
Core positions are meters below sea level.

45ScIZr 51V/Zr 53Cr/Zr 59Co/Zr 6ONi/Zr

652.13 0.20 0.78 1.71 0.13 1.21
652.38 0.19 0.85 2.16 0.12 1.39
653.2 0.17 1.07 0.84 0.15 0.84

653.42 0.20 0.95 0.89 0.14 0.65
653.72 0.16 0.89 0.85 0.10 0.41
653.91 0.15 0.87 0.83 0.10 0.40
654.08 0.16 0.87 0.93 0.12 0.55
654.3 0.08 0.54 0.41 0.08 0.22
654.5 0.17 0.99 1.15 0.22 0.88
654.7 0.16 0.94 1.06 0.10 0.37
654.9 0.21 1.23 1.34 0.24 0.76
655.1 0.20 1.01 1.09 0.17 0.66
655.3 0.21 4.97 1.75 0.28 1.66
655.5 0.20 13.72 3.19 0.29 2.13

655.72 0.22 1.59 1.75 0.21 1.17
655.9 0.23 1.20 1.24 0.21 1.02
656.1 0.22 1.48 1.24 0.21 1.07
656.3 0.20 1.77 2.41 0.35 1.68

656.42 0.16 0.75 0.80 0.13 0.55
656.52 0.21 1.34 1.84 0.23 1.36
656.58 0.22 1.11 1.26 0.19 1.07
656.6 0.22 1.08 1.23 0.19 1.17
656.7 0.22 1.08 1.24 0.21 0.96

656.78 0.22 1.25 1.32 0.27 0.84
656.88 0.15 1.35 1.20 0.09 0.61
656.98 0.21 6.28 3.07 0.20 1.88
657.08 0.13 2.26 1.23 0.11 0.66
657.1 0.07 1.80 0.93 0.93 31.86

657.18 0.14 1.74 1.67 0.10 0.96
657.2 0.21 3.35 3.37 0.18 1.92
657.28 0.15 1.52 1.52 0.09 0.84
657.38 0.15 7.91 2.83 0.16 1.64
657.48 0.13 0.51 0.74 0.17 0.47
657.58 0.13 0.45 0.65 0.24 0.51
657.68 0.17 0.63 1.26 0.21 0.38
657.78 0.29 1.95 2.77 0.52 0.80
657.88 0.13 0.63 1.41 0.27 0.44
657.98 0.47 2.01 4.49 1.16 1.79
658.06 0.49 2.12 4.74 1.77 2.33
658.09 0.38 1.67 3.48 0.72 1.11
658.18 0.44 1.87 4.09 0.63 0.86
658.28 0.41 2.39 2.72 0.60 0.77
658.38 0.46 2.43 2.60 0.90 0.98
658.48 0.15 1.02 0.77 0.46 0.47
658.59 0.30 2.14 1.60 0.63 0.73
658.68 0.28 2.13 1.71 1.98 1.35
658.78 0.28 1.46 1.80 0.54 0.60



Core Position

658.88

659
659.08

659.17

659.35

659.43

659.51

659.62

45Sc/Zr 51V/Zr 53Cr/Zr 59Co/Zr 6ONi/Zr

0.31 3.03 2.86 0.33 0.48
0.29 2.61 2.48 0.73 0.72
0.31 3.10 2.48 2.21 0.95

0.39 2.72 1.93 0.44 1.12

0.42 3.21 2.31 0.54 1.22

0.45 3.28 2.48 0.59 1.32

0.44 3.04 2.47 0.56 1.19
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Core Position 6SCu/Zr 66Zn/Zr 75AsIZr 77Se/Zr 85Rb/Zr

652.13 0.57 0.93 0.08 0.01 0.36
652.38 0.71 1.42 0.05 0.02 0.34
653.2 0.72 1.48 0.48 0.05 0.29

653.42 0.57 0.94 0.06 0.02 0.34
653.72 0.61 0.98 0.04 0.03 0.28
653.91 0.46 0.71 0.04 0.02 0.29
654.08 0.59 0.76 0.07 0.02 0.30
654.3 0.27 0.54 0.01 0.04 0.20
654.5 0.71 1.45 0.18 0.06 0.30
654.7 0.46 0.93 0.07 0.05 0.32
654.9 0.69 1.33 0.11 0.06 0.36
655.1 0.56 1.07 0.17 0.07 0.33
655.3 1.12 1.88 0.62 0.07 0.36
655.5 1.49 4.22 0.59 0.24 0.32

655.72 1.20 1.96 0.25 0.13 0.36
655.9 0.74 1.55 0.40 0.13 0.33
656.1 0.75 2.15 0.32 0.07 0.32
656.3 1.46 2.53 0.49 0.19 0.36

656.42 0.44 0.85 0.23 0.04 0.23
656.52 1.38 2.44 0.30 0.16 0.37
656.58 0.88 1.61 2.07 0.08 0.32
656.6 0.79 2.09 0.69 0.06 0.33
656.7 0.85 0.99 0.85 0.06 0.34

656.78 0.79 0.97 0.24 0.07 0.32
656.88 0.81 1.80 0.10 0.09 0.22
656.98 1.69 3.66 0.36 0.35 0.36
657.08 0.76 0.74 0.28 0.10 0.21
657.1 0.70 0.84 542.36 1.48 0.28

657.18 1.04 2.28 0.16 0.15 0.25
657.2 1.73 9.62 0.37 0.31 0.38

657.28 0.97 2.04 0.14 0.16 0.25
657.38 1.35 3.94 0.30 0.33 0.37
657.48 0.49 0.96 0.45 0.03 0.19
657.58 0.37 0.71 0.16 0.01 0.19
657.68 0.34 0.69 0.14 0.03 0.94
657.78 0.72 1.40 0.13 0.09 1.81
657.88 0.19 0.58 0.09 0.05 1.00
657.98 0.30 1.65 0.45 0.13 4.69
658.06 0.29 1.87 0.53 0.08 5.00
658.09 0.41 1.34 0.47 0.06 3.11
658.18 0.26 1.26 0.42 0.06 3.94
658.28 0.29 1.39 0.35 0.03 3.07
658.38 0.23 1.31 0.42 0.02 3.62
658.48 0.20 0.48 0.35 0.01 0.78
658.59 0.40 4.29 0.63 0.02 1.76
658.68 0.39 1.81 0.85 0.02 1.53
658.78 0.40 2.28 0.75 0.02 1.62
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Core Position 65Cu/Zr 66ZnIZr 75AsIZr 77Se/Zr 85Rb/Zr
658.88 0.30 2.42 0.39 0.04 3.02

659 0.89 0.73 0.24 0.03 2.28
659.08 0.42 0.76 0.30 0.03 2.05
659.17 0.22 0.75 0.30 0.02 2.35
659.35 0.43 1.12 0.58 0.04 0.37
659.43 0.50 1.25 0.69 0.05 0.41
659.51 0.46 1.26 0.69 0.06 0.44
659.62 0.46 1.17 0.65 0.05 0.42
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Core Position 86Sr/Zr 89Y/Zr 95MoIZr lO7Ag/Zr ll2Cd/Zr

652.13 69.3 1.20 0.153 0.008 0.018
652.38 49.5 0.84 0.271 0.007 0.007
653.2 25.3 0.61 0.027 0.013 0.008

653.42 36.3 0.82 0.011 0.005 0.006
653.72 15.4 0.39 0.008 0.007 0.006
653.91 16.3 0.38 0.008 0.004 0.005
654.08 15.9 0.40 0.009 0.005 0.005
654.3 5.1 0.17 0.001 0.003 0.008
654.5 16.6 0.44 0.022 0.005 0.005
654.7 18.7 0.62 0.010 0.004 0.005
654.9 21.6 0.82 0.016 0.005 0.005
655.1 21.7 1.81 0.012 0.005 0.005
655.3 39.6 0.83 0.179 0.007 0.020
655.5 32.2 1.19 0.367 0.012 0.046

655.72 22.0 0.52 0.040 0.007 0.008
655.9 16.8 0.37 0.053 0.005 0.005
656.1 18.6 0.38 0.020 0.005 0.008
656.3 22.2 0.58 0.066 0.009 0.007

656.42 9.2 0.24 0.013 0.003 0.004
656.52 23.3 0.65 0.048 0.007 0.005
656.58 14.6 0.42 0.023 0.006 0.011
656.6 15.6 0.41 0.019 0.005 0.008
656.7 16.9 0.38 0.028 0.005 0.007

656.78 15.2 0.44 0.028 0.006 0.006
656.88 9.7 0.32 0.024 0.004 0.004
656.98 23.4 2.19 0.127 0.012 0.013
657.08 10.8 0.36 0.068 0.003 0.004
657.1 4.3 0.24 1.189 0.007 0.051

657.18 12.2 0.34 0.041 0.008 0.004
657.2 21.8 0.52 0.108 0.016 0.010

657.28 12.0 0.98 0.038 0.006 0.004
657.38 9.6 0.88 0.114 0.024 0.030
657.48 6.2 0.11 0.018 0.004 0.003
657.58 2.7 0.10 0.011 0.003 0.003
657.68 2.7 0.28 0.012 0.003 0.003
657.78 5.2 0.72 0.025 0.008 0.017
657.88 2.3 0.78 0.006 0.003 0.003
657.98 8.4 1.31 0.015 0.005 0.017
658.06 8.3 0.91 0.030 0.005 0.049
658.09 7.7 0.71 0.018 0.005 0.008
658.18 7.8 0.66 0.014 0.005 0.006
658.28 5.6 0.29 0.011 0.005 0.011
658.38 3.5 0.16 0.009 0.004 0.007
658.48 3.0 0.06 0.005 0.002 0.003
658.59 6.4 0.14 0.009 0.004 0.007
658.68 5.6 0.13 0.009 0.004 0.006
658.78 6.6 0.14 0.009 0.004 0.011
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Core Position 86Sr/Zr 89Y/Zr 9SMo/Zr lO7Ag/Zr 1 l2Cd/Zr
658.88 3.9 0.25 0.008 0.004 0.020

659 3.5 0.16 0.009 0.003 0.005
659.08 3.3 0.15 0.008 0.004 0.006
659.17 2.3 0.22 0.007 0.003 0.004
659.35 14.0 0.68 0.036 0.004 0.016
659.43 15.4 0.78 0.037 0.005 0.042
659.51 17.1 0.85 0.037 0.005 0.022
659.62 15.3 0.74 0.032 0.003 0.021
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Core Position I ll8Sn/Zr l2lSb/Zr 133Cs/Zr 137Ba/Zr 182W/Zr

652.13 0.209 0.005 0.010 78.6 0.014
652.38 0.023 0.007 0.017 46.8 0.011
653.2 0.015 0.010 0.017 63.0 0.011
653.42 0.017 0.005 0.019 51.0 0.012
653.72 0.016 0.005 0.017 78.8 0.008
653.91 0.015 0.003 0.017 47.9 0.008
654.08 0.015 0.005 0.018 71.1 0.011
654.3 0.013 0.003 0.009 32.5 0.005
654.5 0.016 0.004 0.018 61.5 0.007
654.7 0.017 0.003 0.020 41.9 0.008
654.9 0.014 0.005 0.024 72.2 0.011
655A 0.016 0.005 0.022 53.0 0.011
655.3 0.017 0.010 0.017 129.0 0.007
655.5 0.015 0.016 0.014 214.7 0.005
655.72 0.014 0.009 0.020 137.7 0.007
655.9 0.013 0.006 0.022 90.0 0.010
656.1 0.014 0.008 0.021 71.0 0.009
656.3 0.013 0.014 0.019 183.1 0.006
656.42 0.008 0.004 0.016 37.6 0.008
656.52 0.014 0.012 0.022 202.1 0.007
656.58 0.013 0.011 0.022 93.2 0.011
656.6 0.014 0.006 0.023 83.2 0.011
656.7 0.013 0.007 0.024 100.5 0.009
656.78 0.013 0.006 0.023 77.8 0.009
656.88 0.009 0.006 0.014 82.2 0.004
656.98 0.015 0.022 0.021 253.2 0.005
657.08 0.008 0.006 0.013 81.6 0.004
657.1 0.009 2.494 0.008 27.7 0.006
657.18 0.010 0.008 0.015 145.5 0.004
657.2 0.015 0.021 0.021 279.4 0.005
657.28 0.010 0.008 0.016 154.0 0.004
657.38 0.012 0.031 0.017 229.6 0.004
657.48 0.010 0.005 0.015 45.8 0.005
657.58 0.009 0.002 0.016 33.5 0.006
657.68 0.008 0.003 0.035 26.4 0.005
657.78 0.014 0.006 0.068 19.7 0.008
657.88 0.006 0.002 0.038 14.6 0.003
657.98 0.014 0.008 0.141 40.7 0.005
658.06 0.015 0.008 0.149 8.8 0.006
658.09 0.014 0.005 0.097 33.3 0.007
658.18 0.013 0.003 0.122 0.5 0.005
658.28 0.011 0.004 0.087 0.9 0.006
658.38 0.010 0.004 0.090 0.2 0.005
658.48 0.006 0.002 0.021 0.1 0.004
658.59 0.011 0.005 0.049 0.6 0.008
658.68 0.011 0.004 0.042 1.2 0.008
658.78 0.028 0.004 0.049 0,3 0.009



Core Position Ill8SnIZr
658.88 0.011

659 0.011
659.08 0.011
659.17 0.011
659.35 0.015
659.43 0.017
659.51 0.015
659.62 0.015

l2lSb/Zr 133Cs/Zr 137Ba/Zr 182W/Zr
0.004 0.072 0.3 0.008
0.004 0.060 0.2 0.008
0.003 0.052 1.4 0.009
0.003 0.051 0.1 0.007
0.009 0.006 0.3 0.012
0.010 0.007 0.3 0.014
0.009 0.005 0.3 0.013
0.009 0.007 0.2 0.013
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Core Position I 197Au/Zr 2O5TIJZr 2O8PbIZr 2O9Bi/Zr 232Th/Zr

652.13 0.0026 0.002 0.18 0.003 0.022
652.38 0.0010 0.002 0.16 0.003 0.035
653.2 0.0009 0.001 0.14 0.002 0.029

653.42 0.0008 0.002 0.15 0.003 0.032
653.72 0.0010 0.002 0.11 0.002 0.037
653.91 0.0009 0.002 0.10 0.002 0.039
654.08 0.0008 0.001 0.12 0.003 0.032
654.3 0.0007 0.002 0.06 0.002 0.026
654.5 0.0013 0.003 0.12 0.002 0.042
654.7 0.0007 0.002 0.11 0.002 0.043
654.9 0.0008 0.003 0.13 0.002 0.039
655.1 0.0007 0.002 0.13 0.001 0.036
655.3 0.0008 0.010 0.15 0.002 0.043
655.5 0.0007 0.026 0.14 0.002 0.039

655.72 0.0013 0.003 0.12 0.002 0.042
655.9 0.0008 0.003 0.13 0.001 0.035
656.1 0.0008 0.002 0.15 0.001 0.037
656.3 0.0013 0.005 0.12 0.001 0.041

656.42 0.0006 0.001 0.09 0.001 0.027
656.52 0.0009 0.004 0.13 0.002 0.044
656.58 0.0008 0.002 0.17 0.001 0.037
656.6 0.0007 0.002 0.14 0.001 0.038
656.7 0.0008 0.003 0.13 0.002 0.040

656.78 0.0010 0.003 0.12 0.001 0.037
656.88 0.0006 0.002 0.07 0.001 0.030
656.98 0.0011 0.008 0.14 0.002 0.052
657.08 0.0006 0.005 0.06 0.001 0.025
657.1 0.0013 0.142 0.24 0.001 0.043

657.18 0.0008 0.003 0.07 0.001 0.033
657.2 0.0010 0.006 0.12 0.002 0.048

657.28 0.0007 0.003 0.08 0.001 0.037
657.38 0.0008 0.011 0.08 0.002 0.037

657.48 0.0006 0.002 0.08 0.002 0.026
657.58 0.0006 0.001 0.07 0.001 0.024
657.68 0.0006 0.001 0.06 0.001 0.023
657.78 0.0011 0.004 0.10 0.002 0.041
657.88 0.0004 0.003 0.03 0.001 0.019
657.98 0.0008 0.007 0.08 0.001 0.021
658.06 0.0007 0.008 0.08 0.001 0.019
658.09 0.0009 0.007 0.07 0.001 0.029
658.18 0.0010 0.003 0.04 0.001 0.024
658.28 0.0007 0.004 0.05 0.001 0.023
658.38 0.0006 0.003 0.07 0.000 0.017
658.48 0.0004 0.003 0.03 0.000 0.013
658.59 0.0007 0.003 0.06 0.001 0.025
658.68 0.0007 0.004 0.06 0.001 0.024
658.78 0.0008 0.005 0.05 0.001 0.023
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Core Position 197Au/Zr 205T1/Zr 2O8Pb/Zr 2O9BiJZr 232Tb/Zr
658.88 0.0006 0.003 0.04 0.000 0.017

659 0.0009 0.001 0.05 0.000 0.023
659.08 0.0007 0.001 0.06 0.000 0.022
659.17 0.0006 0.000 0.06 0.000 0.022
659.35 0.0006 0.000 0.04 0.00 1 0.024
659.43 0.0007 0.000 0.05 0.00 1 0.029
659.51 0.0000 0.000 0.04 0.000 0.027
659.62 0.0007 0.000 0.05 0.000 0.030
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Core Position 1238U/Zr Al/Zr Ba/Ar Ca/Ar Fe/Ar

652.13 0.000 674.8 69.5 19143 326.7

652.38 0.004 710.6 41.7 12766 362.6

653.2 0.014 641.2 59.9 8077 342.1

653.42 0.014 779.9 48.0 9250 377.7

653.72 0.015 549.8 76.1 3410 303.9

653.91 0.011 579.3 45.9 3767 314.5

654.08 0.016 581.2 68.4 4079 298.5

654.3 0.010 328.6 26.6 1841 177.6

654.5 0.028 949.2 59.2 3475 508.0

654.7 0.019 595.0 39.3 4612 334.7

654.9 0.031 881.6 69.6 5997 441.9

655.1 0.068 703.2 49.8 5516 397.1

655.3 0.069 1219.5 121.8 10011 681.6

655.5 0.147 1675.9 213.5 7425 665.7

655.72 0.061 997.3 131.8 3671 538.2

655.9 0.040 657.5 85.3 3178 569.0

656.1 0.049 681.4 59.1 3350 400.5

656.3 0.081 1399.9 174.8 2811 709.1

656.42 0.036 531.6 35.0 1460 284.9

656.52 0.067 1296.6 193.2 3633 655.4

656.58 0.042 782.6 84.8 2813 433.9

656.6 0.042 758.6 76.6 2952 406.4

656.7 0.044 942.1 92.4 3145 494.1

656.78 0.055 907.8 71.1 2189 460.3

656.88 0.05 1 547.3 78.3 207 294.8

656.98 0.211 1044.6 238.6 759 586.8

657.08 0.082 606.1 75.2 233 335.3

657.1 0.035 13741.2 8.7 59 7328.7

657.18 0.068 552.5 133.1 138 285.8

657.2 0.128 1062.8 261.0 188 574.5

657.28 0.082 487.6 137.1 230 261.8

657.38 0.112 795.1 188.9 263 416.0

657.48 0.029 635.7 40.2 146 354.3

657.58 0.023 541.1 29.7 76 300.3

657.68 0.033 1036.0 23.0 110 545.4

657.78 0.059 1747.8 16.5 1054 962.7

657.88 0.031 958.2 12.8 381 518.0

657.98 0.073 4284.5 34.8 2734 2303.9

658.06 0.065 4259.8 13.5 4803 2446.4
658.09 0.064 3118.8 27.6 2341 1637.3

658.18 0.052 3838.6 0.9 2560 2031.5

658.28 0.059 3061.1 1.3 1407 1633.3

658.38 0.039 3325.2 0.2 599 1904.5

658.48 0.027 904.0 0.3 445 514.1

658.59 0.051 1988.6 1.0 804 1059.4

658.68 0.041 1917.5 1.9 772 1037.0

658.78 0.046 2098.8 0.6 923 1107.4



Core Position

658.88

659
659.08

659.17

659.35

659.43

659.51

659.62

238U/Zr Al/Zr Ba/Ar Ca/Ar Fe/Ar
0.047 3435.5 0.3 484 1838.3

0.019 2715.1 0.3 755 1484.3

0.020 2605.8 2.2 615 1411.3

0.008 3282.6 0.3 398 1750.0

0.000 2475.4 0.6 17149 1284.9

0.000 2984.5 0.0 19223 1552.9

0.000 2662.4 0.1 21770 1543.8

0.000 2865.5 0.5 16783 1432.1
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Core Position Mg/Zr Mn/Zr Na/Zr Ti/Zr

652.13 154.9 51.0 288.7 74.9
652.38 155.7 31.2 156.7 68.4
653.2 134.1 18.1 128.3 70.2

653.42 150.6 23.5 128.6 77.4
653.72 117.0 5.1 114.8 67.5
653.91 120.7 6.4 129.0 64.7
654.08 116.8 6.3 153.9 75.9
654.3 65.2 3.0 69.4 36.0
654.5 118.9 5.4 155.3 78.2
654.7 120.0 7.2 113.8 70.1
654.9 147.4 10.5 156.8 82.7
655.1 134.3 10.7 118.8 78.9
655.3 128.1 22.8 217.2 78.8
655.5 113.9 16.7 218.5 76.0

655.72 126.2 5.6 176.4 82.5
655.9 134.0 5.1 136.0 88.0
656.1 120.6 5.4 144.4 71.7
656.3 115.5 5.8 197.7 76.2

656.42 95.2 2.4 93.5 56.3
656.52 122.8 6.2 176.6 80.3
656.58 142.7 4.1 128.4 84.2
656.6 138.6 4.6 127.4 84.9
656.7 142.2 4.3 142.5 83.8

656.78 132.4 3.4 150.5 88.8
656.88 80.5 1.0 106.8 53.0
656.98 105.6 1.8 188.4 66.0
657.08 72.1 1.0 112.2 54.9
657.1 16.4 0.6 45.0 12.7
657.18 74.4 1.0 110.3 47.3
657.2 111.1 1.6 183.9 75.5
657.28 72.4 1.1 100.6 42.3
657.38 78.9 1.0 137.1 43.3
657.48 85.0 0.8 98.3 49.8
657.58 85.8 0.8 71.7 49.0
657.68 134.6 0.8 75.3 43.5
657.78 236.5 2.5 127.7 75.8
657.88 115.4 1.1 48.6 30.9
657.98 454.2 8.4 107.0 54.8
658.06 468.6 18.7 97.9 64.2
658.09 334.7 7.8 109.3 70.0
658.18 384.5 7.4 128.4 68.2
658.28 306.8 2.7 93.0 72.4
658.38 313.8 1.9 99.9 58.5
658.48 101.2 0.8 63.8 49.7
658.59 191.3 1.6 123.3 88.4
658.68 193.0 1.5 120.9 93.9
658.78 197.2 1.6 136.8 97.4
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Core Position Mg/Zr Mn/Zr Na/Zr Ti/Zr
658.88 270.4 1.8 119.1 74.9

659 255.6 1.7 109.6 85.7

659.08 236.1 1.5 112.7 86.8

659.17 254.2 1.6 101.9 77.3

659.35 212.9 53.3 213.4 84.5

659.43 224.1 61.8 244.7 94.3

659.51 245.1 69.5 238.7 98.6

659.62 219.0 47.8 254.9 93.1
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The following are the Zr-normalized data for ODP Site 1138

45Sc/Zr 51 V/Zr 52Cr/Zr

652 652 652

653 653 653

654 654- ----- 654

655

L
655I 655

656f_- -----H 656 656

657 ---------. 657 657

658 ----j 658 658

659 659 659

660 660 660-
0.075 0.575 0 10 0.3 5.3

59Co/Zr
I 6ONi/Zr 65Cu/Zr

652 652 652

653 653 653

654 ----H 654 654

655 655 655

656 ----. 656 656 - __
657 ---- -- 657 657

658---- 658 658

659 659- H 659

660 660 660
0 2

___ ___j L

0.2 2.2 4.2 0.15 1.15 2.15



176

652

653

654

655

- 656

657

658

659

660

66Zn/Zr

652

653

654

655

- 656

657

658

659

660

75As/Zr

-i 652

653

654

655

- 656

657

658

659

660

0

77Se/Zr

---i

--

_______

-j
------H-i

0 10 20 0 500 1000J 1 2

652

653

654

655

- 656

657

658

659

660

L

85Rb/Zr

r

652

653

654

655

656

657

658

659

660

86Sr/Zr

/

H

iJ

652

653

654

655

656

657-

658

659

660

L
0

89Y/Zr

H

-H

--j

2 4



95Mo/Zr lO7Ag/Zr 1 l2Cd/Zr
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657 _________ 657 657 _______

658 658 658 ______

659 659 659

660 660 660 J
0 1 2 0.000 0.020 0.040 0 0.05 0.1

118Sf/Zr
I

l2lSb/Zr 133Cs/Zr

652 652 652

::: H :::

655 655 655

656 -i .656
-j

. 656

657 657 _________ 657 H
658 658 658

659 659 659

660 660 660
0.00 0.20 0.40 0.00 2.00 4.00 0.00 0.10 0.20

177



135Ba/Zr

6

6

6

6

6

6

6

6

205T1/Zr

___.

1 62W/Zr

652

653

654

655

656

657

658

659

660

0.000 0.010 0.020

208Pb/Zr

652

653

654

655

656

657

658

659

660

0.000 0.200 0.400

1 97Au/Zr

652

653

654

655

.656

657

658

659

-4

660

0 0.002 0.004

652

653

654

655

656

657

658

659

660

0

209Bi/Zr

0.2 0.4

178



232Th/Zr

Ba/Zr

238U/Zr

652

653

654

655

- 656

657

658

659

660

0

Ca/Zr

20000

Fe/Zr

652

653

654

655

656

657

658

659 -H
660

0 2000 4000

179



652

653

654

655

656

657

658

659

660

10

Mg/Zr Mn/Zr Na/Zr

Ti/Zr

510

652

653

654

655

- 656

657

658

659

660

0 50 100

652

653

654

655

-656

657

658

659

660

40 540



181

The following are the Zr-normalized data for the
Baranca el Canon section. Samples are meters above base.

ample 45Sc/Zr 51V/Zr 53Cr/Zr 59CoIZr 60N1/Zr

82.4 0.083 0.49 2.68 0.28 1.82
81.6 0.170 1.47 1.80 0.49 1.94
81 0.356 2.16 4.90 2.34 7.52

80.6 0.118 0.67 2.83 0.46 3.22
80 0.153 0.85 10.33 0.64 5.89

79.4 0.094 0.79 0.71 0.20 1.18
79 0.062 0.59 0.55 0.08 0.60

78.5 0.084 0.60 1.18 0.13 1.16
77.8 0.113 1.00 1.05 0.18 2.32
77.3 0.063 0.78 0.83 0.46 1.27
76.8 0.050 0.53 1.63 0.53 1.52
76.3 0.060 0.54 0.68 0.25 0.76
75.9 0.059 0.53 0.70 0.34 1.24
75.3 0.038 0.36 0.37 0.26 0.97
75 0.045 0.73 1.88 0.45 2.33

74.5 0.027 0.93 1.91 0.55 4.84
73.8 0.091 0.79 0.34 0.12 1.56
73.4 0.102 0.65 0.46 0.23 2.66
73 0.077 0.44 0.27 0.19 2.38

72.5 0.210 1.33 1.10 0.70 5.30
71.7 0.102 0.64 5.54 0.25 4.64
70.4 0.092 0.57 0.55 0.14 0.83
69.7 0.057 0.47 0.45 0.17 0.80
69 0.136 0.89 1.20 0.36 2.37

68.6 0.178 1.04 0.78 0.45 2.43
68 0.047 0.67 0.81 0.16 1.17

67.5 0.147 1.49 1.64 0.50 3.24
67 0.135 1.23 2.02 0.51 3.19

66.6 0.089 0.49 1.47 0.23 0.81
65.6 0.191 0.55 2.18 0.52 2.23
65 0.126 0.79 0.62 0.23 0.77

64.5 0.074 0.52 0.62 0.23 1.05
64 0.129 0.56 0.71 0.56 2.96

63.4 0.075 0.55 1.17 0.30 1.70
63 0.091 0.39 0.41 0.19 0.64

62.5 0.119 0.53 2.56 0.24 1.53
62.1 0.086 0.36 0.32 0.10 0.16
61.5 0.096 0.49 0.49 0.17 0.39
60.8 0.117 0.50 0.78 0.09 0.25
60.5 0.123 1.21 2.08 0.47 2.94
59.8 0.028 0.18 0.39 0.09 0.49
59.5 0.357 1.44 3.57 1.87 6.19
58.9 0.374 2.84 3.40 1.01 2.74
58.5 0.188 1.26 1.27 0.36 1.66
57.3 0.714 4.83 3.76 1.40 7.06
56.9 0.314 3.79 1.64 1.06 4.24
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ample 45Sc/Zr 51VIZr 53Cr/Zr 59Co/Zr 6ONi/Zr
56.6 0.215 2.70 0.98 0.46 2.05
56.2 0.163 2.00 3.37 0.99 5.63
55.8 0.182 2.66 2.30 1.08 3.23
55.5 0.210 1.62 13.16 0.60 3.94
55 0.150 1.07 0.58 0.43 1.12
54.5 0.115 0.51 2.86 0.30 1.55

54 0.185 0.57 1.08 0.46 1.08

53.5 0.211 1.19 2.09 0.43 1.55

53 0.286 1.43 1.79 0.50 1.04
52.2 0.254 1.08 3.11 0.31 1.18
51.5 0.692 4.09 7.11 0.46 1.99
51 0.783 8.42 10.01 1.07 4.59
50.6 0.096 1.64 0.48 0.09 0.47
50.3 0.123 1.06 0.68 0.19 0.44
49.7 0.114 1.62 0.44 0.17 0.36
48.8 0.201 1.86 1.01 0.62 2.19
47.5 0.236 1.61 0.84 0.85 3.36
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ample 65CuIZr 66Zn/Zr 75As/Zr 77SeIZr 85Rb/Zr

82.4 0.45 0.2 0.11 0.007 0.18
81.6 0.39 0.4 0.42 0.020 0.44
81 5.60 1.1 1.14 0.080 0.38

80.6 0.46 0.8 0.52 0.022 0.18
80 3.84 2.7 0.38 0.032 0.13

79.4 0.21 0.0 0.20 0.012 0.32
79 0.10 0.6 2.02 0.003 0.24

78.5 0.10 0.1 0.36 0.013 0.21
77.8 0.41 8.3 0.39 0.020 0.38
77.3 1.14 2.2 0.34 0.180 0.24
76.8 1.56 2.2 0.88 0.201 0.23
76.3 0.73 0.7 1.23 0.002 0.32
75.9 1.09 9.8 0.49 0.038 0.37
75.3 0.84 1.9 0.52 0.056 0.18
75 1.63 5.7 0.60 0.031 0.31

74.5 2.58 5.7 0.44 0.223 0.52
73.8 0.35 2.9 0.41 0.016 0.28
73.4 0.24 2.1 0.06 0.027 0.25
73 0.42 5.4 0.32 0.015 0.23

72.5 0.51 6.3 2.76 0.067 0.59
71.7 5.88 3.4 0.45 0.025 0.36
70.4 0.14 0.9 0.61 0.013 0.28
69.7 0.25 1.0 0.46 0.011 0.23
69 0.57 4.6 7.78 0.024 0.36

68.6 0.44 1.6 0.96 0.036 0.31
68 0.11 0.4 0.35 0.010 0.10

67.5 0.43 3.8 1.57 0.019 0.48
67 0.79 1.6 0.51 0.131 0.44

66.6 0.18 0.8 0.37 0.053 0.39
65.6 1.55 2.5 0.69 0.038 0.35
65 0.97 1.2 0.62 0.125 0.24

64.5 0.32 0.3 9.84 0.001 0.12
64 0.81 18.9 3.76 0.004 0.49

63.4 0.30 6.4 2.73 0.017 0.19
63 0.21 1.6 1.92 0.008 0.14

62.5 0.93 0.9 0.38 0.031 0.17
62.1 0.18 0.2 0.13 0.014 0.20
61.5 0.32 0.3 0.42 0.009 0.20
60.8 0.35 0.1 1.24 0.059 0.18
60.5 0.78 2.6 1.40 0.026 0.26
59.8 0.18 0.0 1.00 0.046 0.06
59.5 0.62 1.8 2.33 0.048 0.55
58.9 0.56 1.3 3.76 0.098 0.61
58.5 0.44 2.1 7.27 0.039 0.22
57.3 0.92 0.9 5.87 0.076 0.45
56.9 1.03 1.3 4.67 0.071 0.28
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6SCuIZr 66ZnJZr 7SAs/Zr 77Se/Zr 85Rb/Zr

56.2 0.75 2.0 6.26 0.047 0.34
55.8 1.10 3.3 1.62 0.063 0.30
55.5 1.66 0.7 3.44 0.044 0.26
55 0.30 0.1 1.51 0.042 0.22

54.5 0.66 5.0 0.84 0.103 0.28
54 0.42 0.1 1.67 0.125 0.33

53.5 0.87 1.3 0.12 0.044 0.42
53 0.99 1.0 0.33 0.029 0.49

52.2 0.66 4.0 0.15 0.004 0.24
51.5 0.81 1.1 0.26 0.062 0.98
51 2.15 4.0 1.80 0.912 0.63

50.6 0.16 0.3 0.52 0.023 0.55
50.3 0.47 0.5 0.32 0.038 0.70
49.7 0.26 0.7 0.15 0.029 0.52
48.8 0.19 2.5 1.04 0.134 0.94
47.5 0.84 3.5 0.19 0.186 1.60
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ample 86SrIZr 89Y/Zr 9SMo/Zr lO7Ag/Zr ll8Sn/Zr

82.4 44.3 0.22 0.09 0.004 0.006
81.6 84.2 0.45 0.16 0.003 0.020
81 339.1 1.29 0.33 0.011 0.023

80.6 110.1 0.39 0.13 0.003 0.016
80 167.7 0.62 0.25 0.000 0.039

79.4 66.9 0.33 0.05 0.004 0.007
79 28.5 0.30 0.24 0.008 0.006

78.5 51.6 0.33 0.13 0.003 0.010
77.8 105.9 0.51 0.10 0.006 0.074
77.3 66.4 0.96 0.04 0.005 0.043
76.8 74.5 0.39 0.43 0.006 0.042
76.3 30.7 0.11 0.09 0.004 0.041
75.9 51.2 0.18 0.07 0.006 0.047
75.3 45.5 0.29 0.05 0.005 0.036
75 74.3 0.24 0.12 0.009 0.078

74.5 128.0 0.28 0.14 0.016 0.074
73.8 73.3 0.24 0.13 0.002 0.037
73.4 133.7 0.93 0.09 0.008 0.094
73 105.1 0.22 0.05 0.012 0.084

72.5 309.0 0.55 0.61 0.010 0.086
71.7 144.9 0.20 0.11 0.006 0.025
70.4 50.6 0.17 0.04 0.003 0.010
69.7 33.1 0.23 0.03 0.004 0.055
69 95.6 0.55 0.35 0.008 0.054

68.6 109.9 0.28 0.10 0.004 0.036
68 33.4 0.09 0.01 0.003 0.010

67.5 121.7 0.49 0.10 0.005 0.185
67 112.6 0.44 0.03 0.008 0.019

66.6 35.8 0.19 0.03 0.002 0.015
65.6 84.8 0.69 0.06 0.003 0.074
65 24.6 1.07 0.02 0.002 0.035

64.5 43.8 0.11 0.05 0.004 0.017
64 138.6 0.33 0.07 0.007 0.107

63.4 75.3 0.23 0.19 0.006 0.179
63 26.9 0.27 0.03 0.003 0.015

62.5 25.0 0.39 0.04 0.003 0.019
62.1 5.1 0.17 0.01 0.003 0.012
61.5 8.0 0.26 0.01 0.003 0.013
60.8 28.7 0.65 0.02 0.005 0.014
60.5 107.7 0.99 0.23 0.003 0.023
59.8 19.9 0.45 0.09 0.003 0.003
59.5 310.6 2.14 0.43 0.107 0.000
58.9 159.8 0.76 0.11 0.006 0.034
58.5 61.3 0.34 0.49 0.002 0.009
57.3 302.0 1.74 1.28 0.010 0.010
56.9 222.7 1.15 0.09 0.093 0.007
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amPle I l2lSb/Zr 133Cs/Zr 137Ba/Zr 182W/Zr l97AuIZr

82.4 0.006 0.020 0.8 0.014 0.0010
81.6 0.023 0.043 1.8 0.099 0.0020
81 0.034 0.046 3.9 0.023 0.0115

80.6 0.022 0.019 2.0 0.016 0.0032
80 0.079 0.025 1.8 0.020 0.0049

79.4 0.011 0.030 1.3 0.012 0.0012
79 0.015 0.023 0.7 0.012 0.0008

78.5 0.010 0.020 1.0 0.014 0.0013
77.8 0.023 0.031 2.1 0.023 0.0028
77.3 0.007 0.018 3.3 0.013 0.0036
76.8 0.014 0.014 2.4 0.016 0.0020
76.3 0.030 0.027 2.6 0.019 0.0008
75.9 0.018 0.024 2.1 0.017 0.0014
75.3 0.006 0.013 1.5 0.004 0.0026
75 0.018 0.020 2.0 0.013 0.0022

74.5 0.016 0.020 3.2 0.020 0.0000
73.8 0.020 0.028 1.7 0.014 0.0014
73.4 0.020 0.03 1 2.9 0.03 1 0.0039
73 0.025 0.022 17.6 0.012 0.0155

72.5 0.048 0.067 11.9 0.038 0.0076
71.7 0.019 0.031 2.6 0.019 0.0028
70.4 0.007 0.025 1.0 0.013 0.0005
69.7 0.006 0.019 0.7 0.011 0.0006
69 0.269 0.030 1.5 0.027 0.0027

68.6 0.020 0.028 1.7 0.032 0.0020
68 0.007 0.009 1.0 0.006 0.0008

67.5 0.019 0.043 2.8 0.024 0.0024
67 0.019 0.039 16.5 0.019 0.0023

66.6 0.006 0.031 4.9 0.014 0.0006
65.6 0.011 0.038 3.6 0.025 0.0005
65 0.006 0.023 1.5 0.013 0.0008

64.5 0.066 0.012 1.7 0.011 0.0008
64 0.021 0.043 6.8 0.025 0.0029

63.4 0.012 0.021 2.2 0.012 0.0010
63 0.011 0.016 3.2 0.010 0.0009

62.5 0.004 0.022 2.5 0.015 0.0009
62.1 0.002 0.03 1 0.5 0.010 0.0002
61.5 0.048 0.031 3.5 0.016 0.0004
60.8 0.007 0.018 1.0 0.015 0.0005
60.5 0.049 0.032 12.9 0.013 0.0032
59.8 0.005 0.008 0.5 0.002 0.0003
59.5 0.024 0.071 3.1 0.048 0.0060
58.9 0.080 0.057 8.6 0.052 0.0029
58.5 0.046 0.028 4.0 0.026 0.0021
57.3 0.057 0.086 4.0 0.057 0.0048
56.9 0.050 0.043 18.4 0.057 0.0036



ample l2lSb/Zr 133Cs/Zr 137Ba/Zr 182W/Zr l97AuIZr
56.6 0.055 0.030 1.7 0.025 0.0125

56.2 0.070 0.041 2.7 0.047 0.0029

55.8 0.040 0.040 3.2 0.011 0.0057

55.5 0.225 0.034 1.6 0.036 0.0026

55 0.009 0.024 1.0 0.014 0.0017

54.5 0.036 0.029 1.2 0.018 0.0320

54 0.018 0.040 0.8 0.018 0.0018

53.5 0.005 0.071 0.9 0.015 0.0011

53 0.003 0.087 1.3 0.019 0.0011

52.2 0.003 0.048 0.5 0.008 0.0005

51.5 0.006 0.123 1.1 0.009 0.0015

51 0.033 0.107 3.0 0.021 0.0024

50.6 0.003 0.064 0.7 0.010 0.0005

50.3 0.003 0.090 2.9 0.012 0.0005

49.7 0.005 0.049 0.9 0.015 0.0008

48.8 0.022 0.115 2.0 0.026 0.0037

47.5 0.019 0.143 5.0 0.043 0.0037



ample 2O5TVZr 2O8Pb/Zr 2O9BIJZr 232ThIZr 238U/Zr

82.4 0.001 0.11 0.0014 0.014 0.06
81.6 0.005 0.26 0.0000 0.036 0.14
81 0.000 0.82 0.0000 0.011 0.46

80.6 0.003 0.28 0.0000 0.022 0.16
80 0.000 0.47 0.0000 0.025 0.23

79.4 0.004 0.18 0.0000 0.034 0.12
79 0.002 0.09 0.0000 0.024 0.06

78.5 0.001 0.13 0.0000 0.027 0.08
77.8 0.003 0.25 0.0057 0.031 0.10
77.3 0.002 0.24 0.0018 0.034 0.08
76.8 0.002 0.28 0.0020 0.034 0.07
76.3 0.013 0.15 0.0016 0.035 0.05
75.9 0.011 0.24 0.0028 0.035 0.05
75.3 0.003 0.19 0.0026 0.018 0.06
75 0.002 0.32 0.0067 0.042 0.10

74.5 0.004 0.52 0.0039 0.039 0.13
73.8 0.002 0.21 0.0020 0.028 0.09
73.4 0.004 0.30 0.0039 0.027 0.16
73 0.003 0.27 0.003 1 0.015 0.08

72.5 0.010 0.68 0.0000 0.038 0.32
71.7 0.003 0.29 0.0031 0.015 0.08
70.4 0.002 0.14 0.0000 0.023 0.05
69.7 0.001 0.12 0.0013 0.015 0.05
69 0.003 0.29 0.0082 0.019 0.10

68.6 0.000 0.34 0.0000 0.028 0.11
68 0.000 0.10 0.0011 0.007 0.04

67.5 0.000 0.69 0.0000 0.043 0.17
67 0.004 0.37 0.0000 0.027 0.19

66.6 0.006 0.11 0.0442 0.024 0.07
65.6 0.011 0.44 0.0000 0.035 0.05
65 0.011 0.12 0.0012 0.026 0.05

64.5 0.001 0.15 0.0012 0.018 0.05
64 0.007 0.48 0.007 1 0.029 0.09

63.4 0.000 0.28 0.0000 0.017 0.07
63 0.001 0.12 0.0010 0.033 0.06

62.5 0.002 0.11 0.0036 0.029 0.04
62.1 0.002 0.06 0.0005 0.025 0.01
61.5 0.005 0.06 0.0008 0.030 0.03
60.8 0.002 0.07 0.0006 0.056 0.04
60.5 0.003 0.36 0.0325 0.133 0.24
59.8 0.001 0.07 0.0026 0.006 0.06
59.5 0.000 0.88 0.0000 0.036 0.71
58.9 0.006 0.45 0.0000 0.057 0.37
58.5 0.002 0.23 0.0023 0.028 0.18
57.3 0.000 0.85 0.0000 0.057 0.61
56.9 0.000 0.69 -0.007 1 0.057 0.48
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mp1e 2O5TIIZr 2O8Pb/Zr 2O9BiIZr 232ThJZr 238U/Zr
56.6 0.003 0.87 -0.0025 0.025 0.36
56.2 0.006 0.48 -0.0058 0.012 0.49
55.8 0.000 0.48 -0.0057 0.023 0.27
55.5 0.003 0.21 -0.0026 0.044 0.15
55 0.003 0.15 -0.0017 0.019 0.08

54.5 0.005 0.12 0.0000 0.020 0.05
54 0.004 0.16 -0.0018 0.025 0.06

53.5 0.009 0.12 -0.0011 0.024 0.03
53 0.005 0.14 0.0000 0.027 0.03

52.2 0.002 0.08 0.0000 0.012 0.01
51.5 0.003 0.10 -0.0015 0.010 0.02
51 0.007 0.25 -0.0024 0.017 0.03

50.6 0.002 0.08 0.0003 0.027 0.02
50.3 0.003 0.08 0.0003 0.029 0.02
49.7 0.004 0.09 0.0004 0.036 0.02
48.8 0.007 0.35 -0.0037 0.052 0.23
47.5 0.012 0.69 -0.0062 0.043 0.14
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ample Ba/Zr Ca/Zr Fe/Zr Mg/Zr Mn/Zr

82.4 1.3 50258 61.8 389.6 6.1

81.6 1.0 86989 162.6 686.8 11.7

81 0.9 407797 -7.8 2552.8 38.3

80.6 4.0 107088 58.8 757.1 15.3

80 4.8 171193 -11.8 1157.5 14.7

79.4 2.8 61186 75.2 552.9 6.9

79 1.2 26344 112.0 240.9 2.6

78.5 1.2 47277 83.6 437.5 5.0

77.8 3.7 96903 111.5 875.3 12.5

77.3 3.8 62804 85.8 582.8 11.6

76.8 4.4 69471 118.6 593.6 11.4

76.3 3.3 26232 132.9 278.2 3.8

75.9 3.6 48057 141.9 466.4 7.0

75.3 2.5 46474 33.6 414.7 5.3

75 3.3 78184 83.0 655.7 9.9

74.5 6.7 134598 13.2 1070.0 16.3

73.8 3.2 69607 94.8 595.4 6.9

73.4 1.8 132597 57.8 1962.6 15.8

73 20.4 110274 -0.2 897.4 10.8

72.5 19.9 331347 30.1 2465.9 35.3
71.7 2.2 109804 64.7 1017.0 9.9

70.4 1.6 54777 125.7 524.1 7.2

69.7 1.5 44613 141.8 428.6 6.2

69 2.2 104042 163.9 731.7 15.2

68.6 3.5 134469 301.3 983.9 17.0

68 1.9 42556 27.8 318.2 5.4

67.5 5.6 161447 126.4 1218.9 26.2
67 19.6 140093 61.4 1362.0 20.3
66.6 5.9 38285 110.9 430.7 7.5

65.6 4.6 97744 299.1 929.8 24.4
65 2.6 34496 255.8 679.6 13.4
64.5 2.1 41447 240.5 781.8 7.3

64 10.5 123610 163.6 1736.3 20.1

63.4 3.8 75938 34.7 674.4 12.2

63 3.8 32387 157.0 319.2 8.2

62.5 3.0 30654 111.2 325.8 9.5

62.1 0.7 5620 90.2 102.1 3.0
61.5 3.8 10524 640.8 127.5 4.6
60.8 1.4 15868 77.2 163.8 5.0

60.5 15.4 117915 93.6 1104.1 27.6

59.8 0.9 23596 37.6 202.5 4.6

59.5 6.4 403705 11.2 3601.5 64.8

58.9 12.4 192826 389.6 1943.0 34.9
58.5 5.2 86059 258.5 852.3 12.6
57.3 3.8 355572 970.9 3139.8 50.1

56.9 25.0 241448 126.2 2344.9 32.0
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Sample Ba/Zr Ca/Zr Fe/Zr Mg/Zr Mn/Zr
56.6 3.9 91852 402.0 991.1 14.7

56.2 4.8 184391 343.9 1526.8 27.0
55.8 5.9 197575 57.1 2142.5 29.5

55.5 3.6 85716 405.1 836.2 15.4

55 1.9 58589 280.7 528.6 13.7

54.5 1.6 30831 254.9 263.4 7.0

54 1.8 55966 286.7 495.5 20.1

53.5 1.8 30764 336.2 471.9 16.0

53 2.3 39926 466.9 2314.5 22.8

52.2 0.8 16272 419.3 442.6 7.9

51.5 1.9 48859 574.7 762.7 35.8
51 3.4 64804 1477.0 719.7 55.9
50.6 1.1 7605 223.3 228.8 6.1

50.3 3.2 6464 280.8 306.0 5.1

49.7 1.2 6736 274.8 3334.0 10.1

48.8 4.7 135063 293.0 1508.4 41.3
47.5 5.0 225941 160.9 2963.4 38.3
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amnie I Na/Zr Ti/Zr

82.4 83.8 28.2

81.6 53.8 51.2

81 727.9 174.9

80.6 125.5 51.1

80 190.5 70.4

79.4 64.6 36.2

79 23.1 18.0

78.5 54.5 30.4

77.8 205.1 49.3

77.3 90.1 31.1

76.8 99.5 36.1

76.3 35.5 33.5

75.9 182.6 34.8

75.3 74.9 19.0

75 155.8 36.7

74.5 293.2 49.5

73.8 113.1 41.7

73.4 196.9 57.1

73 163.7 5.8

72.5 438.5 52.9

71.7 155.7 41.5

70.4 104.6 33.9

69.7 63.7 21.2

69 396.8 47.3

68.6 178.0 58.2

68 43.2 20.3

67.5 5606.2 71.1

67 369.4 54.2

66.6 191.1 28.3

65.6 143.2 50.0

65 258.7 35.6

64.5 116.1 26.1

64 1960.3 65.2

63.4 171.0 34.4

63 62.9 30.2

62.5 356.5 38.9

62.1 13.1 20.9

61.5 20.3 26.5

60.8 26.5 29.9

60.5 261.1 54.3

59.8 71.3 1.4

59.5 499.2 58.4

58.9 255.3 115.4

58.5 111.7 56.0

57.3 400.6 158.0

56.9 230.1 102.3
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ample Na/Zr Ti/Zr

56.6 108.4 51.0

56.2 261.3 76.7

55.8 2563.4 73.3

55.5 85.3 57.6

55 96.2 35.5

54.5 32.5 34.2

54 83.5 44.8

53.5 63.1 50.8

53 40.9 63.3

52.2 32.0 43.6

51.5 34.6 81.5

51 653.8 104.0

50.6 13.7 28.0

50.3 28.6 32.7

49.7 12.1 44.8

48.8 92.9 62.7

47.5 301.0 110.5



The following are the Zr-normalized data for the Baranca el Canon section.
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The following are Zr-normalized data the Totumo-3 Well core.
Depth is meters from La Luna Formation.

Depth 45Sc/Zr 51 V/Zr 53Cr/Zr 59CoIZr 6ON1JZr

20.48 0.07 18.9 1.4 0.11 3.2
19.74 0.11 13.1 1.0 0.12 1.9
19.56 0.11 9.7 0.9 0.14 1.3
18.75 0.16 6.1 1.3 0.33 1.7
18.39 0.10 16.6 1.1 0.15 2.3
17.61 0.09 6.7 1.5 0.27 1.7
17.15 0.09 15.5 1.0 0.16 2.3
16.59 0.09 10.3 2.7 0.31 4.1
15.96 0.11 3.8 3.1 0.27 2.1
15.42 0.12 2.1 1.3 0.31 2.5
15.02 0.14 7.6 2.4 0.49 3.6
14.84 0.19 2.7 2.2 0.45 3.8
14.48 0.33 20.1 3.8 1.23 4.5
13.95 0.37 9.7 4.4 2.41 9.1
13.85 0.26 4.3 1.4 0.32 4.1
13.62 0.26 31.4 2.9 1.28 9.8
13.09 0.09 22.4 1.8 0.31 11.7
12.55 0.07 9.9 1.1 0.35 4.1
12.02 0.09 89.2 7.7 0.36 17.4
11.48 0.09 123.7 5.8 1.50 23.2
10.93 0.06 68.7 7.8 0.28 17.0
10.34 0.06 47.3 5.9 0.25 13.7
9.83 0.09 84.2 8.8 1.17 11.0
9.4 0.07 42.0 4.8 0.40 10.0

9.07 0.00 196.2 12.5 11.31 42.6
8.67 0.05 41.4 5.1 0.25 7.7
8.03 0.04 65.6 10.3 1.23 9.5
7.55 0.07 150.6 12.4 4.60 21.9
7.07 0.05 46.9 5.0 0.25 7.1
6.73 0.05 35.8 5.0 0.23 10.4
6.28 0.08 167.6 25.2 4.32 29.0
5.82 0.06 59.9 6.4 0.42 11.2
5.34 0.05 41.8 4.9 0.29 7.8
4.83 0.06 85.7 4.8 1.48 9.6
4.32 0.05 45.4 5.6 0.25 9.2
3.84 0.11 86.7 16.8 1.55 11.9
3.41 0.06 37.5 3.3 0.35 6.0
2.85 0.06 30.6 3.1 0.32 4.1
2.37 0.05 29.5 3.0 0.15 4.9
1.93 0.07 36.1 2.1 0.89 4.9
1.55 0.06 50.7 4.8 0.34 11.8
0.77 0.06 40.6 4.1 0.22 13.3
0.41 0.10 107.5 2.8 4.46 18.0
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Depth 65Cu/Zr 66ZnIZr 75As/Zr 77SeIZr 85Rb/Zr

20.48 0.7 8.0 0.59 0.22 0.68
19.74 0.5 6.7 0.62 0.21 1.00
19.56 0.5 5.0 0.68 0.16 1.11
18.75 0.7 4.2 0.72 0.19 1.28
18.39 0.6 6.1 0.69 0.26 0.97
17.61 1.0 5.0 1.00 0.27 0.95
17.15 0.5 6.7 0.74 0.29 0.89
16.59 1.2 5.4 0.73 0.26 0.58
15.96 0.8 5.6 1.03 0.22 1.16
15.42 1.0 3.1 1.23 0.24 0.77
15.02 1.4 4.7 1.10 0.23 0.76
14.84 1.2 4.7 0.94 0.14 0.75
14.48 2.4 6.3 1.52 0.09 0.88
13.95 13.5 10.5 2.45 0.77 0.33
13.85 1.5 9.2 0.96 0.41 0.52
13.62 2.1 15.5 0.99 0.24 0.76
13.09 2.4 17.1 3.17 1.25 0.66
12.55 1.7 8.5 2.07 0.96 0.71
12.02 3.5 121.7 5.07 1.18 0.93
11.48 2.9 70.0 5.37 1.17 1.09
10.93 3.1 91.0 3.68 1.24 0.78
10.34 2.8 77.1 3.12 1.17 0.68
9.83 2.2 47.3 1.64 0.66 0.74
9.4 2.2 59.8 2.02 0.58 0.57

9.07 9.7 160.1 3.10 2.52 0.87
8.67 2.1 55.3 1.71 0.44 0.56
8.03 1.9 49.9 1.32 0.41 0.52
7.55 5.0 118.5 3.59 1.70 1.95
7.07 2.0 66.0 1.39 0.50 0.55
6.73 1.8 55.0 1.54 0.68 0.58
6.28 9.1 137.4 9.96 3.79 1.61
5.82 2.5 75.0 2.00 0.66 0.67
5.34 2.2 68.3 1.43 0.55 0.52
4.83 2.2 53.4 1.63 0.81 0.99
4.32 2.5 85.1 1.89 0.43 0.50
3.84 2.5 38.6 1.22 0.62 1.02
3.41 1.7 37.5 1.14 0.38 0.57
2.85 1.5 26.2 1.08 0.54 0.61
2.37 1.6 36.4 0.86 0.33 0.45
1.93 1.1 17.5 0.97 0.53 0.82
1.55 2.2 63.9 1.38 0.67 0.61
0.77 2.4 65.3 1.16 0.85 0.54
0.41 4.9 41.2 1.10 1.13 2.16
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Depth 86Sr/Zr 89Y/Zr 95Mo/Zr lO7Ag/Zr ll2Cd/Zr

20.48 10.8 0.44 1.85 0.011 0.08

19.74 9.3 0.48 1.39 0.009 0.05

19.56 9.1 0.38 0.71 0.008 0.05

18.75 51.5 0.62 0.45 0.011 0.04

18.39 14.2 0.50 1.79 0.011 0.06

17.61 35.3 0.48 1.73 0.017 0.09

17.15 19.4 0.39 1.30 0.026 0.05

16.59 40.4 1.00 1.32 0.015 0.09

15.96 13.6 0.53 0.55 0.010 0.04

15.42 18.6 0.42 0.46 0.009 0.04

15.02 51.0 0.74 0.76 0.019 0.07

14.84 34.9 0.73 0.23 0.011 0.03

14.48 268.2 2.24 0.79 0.085 0.10

13.95 5.2 0.50 0.73 0.008 0.08

13.85 11.0 0.76 0.97 0.009 0.06

13.62 211.7 1.79 1.32 0.020 0.10

13.09 14.3 0.72 5.04 0.021 0.23

12.55 39.9 0.47 1.52 0.037 0.28

12.02 70.1 1.71 9.50 0.143 2.14

11.48 388.4 3.01 15.08 0.077 0.87

10.93 50.3 1.59 7.70 0.112 1.19

10.34 40.4 1.61 5.23 0.115 1.06

9.83 237.3 3.08 4.30 0.109 0.74

9.4 66.8 1.59 5.88 0.082 1.02

9.07 2101.9 13.96 14.67 0.250 1.62

8.67 45.5 0.72 4.36 0.066 0.82

8.03 208.6 0.74 4.38 0.083 0.87

7.55 902.7 2.53 7.10 0.268 2.39

7.07 50.7 1.42 3.70 0.068 1.29

6.73 43.5 1.05 3.42 0.073 0.92

6.28 681.7 2.31 12.25 0.438 2.44

5.82 98.0 2.11 6.33 0.094 1.43

5.34 64.5 1.07 4.77 0.081 1.59

4.83 178.2 1.12 3.50 0.118 1.12

4.32 56.8 1.02 7.14 0.079 1.61

3.84 197.8 1.07 3.88 0.085 0.94

3.41 75.2 0.88 3.99 0.051 0.66

2.85 40.7 0.46 2.02 0.058 0.50

2.37 27.8 0.68 3.20 0.045 0.76

1.93 102.7 0.57 1.72 0.051 0.33

1.55 62.0 1.75 5.64 0.081 1.28

0.77 34.4 1.80 5.32 0.088 1.35

0.41 532.4 2.77 2.08 0.125 0.42
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Depth ll8Sn/Zr l2lSb/Zr 133Cs/Zr 137Ba/Zr 182W/Zr

20.48 0.025 0.142 0.043 2.9 0.021

19.74 0.033 0.088 0.063 6.2 0.027

19.56 0.035 0.068 0.071 6.9 0.025

18.75 0.037 0.049 0.080 12.8 0.025

18.39 0.031 0.093 0.059 37.5 0.026

17.61 0.033 0.100 0.056 38.1 0.028

17.15 0.025 0.076 0.053 7.2 0.020

16.59 0.023 0.098 0.038 59.8 0.026

15.96 0.036 0.045 0.080 12.0 0.024

15.42 0.028 0.041 0.047 3.4 0.017

15.02 0.019 0.052 0.045 9.8 0.021

14.84 0.035 0.032 0.049 26.4 0.017

14.48 0.017 0.065 0.05 1 124.2 0.027

13.95 0.024 0.175 0.024 1.9 0.034

13.85 0.027 0.077 0.037 5.3 0.020

13.62 0.040 0.076 0.044 184.7 0.028

13.09 0.032 0.346 0.042 1.6 0.028

12.55 0.016 0.132 0.044 39.0 0.020

12.02 0.031 1.080 0.060 3.6 0.018

11.48 0.012 1.411 0.061 8.8 0.033

10.93 0.018 0.819 0.042 3.6 0.018

10.34 0.018 0.613 0.035 4.5 0.014

9.83 0.005 0.424 0.031 22.7 0.023

9.4 0.019 0.568 0.033 31.8 0.016

9.07 0.000 1.077 0.038 193.3 0.058

8.67 0.015 0.519 0.031 2.8 0.015

8.03 0.017 0.391 0.026 83.0 0.022

7.55 0.000 0.732 0.080 338.1 0.045

7.07 0.013 0.416 0.031 2.1 0.012

6.73 0.015 0.347 0.033 3.1 0.014

6.28 0.025 1.826 0.074 24.8 0.074

5.82 0.025 0.574 0.038 4.5 0.015

5.34 0.011 0.485 0.030 11.2 0.014

4.83 0.022 0.304 0.043 5.0 0.022

4.32 0.013 0.829 0.029 3.7 0.014

3.84 0.019 0.327 0.047 5.7 0.038

3.41 0.016 0.391 0.031 2.9 0.014

2.85 0.010 0.217 0.030 2.1 0.012

2.37 0.013 0.309 0.026 1.7 0.011

1.93 0.010 0.173 0.037 2.6 0.018

1.55 0.009 0.511 0.034 3.1 0.012

0.77 0.013 0.476 0.032 2.5 0.015

0.41 0.177 0.260 0.094 11.3 0.073
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Depth I 197Au/Zr 205T1/Zr 2O8Pb/Zr 2O9Bi/Zr 232ThIZr

20.48 0.0008 0.06 0.25 0.003 0.13

19.74 0.0013 0.04 0.31 0.004 0.20

19.56 0.0013 0.03 0.39 0.004 0.23

18.75 0.0016 0.05 0.50 0.005 0.19

18.39 0.0015 0.05 0.32 0.004 0.19

17.61 0.0016 0.07 0.52 0.005 0.14

17.15 0.0025 0.07 0.30 0.003 0.16

16.59 0.0013 0.11 0.49 0.004 0.09

15.96 0.0017 0.06 0.53 0.006 0.23

15.42 0.0013 0.11 0.42 0.006 0.13

15.02 0.0016 0.14 0.96 0.004 0.09

14.84 0.0016 0.14 0.58 0.006 0.10

14.48 0.0034 0.14 3.44 0.000 0.11

13.95 0.0022 0.11 0.11 0.003 0.03

13.85 0.0011 0.13 0.28 0.003 0.08

13.62 0.0040 0.16 0.62 0.000 0.08

13.09 0.0021 0.30 0.26 0.007 0.10

12.55 0.0023 0.10 0.58 0.005 0.11

12.02 0.0007 0.25 0.80 0.005 0.16

11.48 0.0772 0.22 0.43 0.000 0.20

10.93 0.0017 0.23 0.41 0.005 0.12

10.34 0.0007 0.27 0.57 0.004 0.09

9.83 0.0026 0.17 1.37 -0.003 0.07

9.4 0.0006 0.13 0.63 0.002 0.10

9.07 0.0385 0.38 3.96 -0.038 0.21

8.67 0.0008 0.09 0.52 0.003 0.11

8.03 0.0022 0.09 2.06 -0.002 0.08

7.55 0.0000 0.39 2.76 -0.018 0.23

7.07 0.0040 0.11 0.32 0.002 0.10

6.73 0.0007 0.17 0.34 0.003 0.11

6.28 0.0083 0.76 1.96 0.000 0.20

5.82 0.0044 0.16 0.49 0.002 0.11

5.34 0.0005 0.11 0.58 0.002 0.09
4.83 0.0031 0.20 0.93 -0.003 0.12
4.32 0.0010 0.09 0.73 0.002 0.09
3.84 0.0000 0.14 0.37 -0.003 0.12
3.41 0.0021 0.07 0.52 0.001 0.10
2.85 0.0000 0.12 0.35 0.001 0.08
2.37 0.0016 0.07 0.24 0.002 0.08
1.93 0.0000 0.14 0.19 -0.002 0.08

1.55 0.0006 0.16 0.38 0.002 0.10
0.77 0.0007 0.16 0.33 0.002 0.09
0.41 0.0104 0.20 0.79 0.000 0.30
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Depth 238U/Zr Ba/Zr Ca/Zr Fe/Zr MgIZi

20.48 0.29 3.3 2044 263.3 62.5

19.74 0.19 6.8 1592 375.1 84.0

19.56 0.10 7.9 1204 438.7 90.7

18.75 0.47 14.4 22483 479.3 572.6

18.39 0.21 41.5 2036 376.7 96.6

17.61 0.52 42.9 6085 455.9 102.8

17.15 0.20 7.7 2020 368.8 146.5

16.59 0.84 62.3 7321 431.5 95.0

15.96 0.41 12.8 2311 578.3 87.0

15.42 0.40 3.8 3843 654.3 92.8

15.02 0.48 11.0 11924 590.1 187.1

14.84 0.34 29.1 13145 547.0 240.3

14.48 0.80 132.5 91936 870.1 724.7

13.95 0.13 2.4 1075 2960.6 129.7

13.85 0.26 5.9 2310 461.3 99.2

13.62 0.50 201.0 135524 562.2 2310.1

13.09 0.68 1.9 2659 543.1 65.5

12.55 0.44 41.5 14164 316.8 231.3

12.02 2.42 4.9 16645 338.9 144.4

11.48 6.27 13.9 137610 399.1 780.8

10.93 3.37 4.3 10885 352.7 140.7

10.34 2.24 5.1 9119 426.0 154.1

9.83 4.35 25.7 81803 329.7 537.0

9.4 2.23 33.5 15692 206.1 171.3

9.07 30.04 225.0 653795 477.4 8154.6
8.67 0.96 3.4 11343 169.4 123.2

8.03 1.14 87.9 72076 217.5 532.1

7.55 2.21 360.8 296665 870.1 2964.0

7.07 1.50 2.7 11678 170.7 121.2

6.73 1.42 3.6 9567 243.0 118.0

6.28 3.32 35.6 266964 939.6 1944.8

5.82 2.61 5.2 21596 217.4 166.6

5.34 1.29 12.4 15297 170.6 150.2

4.83 1.22 9.0 99685 384.9 1103.7

4.32 1.50 4.4 14438 154.2 130.1

3.84 1.44 8.5 101571 367.7 1059.1

3.41 1.23 3.6 20819 184.1 193.8

2.85 0.60 2.7 17068 267.6 177.0

2.37 0.87 1.9 7196 134.6 81.2

1.93 0.61 4.5 62544 332.0 673.9
1.55 2.79 3.7 15177 215.1 140.0

0.77 2.67 2.9 8506 195.1 96.8

0.41 1.58 22.4 353329 503.6 3015.5
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Depth Mn/Zr Na/Zr Ti/Zr

20.48 12.4 44.6 28.3

19.74 14.4 53.7 36.7

19.56 15.0 57.1 39.6

18.75 35.2 84.4 44.6

18.39 14.9 55.8 38.0

17.61 25.3 93.3 36.5

17.15 14.2 53.2 31.5

16.59 25.1 79.5 25.1

15.96 20.0 70.5 36.1

15.42 17.3 58.9 31.5

15.02 25.8 70.1 38.2

14.84 28.1 83.4 46.0

14.48 109.8 153.2 72.8

13.95 92.3 446.9 143.7

13.85 18.1 73.4 36.8

13.62 126.9 170.2 83.4

13.09 14.5 51.0 63.2

12.55 21.1 39.2 33.2

12.02 23.4 42.1 38.3

11.48 105.0 45.0 88.4

10.93 18.1 41.1 34.5

10.34 15.5 37.9 38.9

9.83 66.1 25.0 59.2

9.4 19.4 29.6 28.2

9.07 465.0 43.4 277.9

8.67 13.6 24.2 24.4

8.03 54.1 11.6 43.8

7.55 210.5 -8.8 179.8

7.07 14.0 18.2 23.9

6.73 12.8 25.4 25.5

6.28 177.0 -103.4 165.0

5.82 21.9 24.1 27.0

5.34 15.2 15.0 23.0

4.83 67.5 -33.4 79.2

4.32 14.6 15.5 22.1

3.84 68.0 -36.1 69.9

3.41 19.5 16.4 29.4

2.85 15.7 11.9 32.0

2.37 8.7 12.6 18.4

1.93 45.3 -5.1 56.1

1.55 17.1 12.5 25.7

0.77 10.9 11.6 21.6

0.41 228.1 -103.7 140.2



The following are the Zr-normalized data for the Totumo-3 Well core.
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