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ABSTRACT

Rapid reconnaissance methodologies are useful in investigations of deep-sea sediments,
as they require little time for analysis and small amounts of sample material. This is especially
useful for new studies of old cores drilled decades ago, which have become quite depleted. Both
Quantitative Evaluation of Minerals by SCANning electron microscopy (QEMSCAN®™) and
handheld X-ray Fluorescence (XRF) instruments are ideally suited for such studies, as samples
can be as small as 1 cc, and both are capable of rapidly detecting trace components within these
small samples. Such speed allows multiple core horizons of interest to be analyzed for studies in
paleoclimatology, extraterrestrial fluxes, and sediment velocity.

Grain-size and mineralogy of Ocean Drilling Program (ODP) Hole 722B are investigated
using QEMSCAN® and compared to standard methodologies. QEMSCAN®-based grain-size,
which indicates changes in paleowind strength due to the Indian Ocean summer monsoon for the
last 200 ka, correlates well with previous data. Mineralogy is found to not correlate as well,
however: dolomite has a good correlation, clays and feldspars a medium correlation, and quartz a
poor correlation.

Handheld XRF is used for rapid reconnaissance of LL44-GPC3 and Canterbury Basin
sediments from IODP Leg 317. Nickel-rich sediments are found in LL44-GPC3 at ~11.1 mbsf and
~12.4 mbsf, corresponding to layers known to have extraterrestrial nickel-rich spinel and known
impact events at Chesapeake Bay and Popigai. Canterbury Basin sediment elemental peak counts

are compared to velocity measurements of the same sediment, to establish the first conclusive



demonstration of carbonate cementation increasing velocities in siliciclastic sediments. For each
sample, the handheld XRF measurement establishes its position on the sand-shale continuum, as
well as the relative amount of calcite cementation. Determination of cementation occurring in
porous sands with high velocities is shown, and linked to fluid flow in the region. Both studies
illustrate the usefulness of handheld XRF as a reconnaissance methodology for detecting

extremely subtle mineralogical signals within deep-sea sediments.
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CHAPTER 1

INTRODUCTION

Nearly three-fourths of the Earth’s surface lies beneath the oceans. Recent research in
microbiology even suggests that life itself may have originated from the oceans (Martin et al.,
2008). It is no surprise, then, that marine geology has been an important aspect of the
geosciences, with some researchers going so far as stating that there is no geology without it
(Kuenen, 1958). Of particular interest, in recent years, is the study of deep-sea sediments (Rea,
1994) and the glimpses they offer of Earth’s recent geological past, and even far future. Using
cutting edge techniques, researchers are able to tease out proxy data, such as grain-size for
paleoclimate studies, find evidence of bolide impacts using extraterrestrial debris, and even
determine cementation effects on sediment velocity. The first part of this study is focused on
using Quantitative Evaluation of Minerals by SCANning electron microscopy (QEMSCAN®) to
determine the median grain-size of dolomite and quartz from Ocean Drilling Program (ODP)
Site 722B, Owen’s Ridge, in the NE Indian Ocean. Earlier studies found nearly all terrigenous
grains from the site to be eolian in origin (Clemens and Prell, 1991; Krissek and Clemens, 1991;
Rea, 1994), making the site ideal for the investigation of QEMSCAN® as a useful methodology
for grain-size analysis. The goal is to show that grain-sizes of eolian components from the site

can be determined, and that data collected are comparable to previous research. Mineralogy is



also touched on briefly to see if similar signals to the work of Krissek and Clemens (1991) can
perhaps be teased out using QEMSCAN™.

The second portion of this study investigates the possibility of using the Bruker handheld
X-ray fluorescence instrument (handheld XRF) to locate core horizons with extraterrestrially
sourced Ni-rich spinel, via measurement of nickel counts in the LL44-GPC3 Central North
Pacific core. Nickel is common in meteorites but rare in the Earth’s crust, and it is indicative of a
bolide impact event sending debris into the Earth’s upper atmosphere. Previous work (Pierrard et
al., 1999) found high concentrations of Ni-rich spinel crystals at 11.1 m (2600 per mg) and 12.4
m (140 per mg) within this piston core. As the spinels are Ni-rich, the number of nickel counts
on the handheld XRF data should be higher when compared to other portions of the same core.
These locations in the core have been dated using ichthyoliths using the stratigraphy proposed by
Doyle and Riedel (1979), and found to correlate to the Oligocene and late Eocene/early
Oligocene, respectively, by Pierrard et al. (1999). The latter is coeval with the finding of Ni-rich
spinel crystals at Massignano, Italy (Pierrard et al., 1998), as well as high concentrations of Ni-
rich spinel crystals from ODP Hole 689B, Deep Sea Drilling Project (DSDP) Site 94, and DSDP
Site 612, indicating widespread debris from possibly multiple bolide impacts.

The third and final part of this study delves into using handheld XRF data to investigate
cementation effects on velocity from the Integrated Ocean Drilling Program (IODP) Leg 317
Canterbury Basin sites, offshore New Zealand. Lithologic and diagenetic parameters are
determined from the elemental data provided by the handheld XRF, and their effects on velocity
analyzed.

This thesis is organized as follows. Chapter 1 provides a brief introduction to the theory

behind using eolian dust for paleoclimatic studies, with special emphasis on using grain-size to



determine paleowind intensity. Examples are drawn from multiple studies to provide a clear
understanding of the subject. The chapter also introduces the study of bolide impacts and Ni-rich
spinel crystals in deep-sea sediments as indicators of said impacts. Finally, the chapter concludes
with a section on cementation, and its effects on the velocities of siliciclastic sediments. Chapter
2 describes the methods used for the investigation of the various sites in this thesis, with
descriptions and theory to explain the use of QEMSCAN® and handheld XRF technology.
Chapter 3 provides the analysis and evaluation of data from ODP Hole 722B, and the results of
using QEMSCAN® to determine the grain-size and mineralogy of terrigenous particles. Chapter
4 reviews the validity of using handheld XRF as a tool for detecting evidence of bolide impacts
using nickel counts as indicators of Ni-rich spinel within the sediments. Chapter 5 covers
handheld XRF use as a rapid reconnaissance technique for investigating cementation effects on

velocity in Canterbury Basin, offshore New Zealand.

1.1 Eolian Dust

The study of eolian dust is not new. In the mid-nineteenth century, Charles Darwin
published a short paper on dust in the Atlantic Ocean (Darwin, 1846), and Maury devoted an

entire chapter to the subject in his book, The Physical Geography of the Sea (Maury, 1855). The

realization that these windblown sediments are found in deep-sea sediments did not come to the
attention of the scientific community until the Challenger Expedition of 1872-76. Nearly a
hundred years later, the importance of eolian dust as a component of Tertiary pelagic sediments
was recognized (Heath, 1969). In this seminal work, Heath investigated the mineralogy of eolian
grains from the northern equatorial Pacific, and found them to be dominated by minerals of

continental origin. Further research into the field led to the development of paleoclimatic records



and models of past atmospheric circulation patterns (Lisitzen, 1972; Leinen and Heath, 1981;
Sarnthein et al., 1982; Rea et al., 1985; Clemens and Prell, 1990; Rea, 1994; Kohfeld and
Harrison, 2001). More recent research has even delved into dust’s effects on climate change,

biogeochemistry, and insolation receipt (Arimoto, 2001; Maher et al., 2010).

1.1.1 Dust Potential
It is now accepted that eolian dust grains are the best proxy for past atmospheric
circulation, as they reflect both wind strength and provenance (Rea, 1994). The fine mineral
grains that make up eolian dust are sourced from chemical and mechanical weathering, as well as
volcanism. A geochemical equation of the breakdown of orthoclase to kaolinite and quartz is

given as a simple example of chemical weathering below.

ield.
2KAISi;0q + 2H* + Hy0 25 2K* + ALSi,05(0H), + 4Si0, (1.1)

A simple illustration (Figure 1.1) shows that the amount of dust created is dependent
upon climate and the amount of water available (Pye, 1989; Rea, 1994). The more wet the source
climate, the less dust produced. The more arid the climate, the more dust produced, except in
hyperarid regions (Goudie, 1983; Prospero et al., 1989). This has been confirmed via modern
observation of the African Sahel and Sahara Desert, where eolian dust production is found to be
inversely correlated to the amount of rainfall the regions receive and to even increase in times of

drought (Middleton, 1985; Nicholson, 1985).
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Figure 1.1. Illustration of dust potential. Note how dust potential increases with less precipitation
and vice versa. Modified from Pye (1989).

1.1.2 Grain-Size
The size of eolian grains is reliant upon wind strength (Janecek and Rea, 1985; Rea,
1994; Arimoto, 2001). Traditionally, studies portray this concept using Stoke’s Law of settling to

determine the settling velocity of a spherical particle:

_ 2(ps=py)

V.
S o

2
*grr (1.2)

where Vs is the settling velocity, ps is the density of the particle, ps the density of a fluid, n the
viscosity of the fluid, g the gravitational acceleration due to gravity, and r the radius of the
particle. Using this information, the length of time a grain will remain in the atmosphere or ocean
can be determined. It should be noted, however, that Stoke’s Law models are developed for
nonequilibrium transport, whereas grain-sizes are in equilibrium with their transporting winds

(Rea, 1994). With equilibrium transport in mind, Janecek and Rea (1985) developed a



semiquantitative method of relating grain-size to wind intensity based on research by Gillete et
al. (1974). This one-dimensional model has diffusion and sedimentation in equilibrium, and the
diffusion coefficient as a linear function of height. This leads to the concentration with height

being described using the following equation

0z (1.3)

where k is von Karmann’s constant (~0.4), U, the friction velocity, z the height from ground, V;
the Stokes sedimentation velocity, and ¢ the concentration of dust. For boundary conditions

¢ = ¢g for z = z5 and ¢ = 0 as z goes to infinity

¢ = co()"/* (1.4)

where ¢ is the initial concentration of dust and z, the reference elevation. This implies that
when wind strength is greater than the settling velocity of a particle, the particle stays in the air
for a longer time. Within a sediment core, this is observable as an increase or decrease in
terrigenous grain-size through time, and is indicative of an increase or decrease in wind strength,
respectively.

These implied changes in wind strength provide a proxy for ancient wind intensity. The
size of the grains, as discussed earlier, provides this proxy, and grains are measured in @ units,
and are reported as the median grain-size ($5,) (Rea, 1994). The conversion from @ to median

grain-size (Ps) utilizes the negative logarithm to base 2 in the following equation:



—log;Dimm (1.5)

where D is the diameter of the grain in millimeters; this leads to larger grains having a smaller ®
size. As such, 100 =1 pm, 9O =2 um, 8® =4 pm, 7O = § um, 6@ = 16 um, and so forth (Rea,
1994). Once the eolian grain-size has been determined, wind intensity for various climatic events
can be calculated (Gillete et al., 1974; Janecek and Rea, 1985). This has been demonstrated in
the Pacific, where terrigenous grain sizes decrease in core LL44-GPC3 at a depth equivalent to
the early Eocene, suggesting a decrease in overall intensity of atmospheric circulation,
coinciding with more humid climates worldwide (Janecek and Rea, 1983; Rea et al., 1985).
Studies linking grain-size to stronger monsoons in the Arabian Sea have also been conducted
(Clemens et al., 1991; Rea, 1994), and it is found that stronger monsoons bring larger grains to
the Arabian Sea at ODP Site 722 on Owen Ridge. This has been used to show that the Arabian
Monsoon’s strength is not dependent solely upon glacial-interglacial variability (Clemens et al.,
1991), but rather on the cross-equatorial transport and release of latent heat with monsoonal rains

as happens currently (Li and Yanai, 1996).

1.1.3 Mineralogy of Eolian Dust
The mineralogy of eolian dust differs based on the source region (Johnson, 1979; Rea et
al., 1985; Brust and Waniek, 2010). The mineralogy is often determined using x-ray diffraction
techniques (Till and Spears, 1969) or other methods (Brust and Waniek, 2010), which are fairly
accurate (Rea et al., 1985). The mineral assemblages of the eolian dust can then be compared to
possible source regions, and the area whose paleoclimate is represented ascertained. The

mineralogy of eolian dust is also an indicator of aridity and humidity for the source climate (Rea,



1994). An example of this was investigated at ODP Site 722 (Krissek and Clemens, 1991),
where it was determined that there are four mineral assemblages. Three important minerals found
in the assemblages, chlorite, illite, and palygorskite, form via chemical weathering in arid and
hyperarid regions, but break down via the same processes if moisture increases (Dixon and
Weed, 1977; Velde, 1985; Krissek and Clemens, 1991). Another mineral found dominating its
own assemblage, smectite, indicates humid conditions, as moderate chemical weathering is
needed for its creation (Velde, 1985). This example illustrates clearly how mineralogical
associations reveal information about the paleoclimate, which in turn can be tied to dust

potential, and further to grain-size of terrigenous particulates and paleowind intensity.

1.1.4 Study Site Selection

As hemipelagic and biogenous sediments may obscure the desired eolian signals,
locations to avoid them are the best places for study. Hemipelagic sediments may be deposited
hundreds of kilometers offshore, well beyond any source river’s deltaic fan and away from the
continental shelf. This happens because the sediments may travel through the water column as a
plume in the open ocean (Rea, 1994). These hemipelagic sediments are easily mistaken for
eolian lithogenic components, as their composition and grain size may be similar if from the
same source region. To avoid these pitfalls, eolian study areas need to be where hemipelagic
shelf sediments cannot reach. Ideal locations are the centers of large oceanic gyres or regions of
high altitude on the sea floor, such as volcanic ridges, which can rise thousands of meters above
any reworked shelf and/or any hemipelagic sediments. It also helps if the uplifted areas are
aligned parallel to any source regions, and perpendicular to the prevailing winds (Clemens and

Prell, 1991; Stuut et al., 2002). The opaline silica and calcium carbonate shells of planktonic



organisms must be necessarily removed or avoided (Rea, 1994), as they also can be mistaken for

terrigenous particles in some analytical methods.

1.2 Bolide Impacts

When an extraterrestrial body, such as an asteroid or comet, impacts the Earth,
catastrophe ensues. These events, termed bolide impacts by the geologic community, cause local
destruction at the impact site, and may have further reaching effects upon the atmosphere and/or
biosphere. Atmospheric effects include dust clouds (Farley et al., 1998) and significant
climatological changes (Pope et al., 1994). Effects upon the biosphere are often linked to
climatological change and may lead to biotic extinctions (Glass and Zwart, 1977; Glass et al.,
1985), the most famous of which is the extinction of the dinosaurs (Alvarez et al., 1980). The
recent impact of comet Shoemaker-Levy 9 into Jupiter illustrates just how destructive such
impacts can be to a planetary system (Weaver et al., 1995). Understanding past effects of such
impacts on Earth has thus taken on new importance, with the realization that many near-Earth
objects have the potential to crash into Earth.

Evidence for such events, however, can be difficult to locate, due to the Earth’s ever
changing surface. Erosion buries or destroys impact craters, and debris becomes mixed with
terrestrial sediments. Some comets and meteorites even explode in the atmosphere, as seen in the
1908 Tunguska event (Chyba et al., 1993), leaving little evidence in the geologic record. As
such, recent research of bolide impacts has focused on the strewn fields of impacts, consisting of
the glassy ejecta known as tektites. Tektites are unique geologic tracers that are key indicators of

bolide impacts.
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1.2.1 Tektite Description and Formation

Tektites are generally spheroidal in shape and have a glassy appearance, with some even
appearing droplet-like in shape (Vonhof and Smit, 1999). Once thought to have been from lunar
volcanism (O’Keefe, 1970), research from the Apollo lunar missions refuted this, showing that
tektite chemistry is distinct from that of lunar maria basalts (Taylor, 1973). Of particular interest
to marine geologists are microtektites (tektites < 1 mm in diameter), which are found in deep-sea
sediments. Of these, microkrystites (clinopyroxene bearing microtektites) are of particular
interest as they contain nickel-rich spinel (Pierrard et al., 1999; Vonhof and Smit, 1999). As
nickel is rare in Earth’s crust and abundant in meteorites, it is believed that nickel-rich spinel
forms via fusion and oxidation in Earth’s atmosphere from molten droplets ablated from
meteoritic material (Robin et al., 1992; Gayraud et al., 1996; Pierrard et al., 1999; Vonhof and

Smit, 1999).

1.2.2 Tektite Chemistry and Implications
The chemistry of tektites reflects the chemistry of the source material, with losses

during fusion restricted to elements more volatile than cesium (Taylor, 1973), with elemental
abundances and interelement variations similar to terrestrial sandstones. The aforementioned
meteoritic components of tektites, as well as high-pressure phase coesite, a mineral found at
impact sites (Chao et al., 1960), provide evidence that tektites’ origin is impact related. Four
geochemically distinct tektite-strewn fields have been found and dated: Bediasites (North
America/Pacific, 34 ma), moldavites (Czech Republic, 14 ma), Ivory Coast (1.3 ma), and

Southeast Asian and Australian fields (0.7 ma).
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Taylor (1973) further describes how the moldavites are likely linked to the Ries Crater
event, and the Ivory Coast tektites are linked to the Bosumtwi Crater, Ghana by chemistry,
isotope, and age. The North American strewn field’s tektites appear to be sourced from the
Chesapeake Bay impact crater (Vonhof and Smit, 1999), and although chemically similar, the
Pacific strewn field tektites appear to be linked to the Popigai, Siberia crater. Maud Rise, ODP
Hole 689B, microtektites are chemically dissimilar from both impact sites, indicating a third

possible impact event in the Late Eocene (Glass and Koeberl, 1999; Vonhof and Smit, 1999).

1.3 Cementation Effects on Siliciclastic Sediments

It is well known that porosity is the primary variable controlling velocity in siliciclastic
(sand-shale) sediment (Wyllie et al., 1956). It is also well documented that compaction, both
mechanical and chemical, increases velocity in sediments by reducing porosity and/or increasing
framework stiffness via increasing intergrain contacts (Figure 1.2) (Stoll, 1989; Erickson and

Jarrard, 1998).

T mechanical
7 compaction T
- pressure P-4 porosity ;
T burial T intergrain T velocity
’ []
cementation | LS2upling |
—> Leadsto...

Figure 1.2. Effects on sediment velocities after burial. Note how increasing pressure and/or
cementation leads to decreasing porosity and increasing velocity. Modified from Jarrard et al.
(2000).
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Mechanical compaction occurs due to effective stress on siliciclastic sediments leading to
increasing overburden stress, and is controlled primarily by the mineralogy of the sediment. This
is due to mineralogy controlling the geo-mechanical properties of sediments, including
compressibility and stability. For example, quartz-rich sands show less compaction than lithic
(rock fragment) sands (Chuhan et al., 2002), as the coarse, angular, and poorly-sorted lithic sands
are more compressible (Friedman and Sanders, 1978). Regardless, mechanical compaction leads
to the mechanical reorientation of grains, via breakage, compression, and sliding. This increases
effective stress, which despite being partially compensated for by hydrostatic pressure from pore
fluids (Terzaghi’s Law), reduces pore space, leading to an increase in sediment velocity.

Whereas mechanical compaction is largely controlled by mineralogy, chemical
compaction is also controlled by temperature. This is due to usually slow diagenetic reactions
occurring rapidly at high temperatures, leading to dehydration, dissolution, precipitation, or
recrystallization. It should be noted, however, that carbonate precipitation is an exception to this
rule, as it can occur at low temperatures. Such diagenetic reactions can change the velocity of

siliciclastic sediments significantly, as demonstrated by the process of cementation.

1.3.1 Cementation
In general, sand and shale compaction mechanisms and trends are different, with sand
porosity decreasing gradually with depth (Taylor, 1950), and shale porosity decreasing rapidly as
their “cardhouse” fabric is pressed into a parallel arrangement (Magara, 1980) via mechanical
compaction. However, at depths greater than 1-2 km, chemical compaction, or diagenesis,
becomes the dominant form of porosity reduction in sediments (Hayes, 1979; Foscolos, 1990;

Hutcheon, 1990), and processes such as cementation, dissolution, precipitation, and
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recrystallization occur. The diagenetic process of interest, cementation, is concentrated in sands.
This is due to the higher permeability and consequently higher fluid flow in sandy sediments,
which more readily allows precipitation of carbonate to occur.

Such impacts of cementation on velocity, however, were not persuasively seen in a
dataset, until the investigation of Hole CRP-2 at Cape Roberts, Antarctica by Jarrard et al.
(2000). The CRP-2 core consists of interbedded sandstones, mudstones, and diamicts (glacially-
derived sandstones), and is drilled to a depth of 625 mbsf (CRST, 1999; Jarrard et al., 2000). The
core has high porosities ranging from 0.1-0.4 (Niessen et al., 2000), and is located in a
structurally active region with extensive, deep-seated, fluid flow (Jarrard et al., 2000), making it
ideal for studies of porosity/velocity relationships due to cementation.

At the CRP-2 core, it is found that velocity increases up to 4 km/s at depths of 440-480
meters below sea floor (mbsf) (Jarrard et al., 2000; Niessen et al., 2000); when compared to the
average of 2-3 km/s for the core, this is a sharp increase in velocity. As the increase in velocity
correlates with an increase in carbonate cementation (Jarrard et al., 2000; Niessen et al., 2000)
and does not appear to be due to lithology (Jarrard et al., 2000), it can only be due to increased
intergrain coupling enhanced by carbonate cementation (Jarrard et al., 2000; Niessen et al.,
2000). Evidence supporting this claim is found in CRP-2 sediments lacking significant porosity
and velocity rebound, suggesting that rebound is being suppressed by said carbonate cementation
(Jarrard et al., 2000). Furthermore, such high velocities in such high porosity sediments are much
larger than those observed in uncemented Amazon Fan sediments (Erickson and Jarrard, 1998),
leaving a depth-dependent increase in cementation as the only reasonable explanation for the

porosity/velocity trends observed at the CRP-2 core (Jarrard et al., 2000). However, neither this



study nor others were able to demonstrate a direct linkage and correlation between amount of

cementation and velocity increase within a single siliciclastic sequence.
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CHAPTER 2

INSTRUMENTS AND METHODS

In this study, multiple instruments and methodologies are used. Energy-dispersive X-ray
spectroscopy (EDX) is the analytical technique employed by both QEMSCAN® (Gottlieb et al.,
2000) and the Bruker AXS Tracer III-V+ and III-SD handheld X-ray fluorescence (XRF) devices
(Nazaroff et al., 2010). Due to the oversampling of many deep-sea cores, the small amount of
material necessary for these analyses makes these instruments ideal for this study. A custom
velocimeter measures acoustic wave velocity of Canterbury Basin cores, which is then compared
to elemental data gathered using the Bruker AXS Tracer I1I-SD XRF, to determine mineralogical

trends of interest.

2.1 QEMSCAN®

Quantitative Evaluation of Minerals by SCANning electron microscopy, colloquially
known as QEMSCAN®, is FEI Company’s descendant of the QEM*SEM developed by CSIRO.
The QEMSCAN™ Automated Mineralogy system uses a scanning electron microscope (SEM),
with up to four EDX spectrometers. EDX spectra and backscattered-electron image (BEI) are
obtained from each x-y point in a raster scan pattern, to identify the chemical composition of a

sample’s surface. These data are then compared with a hierarchical mineral database, known as a
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Species Identification Protocol (SIP), within the iDiscover”® software suite. Elements that must
be present, elements that may be present, and the BEI are all used to select the mineral that best
fits the spectra (Gottlieb et al., 2000; Haberlah et al., 2010).

Despite the effort that has been put into achieving system ergodicity for automated
mineralogy solutions (Jenkins et al., 1995), limitations for electron microbeam technology still
exist. According to Gottlieb et al. (2000), X-ray generation volume is only 1 to 2 microns across,
with sample penetration depth approximately the same at 25 keV operation voltage. This implies
that X-rays for mineral phases beneath the phase of interest can be generated and skew results.
The analysis time is 1-2 milliseconds per spot, meaning that the speed versus detection limit
tradeoft is such that elements present in amount of ~ <5 weight percent are not detected. The
size of particles is also of concern. Particles of diameter 5 microns or less have insufficient
points for accurate representation (Gottlieb et al., 2000), although modern technology with
resolution of 1 micron has reduced this error significantly. Stereological bias is also possible, and
is dependent upon texture. Significance of this error can be determined and dealt with using

careful mathematical analysis if needed (King and Schneider, 1998).

2.1.1 Sample Selection and Preparation
Grain-size analysis of eolian sourced deep-sea sediments requires a location with specific
parameters. Any site for investigation must be free of fluvial sourced hemipelagic sediments,
which is difficult, as they can travel hundreds of kilometers offshore as a plume in the water
column (Rea, 1994). This means areas uplifted above reworked shelf sediments, such as volcanic
ridges which may rise thousands of meters above such sediments, are ideal for study. The ridge

being parallel to any source region and perpendicular to the prevailing winds is also important
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(Clemens and Prell, 1991; Stuut et al., 2002). ODP Site 722 in the Arabian Sea is located on
Owen Ridge, and meets the aforementioned requirements (Clemens and Prell, 1991). The site is
also ideal because of the effects of the Arabian Sea summer monsoon. Strong winds and the
nearby Arabian Desert produce a large flux of eolian dust to the northwest Arabian Sea, Owen
Ridge, during the summer monsoon season (McDonald, 1938; Prospero, 1981). This makes it
relatively simple to examine lithogenic dolomite and quartz grain-size at the ODP site.

Sample horizons for investigation in the core are selected from throughout Hole 722B to
sample multiple points in the past. However, as the core was depleted from previous research,
the core repository sent material available for one-cc sample size. This limited core samples to
26 samples, with most being from the middle to bottom portion of the core. One-cc samples were
chosen, due to the ease of using such small volume for QEMSCAN® study, and the
aforementioned depletion of the core being investigated.

Samples are prepared by crushing core plugs using mortar and pestle into a fairly
homogenized powder of small particles. This ensures that grains of interest are distributed
randomly throughout any sample scanned by the instrument. The mortar and pestle are cleaned
using highly filtered ionized water after each use, and the lab workstation kept clean to avoid
contamination. After storage and cataloging, samples are then mounted using a carbon tape
methodology. Crushed sample is placed on carbon tape mounted on a 30 mm diameter acrylic

pellet. Excess sample is removed via compressed air, and samples labeled appropriately.

2.1.2 Sample Mounting Techniques
QEMSCAN?® data are collected under vacuum, and samples need to be stable under such

conditions. Unstable samples may break apart, damaging fine instrumentation and destroying
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experiment integrity. For the fine-grained deep-sea sediments of the Hole 722B core, multiple
sampling techniques were investigated.

Sample stages for the instrument can hold 30 mm sample plugs, with smaller plugs being
fit using custom machined steel adapters, if necessary. Carbon-coated epoxy plugs with
impregnated samples are the primary means of investigation for QEMSCAN®, and these were
the initial method of choice for this investigation. However, after several samples were made, it
was discovered that sediment would settle as the epoxy hardened. Pressed pellets made of boric
acid were then created with a thin film of mixed sample powder and boric acid on the surface. It
was found that if pure sample powder were pressed to the boric acid pellet surface, it often would
later spall off. In contrast, a mix of ~50:50 sample:boric acid maintained pellet rigidity.
However, the sample press led to pellets having 31 mm diameter, requiring sanding of samples
down to the 30 mm diameter of the QEMSCAN®™ sample holder. This often caused
destabilization of pellets, and some would shatter under stress. The surface of boric acid pellets
also did not remain stable under vacuum at times, and particulates entered the vacuum chamber
of the instrument. An acrylic rod was then cut into approximately 12.7 mm sections, and a few
drops of epoxy with sample placed on the surface. To avoid the settling issue, sanding of the
surface was attempted. However, this often led to unacceptably low concentration of sample at
the surface.

Using double-sided carbon tape has the advantages that it prevents charging, requires no
carbon-coating, and its bottom sticky surface readily attaches to the aforementioned acrylic rod
segments. One-cm wide double-sided carbon tape is placed on the acrylic plug, from edge-to-
edge to ensure that any charge returns to the sample stage. Powdered sediment is then sprinkled

on the carbon tape, until an even coat is established on the surface. Excess sediment may be
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removed via compressed air and/or by tapping it off. The samples remain stable under vacuum,
and no particulate separation is observed. Using this method proved to be an efficient and viable

means of sample preparation, and is ultimately the method chosen for this study.

2.1.3 Analysis Techniques

Analyses were done at the Energy and Geoscience Institute at the University of Utah
Research Park using a QEMSCAN® 4300, with a Zeiss EVO 50 SEM platform. This instrument
uses four Bruker X-Flash® energy dispersive X-ray detectors to collect elemental spectra. Prior
to each analysis, the instrument calibration is performed, as outlined by Ayling et al. (2012). An
accelerating voltage of 20 keV and specimen current of ~5 nA is used during instrument
operation. Data are collected using iMeasure® v. 5.2 beta software, in field-scan mode, at one
micron spacing, for a 400 x 400 micron field image at the center of each sample.

Data are processed using iDiscover” 5.2 beta software, using the Oil and Gas v. 3.3 SIP.
The granulator and touching particles processors are used to extract dolomite and quartz grain
data, and the area percent of each dolomite and quartz grain is then used to determine the
diameter of each grain, and exported to Kaleidagraph® and Microsoft Excel® software, where

median grain-size for each sample is determined and patterns investigated.

2.2 Bruker AXS Tracer 111 Series Handheld XRF Instruments

The Bruker AXS Tracer III-V+ and III-SD series of handheld XRF instruments provide
analytical capabilities similar to a bench-top instrument (Nazaroff et al., 2010), using advanced
X-ray detector technology, as well as proprietary SIPXRF software to control current and

voltage for the instrument, and ARTAX software to process elemental data. This is accomplished
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by bombardment of a sample with X-rays from an X-ray tube with an Rh target with emission up
to 40 keV (Sendova et al., 2010). The bombardment excites electrons in atoms, and can lead to
the ionization and ejection of an electron, releasing a photon with energy unique to the element
from which it is radiated (Goldstein et al., 2002; Cesareo et al., 2009). The emitted spectra are
then collected using Bruker’s proprietary X-Flash® Silicon Drift Detector (SDD), and processed
using proprietary software. Escape peaks due to elastic scattering and Compton scattering are
both detected and compensated for within the software (Cesareo et al., 2009). The portability of
these energy-dispersive X-ray spectroscopy systems has led to applications in multiple fields of
the sciences, including archaeology (Nazaroff et al., 2010; Speakman et al., 2011), art (Marabelli
et al., 2005; Cesereo et al., 2007), environmental sciences (Rhodes, 1971), mineralogy (Cesereo,

1997), and planetary geology (Economou et al., 1996).

2.2.1 Sample Selection and Preparation
Portability allows XRF samples to range from an outcrop or rock in the field, to powders
and small rocks in the laboratory. As such, sample selection and preparation differs for each
experiment. In this case, samples from the Equatorial Pacific LL44-GPC3 core are prepared and

sampled quite differently than samples from the Canterbury Basin, offshore New Zealand.

2.2.1.1 LL44-GPC3
Samples for LL44-GPC3 are selected partly based on core horizons known to contain
microtektites from previous research efforts (Pierrard et al., 1999). Samples from near those
horizons and distant from them are also chosen to ensure that data gathered are representative of

the piston core along its length.
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The experiment endeavors to detect high nickel X-ray counts, indicative of microtektites.
As such, each core plug is crushed into a homogenized powder to ensure even distribution of
material, as any nickel spectra detected will be reflected back to the detector from the surface of
powder scanned. Crushing is accomplished via mortar and pestle, which are cleaned using highly

filtered ionized water in the laboratory.

2.2.1.2 Canterbury Basin, New Zealand

Sample selection for the Canterbury Basin samples is done using the same parameters as
Brusova (2010). Samples scanned are the same samples for which velocimeter data are collected,
making for consistent comparison of the two datasets. This also allows cementation effects to be
established using both elemental and velocity data.

Core plugs are scanned without being crushed for this scan, and are the same samples
used by Brusova (2010) for velocity measurements. As the samples are still wet with seawater,
and have some honey, used as couplant in the velocity experiment, great care was taken to ensure

no damage is done to the XRF instrument.

2.2.2 Analysis Techniques
Samples from LL44-GPC3 are analyzed using the Bruker AXS Tracer III-V+ instrument
using thin-film analysis. First, the crushed powder was placed in Bruker sample cups, with 4
micron thick plastic barrier between the sample and handheld XRF. After each sample run, any
residual sample in the sample cup was removed using compressed air, or by replacement of

plastic.
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Analysis for Canterbury Basin core plugs was carried out using the Bruker AXS Tracer
II1-SD instrument. As the core plugs are saturated with sea water from velocity measurements,
each sample was placed on a piece of wax paper to protect the instrument. After each sample
run, the wax paper was replaced to prevent sample contamination.

Data for each run are collected at a Baud rate value of 115200, using the pdz setting for
obsidian. An operating voltage of 15 keV was used, as was an actual anode current of 28 pA. No
filter was used in either study. Samples from LL44-GPC3 were scanned for 5 minutes to collect
maximum X-ray counts for nickel, which is present in very low concentrations. For Canterbury
Basin samples, where major elements are the objective, samples were scanned for 90 seconds.

Data were then processed using ARTAX software, where spectra are processed, and
elemental data teased out. Each element detected by the XRF must be marked in the software, so
that proper processing occurs. It should also be noted that multiple gathered sample spectra may
be processed simultaneously, allowing processing to be complete in minutes. Processed data is
then exported to Microsoft Excel® or Kaleidagraph® software for manipulation and/or creation of

graphs. Further details can be found in the ARTAX software user manual available from Bruker.

2.3 Velocimeter

Acoustic wave velocities for Canterbury Basin core samples are measured using a custom
made velocimeter, designed specifically for determination of P and S wave velocities versus
pressure. The equipment consists of a hydraulic pump, oscilloscope, pressure vessel, transducer
assembly, and a transducer controller. The velocimeter allows for the collection of in situ and

atmospheric velocity measurements for each recovered core sample of interest.
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2.3.1 Sample Measurements

Sampling interval is approximately 50 meters on recovered core. Selection is based on
the multisensor track, the need for minimal disturbance of core, and being adjacent to index
property measurements for calculation of all elastic moduli (Brusova, 2010). Samples are 1 inch
diameter cylinders, kept saturated in seawater, and may be lithified or unlithified. For
measurement of velocities as a function of pressure, a sample is placed between the two
transducers of the velocimeter, and the entire transducer assembly is then enclosed in a pressure
chamber. The hydraulic pump then pressurizes samples at half in situ pressure, in situ pressure,
half in situ pressure, and then atmospheric pressure. This is done to ensure hydrostatic pressure is
achieved for each measurement, and is dependent upon whether coupling is sufficient for
adequate signal strength. Some samples were measured only at atmospheric pressure, outside the
pressure vessel. The oscilloscope and its software are then used to capture P and S wave

velocities for each sample.

2.3.2 Analysis Techniques
The P and S wave velocity arrival times are picked by the operator using the oscilloscope
captured waveforms. The P-wave velocity of the sample (Vp) is calculated from the first arrival

for the P-wave traveltimes (TTtotal) by

Yy (meters/sec) = L(meters)/(TT;otar — TTeransaucers) (S€C) (2.1)

where L is the length of the core sample, and TTtransducers = 12.410 psec the P-wave travel time

correction for a P-wave travelling between two transducers without any sample inserted. Brusova
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(2010) analyzed V, at in situ pressures, and compared V,, at in situ pressures to V, at atmospheric
pressures. In this study, the focus is on V,, at atmospheric pressure, which is compared to

elemental data gathered using the handheld XRF.



CHAPTER 3

QEMSCAN® ANALYSIS OF LATE NEOGENE
SEDIMENTS, ODP SITE 722, NORTH-

WEST INDIAN OCEAN

Grain-size and mineralogy are well established proxies for paleoclimate studies involving
deep-sea sediments (Rea, 1994). These proxies reveal the general climatic conditions of the past,
with grain-size being useful for paleowind strength, and mineralogy for paleoenvironment and
source region. However, finding areas where such proxies provide reliable data can be difficult,
as eolian signals may be easily obscured by fluvial sediment and/or organic processes. Owen
Ridge is one such location, where grain-size and mineralogic proxies are able to illuminate past
conditions, due to the ridge’s location under Indian Ocean summer monsoon winds, and its

unique depositional setting.

3.1 Indian Ocean Summer Monsoon

Indian Ocean summer monsoon winds are driven by the differential heating between the
cold Indian Ocean and the warm India-Asia subcontinent. This leads to the development of high

surface pressure (low pressure aloft) over the Indian Ocean and low surface pressure (high
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pressure aloft) over the India-Asia subcontinent. This creates a northeast-southwest pressure
gradient (Figure 3.1), which is strengthened by the “moist process,” the release of latent heat
over the continents by monsoon storms (Webster, 1987). From these processes, strong upper
level winds of up to ~30 knots develop over the Arabian Sea, which when coupled with the
nearby arid Arabian Peninsula provide a large flux of eolian dust up to 18.5 microns in diameter
to the Arabian Sea (McDonald, 1938; Prospero, 1981; Ackerman and Cox, 1982; Prodi et al.,
1983; Tsoar and Pye, 1987; Clemens and Prell, 1990, 1991). In fact, nearly 80 % of the
terrigenous flux to the region occurs at this time and is eolian in origin (Nair et al., 1989). This is

easily observed via haze at sea, which demonstrates that June, July, and August, the strongest

° {1,

‘Indian Ocean

HIGH PRESSURE

Figure 3.1. Location of ODP Site 722. The northeast-southwest pressure gradient created during
the Indian Ocean summer monsoon. Modified from Clemens and Prell (1991).
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summer monsoon months, are the primary months of aerosol transport from the southeast coast
of Arabia to the Arabian Sea (McDonald, 1938; Prospero, 1981; Clemens and Prell, 1991). In the
winter, the continents cool, reducing upper level winds to ~10 knots, and reversing their
direction landward, rather than seaward (Hastenrath and Lamb, 1979).

In Earth’s past, monsoon processes differed from the current climatic regime for the
region. For example, glacial periods are exemplified by increasing aridity (Street and Grove,
1979; van Campo et al., 1982; Prell and van Campo, 1986; van Campo, 1986), decreased
precipitation, and expansion of unvegetated terrain (Mahowald et al., 1999). In the Northwest
Indian Ocean/Arabian Sea region, these conditions created stronger winter northeast trade winds
and weaker summer monsoons, possibly with different trajectories than at present (Krissek and
Clemens, 1991). These stronger winter winds led to an increase in grain-size (Rea, 1994), and 2-
20 times greater sediment flux to the Arabian Sea (Mahowald et al., 1999).

Interglacials, on the other hand, show increased humidity and precipitation (Street and
Grove, 1979; van Campo et al., 1982; Prell and van Campo, 1986; van Campo, 1986). These
conditions led to reduced wind strength and smaller grain-size for dust aerosols (Rea, 1994). For
the region around the Arabian Peninsula, the interglacial climate is dominated by strong summer

southwest monsoon winds and increasing precipitation (Prell and van Campo, 1986).

3.2 Depositional Setting

Owen Ridge provides a unique opportunity to investigate the paleoclimate of the Arabian
Peninsula and East Africa using eolian proxies, because of its geographical location and
geomorphology. Owen Ridge is located 350 km off the coast of the Arabian Peninsula, running

nearly parallel to the country Oman, placing the ridge directly beneath the axis of strong Indian
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Ocean summer monsoon winds, and beneath any eolian aerosols that may settle out from these
winds. The geomorphology of the ridge plays an important role in eolian signal preservation,
despite complex depositional processes interacting in the region. This is due to the ridge rising
1500 meters above the Oman Basin to the northwest, and 2000 meters above the Indus Fan to the
Southwest. Owen Ridge’s uplift began in the Middle Miocene as shown by the in-core lithologic
transition from turbidite deposits to pelagic carbonates, showing that the ridge was uplifted
above the zone of turbidite and overbank deposition (Weser, 1974; Mountain and Prell, 1989;
Shipboard Scientific Party, 1989; Clemens and Prell, 1991; Debrabant et al., 1991). These
conditions make the ridge ideal for detection of eolian signals, as it rises above fluvial
hemipelagic sediment entering the Northwestern Indian Ocean/Arabian Sea basin via the Indus
River, which would obscure eolian signals in ridge sediments. The eolian sediments would be
obscured, because Indus Fan sediments are rich in chlorite and illite due to derivation from the
Himalayan Complex (Krissek and Clemens, 1991), are indistinguishable from eolian sediment
transported from the Thar Desert of India (Kolla et al., 1981), and similar to Arabian Peninsula
eolian sediments (Krissek and Clemens, 1991). This illustrates how, despite the Arabian Sea
possibly having the highest recorded flux of eolian material in the global marine environment
(Prodi et al., 1983; Chester et al., 1985; Savoie et al., 1987), analyzing the material is difficult

unless the seafloor meets the aforementioned criteria.

3.3 Regional Paleoclimate
The relationship of Owen Ridge sediments to regional paleoclimate is in part determined
by sediment’s original source region. Terrigenous material’s source region is determined using

the unique mineralogic characteristics of the material, and then comparing that information to
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known ancient and modern soils. This reveals not only ancient and modern wind patterns, but
also the paleoclimatic and paleoenvironmental conditions of the region. Grain-size provides
information on wind circulation and strength. Variations in grain-size occur as climate shifts,
meaning that it reveals changes in monsoonal strength through time. Together, grain-size and
mineralogy change through time from core horizon to core horizon, revealing the paleoclimatic
conditions of a given geographical region.

Global Climate Model (GCM) studies (Kutzbach and Guetter, 1986) have linked
increasing insolation to increased differential heating between the southern Indian Ocean and
southern Asian continent. This differential heating creates stronger monsoon circulation
(Kutzbach, 1981; Kutzbach and Otto-Bliesner, 1982; Kutzbach and Guetter, 1986; COHMAP
Members, 1988) and therefore stronger winds capable of carrying larger grains of eolian dust.
This can be enhanced by global ice volume increases during glacial periods, leading to decreased
vegetative cover and increased deflation of lithogenic material via wind (Kukla et al., 1988). The
uplift of the Himalayan complex also allows for latent heat to be released over the Asian
continent, increasing the aforementioned pressure gradient of the monsoon. Other variations in
the amount of global insolation, global ice volume, Indian Ocean sea surface temperature, and
the albedo and elevation of the Asian continent also change the strength of monsoon circulation
through time (Kutzbach, 1981; Kutzbach and Otto-Bliesner, 1982; Prell, 1984a, b), and provide
climatic controls on grain-size.

Currently, the Arabian Sea is provided a significant amount of sediment from the
deposition of eolian dust (Goldberg and Griffin, 1970; Kolla and Biscaye, 1977; Kolla et al.,
1981). Study of the mineralogical distribution of eolian dust reveals that dust’s ultimate origin

from the surrounding geographical region. For example, sediment rich in chlorite and illite,
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whose composition is similar to soils found in the Iran-Makran region, is found throughout the
Arabian Sea (Kolla et al., 1976, 1981). Aerosols collected over the Arabian Sea during the
northeast monsoon are transported by northerly and/or northwesterly winds (Krissek and
Clemens, 1991) from the Iran-Makran region (Chester et al., 1985). Some chlorite and illite rich
material may also be delivered to the Arabian Sea by northeast trade winds from the Thar Desert
of India, but this component is too compositionally similar to Indus Fan sediments to be
distinguished as its own signal (Kolla et al., 1981). The clay palygorskite has also been found in
Arabian Sea sediments, derived from the palygorskite-rich soils of the Arabian Peninsula and
Somalia via westerly and southwesterly winds (Clemens and Prell, 1991; Krissek and Clemens,
1991). Major sources of chlorite, dolomite, detrital carbonate, palygorskite, and smectite are also
transported to the Arabian Sea by the summer northwesterly winds from Oman and Central
Arabia (Sirocko and Sarnthein, 1989). Other mineralogic components of the Arabian basin
include fluvially derived smectite from the Deccan Traps of India, and minor input of kaolinite
from the tropical soils of Africa, Madagascar, and southern India (Krissek and Clemens, 1991).
Any climatic fluctuations in these source regions over geologic time scales affected the
mineralogy of sediments derived from them (Krissek and Clemens, 1991). This occurs due to
changes in precipitation, vegetation, and other environmental factors. During Pleistocene glacial
periods, increased aridity of the source region led to the expansion of saline littoral, arid desert,
and steppe inland environments. These environments are ideal for the creation of eolian dust and
associated minerals that form under arid conditions such as chlorite, dolomite, illite, and
palygorskite (Dixon and Weed, 1977; Velde, 1985; Krissek and Clemens, 1991). Interglacial
periods, on the other hand, have increased humidity and precipitation (Prell and van Campo,

1986), in turn expanding environments covered by savanna-type vegetation (van Campo et al.,
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1982). Such precipitation promotes chemical weathering, and minerals such as smectite are

favored over arid mineralogic assemblages (Velde, 1985).

3.4 Previous Work

Extensive work has been done on ODP Site 722 (Clemens and Prell, 1991; Krissek and
Clemens, 1991; Rea, 1994) and provides a wealth of information for comparative studies.
Research of particular interest is that which focuses on grain-size and mineralogic relationships
to the Indian Ocean summer monsoon. Comparison of this research to similar studies, such as
this thesis, should yield similar results, and provide insights into the viability of new

technologies for grain-size and mineralogy paleoclimate research efforts.

3.4.1 Grain-Size Analysis

Clemens and Prell (1991) investigated grain-size from Hole 722B using the University of
Rhode Island Elzone Particle Analyzer (E.P.A.), measuring the volume of particles based on
electrolyte displacement as lithogenic grains pass through an orifice (Clemens and Prell, 1990),
without identifying individual mineral grains. This methodology reveals the grain-size record of
ODP Hole 722B to be a high frequency record indicative of monsoon wind strength having a
more complex response to climatic forcing mechanisms than aridity, implying that source region
aridity is not dependent upon monsoon strength (Clemens and Prell, 1991). These findings
suggest the grain-size record is externally forced by precessional insolation, and internally forced
by interactions that occur between global ice volume and availability of latent heat, which help
determine summer monsoon wind strength (Clemens and Prell, 1990). These relationships do not

appear to have changed for at least the last one million years or so, other than a decrease in grain-
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size beginning at 500 ka. This abrupt decrease in grain-size continues until the present, and
suggests an overall decrease in stronger monsoon wind strength over the last half million years.
However, these findings do not correlate to the Globigerina bulloides upwelling record, which is
an independent record of paleowind strength (Anderson and Prell, 1991). This indicates a
decoupling of the grain-size and Globigerina bulloides records prior to 500 ka, and that the
observed decrease in grain-size may not be due to changing monsoon wind strengths, but rather
due to a possible change in lithogenic source region. The loss of such a region may account for
changes in grain-size without there being a change in wind strength, and may occur via changes
in lofting potential of lithogenic dust or shifting wind patterns (Clemens and Prell, 1991). Such
changes occurred during the Pliocene-Pleistocene orogeny of the Zagros Mountains and the
associated development of the modern Persian Gulf (Kassler, 1973). These tectonic events could
have influenced source region lithology, distribution, and local wind patterns, such as the
northwesterly Shamal winds over Arabia (Pye, 1987). This may be a possible explanation, as the
grain-size decrease does not appear to be related to vegetative changes due to aridity (Clemens
and Prell, 1991). The overall grain-size record also shows little coherency with regards to the
interactions of grain-size variations and insolation forcing, global ice volume, and latent heat
processes with glacial/interglacial cycles (Clemens and Prell, 1991). However, coherency
between Hole 722B and RC11-210 grain-size records in the equatorial Pacific point to a strong
relationship of Indian Ocean summer monsoon strength and the Pacific Ocean southeast trades,
and in turn insolation forcing (Clemens and Prell, 1991). Ultimately, the cause of grain-size
change is still uncertain, and a likely explanation takes into account both insolation variation
through time, as well as regional tectonic changes that affected lithogenic material carried out to

Owen Ridge.



33

3.4.2 Mineralogical Analysis

Krissek and Clemens (1991) analyzed mineralogy of Owen Ridge sediments using X-ray
diffraction for the last 500 ka, using the same samples as Clemens and Prell (1991). Using R-
mode factor analysis of the mineral/boehmite peak ratio data, Krissek and Clemens (1991)
determined the loadings for each mineral in each sample. These data were to be converted to
quantitative mineral percentages using calibration curves as outlined in earlier research (Gibbs,
1967; Krissek, 1982; Scheidegger and Krissek, 1982); however, this proved impossible due to
nonuniform grain-sizes throughout ODP Hole 722B samples (Krissek and Clemens, 1991). Due
to this, only downcore variations in the peak ratio of each mineral could be presented, but
comparison of two or more minerals was impossible (Krissek and Clemens, 1991).

Based on factor analysis, Krissek and Clemens (1991) successfully identified four unique
mineral assemblages (Factors 1, 2, 3, and 4), with each factor consisting of a group of minerals,
that provide information on the source region(s) as well as likely prevailing weathering
conditions.

Factor 1 is defined by high loadings for chlorite, dolomite, and quartz. Chlorite is
important to this assemblage, as it is formed in an arid region with minor chemical weathering
(Dixon and Weed, 1977; Velde, 1985; Krissek and Clemens, 1991). Also pointing to an arid
source climate is dolomite, which can be created via the desiccation of sabkhas (Dixon and
Weed, 1977). Appropriate source lithologies for Factor 1 have been around for the last 500 ka
and exist in Iran-Makran, Oman, the Arabian Peninsula, and East Africa. The mineral dolomite’s
presence in the assemblage points to its source being from the Arabian Peninsula and Oman, as

dolomitic lithologies are exposed there (Sirocko and Sarnthein, 1989).
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Factor 2 consists of illite, kaolinite, and plagioclase feldspar. Illite forms from the
degradation of mica or via weathering of potassium feldspars under conditions of limited
precipitation (Dixon and Weed, 1977; Blatt et al., 1980). These same conditions are also
favorable for the preservation of plagioclase feldspar (Krissek and Clemens, 1991). In the last
500 ka, source lithologies in conditions of limited precipitation have existed for this assemblage
in the Arabian Peninsula, Iran-Makran, and Somalia (Kolla et al., 1981; Sirocko and Sarnthein,
1989).

Factor 3 is dominated by smectite, a mineral that requires a climate of moderate chemical
weathering (Velde, 1985). Under such climatic conditions, minerals such as plagioclase feldspar
are unstable and are not preserved. Major sources of smectite to the modern Arabian Sea are the
Deccan Trap basalts of India (Krissek and Clemens, 1991). However, suitable source rocks for
the last 500 ka have been exposed in the Arabian Peninsula and East Africa (Kolla et al., 1981;
Krissek and Clemens, 1991). These data point to Factor 3 smectite being blown over Owen
Ridge from one of these locations over the time period of 500 ka to present.

Factor 4 minerals include dolomite and palygorskite (Krissek and Clemens, 1991).
Palygorskite forms in marine environments, such as alkaline lakes, carbonate deposits, and
evaporite deposits (Velde, 1985; Krissek and Clemens, 1991). Palygorskite degrades under even
very minor chemical weathering, so it can only exist in regions of aridity. Source regions for
palygorskite include the arid Arabian Peninsula and East Africa (Kolla et al., 1981; Sirocko and
Sarnthein, 1989). The presence of dolomite, however, points to the source region being the
Arabian Peninsula, where carbonate lithologies from which it can form are plentiful (Sirocko and

Sarnthein, 1989).
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In summary then, Factors 1 and 4 show sustained production of eolian dust to the
Arabian Sea from the Arabian Peninsula and Oman, with Factors 2 and 3 being less well-defined
regionally (Krissek and Clemens, 1991). Krissek and Clemens (1991) also found their
interpretations of source climates complicated by the short-term variability of the mineralogical
record. Their spectral analysis showed that Factors 1, 2, and 4 appeared to increase during the
more arid glacial intervals (Krissek and Clemens, 1991), indicating that regional climatic shifts
were an integral part of the reason for variations in mineralogy found in the core samples at Hole

722B, Owen Ridge.

3.5 QEMSCAN® Analysis Results

Data collected for this study provided a fairly robust sample suite for both grain-size and
mineralogy: 25 of the 26 samples from ODP Hole 722B provide excellent data, with the
exception being the sample from 0.84 meters depth, which has too few dolomite and quartz

grains for analysis. All other samples have several hundred data points.

3.5.1 Grain-Size
Grain sizes for both dolomite and quartz are determined, as both minerals are known to
be eolian in origin if found in Owen Ridge sediments (Clemens and Prell, 1991). Minus the core
horizon 0.84 meters in depth, the samples each have several hundred grains available for
analysis, allowing the median grain-size for dolomite, quartz, and the average of both to be
calculated for 25 core horizons from ODP Hole 722B for comparison to the work of Clemens

and Prell (1991) (Table 3.1).



Table 3.1

QEMSCAN® Grain-Size Diameter
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Depth (m) ®Age (ka) Dolomite (um) Quartz (um) °Average (Um)
0.44 11 3.9 3.9 3.9
1.44 27 4.2 4.2 4.2
2.04 39 4.2 3.9 4.0
2.44 47 4.2 3.9 4.0
2.64 51 4.2 4.2 4.2
2.84 55 3.9 3.9 3.9
3.24 65 3.9 3.9 3.9
3.44 69 4.8 4.8 4.8
3.64 75 3.9 3.9 3.9
3.84 81 4.2 4.8 4.5
4.04 91 4.2 4.8 4.5
4.24 100 4.8 4.2 4.5
4.44 110 4.2 3.9 4.0
5.24 130 4.8 3.9 4.4
5.74 138 3.9 4.8 4.4
5.94 142 4.8 34 4.1
6.14 145 4.8 5.5 5.2
6.34 149 3.9 4.2 4.0
6.94 159 4.8 4.2 4.5
7.14 163 3.9 3.6 3.8
7.34 166 42 42 4.2
7.54 170 4.2 4.2 4.2
7.74 174 4.8 4.2 4.5
7.94 179 3.9 4.2 4.1
8.14 184 4.8 4.2 4.5

*Dates are based on those given by Clemens and Prell (1991) and Krissek and Clemens (1991).
They are only approximate.
°The average is the combination of both dolomite and quartz median grain-sizes, providing the
lithogenic average for these two important minerals. This also allows analysis to be performed
more easily, whilst still providing pertinent data on the eolian component of ODP Hole 722B

sediments.
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Downcore variations in both dolomite and quartz grain-size are observable from
approximately 11 ka to 184 ka. Data lay within a 95 % confidence interval (Nair, 1940) for both
dolomite (Figure 3.2a) and quartz (Figure 3.2b). The 95 % confidence interval shows that
QEMSCAN® grain-size diameters are reliable for comparison to Elzone Particle Analyzer data
collected by Clemens and Prell (1991). High median grain-sizes on this plot correspond to

stronger paleowind strength, and low median grain-sizes to low paleowind strength.
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Figure 3.2. Dolomite and quartz median QEMSCAN® grain-sizes: a is dolomite grain-size
diameter, and b is quartz grain-size diameter. Note the error bars illustrating the 95 % confidence
interval for grain-size in the population.
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The average of dolomite and quartz (Figure 3.3) median grain-sizes shows peaks at 27 ka,
51 ka, 69 ka, 81-100 ka, 130 ka, 145 ka, 160 ka, and 174 ka. Significant valleys, or decreases in
grain-size, are observed at 55-64 ka, 75 ka, ~110 ka, 138 ka, 149 ka, 163 ka, and 179 ka. These
data when compared to Clemens and Prell (1991) data show remarkable similarities, with the
primary difference being solely median grain-size. This is surprising, especially as Clemens and
Prell (1991) grain-size is greater than QEMSCAN®-observed grain-size by a factor of three. This
is not likely due to an error in QEMSCAN® instrumentation, as a preliminary study found
QEMSCAN® to accurately measure the size of Whitehouse Standard® silicon beads accurately.
Various reasons for this discrepancy are possible, with differences in methodology being first
and foremost. QEMSCAN® only extracted the data for individual dolomite and quartz grains,
whereas the Elzone Particle Analyzer scanned all lithogenic material after calcite dissolution.

Possibly, some clay flocculation biased the Elzone analyses. Regardless of the difference in size
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Figure 3.3. Average grain size for dolomite and quartz. Arrows show significant peaks, with red
arrows showing correlation with glacial millennial climate events. Grain-size decreases toward
modern times, as illustrated by the red trendline.
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and instrument methodologies, the question still remains as to whether or not the
paleoclimatological story being told is the same. To determine if this is indeed the case, two
separate analyses are done.

QEMSCAN® data are scaled up by a factor of 3.6 to show any visual similarities between
the two datasets (Figure 3.4). The two data sets appear to match each other well, with the
exception of median grain-size from 145-130 ka, which seem to mirror one another. Despite how
well the two data sets match, further analysis is performed in order to ensure that scotoma is not
occurring. Derivative analysis shows if two datasets are similar, as locations in the data where
the slope is zero will cross at the zero line. If the datasets are similar, these crossings should be
equivalent or close when plotted. As shown (Figure 3.5), the datasets do indeed often meet at the
zero line, or are only slightly offset from each other. In conjunction with the previous analysis,

this suggests a similar paleoclimatological story is being told by both datasets.
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Figure 3.4. Comparison of normalized QEMSCAN®™ and E.P.A. grain-size results. The two
datasets are visually similar.
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Figure 3.5. Derivative analysis of E.P.A. (Clemens and Prell, 1991) and QEMSCAN" (Bradbury,
2012) grain-size data. Note how often the two meet at zero, or are only slightly offset. This is
indicative of a general correspondence of peaks and troughs in the two time series.

Clemens and Prell (1991) noted a long-term trend of decreasing grain-size toward the
present time. As seen in Figure 3.3, that trend is also observed in the QEMSCAN® data,
implying that a similar paleoclimatological story is being told by both datasets. The two
techniques for determining grain-size yield generally similar results. QEMSCAN® may be

preferable when available samples are very small or if a single mineral, rather than whole-rock

analysis, is the focus of the analysis.

3.5.2 Mineralogy
Mineralogical analysis by the QEMSCAN® instrument shows each ODP Hole 722B
sample to consist of ~80 % biogenic carbonate, consistent with previous work (Clemens and
Prell, 1991), with much smaller percentages of clays, dolomite, feldspars, and quartz (Figure
3.6). As the species identification protocol (SIP) used by QEMSCAN® does direct mineralogical

analysis of a sample’s surface, area percent for each mineral can be calculated. Clays and
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Figure 3.6. Mineral area percent for ODP Hole 722B. Graph begins at 65 %. Unreported data are
background. Dates are approximate, and based on those given by Clemens and Prell (1991) and
Krissek and Clemens (1991).

feldspars provide a limitation, however, as the SIP used cannot reliably distinguish between
these two geochemically similar mineral groups. This is why, in this study, clays and feldspars
are treated as one group. Dolomite and quartz, on the other hand, are each treated separately, as
QEMSCAN" is able to distinguish between the two minerals accurately and consistently.

As QEMSCAN™ area percent is a quantitative value and XRD data semiquantitative,
similarities between the two datasets are determined using a somewhat qualitative analysis.
QEMSCAN® mineral percentages, converted to a ratio of mineral percent/total noncalcite
mineral percent and the X-ray diffraction (XRD) mineral/boehmite peak ratios, are semi-
quantitatively compared using a double-Y plot. This analysis will allow for comparison of both
old and new data, and in turn show whether downhole variations are similar or not as the XRD

mineral/boehmite relative abundance should rise and fall with QEMSCAN® area percent.
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This semiquantitative data analysis shows that clays and feldspars have some correlation,
with the two methodologies having some similarities, but also substantial differences (Figure
3.7). Note how several of the peaks do align together, but from approximately 145 ka to 100 ka,
the two datasets are nearly opposites of each other.

On the other hand, dolomite shows fairly good correlation, with data from the two
methods matching or being very similar to each other at nearly every datapoint (Figure 3.8).
Even most of the variation in abundance throughout the hole matches well, with rises and falls in
dolomite concentration occurring simultaneously in both QEMSCAN™ and XRD datasets. Even
the significant increase in dolomite from 166 ka to 138 ka, and its subsequent decrease at 110 ka,

is captured quite clearly by QEMSCAN® instrumentation.
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Figure 3.7. Comparison of QEMSCAN® area percent and XRD relative abundance for clays and
feldspars by age.



43

0.35

T T T
[ ] L]
030 ’ o?
\ o ol @ i
® Ko
) .
= " b
7] L
2 0251 % 1° 8
§ # 3
o . &
2 L ] L]
£ A N A n %
= ] .
L ] L ]
8 e L] . /
020 ' E ¢ s
(1 o =
L NN . . . ®
L ]
. P
e il -
015
* L]
. -1
®
0.10 1 1 = 1 o
0 50 100 150 200
Age (ka)

Figure
3.8. Comparison of QEMSCAN® area percent and XRD relative abundance for dolomite by age.

Quartz comparison is much like the clays and feldspars analysis. QEMSCAN® and XRD
data do not correlate to each other, with the exception of some large increases or decreases in
quartz content happening coeval to each other (Figure 3.9). With the exception of these apparent
increases and decreases in abundance, QEMSCAN® data are characterized by much larger values
than those observed via XRD. This leads to confusing results, as QEMSCAN™ is reliable at
detecting quartz. The cause of this is perhaps due to unremoved radiolarian material being
detected by QEMSCAN®, which cannot distinguish mineralogically between quartz and hydrous
opaline silica. Examination of the individual quartz grains shows that virtually all exhibit the
rounded morphology expected of eolian sourced quartz; radiolarian and/or diatom morphologies

were rarely observed.
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Figure 3.9. Comparison of QEMSCAN® area percent and XRD relative abundance for quartz by
age.

Due to the semiquantitative analysis being inconclusive, crossplots for each dataset were
created and linear regression fitted to each mineral assemblage to determine any significant
correlation. The correlation coefficient (R) determines how well the variable datasets from
QEMSCAN® and XRD match to each other. The crossplots and associated correlation
coefficients show dolomite to lie within the 95 % confidence level (Fisher and Yates, 1948) for
significant correlation, with an R value of 0.411 for 25 samples (Figure 3.10a). However, quartz
(Figure 3.10b) and clays and feldspars (Figure 3.10c¢) show no statistically significant
correlation, with R values of 0.168 and 0.066, respectively. These data show that either

QEMSCAN® is detecting mineralogical changes not previously observed, or that dissolution of
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noneolian material (Krissek and Clemens, 1991) may be a necessary step in order to achieve

similar results.

3.6 Discussion

The data gathered from the QEMSCAN" instrument on grain-size (Figure 3.3) shows
similar results to earlier work (Clemens and Prell, 1991). This suggests that QEMSCAN"is a
reliable rapid reconnaissance instrument for grain-size research involving deep-sea sediments.
With this in mind, some discussion of what these grain-size data reveal about paleoclimate is
warranted.

Grain-size peaks are found in the dolomite/quartz average at 27 ka, 51 ka, 69 ka, 81-100
ka, 130 ka, 145 ka, 159 ka, and 174 ka aged core horizons from ODP Hole 722B. Some of these
peaks, specifically 27 ka, 51 ka, 69 ka, 81 ka, and 91 ka coincide with, or occur at nearly the
same time, as known glacial millennial climate (GMC) events (Table 3.2). These events include
Dansgaard-Oeschger (DO) events, and Heinrich (H) events, which appear to be linked to small

changes in solar insolation.

Table 3.2

Glacial Millennial Climate Events and Grain-Size

Grain-Size Peak Age (ka) GMC Events GMC Event Ages (ka)
27 DO-2; H-2 26-23; 26-24
51 DO-13; H-5 52-50; 49-47
69 DO-18 69-65
81 DO-20? 78-77

91 DO-22 97-90
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Dansgaard-Oeschger events are defined by sharp spikes in the Greenland ice core §'*0
record, and represent brief warming periods during glacial intervals, of up to 15° C, that last 500-
2500 years (Dansgaard et al., 1984; Oeschger et al., 1984; Dansgaard et al., 1993). These periods
of warming are usually preceded by Heinrich events. Heinrich events are brief periods of
sediment deposition via ice-rafting (Heinrich, 1988) and subsequent ocean surface cooling over
large parts of the North Atlantic Ocean (Bond et al., 1992; Andrews et al., 1998; Hemming 2004;
Cronin, 2010). This “flip-flop” of climate state in the North Atlantic appears to affect the
Tropics, including the East Asian Monsoon, although whether the source of climate change
originates in the Tropics or the North Atlantic is still debatable (Broecker, 2003).

The East Asian Monsoon has been linked to North Atlantic climate via millennial scale
events (Broecker, 1994; Hughen et al., 2000; Kienast et al., 2001; Wang et al., 2001; Burns et al.,
2003). The oxygen-isotope record captured in speleothems in the Indian Ocean region shows that
DO events caused the climate to become quite dry, prior to the warming that led to wetter
conditions (Burns et al., 2003). Such an increase in drying prior to a wetter climate would have
created increased dust potential for the surrounding region (Goudie, 1983; Prospero et al., 1989),
and the subsequent increased warming and wetness following would have temporarily
strengthened monsoon winds. Such conditions lead to larger grains being carried by stronger
monsoon winds, and a temporary increase in grain-size is observed. This appears to point to solar
insolation variance strongly affecting the grain-size record through time, with the earlier grain-
size peaks perhaps being related to similar glacial millennial events.

In contrast to the grain-size data, the mineralogical data from QEMSCAN®™ shows very
little correlation to previous work (Krissek and Clemens, 1991). Although dolomite percentage

correlates well with the relative abundance calculated by Krissek and Clemens (1991), the clays
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and feldspars and quartz percentages and abundances do not. The reason for the lack of
correlation is currently unresolved, but is likely due to differences in sample preparation or
sample quality. This is also confusing, as QEMSCAN™ reliably detects quartz, and the SIP used
excels at doing so. The differences for quartz may be explained by the unique ability of
QEMSCAN® to analyze samples without the need to remove biogenic carbonate and other
organic material. As such, samples for this study are in-situ, and have not been disturbed by
chemical treatment. It is also a possibility that the portion of sample received for this study was
different from the sample used by Krissek and Clemens (1991), as the core is quite depleted at
this time. Regardless of the cause of data discrepancy, the data do show that dolomite and quartz
grain-size increases during GMC events. Another unexpected result is that dolomite grain-size
does not consistently correlate to increases in dolomite abundance as one might expect.
However, the data do show that clays are somewhat inversely correlated to dolomite and quartz,
showing that processes behind depositional factors do differ based on regional climate as

suggested by Krissek and Clemens (1991).

3.7 Conclusions and Future Work

Grain-size research using QEMSCAN™ is better than previous methodologies when
looking at individual minerals. The reliability of data collected by the instrument, and high
resolution of important eolian minerals, points to a new paradigm in grain-size paleoclimate
research. The implications of dolomite and grain-size being much smaller than earlier studies,
yet still telling similar paleoclimatological stories, suggests that some estimations of monsoon
paleowind strength may need to be reevaluated. Mineralogical analysis on the other hand is

uncertain. Although QEMSCAN™ measurements for dolomite area percent correlate well with
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earlier work, the weak correlation to quartz and clays and feldspars implies an unknown variable
in the data. However, it should be noted that QEMSCAN™ is being used as a “micro” technique
in this study, focusing on only a few minerals. Bulk analysis using XRD does not do this,
meaning that the differences could be explained solely due to methodological differences.

Future work using QEMSCAN® requires, first and foremost, a SIP calibrated and tailored
for the region’s sediment. With such a SIP, more samples from ODP Hole 722B should be
analyzed and investigated for paleoclimatological patterns. Such research could help resolve the
cause of grain-size change, and the enhanced SIP would allow for better mineralogical analysis.

QEMSCAN® would also allow for determination of whether grain-size changes are due
to provenance changes or changing monsoon wind strengths. Some evidence for this is seen in
the dolomite and quartz median grain-size data. At several instances, dolomite, the denser
mineral, has larger grain-size than quartz, which is less dense. With more data and samples, this
could point to monsoon wind strength being the primary control on grain-size, with dolomite
coming from the Arabian Peninsula, and quartz from possibly a different quarter.

Paleoclimatological precursor events to DO and H events should also be sought out in the
Arabian region. The rapidity of QEMSCAN® analysis is ideal for mineralogical precursor events,
and could possibly help determine if the source of global millennial shifts originates in the North
Atlantic, or in the Tropics, which react violently to such events. In summary, what are needed are
more samples to increase data density, samples from less depleted portions of core, and better

calibrated instrumentation and methodology.



CHAPTER 4

XRF ANALYSIS OF LL44-GPC3 CORE,

CENTRAL NORTHEAST PACIFIC

As Earth orbits around its star Sol, there is a high probability that it may collide with any
number of near Earth objects. Any such impact by a bolide would be disastrous, as modern
civilization is vulnerable to such events (Pierazzo and Artemieva, 2012). Understanding the
environmental effects of such catastrophic geologic events allows humanity to better prepare for
when they will happen. However, in order to understand such effects, a key piece of evidence is
needed. That evidence lies, in part, with the distribution of debris after impact. These debris
fields, known as strewn fields, are littered with glassy ejecta called tektites, some of which are
rich in nickel, an element not common in Earth’s crust, but common in meteorites (Pierrard et al.,
1999). Some tektites are known as microkrystites (Pierrard et al., 1999; Vonhof and Smit, 1999),
and are essentially nickel-rich spinel. Being able to rapidly identify core horizons rich in nickel-
rich spinel, and therefore extraterrestrial matter, would be a benefit to researchers searching for
bolide impact tracers. It is posited that using handheld X-ray fluorescence (XRF) instruments
allows for such rapid reconnaissance, and is a viable detector of nickel-rich core horizons in

deep-sea sediments.
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4.1 Depositional Setting

The LL44-GPC3 core is located in the Central Northeast Pacific Ocean (Figure 4.1) at
30°19.4° N, 157° 49.4> W, in 5705 m of water (Janacek and Rea, 1983). The core consists of
yellow-brown lutite, or “red clay,” in the upper portion (0-632 cm), and dark brown lutite in the
lower portion (632-2432 c¢m), and is a mixture of eolian debris, authigenic hydrogenous material,
and phosphatic biogenic sediment (Corliss and Hollister, 1979). The location of the core places it
away from sources of biogenic, hydrothermal, ice-rafted, and turbidity-current sediments (Leinen
and Heath, 1981), and in an area of low energy bottom circulation (Taft et al., 1981), minimizing
erosion and redeposition processes. However, the core is significantly burrowed, meaning that it
is likely that any extraterrestrial events may well have been smoothed out over as much as 10 cm

vertically. The core is unique, in that it contains a continuous Cenozoic section (Doyle and

Hawaii

PACIFIC OCEAN

Figure 4.1. Location of LL44-GPC3 core. Modified from Vonhof and Smit (1999).
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Riedel, 1979), which continues back to the Cretaceous, that has been well-dated by
paleomagnetic reversals (Prince et al., 1980) and ichthyolith stratigraphy (Doyle and Riedel,

1979; Doyle, 1980).

4.1.1 Nickel Distribution in the North Pacific
Nickel is rare in the Earth’s crust, and its distribution in North Pacific sediments has little
reason to vary much from ~293 ppm (Chester, 1965; Chester and Hughes, 1966). How this
nickel is incorporated into the deep sea sediments has been the subject of much controversy
(Goldberg, 1954; Laevastu and Mellis, 1955; Pettersson, 1959; Landergren, 1964). Regardless
of how the nickel got to the ocean, the concentration appears to be fairly consistent, with little
variation, throughout the Pacific Ocean (Chester and Hughes, 1966), and is usually associated

with hydrothermal activity and precipitation from seawater (Dymond et al., 1973).

4.2 Previous Work

Evidence for up to three bolide impacts during the late Eocene to Early Oligocene is
found throughout the world, in the form of microtektites/microkrystites (Pierrard et al., 1999),
shocked quartz (Clymer et al., 1996), high iridium (Montanaria et al., 1993), and high *He
concentrations (Farley et al., 1998). These findings support those of Pierrard et al. (1998), which
found nickel-rich spinel crystals at the Eocene/Oligocene boundary at Massignano, Italy. The
layer in which the nickel-rich spinel is found also contains high amounts of iridium and shocked
quartz (Pierrard et al., 1999), key indicators of bolide impacts.

To determine if these impacts are recorded elsewhere in the world, Pierrard et al. (1999)

investigated various deep-sea cores, including ODP Hole 689B, DSDP Site 94, DSDP Site 612,
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and LL44-GPC3. At ODP Hole 689B, Maud Rise, Southern Ocean, both Pierrard et al. (1999)
and Vonhof and Smit (1999) found nickel-rich spinel crystals in a 20 cm-thick layer containing
iridium, microkrystites, and microtektites, coinciding with the impact horizon at Massignano.
The same features are observed at DSDP Site 94, Gulf of Mexico, with nickel-rich
microkrystites, and at DSDP Site 612, US East Coast, with iridium, microkrystites, and
microtektites (Pierrard et al., 1999). In the giant piston core LL44-GPC3 from the Central North
Pacific, Ocean Pierrard et al. (1999) found two nickel-rich spinel peaks at 11.1 meters and 12.4
meters depth below seafloor. Overall, these findings and geochemical research done by Vonhof

and Smit (1999) suggest three bolide/cometary impacts near the Eocene/Oligocene boundary.

4.3 XRF Analysis Results

The LL44-GPC3 core samples provide substantial amounts of elemental peak counts for
each element. As nickel-rich spinel is found at 11.1 m and 12.4 m depth (Pierrard et al., 1999),
samples investigated for this study are clustered around these points. Other horizons from
throughout the core are also measured to determine the average nickel peak count. The average
nickel peak intensity counts for the core are ~ 2500 including the highs.

Sections of core with nickel counts exceeding background nickel values were selected for
closer study after tabulation (Table 4.1). The highest nickel peak counts cluster around the core
horizons at 11.1 m and 12.4 m depth (Figure 4.2), in the intervals 11.0-11.2 m and 12.0-12.5 m.
Two high nickel peak count outliers, at depths of 9.3 m and 18.68 m, are also present. However,
as sampling is focused around the 11.1 m and 12.4 m depths with nickel-rich spinel described by
Pierrard et al. (1999), there is no way to determine if high nickel observed at 9.3 m and 18.68 m

are indicative of impact events, or outliers within the data.
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XRF Elemental Peak Counts
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Depth(m) °Al_ Ca Cl Cu Fe K Mn Ni P S Si Ti Zn
0.73 18419 12073 43861 6656 925345 54263 50814 1001 1 913 92915 35501 2238
46 18113 14801 36603 7458 978054 54486 85574 1723 1 614 90493 39473 2057
5.1 17583 15417 46097 8177 990127 54052 103014 2090 13 700 91273 39467 2468
57 17373 15877 45663 7111 958539 54827 79655 1110 1 789 89166 38056 2044
63 16832 14744 48567 7086 981540 51513 50379 978 1 1328 85269 38896 2138

7 15054 20553 41255 7959 1022786 47428 115324 1091 1 918 79388 42392 2029
74 15734 21944 57044 7896 973142 46758 121259 1759 0 1184 83171 40747 2095
93 12944 40580 64766 7584 799699 36658 232212 3788 832 1259 71410 34814 1375
10.1 12119 36519 65417 4167 671956 34919 215261 2014 1168 1432 63035 26259 966

11 13856 41057 69743 7273 967607 45467 295860 3054 1099 2090 73270 26617 1758
111 15126 32999 47485 7001 945795 57227 282818 2543 746 1436 75995 25153 1944
112 14089 38344 69638 6870 964896 46246 331572 3524 1033 1544 72588 23739 2013

12 14474 45461 70896 6530 844686 46245 285535 4486 1544 1299 78488 23210 1737
123 11807 41255 67723 5875 815371 38773 299892 4516 1504 1466 63040 17994 1991
124 12065 50427 54593 6820 882049 39497 331945 5254 2561 1315 66673 18673 1829
125 11847 46885 55961 6806 911610 37095 347624 5237 2020 957 64039 19255 2219
13.1 14738 21962 58204 6923 737703 40027 129493 2234 234 1459 73451 13682 1846
149 8249 43653 65357 7131 1376749 28066 352568 2069 2099 1253 48104 16439 2445
159 8072 60849 71968 6476 1126538 26862 376749 2437 3532 1627 49551 16448 1818
167 6394 88009 71109 8981 1453452 16213 301399 1361 5971 1403 38909 11473 1943
172 7386 111754 46791 8952 1227080 25319 305742 2131 8837 907 47332 13437 2359

18.68 10594 83447 75900 11157 962823 38442 251185 3034 4736 1654 71828 13188 2677
2088 11482 31915 70285 10890 869012 30218 204454 1743 812 1109 75477 14834 3882
2375 12581 33205 61273 8000 985304 47327 178576 2218 1277 1102 78102 20880 2387

*Elemental peak counts are for Aluminum (Al), Calcium (Ca), Chlorite (Cl), Copper (Cu), Iron

(Fe), Potassium (K), Manganese (Mn), Nickel (Ni), Phosphorous (P), Sulfur (S), Silicon (Si),
Titanium (Ti), and Zinc (Zn).
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Figure 4.2. Peak nickel intensity counts plotted as a function of depth. Red rectangle outlines the
average background nickel for the LL44-GPC3 core, and green ovals circle high nickel peak
count clusters at 11.1 and 12.4 mbsf. Note also the high nickel counts at 9.3 and 18.68 mbsf.

4.4 Discussion

The first noticeable pattern in the data is that the average nickel counts detected by the
handheld XRF are ~ 2500, which is rarely exceeded in any core horizon (Figure 4.2). This is
consistent with nickel having a stable background concentration (Chester, 1965; Chester and
Hughes, 1966) in the Pacific Ocean. However, two clusters of points at 11.1 m and 12.4 m depth
below seafloor are present, and match the core horizons where nickel-rich spinel crystals are
found (Pierrard et al., 1999). As background nickel is usually derived from hydrothermal activity
and precipitation from seawater (Chester and Hughes, 1966; Dymond et al., 1973), these
increases cannot be explained away as such. An explanation for the unusual spikes in nickel is
provided by the ichthyolith dates of these sediments (Doyle and Riedel, 1979; Doyle, 1980),
being from the late Eocene (12.4 m) and early Oligocene (11.1 m). These dates correlate well

with other impact horizon evidence (Montanaria et al., 1993; Clymer et al., 1996; Farley et al.,
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1998; Pierrard et al., 1998; Pierrard et al., 1999; Vonhof and Smit, 1999), and suggest that the

peaks represent the same impact events.

4.5 Conclusions and Future Work

The data clearly show that handheld XRF successfully identified two points of interest in
the LL44-GPC3 core. Although the data are preliminary, the correlation with previous work
(Pierrard et al., 1999; Vonhof and Smit, 1999) links the nickel peaks with the Chesapeake Bay
and Popigai, Siberia impact events. The two single points above the nickel count average from
9.3 m and 18.68 m depth may represent impact events as well; however, no correlation to known
impacts is available, and the nickel count at 18.68 m is only slightly above the background level.
Regardless, the data illustrate the possibility of using handheld XRF as a rapid reconnaissance
technique in investigating deep-sea sediments for impact horizons using nickel as a tracer
element.

As XREF is routinely used in logging core investigations, an average background nickel
concentration for the Pacific Ocean can and should be established. This would make using
anomalously high nickel as a tracer for impact events much more refined. The high nickel
counts found at 9.3 m and 18.68 m also warrant further investigation, and correlation to impact
evidence determined. Further investigation of the LL44-GPC3 core via QEMSCAN" is also a
distinct possibility, as the instrument may be able to detect extraterrestrial material. However,
our reconnaissance QEMSCAN™ study of a sample from 12.4 m, not reported here, failed to
detect any evidence of microkrystites: all particles with high nickel counts also had substantial
manganese, consistent with manganese precipitate but not with nickel spinel. This may be due to

the inability of QEMSCAN® to distinguish between the fine geochemical differences of
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ferromanganese nodules and microkrystites. This issue may be resolved by creating a SIP
designed solely to investigate trace components in deep-sea sediments such as manganese and
nickel. Ultimately however, due to the rarity of extraterrestrial tracers in deep-sea sediments,

success rates for such research may be dismal and doomed to failure.



CHAPTER 5

CARBONATE CEMENTATION EFFECTS ON
VELOCITY, CANTERBURY BASIN,

OFFSHORE NEW ZEALAND

Most changes in compressional-wave velocity in siliciclastic sediments are attributable to
changes in porosity, fitting accepted compaction trend models (Wyllie et al., 1956; Stoll, 1989;
Erickson and Jarrard, 1998; Jarrard et al., 2000). However, when sediment velocity increases
much more than expected based on such models, another explanation is needed. The effects of
cementation on velocity provide such an explanation (Jarrard et al., 2000).

Chemical compaction is a diagenetic process, and as such requires conditions appropriate
for chemical reactions to occur. For carbonate precipitation from fluid flow and subsequent
cementation, temperatures need not be high. Rather, the diagenetic reaction can occur at any
location where appropriate porosity and fluid flow occurs in siliciclastic sediments. Mechanical
compaction decreases sand porosity only gradually with depth (Taylor, 1950), whereas clay
porosity decreases more rapidly due to their “cardhouse” fabric (Magara, 1980) collapsing into
parallel arrangements. As a consequence, the permeability of clay-rich muds is reduced much
more than that of sands. This allows fluid flow to occur mainly within sandy sediments, and

carbonate-rich waters to precipitate calcite into the pore space of sandy sediments. This
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cementation increases the velocity of sands and sandstones partly by decreasing porosity, but
mainly by increasing framework modulus (Jarrard et al., 2000).

Brusova (2010) found sandy sediments from IODP Leg 317 to have higher than expected
velocities, and to be much faster than the velocities of adjacent shales. This effect was
hypothesized to be due to carbonate cementation, but as yet has not been demonstrated. As
calcium, the primary component of calcite, is an element easily detected using handheld XRF, it
is posited that calcite can be tracked in siliciclastic sediments, and can be linked to the sandy
sediments. Such data would persuasively show that calcite cementation in Canterbury Basin
sediment can be linked to the higher than expected compressional-wave velocities observed in

those sediments.

5.1 Depositional Setting

The Canterbury Basin is located on the eastern margin of New Zealand’s South Island
(Figure 5.1), and is part of the Eastern New Zealand Oceanic Sedimentary System (Carter et al.,
1996). The region is bounded by two volcanic centers, the Banks Peninsula on the northeast, and
the Otago Peninsula to the southwest. Sediments within the basin thin towards these features, as
well as towards the shore, where they overlie basement rock involved in the uplift of the
Southern Alps (Adams, 1979; Tippett and Kamp, 1993a; Batt et al., 2000).

The basin is the landward edge of a continental fragment rifted from Antarctica ~80 Ma,
which underlies the present-day onshore Canterbury Plains and offshore continental shelf (Field
and Browne, 1989). Rifting continued via a mid-ocean-ridge in the southern Tasman Sea and
Pacific, with the Canterbury Basin as a passive continental margin. During the Oligocene,

ramplike sediment geometries (Fleming, 1962) and calcareous biopelagites were deposited
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Figure 5.1. Location of the Canterbury Basin. Map shows associated faults, currents, and
bathymetry. Modified from Expedition 317 Scientists (2011).
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(Expedition 317 Scientists, 2011). At ~ 55 Ma, the Indian Ocean and Pacific spreading centers
linked together, curtailing the Tasman Sea mid-ocean-ridge spreading by the late Eocene
(Expedition 317 Scientists, 2011). This new continuous Indian-Pacific Southern Ocean ridge
system led to the development of the modern Australian-Pacific plate boundaries (Molnar et al.,
1975), including the Alpine fault ~23 Ma in the early Miocene (Wellman, 1971; King, 2000).
The current orogenic activity of the Southern Alps was enhanced ~10-5 Ma (Carter and Norris,
1976; Norris et al., 1978; Adams, 1979, Tippet and Kamp, 1993a; Tippet and Kamp, 1993b; Batt
et al., 2000) due to increasing convergence along the plate boundary, leading to an increase in
sediment supply to the Canterbury Basin (Lu et al., 2005). This has led to the Canterbury Basin
having a high Neogene sediment supply (Fulthorpe and Carter, 1989), which continues to the
present. Such sediment deposits have been termed “Canterbury Drifts” (Carter, 2007), and have
been heavily influenced by the Southland Current, a local gyre of the Antarctic Circumpolar

Current (Morris et al., 2001).

5.2 Previous Work
IODP Expedition 317 set out to investigate global sea level, or eustasy, controls, versus
local tectonic and sedimentary controls on continental margin sedimentary cycles (Expedition
317 Scientists, 2011). In order to accomplish this objective, four sites were cored in transect from
landward to continental slope through the basin, U1353, U1354, U1351, and U1352. Ages and
lithology were documented (Figure 5.2). Within these sediments, carbonate content increases

with depth, especially at Site U1352 (Expedition 317 Scientists, 2011).
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Brusova (2010) investigated porosity and velocity compaction trends of the three primary
lithologies in the Canterbury Basin. This included sand, silt, and shale, but not lithologies in low
concentrations, such as coal and limestone (Brusova, 2010). These data show that sand, silt, and
shale velocities all increase with depth. Of these, sand has the highest velocity increase of the
siliciclastic sediments (Figure 5.3). According to Brusova (2010), the velocity trends for the
lithologies in the Canterbury Basin are less representative for beds with different cementation
patterns. This is especially true for Canterbury Basin sandstones, which have high velocities

often, likely due to many sands being somewhat carbonate cemented (Brusova, 2010).
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Figure 5.3. Canterbury Basin sand velocities as a function of depth. Comparisons made to
local velocity curves for sand, silt, and shale. Note how high sand velocities are compared
to silt or shale. Modified from Brusova (2010).
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5.3 XRF and Velocimeter Analyses Results

Elemental data collected by the handheld XRF shows inverse and positive correlations.
Such relationships can be used to reveal what elements are present in sands and clays. The
element silica (Si) would seem to be a logical starting point for this type of investigation as it is
the primary component of quartz sands (SiO,). However, Si being present in both clays and
sands precludes it. Instead, the element iron (Fe), an essential component of clays (Carroll,
1958), is used as a proxy for clay minerals in this study. To substantiate that Fe is a clay proxy
for Canterbury Basin sediments, the elements manganese (Mn), potassium (K), and titanium (T1),
common in many clay minerals (Mermut and Cano, 2001), are investigated, and correlated to Fe
as well.

Mn is found to increase with Fe, indicating that it is found within the same lithologies
(Figure 5.4a). This same correlation is observed for both K (Figure 5.4b) and Ti (Figure 5.4c):
both elements covary with Fe. These results suggest that Fe, Mn, K, and Ti are present within the
same component, clays, within the Canterbury Basin. This is further strengthened by all elements
having a strong positive correlation lying well within the > 99 % confidence level (Fisher and
Yates, 1948), with Mn, K, and Ti having R values of 0.9449, 0.9220, and 0.9608, respectively.
These are near perfect correlation coefficients, as the value 1.0000 is perfect.

Peak intensities for both iron and calcium collected by the XRF are then compared to
determine whether cementation is concentrated in the sands or clays of the Canterbury Basin.
Iron and calcium have an inverse relationship (Figure 5.5), with calcium being low in sediments
with high iron, and high in sediments with low iron. This observation demonstrates that
carbonate cementation is concentrated in sandy sediments from the Canterbury Basin, and not

within muds, and the inverse correlation lies within the > 99 % confidence level.
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Figure 5.4. Peak counts for common clay elements. Note the common clay element iron’s peak
counts versus other elements found in clays: a is manganese, b is potassium, and C is titanium.
All have a > 99 % confidence level for significance of the correlation coefficient, showing strong
positive correlation for Fe, Mn, K, and Ti. This suggests Fe to be a valid proxy for clays.
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Figure 5.5. Inverse relationship of calcium and iron in the Canterbury Basin. This relationship
shows that calcite precipitation is concentrated in the sediments with lowest clay content, and is
within the > 99 % confidence level for statistical significance.

With calcite effects present in sands, not clays, the effects of calcite on velocity can now
be examined. P-wave velocities are compared to the calcium peak intensity counts in each
sample from the Canterbury Basin used in this study. With calcium now known to be a valid
proxy for sand (Figure 5.5), the data should show that increasing calcite correlates with
increasing velocities. Such comparison of calcium counts against velocity does show that as the
calcium content increases, so does the compressional-wave velocity of sediments (Figure 5.6)
with correlation in the > 99% confidence level (Fisher and Yates, 1948) with a correlation
coefficient of 0.8588. This is consistent with the previous work done by Brusova (2010), and
suggests that calcite cementation is greatly affecting the velocities of sandy sediments in the
Canterbury Basin. However, the correlation of calcium counts and velocity may be partially
indirect, caused by both calcite and compaction increasing with depth as carbonate sediments

increase downcore.
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Figure 5.6. Calcium’s effects on velocity in Canterbury Basin sediments. Note that as calcium
increases, so does the velocity of sediment. Confidence level is > 99 % for correlation.

5.4 Discussion

To separate the effect of depth-dependent compaction and calcite cementation, the
samples are divided into two groups: low-calcium and high-calcium. For this study, > 65000
peak counts from the handheld XRF are high-calcium, as it is the first significant increase noted
in the data (Appendix). When these data are compared to the velocity and depth measurements
for each sample, two distinct populations can be seen (Figure 5.7). The low-calcium peak count
sediments (red) are, for the most part, at shallow depths above 1000 mbsf. The high-calcium-
bearing sediments (green) are present from ~700 mbsf and deeper in the drillholes. Within the
top 700 mbsf, none of the samples have high calcium, whereas all of those below 1500 mbsf do.
The source of this calcium appears to related to the deep carbonate layers within the lithology
(Figure 5.2).

The velocity measurements of the high-calcium core horizons are characterized by
having velocities that exceed 2500 m/s, with the exception of two samples. This contrasts with

most of the low-calcium sediments, which increase in velocity only by ~500 m/s, even at 1000
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Figure 5.7. Low- and high-calcium in Canterbury Basin correlated with depth and velocity. Low-
calcium occurs at shallow depths and has low velocity, while deeper sediments contain high-

calcium and have high velocities.
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mbsf. The high-calcium sediments, however, increase 1000-2000 m/s over approximately the
same depth.

Such velocity changes cannot be simply explained away via mechanical compaction,
although that is certainly happening as observed by velocity increasing with depth in both high-
and low-calcium sediment populations. Rather, another process is acting upon these sediments.
In the depth interval 750-1500 m, where carbonate cementation is highly variable (Figure 5.7),
cementation clearly causes a major increase in velocity. This is in agreement with Brusova’s
(2010) speculation that carbonate precipitation may increase sand velocities in the Canterbury
Basin, and with the similar conclusion by Jarrard et al. (2000) for Antarctic sediments. However,

neither of those studies paired velocity and calcite analyses, as this study does.

5.5 Conclusions and Future Work

Calcite diagenesis does indeed have a profound impact on Canterbury Basin sediments.
The confirmation that the cementation effect is occurring primarily in sands and not in clays
points to calcite being sourced from deeper carbonate-rich limestones. As the sandstones in the
basin are high porosity (Expedition 317 Scientists, 2011) in a tectonically active region, this
comes as no surprise. However, what is surprising is how much of an impact carbonate
cementation has on observed compressional-wave velocities in the siliciclastic rocks. For
example, if these sediments were unconsolidated sediment without cementation, the velocity
would be expected to be much lower than that observed. As observed velocity increases coincide
with sands and high calcite content, the data appear to show direct evidence of carbonate

cementation increasing compressional-wave velocity in siliciclastic sediments.
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Not only do the data illustrate cementation and its effect on sediment velocities, they also
demonstrate the effectiveness of using handheld XRF in deep-sea sediment investigations in
which geochemical data are useful. For example, in conjunction with velocity measurements,
causes of significant increases in velocity have been determined to be due to cementation of
sandy sediments. This information was garnered rapidly by using handheld XRF reconnaissance
as an efficient nondestructive methodology useful for small amounts of sample. This suggests
that the same methods can be used in future work to investigate other unexplained velocity
increases in sediments from cores with little sample remaining for study.

Future work can take two different directions. The handheld XRF can be used to improve
compaction trend models by providing ground truthing for velocity increases in a given sediment
column. Brusova (2010) effectively determined compaction trends for velocity and porosity for
Canterbury Basin sediments, and her data can be used as a starting point for such research. Also
of interest would be comparing the gathered Canterbury Basin elemental data to porosity data. If
calcium velocity increases could be tied to low porosity sediments, it would further support the

conclusion that high-calcium cementation occurs in sandy sediments.



APPENDIX

XRF AND VELOCIMETER DATA FROM
THE CANTERBURY BASIN,
NEW ZEALAND



Table A.1

Canterbury Basin XRF Peak Count Data
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Sample ID Al Ca Cl Fe K Mn S Si Ti

1351b-2h-5-69-72 1083 40656 12392 141496 3673 1357 506 1326 5205
1351b-8h-1-117-119 1334 33809 21964 134133 4012 1419 686 3326 4505
1351b-16x-2-55-57 1049 12480 19777 167493 3201 1768 550 781 5379
1351b-21x-1-117-119 1087 6992 21342 177264 3673 2077 459 754 5269
1351b-27x-2-102-105 1039 7841 13774 155717 5179 1768 323 896 5623
1351b-31x-4-24-26 1081 6953 15219 188630 4244 1774 473 728 5536
1351b-37x-2-51-53 1065 8886 17089 174586 4583 1874 384 682 6005
1351b-41-1-70-73 1072 9977 19272 164404 3799 1827 464 738 5110
1351b-47-1-25-28 997 13934 12915 154621 4708 1586 449 841 7007
1351b-61-1-24-27 1093 8658 12782 181562 5201 2022 460 811 7459
1351b-77x-1-33-35 925 14986 12558 138891 3720 1539 496 789 5856
1351b-90-2-113-115 1075 18240 12822 148067 4194 1516 459 906 6090
1351b-97-3-38-40 1072 32413 13360 129551 3968 1735 862 927 4276
1351b-100x-2-39-41 1061 20100 14636 133652 4693 1673 346 1071 5205
1351b-104x-2-13-16 1067 24570 13062 133738 4615 1320 478 1036 4853
1351b-109x-3-6-8 1110 29932 13353 114388 3283 1083 846 1010 5006
1351b-113x-2-100-102 1168 41023 12810 92719 2822 1287 1327 1024 3356
1352b-2h-3-23-25 1050 9067 13266 160278 4924 2137 445 894 6404
1352b-7h-1-73-75 1024 9798 19276 176880 3863 1984 415 633 5296
1352b-12h-1-77-79 958 10390 12500 172590 6139 1821 299 777 6060
1352b-17h-1-44-46 1070 15645 12182 168081 4348 1740 321 750 5897
1352b-23h-5-6-8 948 10061 11934 198608 5437 2264 310 800 6529
1352b-28h-4-49-51 1127 14219 11259 169605 5226 1693 344 884 6179
1352b-37x-2-76-78 1048 32075 13410 144000 4081 1565 1934 947 4650
1352b-42x-4-141-143 1061 19316 13441 140944 4055 1554 475 989 4780
1352b-53x-5-125-127 1135 31114 11873 157655 5728 1920 550 1154 5303
1352b-58x-3-134-136 1192 13060 11997 156429 6089 2012 304 969 6036




Table A.1 Continued
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Sample ID Al Ca Cl Fe K Mn S Si Ti
1352b-63x-2-130-132 997 9756 11679 165643 5476 1681 467 1043 6189
1352b-75x-7-10-12 1067 18969 13539 168508 4978 1847 302 863 5471
1352b-81x-2-60-62 1104 88188 11550 72693 2057 862 6561 848 2539
1352¢-6r-cc-3-5 1127 23609 11664 183817 6031 1876 370 860 6492
1352¢-12r-1-126-128 1001 129418 14658 65933 2047 1012 469 719 2214
1352¢-16r-1-12-14 1026 118601 15522 70566 1796 965 537 737 1959
1352¢-20r-1-27-29 1184 120822 15554 64968 1599 1125 524 692 2300
1352¢-251r-1-128-130 1121 91058 17111 94056 1956 1155 636 776 2847
1352¢-30r-2-57-59 1038 10126 26022 26470 67 605 618 673 544
1352¢-361-3-7-9 986 87603 14293 93885 2041 1131 405 675 3073
1352¢c-41r-3-13-15 963 52599 13435 135244 4570 1195 647 859 4826
1352¢-461-1-34-36 1084 89140 13644 66505 906 1187 502 699 2800
1352¢-511-4-50-52 1106 153067 13593 51398 1255 708 716 748 2233
1352¢-57r-1-110-112 1086 120765 15562 76008 2292 831 521 854 2727
1352¢-62r-4-9-11 1078 63821 12297 110214 4133 1379 417 1173 4001
1352¢-70r-2-5-7 1017 117457 14072 74082 2192 672 545 803 2717
1352¢-761-1-7-9 1050 39683 16417 113677 2103 778 664 774 3829
1352¢-851-1-74-76 1027 95709 14106 73810 1633 773 615 1018 2770
1352¢-90r-2-4-6 1133 115271 14259 64794 1645 857 567 925 2194
1352¢-951-4-132-135 1043 57969 23357 63980 1005 798 475 589 2660
1352¢-103r-5-132-134 1160 103313 14334 91281 2710 1192 576 834 2969
1352¢-107r-3-78-80 1130 90447 17328 79376 1547 948 459 709 2639
1352¢-112r-3-31-33 1019 101785 14422 87012 1929 867 575 802 2780
1352¢-117r-6-3-5 1005 194354 12131 48583 1183 625 653 876 1938
1352¢-124r-4-31-33 966 219952 13170 34250 869 549 882 770 1578
1352¢-129r-2-98-100 1122 192357 17764 17502 70 325 630 654 485
1352¢-134r-3-116-118 967 256230 11458 15493 284 310 643 547 499
1352¢-139r-1-8-10 1092 283398 10799 8210 167 531 719 639 516
1352¢-145r-3-1-4 1000 293062 12784 2893 1 271 799 554 439
1352¢-148r-1-77-79 1022 259203 13681 8962 372 126 602 703 640




Table A.1 continued
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Sample ID Al Ca Cl Fe K Mn S Si Ti

1353b-1h-6-26-28 1041 21266 12811 137719 3364 1598 457 759 5041
1353b-8h-2-91-93 975 13455 12779 190622 5207 2246 393 813 6811
1353b-18x-1-78-80 1034 17756 12460 158226 4760 1794 397 706 5874
1353b-28h-3-6-8 1072 7432 12303 126748 4530 1286 268 982 4904
1353b-40h-2-56-58 958 6186 12822 178146 5565 1685 296 711 6161
1353b-66x-1-90-92 1019 6769 17482 155153 3282 1753 335 773 4777
1353b-71x-1-48-50 1060 10524 12794 143183 4467 1781 720 1011 5070
1353b-75x-1-46-48 1017 6949 12798 138283 4110 1610 446 757 4962
1353b-79x-25-27 1015 8421 17773 133803 3535 1172 376 875 4738
1353b-86x-24-26 1083 6499 12555 123523 4024 1419 418 1026 5179
1353b-90x-25-27 986 6019 17361 124050 2664 1483 404 661 3600
1353b-95x-1-59-61 1054 6895 13082 132251 3943 1322 514 940 4475
1354b-2h-3-49-51 1064 37080 11650 141883 4290 1397 468 1176 5476
1354b-11h-2-8-10 958 9885 11961 191575 5865 2236 343 831 6619
1354b-15h-2-68-70 967 87632 12966 89330 1544 681 526 700 2790
1354¢-6x-3-84-86 1070 16727 11936 165135 4566 1655 482 800 5024
1354¢-12x-2-53-55 1053 8872 12030 200798 6674 2287 279 869 6881
1354¢-18x-3-134 988 7860 11405 194666 6417 1918 442 800 7206
1354¢-27x-2-11-13 1074 6067 17933 140489 2199 1367 339 642 3349
1354¢-28x-1-84-86 1054 12008 13127 115688 3149 1238 322 918 4125
1354¢-36x-1-52-54 1158 16463 13585 133881 2902 1585 335 785 4613
1353b-1h-6-26-28 1041 21266 12811 137719 3364 1598 457 759 5041
1353b-8h-2-91-93 975 13455 12779 190622 5207 2246 393 813 6811
1353b-18x-1-78-80 1034 17756 12460 158226 4760 1794 397 706 5874
1353b-28h-3-6-8 1072 7432 12303 126748 4530 1286 268 982 4904
1353b-40h-2-56-58 958 6186 12822 178146 5565 1685 296 711 6161
1353b-66x-1-90-92 1019 6769 17482 155153 3282 1753 335 773 4777
1353b-71x-1-48-50 1060 10524 12794 143183 4467 1781 720 1011 5070
1353b-75x-1-46-48 1017 6949 12798 138283 4110 1610 446 757 4962
1353b-79x-25-27 1015 8421 17773 133803 3535 1172 376 875 4738




Table A.2

Canterbury Basin Velocimeter Data

Sample ID Depth (m) Vel. (m/s) 2Vel. Res. (m/s)
1351b-8h-1-117-119 48.87 1812.2 136.3
1351b-16x-2-55-57 114.95 1631.7 -28.1

1351b-21x-1-117-119 161.97 1616.2 -36.4
1351b-27x-2-102-105 220.92 1598 -50.9
1351b-31x-4-24-26 261.44 1620.2 -29.7
1351b-37x-2-51-53 31591 1622.9 -32.9
1351b-41-1-70-73 353 1706.4 435
1351b-47-1-25-28 410.05 1699.8 20.9
1351b-61-1-24-27 524.74 1676.7 -53.6
1351b-77x-1-33-35 668.93 1754.7 -78.6
1351b-90-2-113-115 776.73 1894.2 -45.7
1351b-97-3-38-40 844.78 1811.1 -209.7
1351b-100x-2-39-41 872.19 1903.7 -152.8
1351b-104x-2-13-16 91043 1866.1 -243.2
1351b-109x-3-6-8 959.86 1932.6 -250.2
1351b-113x-2-100-102 997.6 1904.7 -338.4
1352b-2h-3-23-25 1143 1671.4 -16.7
1352b-7h-1-73-75 56.43 1598.2 -75.5
1352b-12h-1-77-79 103.97 1594 .4 -67.6
1352b-17h-1-44-46 151.14 2837.8 1183.8
1352b-23h-5-6-8 204.76 3629 1979.6
1352b-28h-4-49-51 250.62 1668.3 18.9
1352b-37x-2-76-78 299.26 1595.9 -57.5
1352b-42x-4-141-143 347.01 1640.4 -21.2
1351b-8h-1-117-119 48.87 1812.2 136.3
1351b-16x-2-55-57 114.95 1631.7 -28.1

1351b-21x-1-117-119 161.97 1616.2 -36.4




Table A.2 continued

Sample ID Depth (m) Vel. (m/s) Vel. Res. (m/s)
1352b-58x-3-134-136 497.76 1650.9 -65.0
1352b-63x-2-130-132 545.5 1722 -20.5

1352b-75x-7-10-12 656.9 1761.5 -61.5
1352b-81x-2-60-62 708.2 1770.5 -98.6
1352¢-6r-cc-3-5 661.03 1779.1 -47.4
1352¢-12r-1-126-128 719.36 1774.8 -105.1
1352c-16r-1-12-14 757.02 3346.5 1428.0
1352¢-20r-1-27-29 795.97 3651.65 1690.0
1352¢-25r-1-128-130 845.08 3014.9 993.7
1352¢-30r-2-57-59 893.87 3159.5 1073.5
1352¢-361-3-7-9 952.47 2776.367 604.9
1352¢-41r-3-13-15 1000.43 2219.1 -28.6
1352c¢-46r-1-34-36 1045.64 3675.2 1350.3
1352¢-511-4-50-52 1097.87  3357.367 936.8
1352¢-57r-1-110-112 1151.6 3080.8 554.3
1352¢-62r-4-9-11 1203.19 2450.1 -185.4
1352¢-70r-2-5-7 1248.25 3099.3 362.7
1352¢-761-1-7-9 1303.97 2612.8 -256.6
1352¢-851-1-74-76 1347.44 3436.8 457.8
1352¢-90r-2-4-6 1391.74 3328.8 232.4
1352¢-951-4-132-135 1444.12 2854 -388.6
1352¢-103r-5-132-134 1513.42 33444 -104.1
1352¢-107r-3-78-80 1548.68 3505 -53.8
1352¢-112r-3-31-33 1596.73 3135.6 -579.7
1352¢-1171-6-3-5 114.95 1631.7 -28.1
1352¢-124r-4-31-33 161.97 1616.2 -36.4




Table A.2 continued

Sample ID Depth (m) Vel. (m/s) Vel. Res. (m/s)
1352¢-148r-1-77-79 1918.67 4515.9 -439.4
1353b-1h-6-26-28 7.26 1637.5 -52.1
1353b-8h-2-91-93 51.31 1682.4 7.2
1353b-18x-1-78-80 107.38 1711.8 50.5
1353b-28h-3-6-8 152.26 1715.7 61.9
1353b-40h-2-56-58 198.49 1681 313
1353b-66x-1-90-92 299.3 1775.4 122.0
1353b-71x-1-48-50 346.48 1799.8 138.3
1353b-75x-1-46-48 384.86 1860.4 189.3
1353b-79x-cc-25-27 423.05 1863.4 179.9
1353b-86x-cc-24-26 490.14 1837.8 125.7
1354b-2h-3-49-51 7.6 1600.6 -88.9
1354b-11h-2-8-10 52.08 1654 -21.0
1354¢-6x-3-84-86 95.74 1575.5 -88.3
1354¢-12x-2-53-55 146.73 1614.6 -40.0
1354c-18x-3-134-136 206.6 1676.5 27.2
1354¢-28x-1-84-86 298.94 1716.9 63.5
1354¢-36x-1-52-54 375.12 1796.1 127.7
1352¢-148r-1-77-79 1918.67 4515.9 -439.4
1353b-1h-6-26-28 7.26 1637.5 -52.1
1353b-8h-2-91-93 51.31 1682.4 7.2
1353b-18x-1-78-80 107.38 1711.8 50.5
1353b-28h-3-6-8 152.26 1715.7 61.9
1353b-40h-2-56-58 198.49 1681 313
1353b-66x-1-90-92 299.3 1775.4 122.0
1353b-71x-1-48-50 346.48 1799.8 138.3

*Velocity residuals as measured by Brusova (2010).
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