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Abstract  High-alumina basalts occur throughout the central part of the Taupo Volcanic Zone (TVZ), 
particularly associated with faulting in TVZ, and many occur near where these faults intersect caldera 
margins. For convenience the basalts are described in terms of three segments; Okataina in the north, 
Kapenga in the middle and Taupo in the south. Evidence for mixing and mingling between the basalt 
and crustal rhyolitic rocks is common, including frequent xenocrysts and xenoliths, quench textures 
and melting around the rims of inclusions. Chemically the basalts are all similar in terms of major 
elements, suggesting a relatively homogenous mantle source, but variation between some trace 
elements suggests different processes are operating in the crust with variable degrees of crustal 
contamination. 
 

The model presented for TVZ is for partial melting of mantle peridotite in the upper mantle, with the 
melt rising into the lower crust probably through a dike swarm. In the upper crust distribution of basalt 
is strongly influenced by location and structure. In the Kapenga segment there is little evidence for 
interaction between basalt and rhyolitic magma, other than at very shallow levels, perhaps because the 
silicic magma chambers were solid, allowing brittle deformation and rapid intrusion of basalt dikes. At 
Okataina there is much greater mixing and mingling, suggesting there was still partially molten silicic 
chambers beneath this area during basalt intrusion. Basalt in the Taupo segment occurs outside the 
Taupo caldera complex and may be related to the earlier Whakamaru caldera complex. The basalt 
intrusions are thought to rise through the crust as a network of unrelated melt batches in a plexus of 
discrete magma chambers and conduits, many of which are sited along fault zones causing fissure 
eruptions at the surface. 
 

Keywords High-alumina basalt, Taupo Volcanic Zone, structural control, mixing and mingling, 

magma evolution. 
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INTRODUCTION 
 
 
New Zealand straddles the convergent margin between the Australian and Pacific plates in the 

southwest Pacific Ocean (Fig. 1, inset). Westward subduction of the Pacific plate at c. 42 

mm/y-1 (De Mets et al 1990) beneath the northeast trending Hikurangi margin has created the 

currently active Taupo Volcanic Zone (TVZ) through the centre of the North Island. Three 

distinct parts of TVZ have been identified based on the dominant composition of the eruptives 

(Wilson et al 1984, 1995; Graham et al 1995). Northeastern and southwestern ends are 

characterised by intermediate andesites and dacites, while the 125 km long central portion is 

dominated by rhyolite (≥15,000 km3), largely associated with calderas, and minor basalt (~12 

km3 or 0.1%). Cole (1990) considers the andesitic volcanism of either end continues on the 

eastern side of the central portion as a subduction-related volcanic front, with extrusion of 

dominantly dacite volcanoes such as Tauhara. 

 

TVZ volcanism began c. 2 Ma ago with andesitic eruptions (e.g. to the west of Lake Taupo; 

Houghton et al 1995), while rhyolitic, dacite and basalt activity began c. 1.6 Ma (Wilson et al 

1995). Wilson et al (1995) divided the eruptive history into three distinctive phases: “old 

TVZ” (c. 2 Ma – 0.34 Ma); “young TVZ” (0.34 Ma – present) and “modern TVZ” (c. 65 ka – 

present), and indicated that much of the rhyolite activity was associated with 8 calderas: 

Mangakino, Kapenga, Whakamaru, Maroa, Reporoa, Rotorua, Okataina and Taupo. 

Subsequent work has shown that Kapenga is now totally buried by younger eruptives, Maroa 

is a younger dome complex within the Whakamaru caldera (Leonard, 2003) and Ohakuri 

caldera has been added (Gravley 2004, Gravley et al 2007). Mangakino, Whakamaru, 

Okataina and Taupo are all considered to be caldera complexes (Cole et al 2005), while 

Reporoa, Rotorua and Ohakuri are single event calderas (Spinks et al 2005). 

  

The focus of this paper is to investigate the influence of crust and crustal structure on the 

petrology of high-alumina basalts (HAB) in TVZ, with samples collected from 18 sites across 

TVZ (Fig. 1; Table 1). The basalts were first classified as HAB by Cole (1973) because all 

except those from Ongaroto (regarded as cumulates) plotted within the HAB field of Kuno 

(1960).  

  

DISTRIBUTION 
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The distribution of HAB in central TVZ is presented in Fig. 1. The absence of basalt prior to 

the 0.34-0.32 Ma Whakamaru-group eruptives is probably due to the limited preservation 

potential of products, while later occurrences of basaltic activity may be due to restrictions on 

the volume of magma available, or a filter effect within the crust (Wilson et al 1995). Most 

are associated with faulting within TVZ, particularly near intersections with calderas (Cole 

1973).  Rowland & Sibson (2001) and Acocella et al (2003) have divided TVZ into structural 

segments (Fig. 1), and the HAB are particularly associated with three of these segments; 

Okataina, Kapenga (Central Domain of Rowland & Sibson 2001) and Taupo.  

 

In the Okataina segment, vents for the Okareka (161), Kaharoa (19), Tarawera (15) and Lake 

Rotomahana (17) basaltic eruptions are located on the Tarawera linear vent zone, 5 km wide, 

28 km long, and trending 057°, believed to reflect basement fractures and faults at depth 

(Nairn 1989; 2002). These vents are all located within immediate proximity to rhyolite dome 

complexes. The 1886 rift across Mt Tarawera was formed by an en echelon series of basaltic 

dike intrusions and eruptions rather than a continuous fissure (Nairn & Cole 1981). Craters at 

Rotomahana and Waimangu follow a similar en echelon arrangement.  

 

Rotokawau eruptives were erupted from six craters with an east-west orientation (Nairn, 

2002). The most westerly of vents at Lake Rotokawau (2) is offset 2.5 km from the others that 

cluster together. Lake Rotokawau lies on a regional northeast-southwest trending fault but 

other sites are isolated from any structural feature and Matahi vent (M) is near the structural 

boundary of the Okataina caldera complex. Both Rotokawau and Matahi vents are located 

near rhyolite dome complexes. Terrace Road vent (14) is an isolated outcrop of unknown age, 

but the deposits are physically similar to other basaltic eruptives of the Okataina caldera 

complex (Nairn 2002). 

 

There are two different domains (northern and southern) identified by Acocella et al (2003) in 

the Kapenga segment. The Harry Johnson Road site (12) is included within the northern 

Kapenga domain. At this location, geophysical surveys have identified a magnetic anomaly 

extending 2 km to the northeast of the sample site suggestive of several discrete vents along a 

fissure (Houghton et al 1987). Around this location the faults of the Kapenga segment change 

to the orientation of the Okataina segment azimuth in a releasing bend. Ongaroto (4), 

                                                 
1  Numbers in brackets refer to locations in Fig. 1 and Table 1 
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Akatarewa Stream (6), Kakuki (7), Tatua (10) and Trig 8543 (13) are located in the southern 

domain, near the margin of the Maroa Volcanic Centre (Leonard 2003). Basaltic eruptives in 

the Kapenga segment are generally older than those of the Okataina segment and occur as 

small scoria cones and/or lava flows frequently with phreatomagmatic deposits. Most deposits 

have no direct correlation with rhyolite domes and are more usually erupted though reworked 

silicic volcaniclastics.  

 

The Taupo segment also consists of two different domains identified as a northern Taupo 

domain and a southern Taupo domain.  In the northern domain, Ben Lomond (8) and Marotiri 

(9) basalts are both associated with rhyolite domes. They were dominantly explosive forming 

small scoria cones. Basalts in the southern domain occur on the western side of Tapuaeharuru 

Bay, and form scoria cones in the north  (e.g. Punatekahi (3); Brown et al 1994) and surtseyan 

tuff deposits in the south (e.g. Acacia Bay (18); Wilson & Smith 1985). This change may 

reflect the original shoreline of proto-Lake Taupo. All are aligned NNE, parallel to the 

regional fault pattern and alignment of rhyolite domes, but outside the Taupo caldera 

complex. 

 

PETROGRAPHY 
 
Basalts 

Most samples are porphyritic, with significant variations in phenocryst contents, xenoliths and 

xenocrysts, and a common association of aphyric samples and entrained inclusions (Fig. 2A), 

particularly within the Okataina segment samples.      

 

Phenocryst percentages can be low (0-5%), especially in the Okataina segment samples, but 

with numerous xenoliths and xenocrysts, or higher (11-25%) as in the Kapenga segment 

samples, with fewer xenoliths and xenocrysts. Major phenocrysts are plagioclase (up to 

20.4%), olivine (up to 9.8%) and clinopyroxene (up to 2.0%). Rare orthopyroxene is 

occasionally present as a minor phase but not in olivine-bearing samples.  

 

Plagioclase is the most common phenocryst phase and is typically euhedral-subhedral, with 

compositions ranging from An85 – An53. In glomerophyric aggregates with olivine or augite 

they are typically anhedral-subhedral. Complex zonation patterns can be normal, reversed or 

oscillatory. Most crystals have an unzoned calcic core with a normally zoned rim. Reverse or 
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oscillatory zoning is occasionally observed. Glass inclusions within feldspar phenocrysts 

probably reflect melt entrapment or resorption. Extinction is often patchy. Olivine crystals are 

typically euhedral, indicating they are the liquidus phase in most rocks with compositional 

range from Fo85 to Fo73 and irregular fracturing. Zoning is generally from Fo-rich cores to Fa-

rich rims. Clinopyroxene is typically augite, is euhedral-subhedral and equant, and often 

twinned. 

 

Microphenocryst phases make up to 93.4 vol%. These are typically plagioclase (up to 55.2%), 

clinopyroxene (up to 28.6%), olivine (up to 8.6%) and accessory Fe-Ti oxides (up to 13.2%). 

Plagioclase laths are generally stubby but can be skeletal with high aspect ratios from lath-like 

(>1:2) to needle-like (<1:20) in aphyric samples in close proximity to rhyolitic xenoliths and 

xenocrysts (Fig. 2A). They are typically labradorite and are generally intergranular or weakly 

trachytic. Clinopyroxene is typically augite, and occasionally augite microphenocrysts have a 

swallow-tailed form, indicating a moderate degree of undercooling. Most crystals are 

euhedral-subhedral. Cores of olivine microphenocrysts sometimes have slightly more Fa-rich 

cores than rims. Accessory magnetite is generally euhedral-subhedral.  

 

Devitrified grey-black glass (up to 69.0%) makes up the interstitial matrix of most basaltic 

samples. It indicates a relatively rapid late stage quenching of eruptives. Except for light 

brown to colourless glass (up to 15.2%), which occurs at vesicle margins and as a thin region 

at the crenulate edge of silicic inclusions (Fig. 2B), fresh primary glass does not occur within 

samples. In the latter, glass forms a swirling plume-like texture, defining a mixing boundary 

between liquid basalt and martially molten rims of the formerly solidified silicic inclusions. 

Glass can also occur as inclusions within the core of major plagioclase phenocrysts and at the 

margins of vesicles in response to accelerated crystallisation.  Residual glass can be difficult 

to distinguish from the finest microphenocrysts and is probably best described as a 

cryptocrystalline aggregate. 

 

Vesicularity is variable, up to 44.3 vol%. Aphyric basalts entraining silicic material in 

particular have significant variation in the concentration and distribution of vesicles. These 

samples have segregated vesicular and non-vesicular regions. Vesicles are often more 

irregular and abundant adjacent to and within entrained material (Fig. 2B). Vesicle long axes 

often lie sub-parallel to that of elongate inclusions and surrounding trachytic texture.  
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Xenoliths and Xenocrysts 

Xenoliths are mostly rhyolite and derived from the intersection of rhyolite domes at or near 

the surface, or solidified material ripped from the wall of the basaltic magma conduit; granite 

occurs in some samples (e.g. 2ROT1; see Table 1 for locations). Evidence of mingling at the 

interface between these inclusions and the basalt is limited to aphyric samples. Olivine and 

calcic plagioclase microphenocrysts occasionally extend from the basalt across this interface 

into the then partially molten rims of these rhyolitic inclusions (Fig 2C). These crystals are 

likely to have formed within the basalt prior to mingling. Xenoliths typically have glassy, 

crenulate rims indicating instability and mixing with the surrounding basalt. Fracturing at 

rims probably reflects abrasion and shearing during assimilation.  

 

Plagioclase xenocrysts typically have albite cores and cloudy intermediate regions edged with 

a fine calcic rim. The interior sectors probably represent the normal crystallisation sequence 

for an albite phenocryst within a silicic magma chamber with stabilisation after initial 

fractionation. The outer rim represents a brief period of late crystallisation, once the grain was 

assimilated and surrounded by basaltic magma. The interior of many feldspar xenocrysts and 

xenoliths are entirely and uniformly sieved. Quartz crystals are commonly resorbed and 

mantled by augite to further demonstrate disequilibrium between the xenocrysts and the mafic 

host magma (Fig. 2D).  

 

Dolerite 

Blocks of dolerite occur in some of the rhyolitic ignimbrites and tephras (e.g. at Tarawera; 

Cole 1970b, Leonard et al 2002). Phenocrysts (73.2%) are typically euhedral consisting of 

plagioclase >An58 (42.2%), augite (16.0%), olivine (11.6%) and Fe-Ti oxides (3.4%). 

Groundmass (26.8%) consists of plagioclase microphenocrysts (13.2%), interstitial colourless 

glass (6.6%), hornblende (5.8%) and Fe-Ti oxides (1.2%). The accessory Ti-Fe oxides are 

skeletal and up to 5mm in diameter, crossing grains boundaries and probably formed as an 

initial phase. Intricate intergrowths form between plagioclase, augite, hornblende and glass. 

Olivine is fractured and resorbed. Plagioclase has sub-poikilitic and ophitic textures. Crystals 

are generally subhedral and occasionally anhedral. Hornblende laths have high aspect ratio 

rhombic habits and bear core inclusions of glass. 
 

Magma mixing and mingling 
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There is good evidence for mixing and mingling between basalt and other rock types, 

including: 

• The presence of quartz, feldspar and orthopyroxene xenocrysts, and rhyolite and 

granite xenoliths in basaltic rocks 

• Disequilibrium textures in phenocrysts  

• Quenched textures at the interface of magmas of contrasting compositions and 

temperatures.  

• Calcic plagioclase laths passing through the glassy interface between and into the 

edges of silicic inclusions. 

• Flames of rhyolite glass penetrating into the basalt, and basalt penetrating in the 

rhyolite.  

• Basaltic and dolerite clasts in the rhyolitic Kaharoa eruptive deposits  

 

Glassy material is common at the interface of basalt and rhyolite (Fig. 2B-D) and was 

investigated using back-scattered electron probe images to better understand the mixing and 

mingling processes. This showed that cristobalite is present within basalt, and that vesicles are 

commonly concentrated adjacent to xenolith boundaries (Fig. 3), possibly indicating a rapid 

release of volatiles in response to the heating of inclusion boundaries by the basalt. The 

rhyolite groundmass, particularly at the inclusion edge, is patchy indicating a disturbed, rapid 

and fluctuating cooling history. In some areas, olivine and plagioclase crystals from the basalt 

lie across the partially molten edge of the xenolith.  

 

Sieve textures may be caused by magma mixing, as shown by Tsuchiyama (1985), when 

hotter magma intersects a cooler one of the same composition causing resorption (dissolution 

and rounding) or by rapid undercooling (Kuo & Kirkpatrick 1982). The same may happen if 

the magmas are at a similar temperature but different chemistry. Magma depressurisation 

without excessive heat loss can also cause sieve texture in experimental work, particularly in a 

dry magma (Nelson & Montana 1992). If there is a significant temperature difference, 

mingling will occur (Murphy et al 2000).  

 

MINERALOGY 

 

Feldspar 
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Feldspars were analysed to compare compositions of phenocrysts and microphenocrysts in 

porphyritic basalts with those of felsic xenoliths within aphyric basalts, Composition of 

plagioclase phenocrysts are presented in Fig. 4 and representative Ab-An-Or values given in 

Table 22. Feldspars in the Harry Johnson basalts (12JOH2) show normal zonation, related to 

simple fractionation. Some Tatua basalt (10TOT1) plagioclase has reversed zonation (Fig. 4) 

becoming increasingly calcic at crystal rims. Stubby and skeletal plagioclase 

microphenocrysts from Tarawera (15TAR3) were analysed to show compositional variation 

near silicic inclusions. Crystals are bytownite, with stubby habits ranging from An75.26-77.78, 

and skeletal habits from An70.12-75.42 (Table 2). There is no indication of zonation within 

individual crystals from backscattering images, but a slight normal trend is shown by analysis 

of a single skeletal crystal (analysis: An75.4–core and An75.0–rim). This may be in response to 

normal fractionation, or may reflect compositional variation influenced by the entrained 

xenolith.  

 

Compositions of feldspars from felsic xenoliths from Rotokawau, Harry Johnson Road and 

Tarawera are shown in Fig. 5. Most are more albite-rich (An20-34), although one crystal from 

Harry Johnson Road (12JOH2) has a more calcic core (Table 2). 

 

Olivine 

Variation in Fo-Fa contents of olivines of TVZ basalts is shown in Table 2. Forsteritic olivine 

(Fo73-85) occurs in most of the basalts. Crystals range from c. 1.5 mm to microphenocrysts. 

Larger phenocrysts are usually subhedral-anhedral, fractured and commonly altered to 

iddingsite, both around the rim and along the fractures. Some are zoned (e.g. at Tatua, 

10TAT1). Microphenocrysts are generally euhedral and commonly skeletal. 

 

Clinopyroxene 

Clinopyroxenes were analysed to compare variation between clinopyroxene phenocryst 

compositions in aphyric and porphyritic basalts, and to compare clinopyroxene 

microphenocrysts and phenocrysts in the basalt with those in reaction rims on xenocrystic  

quartz. 

 

                                                 
2  A full list of analyses is available from JH 
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Variation within Wo-En-Fs contents of pyroxenes is shown in Table 2 and Fig. 6. 

Clinopyroxenes from Harry Johnson Road (12JOH2) shows enrichment in calcium, while 

those from Tatua (10TAT1) are enriched in iron. 

  

The core of Kaharoa basalt (H13) microphenocrysts (Wo39.89; En41.60; Fs18.51) differ in 

composition from those of the xenocryst reaction rims within the same sample (Wo40.63-42.78; 

En46.04-48.85; Fs10.52-11.38). Similarly, the core of a 12JOH2 phenocryst (Wo36.95; En49.62; Fs13.43) 

differs from those in the xenocryst reaction rim (Wo41.73-44.45; En44.52-45.38; Fs11.04-12.89).   

 

WHOLE-ROCK GEOCHEMISTRY 

 

Major and minor element concentrations for 20 samples were analysed by XRF, and trace 

element concentrations of 6 samples were analysed by LA-ICP-MS. A summary of results is 

presented in Table 3. Great care was taken to avoid the inclusion of xenoliths and xenocrysts 

in the preparation of these samples, although a small amount of this material may have been 

present.  

 

Most samples plot within the basalt field of the alkali-silica plot (Fig. 7; Le Maitre et al 1989), 

although Sample H13 (Kaharoa basalt) is a basaltic andesite. They are calc-alkaline, and hy- 

or qz-normative. Most are HAB according to the definition of Crawford et al (1987) with <54 

wt% SiO2, >16.5 wt% Al2O3 and usually < 7 wt% MgO. Samples from the Kapenga segment 

are generally more primitive than those of the Okataina segment, and the samples from 

Ongaroto have high modal olivine (7.9 vol%; Cole 1973), suggesting they are cumulates.  

 

Okataina segment samples typically have higher silica contents than those of the Kapenga or 

Taupo segments, with Marotiri (Taupo) sample 9MAR1 having the lowest silica content 

(48.17 wt% SiO2), despite containing 6.2 vol% of inclusions. This provides a degree of 

assurance that the extraction of xenolithic material was effective during sample preparation.  

 

Ce/Zr ratios for TVZ HABs range from 0.2-0.3 (Fig. 8A), with those from Okataina and 

Taupo having lower values for each element and Kapenga higher. Ti/Zr ratios (Fig. 8B) range 

from <60 to >100, with lowest values for Okataina and highest for Kapenga and Taupo. 
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Zr is plotted against Rb in Fig. 8C and Ba in Fig. 8D. Both plots show subtle but distinctive 

enrichment in Rb and Ba within the Okataina segment samples compared to Kapenga 

segments samples. The population size is limited but separate fields can be established for the 

two structural segments. Taupo samples overlap between the two other structural segment 

fields. 

   

Rare earth element diagrams normalised to N-Type MORB are presented in Fig. 9. Trends 

indicate the TVZ basalts are enriched, with light REE enrichment and flat heavy REEs. 

Separation between element concentrations in samples reflects varying degrees of partial 

melting. The parallel profiles indicate similarity in their formation processes. Trends indicate 

the presence of slight Nd and Gd positive anomalies. Only H13 possesses a distinctive Eu 

negative anomaly. The profiles of 2ROT1 and 15TAR7 are similar, but different to H1 and 

H13. 4ONG5 is enriched compared to other samples. 

 

There is no new isotope data from this study, but Gamble et al (1993) show 87Sr/86Sr and 
143Nd/144Nd values range from 0.703878±11 and 0.512913±5 respectively for Kakuki to 

0.70520±6 and 0.512762±6 for Tarawera. They suggest that this variation relates to increasing 

assimilation of Torlesse metasediments in the lower crust. The same relationship is shown by 

lead isotope and δ18O data (Graham et al 1992), where samples from Tarawera are chemically 

more evolved than Kakuki and show evidence of greater crustal contamination. 

   

PETROGENESIS 

Mantle processes 

Our data does not provide new information on the origin of HAB, but is consistent with a 

model in which partial melting of the peridotite mantle wedge occurs between the top surface 

of the subducting plate and the underside of the lithosphere, probably by anhydrous low-

degree (<10%) partial melting at P <18 kb (Crawford et al 1987).  

 

The relative contribution of slab components to the partial melt and the processes responsible 

for chemical enrichment is considered important (McCulloch & Gamble 1991; Hawkesworth 

et al 1991; Saunders et al 1991; Davies & Bickle 1991). Material derived from the slab 

provides enrichment to the original MORB signature of the partial melt, and may be 

combined with a lithospheric contribution (Arculus & Johnson 1981; Rogers & Hawkesworth 

1989). The effect of these variables is further complicated by differential melting, 
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heterogeneous sources, mixing, crystal fractionation and crustal contamination to obscure the 

primary petrogenetic signature.  

 

Gamble et al (1993) demonstrated that basalts of the TVZ form within the fertile upwelling 

region of a back-arc. Reyners et al (2006) have now found Vp/Vs ratios (1.87) at about 65 km 

beneath TVZ, which possibly represents rising plumes of magma, and may represent a source 

for the HAB beneath TVZ. This is close to the 18 kb max pressure suggested for the source of 

HAB. The initial mantle signature provides a strong systematic correlation between high field 

strength elements, indicating similar formation processes between samples, with varying 

degrees of partial melting.   

 

Crust beneath TVZ 

Harrison & White (2004) have modelled the crustal velocity structure beneath the TVZ. They 

indicate that attenuated velocities (2.0-3.2 km/s) exist in the upper 3 km, interpreted as the 

near-surface volcanics and ignimbrites, and that greywacke and silicic intrusives (5.0-6.0 

km/s) exist from 3 km to depths of 16 km beneath the axis of the TVZ. There is a seismogenic 

zone at c. 6.5 km that probably represents the maximum depth that brittle fracture can occur 

(Bibby et al 1995).  Beneath these crustal components, between 16 and 30 km, velocities of 

6.9-7.3 km/s are detected. This zone has been interpreted as either anomalously low-velocity 

upper mantle (Haines 1979; Stratford & Stern 2004) or intrusive or underplating mafic 

(gabbro-type) rocks (Christensen & Mooney 1995; Harrison & White 2004). The distinction 

is not able to be resolved by earthquake tomography (Sherburn et al 2003). Either low-

velocity upper mantle (Pulford & Stern 2004) or mafic underplating (Harrison & White 2004) 

can explain the regional buoyancy of the crust which would otherwise be otherwise expected 

to subside given the regional extensional regime. The low velocity zone at the base of the 

crust is better associated with mafic intrusions or underplating than upper mantle, as it could 

account for volumes of residue, segregated from evolved melts following ascent (Harrison & 

White 2004). If gabbro ‘dikes’ occur in the lower crust beneath TVZ, the diffusion-reaction 

model suggested by Lundstrom et al (2005) could also account for the high-alumina content 

of the basalts. 

 

The underlying mantle wedge has low seismic velocities (7.4-7.8 km/s) compared to ‘normal’ 

upper mantle (Christenson & Mooney 1995). These conditions extend to at least 100 km 

depth and are attributed to the presence of volatiles and partial melt (Ulmer 2001). A high 
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Poisson’s ratio of 0.34 is associated with the lower crust to represent an amount (≥2%; 

Hammond & Humphreys 2000) of partial melting. This probably accumulates as sills in the 

lower part of the crust (Harrison & White 2004). 

  

Crustal materials from depths greater than 3 km cannot be sampled directly. Discrete 

xenoliths contained within erupted deposits include material equivalent to greywacke, 

granitoids, meta-igneous and mafic cumulates (Ewart & Cole 1967; Graham 1987; Graham et 

al 1995; Brown et al 1998). Rare earth element data, Sr, Nd, Pb and O isotope ratios of 

granitoids indicate they represent crystallised portions of silicic magma chambers. Charlier et 

al (2003) have shown from 238U – 230Th data on zircons that at least the Rotoiti samples have 

had a complex multi-stage crystallisation history, probably incorporating Mesozoic crust. 

Dolerite and microdolerite lithic fragments are interpreted as lower crustal equivalents of the 

TVZ basalts (Brown et al 1998). 
 

Lower crustal processes  

Geochemical and petrographic evidence presented earlier indicates an active but variable 

degree of crustal contamination. Major uncertainties inherent in modelling of crustal 

contamination in the lower crust include identification of end-member components and 

mechanisms for occurrence as bulk or selective processes (Gamble et al 1993). 

 

 High field strength elements (HFS) such as Zr and large ion lithophile elements (LIL) such as 

Rb are decoupled, a feature distinctive of subduction-related magmas (Gamble et al 1993). 

The complexity and lack of geochemical correlation between samples however suggests 

crystal fractionation, crystal accumulation, magma mixing and crustal filtering processes 

(Gamble et al 1990). The porphyritic and chemically evolved nature of selected samples 

represent complex evolutionary histories in the plumbing systems of the sub-arc lithosphere 

and lower- to mid-crustal magma chambers, removing melt-crystal mixtures from their 

primary mantle-derived melts. These issues can obscure target information when seeking to 

distinguish a petrogenetic model. In this study however, variations in crustal processes remain 

integral to explaining the nature and variation between basalts of the TVZ.  

 

Samples from the TVZ define an almost linear array between Nd and Sr isotopic ratios 

(Graham at al 1995) that trend towards the fields of TVZ andesites, rhyolites and supracrustal 

rocks. Rhyolitic material, having isotopic compositions overlapping with that of the 



 13

radiogenic basalts, would need to be abundant to account for the spread of these isotopic 

ratios. Such contamination would also drive major and trace element compositions beyond the 

range of basaltic compositions. The most likely crustal component for mixing has been 

suggested by Gamble et al (1993) as <10% Torlesse metasediments, entirely assimilated at 

depth. Such a component is consistent with AFC mixing curves, simple mass balance of 

oxygen isotopes (δ18O = +12 ppt for Torlesse, +6 ppt for TVZ basalt; Graham et al 1992) and 

least squares mixing models (Gamble et al 1990). 

 

Upper crustal processes 

The entrained xenolith and xenocryst inclusions come from material ripped from the walls of 

the magmatic conduit at relatively shallow levels in the brittle crust (< 6.5 km). They are 

almost exclusively rhyolite in nature, and are likely to be incorporated when rising basalt 

intersects solidified rhyolite, often in domes. Mingling or limited mixing can occur between 

the preserved inclusions and the basalt, but they fail to hybridise before complete 

crystallisation occurs. This foreign material is probably insignificant in driving the major shift 

to evolved compositions, but the presence of a thin calcic rim on selected xenoliths does 

indicate that the basaltic magma was at least partially liquid during interaction. Subtle 

changes in clinopyroxene and glass compositions, and progressive changes in the chemistry 

and skeletal habit of plagioclase microphenocrysts, indicate some response to late stage 

crystallisation, perhaps influenced by the introduction of the silicic inclusions. What the 

xenoliths and xenocrysts show, however, is that major crustal partitions are preferential 

pathways exploited by both the more evolved basalts and silicic magmas en route to the 

surface.  

 

There are occasional indications of high level interaction between magma types. Rims of 

inclusions within 12JOH2 have a) a marked increase in vesicles, b) evidence of partial 

melting and c) a distinctively crenulated texture. Vesiculation is assumed to have been 

regularly distributed (if present) through the silicic parent material prior to interaction with 

basalt. With mingling, the increased volatile content within the rhyolite has breached 

saturation levels. Accumulating gas and heat are either transferred to the rhyolite from the 

crystallising basalt, or remobilised from within the rhyolite, or both. 

 

Okataina segment 
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Samples from Rotokawau and Tarawera (Okataina segment) show distinctively similar HFS-

HFS and HFS-LIL geochemical signatures. Samples were erupted from different vents within 

the Okataina caldera complex, but probably represent magmas generated under similar 

processes. They are the most mafic eruptives within the TVZ and tend to contain more 

entrained inclusions. Matahi samples have similar LIL abundances suggesting a common 

magmatic history between samples within the caldera complex.  

 

The Kaharoa samples show a variably enriched character, and although erupted from the same 

linear vent zone as the Tarawera 1886 basalts, perhaps come from independent magma 

batches as they  shows a different enrichment trend to Tarawera samples.  

 

Kapenga segment 

The Kapenga segment samples are generally more porphyritic, with generally equant 

phenocrysts and occasional disequilibrium textures. They are typically less explosive, 

commonly erupted as lava flows through surrounding reworked volcaniclastic sediments. This 

host lithology is less likely to provide petrographic evidence for incorporation. These settings 

also indicate a lack of coeval silicic eruptives in immediate proximity, specifically sourced 

along the same eruptive conduits. Pathways for basaltic material are less likely to intersect 

molten material capable of shifting chemistry by contamination or solidified material capable 

of preservation as exotic lithic inclusions. 

 

Taupo segment 

All of the basalts looked at in this study from the Taupo segment are from north of the Taupo 

caldera complex, and are likely to be >100ka old (e.g. Sutton et al 1995), so may equate more 

with post-collapse rhyolite activity within the Whakamaru caldera complex. All are closely 

related to rhyolite domes and most contain a high percentage of rhyolite lithic inclusions. 

They have low phenocrysts contents (2-5 mol%), but have similar chemistry to basalts within 

the Kapenga segment. Most are strongly aligned with the NNE regional fault pattern and 

appear to be related to deep-seated faults on either side of the Taupo Fault Belt.  

 

Structural control of basalts 

The effect of upper crustal tectonics on the location, ascent, storage and eruption of magmas 

under contrasting conditions of pure and oblique convergence extension is of particular 

interest (Nakamura 1977; Glazner 1991; Tikoff & de Saint Blanquant, 1997; Acocella & 
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Rossetti 2002). A genetic link exists between the extensional regime and the volume, 

frequency, style and nature of basaltic eruptives. Structural control in regions of pure 

extension relaxes compressive stresses and assists dike propagation to the upper crust 

(Gudmundsson 2003). Basaltic magma eruption appears to be largely confined to the central 

intra-rift axis of the TVZ, where it can further influence the structural style and the evolution 

of the rift (e.g. Vigneresse et al 1999; Lynch & Morgan 1987; Morley 1999; Spinks et al 

2005).  

 

Rowland & Sibson (2001) and Acocella et al (2003) identified the Okataina structural 

segment as an accommodation zone between the Whakatane and Kapenga segments via 

obliquely trending faults and vent lineaments. Curved faults connecting these segments have 

subsequently developed the structures within the Okataina caldera complex. This transfer 

zone has also induced a c. 20º variation in the extension direction with respect to other 

segments. It is consistent with the Rotokawau lineament orientation and en echelon dextral 

configuration described below to indicate a rotation in the developing extensional direction 

(Spinks et al 2005). The purely extensional stress field within the Okataina segment is 

reflected in lower fault dips, elevated magma flux, increased accommodation space and 

extrusion rates.  

 

The crack tensile strength of the rock is significantly reduced along fault and fracture planes 

(Gudmundsson 2003). Provided the tensile strength of the host rock is exceeded, 

emplacement and migration of propagating dikes through these features is much easier. In 

Okataina, established conduit networks exist along major crustal dislocations. Pathways 

transport both rhyolite and basalt with relative ease, encouraging interaction between these 

magma types. 

 

Wellman (1954) and Grindley (1959; 1963; 1965) described the Tarawera rift as a pure 

normal fault, parallel to a principal horizontal stress (PHS). It was later associated with 

dextral-normal displacement to explain the en echelon pattern of dikes intruded during the 

1886 eruption (Nairn & Cole 1981). The regional trend of the rift was controlled by a deep 

magmatic intrusion along a basement fracture. Eruptive fissure orientations were determined 

at shallow depth by fractures controlled by the PHS. This resulted from dextral movement on 

the master fault (Nairn & Cole 1981). Dike orientations were not controlled by near-surface 

structures as they show little effect from the “onion skin” concentric joint pattern concentric 



 16

around the dome vents (Cole 1970a). The rift dikes intruded without detectable horizontal or 

vertical shear and migrated through pure dilatational fractures. Crustal extension caused a 

regional lowering of compressive stresses to allow the magmatic pressure to exceed the 

minimum compressive strength plus tensile strength of the rock (Phillips 1972; Williams & 

McBirney, 1979).    

 

Elsewhere in the TVZ, dextral shear is widespread. Oblique extension in Kapenga segment 

may restrict the production of basaltic material and the ease with which it can rise through the 

crust. Magmas failing to erupt shortly after intrusion within the crust may become density 

bound and undergo more extensive fractional crystallisation, resulting in the formation of 

porphyritic textures. Basalt here may be forced to create its own pathway en route to the 

surface, less likely to encounter silicic magmatic bodies. The variations in tectonic setting 

between these different structural segments show subtle reflection in their respective 

petrographic and geochemical signatures. Source heterogeneity is obscured by the 

independent crustal processes operating within each centre.      

 

Although there is a dislocation between the Kapenga and Taupo structural segments, the 

similarity of basaltic activity suggests the magmas in the Taupo segment have undergone 

similar process to those in the Kapenga segment. 

 

Model for TVZ  

Basalt forms by partial melting of mantle peridotite, rises into the lower crust through a dike 

swarm (Fig. 10) and ponds above anomalous upper mantle (e.g. Harrison & White 2004). In 

the lower crust there must be interaction with crustal melts, while in the upper crust the basalt 

becomes strongly affected by the structure of TVZ (Fig. 10). In the Kapenga segment there is 

limited interaction with partially molten material in the upper crust, perhaps because the 

basalt rose after the silicic magma chambers had essentially solidified.  Limited mixing occurs 

closer to the surface with the basalts mixing and mingling with silicic lava domes (e.g. Harry 

Johnson Road) and silicic pyroclastic deposits (e.g. Kakuki). In the Okataina segment there is 

much greater interaction between basalt and partially molten crust, suggesting there was still 

molten magma there when the basalts were intruded. At Tarawera, there is good evidence that 

gabbro sills, with ‘pillow-like’ basalts at their extremities, were intruded into high level silicic 

magma chambers during the Kaharoa eruption (Leonard et al 2002). A sequence is indicated 

on Fig. 10 with H1 dolerite crystallising early in the silicic magma chamber and partially 
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mixing; H13 basalt, possibly triggering the eruption, and then 15TAR basalt rising through 

the nearly solidified magma chamber to feed the 1886 fissure eruptions. The last event only 

incorporated pieces of young (near surface) silicic domes and pyroclastics and melted them, 

but showed little evidence of mixing. 
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FIGURES 
 

1. Calderas and caldera complexes of modern TVZ (<300 ka): Ok = Okataina; Ta = Taupo; 
Re = Reporoa; Ro = Rotorua; Oh = Ohakuri; W = Whakamaru. Boundary of modern TVZ 
shown by dashed lines. Sampling site locations indicated by number: 1) Okareka; 2) 
Rotokawau; 3) Punatekahi; 4) Ongaroto; 6) Akatarewa Stream; 7) Kakuki; 8) Ben Lomond; 
9) Marotiri; 10) Tatua; 11) Matahi; 12) Harry Johnson Road; 13) Trig 8543; 14) Terrace 
Road; 15) Tarawera; 16) Okareka; 17) Lake Rotomahana; 18) Acacia Bay; 19) Kaharoa. *O = 
Location of Okareka vent after Nairn (1992); *M = Location of Matahi vent after Burt et al 
(1998). Kaharoa vent lies within Tarawera linear vent zone (Nairn et al 2001). This zone lies 
along fault immediately to northwest of sample 19. All other sampling site locations are 
within close proximity of vent. Major rift segments are shown in heavy solid line; dashed area 
indicates major bend through Okataina caldera complex. Modified from Spinks et al (2005). 
Inset: Principal structural features of New Zealand. Arrows indicate the relative motion of the 
Pacific plate with respect to the Australian plate. Rate from De Mets et al 1994. 
 
2. A. Skeletal plagioclase microphenocrysts in Tarawera basalt (15TAR3), adjacent to 
rhyolite xenolith (in PPL). Note the lack of phenocrysts and fine grained texture within the 
basalt. Interface with inclusion is crenulate with indication interaction was probably in a 
partially liquid state. Feldspar (FELD), quartz (QTZ) and orthopyroxene (OPX) phenocrysts 
within the rhyolite inclusion appear cracked. Width of image 2.2 mm. B. Mixing interface 
between rhyolite xenolith and basalt in Harry Johnson Road basalt (12JOH2) (in PPL). Brown 
glass forms at the interface of the two magmas. Vesicles are more pronounced within the 
rhyolite near the mixing region. Feldspar phenocryst (FELD) within the rhyolite shows 
fracturing. Calcic plagioclase laths penetrate rim of inclusion. Width of image 4.4 mm. C. 
Olivine and calcic plagioclase microphenocrysts from the basaltic magma pass through 
mixing interface into silicic inclusions. Note skeletal terminations of plagioclase and thin 
layer of brown glass. Width = 2.2 mm. D. Resorbed quartz xenocryst (QTZ) mantled by 
augite (AUG) in 12JOH2. View in CPL. Width of view 4.4 mm. 
 
3. Back-scattered electron probe image of the mixing interface of Harry Johnson Road basalt 
(12JOH2). Numerous areas of cristobalite (white) occur within basalt (top right). Note 
abundance of vesicles at edge of rhyolite xenolith (bottom left). Width of view: 0.4 mm. 
 
4. Compositional variation within plagioclase phenocrysts in Tatua basalt (10TAT1) (grey) 
and Harry Johnson Road basalt (12JOH2) (open symbols). Lines connect transect on same 
crystal.  
 
5. Compositional variation between xenolith/xenocryst feldspars in Rotokawau basalt 
(2ROT1), Harry Johnson Road basalt (12JOH2) and Tarawera basalt (15TAR3).  
 
6, Compositional variation between clinopyroxene microphenocrysts, phenocrysts and 
reaction rims on quartz xenocryst in: Kaharoa basalt (H13a - open symbols), Harry Johnson 
Road basalt (12JOH2 - black) and Tatua basalt (10TAT1 - grey). Core-rim phenocryst 
analysis of 12JOH2 and 10TAT1 are on the same crystal.  
 
7. Whole rock analyses plotted on the total alkali silica diagram of Le Maitre et al (1989). 
Segments: black = Okataina, grey = Kapenga, open = Taupo. 
 



 24

8.  A. Ce v Zr; B. Ti v Zr; C. Rb v Zr and D. Ba v Zr. Light grey field – Kapenga; Dark grey 
field – Okataina. Symbols as in Fig. 7. 
 
9. Rare Earth Element plot normalised to N-Type MORB (after Sun and McDonough 1989). 
 
10. Schematic diagram showing the role of crustal processes on high-alumina basalts of the 
Taupo Volcanic Zone. 
  
 
TABLES 

 

1. . Relation between basaltic activity and structural segments. Basalt ages lie broadly within 
that of the modern TVZ (<300 ka) as defined by Acocella et al (2003). * = Structural segment 
after Acocella et al (2003). Age from: ^ = Burt et al (1998); # = Nairn (1989, 1992); x = Nairn 
(2002); ~ Hogg et al (2003); + Houghton et al (1987). 
 

2. Ab-An-Or values for feldspars from basalts of the Taupo Volcanic Zone (analyses by JEOL 
JXA-8600 electron probe microanalyser at University of Otago, New Zealand). 
 
3. Representative whole rock analyses from basalts of the Taupo Volcanic Zone (analyses by 
XRF at University of Canterbury, New Zealand; LA-ICP-MS at Australian National 
University, Canberra, Australia). 
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Fig. 9 
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Table 1 

 
Site Site Name Sample No Structural Segment* Basalt Age 

11 Matahi 11MAT1 Okataina c.46 ka^ 

1 Okareka - Okataina c.18 ka# 

2 Rotokawau 2ROT1, TVZ8 Okataina c.3.4 kax 
15 Tarawera 15TAR3/7, TVZ4 Okataina 118 a+ 
19 Kaharoa H1, H3, H13 Okataina c.690 a~ 

16 Okareka - Okataina c.18 ka# 
17 Lake Rotomahana LAK1 Okataina c.22-28 kax 
14 Terrace Road 14TER2/3/4 Okataina Late Pleistocene+ 
12 Harry Johnson Road 12JOH2, TVZ17 Kapenga Late Pleistocene+ 
13 Trig 8543 13TRI, TVZ7 Kapenga Late Pleistocene+ 
6 Akatarewa Stream - Kapenga Late Pleistocene+ 
7 Kakuki 7KAK2 Kapenga Late Pleistocene+ 
10 Tatua 10TAT1, TVZ12 Kapenga Late Pleistocene+ 
4 Ongaroto 4ONG1-5, TVZ14 Kapenga c.80 ka+ 
8 Ben Lomond 8BEN 1, TVZ6 Taupo Late Pleistocene+ 
9 Marotiri 9MAR1 Taupo Late Pleistocene+ 
3 Punatekahi 3PUN 1/3, 22099 Taupo c.140 ka+ 
18 Acacia Bay 36994 Taupo Late Pleistocene+ 
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Table 2  

  
Location Description  Analysis #
   
FELDSPAR An Ab Or 
12 Core of phenocryst in felsic xenolith 63.8 35.5 0.7 6
12 Intermediate part of phenocryst in felsic xenolith 32.1 65.4 2.5 7
12 Rim of phenocryst in felsic xenolith 30.6 66.3 3.1 8
12 Rim of seived phenocryst in basalt 67.4 32.0 0.7 12
12 Core of seived phenocryst in basalt 80.0 19.7 0.4 13
12 Core of phenocryst in basalt 85.5 14.5 0.0 18
12 Rim of phenocryst in basalt 75.3 24.4 0.3 19
12 Rim of phenocryst in felsic xenolith 40.4 57.8 1.8 25
12 Stubby lath in basalt  67.9 31.7 0.4 33
12 Stubby lath in basalt  67.7 31.7 0.7 34
12 Stubby lath in felsic xenolith 67.7 31.7 0.6 35
12 Skeletal lath in basalt 77.3 22.3 0.4 40
12 Skeletal lath in felsic xenolith 68.4 31.1 0.5 41
10 Rim of seived phenocryst in basalt 71.1 28.7 0.3 46
10 Intermediate part of seived phenocryst in basalt 60.6 38.7 0.6 47
10 Core of seived phenocryst in basalt 53.1 45.9 1.0 48
10 Core of seived phenocryst in basalt 55.2 43.9 1.0 52
10 Intermediate part of seived phenocryst in basalt 55.8 43.3 0.9 54
10 Rim of seived phenocryst in basalt 69.5 30.1 0.4 55
10 Core of seived phenocryst in basalt 77.8 21.8 0.4 57
10 Core of seived phenocryst in basalt 32.8 65.0 2.2 62
10 Rim of seived phenocryst in basalt 72.0 27.5 0.5 64
10 Core of seived phenocryst in basalt 58.5 40.7 0.8 66
10 Rim of seived phenocryst in basalt 67.9 31.7 0.3 67
2 Core of felsic xenocryst in basalt 37.3 60.6 2.0 70
2 Core of felsic xenocryst in basalt 35.3 62.2 2.4 72
2 Stubby lath in basalt  69.5 28.4 2.1 73
2 Core of phenocryst in basalt 46.6 52.1 1.4 74
2 Intermediate part of phenocryst in basalt 34.1 34.4 31.5 75
2 Rim of phenocryst in basalt 33.9 36.8 29.3 76
2 Core of phenocryst in felsic xenolith 37.7 60.6 1.7 78
2 Stubby lath in basalt  80.3 19.4 0.3 80
2 Rim of phenocryst in basalt 17.7 78.4 4.0 86
13 Rim of felsic xenocryst in basalt 22.3 71.5 6.1 87
13 Core of felsic xenocryst in basalt 27.1 69.7 3.2 88
13 Core of phenocryst in felsic xenolith 23.9 72.4 3.7 94
13 Core of phenocryst in felsic xenolith 28.4 68.9 2.7 95
13 Intermediate part of phenocryst in felsic xenolith 34.1 63.4 2.5 96
13 Rim of phenocryst in felsic xenolith 22.5 73.0 4.5 97
13 Stubby lath in basalt  75.3 24.1 0.6 102
13 Core of phenocryst in felsic xenolith 20.9 74.0 5.1 104
13 Skeletal lath in basalt 75.2 23.3 1.5 109
15 Stubby lath in basalt  77.0 22.5 0.5 120
15 Stubby lath in basalt  78.0 21.5 0.5 126
15 Stubby lath in basalt  68.8 29.7 1.5 127
15 Stubby lath in basalt  75.9 23.6 0.6 133
15 Stubby lath in basalt  79.1 20.4 0.5 135
13 Skeletal lath in basalt 75.0 24.3 0.7 136
13 Skeletal lath in basalt 75.4 23.8 0.8 137
13 Stubby lath in basalt  76.7 22.7 0.5 138
13 Stubby lath in basalt  77.8 21.8 0.4 139
13 Skeletal lath in basalt 70.9 25.8 3.3 140
13 Stubby lath in basalt  77.4 22.1 0.5 141
13 Skeletal lath in basalt 70.1 28.2 1.7 142
   
CLINOPYROXENE Wo En Fs 
12 Core of microphenocryst in basalt 37.0 49.6 13.4 10
12 Intermediate part of microphenocryst in basalt 43.3 42.3 14.4 11
12 Reaction rim around quartz xenocryst and glass in basalt 41.7 45.4 12.9 16
12 Reaction rim around quartz xenocryst and glass in basalt 44.4 44.5 11.0 17
10 Core of phenocryst in basalt 41.7 46.9 11.4 49
10 Core of phenocryst in basalt 43.9 45.2 10.9 50
10 Core of phenocryst in basalt 42.6 42.5 15.0 58
10 Core of phenocryst in basalt 43.0 45.5 11.5 59
10 Intermediate part of phenocryst in basalt 39.4 41.8 18.8 61
10 Core of phenocryst in basalt 33.2 47.7 19.1 65
15 Reaction rim around quartz xenocryst and glass in basalt 42.8 46.0 11.2 113
15 Reaction rim around quartz xenocryst and glass in basalt 40.6 48.9 10.5 114
15 Reaction rim around quartz xenocryst and glass in basalt 42.1 46.5 11.4 115
15 Core of phenocryst in basalt 39.9 41.6 18.5 122
15 Core of phenocryst in basalt 46.3 46.3 7.5 130
15 Core of phenocryst in basalt 38.9 47.9 13.2 134
   
OLIVINE  Fo Fa  
12 Core of phenocryst in felsic xenolith 73.9 26.1  31
12 Core of phenocryst in basalt 77.8 22.2  32
10 Core of phenocryst in basalt 77.1 22.9  68
15 Core of phenocryst in basalt 85.2 14.8  129
15 Core of phenocryst in basalt 81.0 19.0  131
15 Rim of phenocryst in basalt 78.9 21.1  132
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Table 3                  

                  
Sample Number 2ROT1  3PUN1 4ONG1 4ONG5 7KAK2 8BEN1 9MAR1 10TAT1 11MAT1 12JOH2 13TRI1 14TER2,3,4 15TAR7 17LAK1 H1(1) H13 
University Number 34212A 34213A 34215A 34218A 34220A 34221A 34222A 34223A 34224A 34225A 34226A 34227A 34228A 34229A 34231A 34232A 
Analysis Method XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF XRF 
                                      
SiO2 (%) 52.04 49.03 50.53 51.11 49.32 49.65 47.40 50.33 51.94 50.58 51.02 55.29 51.39 57.42 49.12 54.07 
TiO2  (%) 0.82 0.98 1.05 1.07 1.12 1.14 1.10 1.31 0.80 1.26 1.10 0.97 0.83 0.98 0.56 0.70 
Al2O3  (%) 17.29 17.33 15.71 15.52 17.54 17.95 18.12 17.09 17.28 17.20 17.41 19.64 17.38 17.21 16.73 16.38 
Fe2O3T (%) 9.79 10.58 9.88 10.01 9.72 10.90 10.57 10.36 10.10 10.95 9.98 8.24 10.36 8.20 8.37 8.80 
MnO (%) 0.17 0.18 0.17 0.17 0.16 0.18 0.17 0.17 0.17 0.18 0.17 0.12 0.18 0.15 0.14 0.16 
MgO  (%) 6.02 7.13 9.26 9.45 7.71 5.78 6.98 6.21 6.11 5.75 5.93 2.78 6.22 3.45 8.84 6.21 
CaO  (%) 11.03 12.11 10.36 10.22 11.52 9.48 11.63 10.34 11.13 10.71 10.53 7.77 11.36 7.64 15.03 10.48 
Na2O  (%) 2.52 2.38 2.51 2.67 2.77 2.64 2.17 3.18 2.25 3.01 2.81 3.00 2.32 3.15 1.32 2.53 
K2O  (%) 0.74 0.34 0.54 0.58 0.34 0.32 0.13 0.41 0.65 0.65 0.73 1.42 0.60 1.25 0.29 0.93 
P2O5  (%) 0.11 0.12 0.24 0.27 0.20 0.17 0.13 0.24 0.12 0.21 0.19 0.17 0.12 0.24 0.07 0.12 
LOI  (%) -0.38 -0.06 0.06 -0.62 0.06 2.07 1.63 0.44 -0.18 -0.20 0.14 0.73 -0.61 0.53 -0.08 -0.13 
Total  (%) 100.15 100.10 100.31 100.45 100.44 100.39 100.03 100.08 100.37 100.29 100.01 100.13 100.14 100.22 100.38 100.24 
                  
  LA ICP-MS LA ICP-MS  LA ICP-MS         LA ICP-MS  LA ICP-MS LA ICP-MS 
                  
Sc (ppm) 38 43  35         42  63 38 
Ti (ppm) 5012 5997  6549         5020  3957 4309 
V (ppm) 309 280 242 273 238 266 310 240 291 292 267 176 316 222 308 267 
Cr (ppm) 65 140 431 560 82 38 133 29 24 47 62 15 30 21 168 108 
Co (ppm) 40 43  43         40  73 38 
Ni (ppm) 24 35 130 156 63 24 53 27 4 16 21 5 6 <3 32 21 
Zn (ppm)   75  74 89 80 82 82 88 80 80  79   
Ga (ppm) 16 16 17 16 16 18 17 18 17 18 17 20 16 18 14 15 
Rb (ppm) 19 7 7 10 <1 4 2 2 14 9 16 41 15 35 8 29 
Sr (ppm) 347 329 302 319 330 296 309 335 296 355 344 372 305 301 261 276 
Y (ppm) 20 21 24 25 24 34 26 29 20 26 24 47 20 29 15 22 
Zr (ppm) 70 64 101 122 99 88 58 147 66 101 99 126 69 144 42 74 
Nb (ppm) 3 2 7 6 6 5 4 8 5 6 6 6 3 8 2 3 
Cs (ppm) 0.65 0.31  0.25         0.73  0.40 1.35 
Ba (ppm) 246 82 171 169 78 494 67 143 223 158 206 518 206 342 134 309 
La (ppm) 8.13 6.15 <5 12.62 <5 <5 <5 <5 <5 <5 <5 52 7.62 <5 4.37 9.90 
Ce (ppm) 16.93 14.15 30 27.54 24 31 15 33 20 35 32.0 44 16.70 43 9.76 20.82 
Nd (ppm) 10.75 10.14 25 17.32 13 16 <10 27 11 30 11.0 73 10.97 20 7.33 12.41 
Sm (ppm) 2.89 2.83  4.22         2.85  2.14 3.09 
Eu (ppm) 0.93 0.98  1.31         0.92  0.74 0.88 
Tb (ppm) 0.49 0.52  0.66         0.50  0.41 0.55 
Gd (ppm) 3.17 3.37  4.48         3.31  2.56 3.51 
Dy (ppm) 3.24 3.53  4.25         3.40  2.72 3.70 
Er (ppm) 1.99 2.09  2.54         2.08  1.68  
Yb (ppm) 1.90 2.02  2.47         2.03  1.55  
Lu (ppm) 0.29 0.31  0.38         0.32  0.23  
Hf (ppm) 1.96 1.82  2.94         1.99  1.35  
Ta (ppm) 1.56 0.26  0.41         0.26  1.16  
Pb (ppm) 6 5 3 6 1 3 1 3 3 3 2 10 6 7 4 7 
Th (ppm) 2.14 0.90 1.00 1.48 1.00 3.00 <1 <1 <1 <1 2.00 3.00 1.73 3.00 0.91 3.00 
U (ppm) 0.49 0.21  0.37         0.39  0.23  

 

 


