
ABSTRACT 

BRULET, BENJAMIN R.  Environmental Change of the Waipaoa Watershed Shown by 
Marine Sedimentary Signals; North Island, New Zealand. (Under the direction of Lonnie 
Leithold). 
 
The small mountainous watershed of the Waipaoa River has undergone environmental 

change throughout the Holocene, including volcanic eruptions, deforestation, land use 

change, and increased erosion induced by anthropogenic activities. Analysis of the 

sedimentological and biogeochemical signals in three long piston cores recovered from the 

continental shelf of New Zealand provides a record of these environmental changes.  The 

shelf cores are generally fine, clayey muds, but contain a prominent interval of coarser, silty 

sediment that begins about the level of the Waimihia tephra (3.4 ka BP) and contains both the 

Taupo (1.7 ka BP) and Kaharoa (0.7 ka BP) tephras.  Concurrent with the coarsening of grain 

size, the clay-sized fraction in this zone shows a marked increase in organic carbon content 

and mineral surface area, as well as more positive δ13C values.  Higher smectite content 

associated with the tephric sediment is likely a key player in these patterns.   

 

Above the Kaharoa tephra, fining of the shelf sediments signals anthropogenic impacts on the 

Waipaoa watershed. 14C data from charcoal fragments also demonstrates strong 

anthropogenic influence over the past several hundred years.   The charcoal fraction is 

significantly older than other organic fractions throughout most of the core, indicating a 

contribution of ancient sedimentary charcoal from sources in the watershed.  In the 

anthropogenically influenced sediments, however, very young charcoal produced from 

combustion of contemporaneous biomass overprints the natural charcoal signal. 
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1.0 Introduction 

 The Waipaoa Sedimentary System (WSS) is ideal for studying the sedimentary 

responses to environmental change.  Located on the east coast of the North Island, New 

Zealand, the Waipaoa River watershed has undergone a series of transformations throughout 

the Holocene.  Volcanic eruptions (Wilmshurst et al., 1999; Lowe et al., 2008), land-use 

change (Glade, 2003), deforestation (Gomez et al., 2007) and climate change (Gomez et al., 

2004; Marden et al., 2008) have all had a substantial impact on the watershed.  The rapid 

accumulation of sediments on the adjacent continental shelf provides a high resolution 

sedimentary record of these perturbations.  

 Volcanic eruptions have blanketed the Waipaoa watershed and adjacent marine 

environments with ash and pumice several times during the Holocene Epoch.  Identification 

of airfall tephra deposits in continental shelf sediments provides a useful tool for timing and 

correlation of environmental changes.   

This study makes use of three piston cores that sampled large portions of the 

Holocene sedimentary record on the continental shelf.  The goal of this project was to 

document and interpret the sedimentological and biogeochemical signals in the cores in light 

of known Holocene environmental changes in the sedimentary system.  

  

2.0 Waipaoa Sedimentary System 

The Waipaoa River delivers 15 Mt of sediment to Poverty Bay each year, resulting in 

one of the highest sediment yields worldwide (Milliman and Syvitski, 1992; Figure 2.1).  To 

the west, the 2205 km2 Waipaoa watershed is bordered by the Raukumara mountain range, 



 2

 
 
Figure 2.1.  Waipaoa watershed. Located on the east coast of the North Island, New Zealand, 
the Waipaoa River delivers sediment to Poverty Bay.
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which includes the Taupo Volcanic Center (TVC) and the Okatiana Volcanic Center (OKC).  

Eruptions from these volcanic centers have blanketed the watershed with volcanic ash and 

debris throughout the Holocene (Wilson et al., 1995; Shane, 2000).   

The east coast of the North Island is situated along an oblique subduction zone 

created by the boundary of the Australian and Pacific plates.  The watershed lies within a 

zone of active uplift; approximately 4 mm/yr (Berryman et al., 2000).  Offshore, the 

continental shelf extends ~25 km from the shoreline to ~150 m water depth (Foster and 

Carter, 1997).  The outer shelf is dominated by the active Ariel and Lachlan anticlines 

whereas the mid-shelf is subsiding at a rate of 2 mm/yr (Brown, 1995).   

Upon reaching the Poverty Bay shelf, particles are transported by the Wairarapa 

Coastal Current (WCC), which flows northeastward along New Zealand’s eastern coastline 

(Chiswell, 2000).  Beyond the 1000 meter isobath, the East Cape Current (ECC) is the 

dominant agent of sediment transport.  The ECC flows opposite the WCC, in a southwesterly 

direction (Chiswell and Roemmich, 1998) 

 

Geology:  The northwestern highlands of the Waipaoa watershed are underlain by thrust-

faulted, Cretaceous and Tertiary mudstone, siltstone, and densely fractured argillite of the 

East Coast Allocthon (Eden et al., 2001).  Rocks in the highlands are friable and prone to 

landsliding and gully formation (Hicks et al., 2000).  Other rocks found in the watershed are 

Miocene and Pliocene limestone, sandstone, siltstone, and mudstone (Mazengarb and 

Speden, 2000).   
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Soil characteristics in the watershed are dependant upon topography and 

precipitation.  Soils forming on steep hillslopes in the headwaters are prone to erosion and 

are usually less than 10 cm thick.  Due to rapid erosion, soils in the headwaters are 

underdeveloped (Page et al., 2000).  Young soils throughout the watershed are dominated by 

Holocene tephra deposits (Preston et al., 1999). 

 A Holocene terrace is located on the Poverty Bay flats.  Over the past ~3,400 years, 

the lowlands have continued to accrete through overbank siltation under flood conditions 

(Berryman et al., 2000).  Four aggradational terraces are identified along the lower 45 km of 

the Waipaoa River.  Waipaoa-1, the youngest terrace, dates back to approximately 15 ka B.P.  

Waipaoa-4, the oldest terrace, dates back to approximately 90-110 ka B.P. (Berryman et al., 

2000).  The last major period of downcutting in the watershed ceased approximately 5.58 ka 

B.P. (Phillips et al., 2007). 

 

Volcanic Setting:  The primary source of the tephra deposits is the Taupo Volcanic Zone 

(TVZ).  TVZ is the most active rhyolitic Quaternary system in the world (Alloway et al., 

2005).  Volcanic activity resulting from the subduction of the Pacific plate beneath the North 

Island has produced an estimated 10,000 km3 of magma during the Quaternary period 

(Wilson et al., 1995).  TVZ is believed to be the source of greater than 90% of Pliocene to 

Quaternary volcanic activity in New Zealand (Wilson et al., 1995).  Over the past 30,000 

years, 10 major eruptions have produced tephra marker beds sourced from the TVZ.  The 

largest was the Kawakawa eruption which occurred ~27,100 years B.P. producing 530 km3 

of volcanic debris (Lowe et al., 2008).  Taupo is a large caldera that is currently dormant. 
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The last eruption 1717+/-13 years B.P. is known as the Taupo eruption (Wilson, 1993).  The 

Waimihia eruption is also a product of the TVZ and dates to 3,410+/-40 years B.P. (Wilson, 

1993).  The Okataina Volcanic Center (OVC) is located to the northeast of TVZ.  The OVC 

has been less active than the TVZ through the Holocene.  However, the Kaharoa eruption 

(636+/-12 years B.P.; Shane et al., 2007; B.P. is taken as before AD 1950), is a product of the 

OVC that blanketed the Waipaoa watershed with volcanic debris (Shane, 2000).  The 

Kaharoa, Taupo, Waimihia, and Whakatane (5,530+/-60 years B.P.; Lowe et al., 2008) 

eruptions mantled the Waipaoa watershed with thick tephra deposits that can also be 

identified in marine sedimentary cores (Lowe et al., 2008; Figure 2.2).   

 

Erosion Processes:  Two erosion processes dominate the Waipaoa watershed: shallow 

landsliding and gully erosion (Page et al., 2000).  The headwaters of the watershed are prone 

to gully formation.  Gully complexes are formed by slope failure during high magnitude, low 

frequency storm events and are kept active by low magnitude, high frequency storms 

(Marden et al., 2005).  Gully systems deliver a disproportionately large volume of sediment 

to the Waipaoa River.  The Mangatu gully complex located in the northern watershed, for 

example, covers approximately 0.1% of the Waipaoa watershed but delivers approximately 

3% of the Waipaoa River’s suspended sediment (Hicks et al., 2000).  Amphitheater-shaped 

gully systems are up to 0.2 km2 (Hicks et al., 2000).  Gully systems commonly transport fine-

grained sediment directly to river channels below flood stage.  Particles associated with gully 

systems have short residence times in the Waipaoa watershed (Gomez et al., 2003).     
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Figure 2.2.  Left:  Major volcanic centers located within the Taupo Volcanic Zone on the North Island.  The 
Taupo and Okataina volcanic centers have been the most active throughout the Holocene.  Right:  Isopach of 
airfall tephra from the TVZ (Shane, 2000).  The Waipaoa River mouth is indicated by a red star. 
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The coastal regions of the watershed are dominated by shallow landslides that occur 

during high magnitude, low frequency storms.  Landslides in the coastal region are 

associated with steep slopes primarily underlain by Miocene to Pliocene mudstone, siltstone, 

and sandstone (Reid and Page, 2002).  Slope failure occurs at the bedrock-soil interface 

(Preston et al., 1999).  Sediment associated with landslides is typically sandy due to an 

abundance of sand-sized pumice fragments in soils (Preston et al., 1999).  

 

Anthropogenic Activities:  New Zealand was first inhabited around 1250 AD by the Maoris 

(Glade, 2003).  The Maoris used slash and burn techniques to clear nearly 50% of the natural 

forest and scrubland (Poole and Adams, 1994).  Maori activities were mostly confined to the 

plains and coastal regions and had a minimal effect on sedimentation (Newnham et al., 

1998).  However, Page and Trustman (1997) attributed 60% increase in sedimentation to 

Maori activities in certain localities.  Land-use change intensified in the mid 1800’s when 

Europeans arrived.  Nearly all land was logged and converted to pasture leaving only 3% 

natural forest cover (Hicks et al., 2000).  Steep slopes in the Waipaoa watershed were also 

deforested, leaving hill slopes bare and more prone to landsliding.  Post European sediment 

accumulation rates (3.7 mm/yr) on the Poverty Bay mid-shelf (~10 km due east from Poverty 

Bay; 63 m water depth) increased ~12 fold relative to pre-European rates (0.3 mm/yr; 

Wilmshurst et al., 1999; Glade, 2003). 

Approximately 1-2 large magnitude, low frequency storms pass within 100 km of the 

North Island, New Zealand each year (Hastings, 1990).  One such major storm was Cyclone 

Bola in March of 1988.  Over a three day span, between 300-900 mm of rain fell on various 
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parts of the watershed (Reid and Page, 2002), and a 10-cm-thick layer of mud was deposited 

on the Poverty Bay inner shelf (Foster and Carter, 1997).  A storm of Cyclone Bola’s 

magnitude is estimated to have a recurrence interval of >100 years (Kasai et al., 2005).  

Reforestation has been ongoing since the 1960’s to help prevent erosion during intense 

rainfall events such as Cyclone Bola.  Stands of exotic forest can be found throughout the 

watershed (Marden et al., 2005). 

 

3.0 Methods 

3.1 Sample Collection 

During January 2006, piston cores MD-3007, MD-3006, and MD-3004 were 

recovered by the French research vessel Marion Dufresne.  The cores were cut lengthwise, 

photographed, and archived in a refrigeration unit.  During the summer of 2007, the cores 

were sampled at 20 cm intervals and shipped frozen in plastic bags to North Carolina State 

University, Raleigh, North Carolina (Figure 3.1; Table 3.1). 

3.2 Grain Size Analysis 

Grain size analysis was conducted by laser diffraction on samples from cores MD-

3007, MD-3006, and MD-3004 (Figure 3.2).  Bulk samples were thawed and approximately 

1 g of sediment was placed in a clean beaker.  10-15 mL of deionized water (DI) was added 

and the beaker was placed on a magnetic stir plate to help ensure the sample was fully 

suspended.  Approximately 1 mL of  2 g/L Sodium Metaphosphate, was added as dispersant 

to prevent flocculation.  Disposable polyethelene pipettes were used to transfer the 

appropriate sample volume to the water column of the Beckman Coulter LS 13 320, 
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Figure 3.1.  Locations for cores MD-3007, MD-3006, and MD-3004. Cores analyzed indicated 
by red dots.  Other cores taken by Marion Dufresne are shown in yellow. 
 

     Table 3.1.  Core lengths and water depths. 

16.3652MD-3004

25.34122MD-3006

23.4761MD-3007

Core 
Length (m)

Water
Depth (m)Core Name

16.3652MD-3004

25.34122MD-3006

23.4761MD-3007

Core 
Length (m)

Water
Depth (m)Core Name



 10

Bulk Sediment

Weigh out 12-
15 grams 
sediment

Laser diffraction
particle size 

analysis

Laser diffraction
particle size 

analysis

Acidify <4 µm 
fraction with 

HCl

Stable isotope 
analysis 
(dC13)

Rinse 
through 25 
µm sieve

Isolate <4 µm 
fraction via 
standard 
settling 

procedures

C14 analysis 
on <4 µm 
fraction

PVP surface 
area analysis 

on <4 µm 
fraction

Point counts 
on the light 

fraction (<1.8 
g/cm3)

Separate 
charcoal and 

wood 
fractions for 
C14 analysis

Density 
Separation 
on >25 µm 

fraction

Dry and 
weigh the 

dense 
fraction (>1.8 

g/cm3)

BET surface 
area analysis 

on <4 µm 
fraction

BET surface 
area analysis 

on <4 µm 
fraction

Clean 
charcoal and 

wood 
fragments

C14 analysis 
on wood and 

charcoal 
fragments

C14 analysis 
on wood and 

charcoal 
fragments

Marine Sediment Procedures

 

Figure 3.2.  Flowchart demonstrating lab procedures for marine core sediments.



 11

Universal Liquid Module.  Once obscuration levels of 7-10% were achieved, the water 

column was sonicated for 15 seconds and then analyzed for 60 seconds.  Duplicates were run 

on all samples and additional runs were needed for select coarse grained samples.  Coarse 

grained samples typically had a higher standard deviation. 

Using the Beckman Coulter LS 13 320 software, the percent clay fraction at various 

depths was calculated.  The percent volume clay of the sample was calculated for 0.375-

1.046, 1.046-2.011, 2.011-3.206, and 3.206-4.241µm intervals.  The cutoff for each group 

was predetermined by the software.   

3.3 Size Fractionation 

Metal utensils and glassware were combusted for six hours at 510°C prior to contact 

with sediments.  Bulk samples were thawed in their plastic bags and homogenized using a 

metal spatula.  12-15 g bulk sediment was weighed into clean beakers and freeze dried 

overnight.  Samples were removed from the freeze drier, re-weighed and placed into clean, 

weighed Teflon bottles.   

  An aqueous sodium metaphosphate solution was prepared by dissolving 1 g of 

powder to 1000 mL of deionized (DI) water.  The solution, intended to act as a dispersant for 

the sediment samples, was then treated to remove possible contaminants by passing ~100 mL 

of solution through a 0.4 μm combusted glass filter and then adding ~50 mL hexane.  The 

hexane-dispersant solution was placed on a reciprocating shaker table for two hours.  The 

cleaned dispersant solution was retained via a separatory funnel and then 5 mL was added to 

each sample in their Teflon bottles to prevent flocculation.  The bottles were then filled with 
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DI water, capped, and placed on a reciprocating shaker for 30 minutes at 220 rpm to ensure 

maximum particle dispersion. 

Samples were washed through a cleaned 25 μm stainless steel sieve with 700-900 mL 

of DI water.  The >25 μm fraction retained in the sieve was transferred to glass jars, frozen, 

freeze dried, and weighed.   The <25 μm fraction and water that passed through the sieve was 

retained in a 1 L graduated cylinder.  The suspended <25 μm fractions were fully 

homogenized with stir rods and 40 mL was pipetted out as a measure of the concentration of 

medium silt and finer particles in the sample.  These aliquots were placed in polyethylene 

tubes and centrifuged at 2500 rpm for 30 minutes or until all particles had settled.  Samples 

were frozen, freeze dried, weighed, and transferred to vials for further analysis. 

DI water was added to the 1 L graduated cylinder containing the <25 um fraction to 

increase the volume to 1000 mL.  The sediment was homogenized for 60 seconds using metal 

stir rods.  After 4 hours of undisturbed settling, the top 20 cm of the water column was 

removed using a peristaltic pump (60 mL/minute) to isolate the <4μm clay fraction.  Samples 

were centrifuged at 2500 rpm in Teflon bottles for 30 minutes, or until all visible clay 

particles had settled.  5 mL of supernatant was removed, dried in a 40°C oven, and weighed 

to determine the amount of dispersant in each sample.  The rest of the supernatant was 

decanted from the Teflon bottles and samples were frozen, freeze dried, and weighed.  Each 

sample was placed into an air tight, labeled glass vial and frozen until further analysis. 
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3.4 Surface Area 

BET Surface Area 

The BET method quantifies surface area by dosing samples with known volumes of 

nitrogen gas.   At cryogenic temperatures, molecular forces cause gas molecules to adsorb 

onto mineral surfaces.  The change in pressure due to adsorption onto mineral particles is 

recorded.  The relationship between the relative pressure and adsorbed gas form an 

adsorption isotherm.  From the adsorption isotherms, a sample surface area can be calculated 

(Brunauer et al., 1938).  However, adsorbates, typically nitrogen gas, must have access to all 

mineral surfaces in order to accurately measure surface area (Alymore and Quirk, 1967).  

The presence of both water and/or organic matter plays important roles in the percentage of 

mineral surfaces available for adsorption. 

 Tests were run using various pretreatments for the clay fraction to determine what 

combination of pretreatments most well-suited the Waipaoa sample set.  Organic matter 

coatings were dealt with first.  Intense heating (>350◦C) has been previously used to remove 

organics (Mayer and Xing, 2001; Kaiser and Guggenberger, 2003).  However, heat is known 

to alter clay minerals, which will in turn alter the original surface area.  Wet oxidation using 

hydrogen peroxide is also commonly used to remove organic matter coatings.  However, 

peroxide oxidation has been shown to decompose smectites (Theng et al., 1999), which are 

believed to be present in the Waipaoa cores.  Therefore, NaOCl was used to remove organic 

coatings (Siregar et al., 2005). 
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 A beaker was filled with a 6% NaOCl solution (household bleach) and the pH was 

buffered to 8 using HCl.  Approximately 0.1 mL 12 N HCl was added at a time while the 

solution was stirred using a glass rod.  The pH was monitored using a digital pH meter.   

 Approximately 300-400 mg clay sediment was added to polypropylene centrifuge 

tubes along with 15 mL NaOCl solution.  The tubes were capped, shaken by hand until 

sediment was thoroughly suspended, and left to rest for 6 hours.  Tubes were centrifuged at 

3000 rpm for 30 minutes, or until all sediment had settled to the bottom of the tube.  The 

supernatant was decanted and the NaOCl procedure was completed twice more.  After the 

supernatant was decanted for the third time, DI water was added to the tubes, centrifuged, 

and decanted.  The rinse process was repeated twice more to remove all NaOCl.  Samples 

were frozen, freeze-dried, and stored frozen in vials until analysis.   

 Prior to analysis on a Beckman Coulter SA 3100, all samples were outgassed for 

varying times at 30◦C using nitrogen gas to remove any water from the mineral surfaces.  

Outgas times were varied to determine the most appropriate outgas length.  Samples were 

heated no higher than 30◦C during outgassing to ensure that fragile clay minerals were not 

altered.   

 The NaOCl treatment had little effect on the sample from 677 cm depth in core MD-

3007.  However, a large effect was observed in the sample from 168 cm depth.  The clay 

sample at 168 cm depth has nearly twice the organic carbon (OC) content as samples farther 

down core (see: 4.2 Elemental Analysis and Stable Isotopes).  Therefore, removal of OC 

would have a larger impact on sample surface area (Figure 3.3).  Alternatively, sediments at 

168 cm depth may contain minerals that are more sensitive to NaOCl treatment.  Papp et al. 
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Figure 3.3.  BET surface area outgas investigation.  Surface area (SA) tests were conducted 
to determine the best pretreatment for the clay fraction.  Samples treated with NaOCl showed 
a sharp drop in SA with increased outgas time.  SA stabilized around 500 minutes.  The 
untreated sample showed little deviation as outgas time increased. 
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(1991) have shown that iron oxides such as goethite, pyrite, pyrrhotite, and chalcopyrite are 

subject to dissolution through NaOCl treatment.  Dissolution of iron oxide coatings at 168 

cm depth would expose previously inaccessible pore space, which would lead to a higher 

BET surface area. 

 Tests were also run to determine the effects of outgas time on sample surface areas.  

The results indicate that outgas time may have a strong impact on the measured surface area.  

With increasing outgas time, surface area increased and then decreased.  The surface areas 

measured for NaOCl-treated and untreated samples were determined after outgassing for 

different lengths of time.  In addition, some samples were subject to several incrementally 

applied outgassing treatments.  The results indicate that incrementally applied outgassing did 

not affect measurements of surface area.  However, there was a threshold for outgas time 

where internal porosity apparently collapsed.  After samples were outgassed for 

approximately 350 minutes, surface area dropped markedly.  This result suggests the collapse 

of interlayer porosity after application of a vacuum for more than 350 minutes (Figure 3.4). 

After considering data from outgassing tests and the NaOCl procedure, a mild 

pretreatment was chosen for all samples.  Samples run for surface area by the BET method 

were not subject to any chemical or thermal pretreatment but were simply freeze-dried, and 

outgassed at 30◦C for 75 minutes to remove any water.  This mild treatment was chosen to 

best suit the largest number of samples.  

PVP Surface Area 

During surface area analysis of dried sediment using the BET method, gasses such as 

nitrogen do not have access to the interlayer porosity of smectite crystals (Alymore and 
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Figure 3.4.  BET surface area NaOCl pretreatment.  Clay fraction sediment from MD-3007, 
677 cm, was run as NaOCl treated and untreated to investigate BET pretreatments.  
Untreated samples had nearly double the initial SA compared to the treated samples.  An 
initial increase in SA after a 60 minute outgas in the untreated sample indicates water was 
removed during the outgas period, increasing SA.   
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Quirk, 1967).  Inaccurate quantification of smectite surface areas, which typically have 

surface areas of approximately 700-800 m2/g (Carter et al., 1965; Yuang and Shen, 2005), 

may lead to vastly underestimated total surface areas (Kennedy et al., 2002).  A method 

developed by Blum and Eberl (2004) utilizing polyvinylpyrrolidone (PVP), a polymer with 

many industrial applications, was used to better quantify high surface area clays.  Varying 

intensities of PVP sorption onto mineral surfaces allowed for quantification of sample 

surface area. 

Approximately 50 g of 55K Polyvinylpyrrolidone powder was dissolved in 400 mL 

DI water.  A beaker containing 400 mL water was placed on a hot plate set to 80°C.  PVP 

powder was slowly added to the water while stirring with a glass rod.  After all PVP was 

completely dissolved, solution volume was brought to 500 mL with DI water.  The solution 

was calibrated by evaporating various volumes of solution in weighed beakers.  The solution 

was 9.63 wt.% PVP.  The PVP solution was stored in a refrigeration unit to prevent bacterial 

colonization. 

Approximately 300-400 mg of <4 μm sediment was soaked overnight in 1 M NaCl 

solution to ensure complete dispersion of clay crystallites.  Excess salt and other dissolved 

solids were removed through dialysis with Spectra/Por 3 Dialysis Membrane Tubing, 3,500 

Daltons molecular weight cut-off.   15 cm pieces of tubing were soaked in DI water for 30 

minutes to make the tubing more pliable and to remove preservatives.  Samples in the NaCl 

solution were added to the tubing, closed off, and placed in 1 L beakers of DI water.  Water 

was changed daily until excess salts were completely removed from the sample.  Salt 

presence in the solution was detected by AgNO3.  Formation of AgCl precipitate, typically 
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white in color, indicated dialysis should continue with fresh water.  Once salts were 

completely removed, samples were transferred to 40 mL polyethylene tubes, centrifuged at 

2500 rpm for 30 minutes, decanted, frozen, and freeze dried. 

 15 mL polyethylene tubes were weighed with caps.  Dried sediment was added and 

tubes were reweighed.  Approximately 5 mL of DI water was added to the tubes and samples 

were sonicated with 500 J over 60 seconds using a Branson Digital Sonifier 450 and a 

tapered microtip.  Sonification of the samples ensured complete dispersion of the clay 

particles.  Sample tubes were reweighed.  Approximately 2 mL PVP solution was added to 

the tubes and they were reweighed.  The tubes were then centrifuged at 4000 rpm for 8 hours 

until the clay had completely settled.  The PVP solution not sorbed to the mineral particles 

was then decanted into weighed glass vials.  The vials were reweighed and placed in a 70°C 

oven overnight. 

 The glass vials were removed from the oven, immediately capped, and allowed to 

cool.  Once cool, vials were reweighed.  Sample surface area was determined by the amount 

of PVP not sorbed to the mineral grains using the equation: 

Surface Area(m2/g) =Surface Area(m2/g) =
mass of PVP uptake (g/g)

0.00099 (g/m2)  

 Method testing indicated that at least 280 mg of sample is required to obtain 

reproducible estimates of surface area by the PVP method.  With smaller samples, errors in 

the method were magnified.  When decanting the PVP solution, a minute amount of solution 

was unavoidably left as residue on the centrifuge tube walls.  With small samples, the 

amount of PVP solution left in the tube plays a large role in the calculated surface area.  
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Tests with samples from two different depths in MD-3007 were run to determine the amount 

of sample needed to minimize this error.  A PVP surface area was obtained for 100, 200, 300, 

400 and 500 mg samples from each depth.  The results indicate that calculated surface area 

drops exponentially as sample size increases and levels off around 280 mg.  Therefore, only 

data from samples with weights greater than 280 mg were deemed accurate (Figure 3.5). 

3.5 Isolation, Quantification, and Characterization of the Low Density Fraction 

 A solution of Sodium Polytungstate (SPT) with a density of 1.8 g/cm3 was prepared.  

Approximately 700 g SPT powder was mixed with 500 mL DI water in a glass beaker.  The 

water was stirred with a glass rod until all SPT powder had dissolved.  The solution was 

passed through a combusted 0.4 μm glass filter to remove any solid impurities.  The solution 

was then mixed with equal parts hexane and placed on a reciprocating shaker table for two 

hours at 220 rpm.  The SPT solution was then recovered by separatory funnel.  The density 

of the SPT solution was tested by weighing 1 mL solution in a beaker. 

 Teflon centrifuge tubes were weighed and dry, >25 μm fraction sediment was added.  

Tubes were filled with SPT solution, shaken until the sediment was thoroughly mixed, and 

centrifuged for 30 minutes at 3000 rpm.  The dense fraction, >1.8 g/cm3, settled to the bottom 

while the low density fraction floated to the top.  Floating particles were decanted into 

weighed glass jars.  Tubes were refilled with SPT solution, hand shaken, centrifuged, and the 

remaining low density fraction was decanted into the glass jar. 

 A filtration apparatus was set up with a 0.45 μm polycarbonate filter membrane.  The 

low density fraction from each glass jar was rinsed with 200-300 mL DI water to remove any 

SPT solution sorbed to particles.  Once samples were thoroughly rinsed, the low density 
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Figure 3.5.  PVP sample size tests.  Tests were run to determine the optimal sediment 
samples size for PVP surface area analysis.  Data indicate that surface area drops as sample 
size is increased and begins to stabilize around 280 mg. 
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material was rinsed from the filters with DI water into weighed beakers.  Samples were 

frozen, freeze dried, weighed, and transferred to air tight vials to freeze until further analysis. 

 The dense fraction and remaining SPT solution in the centrifuge tubes were poured 

into a coffee filter placed in a plastic funnel.  The sediment was thoroughly rinsed to remove 

SPT and transferred to weighed beakers.  The sediment was dried in a 40°C oven, weighed, 

and stored in vials. 

Low density fraction point counts 

 Dried low density samples were placed into clean petrie dishes and analyzed using a 

Zeiss Stemi 2000 microscope.  Three point counts of approximately 120 grains were made on 

each sample at 25x magnification.  A total abundance point count was conducted where total 

pieces of pumice, wood, charcoal, and biologic debris (shells, skeletal debris) were quantified 

in a single frame.  Digital pictures from each point count were taken at 25x on an AxioCam 

MRc5.  After point counts on a sample were complete, discrete sub-samples of charcoal and 

wood were taken using clean forceps.  Approximately 50-100 fragments of both charcoal and 

wood were placed into separate labeled vials for 14C analysis.  Charcoal was typically black, 

blocky in shape, and had an earthy to metallic luster.  Individual charcoal fragments were 

extremely fragile and often shattered when touched with a steel pick or forceps.  The fragile 

nature of the charcoal may have been induced by sieving, centrifuging, and being freeze 

dried multiple times (Clark, 1984).  Nearly all charcoal fragments of size large enough to 

pick up with forceps were selected.  When large wood fragments were present, samples were 

randomly selected.  The vials were stored frozen for further analysis. 
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3.6 Glass Shard Electron Microprobe Analysis 
 
 Electron Microprobe Analysis (EPMA) of glass shards from MD-3007 was conducted 

to establish a geochronology.  The chemical composition of individual shards was compared 

with established compositions from the Kaharoa, Taupo, and Waimihia tephras. 

Six low density fraction samples from various depths from MD-3007 were placed 

into clean petrie dishes.  Pumice fragments were visually identified and were removed for 

glass chemistry analysis.   Multiple pumice grains from six different core depths were 

embedded in cool setting epoxy resin using a greased metal ring.  Orientation of the grains 

was kept by use of permanent steel cross hairs.  The epoxy resin dried overnight.  Samples 

were removed from the ring, polished, and carbon coated.  Samples were analyzed using an 

ARL-SEMQ electron microprobe.  An accelerating voltage of 15 KeV and sample current of 

0.015 mA were used.  A beam diameter of 1-2 μm was used to analyze samples and 

standards.  For standards, a Yellowstone glass shard was analyzed for Si, Al, Fe, Na, and K.  

An augite standard was analyzed for Ti, Mg, and Ca.  Both standards were obtained from the 

Smithsonian Institute.  Ten second counts were taken for each oxide per analysis.  Matrix 

corrections were automated via computer software that uses an iterative procedure using 

three factors dependant on the specimen; atomic number (Z), absorption (A), and 

fluorescence (F).  This method is commonly referred to as ZAF.  Results were normalized to 

100% to account for the presence of H20 which cannot be detected by the electron 

microprobe. 
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3.7 Elemental Analysis and Stable Isotopes 

 Prior to elemental analysis, approximately 5 mL 4N HCl was added to the <4 μm 

fraction to remove inorganic carbon.  After four days of acidification, samples were dried in 

vacuo at room temperature without washing.  Dry samples were homogenized using glass 

rods and stored frozen in vials.  Samples were analyzed in tin boats for nitrogen and carbon 

using a Thermo-Electron EA 1112 elemental analyzer.  Weight percent organic carbon and 

nitrogen was measured for the clay fraction.  Carbon values were then corrected for the 

formation of salts during the acidification process.  

After combustion in the elemental analyzer, CO2 was transported by He to a Thermo 

Delta V IRMS for δ13C measurements.  The 13C/12C ratio in a sample is given relative to the 

Peedee Belemnite (PDB) standard.  δ13C values represent the per mil deviation from the PDB 

standard given, 

. 

Instruments were calibrated by running several blanks and a suite of standards ranging in size 

from 0.5 mg to 3.0 mg (Acetanilide: C=71.09%, N=10.36%, δ13C=-27.53‰). 

3.8  14C Analysis 

 Wood, charcoal, bulk (Childress, in preparation), and clay fractions were analyzed for 

14C at the National Ocean Sciences Accelerator Mass Spectrometry Facility (NOSAMS) at 

the Woods Hole Oceanographic Institution.  Prior to submission for analysis, wood and 

charcoal samples were cleaned to remove any carbonate coatings or humic acids that may 
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have formed from the degradation of organic matter.  Wood and charcoal fragments were 

placed in clean 15 mL glass test tubes.  Approximately 5 mL 1 N HCl was placed in each 

tube.  The tubes were placed in a heating block set at 80◦C for 30 minutes.  HCl was removed 

via a fine tipped, combusted glass pasture pipette.  A separate pipette was used for each 

sample to avoid contamination.  HCl was removed very carefully to ensure that microscopic 

charcoal and wood fragments suspended in HCl were not removed from the test tube.   

After HCl was removed, 5 mL 1N NaOH was added to each sample.  Samples were 

covered and placed back on the heating block at 80◦C for one hour.  NaOH was removed 

very carefully by pipetting, again making sure that minimal sample was removed.  The 

NaOH typically had a yellow-brown color, indicating the removal of humic acid.  The NaOH 

process was repeated 2-3 more times, or until the NaOH was clear after sitting on the heating 

block for one hour.  Samples were washed with DI water several times using the same pipette 

process to remove the DI water.  The heating block was set to 40◦C and samples were 

covered and left to dry overnight.  Dry samples were removed with steel picks cleaned with 

methanol.  Samples were placed directly into weighed tin boats.   

 Samples were combusted using the Thermo-Electron EA 1112 elemental analyzer.  

The CO2 was trapped cryogenically in glass tubes and sent to Woods Hole Oceanographic 

Institute for 14C measurements by accelerator mass spectrometry.  14C dates for the clay, 

bulk, and charcoal fractions are reported in 14C years B.P., uncalibrated.  Wood fragment 14C 

ages used for calculating accumulation rates were calibrated using CALIB v. 5.0 (Stuiver and 

Reimer, 1993; Hughen et al., 2004).  A non-marine, southern hemisphere calibration curve 

was used.   
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4.0 Results 

4.1 Elemental Analysis and Stable Carbon Isotopes 

 Between 2166-416 cm depth in MD-3007, the average OC content of the clay fraction 

is 0.73 wt.%.  Beginning just below the Waimihia tephra, at 416 cm, and extending to 52 cm, 

the OC content of the clay fraction markedly increases to an average of 1.02 wt.%, an 

average increase in OC of ~40%.  A maximum OC content in MD-3007 of 1.11 wt.% is 

observed at 163 cm.   Above 52 cm depth, the OC content of the clay fraction decreases 

approximately 10% to 0.93% by weight (Figure 4.1).  The same trends are seen in the 

nitrogen values.  Between 2166-416 cm depth, the average nitrogen content of the clay 

fraction is 0.10 wt.%. Starting at 416 cm just below the Waimihia tephra, the nitrogen 

content of the clay fraction markedly increases to an average of 0.13 wt.%.  Weight percent 

nitrogen associated with the clay fraction increases roughly 30% above 416 cm depth (Figure 

4.2).    

   The clay δ13C values from MD-3007 have a range of -24.76‰ to -23.43‰.  Above 

the Taupo tephra, δ13C values show an excursion toward slightly more positive values 

(Figure 4.3).  Marine organism δ13C values typically range from -18‰ to -24‰ (Fry and 

Sherr, 1984).  Terrestrial carbon from C3 plants (wood, charcoal, leaves) δ13C values 

typically average about -27‰ to -29‰ (Stuiver and Polach, 1977). 

Similar trends are observed in cores MD-3006 and MD-3004.   In core MD-3004, 

from 1625-365 cm depth, an average carbon content of 0.49 wt.% is observed.  A sharp 

increase in wt.% OC in the clay is observed above 365 cm core depth.  A shift toward more 

positive δ13C values is also observed in the upper part of MD-3004, especially between 



 27

 

Figure 4.1.  Organic carbon data from clay fraction sediment from MD-3007, MD-3004, and MD-3006.  A 
shift in OC content prior to the Waimihia eruption is observed in MD-3007.  OC increases by approximately 
40%.  Error bars represent the standard deviation. 
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Figure 4.2.  Nitrogen data from clay fraction sediment from MD-3007, MD-3004, and MD-3006.  A shift in 
nitrogen content similar to that seen in OC content in MD-3007 is observed.  Prior to the Waimihia eruption in 
MD-3007, an increase in total nitrogen is observed.  Error bars represent the standard deviation. 
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Figure 4.3.  δ13C values from the clay fraction sediment from MD-3007, MD-3004, and MD-3006.  An excursion 
towards more enriched δ13C values in MD-3007 and MD-3006 is observed following the Taupo eruption.  Error 
bars represent the standard deviation. 
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depths of 265 and 165 cm.  δ13C values for the clay fraction in MD-3004 range from              

-24.11‰ to -22.98‰.  Atomic C/N ratios in all of the MD cores range from 8-10. 

The clay fraction in core MD-3006 shows steadily upward-increasing organic carbon 

and total nitrogen content, with values slightly higher than the linear trend around the Taupo 

tephra at 310 cm depth.  The most positive δ13C values are observed in MD-3006 above the 

Taupo tephra (Figure 4.3).  The OC shift in MD-3004 occurred at roughly the time of the 

Taupo eruption, indicating that this shift occurred after the onset of the MD-3007 shift, which 

occurred prior to the Waimihia eruption.  Alternatively, the signals in MD-3004 and MD-

3006 may not have been detected until the Taupo eruption due to core location and lower 

signal strength.    

4.2 Glass Shard Electron Microprobe Analysis 

 Averaged data for six depths in core MD-3007 can be found in Table 4.1.  All data 

are recalculated to 100 wt.%, on a volatile-free basis.  Individual grains analyzed were 

pinkish grey to white with a vitreous luster and had a typical SiO2 composition that ranged 

from 77-79 wt.% and K2O ranged from 2.5-3.1 wt.%.  Relatively low Na2O content is 

observed (<1.4 wt.%).  Al2O3 content is approximately 13-14 wt.% and FeO content is 

approximately 2.5 wt.% for each sample depth except 468 cm, which is 1.8 wt.% FeO 

(Figures 4.4, 4.5, 4.6).  Overall glass chemistry for each of the six sample depths is 

remarkably homogeneous with the only major anomaly coming from 468 cm.  SiO2 content 

from 468 cm is nearly 3.0 wt.% higher and CaO content is significantly lower than mean 

values from other samples.  High SiO2 content, 80-93 wt.%, was observed in several 

analyses. 
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Table 4.1. Electron Microprobe Analysis results recalculated to 100% and expressed as a mean. 
 

Sample Name 
Core 

Depth 
(cm) 

SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 

MD 3007, II-71, 22-24 93 77.6 14.0 2.5 0.15 1.3 1.4 2.8 0.23 

MD 3007, II-71, 92-94 163 77.4 13.2 2.4 0.27 1.4 1.9 3.1 0.33 

MD 3007, III-221, 7-9 228 77.9 13.5 2.4 0.23 1.4 1.3 3.1 0.32 

MD 3007, III-221, 47-49 268 77.2 14.1 2.5 0.23 1.2 1.5 3.0 0.19 

MD 3007, III-221, 105-107 326 77.5 13.5 2.7 0.18 1.3 1.4 3.2 0.29 

MD 3007, III-221, 147-149 468 79.8 13.3 1.8 0.12 1.0 1.1 2.7 0.23 
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Figure 4.4.  Al2O3 wt.%, MgO wt.%, and Na2O 
wt.% vs. SiO2 wt.% from individual grains from 
six core depths in MD-3007. 
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Figure 4.5.  CaO wt.% vs. K2O wt.%.  Left: known glass shard chemistry from the TVZ, 
including Waimihia and Taupo tephras (Lowe et al., 2008).  Right: glass shard chemistry for 
individual grains from six core depths in MD-3007. 
 
 

 
 
Figure 4.6.  FeO wt.% vs. SiO2 wt.%.  Right:  Glass shard chemistry from the TVC and OVC 
(Shane, 2000).  Left:  Glass shard chemistry from six core depths; MD-3007.
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4.3 Grain Size Analysis  

 From 2166-328 cm depth in core MD-3007, average grain size is 23.8 µm.  A sharp 

increase in bulk grain size in core MD-3007 is observed above 328 cm depth.  Grain size 

between 328-52 cm depth ranges from ~40 to ~106 μm, with an average grain size of 61.6 

µm.  The coarser interval is bracketed by tephra layers from the Waimihia and Kaharoa 

eruptions.  Sand sized pumice fragments are visible within the interval.  The coarsest 

particles in MD-3007 (mean=105.9 µm) are found within the Waimihia tephra.  Above the 

Kaharoa tephra layer, from 0-52 cm depth, the grain size fines to an average of 28.4 µm 

(Figure 4.7).      

Core MD-3004, recovered from a site south of MD-3007 and in similar water depth, 

displays similar trends as MD-3007.  Average bulk grain size from 1625-445 cm depth is 

12.1 µm.  Bulk grain size in MD-3004 shows a sharper increase above the Waimihia tephra 

than in MD-3007.  Grain size between the Waimihia and Kaharoa tephras, 445-45 cm core 

depth, increases to an average of 59.7 µm, with a maximum of 134.9 µm in the Waimihia 

tephra.  Between 45-0 cm core depth, average grain size falls to 13.4 µm.   

 Outer shelf core MD-3006 does not show the same grain size trends as cores MD-

3007 and MD-3004.  Grain size analysis indicates a nearly homogenous texture throughout 

the majority of the core, with the exception being the core bottom.  Between 2355-2295 cm 

depth, average grain size is 88.7 µm.  Average grain size from 2145 cm depth to core top is 

13.6 µm, with a maximum of 22.0 µm at 852 cm depth.    
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Figure 4.7.  Mean grain size for MD-3007, MD-3004, and MD-3006.  Error bars represent the standard 
deviation. 
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Clay Fraction Data  

It is observed that the volcanic-dominated intervals in cores MD-3007 and MD-3004 

have considerably less clay (<4.24 µm) than the rest of the core (Figure 4.8).  Average clay 

content from 2166-328 cm depth in MD-3007 is 26.9 percent.  Average clay content in the 

volcanic-dominated interval, 328-52 core depth, is 15.0 percent.  Clay content from 52-0 cm 

depth is 22.9 percent.  Changes in clay content in MD-3007 directly correlate with changes in 

bulk grain size.   

Clay fraction data from MD-3004 indicate similar trends to MD-3007.  Clay content 

in the volcanic-dominated interval corresponds to the bulk grain size.  Average clay content 

from 1625-445 cm depth in MD-3004 is 34.76 percent.  Average clay content in the 

volcanic-dominated interval, 445-45 cm core depth, is 18.65 percent.  Clay content from 45-0 

cm depth is 20.5 percent (Figure 4.9).  Average clay content in core MD-3004 (30.35 % clay) 

is approximately 30% higher than the average clay content in core MD-3007 (23.33 % clay).    

4.4 Surface Area Analysis 

BET Surface Area 

 BET analysis of core MD-3007 indicates an average clay fraction surface area of 14.9 

m2/g, with a maximum of 24.6 m2/g at 416 cm depth and a minimum of 7.2 m2/g at 163 cm 

depth.  Between 2166-416 cm depth, average BET surface area is 20.33 m2/g.  Between the 

Waimihia and Kaharoa tephras, the average BET surface area is 10.6 m2/g (n=6).  Above the 

Kaharoa tephra, surface area increases to ~20 m2/g as grain size steadily decreases (Figure 

4.10).   
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Figure 4.8.  Clay fraction measurements; MD-3007. 
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Figure 4.9.  Clay fraction measurements; MD-3004.  
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Figure 4.10.  BET and PVP surface area for MD-3007 and MD-3004.  Error bars 
represent the standard deviation.
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 From core bottom to the Waimihia tephra in MD-3004, BET surface areas are fairly 

stable with an average surface area of 23.1 m2/g, with a low of 18.2 m2/g, which is located at 

the Whakatane tephra layer.  Contrary to results in MD-3007, BET analysis of MD-3004 

indicates an increase in surface area at the Waimihia and Taupo tephras with surface areas of 

24.1 m2/g.  Following the Taupo eruption, BET surface area steadily decreases to a core top 

value of 15.9 m2/g (Figure 4.11). 

PVP Surface Area 

 Surface area analysis of clay in MD-3007 using polyvinylpyrrolidone (PVP) sorption 

indicates an average surface area of 107.1 m2/g.  The PVP surface area of the clay fraction 

indicates a roughly inverse relationship with BET surface area in the interval between the 

Waimihia and Kaharoa tephra layers in MD-3007.  PVP measurements indicate an increase 

in surface area around the level of the Taupo and Kaharoa tephras.  PVP surface areas at the 

two tephras are 125 (extrapolated) and 128.1 m2/g, respectively.  Above the Kaharoa tephra, 

PVP surface area steadily decreases to the core top value of 92.8 m2/g (Figure 4.10). 

 PVP measurements from core MD-3004 indicate a mean surface area of 129.1 m2/g, 

nearly 20% higher than MD-3007 PVP surface area.  Similar relationships are observed 

around the Kaharoa and Taupo tephras in that an increase in surface area is observed.   

4.5 Low Density Quantification  

 Point count data are presented in percent of the total >25 micron low density fraction.  

In core MD-3007, this fraction contained no pumice between 2166-476 cm depth with the 

exception of 2166 cm depth, where it included 2.9 percent pumice.  Above 476 cm depth, 

pumice content increases markedly.  Average pumice content above 476 cm is 19.9 percent, 
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Figure 4.11.   Mean grain size vs. BET SA for MD-3007 and MD-3004.  Throughout most of 
core MD-3007, a coarse grain size correlates with low BET SA values.  In MD-3004, grain 
size displays less of an influence on BET SA. 
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with a maximum of 67.7 percent at the level of the Waimihia tephra.  The Waimihia tephra 

layer is visible in core photographs and dominates the low density fraction at that level 

(Figure 4.12).  Pumice in this layer is still glassy.  Organic material is observed occupying 

pumice vesicles at a magnification of 50x (Figure 4.13, 4.14).  Similar trends are observed in 

the content of pumice in the low density fraction of MD-3004.  Almost no pumice is 

observed between 1645-465 cm in MD-3004.  Pumice content increases at 265 cm and 

reaches a maximum of 51.3% at 225 cm depth (Figure 4.15, 4.16). 

 Charcoal concentrations in >25 micron particles in MD-3007 are on average ~35% of 

the low density fraction throughout the core with a maximum of 52.6 % at 966 cm depth.  A 

minimum charcoal concentration of 8.4 % is observed at 328 and 168 cm depths.  These 

minimum charcoal concentrations are associated with high pumice concentrations. 

Discrete wood fragments vary in appearance.  Elongated fragments with frayed ends 

typically have a spongy, fibrous texture and a light tan color.  Other less elongated fragments 

are darker in color, dense, and have rounded edges. Wood fragments up to 0.5 cm in length 

are observed at some levels in the cores.  Low-density fraction wood concentrations in MD-

3007 vary inversely with respect to charcoal content up until the Waimihia tephra at 416 cm 

depth.  A maximum concentration of 70.9 % wood in the low-density fraction in MD-3007 is 

observed at 758 cm depth.  A minimum wood concentration of 20.2 % is observed at 328 cm, 

which is also the charcoal minimum and the pumice maximum.  Between the Waimihia and 

Kaharoa tephras, wood and charcoal content increase and decrease in unison until 52 cm, 

where both concentrations again vary inversely.  Low density fraction wood concentrations 
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Figure 4.12.  Tephra layer with sharp basal contact from core MD-3007, 337 cm depth.  The 
tephra layer is believed to be the product of the Waimihia eruption.
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Figure 4.13.  Pumice, wood, and charcoal photomicrographs.  Top:  A wood and pumice 
fragment from MD-3007, 225 cm depth at 50x.  Wood and charcoal fragments are loaded 
into the pumice vesicles.  Bottom:  Low density fraction MD-3004, 325 cm depth at 25x.  
The sample is dominated by large wood and charcoal fragments.  



 45

 

Figure 4.14.  Taupo and Waimihia pumice photomicrographs.  Top:  Low density fraction 
microphotograph from MD-3007, 163 cm at 25x.  The sample is believed to be a portion of 
the Taupo tephra layer.   The fraction is dominated by pumice, wood, and some charcoal.  
Bottom:  Low density fraction from MD-3007, 328 cm at 25x.  The sample is composed of 
pumice with little wood and charcoal.  This sample is associated with the Waimihia eruption. 
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Figure 4.15.  Low density fraction point count data for MD-3007.  Data are normalized to 100%.  
Error bars represent the standard deviation.
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Figure 4.16.  Low density fraction point count data for MD-3004.  Data are normalized to 
100%.  Error bars represent the standard deviation.   
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in MD-3004 increase from 26.8 % at 1605 cm to a maximum of 67.7 % at 765 cm.  Above 

765 cm, wood content steadily decreases. 

Biologic debris (shells, skeletal debris) in MD-3007 is most concentrated at 2125 cm 

depth, where it constitutes 18.6 % of the low density fraction.  Biologic debris becomes a 

progressively more important component of the low density fraction from about 660 cm to 

the core top.  From 1605-225 cm depth in MD-3004, biologic debris constitutes 3.0 % of the 

low density fraction.  Biologic debris is more prevalent in the low density fraction from 165-

15 cm depth, with an average of 18.0 % biologic debris.  Maximum biologic debris 

concentrations are observed at 55 cm depth in MD-3004, comprising 28.1 % of the low 

density fraction. 

4.6 14C Analysis 

                  14C analysis was conducted on four fractions from MD-3007; wood, charcoal, bulk 

sediment (Childress, in preparation), and clay fraction sediment.  The bulk fraction sediments 

display older 14C ages than the clay fraction.  Typically, bulk sediments are younger than the 

clay fraction due to the inclusion of 14C-enriched woody debris and plant fragments (Leithold 

et al., 2005).  However, in the MD cores from the Waipaoa shelf, bulk sediments are older 

than the clay fraction (Childress, in preparation). 

Charcoal samples between 2166-113 cm depth in MD-3007 are considerably older 

than wood, bulk, and clay fractions.  For example, the charcoal fraction at 866 cm depth 

dates 4,250 years older than the bulk fraction.  However, a sharp change in charcoal age 

occurs approximately 700 years B.P.  At 52 cm core depth, the charcoal fraction has an age 
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of 3,100 years B.P., roughly 800 years younger than the bulk sediment.  Near the core top at 

12 cm depth, the charcoal fraction is 1,380 years older than the bulk fraction (Figure 4.17). 

Sediment Accumulation Rates 

Calibrated 14C ages for wood fragments were used to calculate sediment 

accumulation rates.  Wood fragments at core bottom indicate that core MD-3007 dates back 

approximately 11,040 years B.P.  Nearly identical 14C ages for wood fragments and  mollusc 

shells (Alexander et al., unpublished data) in MD-3007 indicates that wood fragments were 

not stored for significant periods of time in the watershed before they were deposited on the 

shelf and therefore can be used as reliable tools for interpreting sediment accumulation rates. 

A change in sediment accumulation rates is indicated by wood 14C dates.  Below the 

Waimihia tephra, which was deposited 3,410 years B.P. (Wilson et al., 1993), the apparent 

sediment accumulation rate is 293 cm/ky (n=4, r2=0.9767).  However, after the Waimihia 

eruption, the sediment accumulation rate decreased to 113 cm/ky (n=5, r2=0.9839).  The core 

top was not dated due to possible disturbance during core recovery (Figure 4.18). 

Sediment accumulation rates were also calculated from tephra locations in the MD 

cores (Figure 4.19).  Between the Whakatane and Waimihia tephras, sediment accumulated 

at MD-3007, MD-3004, and MD-3006 at rates of 231, 160, and 292 cm/ky, respectively.  

Sediment accumulated 26% faster in MD-3006 than MD-3007 during this time span.  

Between the Waimihia and Taupo tephras, sediment accumulated at MD-3007, MD-3004, 

and MD-3006 at rates of 88, 70, and 425 cm/ky, respectively.  Sediment accumulated nearly 

5 times faster in MD-3006 than MD-3007 and MD-3004.  Between the Waimihia and Taupo 

tephras, sediment accumulation at MD-3007 decreased by 62% while sediment accumulation 
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Figure 4.17.  14C data from bulk, clay, wood, and charcoal fractions.  Age error is accounted 
for by size of symbol.
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Figure 4.18. 14C wood fragment sediment accumulation rates.  14C analysis of 
wood fragments from MD-3007 indicates two different sedimentation rates were 
present throughout the Holocene.  Prior to the Waimihia eruption, sediment was 
accumulating at a rate of 293 cm/ky (R2=0.9839, n=5).  Starting prior to the 
Waimihia eruption, sediment accumulated at a much slower rate of 113 cm/ky 
(R2=0.9767, n=4).
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Figure 4.19.  Sediment accumulation rates calculated by tephra positions in MD-3007, 
MD-3004 and MD-3006.  Sediment between the Waimihia and Taupo tephras in MD-
3006 accumulated more than 5 times faster than in MD-3007 during this period. 
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at MD-3006 increased by 45%.  Lastly, from the level of the Taupo tephra to core top, 

sediment accumulation rates at MD-3007, MD-3004, and MD-3006 are 104, 165, and 180 

cm/ky, respectively.  Accumulation rates in MD-3007 calculated from calibrated wood 

fragment 14C ages and known tephra locations agree. 

 

5.0 Discussion 

5.1 Organic Carbon and Total Nitrogen Data 

 Organic carbon and total nitrogen values from the clay fraction sediment indicate a 

shift to higher values toward the tops of each of the cores.  The overall upward increase in 

carbon content likely is partially a diagenetic effect; however, the sharp increase in OC at 

416 cm depth in MD-3007 indicates an additional control.  Organic carbon and nitrogen 

values increase nearly 40% at that level in MD-3007.  δ13C values also indicate an excursion 

towards more positive values, likely indicating increased marine carbon burial.  

The changes in clay-associated OC and nitrogen may be a signal of environmental 

change in the WSS.  Changes in climate, sediment flux, and volcanic debris flux may all be 

factors that have influenced carbon and nitrogen cycling throughout the Holocene.  

Discussed below is the timing of the sedimentary signals, and how the factors listed above 

may work in unison or independently to force changes over time.  

5.2 Glass Shard Electron Microprobe Analysis 

EPMA was conducted as a potential aide in establishing a tephra geochronology for 

MD-3007.  Average oxide compositions of glass shards from MD-3007 were similar to the 
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compositions published by Lowe et al. (2008), indicating that the tephras analyzed were 

sourced from the TVZ.   

Due to the uniform results from all of the tephras sampled, however, it is difficult to 

correlate the glass chemistry from individual grains to values measured for specific tephras in 

previous studies.  SiO2, FeO, K2O, and CaO are common oxides used to distinguish tephra 

units.  Data published by Lowe et al. (2008) indicate that SiO2, FeO, K2O, and CaO content 

of glass shards from the Waimihia and Taupo tephras have similar compositions; 75.58, 1.92, 

1.32, 2.92 wt.%  and 75.04, 1.99, 1.47, 2.89 wt.%, respectively.  The similar composition of 

the Waimihia and Taupo glass shards (Lowe et al., 2008) makes it difficult to discern the 

source of each shard.  A tephra geochronology based on EPMA could not be established for 

MD-3007.  Increasing the number of samples for EMPA may help distinguish minor 

differences between the tephra compositions. 

  A factor that may be contributing to the homogeneous glass shard compositions 

measured from MD-3007 could be the high sediment flux deposited into Poverty Bay.  

Continual sediment transport to this region means glass shards from different eruptions may 

be disseminated throughout the core, making it difficult to discern their eruptive origin.  The 

location of the Kaharoa, Taupo, Waimihia, and Whakatane tephra layers in each core was 

ultimately established based on grain size data, geophysical data (Gerber et al., in press), and 

core photos.  Only some of these data were available for each core and tephra layer.   

 Though a geochronology could not be built by EPMA of glass shards, several other 

observations were noted.  Deposition of sea rafted pumice in the region of core MD-3007 

from distal volcanic centers, such as the SW Pacific or Antarctica, is unlikely.  Typical sea 
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rafted pumice from these regions is characterized by high FeO content, 2-5 wt.%, and low 

K2O content, 0.5-1.75 wt.% (Shane, 2000).  Glass shards analyzed from MD-3007 typically 

have a FeO content <2.3 wt.% and a K2O content >2.3 wt.%. 

High SiO2 content in several analyses may indicate quartz phenocrysts are present in 

some samples.  Other possible explanations for the high SiO2 content could be the effect of 

porosity.  The matrix corrections are based on the assumptions that the sample is smooth and 

flat.  Imperfections as small as one micrometer may affect energy adsorption (Reed, 1993).  

Also, the porosity of the pumice analyzed may have allowed epoxy resin to settle into the 

grain.  Therefore, a fraction of the beam energy will be absorbed by the epoxy leading to 

less-confidence in the analytical results (Reed, 1993). 

It has been demonstrated that glass shards are susceptible to alteration after exposure 

to water (Scott, 1971).  Glass typically becomes hydrated within several hundred years.  

Microprobe work on hydrated pumice grains yield analytical results in the range of 91-99 

wt.% (Shane, 2000).  Results from MD-3007 pumice grains agree with this assessment.  The 

average analytical totals are 89-97 wt.%.  Pumice is anhydrous upon eruption (Shane, 2000), 

which indicates H2O found in pumice grains in core MD-3007 is the result of secondary 

hydration.   

Glass is unstable even under low temperatures.  Sitting on the seabed, glass shards 

devitrify over time (Hoefs, 1978).  Devitrification leads to hydration, a process that involves 

leaching of cations and free passage of water in and out of the glass framework along cracks 

and flaws.  Chemical alteration of glass shards is also a major concern as it may lead to 

chemical compositions different from that of the original glass shard (Pollard et al., 2003).  
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Pollard et al. (2003) conducted experiments on glass samples from various depositional 

environments to determine the level of degradation and/or alteration associated with each 

environment.  Gibb’s free energy of hydration and the Si:O ratio were measured, which gives 

an indication of the glass shard framework breakdown. 

Glass is subject to modifications in one of two ways depending on the depositional 

environment (Pollard et al., 2003).  In an acidic depositional environment, ionic exchange of 

cations for H2O ions results in a leached surface layer, or hydration rim (Ambrose, 2001).  In 

more basic depositional environments the siloxane bonds are disrupted by hydroxyl ions 

which leads to glass dissolution (Pollard, 2003).  Some glass shards may completely dissolve.   

5.3 Particle Size Analysis 

Laser diffraction particle size analysis indicates a coarsening upward sequence in 

cores MD-3007 and MD-3004.  An increase in grain size in the upper portion of cores MD-

3007 and MD-3004 is associated with increased pumice content in the low density fraction 

(see: 4.5 Low Density Quantification).  The pumice and grain size correlation suggests that 

the increase in grain size may be in part due to increased burial of volcanic debris.  In MD-

3007, the smaller size of particles in the Taupo tephra level relative to other tephra layers 

may reflect different patterns of pumice dispersal over the continental shelf.  A delayed 

sedimentary response explains the increase in grain size following the Taupo eruption.  

Erosion and discharge of volcanic debris onto the continental shelf hundreds of years 

following the eruption would generate the coarse grain size observed in MD-3007 following 

the Taupo eruption.   
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Palynological studies have indicated that forest damage was extensive following the 

Taupo eruption.  Vegetation not affected by forest fire during the eruptions was likely killed 

following the eruption by toxic fumes, acid rain, and wet ash coating leaves.  Trees surviving 

the initial eruption likely died in the following years.  Toxic chemicals leaching from tephra 

deposits into the ground were likely responsible for forest death (Wilmshurst et al., 1996).   

Deforested slopes following the Taupo eruption would likely lead to an increased soil flux 

containing coarse particles.  North Island forests made a full recovery several hundreds years 

after the eruption (Wilmshurst et al., 1996). 

 Nearly homogenous grain size in MD-3006 may be the result of the location of the 

core site far enough away from the river mouth so that it was unaffected by sand size 

volcanic material transported from the watershed following volcanic events.  However, 

below 2145 cm depth, average grain size increases to 88.7 µm.  Visible pumice particles in 

the sediment at this depth suggest that the increase in grain size may be related to a volcanic 

event.  At this time the associated eruption has not been identified.  Alternatively, coarse 

sediment located below 2145 cm depth may be part of a transgressive systems tract.  Seismic 

data collected by Gerber et al. (2007) indicate that the bottom of MD-3006 may be part of a 

transgressive systems tract.  

Coarsening of the sediment in MD-3007 and MD-3004 began around the time of the 

Waimihia eruption (3410 yr. B.P.) and continued until the time of the Kaharoa eruption (636 

yr. B.P.).  Thick volcanic ash layers form the base for most soils throughout the region 

(Preston et al., 1999).  Unstable deposits of volcanic material on steep hill slopes are prone to 

failure with high magnitude, low frequency storm events.  As a result of slope failure, coarse 
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grained soils are delivered to the Waipaoa River (Gomez et al., 2004).  Soil analysis from 

nearby Lake Waikapiro has shown that clay content in soils range from 1-39%, with an 

average of about 15% (Preston and Cozier, 1999).  When soils are interpreted to be an 

increased sediment source, clay content in the cores is similar (~15%) to that of the soils. 

 Approximately 4 ka B.P., world climate was undergoing change as the modern El 

Niño-Southern Oscillation (ENSO) system was being established (Markgraf et al., 1992; 

Shulmeister et al., 1995; Sandweiss et al., 1996; Rodbell et al., 1999).  An increase in large 

magnitude storm events may have provided enough precipitation for increased slope failure 

as well as channel erosion throughout the watershed, introducing more coarse-grained, soil-

derived material to the sedimentary system.  Establishment of the modern climate regime 

may have increased the delivery of coarser material to the continental shelf.   

In the early Holocene, climate in New Zealand was likely cooler and more moist, 

however, large magnitude, low frequency storms were not common (Marden, 2005).  

Because large storms were rare, threshold conditions for shallow landsliding were not 

commonly exceeded.  As a result, the majority of the sediment supplied to the Waipaoa was 

likely from fluvial incision and gully erosion (Gomez et al., 2004).  The fine-grained texture 

and high clay content in all cores indicates fluvial incision and gully erosion were the main 

sources of sediment in the early Holocene.  Prolonged bedrock exposure to water that occurs 

with high frequency, low magnitude storms would lead to mineral hydration and formation of 

clays.  Sediment delivered to the Waipaoa in the early Holocene would have high clay 

content.  In the early Holocene, prior to the Waimihia, Taupo, and Kaharoa eruptions and 

establishment of the modern ENSO, MD-3007 and MD-3004 average clay content is 27% 
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and 34%, respectively.  Above the Waimihia tephra the average clay content in MD-3007 

and MD-3004 is 15% and 19%, respectively.  During the time period when shallow 

landsliding was a major contributor of sediment, less clay accumulated at the MD-3007 and 

MD-3004 sites.  However, when gully erosion and fluvial incision is interpreted to be the 

dominate erosion process, clay content nearly doubles.     

Furthermore, a change in the dominant sediment source from bedrock to soils would 

decrease the flux of low carbon clays associated with bedrock in the watershed. 

Measurements by Lloyd (2007) indicates that the <2 um fraction associated with a sandstone 

in the Waipaoa watershed from the Tikihore Formation was 0.51 wt.% OC.     

However, C/N ratios and δ13C values indicate that the relative contributions from 

carbon sources (soils, bedrock, marine environment) have not changed throughout the 

Holocene.  Typically, C/N ratios of carbon sourced from soils and bacterial biomass are 

around 10 (Prahl et al., 1994).  C/N ratios in the MD cores showed little variation throughout 

the Holocene with a range of 8-10.  Relatively unchanging δ13C values (-24.5‰ to -23‰) in 

the MD cores indicate a stable mixture of soil and marine carbon throughout the Holocene. 

 Increased wave activity would likely also be associated with large magnitude-low 

frequency storms.  The increased marine energy and reworking of the sediments would lead 

to separation of detrital clays from coarse grained sediments (Harris and Wiberg, 2002).  

Hydrodynamic sorting and preferential transport of finer material would lead to deposition of 

detrital clays on the outer shelf.  The removal of fine particles increases the concentration of  

coarse particles accumulating close proximity to the Waipaoa river mouth, such as the MD-

3007 and MD-3004 core sites.  This hypothesis is supported by the accumulation rates 
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calculated from tephra layers in the MD cores.  When a fine grain size is recorded in MD-

3007, sediment is accumulating 26% faster at MD-3006.  However, when grain size coarsens 

in MD-3007, sediment is accumulating nearly 5 times faster in MD-3006 than MD-3007, 

indicating that detrital clays are being winnowed from coarse grained particles and are being 

deposited farther from the Waipaoa river mouth, increasing the concentration of coarse 

particles at the MD-3007 core site. 

Alternatively, the coarsening grain size in cores MD-3007 and MD-3004 could in part 

be associated with the progradation of the shoreline.  Throughout the Holocene, the Waipaoa 

shoreline has prograded approximately 13 km (Wolinsky et al., 2005).  As the shoreline 

approached the mouth of Poverty Bay, the shoreline would have more interaction with the 

high energy marine environment (Wolinsky et al., 2006).  Sediment-wave interactions would 

transport sediment away from the coastal environment and lead to deposition on the 

continental shelf.  

5.4 Low Density Point Counts 

In the volcanic-dominated interval of MD-3007 the pumice content in the low density 

sediments ranges from 2.9 to 67.7 %.  Varying pumice content in the upper core is likely due 

to airfall deposition of volcanic debris and the corresponding sedimentary response in the 

following centuries.  Thick deposits of volcanic debris would be eroded out of the Waipaoa 

watershed and transported to the Poverty Bay shelf.  Varying pumice content could also be 

due to large magnitude storms delivering pulses of pumice rich soils from hill slopes to the 

Waipaoa River.   
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 High charcoal concentrations at 12 cm depth in MD-3007 are in part the 

anthropogenic signal of land use change.  Biomass burning and deforestation by logging 

operations may explain high charcoal concentrations at the top of the core.  Charcoal 

concentrations in MD-3004 indicate similar trends.  The charcoal minimum corresponds with 

the pumice maximum at 225 cm depth, suggesting a charcoal signal diluted by increased 

volcanic debris.  Low charcoal concentrations could also be the result of the watershed being 

mantled with volcanic material, therefore limiting erosion of soils containing charcoal.   

5.5 Surface Area  

 As particle size coarsens above the Waimihia tephra, BET surface area drops roughly 

50% in MD-3007.  The drop in surface area may be due to two separate processes.  The 

dominant process controlling the BET surface area is most likely the particle size.  Larger 

particles and less clay content means there is less surface area available for sorption of gases 

as used in the BET method.  Secondly, the formation of high surface area clays, such as 

smectite, would not be detected using the BET method (Blum and Eberl, 2004).  Sorption of 

inert gases, such as N2, does not access internal surfaces that commonly make up the 

majority of the surface area in clays such as smectite (Aylmore and Quirk, 1967).  Use of the 

BET method on smectitic clays would lead to an underestimation of the sample surface area 

(Blum and Eberl, 2004).  However, contrary to the data from MD-3007, MD-3004 BET 

surface areas indicate the reverse trends in the volcanic-dominated interval.  At times when 

coarse grained pumice was being deposited, BET surface area increased (see: Figure 18).   

 The large discrepancy between PVP and BET surface areas in the <4μm fraction is 

likely due to the inability of N2 gas to access interlayer porosity of dry sediment during BET 
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analysis. The PVP technique gives a more accurate surface area which includes high surface 

area minerals such as smectites.  The increase in PVP surface area at Taupo and Kaharoa 

tephra positions could be the result of increased authigenic smectite content.  Dissolved silica 

from rhyolitic pumice dissolution at the tephra positions could lead to authigenic smectite 

formation.  Increased pumice content in this high surface area zone is confirmed by point 

counts from the low density fraction. 

However, PVP SA in MD-3007 increases around 1956-1766 cm depth.  No tephra 

layers are identified in core photos and no pumice was found in the low density fraction at 

these depths.  However, there are likely many unidentified microscopic tephra layers in MD-

3007 as there have been at least 10 significant eruptions from the TVZ over the last 10,000 

years (Lowe et al., 2000).  The Tuhua tephra layer (7005 yr. B.P., Lowe et al., 2008) from the 

Mayor Island volcano could be responsible for the increased PVP SA.  An increase in PVP 

SA at 416 cm depth may be related to the Unit K tephra (5,120 years B.P.; Hajdas et al., 

2006), which has been identified in nearby Kaipo bog.  Low density fraction pumice was 

indentified at this core level. 

The formation of smectite from volcanic glass is thought to occur by precipitation 

from solution or through a non-crystalline phase (Kawano et al., 1993; Crovisier et al., 1987).  

Studies have also shown early stage smectite formation resulting from direct glass alteration 

by way of re-arrangement of micro-domains on hydration rims (Thomassin et al., 1989; 

Masuda et al., 1996; Fiore et al., 2001).  Experimental alteration of glass shards has indicated 

that smectite formation is favored in the presence of magnesium (Fiore et al., 2001).  

Deposition of glass shards on the Poverty Bay shelf would provide an environment favorable 



 63

for glass shard alteration and smectite formation.  Glass shard hydration evidenced by EPMA 

indicates that alteration and dissolution of pumice in the sediment cores is plausible.   

  Assuming typical smectites have surface areas between 700-800 m2/g (Carter et al., 

1965; Yuang and Shen, 2005), a small increase in smectite would lead to a large change in 

sample surface area.  Approximately 3-5% increase in smectite content would be needed to 

account for the PVP surface area increase at the Kaharoa and Taupo tephra positions.  The 

additional surface area would provide space for sorption of dissolved carbon and nitrogen 

from porewaters.  Studies by Ransom et al. (1998) and Bennett et al. (1999) have indicated 

that OC sequestration is favored by smectite rich sediments.   

As previously noted, C/N ratios and δ13C values preserved in the MD cores indicate 

that contributions from carbon sources (bedrock, soils, marine environment) are relatively 

stable throughout the Holocene.  However, increased carbon burial in MD-3007 starting at 

416 cm depth indicates that an additional process, other than changes in carbon sources, may 

be influencing carbon cycling.  As climate changes and detrital clays are winnowed from 

coarse particles in the mid and late Holocene, authigenic clays play an increasingly important 

role in carbon preservation.  Sorption of carbon from seabed porewaters, in the form of 

dissolved organic carbon, onto high surface area authigenic smectites would in part explain 

the increased clay-fraction OC observed in the MD cores.  Ransom et al. (1998) determined 

that enhanced carbon preservation associated with smectite was not only a function of 

increased surface area, but also a function of surface site chemistry and flocculation behavior 

specifically related to smectite.   
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5.6 14C Analysis 

 14C analyses from MD-3007 indicate that the bulk fraction sediment (Childress, in 

preparation) is older than the clay fraction.  This observation can be explained by the 

substantially older ages determined from the charcoal fraction.  Inclusion of aged charcoal 

fragments in the bulk fraction would increase the age of the bulk fraction.  The presence of 

aged soil carbon and or kerogen derived from bedrock may also be influencing the age of the 

bulk fraction sediments (Blair et al., 2003). 

14C analyses also indicate changes in the charcoal fraction around the time of initial 

human habitation.  Charcoal deposited prior to habitation of the Waipaoa watershed roughly 

700 years ago is much older than the bulk sediment (Childress, in preparation), clay, and 

wood fractions.  The 14C age of charcoal deposited after the Maoris and Europeans arrived is 

much younger.  This change indicates an increased contribution of young, charred material.  

Sediment at 52 cm depth was deposited during times of intense land use change.  The young 

age of charcoal in the sediment at 52 cm depth suggests a predominance of material from 

contemporaneous biomass.  Near the core top at 12 cm depth, the charcoal fraction is 1,380 

years older than the bulk fraction, indicating that the input of aged material again became 

more important in recent decades as burning in the watershed has decreased.  Sources of the 

ancient charcoal could be soils, alluvial terraces, and/or lignite eroding out of sedimentary 

rocks.   

Two scenarios may explain the change in charcoal 14C ages through the Holocene.   

1) Ancient sedimentary charcoal flux may have decreased around the same time the Maoris 

settled in the watershed.  This first scenario seems unlikely.  The Kaharoa eruption occurred 
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about 700 years B.P. and mantled the watershed with airfall tephra and may have limited 

ancient charcoal sources by capping soils and rocks.  White et al. (1997) determined that 

airfall tephras (e.g. Tarawera tephra, 1886, North Island, New Zealand) can form stable 

deposits that persist until a triggering influence terminates stability.  However, this process 

would be short lived as tephra deposits are destabilized by episodic rainfall from large 

magnitude storms, re-exposing ancient charcoal sources.  2) Upon arriving in the Waipaoa 

watershed, the Maoris and Europeans employed slash and burn techniques to create open 

spaces for their expanding populations (Poole and Adams, 1994).  Widespread burning of the 

Waipaoa lowlands would increase the production of modern charcoal.  Modern and ancient 

charcoal mixing at this time was most likely dominated by the modern fraction, hence the 

young 14C ages for the charcoal fraction at this time.  Scenario two seems more probable.   

Charcoal 14C analysis also indicates that aged charcoal flux increased throughout the 

early and mid-Holocene.  At 2166 cm, the charcoal fraction has an uncalibrated age of 

12,850 years B.P.  The age of the charcoal fraction stays relatively constant (n=3) until 228 

cm depth.  To compensate for continually younger fragments upward in the core, an increase 

in aged charcoal flux is needed to keep the charcoal age constant over time.  Increased 

ancient charcoal flux contributions by downcutting of terraces and or soils containing aged 

charcoal is one explanation. 
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6.0 Conclusions and Summary 

Clay fraction sediment in core MD-3007 indicates shifts in organic carbon and total 

nitrogen content prior to the Waimihia eruption.  An isotopic excursion is also observed 

around the time of the Taupo eruption.  Data analysis combined with prior research on 

climate change lead to several hypotheses that explain the changes.   

Establishment of a geochronology by EPMA on glass shards from MD-3007 is not 

possible with the data collected for this study.  The homogeneous composition of the samples 

failed to provide unique chemical compositions necessary for tephra identification.  

However, chemical composition of the glass shards indicates that the pumice fragments were 

sourced from the TVZ.  Furthermore, EPMA average analytical totals for MD-3007 glass 

shards are 89-97 wt.%, indicating secondary hydration. 

Authigenic formation of high surface area clays, such as smectite, from rhyolitic glass 

alteration or dissolution provides the opportunity for increased carbon sorption onto clay 

particles.  PVP surface area data indicate an increase in surface area in the volcanic-

dominated interval.  Increased pumice content, confirmed by low density fraction point 

counts, corresponds with an increase in surface area for the clay fraction sediment.  A minute 

increase in smectite content, 3-5%, would provide a large increase, 20-40 m2/g, in surface 

area for carbon sorption.  Increased preservation of carbon associated with high surface area 

authigenic clays may be responsible for the OC shift.  Though the contributions of carbon 

from various sources (soils, bedrock, marine environment) in the MD cores remains 

unchanged throughout the Holocene, increased carbon burial on authigenic clays from the 

seabed may be forcing the increased clay fraction OC observed in the MD cores.  Hydration 
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of glass shards indicated by EPMA is evidence that alteration and dissolution of pumice in 

the seabed is plausible, providing the correct conditions for authigenic smectite formation on 

the Poverty Bay shelf. 

Establishment of the modern ENSO regime during the mid-Holocene increased the 

frequency of large magnitude storms.  Intense precipitation from episodic storms increased 

shallow slope landsliding.  An increase in grain size in the volcanic dominated interval is 

explained by the increased flux of young volcanic soils.  Soils along the east coast of New 

Zealand are coarse grained with low clay contents and are dominated by Holocene tephra 

deposits.  The introduction of more landslide-derived soils also explains the decrease in clay 

content starting around the time of the organic carbon shift.   

 Also associated with ENSO storms in the late-Holocene would likely be increased 

wave activity on the Poverty Bay shelf.  Reworking of the sediments delivered to the 

continental shelf would winnow the detrital clays from coarse grained particles.  Decreased 

sediment accumulation rates and coarsening grain size in MD-3007 and MD-3004 indicate 

that increased marine energy associated with large magnitude storms may be responsible.  

Increased sediment accumulation of fine particles at the more distal core site of MD-3006 

supports this hypothesis. 

Several observations were made from 14C analyses from wood, charcoal, and clay 

fraction sediments.  Wood 14C data indicate sediment accumulated at the MD-3007 core site 

at a rate of 292 cm/ky prior to the OC shift.  After onset of the OC shift, sediment 

accumulation slowed to 113 cm/ky.  In MD-3007, the correlation of the OC shift, particle 

size changes, documented changes in climate, and a 60% decrease in sediment burial suggest 
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a common cause.  Climate forcing on the watershed changed the dominant erosion process 

from gully erosion to shallow landsliding.  Low-magnitude, high-frequency storms were 

more common in the early Holocene, generating fine-grained sediment from sheetwash, gully 

erosion, and fluvial incision (Gomez et al., 2004).  Changes in the dominant erosion 

processes in the watershed around 4,000 B.P. provided an increased flux of volcanic debris 

from soils, providing the necessary material for authigenic smectite formation. 

14C analysis from charcoal fractions in MD-3007 demonstrates an anthropogenic 

influence over the past several hundred years.  Prior to human habitation of the watershed, 

the charcoal fraction is significantly older than other organic fractions throughout most of the 

core.  In the anthropogenically influenced sediments, however, modern charcoal produced 

from biomass burning and land use change overprints the natural charcoal signal. 

 

Future Work:  Method testing is needed for the PVP surface area technique.  The ideal 

weight needed to achieve the most reliable surface area estimate is unclear at this time.  

Multiple samples at the same weight need to be run to establish a percent error for the 

measurements.  Pretreatments using NaOCl to remove organic coatings also need to be 

considered.  

Scanning Electron Microscope and EDX analysis would be useful in confirming 

increased smectite content in the volcanic-dominated interval.  Increased smectite would 

likely be responsible in part for the δ13C excursion.  Examination of pumice and clay sized 

glass shards may reveal alteration and formation of authigenic smectite on particle surfaces.
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8.1  Clay Fraction Data; MD-3007 

Core MD-3007 
Depth 
(cm) 

0.375 μm- 
1.046 μm 

1.046 μm- 
2.011 μm 

2.011 μm-
3.206 μm 

3.206 μm-   
4.241 μm <4.24 μm 

2 5.81 8.73 7.42 5.17 27.13 
12 5.58 8.75 7.44 5.12 26.89 
22 3.77 7.10 6.11 4.25 21.23 
32 4.02 6.43 5.48 3.82 19.75 
42 4.07 6.40 5.41 3.71 19.59 
52 3.77 5.55 4.54 3.11 16.96 
62 3.37 5.11 4.22 2.89 15.59 
73 2.43 3.45 2.78 1.86 10.52 
83 2.78 4.10 3.19 2.12 12.20 
92 3.90 5.82 4.60 3.08 17.41 

103 2.23 3.10 2.36 1.53 9.22 
113 1.89 3.43 2.78 1.97 10.07 
123 3.41 5.24 4.06 2.69 15.40 
133 3.29 3.86 2.56 2.33 12.04 
143 2.26 4.14 2.68 2.40 11.48 
163 3.63 5.65 4.36 2.87 16.50 
183 2.49 4.25 3.66 2.63 13.03 
203 3.65 6.59 5.37 3.75 19.36 
228 3.07 5.37 4.41 3.10 15.95 
248 3.18 5.96 4.93 3.48 17.55 
268 3.37 5.22 4.04 2.68 15.31 
288 2.85 5.20 4.32 3.04 15.41 
308 2.98 5.57 4.58 3.24 16.37 
328 4.97 7.37 8.02 3.79 24.15 
348 5.19 7.63 7.63 3.94 24.39 
368 4.99 7.36 5.52 3.60 21.47 
376 5.17 8.17 6.27 4.08 23.68 
396 4.90 7.92 6.00 3.87 22.68 
416 5.42 8.02 6.17 4.05 23.67 
436 5.19 7.69 5.94 3.85 22.67 
476 4.93 7.62 5.92 3.85 22.33 
496 6.50 9.58 7.43 4.84 28.35 
516 5.40 8.08 6.33 4.19 24.01 
526 5.49 8.82 6.70 4.32 25.32 

 

 

 



 82

8.1  Clay Fraction Data; MD-3007 (cont.) 

Core MD-3007 
Depth 
(cm) 

0.375 μm- 
1.046 μm 

1.046 μm- 
2.011 μm 

2.011 μm-
3.206 μm 

3.206 μm-   
4.241 μm <4.24 μm 

546 5.00 7.58 5.77 3.72 22.07 
586 6.05 8.84 6.83 4.43 26.16 
606 6.18 9.30 7.34 4.85 27.67 
626 5.61 8.12 6.25 4.01 23.99 
646 6.20 9.71 7.52 4.87 28.30 
666 6.76 11.39 8.65 5.55 32.35 
678 5.76 9.02 7.13 4.71 26.63 
698 5.70 8.69 6.86 4.53 25.78 
716 5.72 8.49 6.56 4.25 25.02 
736 5.34 8.24 6.31 4.08 23.97 
756 5.94 9.14 7.02 4.55 26.64 
796 4.77 7.03 5.31 3.37 20.48 
816 5.72 8.79 6.76 4.43 25.69 
826 5.21 8.36 6.71 4.43 24.72 
846 6.26 9.86 7.55 4.88 28.56 
866 6.23 9.20 6.99 4.51 26.93 
906 6.24 9.77 7.36 4.70 28.07 
926 7.25 11.20 8.61 5.56 32.62 
946 7.34 10.25 8.96 5.78 32.32 
966 6.85 12.06 7.99 5.21 32.12 
976 6.82 10.58 6.43 5.17 29.00 
996 6.75 10.06 7.66 4.91 29.38 
1016 6.01 8.87 6.71 4.30 25.89 
1056 6.21 9.32 7.05 4.55 27.12 
1166 6.43 9.84 7.54 4.91 28.72 
1266 6.45 9.25 7.18 4.69 27.56 
1391 6.49 9.33 7.58 5.05 28.45 
1466 7.25 11.52 9.02 5.92 33.71 
1566 6.87 11.02 8.49 5.52 31.90 
1656 6.06 9.84 7.50 4.87 28.26 
1766 7.27 11.49 8.83 5.73 33.32 
1866 6.78 10.44 8.10 5.29 30.59 
1956 6.44 10.04 7.51 4.82 28.81 
2066 5.58 8.66 6.51 4.18 24.93 
2166 5.52 8.50 6.49 4.19 24.69 

 

 

 



 83

8.2 Clay Fraction Data, MD-3004 

Core MD-3004 
Depth 
(cm) 

0.375 μm- 
1.046 μm 

1.046 μm- 
2.011 μm 

2.011 μm-
3.206 μm 

3.206 μm-   
4.241 μm <4.24 μm 

5 5.59 10.14 8.58 5.92 30.22 
25 7.16 11.19 9.23 6.23 33.81 
45 7.40 11.17 8.88 5.87 33.32 
65 2.66 3.79 3.04 2.02 11.51 
85 2.66 3.76 2.97 1.94 11.32 

105 2.50 3.52 2.77 1.81 10.60 
125 3.53 5.30 4.13 2.73 15.70 
145 3.36 5.05 3.83 2.48 14.72 
165 3.16 4.59 3.52 2.29 13.56 
205 2.53 3.52 2.74 1.79 10.58 
225 2.94 4.24 3.18 2.06 12.42 
265 6.93 9.93 7.41 4.72 28.99 
288 4.03 5.71 4.27 2.67 16.68 
305 6.34 8.85 6.61 4.26 26.06 
325 7.25 10.50 7.87 5.09 30.71 
345 6.60 9.59 7.34 4.77 28.30 
365 6.84 9.98 7.51 4.86 29.19 
385 6.23 9.37 6.96 4.45 27.01 
405 2.50 3.84 2.88 1.87 11.09 
445 6.98 9.90 7.32 4.67 28.87 
465 8.23 12.20 8.96 5.77 35.16 
485 8.20 11.60 8.67 5.52 33.99 
505 7.48 10.90 8.17 5.30 31.85 
525 8.05 11.60 8.76 5.68 34.09 
545 7.95 11.20 8.43 5.42 33.00 
565 7.89 11.20 8.55 5.53 33.17 
585 6.80 9.88 7.46 4.79 28.93 
605 7.91 11.40 8.35 5.28 32.94 
625 7.67 11.10 8.07 5.13 31.97 
645 6.92 9.70 7.18 4.60 28.40 
705 8.24 11.70 8.65 5.58 34.17 
725 8.27 11.70 8.61 5.48 34.06 
745 9.33 13.50 10.10 6.44 39.37 
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8.2 Clay Fraction Data; MD-3004 (cont.) 

Core MD-3004 
Depth 
(cm) 

0.375 μm- 
1.046 μm 

1.046 μm- 
2.011 μm 

2.011 μm-
3.206 μm 

3.206 μm-   
4.241 μm <4.24 μm 

765 8.55 12.10 8.76 5.56 34.97 
785 8.49 12.30 9.02 5.75 35.56 
825 8.25 11.90 8.65 5.45 34.25 
865 7.39 10.50 7.64 4.86 30.39 
885 8.15 12.10 8.72 5.52 34.49 
905 8.20 11.50 8.37 5.31 33.38 
924 6.78 9.87 7.36 4.72 28.73 
965 8.68 13.20 9.64 6.14 37.66 
985 9.24 13.60 9.84 6.24 38.92 
1005 9.06 13.30 9.47 5.99 37.82 
1025 9.81 14.60 10.70 6.82 41.93 
1045 9.41 13.70 10.20 6.48 39.79 
1105 9.24 13.30 9.60 6.09 38.23 
1145 8.40 12.80 9.11 5.76 36.07 
1185 8.91 13.50 9.80 6.06 38.27 
1205 8.96 13.70 9.76 6.17 38.59 
1245 8.80 13.20 9.53 10.75 42.28 
1285 8.81 13.20 9.75 6.10 37.86 
1325 8.42 12.70 11.00 5.74 37.86 
1365 7.36 11.60 8.58 5.48 33.02 
1405 8.73 12.90 7.62 5.99 35.24 
1445 7.38 10.90 7.89 4.98 31.15 
1485 8.92 13.00 9.52 5.97 37.41 
1505 8.05 12.00 8.67 5.49 34.21 
1545 7.67 10.70 7.86 4.91 31.14 
1585 7.62 11.40 8.28 5.21 32.51 
1625 8.29 11.80 8.47 5.20 33.76 
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8.3  Grain Size Data; MD-3007 

Core MD-3007 

 Depth (cm) Run 1 (μm) Run 2 (μm) Mean Grain 
Size (μm) 

2 22.99 20.60 21.80 
12 19.46 22.20 20.83 
22 31.96 30.90 31.43 
32 40.79 33.65 37.22 
42 37.58 21.35 30.97 
52 49.64 47.60 48.62 
62 54.24 53.31 53.78 
73 74.20 61.22 67.71 
83 70.02 58.98 64.50 
92 49.69 47.83 48.76 
103 98.93 79.03 88.98 
113 78.12 55.24 65.82 
123 60.08 52.80 56.44 
133 62.37 72.59 67.48 
143 105.20 69.21 76.63 
163 59.42 81.46 70.44 
183 53.65 68.67 61.16 
203 33.89 39.82 36.86 
228 44.70 58.55 56.78 
248 44.07 58.55 51.31 
268 40.28 46.55 43.42 
288 54.17 53.30 53.74 
308 55.94 48.24 52.09 
328 165.30 68.24 105.99 
348 32.43 32.17 32.30 
368 36.67 29.04 32.86 
376 32.16 35.68 33.92 
396 35.14 32.61 33.88 
416 29.22 26.24 27.73 
436 26.57 33.09 29.83 
476 44.76 32.52 38.64 
496 17.66 16.08 16.87 
516 29.64 22.47 26.06 
526 24.91 35.14 30.03 
546 30.99 28.94 29.97 
566 17.34 21.31 19.33 

*Three runs were conducted on the following samples depths: 42, 113, 143, and 328 cm.  
Run three results are as follows: 30.97, 64.10, 55.49, and 84.43 um, respectively.   
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8.3 Grain Size Data; MD-3007 (cont.) 
 

Core MD-3007 
 Depth (cm) Run 1 (μm) Run 2 (μm) Mean Grain 

Size (μm) 
586 21.75 20.88 21.32 
606 24.44 20.88 22.66 
626 20.67 21.74 21.21 
646 17.77 18.01 17.89 
666 21.74 13.36 17.55 
678 28.14 24.52 26.33 
698 21.04 22.39 21.72 
716 21.22 23.24 22.23 
736 30.33 23.26 26.80 
756 29.21 26.56 27.88 
776 20.95 30.07 25.51 
796 30.23 24.60 27.42 
816 19.82 21.55 20.69 
826 23.11 22.99 23.05 
846 18.55 17.92 18.24 
866 22.47 20.93 21.70 
906 19.56 18.73 19.15 
926 14.00 14.07 14.04 
946 13.59 17.97 15.78 
966 22.23 26.76 24.50 
976 15.99 17.94 16.97 
996 17.48 17.48 17.48 

1016 22.24 17.52 19.88 
1056 23.69 24.41 24.05 
1166 20.28 18.53 19.41 
1266 23.85 23.08 23.47 
1391 22.20 22.63 22.42 
1466 15.87 16.73 16.30 
1566 18.56 17.74 18.15 
1656 23.91 23.80 23.86 
1766 16.95 16.73 16.84 
1866 22.84 21.18 22.01 
1956 23.78 28.68 26.23 
2066 29.94 33.79 31.87 
2166 27.55 25.81 26.68 
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8.4  Grain Size Data, MD-3004 

Core MD-3004 

Depth (cm) Run 1 (μm) Run 2 (μm) Mean Grain Size 
(μm) 

5 15.86 14.44 15.15 
25 11.60 11.79 11.70 
45 88.70 84.41 86.56 
65 87.27 76.45 81.86 
85 84.41 74.49 79.45 

105 90.30 75.24 82.77 
125 53.04 94.42 73.73 
145 60.11 77.08 68.60 
165 70.29 113.60 91.95 
185 75.79 77.48 76.64 
205 76.32 85.13 80.73 
225 67.80 53.14 60.47 
265 15.87 15.80 15.84 
288 37.24 45.43 41.34 
305 19.09 48.84 33.97 
325 14.38 15.69 15.04 
345 16.01 16.76 16.39 
365 15.71 14.40 15.06 
385 18.38 15.72 17.05 
405 111.20 158.70 134.95 
445 14.95 15.35 15.15 
465 11.64 11.39 11.52 
485 12.10 14.07 13.09 
505 13.50 13.58 13.54 
525 11.92 12.81 12.37 
545 12.03 12.03 12.03 
565 12.48 12.53 12.51 
585 15.47 21.50 18.49 
605 12.66 13.24 12.95 
625 13.89 14.24 14.07 
645 15.44 15.54 15.49 
705 12.61 11.21 11.91 
725 12.71 11.88 12.30 
745 9.18 9.13 9.16 
765 11.92 12.14 12.03 
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8.4  Grain Size Data, MD-3004 (cont.) 

Core MD-3004 
Depth (cm) Run 1 (μm) Run 2 (μm) Mean Grain Size 

(μm) 
785 11.52 11.49 11.51 
825 12.22 11.56 11.89 
865 14.36 11.41 12.89 
885 12.42 10.71 11.57 
905 12.63 11.86 12.25 
924 16.19 15.29 15.74 
965 9.87 9.24 9.55 
985 9.62 9.28 9.45 
1005 10.94 10.70 10.82 
1025 8.62 10.22 9.42 
1045 9.34 11.12 10.23 
1065 8.76 NS 8.76 
1105 10.73 9.53 10.13 
1145 11.02 11.54 11.28 
1185 9.79 9.48 9.64 
1205 9.90 9.80 9.85 
1245 10.75 10.55 10.65 
1285 10.02 14.31 12.17 
1325 12.07 10.25 11.16 
1365 13.83 12.48 13.16 
1405 10.55 14.29 12.42 
1445 14.79 10.13 12.46 
1485 10.46 12.59 11.53 
1505 13.42 12.28 12.85 
1545 15.69 14.32 15.01 
1585 14.26 14.78 14.52 
1625 13.62 14.38 14.00 

 

 

 

 

 

 



 89

8.5  Grain Size Data; MD-3006 

Core MD-3006 

Depth (cm) Run 1 (μm) Run 2 (μm) Mean Grain 
Size (μm) 

10 15.44 15.16 15.30 
20 13.16 11.69 12.43 
32 17.08 15.07 16.08 
50 14.59 14.61 14.60 
60 15.35 12.69 14.02 
70 12.85 11.84 12.35 
80 13.56 14.41 13.99 
90 12.74 12.11 12.43 

100 13.06 11.34 12.20 
110 13.77 17.22 15.50 
120 14.32 12.91 13.62 
130 13.42 13.61 13.52 
140 14.93 16.39 15.66 
155 15.39 15.24 15.32 
175 16.01 12.74 14.38 
215 15.98 15.19 15.59 
235 15.82 17.79 16.81 
255 17.75 19.93 18.84 
275 16.06 20.84 18.45 
295 19.69 17.72 18.71 
315 19.59 20.82 20.21 
335 16.04 17.91 16.98 
355 14.06 14.47 14.27 
395 13.10 12.48 12.79 
435 13.79 13.96 13.88 
475 12.98 13.40 13.19 
515 11.49 12.41 11.95 
555 12.68 13.68 13.18 
595 12.58 12.39 12.49 
635 13.08 12.43 12.76 
675 13.04 12.74 12.89 
715 12.83 12.87 12.85 
772 13.41 13.17 13.29 
812 13.17 13.35 13.26 
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8.5  Grain Size Data; MD-3006 (cont.) 

Core MD-3006 
Depth (cm) Run 1 (μm) Run 2 (μm) Mean Grain 

Size (μm) 
852 17.09 26.92 22.01 
892 13.87 13.69 13.78 
925 11.93 11.51 11.72 
965 11.84 11.83 11.84 
1005 12.31 12.24 12.28 
1045 12.23 11.95 12.09 
1075 11.42 11.11 11.27 
1115 11.36 11.46 11.41 
1155 11.46 11.35 11.41 
1195 11.29 12.05 11.67 
1225 11.31 12.31 11.81 
1265 11.58 10.64 11.11 
1305 11.46 11.47 11.47 
1345 10.80 10.61 10.71 
1395 11.86 10.85 11.36 
1475 10.72 10.08 10.40 
1565 11.28 12.14 11.71 
1625 11.80 10.81 11.31 
1715 10.61 10.61 10.61 
1775 10.37 10.80 10.59 
1995 11.69 11.50 11.60 
2145 13.59 14.11 13.85 
2295 89.14 85.00 87.07 
2355 88.88 91.93 90.41 
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8.6  Low Density Fraction Point Counts; MD-3007 

Core MD-3007 

Depth (cm) % Charcoal % Wood  % Pumice % Biologic 
Debris 

2 32.8 36.8 18.0 12.4 

12 47.7 36.1 2.3 13.9 

52 42.7 25.2 23.1 9.0 

93 39.5 49.4 4.9 6.2 

133 33.0 40.8 21.7 4.5 

168 8.2 48.1 39.3 4.4 

228 31.5 47.6 13.1 7.8 

268 31.0 52.9 12.4 3.8 

328 8.5 21.8 67.7 2.0 

368 48.7 34.6 14.7 2.0 

416 36.1 58.6 1.7 3.6 

476 36.9 61.0 0.0 2.1 

566 41.9 57.3 0.0 0.8 

666 37.2 54.9 0.0 7.9 

756 27.5 70.9 0.8 0.8 

966 56.2 40.9 0.0 2.9 

1266 32.4 64.9 0.0 2.7 

1566 42.1 49.9 0.0 8.0 

1766 33.3 56.6 0.0 10.1 

1956 33.5 58.0 0.0 8.5 

2166 31.8 46.7 2.9 18.6 
Data are normalized to 100% based on averages from three counts per sample depth.   
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8.7 Low Density Fraction Point Counts; MD-3004 

Core MD-3004 
Depth (cm) % Charcoal % Wood  % Pumice % Biologic 

Debris 

15 46.8 35.4 3.5 14.3 

55 16.3 24.8 30.9 28.1 

95 36.3 50.0 5.2 8.5 

135 15.6 31.9 36.7 15.7 

165 16.6 31.3 25.5 26.6 

225 9.1 36.7 51.3 2.9 

265 36.1 41.2 20.4 2.3 

325 54.5 42.2 2.2 1.1 

365 50.7 44.2 2.3 2.8 

445 52.0 45.2 0.0 2.7 

485 56.5 40.7 0.0 2.8 

565 43.5 53.9 0.0 2.6 

625 43.3 55.2 0.4 1.1 

765 32.3 67.2 0.0 0.5 

865 42.7 56.7 0.5 0.2 

965 55.2 44.1 0.0 0.8 

1065 65.7 31.6 0.0 2.7 

1265 74.7 20.7 0.0 4.6 

1465 56.3 28.6 0.0 15.1 

1605 69.8 26.8 0.2 3.2 
Data are normalized to 100% based on averages from three counts per sample depth. 
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8.8  14C Data; MD-3007 

Core MD-3007; 14C Clay Samples 

Depth 
(cm) δ13C Fraction 

Modern 
Fraction 
Modern 

Error  
Age (14C year  
uncalibrated) 

Age Error (14C 
years 

uncalibrated)  

113 -23.61 0.607 0.0028 4010 35 

228 -24.13 0.4685 0.002 6090 35 

368 -24.05 0.405 0.0019 7260 35 

476 -24.11 0.4819 0.0021 5860 35 

666 -24.16 0.2831 0.002 10150 55 

866 -24.05 0.2928 0.0017 9870 45 

1566 -23.65 0.2914 0.0017 9900 45 

1956 -23.79 0.2028 0.0015 12800 60 

2166 -23.65 0.2029 0.0014 12800 55 

 

 

Core MD-3007; 14C Wood Samples 

Depth (cm) δ13C Fraction 
Modern 

Fraction 
Modern 

Error  

Age (14C 
year  

uncalibrated)

Age Error 
(14C years 

uncalibrated) 

12 -27.52 0.8251 0.0106 1540 100 

113 -27.47 0.7794 0.0033 2000 35 

228 -26.15 0.7148 0.0026 2700 30 

368 -29.2 0.6114 0.0026 3950 35 

476 -25.88 0.5705 0.0025 4510 35 

866 -27.82 0.5069 0.0051 5460 80 

1956 -26.55 0.3503 0.0073 8430 170 

2166 -26.53 0.307 0.0028 9490 70 
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8.8 14C Data; MD-3007 (cont.) 

Core MD-3007; 14C Wood Samples 

Depth 
(cm) δ13C Fraction 

Modern 
Fraction 
Modern 

Error  

Age; 
14C 

years* 

Age 
Error; 
14C 

years*  

Age; years 
B.P.; 1 σ 
lower** 

Age; years 
B.P.;1 σ 
upper** 

12 -27.52 0.8251 0.0106 1540 100 1530 1342 
113 -27.47 0.7794 0.0033 2000 35 1991 1923 
228 -26.15 0.7148 0.0026 2700 30 2844 2821 
368 -29.2 0.6114 0.0026 3950 35 4513 4484 
476 -25.88 0.5705 0.0025 4510 35 5291 5264 
866 -27.82 0.5069 0.0051 5460 80 6394 6371 

1956 -26.55 0.3503 0.0073 8430 170 9552 9233 
2166 -26.53 0.307 0.0028 9490 70 11068 11019 

* = Uncalibrated ages 
** = Calibrated ages 
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8.9  Surface Area; MD-3007 

Core MD-3007 

 Depth (cm) PVP SA (m2/g) BET SA (m2/g) 

2 92.85 17.47 

12 102.17 21.18 

52 122.27 21.55 

163 128.80 14.01 

228 105.88 11.14 

268 113.81 8.08 

368 104.97 8.21 

416 129.10 24.66 

476 103.36 22.63 

666 93.24 7.77 

756 101.83 21.96 

866 101.12 10.04 

1266 94.29 9.45 

1566 90.89 18.30 

1766 118.27 12.35 

1956 116.66 7.23 

2166 101.59 24.42 
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8.10 Surface Area; MD-3004 

Core MD-3004 

 Depth (cm) PVP SA (m2/g) BET SA (m2/g) 

15 114.42 15.95 

165 141.68 20.74 

265 148.10 24.10 

325 119.86 14.47 

365 118.33 16.87 

445 114.61 24.11 

565 139.32 22.62 

625 131.63 21.78 

765 121.79 18.24 

865 133.65 23.24 

965 131.05 23.99 

1065 130.56 25.15 

1265 106.15 25.00 

1465 150.38 26.03 

1605 134.61 25.53 
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8.11  Surface Area; MD-3006 

Core MD-3006 

Depth (cm) PVP SA (m2/g) 

20 117.39 

50 130.62 

110 138.45 

215 146.67 

315 120.11 

615 116.03 

1225 121.18 

1525 135.41 

1825 129.00 

2125 111.33 
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8.12  Biogeochemical Data; MD-3007 

Core MD-3007 

Depth (cm) δ13C % Nitrogen % Carbon  

2 -24.76 0.12 0.96 

12 -23.88 0.12 0.90 

52 -23.66 0.14 1.10 

93 -23.43 0.13 1.01 

133 -23.61 0.14 1.08 

163 -23.55 0.14 1.11 

228 -24.13 0.12 0.90 

268 -23.95 0.12 0.92 

328 -24.02 0.13 1.05 

368 -24.05 0.13 0.99 

416 -23.83 0.14 1.11 

476 -24.11 0.10 0.79 

566 -23.87 0.11 0.88 

666 -24.16 0.10 0.75 

756 -23.77 0.11 0.83 

866 -24.05 0.10 0.76 

1266 -23.83 0.10 0.73 

1566 -23.65 0.10 0.72 

1766 -23.77 0.09 0.61 

1956 -23.79 0.08 0.58 

2166 -23.65 0.09 0.67 
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8.13  Biogeochemical Data; MD-3004 

Core MD-3004 
Depth (cm) δ13C % Nitrogen % Carbon  

15 -23.47 0.13 0.95 

55 -23.4 0.12 0.86 

95 -22.98 0.12 0.82 

135 -23.08 0.12 0.87 

165 -23.74 0.11 0.88 

225 -24.11 0.11 0.82 

265 -23.53 0.12 1.01 

325 -23.4 0.13 1.01 

365 -23.73 0.10 0.75 

445 -23.57 0.10 0.73 

485 -23.91 0.09 0.66 

565 -23.89 0.09 0.63 

765 -23.79 0.08 0.63 

865 -24.08 0.08 0.59 

965 -24.06 0.11 0.79 

1065 -23.77 0.07 0.49 

1265 -23.44 0.07 0.45 

1465 -23.64 0.06 0.41 

1605 -23.77 0.07 0.49 
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8.14  Biogeochemical Data; MD-3006 

Core MD-3006 

Depth (cm) δ13C % Nitrogen % Carbon  

20 -22.78 0.14 1.02 

50 -22.85 0.13 0.96 

110 -22.51 0.12 0.86 

215 -22.59 0.13 0.97 

315 -22.94 0.12 0.96 

615 -23.21 0.10 0.76 

922 -23.17 0.10 0.78 

1225 -22.81 0.09 0.66 

1525 -22.99 0.09 0.71 

1825 -22.95 0.09 0.66 

2125 -22.95 0.07 0.49 
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 8.15  EPMA Results 

Core MD-3007 

Sample 
Name Run SiO2 Al2O3 FeO MgO CaO Na2O K2O TiO2 

1 77.6 13.6 2.4 0.19 1.4 1.6 2.9 0.27 

2 79.0 11.9 2.3 0.20 1.4 1.9 3.0 0.32 

3 77.4 14.4 2.8 0.10 1.3 1.0 2.9 0.19 

MD 3007, 
II-71, 22-

24 
4 77.9 13.9 2.3 0.17 1.3 1.6 2.7 0.22 

1 74.9 15.1 2.5 0.26 1.4 2.4 3.0 0.38 

2 79.8 11.3 2.4 0.27 1.4 1.5 3.1 0.27 

3 86.4 5.6 2.6 0.12 1.4 0.4 3.1 0.49 

MD 3007, 
II-71, 92-

94 
4 82.5 9.3 2.5 0.92 1.3 0.4 2.7 0.46 

1 81.9 11.9 2.2 0.11 0.8 0.6 2.1 0.40 

2 76.3 14.1 2.5 0.28 1.4 1.8 3.2 0.36 

3 82.0 10.8 2.5 0.08 1.2 0.6 2.6 0.26 

4 79.0 12.7 2.4 0.15 1.3 1.2 3.0 0.27 

5 78.0 13.7 2.5 0.20 1.3 0.8 3.1 0.43 

MD 3007, 
III-221, 7-

9 

6 78.1 13.3 2.4 0.31 1.4 1.3 3.0 0.23 

1 79.5 12.8 1.8 0.18 1.0 1.6 2.8 0.35 

2 86.7 12.9 0.1 -0.09 0.2 -0.2 0.3 0.04 

3 93.3 5.3 0.3 0.07 0.1 0.5 0.2 0.12 

4 80.9 13.0 1.9 0.11 0.9 0.3 2.7 0.14 

MD 3007, 
III-221, 

147-149 
5 79.0 14.0 1.7 0.08 1.0 1.4 2.6 0.19 

1 78.4 13.7 2.5 0.30 0.7 1.0 3.2 0.16 

2 76.5 14.0 2.5 0.16 1.5 2.2 3.0 0.17 
MD 3007, 

III-221, 
47-49 3 76.7 14.5 2.5 0.23 1.5 1.5 2.9 0.23 

1 77.6 13.4 2.6 0.19 1.3 1.5 3.1 0.25 

2 77.4 13.5 2.6 0.21 1.2 1.4 3.2 0.47 

3 77.8 13.2 2.6 0.17 1.3 1.5 3.3 0.14 

4 76.8 14.3 2.4 0.17 1.3 1.4 3.3 0.38 

5 78.0 12.9 3.2 0.14 1.3 1.2 3.1 0.23 

MD 
3007III-

221, 105-
107 

6 74.6 12.5 6.4 0.08 1.2 1.8 3.1 0.35 

 

 

 




