
ABSTRACT 

ALMQUIST, KATHERINE DAMERON. The Weathering of Volcanic Ash and Resultant 
Clay Minerals in a Terrestrial and Marine Environment: North Island, New Zealand. (Under 
the direction of Dr. Elana Leithold). 

 

           The production of new mineral surface area by the weathering of volcaniclastic glass 

represents a potentially important influence on carbon cycling on continental margins.  The 

Waipaoa Sedimentary System on the North Island of New Zealand represents a natural 

laboratory in which to study this phenomenon, due to its proximity to a highly productive 

volcanic arc.  Westerly winds have distributed large quantities of glassy volcanic ash from 

the Taupo Volcanic Zone and Okataina Volcanic Center to the Waipaoa River watershed and 

adjacent continental shelf.   Surface erosion and mass wasting have subsequently remobilized 

some of this material.  In this study the weathering of volcanic ash and consequent formation 

of clay minerals in soils and the seabed of the Waipaoa system were investigated using  a 

combination of analytical techniques, including visual (SEM), chemical (EDS) and 

mineralogical (FTIR, XRD) methods.  Soil samples were analyzed from profiles collected at 

four localities in the Waipaoa watershed and marine sediments were analyzed from two long 

piston cores recovered from the continental shelf. 

           Pumice grains recovered from tephra layers in the terrestrial environment display a 

wider variety of alteration textures than do those observed in correlative layers in the marine 

environment, which are relatively pristine.  Authigenic minerals were observed growing on 

some grains in the terrestrial environment, and more rarely in the seabed.  On land, the 

degree of alteration appears to be most strongly dependent on soil conditions.  Noncrystalline 

solids or short-range order minerals which may have been produced as a result of this 

weathering include imogolite, allophane and halloysite.  Zeolites were detected in several soil 

samples with more weathered pumice, suggesting a possible relationship with alteration. 

Smectite is common to both the terrestrial and marine environments, while kaolinite was 

identified more often in soil samples.  Calcite was found only in marine samples.   

           This study was motivated in part by previous work that led to the hypothesis that 

authigenic smectite formed in pumice-rich horizons in the seabed might be responsible for a 



trend toward increased organic carbon burial on the Waipaoa shelf during the past 4000 

years.  Although a general trend toward increasing smectite content was observed in 

sediments deposited during this interval, evidence for authigenesis was sparse and no 

difference was found in the amount of smectite within tephra and non-tephra layers    It is 

concluded that the trends observed are more likely the result of increased delivery of soil 

smectite and associated soil carbon to the continental shelf than of the marine weathering of 

volcanic ash. 
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1.0 INTRODUCTION 

The east coast of the North Island of New Zealand is the site of some of the most 

sediment-laden rivers in the world.  Milliman and Meade (1983) suggested that the high 

sediment yields of rivers on South Pacific islands may be responsible for 20% of the global 

sediment flux to the oceans.  As a result of its sediment contributions, the North Island was 

chosen as a focus site for the National Science Foundation (NSF) Margins Source to Sink 

research program, with the goal of understanding how continental margin sediments preserve 

long-term records of environmental change.  This research effort has centered around the 

Waipaoa Sedimentary System, which has been strongly influenced by volcanic activity 

during the Holocene Epoch.  Volcanic eruptions from the Taupo Volcanic Zone on the North 

Island have made large ash contributions to soils in the Waipaoa watershed and to sediments 

on the adjacent continental shelf. 

The aim of this thesis is to examine how this pyroclastic volcanic material has 

affected the clay mineral composition of the continental margin sediments. Clay minerals 

have the potential to greatly impact the carbon content of sediments buried on the continental 

margin.  Previous work (Brulet, 2009) has suggested that the weathering of volcanic glass 

may have produced high surface area clay (probably smectite) that resulted in enhanced 

carbon burial on the Waipaoa shelf.  In particular, Brulet (2009) found that parts of the 

Holocene stratigraphic record on the continental margin characterized by relatively high 

pumice content had a clay-sized fraction with a higher surface area and organic carbon 

content than the same fraction in adjacent, less pumiceous stratigraphic intervals. 
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In this thesis, the alteration of volcanic glass in the Waipaoa system was investigated 

through direct imaging (Scanning Electron Microscopy, or SEM), chemical analysis (Energy 

Dispersive Spectroscopy, or EDS), and mineralogical analyses (Fourier Transform Infrared 

Spectroscopy, or FTIR, and X-Ray Diffraction, or XRD).  Specific questions addressed 

include:  Is volcanic glass altered to the same extent in terrestrial and marine environments?  

Which minerals are produced by glass alteration in these two settings?  Are the weathering 

products of volcanic glass on the Waipaoa shelf indeed playing a role in carbon burial, and if 

so, did these clay minerals likely form on land or in the ocean? 

1.1 Site Description and Eruptive Events 
 

New Zealand’s volcanic history is a result of its location on a convergent boundary 

between the Pacific and Australian tectonic plates.  The oceanic Pacific plate is being 

subducted westward under the continental Australian plate to form the Taupo Hikurangi arc-

trench system (Cole and Lewis, 1981) in northern New Zealand.  This includes the Hikurangi 

margin, a trough and fore-arc system, and the Taupo Volcanic Center (TVC), comprising the 

rhyolitic and highly active Taupo Volcanic Zone (TVZ), and the less active Okataina 

Volcanic Center (OVC). 

The TVC is one of the most active rhyolitic complexes in the world, and the locus of 

Quaternary volcanism in New Zealand, extending from White Island in the north to Ruapehu 

in the south (Sutton et al., 1995).  It has produced nearly 10,000 km3 of magma during the 

Quaternary Period (Wilson, 1995).  Rhyolitic systems, with their high silica content, produce 

much more voluminous and violent volcanic eruptions than their mafic counterparts, 
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meaning that their ash is spread quickly throughout the surrounding environment.  During 

these eruptions, small amounts of rhyolitic lava cool quickly, trapping gases and forming 

porous grains called pumice.  Pumice grains possess a lower density and have a lighter color 

than the soils and sediments with which they are mixed. Twenty seven of the TVC’s most 

recent twenty eight eruptions have been recognized as explosive, and have produced 

magmatic eruptions at a rate of 6.5 km3yr-1 over the past 65,000 years (Wilson, 1993).  

Products of each of these eruptions possess a distinct chemical fingerprint, reflective of both 

their eruptive and weathering history. 

Eruptions from the TVZ and the OVC have blanketed the Waipaoa watershed and 

continental margin of the North Island with wind-blown pyroclastic material, called tephra.   

Tephra layers are attributable to specific eruptions and have been dated by various means, 

and make this location ideal for studying the process of weathering and formation of clays 

from pumice grains over time.  In the Waipaoa catchment, tephra layers include the Kaharoa 

(636 ± 12 years B.P., from the OVC), Taupo (1,717 ± 13 years B.P., from the TVC), 

Waimihia (3,410 ± 40 years B.P., from the TVZ), Waiohau (13,635 ± 165 years B.P., from 

the TVZ) and Rerewhakaitu (17,625 ± 425 years B.P., from the TVZ) (ages from Lowe et al., 

2008).  Samples from three sites where some or all of these tephra layers are preserved were 

analyzed in this study (Figure 1a), including one along the Te Arai tributary (TA), two in the 

central watershed near a settlement called Puketarewa (PU) and along Otara Road (WA-6 to 

13), and one site near the Waipaoa River mouth (WA-1 to 5) along Wainui Road. 
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Individual tephra layers have previously been identified in the Waipaoa watershed 

based on their stratigraphic positions, 14C dating, and geochemistry (Eden et al., 2001).  The 

Waimihia ash is the thickest ash in the Waipaoa watershed soil profiles, and was identified at 

the study sites by Dr. Alan Palmer, a local expert (personal communication to L. Leithold, 

2009).  The Kaharoa, Waiohau and Rerewhakaitu eruptions came from the OVC center, 

which contains more heterogeneous magmas than the TVC (Lowe et al., 2008). 

The Taupo and Waimihia tephras were identified in piston cores of the Waipaoa 

middle and outer continental shelf collected aboard the research vessel Marion Dufresne 

(Gerber et al., 2010).  The Kaharoa layer has been located in a core recovered previously on 

the shelf (Gomez et al., 2004) and is tentatively identified in this study.  Of the three tephra 

layers, the Waimihia appears to be the purest, having been deposited primarily as airfall.  The 

Kaharoa and Taupo layers are thinner and mixed with detrital sediment.  Their correlation to 

previously dated layers is supported by 14C dates obtained from shells above and below each 

tephra (Gerber et al., 2010).  

1.2 Weathering of volcanic ash to clay 

After deposition, volcanic ash may undergo alteration and dissolution to form 

authigenic, high surface area clay minerals.  The most common secondary minerals in the 

clay fraction of tephra deposits are allophane and halloysite, a kaolinite subgroup (Lowe, 

1986).  Small amounts of iron and aluminum hydroxides, including gibbsite, and opaline 

silica, and vermiculite have been reported in tephra deposits (Lowe and Nelson, 1983).  

Weathering sequences of clay minerals from volcanic glass are controlled by the effective 
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weathering time, weathering environment, and the composition of the glass.  Fieldes and 

Williamson (1955) proposed a weathering sequence for rhyolitic tephras which has been 

modified and widely accepted as: 

 Glass and feldspar    allophane and imogolite    halloysite and minor silica 

In New Zealand’s temperate, humid conditions, the transition from glass to allophane 

has been estimated to take about 3,000 years (Kirkman, 1975, 1976b), and from allophane to 

halloysite about 6,000 years (Wada, 1977, Nagasawa, 1978).  However, these times can be 

influenced dramatically by changes in climate during the Quaternary (Birrell and Pullar, 

1973, Birrell et al., 1977), the supply of organic matter (Mizota, 1978), and drainage (Parfitt 

et al., 1983).  A thick tephra and poor drainage provide a silica-rich environment which 

favors the formation of halloysite (Ugolini and Dahlgren, 2002). 

Rapid weathering creates solutions over-saturated with elements abundant in the 

volcanic ash, such as Si, Al and Fe.  Noncrystalline solids such as allophane, imogolite, 

opaline silica and ferrihydrite precipitate out from these over-saturated solutions faster than 

crystalline minerals because they are more soluble, and therefore kinetically favorable 

(Stumm, 1992).  These noncrystalline solids have high surface areas and cation exchange 

capacities.  As soils become warmer and dryer, crystallization is promoted and phyllosilicate 

minerals such as kaolinite, illite, smectite, and chlorite can form as noncrystalline solids 

become more ordered (Hallenbeck et al., 2000). 

Climate plays a large role in determining which minerals form during the weathering 

of pumice.  Local variations in temperatures and humidity result in different soil genesis 
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pathways from volcanic soils all over the world (Ugolini and Dahlgren, 2002).  Humid 

environments tend to produce allophane/imogolite, while halloysite is common in areas with 

distinct dry seasons and poor drainage (Mizota and van Reeuwijk, 1989).  Humid, temperate 

climates, such as that found in New Zealand, produce soils that display the most distinctive 

characteristics for which volcanic soils are known, such as low bulk density, and high clay 

content and phosphate retention (Shoji et al., 1993). 

1.3 The role of clays weathered from volcanic ash in organic carbon preservation 

Mineral surface area controls the physical and chemical stabilization of organic 

carbon (OC) in soils and sediments (Mayer and Xing, 2001, Curry et al., 2007).  High surface 

area clays, such as smectites, and noncrystalline solids, such as allophane, have been 

implicated in the burial of OC in modern and ancient continental margin environments 

(Ransom et al., 1998, Kennedy et al., 2002, Galey et al., 2008). 

Clay particles provide a reactive surface onto which organic materials can be 

adsorbed and it is generally accepted that such adsorption reactions stabilize soil OC against 

microbial attack (Jastrow and Miller, 1996). Correlations between soil OC and clay contents 

have been observed in many different environments, including North Dakota, Australia and 

West Africa (Schimel et al., 1985a, b; Spain, 1990; Feller et al., 1991) and the various 

interactions between soil clays and organic materials have been summarized by Oades 

(1989).  These interactions include water content, temperature, clay size and physicochemical 

properties of the clay, primarily the available calcium in neutral to alkaline soils, aluminum 
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in acidic soils, and the amount of iron oxide.  Such interactions are characterized by the 

nature of organic materials and the types of clay minerals, which dictate the surface area. 

The importance of surface area was also suggested by the results of Srensen (1972, 

1975) where the addition of high surface area montmorillonite to a soil/sand mixture 

enhanced carbon stabilization, but the addition of low surface area kaolinite had little 

influence. These results suggest that the sorption of OC on soil clay minerals is primarily a 

function of the surface area available rather than the actual amount of clay.  Even a small 

increase in the volume of montmorillonite (a smectite) would result in a large increase in the 

surface area of a sample. 

 As a result of the high surface area minerals which form from volcanic ash, volcanic 

soils have morphological, physical and chemical properties that enable them to preserve 

nutrients and organic matter.  Soils formed from volcanic ash accumulate large amounts of 

organic carbon in their clay fractions (Eswaran et al., 1993).  Each time new volcanic 

material is deposited, the soil development process is stimulated.  These soils have a low 

bulk density, high water retention, variable charge characteristics, and strong phosphate 

sorption (Shoji et al., 1993, Lal and Kimble, 2001, Zehetner et al., 2003).  Their ability to 

hold nutrients has long been recognized by productive agricultural societies which have 

developed around volcanoes.  These unique properties of the soils have been attributed to the 

high surface area, small particle size, glassy surfaces, and the high porosity and permeability 

of ash resulting from the spaces left by gases trapped in rapidly cooling lava (Lowe, 1986; 

Dahlgren et al., 1999). 
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The methods used in this study are based on these observations from other localities 

that indicate the typical weathering pathways of  volcanic ash to clays and short-range order 

minerals, as well as the connection between these high surface area minerals and the 

preservation of organic matter.  A combination of mineral identification and quantification 

techniques, and visual inspection of pumice grains is used to understand the relationship 

between volcanic glass weathering and clay mineral composition, and its potential impact on 

carbon burial  in the terrestrial and marine components of the Waipaoa Sedimentary System, 

North Island of New Zealand. 

2.0 METHODS 

2.1 Sample collection and handling 
 

Piston cores MD-3004, MD-3006 and MD-3007 were collected from the continental 

shelf of New Zealand’s North Island by the research vessel Marion Dufresne in January 

2006.  These cores were collected in water depths of 52 meters, 122 meters and 61 meters, 

respectively (Figure 1b) and stored in a cold locker at around -40oC in Wellington, NZ.  In 

the summer of 2007, each core was cut in half lengthwise and sampled at 10 cm intervals in 

the top 100 cm, and at 20 cm intervals for the rest of the core.  Each sample was kept in an 

individual plastic bag and shipped frozen from New Zealand to North Carolina State 

University, where they were kept frozen until analysis. 

Soil samples were collected from excavated profiles at four localities in the Waipaoa 

River watershed in July 2007 and April 2009 (Figure 1a).  The Te Arai soil profile (TA) was 

exposed in a roadcut and was 50 cm deep.  Another profile from the central watershed near 
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the settlement of Puketarewa (PU) was from a terrace deposit, the W1 terrace of Berryman et 

al. (2000) and Eden et al. (2001), exposed along an unpaved farm road and was 130 deep.  

The other profile from the central watershed, exposed in roadcut along Otara Road (samples 

WA-6 through WA-13), was 1.5 m deep and was similarly from the W1 river terrace deposit 

(Eden et al. 2001).  The soil profile from near the Waipaoa River mouth (samples WA-1 

through WA-5) was from a construction site where excavation had exposed the side of a hill 

along Wainui Road and was 50 cm deep.  All samples were bagged and shipped frozen to 

North Carolina State University until analysis.  Gloves were worn at all times when handling 

samples or any instruments they came in contact with, including metal utensils and 

glassware.  These were annealed in a furnace overnight at 550oC prior to use. 
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Figure 1.  Map of the Waipaoa River watershed (a) and New Zealand continental shelf (b) of 
the North Island showing sample locations.  Maps created by Laurel Childress (2009).  
Lithology of the Waipaoa River watershed from Mazengarb and Speeden (2000).  
Bathymetric data courtesy of Steve Kuehl. 
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a) 
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b)  



 

13 

2.2 Size fractionation 

In preparation for size fractionation, samples were removed from the freezer and 

homogenized using a clean metal spatula.  Five to seven grams of bulk sample were 

removed, weighed, and suspended in about 250 mL of deionized (DI) water and placed on a 

shaker table for 15 minutes.   

 The bulk sample was passed through a 25 μm stainless steel sieve while rinsing with 

approximately 900 mL of DI water, until the water appeared clear of fine particulates.  The 

>25 μm fraction was then removed from the sieve, frozen, freeze dried to remove excess 

water and weighed.  The <25 μm fraction was captured in a 1000 mL cylinder.  In 

preparation for the isolation of the clay fraction, the aqueous solution was stirred with a metal 

stir rod until it was completely homogenized.  The sediments were allowed to settle for 1:57 

hours, before the top 10 cm of the water column was removed using a peristaltic pump to 

isolate the <4 μm clay fraction.  This method is based on Stoke’s Law, which describes the 

settling of particles through a fluid based on the particle’s density and diameter, as well as 

the density and viscosity of the fluid.  The remaining solution was resuspended and allowed 

to settle for 7:48 hours.  The top 10 cm was then pumped to isolate the remaining <2 μm clay 

fraction. 

The isolated  <4 and <2 μm fractions were centrifuged at 2500 rpm in Teflon bottles 

for at least 30 minutes, or until clear, then the supernatant was decanted.  The wet sediment 

was frozen in the Teflon bottles, and then freeze dried until all the water was removed.  The 
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dried samples were transferred into labeled, airtight glass vials with metal spatulas, weighed 

and kept frozen until further analysis. 

2.3 Grain size analysis 
 

Grain size analysis was conducted on bulk samples using a Beckman Coulter LS 13-

320 laser particle size analyzer equipped with a Universal Liquid Module.  Each frozen 

sample was thawed and homogenized with a clean metal spatula.  Approximately 1g of 

sediment was placed into a clean beaker.  Approximately 10-15 mL of deionized (DI) water 

was added, and a disposable polyethelene pipette was used to suspend the sediments.  Small 

amounts of the solution were transferred until 40-50% obscuration of the beam was reached.  

The Beckman Coulter software calculated the percent volume within pre-set size intervals, 

from 0.03999 to 2000 μm.  From these data, the percentage by volume of the material that 

falls within the clay, silt and sand size ranges was determined (Appendix). 

2.4 Density fractionation 

To isolate pumice for study, the low density components (pumice, wood and 

charcoal) of the >25 μm fraction were removed by flotation in an aqueous solution of 

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

by mixing 700 g SPT powder with 500 mL DI water in a beaker on a hot plate and stirring 

until completely dissolved.  This solution was then passed through a combusted 0.4 μm glass 

filter to remove any solid contaminants.  To further remove any dissolved contaminants, an 

equal amount of hexane was added, and the solution was placed on a shaker table for 2 hours 
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at 220 rpm.  The hexane was removed using a separatory funnel and discarded.  The density 

of the cleaned SPT solution was rechecked after this cleaning procedure.  

The >25 μm fraction was combined with the SPT solution, shaken and centrifuged for 

30 minutes at 3000 rpm.  The low density fraction (<1.8 g/cm3) was decanted into glass jars 

and rinsed with 200-300 mL DI water through a 0.45 μm polycarbonate filter membrane to 

remove any remaining SPT.  The clean material was rinsed off of the filters with DI water 

into pre-weighed beakers, freeze dried, and weighed. 

The low density fraction was placed in clean petri dishes and examined under a Leica 

Wild M3C microscope.  Wood and charcoal fragments were visually identified and removed 

using clean forceps and placed in their own separate vials.  The remaining pieces of pumice 

were then transferred from the petri dishes into separate vials using a clean glass funnel to 

avoid crushing or breaking the fragile grains. These air tight vials were placed in the freezer 

until further analysis. 

2.5 Fourier Transform Infrared Spectroscopy – FTIR 

Fourier transform infrared (FTIR) spectroscopy was used to provide a qualitative 

analysis of the minerals present in the Waipaoa system soils and sediments.  FTIR is a 

technique for studying minerals that rapidly identifies crystalline minerals and noncrystalline 

solids.  It is sensitive to small quantities of minerals present in a sample.  Minerals absorb 

infrared radiation at different wavelengths based on the types of bonds present within their 

structures, which can stretch and bend as a result of the lattice vibrations.  These motions 

produce characteristic absorbance spectra for each mineral present in a sample. 
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While FTIR can be used for quantitative mineralogical analysis, quantification is 

difficult because of varying experimental conditions, including the exact amount of the 

absorbing material (de la Fuente et al., 2000), crystalline order (Lazarev, 1974), particle size 

and shape (Rendon and Serna, 1981), irregularity of the crystal structure, homogeneity of the 

sample, and particle orientation (Russell, 1974).  Therefore, the IR method was used for 

qualitative analysis only in this study. 

Samples from both the <2 μm and <4 μm fractions, as well as pumice from the >25 

μm fraction, were analyzed by incorporating them into discs of KBr, which is transparent to 

infrared radiation. All metalware used for FTIR was stored in an oven at 70oC, along with the 

KBr powder, due to its hygroscopic nature and the adverse impacts water can have on 

analysis.  For each analytical run, 0.5 mg of sample was combined with 80 mg of KBr 

powder.  Pumice was ground with a glass rod before combining it with the KBr.  An agate 

mortar and pestle was used for 60 seconds to grind and homogenize each size fraction with 

the KBr to a fine powder.  This powder was then transferred to a die using a clean spatula 

and tapped down until a flat surface was obtained.  The disc was placed in a hand press and 

pressure applied until a transparent window was formed in the die. 

Infrared spectra were obtained using a Nicolet Impact 400D FTIR spectrometer in the 

range of 4000-400 cm-1 at NC State University.  Spectra were collected using the Omnic 

software package, and peaks were analyzed using PeakFit v4.12 (Systat Software, Inc.).  A 

constant baseline with a tolerance of 3.0% was subtracted from each spectrum, and peaks 
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were identified using the Voigt Area G/L function after smoothing using the Loess function.  

Mineral identifications were made based on comparisons to published spectra (Table 1). 

Many of these minerals, especially layered silicates like smectites and kaolinites, 

have peaks that overlap or are very close, so multiple peaks were used for identification.  

Because peaks used for identification can be very close to each other, it is important to get as 

precise values as possible.  PeakFit automatically generates an r2 value which correlates the 

goodness of fit of the modeled spectra with the experimental data.  Higher r2 values result in 

better identification using the peak positions. 
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Table 1. Peak positions (wave number) used in identifying clay minerals in samples with 
FTIR 

Mineral Peak Positions (cm-1) 
Montmorillonite 426-430, 465-467, 520-525, 675, 770, 815-

818, 830-845, 890, 915-917, 1026-1040, 
1090, 3420-3426, 3556, 3620-3624 

Water, especially in Montmorillonite 1630 
Kaolinite 430-432, 470-472, 539-540, 912-913, 938, 

1005-1011, 1031-1032, 1100, 3619-3622, 
3695-3696 

Kaolinite, Illite 750-753 
Kaolinite, Illite, Montmorillonite 690-695 
Kaolinite, Halloysite 795 
Quartz 512, 778-780, 798-799 
Biotite 646, 1000, 3590 
Biotite, Montmorillonite 1108-1115 
Biotite, Montmorillonite, Muscovite 1165-1170 
Chlorite 660, 3434, 3485, 3560-3570, 3627 
Chlorite, Illite 985-990 
Chlorite, Illite, Quartz 1080-1085 
Calcite, Dolomite 875-880, 1420-1430 
Albite 400, 700-800 quartet 
Halloysite 650, 692, 941, 1012, 1094 
Illite 825 
Anorthite 929 
Imogolite 993 
Allophane 1016, 3300 
Vermiculite 3571 

References: Russell, 1987; Russell et al., 1981; Wilson, 1994; Madejová and Komadel, 2001; 
Ohashi et al., 2002; Post and Borer, 2002; Pironon et al., 2003; Certini et al., 2006; Van der 
Marel and Beutelspacher, 1976 

To determine the sensitivity of the FTIR instrument, pressed discs were formed with 

different proportions of kaolinite and montmorillonite clay standards provided by the Clay 

Mineral Society: KGa-1b, a kaolinite from Washington Co., Georgia, US, and SWy-2, a Na-

rich montmorillonite from Crook Co., Wyoming, US.  Kaolinite and montmorillonite were 
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used because they produce similar peaks in the spectra, and can overlap with one another.  

They were also chosen because of their expected presence in the sediments and soils studied 

here. 

Mixtures of the two standards were examined at ratios by mass of 1:1, 1:3, 1:6, and 1:9.  

From each, the <2 μm fraction was used.  To ensure a homogenous mixture of the standards, 

components were weighed out in a beaker and mixed with 100 mL of DI water.  The mixture 

was sonicated with a Branson Digital Sonifier 450 and a tapered microtip at 40% intensity 

for two minutes.  The solution was dried at 70oC, pressed into a disc and analyzed as above.  

Multiple peaks for both kaolinite and montmorillonite were identified in each of the 

mixtures.  This method was adapted from Madejová, 2002. 

For equal proportions of kaolinite and montmorillonite (1:1), there was a sharp peak at 

3695 cm-1, a diagnostic indicator for kaolinite (Figure 2).  As the proportion of 

montmorillonite increases, the absorbance increases around 1630 cm-1, a peak indicative of 

water in montmorillonite.  In the samples with higher montmorillonite content, there was also 

a loss of a kaolinite peak at 432 cm-1 and a shortening of a kaolinite peak at 540 cm-1.  In 

each of the kaolinite and montmorillonite mixtures, there was also a broad peak present at 

3423 cm-1 (Figure 2) as a result of a H-O-H stretching vibrations of water.  The presence of 

this peak is most likely due to the hygroscopic nature of the KBr used to suspend the 

samples.   
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Figure 2. IR spectra of kaolinite and montmorillonite standard mixtures.  For samples with 
more kaolinite, there is a diagnostic peak at 432 cm-1 and 540 cm-1.  When the standards are 
present in equal proportions (1:1), the montmorillonite peak at 520 cm-1 is hidden. 
Key: K = Kaolinite; M = Montmorillonite 

Samples 1:3, 1:6 and 1:9 kaolinite to montmorillonite show a peak at 520 cm-1 for 

montmorillonite which was not present in the 1:1 sample.  However, at the 1:9 ratio, there 

were still at least three peaks indicative to kaolinite (472 cm-1, 540 cm-1 and 1008 cm-1) and 

one that was strongly diagnostic of kaolinite (3696 cm-1).  This indicates that the instrument 

is able to distinguish between the different mineral bonds when only a relatively small 

amount of kaolinite is present, but is much less sensitive to montmorillonite. 
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Adsorbed water can make it more difficult to apply a good curve fit to a spectrum, and 

can obscure the peaks some minerals.  Madejová (2002) recommended heating the pressed 

discs in a furnace overnight to minimize the water adsorbed on KBr and the clay sample. 

This was done for the four kaolinite and montmorillonite mixtures, three of which showed 

significant improvement (86.5% confidence, paired t-test) (Figure 3).  The spectra of each 

kaolinite and montmorillonite mixture collected for the unheated pressed disc, and again for 

the same disc after heating overnight at 70oC, are shown in Figure 4.  The peak at 3423 cm-1 

(water) was greatly reduced, but the peak at 1630 cm-1 (water in montmorillonite) was still 

identifiable.  The 70oC temperature is high enough to remove water sorbed to the clay, but 

not high enough to remove water from the internal structure of the mineral. 

 
Figure 3. Improvement to curve fit after heating overnight in a furnace at 70oC.  Three of the 
four clay standard mixtures showed improvement (increase in r2) after being heated 
overnight. 
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Figure 4. IR spectra generated by an equal mixture of kaolinite and montmorillonite, 
unheated and heated overnight at 70oC.  Heating overnight at 70oC removes adsorbed water 
peak at 3423 cm-1 but is not high enough to remove the water in the montmorillonite 
structure (1630 cm-1). 

To compare the impacts of heating on a non-standard mixture, a pressed disc of soil clay 

(PU-4) was analyzed unheated, and then after being heated in a 70oC oven for 15 minutes, 30 

minutes, 1 hour, 2 hours, and overnight (Figure 5Figure ).  Since there are no noticeable 

differences in the spectra (and therefore no further minerals can be identified) produced from 

heating for 2 hours and heating overnight, a 2 hour heating time was deemed sufficient.   
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Figure 5. IR spectra of a soil clay unheated and heated at 70oC for different time increments.  
For each successive heat treatment, more of the adsorbed water is removed, as seen by the 
reduction of the broad water peak at 3423 cm-1. 

Unlike the clay standards mixtures, which showed an improvement in curve fitting after 

heating, the curve fit for the soil clay did not improve (Figure 6).  Following this observation, 

spectra were collected for multiple unheated and heated samples and improvements to curve 

fit were compared, as a better curve fit can lead to more accurate mineral identification, and 

many minerals have similar peaks.  The amount of improvement varied depending on the 

size of the fraction observed, and the sample’s location. 
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Figure 6. Curve fit of a soil clay after different length heat treatments.  The best fit for this 
soil clay is seen immediately after pressing.  The fit decreases sharply after 10 minutes of 
heating, then slowly increases overnight. 

Spectra for samples in KBr discs were collected immediately after pressing, and then 

again at five minute intervals resting on the lab bench.  The r2 value for the same sample was 

compared for each trial.  The highest r2 value was generated by PeakFit immediately after 

pressing and between 10 and 15 minutes, and dropped steadily over time (Figure 7).  The 

hygroscopic disc absorbs atmospheric moisture while sitting on the lab bench, which may be 

responsible for this change.  To ensure the most accurate mineral identifications, all samples 

were analyzed immediately after pressing. 
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Figure 7. r2 value of the fitted curve on a pressed disc left sitting on a lab bench.  The fit for 
this clay is highest immediately after pressing and after a 10 minute rest.  After this point, the 
fit decreases as the hygroscopic KBr absorbs atmospheric moisture. 

2.6 Scanning Electron Microscopy and Energy-Dispersive Spectroscopy - SEM-EDS 

Pumice grains were mounted on carbon stubs by scattering them onto sticky, double-

sided copper tape.  The stubs were shaken gently by hand to ensure grains were secure.  This 

process was repeated until a minimum of 10 grains well separated from each other were 

mounted.  Stubs were stored in separate petri dishes covered with aluminum foil until 

observation.  Imaging was done using a variable pressure Hitachi S3200 scanning electron 

microscope (SEM) with an attached Oxford Isis EDS (Energy-Dispersive Spectroscopy) and 

a Robinson Backscatter Detector at NCSU's Analytic Instrumentation Facility (AIF). 

  Prior to SEM examination, each sample was sputter coated for 120-150 seconds with 

gold or an alloy of gold and palladium.  A 20 KeV accelerating voltage and a working 

distance of 17 mm were used.  Magnification ranged from 40x-4000x.  Electrons in an SEM 

penetrate between 1 to 4 μm at 20 KeV (White, 2008).  When attempting to get 
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compositional analysis of the thinner clays on the surfaces of the volcanic glass, this 

penetration could result in an overestimation of silica from the glass underneath. 

Three well-coated pumice grains were selected from each sample.  Depending on the 

sample, pumice grains might display both altered and unaltered glass surfaces.  The altered 

surfaces contained coatings of fine material inferred to be clays.  A picture of the whole grain 

was taken with the Digital Image Capture, and then at least six sites on each grain were 

examined for composition, three each of apparently altered and unaltered surfaces of 

volcanic glass.  At each of the sites, a photomicrograph was taken and the Oxford Isis EDS 

was used to determine the presence and weight percent of elements common to minerals 

from marine and terrestrial environments, including silicon, aluminum, sodium, magnesium, 

potassium, calcium, iron and titanium for mineral identification (Appendix). 

The morphologies of the clay flakes aided in their identification.  Wilson and Pittman 

(1977) studied thousands of sandstone samples and come up with the following descriptions:  

Smectite: Highly wrinkled or honeycomb structure 

Illite: Irregular overlapping flakes; edges may curl away from the surface  

Chlorite: Pseudohexagonal flakes with a cardhouse, honeycomb or rosette shape 

Kaolinite, dickite: Books or sheets of stacked pseudohexagonal flakes 

Smectites which have had time to grow may produce lattice fringes which appear as a much 

more ordered structure (Tillick et al., 2001).  These descriptions, along with their 

accompanying photomicrographs, were compared with the images obtained in this study. 
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2.6.1 Treatment of EDS Data: Principle Component Analysis 
 

The mineral composition of the clay fraction can provide insight into its physical and 

chemical properties, including surface area.  However, identifying and describing individual 

minerals at the surfaces of pumice grains presents challenges.  Minerals such as kaolinite, 

calcite and quartz can be assumed to have relatively constant chemical compositions.  Other 

common clay minerals, such as mica, smectite, and chlorite, exhibit a wider range in 

structural composition, depending on the extent of lattice isomorphic substitutions in the 

crystal structure and ion exchange loading.   

Principle Component Analysis (PCA) analyzes the causes of variance in datasets and 

has been applied here to the compositional data collected by EDS.  Despite natural variation 

in clay minerals due to replacements in the crystal structure, two clay samples may be 

clustered together because they are illites and have the most similarities between them 

compared to other clay minerals (Bassin, 1975, Lanza et al., 2008).  PCA allows minerals 

with similar elemental compositions to be grouped together by species.  The more variation 

that is present between the compositions of two minerals, the further apart they plot from 

each other.  The minerals identified were limited to those also identified with FTIR and 

XRD, and results were compared against morphological features shown by the SEM. 

The weight percents of the eight elements (Na, Mg, Al, Si, K, Ca, Ti, and Fe) were 

used for the PCA and cluster analysis to identify minerals present.  If an element was not 

found or identified as statistically insignificant, its value was set to zero.  Analysis was 

accomplished using Matlab R2009a. 
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The covariance matrix and eigenvalues of the data are calculated first.  Multiple 

covariance measurements are required because there are more than two dimensions being 

analyzed.  Eight dimensions are possible, as data for eight elements are being analyzed.  The 

covariance and eigenvalue data sort the minerals by the elements which cause the greatest 

variance in the data first.  The amount of variance is then used to calculate the PCA scores.  

The PCA scores show the extent to which each element causes variance in the data, and are 

plotted as a cluster diagram on the basis of the two biggest causes of variance, PC 1 and PC2. 

2.7 X-ray Diffraction 

X-ray diffraction (XRD) was used to identify the clay minerals present in samples 

from the soils and marine sediments, as well as to semi-quantitatively estimate the amounts 

of smectite, illite, kaolinite and chlorite in the <2 μm fraction.  XRD is more sensitive to 

crystalline solids than to poorly crystalline material.  In addition to the clay-sized fraction, 

sand-sized pumice grains from several tephras were analyzed after grinding with a glass rod. 

Different saturation and heat treatments of samples are used because clay minerals 

react differently to each to produce peaks at characteristic wavelengths, measured in degrees 

2θ.  These angles can be transformed to mineral d-spacings in Angstroms using Bragg’s 

Law: 

nλ = 2dsinθ, 
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where n is 1, lambda is the wavelength, d is the d-spacing between the mineral planes and 

theta is the angle of incidence.  The effect of each treatment on some common soil clay 

minerals is given in Table 2.  The d-spacings used for the identification of clay minerals are 

summarized in Table 3. 

A minimum of 0.1g of sample is required for each slide preparation using either a 

potassium chloride or magnesium chloride treatment.  However, in cases where there was not 

enough material (<200mg) for both treatments, only the magnesium chloride saturation 

treatment was used.  The <2 μm fraction was preferred, but in cases where there was not 

enough sample, the <4 μm fraction was used.  Because of the potential differences in the 

composition of the two size fractions, comparisons between samples are made only for one 

size fraction. 

 Prior to analysis, samples were saturated with magnesium chloride or potassium 

chloride, according to the methods in Dixon and White (1997).  For each treatment, 15 mL of 

either 0.5 M MgCl2 or 1 M KCl was added to the sample in polyethylene centrifuge tubes.  

The samples were then sonicated for 10 seconds at 25% intensity using the Branson Digital 

Sonifier 450.  The tubes were centrifuged at 3,700 rpm for 20 minutes, the clear supernatant 

was decanted, and more salt solution was added.  This process was repeated two more times 

to ensure complete saturation with salt.  This cation saturation helps to identify vermiculite 

and smectite, which are highly variable without a known exchange cation. 
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To wash excess salt from the saturated samples, 15 mL of deionized water was added to 

each tube which was then centrifuged at 3,700 rpm for an hour. The process was repeated 

until the sample remained dispersed and no additional salts could be detected in the solution.  

The supernatant was tested for Cl- by adding a few flakes of solid AgNO3.  Once the samples 

were salt-free, methanol was added to the tube to encourage settling and the mixture was 

centrifuged for another hour at 3,700 rpm.  This final concentration step was done to 

minimize the amount of liquid present in the sample before slide mounting. 

The filter peel technique (Drever, 1973) is used here for slide mounting because it is 

rapid and creates a highly uniform surface.  The flat surface minimizes the error associated 

with estimating the amounts of each mineral in the clay fraction.  It is important to use as 

little water as possible (2-3 mL) to suspend the sample prior to mounting to minimize settling 

effects. 

A glass fiber filter frit was covered with a piece of 0.45 μm polycarbonate filter and 

connected to a vacuum pump, and the sample suspension was poured directly onto the filter.  

As soon as the water was removed, and while the sample was still moist, the filter was lifted 

and placed, clean side down, on the side of a glass beaker.  A pre-labeled slide was then 

carefully rolled across the clay.  The slides were air dried under a watch glass to prevent 

contamination from airborne dust. 

Crushed pumice grains were too gritty to be mounted using the same filter peel 

technique as with the clays.  Instead they were mounted using Vaseline brand petroleum 
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jelly.  Vaseline is amorphous, and so does not interfere with the analysis.  A blank slide 

smeared with Vaseline but no sample was analyzed for comparison, along with a sample 

mounted using both the filter peel and Vaseline smear method (Figure 8).  The sample 

mounted with Vaseline shows one peak at 19.8 2θ that was not observed on the filter peel 

mounted slide. 

 

Figure 8. XRD patterns using two different mounting techniques: filter peel and Vaseline.  
The pattern generated by Vaseline alone is also included for comparison.  The same minerals 
are identified, regardless of mounting technique. 
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XRD patterns were recorded on a Rigaku D/Max B Cu K-alpha X-Ray 

Diffractometer at 35 mA and 30 kV at NC State University.  The patterns were recorded 

from 3 to 30o 2θ using a step scan mode and a step size of 0.1o 2θ and a time per step of 1 

second.  A comparison of different step sizes at 0.1, 0.05, and 0.01 on this instrument was 

used to ensure that the kaolinite and chlorite peaks at 3.58 and 3.54 Å could be resolved 

using PeakFit.  A 0.1 step size was found to be sufficient (Figure 9). 

 

Figure 9. XRD patterns for a soil clay sample at three different step sizes.  The same peaks 
are visible at all three step sizes. 
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After the initial analysis of the air-dried slides, the magnesium-saturated samples 

were treated with liquid ethylene glycol following the methods of Mosser-Ruck, et al. (2005).  

A few drops of ethylene glycol were applied to the edge of the slide.  The liquid was allowed 

to diffuse into the sample until the sample was visibly moistened.  Excess solvent was then 

removed by gently laying the treated slide on top of a Kimwipe.   The finished slide had a 

waxy, but not wet, appearance, and was analyzed immediately.  The potassium saturated 

slides were analyzed twice more after two heat treatments, once to 300oC and later to 550oC 

for six hours each (Moore and Reynolds, 1997).  Replicates run of the <4 μm fraction from a 

marine sample produce nearly identical results with each treatment (Figure 10). 
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Figure 10. Replicated XRD patterns of a marine clay using three saturation treatments.  The 
major peaks identified in each treatment were the same for both samples.  The difference in 
the shape of the peak around 5o2θ is most likely a result of more hydroxyl-interlayered 
smectites present in the second sample (see Table ). 
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a) Magnesium saturated 

 

b) Magnesium and EG saturated 
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c) Potassium saturated 
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Table 2.  Diagnostic XRD d-spacings in mm of clay minerals in response to different 
saturation and heat treatments. 

 Mg-Sat. Mg-EG K-Sat K-Sat 300oC K-Sat 550 oC 

Smectites 14-16 17-18 12 10 10 

Hydroxy-
interlayered 
smectites 

14-15 17-18 11-14 11-12 10-11 

Halloysite 10 10 10 7.2 No peak 

Kaolinite 7.2 7.2 7.2 7.2 No peak 

Mica 10 10 10 10 10 

Vermiculite 14 14 10 10 10 

Chlorite 14, 7 14, 7 14, 7 14, 7 14, 7 

Gibbsite 4.85 4.85 4.85 No peak No peak 

References: Whittig and Allardice, 1986; Harris and White, 2008. 
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Table 3. d-spacings used for the identification of clay minerals with XRD. 

Mineral d spacing (Å) 

Calcite 3.03, 1.87, 3.85 

Chlorite - Chamosite 

Chlorite - Clinochlore 

7.05, 3.53, 2.52, 14.1

3.54, 7.07, 4.72, 14.1

Montmorillonite 18, 9, 4.49 

Vermiculite 14.4, 7.18, 4.79, 3.60

Halloysite 10.7-10, 7.6, 4.4, 3.4 

Kaolinite 7.17, 3.58 

Biotite 10.1, 3.37, 2.06 

Muscovite 10.0, 3.33, 5.0 

Quartz 3.34, 4.26, 1.82 

Gibbsite 4.85, 4.37, 2.39 

Goethite 4.18, 2.45, 2.70 

Gypsum 7.56, 3.06, 4.27 

Zeolite (Analcime) 3.43, 5.60, 2.93 

Zeolite (Wairakite) 3.41, 5.57, 2.9 

Anorthite 3.20, 3.18, 4.04 

Albite 3.19, 4.03, 3.21 

Orthoclase 3.31, 3.77, 4.22 

Microcline 3.24, 3.29, 4.22 
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Note: Peaks listed are in order of decreasing peak intensity. 

References: Moore and Reynolds, 1997; Harris and White, 2008; Tschemich, 1992; Whittig 

and Allardice, 1986 

A semi-quantitative (± 10%) estimation of the proportions of phyllosilicate minerals 

present in the clay fraction was made using Biscaye’s method (Biscaye, 1965), based on the 

ratios of peak areas.  These were evaluated for the <2 and <4 μm size fractions, as well as for 

several pumice samples.  Because the percentages of each mineral may vary between the <2 

and <4 μm size fraction, the results are considered separately. 

Diagnostic d-spacings for smectite (17 Å), illite (10 Å), kaolinite (7 Å, 3.58 Å) and 

chlorite (7 Å, 3.54 Å) from samples treated with Magnesium-Ethylene Glycol (Mg-EG) are 

given weighing factors from Biscaye, 1965, as shown below.  

% Smectite = (S x 100) / (S + 4I + 2K + 2C) 

% Illite = (4I  x 100) / (S + 4I + 2K + 2C) 

% Kaolinite = (2K x 100) / (S + 4I + 2K + 2C) 

% Chlorite = (2C x 100) / (S + 4I + 2K + 2C) 

Kaolinite and chlorite share a peak at 7 Å, so the area under that peak is assigned to each 

mineral based on the ratio of their next largest peaks at 3.58 Å and 3.54 Å to the 7 Å peak.  

Peak areas were measured with PeakFit after a baseline subtraction.  Further details on the 

estimation of clay mineral percentages can be found in the Appendix. 
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These estimates are based partly on the assumption that these four minerals make up 

100% of the crystalline clay mineral composition.  New Zealand soils often contain 

noncrystalline solids, like allophane, derived from weathering of volcanic glass (Hewitt, 

1989).  Biscaye’s method is unable to take these minerals into account and may therefore 

lead to an overestimation of the abundance of crystalline minerals in the clay fractions. 

3.0 RESULTS 
 
 Results presented here are organized by instrument.  A summary of the mineralogical 

data obtained through multiple techniques is provided in section 3.5. 

3.1 Fourier Transform Infrared Spectroscopy – FTIR 

FTIR demonstrated the ability to detect small amounts of kaolinite and 

montmorillonite clays in a mixture.  This was particularly important for identifying 

authigenic minerals which may only be present in small quantities on weathered volcanic 

glass.  Heating the clay samples for 2 hours at 70oC before analysis improves the curve fit for 

mineral identification, as measured by r2, because it removes excess water from the disc.  The 

amount of improvement may serve as a diagnostic tool in itself, as samples with layered 

minerals showed improvement in fit while those with non- or poorly-crystalline minerals did 

not.  This is supported by the improvement seen on heating of mixtures of kaolinite and 

montmorillonite. 

Diagnostic peaks for clay minerals in pumice spectra disappeared on heating, 

probably due to the lack of many strongly crystalline minerals (Figure 11).  Marine pumice 
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grains viewed under SEM are generally free of minerals on their surface, while the crevices 

of soil pumice grains are packed with detrital clays.  The small amount of clay minerals on 

and the lack of distinct peaks produced by the marine pumice may explain why it was more 

difficult to get a good curve fit for their spectra than the soil pumice.  Samples which 

contained noncrystalline solids, such as allophane, imogolite and halloysite had lower r2 

scores on heating, while those with crystalline minerals, such as the layer silicates, showed 

improvement. 

 

Figure 11. IR spectra of potassium bromide and two pumice samples, unheated and heated 
overnight at 70oC.  Diagnostic peaks for montmorillonite and quartz, illite or chlorite in the 
pumice disappeared on heating.  There is a reduction of the peak around 3400 cm-1 associated 
with H-O-H bonds, indicating the removal of adsorbed water, and near those for 
montmorillonite (Farker, 1974; Madejová, 2002).  The difference in absorbance between the 
two samples may be a function of particle shape and orientation. 
Key: M = Montmorillonite; Q = Quartz; I = Illite; C = Chlorite; K = Kaolinite 
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The minerals identified by FTIR in each size fraction are listed in Table 4 and Table 5.  

On the whole, there was not much difference in the mineral compositions of the size fractions 

of individual samples, particularly those from the marine environment.  This observation 

suggests that most of the clay minerals from these fractions came from the same source. 

Montmorillonite, quartz, biotite and calcite or dolomite were identified in most of the marine 

samples.  Kaolinite was identified much more often in the terrestrial samples.  With the 

exception of calcite, dolomite and kaolinite, the mineral content of terrestrial and marine 

samples is very similar. 

The soil samples contain imogolite and allophane, which were not identified in 

marine samples.  Halloysite was identified in samples from each of the three terrestrial sites, 

but only at the very top of the marine core.  Pumice collected from the watershed produced 

more peaks with FTIR as a result of the clay minerals clogging the grains.  Zeolite and 

halloysite were detected in soil sites with more altered pumice, suggesting a possible 

relationship with alteration.  This association with zeolite and halloysite does not occur in the 

marine environment.  The marine Waimihia tephra layer contained fewer clay minerals than 

the Taupo layer. 
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Table 4. FTIR results showing minerals present in <2 μm marine samples 

 
Size 
(μm) Mont. Kao. Qz. Bio. Chl. 

Calcite, 
Dolomite Albite

Halloy-
site Illite

Anor-
thite Imogolite

Allo-
phane

Verm-
iculite 

MD3004               
265 cm <2 x x x x              ?     
288 cm 
Taupo <2 x   x                ?     
405 cm <2 x   x x              ?     
425 cm 
Waimihia <2 x x x x              ?     
 
MD3007 

 
              

32 cm <2 x   x   x      ?           
52 cm <2 x   x   x      ?           
103 cm <2 x   x x                   
143 cm <2 x   x   x x          ?  ?   
183 cm <2 x x x x x                 
288 cm <2 x   x x   x          ?     
308 cm <2 x x x   x x          ?     
328 cm 
Waimihia <2 x   x x                   
348 cm <2 x   x x                   
376 cm <2 x   x x                   
436 cm <2 x   x   x x            ?   
646 cm <2 x   x x   x               
1076 cm <2 x   x   x                 
1446 cm <2 x   x     x          ?     
1766 cm <2 x   x     x          ?     
Note: x denotes presence of a mineral, ? indicates possible presence of a mineral 
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Table 5.  FTIR results showing minerals present in <4 μm marine samples 

 
Size 
(μm) Mont. Kao. Qz. Bio. Chl.

Calcite, 
Dolomite Albite

Halloy-
site Illite

Anor-
thite Imogolite

Allo-
phane

Verm-
iculite 

MD3004               
265 cm <4 x   x   x x          ?     
288 cm 
Taupo <4 x   x     x          ?     

405 cm <4 x x x x x                 
425 cm 

Waimihia <4 x   x x x x    ?           
MD3005               
1076 cm 
Waimihia <4 x x                      ? 
 
MD3007 

 
              

103 cm <4 x x x x x x    ?           
163 cm 
Taupo <4 x   x   x                 
308 cm <4 x   x x                   
348 cm <4 x   x     x    ?      ?     
396 cm <4 x x x x   x               
436 cm <4 x x x x x x               
866 cm <4 x   x     x          ?     
Note: x denotes presence of a mineral, ? indicates possible presence of a mineral 
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Table 6.  FTIR results showing minerals present in marine pumice samples 

 
Size 
(μm) Mont. Kao. Qz. Bio. Chl. 

Calcite, 
Dolomite Albite 

Halloy-
site Illite 

Anor-
thite Imogolite 

Allo-
phane

Verm-
iculite 

MD3004               
288 cm 
Taupo Pumice x     x      x  
425 cm 
Waimihia Pumice x    ? x        
 
MD3007 

 
              

103 cm Pumice    x x         
163 cm 
Taupo Pumice x    ? x        
328 cm 
Waimihia Pumice x  x ? x         
Note: x denotes presence of a mineral, ? indicates possible presence of a mineral 
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Table 7. FTIR results showing minerals present in <2 μm soil samples 

 
Size 
(μm) Mont. Kao. Qz. Bio. Chl.

Calcite, 
Dolomite Albite

Halloy-
site Illite 

Anor-
thite Imogolite 

Allo-
phane

Verm-
iculite 

PU               
PU-4 
Waiohau <2   x x   x     x           
PU-6 
Waimihia <2   x x x                   
TA               
TA-3 
Waimihia <2   x x x       x      ?     
WA               
WA-1 
Waimihia <2 x x x x                   
WA-7 
Waimihia <2 x x x                     
WA-8 Taupo <2   x   x          ?    ?     
WA-13 
Rerewhakaitu <2 x x           x           
Note: x denotes presence of a mineral, ? indicates possible presence of a mineral 
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Table 8. FTIR results showing minerals present in <4 μm soil samples 

 
Size 
(μm) Mont. Kao. Qz. Bio. Chl.

Calcite, 
Dolomite Albite

Halloy-
site Illite

Anor-
thite 

Imo-
golite 

Allo-
phane 

Verm-
iculite 

PU               
PU-4 Waiohau <4 x x x x                   
PU-6 Waimihia <4   x x                     
TA               
TA-3 Waimihia <4 x   x                     
TA-10 
Waimihia <4 x x           x       x   
WA               
WA-1 
Waimihia <4 x   x                     
WA-7 
Waimihia <4 x x x            ?         
WA-8 Taupo <4 x x x x          ?         
WA-9 Kaharoa <4 x x x              ?       
WA-13 
Rerewhakaitu <4 x x x                ?  ?   
Note: x denotes presence of a mineral, ? indicates possible presence of a mineral 
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Table 9.  FTIR results showing minerals present in soil pumice samples 

 
Size 
(μm) Mont. Kao. Qz. Bio. Chl.

Calcite, 
Dolomite Albite 

Halloy-
site Illite

Anor-
thite 

Imo-
golite

Allo-
phane

Verm-
iculite 

PU               
PU-4 Waiohau Pumice x  x  ?           
PU-6 Waimihia Pumice x x x x  ?          
TA               
TA-3 Waimihia Pumice   x x  ?  ?          
TA-10 
Waimihia Pumice      ?  ?          
WA               
WA-1 
Waimihia Pumice x  x  ?  ?          
WA-7 
Waimihia Pumice    x  x          
WA-8 Taupo Pumice x  x  ?  ?          
WA-9 Kaharoa Pumice x  x  ?  ?          
WA-13 
Rerewhakaitu Pumice x  x x  ?          
Note: x denotes presence of a mineral, ? indicates possible presence of a mineral 
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3.2 Scanning Electron Microscopy - SEM 

Pumice grains observed under SEM showed variable textures and evidence for 

alteration, including variable sharpness of the edges.  In order to compare the samples, a 

semi-quantitative scale was constructed, with each pumice grain assigned a value 1 through 6 

based on the amount of alteration, as shown in Figure 12. 
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Figure 12. Pumice weathering class descriptions and example SEM photomicrographs developed in this study.  All images 
are magnified 500x. 
Note: Unattached clays clogging the grains’ pores may be present in any weathering class and do not affect the rating. 

Ranking and description Example Ranking and description Example 
1: Edges of glass are sharp and 
distinct, and surface is very 
smooth.  No evidence of 
alteration. 

4: Edges of glass rounded, and 
little or no sharp edges remain.  
Surface is rough and clays 
may or may not be seen 
forming on surface. 

 
2: Edges of glass are slightly 
rounded, showing some evidence 
of alteration.  Edges can still be 
easily picked out.  Surfaces are 
mostly smooth, but small rough 
patches may be present. 

5: Edges of glass 
disintegrating or gone.  
Surface is very rough.  Clays 
may or may not be seen 
forming on surface. 

 
3: Edges of glass are rounded or 
clearly altered, but still 
identifiable.  Surface is somewhat 
rough, and clays may or may not 
be seen forming on surface of 
grains. 

6: Surface concealed by either 
an oxide or clay coating 
resulting from surface 
alteration. 
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The results of categorizing all of the pumice grains examined according to this scale 

are given in the figures below. The most variation by tephra was seen in the samples from the 

Waimihia layer (Figure 13). These results indicate that the environment in which the grains 

were collected played the largest role in determining the extent of alteration (Figure 14).  The 

marine Taupo and Waimihia samples were all ranked as a 1, showing minimal alteration if 

any.  Pitting of the older marine Waimihia pumice was observed, though that did not affect 

the weathering classification.  Samples collected from the marine environment displayed 

little alteration compared to their counterparts from the watershed (Figure 15, Figure 16).  

The pumice from the watershed displayed more variability in their textures. Examining the 

weathering classification of terrestrial pumice by location, it is clear that the pumice from the 

Te Arai soil profile span the range of weathering classes.  This was the only site where 

weathering classes 5 and 6 were observed.  Pumice grains from Otara Road, which came 

from four of the five tephras studied here, generally had a more weathered appearance (range 

of 2-4) than those from the Puketarewa terrace, which included only the youngest two of the 

five tephras.  The Waimihia pumice from the Wainui Road location was the least altered of 

the terrestrial samples (Figure 17). 

The age and composition of the pumice grains does not appear to have played a 

significant role in determining the extent of their alteration.  Kaharoa (636 ± 12 years B.P.), 

Waiohau (13,635 ± 165 years B.P.), and Rerewhakaitu soil pumice (17, 625 ± 425 years 

B.P.) were all ranked as either 2 or 3 (Figure 18).  The Taupo soil samples (1,717 ± 13 years 

B.P.) were also ranked as a 3.  The difference in these tephra ages and similarity in their 
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weathering classes suggest that age is not the controlling factor in pumice weathering.  The 

Waimihia soil pumice samples (3,410 ± 40 years) from different locations showed the most 

variability, despite sharing similar compositions, and were the only samples to have a 

weathering class ranking above a 3.  Detrital clays can be seen stuck in the crevices of each 

of the terrestrial pumice grains (Figure 16).  These are discussed in further detail below. 

 

Figure 13.  Weathering classes of pumice grains by tephra layers from both the marine and 
terrestrial environments.  The Waimihia pumice displays the most variation. 

 



 

53 

 

Figure 14.  Weathering classes of pumice grains from all tephra layers sorted by location in 
the watershed. 

 

Figure 15.  Weathering classes of pumice grains by marine or terrestrial environment.  The 
marine pumice grains were minimally altered compared to the terrestrial pumice samples.  
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Most of the variation in the terrestrial pumice seems to be a result of the collection site, rather 
than age of the tephra. 

 
Watershed (terrestrial),WA-8 Continental shelf, MD3007 163cm 

Magnification: 90x 
 

Magnification: 80x 

 
Magnification: 800x 
Ranking: 3 

  
Magnification: 300x 
Ranking: 1 

Figure 16. Taupo pumice from watershed (WA-8) and continental shelf (MD3007 163) 
collection sites.  The marine pumice has smoother glass surfaces and sharper edges, showing 
less alteration than the sample from the watershed. 
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Marine (MD3007 328cm) Wainui Road (WA-1) Te Arai (TA-3) 

 
Magnification: 90x Magnification: 100x 

 
Magnification: 70x 

  
Magnification: 400x 
Ranking: 1 

Magnification: 350x 
Ranking: 2 

Magnification: 350x 
Ranking: 5 

Figure 17. Waimihia pumice from two watershed collection sites and the continental shelf.  
The continental shelf sample is pristine, whereas there is a wide range of weathering classes 
observed in the watershed. 
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Kaharoa (636 ±12 years B.P) 
(WA-9) 

Waiohau (13,635 ±165 years 
B.P.) (PU-4) 

Rerewhakaitu (17,625 ±425 
years B.P.) (WA-13) 

 
Magnification: 150x Magnification: 40x  Magnification: 80x 

  
Magnification: 1000x 
Ranking: 2 

 
Magnification: 1000x 
Ranking: 3 

  
Magnification: 1000x 
Ranking: 3 

Figure 18.  Pumice from three different tephra layers in the watershed.  The weathering class 
does not change as a function of the tephra age. 

In addition to evidence for variable amounts of alteration such as the smoothing of 

edges, authigenic clay minerals were seen forming on pumice grains from several locations.  

Authigenic clay minerals are typically seen as small flakes partially attached to the surface of 

the volcanic glass, or which had a delicate morphology which would not have survived 

transport.  Authigenic clay minerals were seen growing on pumice grains in the marine 

Taupo layer (Figure 19), but not the marine Waimihia layer.  Evidence of authigenic mineral 

formation was not found on any of the marine or terrestrial Waimihia pumice grains.  From 

the soil samples, evidence of authigenic mineral formation was seen on Waiohau, Kaharoa 
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and Rerewhakaitu grains.  The morphology and elemental composition of these flakes are 

similar to smectite. 

a) Taupo marine pumice b) Waiohau soil pumice 

 
Magnification: 2000x   

Magnification: 1000x 
c) Kaharoa soil pumice d) Rerewhakaitu soil pumice 

  
Magnification: 800x 

 
Magnification: 1500x 

Figure 19.  Authigenic clay mineral formation on pumice grains from the Taupo, Waiohau, 
Kaharoa and Rerewhakaitu eruptions. 

3.3 Energy-Dispersive Spectroscopy and Principle Component Analysis 
 

Particles detected growing on the pumice were most often small, plate-like flakes.  

Occasionally, lattice fringes were observed, which are distinctive of smectites having 
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undergone further crystallization (Tillick et al., 2001).  The signal received by the EDS 

detector is generated from a 5 μm spot around the beam.  Because the authigenic mineral 

flakes are typically smaller than 5 microns, the chemical composition measured was likely a 

composite of that of those minerals and underlying glass.  This lack of resolution, along with 

the possibility of lattice substitutions, precluded direct comparison to idealized mineral 

formulas of authigenic minerals.  For all of the authigenic clay samples analyzed, the silica 

content was the most variable, followed by aluminum, then either calcium or magnesium. 

When a principle component analysis is applied to EDS data, results from analysis of 

kaolinite and montmorillonite standards will separate out from each other into two distinct 

clusters.  The analysis reveals no separation between clay flakes growing on glass and those 

stuck in the crevices of the same terrestrial sample, however, indicating that they have similar 

compositions.  Results from the shelf and the watershed do not separate out from each other, 

nor do clays associated with tephras from different eruptions.  Clay samples from different 

locations do separate out from each other.  This may be explained  by the differential 

weathering of the pumice grains at various locations (Section 3.2). 

The results of the PCA of the EDS data for the marine clays associated with the 

Taupo tephra are shown below (Figure 20).  The element responsible for the most variation 

for all the minerals was silica, followed by aluminum, established by the PC1 and PC2 

scores.  All samples shown in the diagrams are from the Taupo layers, but sample 1 is from 

the MD3004 core, while the rest are from the same layer in MD3007.  Samples 3-5, 7-8 and 

10 appear to be clays growing on the surface pumice grains (glass), while the rest were clay 
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crystallites that were unattached.  The clays are separated into five clusters.  The samples that 

were growing on the glass did not separate out from those that were unattached.  One 

possible explanation for this result is that the chemical compositions of these clays were 

nearly identical.  Another potential cause for this apparent homogeneity is beam penetration 

through the clay to the glass underneath, resulting in an overestimation of Silica.  This 

overestimate would make clays of potentially different compositions indistinguishable. 

While the distribution of the samples in the cluster diagram in Figure 20 may 

represent 5 different minerals such as the montmorillonite, kaolinite, quartz, micas and 

imogolite identified by FTIR, a positive identification cannot be made at this time. 

 
Figure 20.  Principal Component Analysis results for Taupo marine clays.  The PC1 score on 
the x-axis here is silica, and the PC2 score on the y-axis is aluminum.  These two elements 
account for most of the variation in these clays. 

 As identified by PCA, the variation for most samples was caused by differences 

primarily in silica, followed by aluminum, magnesium and calcium.  Each of these are 

plotted against SiO2 and shown in Figure 21, along with kaolinite and montmorillonite clay 
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standards to see how closely the compositions match.  Probes of surface glass, or authigenic 

clays thin enough to allow for beam penetration to the glass underneath, resulted in SiO2 

compositions of more than 75%, which is marked on the plots for reference.  Marine and 

terrestrial samples from the WA sites (those along Otara and Wainui Roads) generally plot 

together, while there appears to be some separation of the terrestrial samples from the PU 

site.  No trends were observed within the marine data or between the different tephras.  The 

aluminum content of all the samples, with one exception for a marine sample, is most similar 

to that of the montmorillonite standard, while the calcium and magnesium contents are in 

between those of the kaolinite and montmorillonite clay standards.  No trends were observed 

by comparing silicon content with the other elemental data (sodium, potassium, iron and 

titanium), where less variance was identified with the initial PCA. 
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Figure 21. Elemental composition plots of a) SiO2 vs. Al2O3, b) SiO2 vs. MgO, and c) SiO2 
vs. CaO.  Samples high in silica (above 75% SiO2) are glass surfaces or thin authigenic clays.  
Kaolinite and montmorillonite clay standards are provided as reference points. 
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a)  

b)  
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c)  
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3.4 X-ray Diffraction 
 

Smectites, micas and quartz were identified by XRD in all 12 <2 μm samples, and 

most of the <4 μm samples.  Zeolites were present throughout the MD3007 core in both the 

<2 μm and <4 μm fractions, though not in the one sample analyzed from MD3004.  The 

MD3004 sample was above the Waimihia tephra layer and may contain some of the material 

mixed upward from bioturbation or discharged from the river after the eruption.  The peaks 

for zeolite very closely matched those of wairakite, a zeolite which has been identified in 

drill cores taken near Lake Taupo (Tschemich, 1992).  Further analysis of samples from this 

core is needed to verify this result.  The presence of calcite and dolomite were noted in some 

marine samples and none of the soil samples.  Kaolinite, anorthite, halloysite, sepiolite and 

orthoclase were also identified in several samples.  A summary of the mineral identifications 

made with XRD can be found in Table 10 and Table 11. 
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Table 10. XRD results showing minerals present in marine samples 

Site or 
tephra Depth 

Size 
(μm) Smec Mica Kao Qz

Anor-
thite 

Zeo-
lite 

Calc-
ite 

Dolo-
mite 

Hall-
oysite

Imo-
golite

Sep-
iolite

Ortho-
clase 

Allo-
phane

MD3004 405 cm <4 x x x x x         
MD3007 32 cm <2 x x x x  x   x     
 103 cm <2 x x x x  x x       
 103 cm <4 x x x x  x   x     
 103 cm Pumice     x         
Kaharoa 113 cm <2 x x x x  x   x     
Taupo 163 cm <4 x x x x x x x       
 163 cm Pumice   x  x x  x      
 183 cm <2 x x x x x x        
 288 cm <2 x x x x  x   x     
Waimihia 328 cm <4 x x x x x x x       
 328 cm Pumice     x x x       
 348 cm <2 x x  x  x x x x  x   
 396 cm <4 x x x x  x        
 436 cm <4 x x    x   x     
Waimihia 646 cm <2 x x x x  x        

 
1446 
cm <2 x x  x  x        

 
1766 
cm <2 x x x x  x        

Note: x denotes presence of a mineral, ? indicates possible presence of a mineral 
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Table 11. XRD results showing minerals present in soil samples 

Site Tephra 
Size 
(μm) Smec Mica Kao Qz

Anor-
thite 

Zeo-
lite 

Calc., 
Dolo. 

Halloy-
site 

Imo-
golite

Sep-
iolite

Orth-
oclase

Ill-
ite 

Allo-
phane

PU-4 Waiohau <2 x x x x x x  x  x    
PU-4 Waiohau <4 x  x x      x x   
PU-4 Waiohau Pumice   x  x         
TA-3 Waimihia <4     x x        
TA-3 Waimihia Pumice x    x x  x   x   
WA-1 Waimihia <4    x x x        
WA-1 Waimihia Pumice x    x      x   
WA-8 Taupo <2 x x x x x         
WA-8 Taupo Pumice   x  x      x   
WA-
13 

Rere-
whakaitu <2 x x  x  x  x      

WA-
13 

Rere-
whakaitu <4 x  x x x x  x      

WA-
13 

Rere-
whakaitu Pumice  x   x x  x   x   

Note: x denotes presence of a mineral, ? indicates possible presence of a mineral 
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 In order to assess the possible effects of particle size on the XRD results, the weight 

percentages of clay minerals was estimated for the <2 and <4 μm fractions of a sample from 

103 cm depth in MD3007 (Figure 22).  The relative amounts of each are similar – illite is the 

most common for each fraction, followed by smectite, kaolinite, and chlorite.  The amounts 

of illite and kaolinite vary by more than 10% between the two samples.  Because the weight 

percentages are significantly different between the two, the size fractions of other samples 

are presented here separately. 

 

Figure 22. Results of Biscaye’s method for quantification of marine clay minerals in two 
different size fractions in a single sample (103 cm depth in the MD3007 core).  There is 
significantly more kaolinite and chlorite in the <4 μm fraction. 

Three clay samples from terrestrial tephras were studied with XRD.  One of these is 

<2 μm (Figure 24) and two of these are <4 μm (Figure 25c).  The two from the same site, 

WA, have similar amounts of smectite, between 10-20%.  One of these was a <4 μm size 

sample from the Rerewhakaitu tephra, much older than the <2 μm sample from the Taupo 
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tephra.  The <2 μm sample might contain more smectite, with about 20%, but it is within the 

margin of error.  This is consistent with the small increase in smectite present in a <2 μm vs. 

<4 μm sample from the marine core.  A <4 μm sample taken from a different site, PU, from 

the Waiohau tephra, contained significantly more smectite, at about 40%.  The presence of 

significantly more of a high surface area mineral could be responsible for absorbing organic 

carbon in situ before being transported. 

 

Figure 23.  Results of Biscaye’s method for quantification of marine clays, <2 μm.  There is 
significantly less illite in the Kaharoa layer, and a small decrease in smectite going downcore 
from 103 cm to 646 cm. 
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Figure 24. Results of Biscaye’s method for quantification of terrestrial clays, <2 μm.  The 
composition of the soil sample is similar to the marine samples shown in Figure . 

 There appears to be a trend decreasing smectite from 103 cm to 646 cm in the <2 μm 

fraction of MD3007 (Figure 23), but the percentage difference is less than 10%, within the 

margin of error for XRD.  Otherwise, no consistent stratigraphic trends in the other minerals 

are apparent. The estimated clay mineral composition of the <2 μm fraction from a soil 

Taupo tephra sample (WA-8) was similar to that of the marine samples (Figure 24). 

There does not appear to be a significant difference between the amount of smectite 

in the clay-sized fraction of identified tephras and non-tephra layers in the marine core.  The 

clays found within the marine samples are mostly detrital material delivered from the 

Waipaoa watershed.  Biscaye’s method is not sensitive enough to detect the very small 

changes in the proportions of clay minerals that could result from authigenesis, when the 

overwhelming volume of the sample is detrital.  It is likely that the clays seen growing on 
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several pumice samples (See: SEM Results) are present in quantities less than 10%, not 

significant enough to impact these estimates. 
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Figure 25. Results of Biscaye’s method for quantification of marine (a, b) and terrestrial (c) 
clays, <4 μm.  There are no apparent stratigraphic trends in the MD3007 core (a).  The 
relative amounts of each clay mineral is similar to the amounts seen in the MD3004 core (b).  
More variation is seen between the clay compositions of different soil samples (c). 
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a) MD3007 

 

b) MD3004 
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c) Terrestrial 
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There is a dramatic difference between the minerals in the <4 μm fraction from the 

Waimihia tephra sample preserved in MD3004 core and all of the MD3007 core samples 

(Figure 25a and b).  The Waimihia tephra is the purest in both environments, and appears to 

have less detrital material mixed in.  Kaolinite is the dominant mineral, rather than illite, and 

the amount of chlorite is increased.  The marine <2 μm and soil <4 μm tephra samples appear 

to be marked by relatively low illite and high kaolinite.  The <4 μm clays from soil samples 

are distinct from those in the MD3007 sediments in that they have significantly less illite, 

more kaolinite and more chlorite (Figure 25c).  The Waiohau soil sample is more smectite-

rich than the Rerewhakaitu sample.  The minerals in the MD3007 marine core samples 

contain around the same amounts of each of the minerals, while the soil samples show 

considerably more variety. 

3.5 Synthesis of Mineralogical Data 

3.5.1 Tephra layer clays 
 

Synthesis of FTIR and XRD results from pumice grains and clay-sized particles in 

tephras indicates some distinct patterns.  FTIR only requires a small amount of material for 

detection relative to XRD.  FTIR reveals a very similar mineral composition between the 

small amount of clay attached to pumice grains and the unattached clay minerals associated 

with them in tephra layers (Figure 26a).  XRD in contrast, is not sensitive enough to detect 

the small amount of clay attached to pumice grains.  The diffractograms of pumice grains, 

therefore, show very few peaks – the wave pattern is reflective of the Vaseline and glass slide 

(Figure 26b).   
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a) FTIR.  Key: M = Montmorillonite; K = Kaolinite; B = Biotite; C = Chlorite; Q = Quartz; I 
= Illite; Mu  = Muscovite; Im = Imogolite 

 
b) XRD 
 

Figure 26. Comparison of the responses of pumice to infrared radiation and x-rays. 

FTIR (a) is more sensitive to small amounts of clays compared to XRD (b), resulting in more 
similar patterns in the former between the clay and pumice. 
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Clays from soil tephra layers have less sharp peaks than those from marine tephra 

layers, indicative of less crystalline material.  This lower crystallinity material may be 

produced by the weathering of the pumice.  Evidence for these authigenic minerals may be 

absent from the marine samples because they are not formed under diagenetic conditions in 

the seabed or because their signatures are obscured by admixtures of detrital material.  This 

difference in marine and soil clays can be seen for both the Taupo and Waimihia tephras in 

Figure 27.  The clay fraction from the terrestrial Waimihia tephra produced nearly identical 

peaks to pumice grains from the same horizon (Figure 29b), suggesting a common source.  In 

contrast, the marine sample from the Taupo horizon, known to be mixed with detrital 

material, has a very different x-ray diffractogram than does the Taupo layer as sampled in the 

soil profile along Otara Road. 
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Figure 27.  XRD patterns of Waimihia and Taupo tephra clay from the watershed and 
continental shelf.  The marine Taupo clays display a more crystalline pattern than the 
terrestrial Waimihia clays, as evidenced by the sharper peaks.  The soil clays produce less 
sharp peaks than the marine clays for both. 
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a) Waimihia 

 

b) Taupo 
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The soil samples generally show variable levels of crystallinity, particularly in the 

lower angle XRD peaks where several minerals tend to have their highest intensities.  Of the 

five soil samples analyzed, PU070729-4 (Waiohau) showed the highest degree of 

crystallinity, followed by WA090409-13 (Rerewhakaitu), both of which included peaks for 

smectite and kaolinite not present in the two Waimihia samples.  The Waiohau sample comes 

from a fluvial terrace with both tephra and overbank deposits (Eden et al., 2001), which may 

provide more detrital minerals and therefore a stronger crystalline signal.   

The noncrystalline solids imogolite and allophane were identified in the soil samples 

but not in the marine samples.  The presence of these minerals is typical of Andisols, but they 

are most likely mixed in with and obscured by other material during transport to the marine 

environment.  The Waimihia tephra is the thickest, purest of the tephra layers studied in both 

the terrestrial and marine environment and is the only sample likely emplaced by airfall.  

This explains why clays from the Waimihia tephra have a simpler mineral content than do 

those from the Waiohau, Taupo and Rerewhakaitu tephras (Figure 28).  The clays associated 

with the Taupo tephra in the marine environment contain many more detrital, crystalline 

minerals due to mixing during transport and bioturbation. 
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Figure 28. XRD patterns of soil tephra clays.  Clays from the Waimihia tephra layer, 
deposited as airfall, have fewer minerals present than the other layers which experienced 
mixing during transport. 

3.5.2 Non-tephra layer clays 
 
 There is no significant difference in XRD spectra produced by tephra and non-tephra 

layer clays from the marine environment.  No one mineral is distinctive to either.  Even 

zeolites, which have been shown to form in the crevices of pumice grains, are found in both 

tephra and non-tephra layers, including those where no pumice was found.  This may be an 

effect of transportation or mixing. 



 

81 

3.5.3 Pumice 

As observed with SEM, the crevices of the soil pumice are packed with detrital clays, 

while the marine pumice grains are mostly smooth glass, with some authigenic clays forming 

on the surface.   There is less crystalline material in the marine pumice, so few peaks can be 

identified with XRD (Figure 29).  Because there are fewer peaks, it is often difficult to 

positively identify any one mineral, but the presence of several is suggested by individual 

peaks.  These are presented below, and summarized in Table 10 and Table 11. 

The presence of the zeolite wairakite was noted with XRD for both the Taupo 

(MD3007 163) and Waimihia (MD3007 328).  Zeolite was not identified in the Kaharoa 

pumice sample (MD3007 103).  It is possible that these are a result of age, as the Kaharoa is 

the most recent of these three eruptions.  Feldspars were identified in all five of the soil 

pumice samples, and orthoclase or microcline in all but the Waiohau tephra.  These are 

common to the watershed.  Unlike the clay found with it, the Waiohau pumice from site PU-

4 contained few identifiable peaks from XRD (kaolinite, feldspars) or FTIR 

(montmorillonite, quartz and possibly biotite).  This is supported by the relatively clean 

pumice observed with SEM from this site (Figure 18, Figure 19b). 

Clays can be seen packed into the crevices of the Taupo pumice from WA-8 (Figure 

16) and, based on their morphology and composition detected by EDS, are probably mostly 

kaolinite.  The Waimihia pumice appeared less altered than the Rerewhakaitu pumice from 

the same WA location, which may explain the presence of wairakite, a zeolite, and halloysite 

in the latter.  The Waimihia pumice collected from a different site, TA070728-3, was found 
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to be more altered, like the Rerewhakaitu pumice, and contained similar minerals identified 

with XRD and FTIR.  



 

83 

a) Marine pumice  

b) Soil pumice  

Figure 29.  XRD patterns of marine and soil pumice 

Pumice grains produce few discernible peaks with XRD.  Soil pumice (b) have more clays 
stuck in the crevices of grains, which produce more peaks than the relatively clean marine 
pumice (a). 
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 Pumice samples from both the Taupo and Waimihia eruptions were compared using 

XRD.  The Taupo pumice samples are similar in their lack of crystalline material, but several 

of the Waimihia pumice samples produce peaks (Figure 30). 
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Figure 30. XRD patterns of Taupo and Waimihia pumice from the watershed and continental 
shelf.  The Taupo pumice (a) produce fewer peaks than the Waimihia pumice (b). 
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a) Taupo pumice 

 

b) Waimihia pumice 
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In addition to identification, an attempt 6was made to quantify the minerals present 

on pumice again using Biscaye’s method.  Diffractograms produced by pumice samples did 

not produce significant peaks for kaolinite and chlorite (Figure 31).  Though the pumice was 

crushed before analysis, the uneven size and texture of the slides may result in an error larger 

than the ± 10% error associated with this method.  A rough surface can contribute to a 

reduction of the intensities of the low angle peaks. 

The proportion of smectite to illite in the three marine samples is very similar, with 

slightly less smectite present in the Waimihia pumice (Figure 31).  The relative amounts of 

smectite and illite are reversed from the Kaharoa pumice to the Rerewhakaitu pumice 

collected from the same site.  This is probably a result of mineral weathering as a part of soil 

formation, as the Rerewhakaitu pumice (17, 625 ± 425 years B.P.) is much older than the 

Kaharoa pumice (636 ± 12 years B.P.).  Other pumice samples were analyzed with XRD, but 

did not produce significant peaks for clay minerals, suggesting a dominance of noncrystalline 

solids. 
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Figure 31. Results of Biscaye’s method for quantification of clay minerals in pumice grains 
from the Taupo and Waimihia tephras and above the Kaharoa tephra on the continental shelf 
and Kaharoa and Rerewhakaitu tephras in the watershed.  Kaolinite and chlorite did not 
produce large enough peaks for estimation.  The amounts of smectite and illite are reversed 
in the Rerewhakaitu sample compared to the other tephra pumice grains. 

 

4.0 DISCUSSION 
 
In this thesis, three research questions were identified.  First, is volcanic glass altered to the 

same extent in terrestrial and marine environments?, second which minerals are produced by 

glass alteration in these two settings?, and third are the weathering products of volcanic glass 

on the Waipaoa shelf indeed playing a role in carbon burial, and if so, did these clay minerals 

likely form on land or in the ocean?  The results of FTIR, XRD, and SEM analyses can be 

used to address each of these questions in succession. 

 



 

89 

I. Is volcanic glass altered to the same extent in terrestrial and marine environments? 

Pumice grains recovered from the marine environment were less altered than those 

from the watershed.  Taupo and Waimihia pumice were recovered from both locations.  The 

Waimihia marine sample was deposited as airfall, while some of the Taupo pumice may have 

spent some time in the watershed before being delivered to the continental shelf.  However, 

the pumice from both of these eruptions in the MD3007 core was relatively unaltered, 

indicating that the Taupo pumice grains did not experience significant alteration before 

transport.  The fact that volcanic glass from the older marine Waimihia pumice displays more 

pitting than that from the Taupo tephra may be an early result of low temperature 

devitrification of the glass. 

The pumice collected from soil profiles in the watershed displayed a wider range of 

alteration textures than the marine pumice.  The extent of alteration of Taupo and Waimihia 

pumice on land was variable amongst the sampling sites.  The difference in the amount of 

weathering which has taken place at each site is most likely the result of differing soil 

conditions.  The conditions at the Wainui Road site appear to preserve relatively pristine 

grains, compared to the Otara Road site.  Rainfall amounts in the Waipaoa watershed 

increase from about 1000 mm/y at the coast to about 3000 mm y-1 in the headwaters (Kettner 

et al., 2007).  The Otara Road site is closer to the headwaters, and higher precipitation may 

be responsible for the increased levels of alteration.  Alternating wet and dry cycles can 

accelerate the weathering process in tephras, a process observed by Lowe (1986) in 

Quaternary deposits at Rototuna, NZ. 
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Age does not appear to explain the differences in the amounts of alteration 

experienced by volcanic glass in both environments.  The difference in age between the 

marine Taupo and Waimihia pumice was not large enough to have been responsible for the 

differences in the extent of alteration in the marine environment.  Within the soil pumice, the 

younger Kaharoa grains were just as altered as the much older Waiohau and Rerewhakaitu, 

suggesting either that age is not the primary controlling factor in the level of alteration, or 

that the amount of time that passed between these eruptions was not enough to cause a 

difference. 

In addition to the alteration of the edges of the glass, authigenic mineral formation 

provides a clue as to the weathering history of the pumice grains.  In the marine environment, 

authigenic minerals were observed growing on pumice from the Taupo tephra, but not the 

Waimihia tephra.  The crenulated morphologies of the authigenic clays were consistent with 

smectites.  This apparent smectite growth may be a result of the pumice being exposed to soil 

weathering environments prior to transport to the continental shelf.  It may also be a result of 

older material being mixed in with the Taupo pumice.  Previous work has indicated that the 

Taupo eruption caused forest fires which deforested the watershed, and destabilized 

hillslopes (Wilmshurst et al., 1999).  Resulting landslides would have delivered older 

material to the Waipaoa River, and deposited it in and above the Taupo horizon.  In contrast 

the Waimihia tephra was deposited as airfall and was buried quickly, without allowing much 

time for weathering.  However, no evidence of mineral formation was seen in either tephra 

layer from the watershed.  This could be a result of older volcanic material, with a different 
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composition, being mixed in with the Taupo ash during delivery from the watershed to the 

continental shelf. 

Evidence of authigenic mineral formation in the watershed was seen on Kaharoa (636 

± 12 years B.P.), Waiohau (13,635 ± 165 years B.P.) and Rerewhakaitu (17,625 ± 425 years 

B.P.) pumice grains.  The Waiohau and Rerewhakaitu grains are significantly older than the 

Kaharoa, and some of the alteration could be a result of age.  However, minerals seen 

growing on the Kaharoa pumice, which is comparatively young, means that age is not the 

only controlling factor, and soil conditions and composition likely also play a role in 

authigenic mineral formation. 

II. Which minerals are produced by glass alteration in these two settings? 

The soil samples analyzed in this study contain more poorly crystalline material, such 

as allophane, than marine samples.  This may be a result of the pumice alteration, as pumice 

is known to weather to less crystalline minerals (allophane, halloysite).  The pumice itself 

produced peaks similar to those of soil clays, suggesting similar compositions.  The 

Puketarewa site is an abandoned exposed fluvial terrace above the current river level in 

which overbank silts are interstratified with tephra layers.  These produced peaks showing a 

higher crystallinity, suggesting mixing of authigenic clays with detrital material.  Other soil 

profiles which did not experience these overbank deposits contain more noncrystalline 

material.  Each of the terrestrial sites has experienced regular additions of rhyolitic tephras, 

ensuring a constant supply of fresh silica, encouraging the formation of noncrystalline solids 

like allophane and imogolite.  These solids were observed at the terrestrial sites, but not the 
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marine cores, which experience diluted additions of detrital material weathered from 

bedrock. 

 Halloysite was detected in the soil samples, and at shallower depths in the marine 

core.  It may be present in such small quantities that its signal is lost during transport to the 

marine environment.  A possible explanation for the halloysite at the top of the marine core is 

the increase in soil erosion in the Waipaoa watershed as a result of increased anthropogenic 

activity.  The indigenous Maori began clearing small volumes of forest approximately 700 

years B.P., and European settlers began mass clearing in the early 1800s (Pullar, 1962).  The 

erosion which resulted may be responsible for the transportation of minerals, such as 

halloysite, common to soils in the watershed. 

The marine Waimihia tephra layer contained fewer clay minerals than the Taupo 

layer.  This is most likely a result of the Waimihia layer being deposited directly as airfall.  

By comparison, the Taupo was mixed with detrital grains during transport from the 

watershed.  These detrital minerals are eroded rapidly from sedimentary rock in the 

watershed, and can provide clues as to the sediment source. 

Clay smectite flakes seen growing on the surface of the volcanic glass were not 

chemically distinct from those found unattached to any surface.  This is likely a result of 

detrital or pedogenic smectite being mixed into the grains.  Due to the small size of the clays 

seen growing, it is unlikely that they make up a significant portion of the free clays observed. 

Many clay minerals, such as mica and quartz, are common to both the marine and 

terrestrial environments. This is not unexpected, as clays from the Waipaoa watershed are 
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being delivered to the continental shelf.  Clays derived from the weathering of different 

tephras  do not appear distinct from each other when evaluated with PCA, which is supported 

by their similar morphology observed with SEM and the mineralogical results obtained with 

FTIR and XRD. 

Analysis of marine and terrestrial pumice grains revealed variation in the chemical 

composition of pumice grains from different locations in the watershed, which could be 

responsible for differences in the resultant clay minerals.  Pumice samples from the 

Puketarewa site were more similar to the marine samples, compared to samples from Otara 

and Wainui Road.  This could be a result of differential weathering and leaching at the latter 

two sites, which had less magnesium and calcium.  The observation that clay samples from 

different locations in the watershed are distinct from each other is most likely a result of the 

pumice compositions and different weathering conditions. 

III. Are the weathering products of volcanic glass on the Waipaoa shelf indeed playing a 

role in carbon burial, and if so, did these clay minerals likely form on land or in the 

ocean? 

If volcanic glass were weathering to an extent that might impact mineral surface area 

and carbon burial on the continental shelf, the production of substantial amounts of 

authigenic clay would be expected in tephra-rich horizons in the offshore cores.  This was not 

observed.  Very little difference in the amounts of smectite, illite, kaolinite and chlorite 

minerals tephra and non-tephra layers was observed.  Although there was evidence for 

authigenic mineral growth on some grains in the Taupo layer, it did not have a detectable 
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impact on the overall clay mineral composition of that horizon.  This observation suggests 

that the bulk of the clay minerals found in the marine sediments, including high surface area 

smectite, are being transported from the soils, rather than being formed in situ.   

The sediment that is deposited on the continental shelf is a product of erosion in the 

watershed, including landsliding and gully erosion (Hicks et al., 2000).  These processes 

deliver sediment derived from smectite-rich mudstone and tephric soils, as well as chlorite-

rich Mesozoic sandstones (James et al., 2007).  The apparent increase in smectite and 

decrease in chlorite moving up from 646 to 103 cm in the core may be a result of a shift in 

the relative importance of rock and soil erosion.  The decrease in smectite and increase in 

chlorite above this point in the sample from 32 cm is most likely a result of increased erosion 

that occurred as a result of increasing anthropogenic activities and gullying in the headwaters 

(Gomez et al., 2004). 

Pedogenically formed or detrital smectites are more likely responsible for shifts in the 

amounts of carbon delivered to the marine environment than is the small amount of 

authigenic clay observed on pumice grains in the marine core.  Several of the soil samples 

analyzed in this study contained roughly 10% more smectite than marine samples. This 

increase in surface area could absorb more carbon from the soil prior to transport to the 

marine environment than the relatively small increase possible from the formation of 

authigenic clays. 
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6.1 Grain size fractions in percent volume of terrestrial samples 
 
Sample ID Clay Silt Sand Granule Pebble 

 <3.9 μm 
3.9 to 
62.5 μm 

62.5 μm 
to 2 mm 2 to 4 mm 4 to 20 mm* 

TA070728-3 Waimihia 35.84 63.84 0.33 0 0
TA070728-10 Waimihia 2.55 14.47 16.54 15.55 50.89
PU070729-1 11.48 23.09 43.44 16.48 5.51
PU070729-2 Rerewhakaitu 7 24.86 31.94 17.79 18.42
PU070729-3 8.85 22.58 33.67 12.43 22.46
PU070729-4 Waiohau 45.79 54.21 0 0 0
PU070729-5 16.79 42.5 31.08 7.11 2.52
PU070729-6 Waimihia 6.71 11.38 24.07 35.17 22.67
WA090409-1 Waimihia 10.94 38.65 34.26 16.15 0
WA090409-4 2.46 17.28 25.87 18.84 35.56
WA090409-7 Waimihia 1.82 11.89 11.28 9.64 65.36
WA090409-8 Taupo 5.35 27.06 17.95 14.56 35.08
WA090409-9 Kaharoa 
(coarse) 1 4.45 19.83 33.74 40.98
WA090409-10 Kaharoa (fine) 3.32 25.24 42.74 13.83 14.87
WA090409-12 Waiohau 8.44 13.75 20.09 32.27 25.45
WA090409-13 Rerewhakaitu 5.79 39.49 36.52 10.68 7.52
Size ranges based on Udden-Wentworth grain size classification. 
 
*20mm is the largest particle size the instrument can analyze 
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6.2 Weight percent oxides measured by EDS 
 

Sample ID Description %SiO2 %TiO2 %Al2O3 %Fe2O3 %MgO
 
%CaO %Na2O %K2O 

MD 3004 Taupo 
clay in pumice 
"cave" 66.98 0.00 17.68 3.27 3.84 2.47 2.54 3.22

WA090409-8, Taupo 
clay "jumble" on 
pumice 72.07 0.22 20.94 2.51 0.66 0.34 2.45 0.81

WA090409-9, Kaharoa 
fresh surface on 
pumice 73.78 0.03 14.89 1.05 1.35 0.84 5.64 2.42

WA090409-9, Kaharoa 
clay in "cave" on 
pumice 65.52 0.19 26.91 2.15 1.08 0.06 2.65 1.43

WA090409-9, Kaharoa 
clay in "cave" on 
pumice 66.13 0.38 26.95 3.17 0.70 0.12 1.81 0.73

WA090409-8, Taupo 
fresh surface on 
pumice 81.49 0.57 6.28 5.66 0.64 0.52 3.11 1.72

WA090409-8, Taupo 
clay "jumble" on 
pumice 75.57 0.16 17.84 2.89 0.03 0.53 2.12 0.85

MD3007 163 cm, 
Taupo 

fresh surface on 
pumice 81.17 0.33 6.41 4.08 0.36 1.74 2.04 3.88

MD3007 163 cm, 
Taupo 

clay in pumice 
"cave" 70.79 0.28 16.58 2.24 2.41 0.71 3.87 3.11

MD3007 328 cm, 
Waimihia 

fresh surface on 
pumice 79.18 0.06 11.14 1.39 0.31 1.34 3.23 3.35

PU070729-4, Waiohau 
fresh surface on 
pumice 77.36 0.02 13.69 0.53 0.93 0.42 3.63 3.42

PU070729-4, Waiohau clay on pumice 80.83 0.44 11.90 1.44 1.79 0.09 2.14 1.36
WA090409-13, 
Rerewhakaitu 

fresh surface on 
pumice 80.44 0.00 12.24 0.36 0.09 0.49 2.16 4.22
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Sample ID Description %SiO2 %TiO2 %Al2O3 %Fe2O3 %MgO
 
%CaO %Na2O %K2O 

WA090409-13, 
Rerewhakaitu 

clay in pumice 
"cave" 72.87 0.00 18.50 2.61 0.81 0.19 3.00 2.01

PU070729-6, Waimihia 
Clay, not on any 
surface 68.14 0.18 17.63 4.43 3.90 1.12 2.33 2.27

PU070729-6, Waimihia 
Clay, not on any 
surface 65.45 0.00 15.02 10.66 1.76 2.82 1.88 2.41

PU070729-6, Waimihia 
Clay, not on any 
surface 62.20 0.89 14.74 11.49 2.72 1.44 3.12 3.41

PU070729-6, Waimihia 
Clay, not on any 
surface 78.53 0.00 12.19 1.71 3.07 0.75 2.56 1.19

PU070729-6, Waimihia 
Clay, not on any 
surface 71.76 0.31 15.07 2.90 3.74 1.38 3.37 1.47

PU070729-6, Waimihia 
Clay, not on any 
surface 62.09 0.00 21.99 4.01 4.89 1.40 3.20 2.42

WA090409-9, Kaharoa Pyrite framboids 3.70 0.00 0.00 33.44 0.00 62.86 0.00 0.00
WA090409-13, 
Rerewhakaitu Pyrite in vesicle 22.94 0.00 3.75 73.31 0.00 0.00 0.00 0.00
WA090409-13, 
Rerewhakaitu 

clay in pumice 
"cave" 75.96 0.00 14.03 1.09 1.05 0.86 4.42 2.59

MD3007 163 cm, 
Taupo 

fresh surface on 
pumice 75.00 0.47 14.04 0.88 0.83 0.97 4.84 2.97

MD3007 163 cm, 
Taupo 

fresh surface on 
pumice 73.40 0.47 10.68 9.58 0.21 0.81 0.28 4.56

MD3007 163 cm, 
Taupo 

fresh surface on 
pumice 78.59 0.03 12.71 0.27 0.07 1.59 3.31 3.42
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Sample ID Description %SiO2 %TiO2 %Al2O3 %Fe2O3 %MgO
 
%CaO %Na2O %K2O 

MD3007 163 cm, 
Taupo 

Clay on pumice, 
appears to be 
growing 69.40 0.29 16.78 3.31 1.67 1.04 3.42 4.09

MD3007 163 cm, 
Taupo 

Clay on pumice, 
appears to be 
growing 68.91 0.41 15.98 6.09 2.04 0.97 2.21 3.38

MD3007 163 cm, 
Taupo 

Clay on pumice, 
appears to be 
growing 57.10 0.00 28.23 2.41 3.49 0.09 1.75 6.94

MD3007 163 cm, 
Taupo 

fresh surface on 
pumice 76.85 0.19 10.18 3.38 0.88 0.84 5.89 1.78

MD3007 163 cm, 
Taupo 

fresh surface on 
pumice 78.64 0.09 10.84 2.64 0.27 1.03 3.05 3.41

MD3007 163 cm, 
Taupo Clay on pumice 66.14 0.10 13.26 14.14 0.75 1.18 1.95 2.48

MD3007 163 cm, 
Taupo 

Clay on pumice, 
appears to be 
growing 74.38 0.05 13.68 3.48 1.95 0.68 3.23 2.55

MD3007 163 cm, 
Taupo 

fresh surface on 
pumice 83.12 0.01 10.28 2.31 0.23 0.51 0.41 3.14

MD3007 163 cm, 
Taupo 

fresh surface on 
pumice 77.92 0.11 10.94 2.99 0.29 0.92 3.82 3.02

MD3007 163 cm, 
Taupo 

Clay on pumice, 
may be 
growing, not 
definite 76.17 0.15 12.34 2.46 0.93 0.21 3.52 4.22
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Sample ID Description %SiO2 %TiO2 %Al2O3 %Fe2O3 %MgO
 
%CaO %Na2O %K2O 

MD3007 163 cm, 
Taupo Clay on pumice 67.12 0.79 17.18 5.48 3.27 0.56 2.66 2.92

MD3007 163 cm, 
Taupo 

Clay on pumice, 
appears to be 
growing 74.28 0.28 15.03 3.51 0.55 0.59 2.69 3.08

MD3007 328 cm, 
Waimihia 

fresh surface on 
pumice 78.81 0.06 12.29 0.34 0.00 1.12 3.79 3.58

MD3007 328 cm, 
Waimihia 

fresh surface on 
pumice 75.82 0.06 13.84 1.00 0.97 1.15 4.15 3.01

MD3007 328 cm, 
Waimihia 

Clay?, not on 
any surface 72.10 0.10 14.27 3.77 1.02 1.20 4.60 2.94

Kaolinite Standard clay 55.98 0.13 41.78 0.07 0.98 0.01 1.05 0.00
Kaolinite Standard clay 57.27 0.35 41.54 0.01 0.40 0.00 0.43 0.00
Kaolinite Standard clay 55.72 0.19 42.39 0.05 0.88 0.00 0.77 0.01
Montmorillonite Standard clay 70.48 0.03 19.27 0.54 6.73 2.40 0.49 0.06
Montmorillonite Standard clay 71.98 0.00 18.17 0.87 5.73 2.77 0.48 0.00
Montmorillonite Standard clay 73.59 0.00 18.64 0.91 4.12 2.47 0.13 0.14

PU070729-4, Waiohau 
fresh surface on 
pumice 79.45 0.09 12.13 0.46 0.35 0.56 2.37 4.59

PU070729-4, Waiohau 
fresh surface on 
pumice 78.84 0.02 12.48 0.87 0.38 0.53 2.22 4.64

PU070729-4, Waiohau 
fresh surface on 
pumice 80.60 0.00 10.39 0.78 0.51 0.91 2.04 4.78

PU070729-4, Waiohau Clay on pumice 82.62 0.28 10.29 0.95 0.87 0.34 2.03 2.62
PU070729-4, Waiohau Clay on pumice 80.57 0.04 11.52 0.39 0.53 0.30 2.48 4.17
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Sample ID Description %SiO2 %TiO2 %Al2O3 %Fe2O3 %MgO
 

%CaO %Na2O %K2O
PU070729-4, Waiohau Clay on pumice 83.67 0.06 9.33 0.73 0.56 0.17 1.96 3.52

PU070729-4, Waiohau 
fresh surface on 
pumice 79.69 0.03 12.29 0.46 0.26 0.51 2.44 4.31

PU070729-4, Waiohau 
fresh surface on 
pumice 75.54 0.01 14.38 0.35 1.19 0.62 4.47 3.44

PU070729-4, Waiohau 
fresh surface on 
pumice 76.27 0.01 13.88 0.40 1.24 0.50 4.25 3.45

PU070729-4, Waiohau 
fresh surface on 
pumice 75.65 0.09 14.03 0.50 1.17 0.54 4.52 3.49

PU070729-4, Waiohau 
fresh surface on 
pumice 79.55 0.05 11.79 0.74 0.02 0.61 2.44 4.80

PU070729-4, Waiohau 

Clay on pumice, 
appears to be 
growing 80.44 0.08 11.06 1.28 0.33 0.70 2.09 4.01

PU070729-4, Waiohau 

Clay on pumice, 
appears to be 
growing 79.37 0.09 12.26 0.48 1.14 0.43 3.48 2.75

WA090409-8, Taupo 
fresh surface on 
pumice 81.71 0.04 9.82 1.86 0.38 1.23 2.64 2.32

WA090409-8, Taupo Clay jumble 68.80 1.74 24.92 2.54 0.00 0.11 1.35 0.54

WA090409-9, Kaharoa 
fresh surface on 
pumice 78.84 0.00 11.79 1.68 0.53 1.18 2.74 3.24

WA090409-9, Kaharoa 
fresh surface on 
pumice 73.85 0.06 14.58 0.72 1.32 0.97 5.75 2.75
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Sample ID Description %SiO2 %TiO2 %Al2O3 %Fe2O3 %MgO
 
%CaO %Na2O %K2O 

WA090409-9, Kaharoa Clay on pumice 91.24 0.01 6.19 0.36 0.76 0.07 0.80 0.57

WA090409-9, Kaharoa 
fresh surface on 
pumice 75.74 0.13 14.03 1.45 0.82 1.02 3.83 2.98

WA090409-9, Kaharoa 
fresh surface on 
pumice 77.91 0.11 10.85 1.96 0.56 1.22 3.87 3.53

WA090409-9, Kaharoa 
fresh surface on 
pumice 73.72 0.08 17.24 2.17 0.71 1.02 2.46 2.60

WA090409-9, Kaharoa Clay on pumice 65.59 0.34 25.79 2.60 1.57 0.35 2.36 1.40

WA090409-9, Kaharoa Clay on pumice 68.32 0.30 24.19 3.84 0.40 0.39 1.45 1.11

WA090409-9, Kaharoa Clay on pumice 66.88 0.22 26.48 1.48 1.35 0.24 2.42 0.92

WA090409-9, Kaharoa 
fresh surface on 
pumice 0.00 0.26 58.22 0.25 3.84 5.42 18.63 13.36

WA090409-9, Kaharoa 

Clay on pumice, 
appears to be 
growing 73.17 0.05 15.06 1.27 1.49 0.72 5.68 2.56

WA090409-9, Kaharoa 
fresh surface on 
pumice 77.03 0.05 13.40 1.37 0.58 1.07 3.33 3.17

WA090409-9, Kaharoa Clay on pumice 70.50 0.24 19.40 1.18 1.16 0.92 4.67 1.93
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Sample ID Description %SiO2 %TiO2 %Al2O3 %Fe2O3 %MgO  %CaO %Na2O %K2O 

WA090409-9, Kaharoa 
clay "jumble" 
on pumice 67.03 0.29 25.73 2.79 0.40 0.17 2.06 1.52

WA090409-9, Kaharoa 
clay "jumble" 
on pumice 65.40 0.56 25.78 3.91 0.92 0.34 1.83 1.25

WA090409-8, Taupo 

Clay on pumice, 
appears to be 
growing 73.93 0.00 25.69 0.00 0.17 0.20 0.00 0.00

WA090409-13, 
Rerewhakaitu 

Clay on pumice, 
appears to be 
growing 64.12 0.37 21.15 5.61 1.54 0.00 1.93 5.28

WA090409-13, 
Rerewhakaitu 

Clay on pumice, 
appears to be 
growing 76.16 0.12 13.93 1.24 0.97 0.36 4.64 2.59

WA090409-13, 
Rerewhakaitu 

Clay on pumice, 
appears to be 
growing 64.01 0.24 22.09 9.19 1.11 0.00 1.65 1.70

WA090409-13, 
Rerewhakaitu 

fresh surface on 
pumice 78.27 0.03 12.66 0.68 0.40 0.66 3.15 4.15

WA090409-13, 
Rerewhakaitu 

clay "jumble" 
on pumice 71.40 0.17 16.53 4.46 1.19 0.96 2.38 2.91

MD3007 163 cm, 
Taupo Clay on pumice 69.84 0.12 16.44 2.83 2.79 0.68 4.58 2.72
MD3007 163 cm, 
Taupo Clay on pumice 71.75 0.13 16.29 2.84 2.14 0.70 3.17 2.98
MD3007 163 cm, 
Taupo Clay on pumice 63.66 0.21 15.47 10.97 3.57 0.70 2.37 3.06
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Sample ID Description %SiO2 %TiO2 %Al2O3 %Fe2O3 %MgO  %CaO %Na2O %K2O

WA090409-8, Taupo Clay on pumice 74.16 0.20 16.17 1.12 0.79 1.23 3.63 2.70

WA090409-8, Taupo 
fresh surface on 
pumice 75.25 0.11 15.40 0.74 0.86 0.52 4.37 2.75

WA090409-8, Taupo 

Clay on pumice, 
appears to be 
growing 69.81 1.68 22.71 1.98 0.50 0.24 2.19 0.89

WA090409-8, Taupo 
fresh surface on 
pumice 68.05 0.81 13.21 7.61 0.55 1.87 4.63 3.27

WA090409-8, Taupo 

Clay on pumice, 
appears to be 
growing 75.72 0.78 10.93 4.85 0.38 1.53 2.74 3.08

Note: Each sample row sums to 100%.  Total does not include water content. 
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6.3 Estimations of clay mineral percentages from XRD using Biscaye’s method 
 
 The scan data for each Mg-EG saturated sample was recorded using MDI DataScan 

and Jade 7.  A constant baseline with a tolerance of 3.0% was subtracted from each spectrum, 

and the peaks were deconvoluted using PeakFit v4.12.  Peaks with their centers at diagnostic 

wavelengths of 2θ were identified as smectite (5.2), illite (8.8), kaolinite (12.6, 24.84) and 

chlorite (25.1) were picked out. Deconvolution allowed for distinction of the kaolinite and 

chlorite peaks.  The relative area under each of these peaks was given a weighting factor 

from Biscaye (1965) as shown in Section 2.8.  
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