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A B S T R A C T

The present-day edifice of Taranaki volcano, New Zealand, is largely made up of lava flows extruded over
approximately the last 8 kyr. The crystal cargo of plagioclase, pyroxene and amphibole in these lavas displays
varied major, minor, and trace element zoning patterns, pointing to long and complex crystal growth histories.
Crystal zoning patterns do not vary systematically between stratigraphic units, and multiple patterns are seen
within the same sample over very short length scales. Intracrystalline elemental variations reveal mineral-melt
interactions, which result in repeated resorption and recrystallisation in varied environments. Variable degrees of
undercooling are evidenced by clinopyroxenes, with most crystals displaying sector zoning (ΔT < 50 K), while
others only show concentric zoning, which suggests very low ΔT. The common occurrence of resorbed cores
within the crystals and the prevalence of glomerocrysts indicate antecrystic and/or xenocrystic origins and
crystal aggregation processes. We hypothesise that the repeated intrusion of melts into the crustal basement of
Taranaki volcano has resulted in the formation of a heterogeneous subsolidus plutonic to supersolidus mushy
(~15–55 vol% crystals) system that interacts with intruding melts from the mantle. These interactions result in
disaggregation of crystal clots from the plutonic intrusives and remobilization of the crystals through various
sub-environments of small ephemeral mush pockets. Eruption-triggering injections of melt then pick up these
crystals with varied growth histories to be extruded.

1. Introduction

Magma is stored in reservoirs, defined as regions of partially or
wholly molten rock containing varying proportions of melt, crystals, and
exsolved volatiles (Bachmann and Bergantz, 2008), or as the domains of
the magmatic system above the solidus that contain melt (± exsolved
fluids) (Sparks et al., 2019). Magma reservoirs are compositionally and
rheologically heterogeneous: following Hildreth (2004), we distinguish
eruptible magmas with low (~0–5 vol%) to intermediate (~5–15 vol%)
crystal contents from crystal mush (~15–55 vol%), a term coined by
Wager et al. (1960), set in a rigid sponge of >55 vol% crystallinity.
During storage, magmas, mushes and rigid sponges interact with freshly
injected melts that alter the intrinsic compositional and rheological
parameters of the storage region. Magma reservoirs are hosted by solid

rocks, and in mature magmatic systems these constitute consanguineous
plutonic intrusives that fully solidified from pre-existing melt pockets
through ephemeral mushy and spongy states (Zellmer et al., 2024).

Crystals within the magma reservoir offer unique insights into the
intrinsic conditions of the region. Changes in magma compositions and
temperature (Bachmann and Dungan, 2002; Ginibre et al., 2007;
Humphreys et al., 2006) as well as other open system processes such as
mixing (de Maisonneuve et al., 2016; Degruyter et al., 2016; Ganne
et al., 2018) result in chemical zoning of crystals, reflected in the dis-
tribution of major, minor, or trace elements in the minerals, and
sometimes also in isotopic zoning (e.g. Ginibre et al., 2007; Kahl et al.,
2011; Kahl et al., 2017; Mollo et al., 2020; Streck, 2008; Ubide et al.,
2019a). Thus, variations in crystal chemistry provide a sensitive record
of change over the lifetime of a crystal, from nucleation to final
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quenching (Holness et al., 2007a; Lange et al., 2013; Nielsen et al.,
2020). However, not all changes promote crystal growth, they can also
cause dissolution and breakdown of mineral phases. Therefore, textural
features such as sieve textures, mineral breakdown, and resorption
surfaces must be studied to fully understand the magmatic processes
operating.

The characteristic behaviour of certain chemical elements is key to
interpreting magmatic processes and transportation paths, based on the
zonation of minerals. Petrological tools, such as thermobarometry and
hygrometry, can be employed to reconstruct the conditions and pro-
cesses that these crystals and the melt in which they are contained
experienced in the subsurface (e.g., Mollo et al., 2010; Neave et al.,
2019; Putirka et al., 1996). The crystal cargo is sensitive to variations in
conditions such as pressure, temperature, oxygen fugacity (fO2),
composition of the host melt, and volatile content (Costa et al., 2013;
Humphreys et al., 2006; Nakamura, 1995; Streck, 2008; Zellmer et al.,
2003), as well as the degree of undercooling during their formation
(MacDonald et al., 2023; Ubide et al., 2019b).

The origin of crystals and their relation to the host melt is key to
understanding magmatic processes. Crystals are classified as autocrysts,
antecrysts, and xenocrysts based on their genesis (Zellmer, 2021).
Autocrysts are defined as crystals that have crystallised from the melt
they are carried by and are in equilibrium with the melt. Antecrysts are
minerals that have crystallised from the samemagmatic system but have
not crystallised from the melt they are entrained in and may or may not
be in equilibrium with the melt. Xenocrysts are minerals that have
formed in different magmatic (and non-magmatic) systems and are thus
completely unrelated to the host melt. These crystals are typically picked
up by ascending melts and are commonly in disequilibrium with the
melt. In some scenarios, where the crustal basement is of magmatic
origin, it may be difficult to distinguish between antecrysts and xen-
ocrysts (Streck et al., 2007). Finally, as suggested by Zellmer (2021), we
use the term phenocryst in its original meaning, namely a large crystal
set in a fine-grained matrix (Iddings, 1892), without implying a petro-
genetic origin.

Our previous work on Taranaki lava flows (D’Mello et al., 2023)
focussed on the intensive parameters of the magmas prior to eruption,
including temperature and volatile contents, using whole-rock, mineral,
melt and bulk chemistry of a range of lava samples and their comparison
to the mineral and bulk chemistry of cumulate xenoliths (Gruender et al.,
2010; Price et al., 2016). These quantitative constraints led us to conclude
that at Taranaki volcano, hot (> 1000 ◦C), high-silica (up to 68 wt% SiO2)
melts sourced from the mantle pick up their mostly antecrystic or xen-
ocrystic crystal cargo from cooler (< 1000 ◦C), low-silica regions of the
crust. In the present study, we extend this work by employing crystal
imaging methods such as chemical mapping for major, minor and trace
elements. We use the chemical and textural features of the crystal cargo of
recent Taranaki lavas to gain insights into the long-term intrusive
magmatic processes and conditions beneath Taranaki volcano. Specif-
ically, we interrogate the crystal record to assess whether Taranaki
volcanism is fed by a largely supersolidus and thermally buffered trans-
crustal magmatic system (Cashman et al., 2017), dominated by magmas,
mushes, and rigid sponges where crystallization occurs at near equilib-
rium conditions; or alternatively by amostly subsolidus system of plutonic
nature recently suggested by (Coulthard Jr et al., 2024) for the southern
Taupo Volcanic Zone to the East. In such transcrustal plutonic systems
(Zellmer et al., 2024), small magma batches (Zellmer and Annen, 2008)
are thought to be intruded into a cool crust, where they form ephemeral
magma and mush pockets that rapidly transform to plutonic rocks. Here,
rapidly ascending magmas that breach the surface entrain crystals that
formed at low degrees of undercooling (ΔT < 50 K) in spatially restricted
mush pockets that rapidly solidified into small plutonic bodies.

To our knowledge, this is the first study that presents crystal chem-
ical maps from eruptives of Taranaki volcano. We demonstrate that this
method reveals a range of insights into the inner workings of this vol-
canic system that alternative methods have fallen short of providing.

2. Geological background and petrology

Mt. Taranaki is a near symmetrical stratovolcano on the western
peninsula of the North Island of New Zealand (Fig. 1). It is the youngest
and only active of three onshore volcanoes that form the Taranaki
Volcanic Lineament (TVL). Seismic studies indicate that the crust-
mantle boundary beneath the TVL is at a depth of c. 35 km (Sherburn
and White, 2005). Insight into the rocks that form the crustal basement
has been obtained from studies that focussed on the xenoliths entrained
in the eruptive products of the TVL (Gruender et al., 2010; Price et al.,
2021; Price et al., 2016). Mortimer et al. (1997) correlated xenolith and
drill-core data from Taranaki to the Median Tectonic Zone in the South
Island, suggesting that the c. 120Myr oldMedian Batholith underlies the
present-day edifices of Kaitake, Pouakai, and Taranaki (Fig. 1). Mt.
Taranaki has been active for at least 130 kyr, and the current 12 km3

edifice, erupted over the last ~8 kyr, represents only a small percentage
of the volume of material extruded from the volcano (Alloway et al.,
2005a; Procter et al., 2009; Zemeny et al., 2023; Zernack et al., 2011).

The long-term volcanic history includes at least 13 cycles of cone
growth and collapse, with each collapse phase generating debris
avalanche flows that form the extensive ring plain surrounding the
volcano (Neall et al., 1986; Palmer and Neall, 1991; Zernack et al., 2011;
Zernack and Procter, 2021; Zernack et al., 2009). Edifice reconstruction
then follows through eruptions that range from explosive to effusive,
generating volcanic products such as pyroclastic deposits, lava flows,
and dome extrusions (Damaschke et al., 2017; Lerner et al., 2019; Platz,
2007; Platz et al., 2006; Turner et al., 2009; Turner et al., 2011; Turner
et al., 2008).

The eruptive products of Mt. Taranaki considered for this study range
from dense to scoriaceous lavas that form the current edifice of the
volcano and are approximately 8 kyr in age. Basaltic trachyandesites are
the predominant lithology, along with basalts and basaltic andesites
(D’Mello et al., 2023). Variable proportions of crystals (35–55 vol%) are
hosted in fine-grained groundmass (D’Mello et al., 2023). These phe-
nocrysts are up to 4 mm in size and are dominated by plagioclase, cli-
nopyroxene, amphibole, and opaque minerals (Fe-Ti oxides). In rare
cases, orthopyroxene and olivine are seen in the groundmass. Accessory
mineral phases include biotite and apatite. Glomerocrysts are common
and comprise intergrown clinopyroxene ± plagioclase, magnetite, and
amphibole crystals. The groundmass phases include plagioclase, py-
roxene, and oxide microlites with interstitial glass (< 5 vol%). Mantle
normalised trace element pattern for whole rock data show typical ‘arc’
signatures with enriched large ion lithophile element (LILE) contents
and high LILE to high field strength element (HFSE) ratios, as well as
high light rare earth element (LREE) to heavy rare earth element (HREE)
ratios (D’Mello et al., 2023).

3. Methodology

Samples were selected from lava flows representing different strati-
graphic units and whole rock compositions ranging from basalts to
trachyandesites. Following Zellmer (2021), major phenocryst phases of
plagioclase, clinopyroxene, and amphibole (if present in the sample)
were classified by size as microcrysts (>30 μm width and < 100 μm
length), mesocrysts (100–500 μm length), and macrocrysts (500 μm–10
mm length), which in Taranaki are set in a fine-grained matrix rich in
microlites (1–30 μm width).

3.1. Back scattered electron (BSE) imaging

Representative samples were cut and polished at Massey University,
New Zealand. Polished sections were coated using a carbon sputter
coater at the Manawatu Microscopy Imaging Centre. The sections were
then viewed using a BSE detector attached to a FEI 200 Quanta Scanning
Electron Microscope (SEM) at the Manawatu Microscopy Imaging
Centre. An accelerating voltage of 20 kV and a working distance of 10
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mm was maintained. Spot analysis to identify mineral phases was con-
ducted using Genesis EDAX software and considering the relative counts
per second of Ca, Al, Mg, and Si. Images obtained were imported into
ImageJ and adjusted for contrast and brightness.

3.2. Electron probe micro-analysis (EPMA) mapping

Major oxide chemical mapping of minerals was performed using a
JEOL W-EPMA JXA-8900R microprobe at the laboratory for electron
and X-ray beam analyses, Institute of Earth Science, Academia Sinica in
Taipei, Taiwan. 26 clinopyroxene, 16 amphibole, and 37 plagioclase
crystals were selected and represent the temporal and spatial variations
of the Taranaki lavas. Clinopyroxene crystals were mapped for Al, Mg,
Si, Na, and Ca; amphibole for Al, Mg, Si, Na, K, Fe, Ca, Ti; and plagio-
clase was mapped for Si, Na, K, Al, Ca. Elemental distribution images
were obtained with 15 kV of accelerated voltage and 50 nA of beam
current with a 2 μm de-focused beam and 20 ms of dwell time. X-ray
intensities were measured in intervals of 5 μm. The maps were then set
to the same colour scale as LA-ICP-MS maps using the ‘Lookout Table”
tool in ImageJ. Quantitative spot analyses on each crystal were done to
obtain major oxide compositions of the crystal. X-ray intensity maps for
the major elements obtained were calibrated to one or two EPMA
quantitative spot analyses per crystal to obtain semiquantitative maps
for major element concentrations in wt% as well as Mg# [defined here
as 100 × molar Mg/(Mg+FeT)] for clinopyroxene and amphibole) and
anorthite (An) content (for plagioclase), using Fiji ImageJ software. This
was accomplished by using the ‘calibration tool’ and setting 0 intensity
to 0 wt%, and spot intensity to the quantitative wt% using a linear
function.

3.3. Laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) mapping

Trace element compositions and zoning patterns of minerals were
investigated following the rastering technique of Ubide et al. (2015).
Runs were carried out at the University of Queensland Centre for Geo-
analytical Mass Spectrometry, Radiogenic Isotope Facility (UQRIF-lab).
The instrument employed was an ASI RESOlution 193 μm eximer UV ArF
laser ablation system with a dual volume Laurin Technic ablation cell
and GeoStar Norris software, coupled with a Thermo iCap RQ quadruple
mass spectrometer operated by Qtegra software. The laser was run at
1.0 kV with a repetition rate of 10 Hz, yielding an energy of 4 mJ. Laser
spot size was adjusted to 10 μm through an exit slit, and the stage was
moved to obtain a scan speed of 10 μm s− 1 with a trace overlap of 5 %,
yielding a fluence of 2.0 J cm− 2. Ablation was performed in ultrapure He
to which Ar make-up gas with trace amounts of N2 was added for effi-
cient transport and to aid ionization. The instrument was tuned with
scans on NIST SRM 612. Elemental maps were built using Iolite (Paton
et al., 2011) v2.5 in quantitative mode, using NIST 612 glass reference
material as the calibration standard and Ca concentrations in the case of
clinopyroxene (cpx) and amphibole (amp) and Si concentrations in the
case of plagioclase (plg), obtained by EPMA, as internal standards.
Secondary standards BCR-2G and BHVO-2G were analysed regularly
during the run to monitor data quality. Precision was typically better
than 5 % for all measured elements and accuracy better than 10 %.

4. Results

The crystal cargo of Taranaki lavas shows disequilibrium textures
such as sieve textures and resorption surfaces, as well as normal,
reversed, and oscillatory zoning. Fine-scale zoning patterns are best
observed in BSE images due to their higher resolution compared to that

Fig. 1. (A) Map demarcating the lava flows of Taranaki volcano erupted from the summit and satellite vent and the location of samples used in this study. Darker
tones correspond to older eruptions. TA: Trachyandesite; BTA: Basaltic trachyandesite; TB: Trachybasalt and B: Basalt. (B) Map of New Zealand showing the trace of
the convergence of the Indo-Australian plate and the Pacific plate. Blue shaded region represents the extent of the Median Batholith, which forms part of the
basement of Taranaki volcano. Inset shows the Taranaki Volcanic Lineament (TVL) and the location of the three onshore peaks younging towards the Southeast with
Taranaki being the youngest edifice. TF shows the trace of the Taranaki Fault. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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of LA-ICP-MS maps (Fig. 2 and supplementary material S1). EPMA and
LA-ICPMS chemical maps of crystals are provided as supplementary
materials S2 and S3, respectively, and selected maps are provided here
for plagioclase (Fig. 3), clinopyroxene (Figs. 4 and 5), and amphibole
(Fig. 6). These phases are discussed in turn below. In the present study,
we did not observe any systematic variation of the petrographic features
with bulk rock chemistry.

4.1. Plagioclase

Plagioclase is the most abundant mineral phase in the Taranaki lavas
ranging from 25 to 45 vol% and is found as macrocrysts, mesocrysts, and
microcrysts. Texturally, the microcrysts are generally euhedral, while
the larger crystals are often subhedral to subrounded with sieve textures
(Fig. 2 A-C). Plagioclase compositions range from labradorite (An40) to

anorthite (An92), where the An-number is calculated as 100×molar Ca/
(Ca+ Na+ K). Despite the textural variation observed, the classification
of plagioclases can be based on the presence and composition of a
distinct core shown by most crystals (n = 32 of 36), enveloped by a
mantle and rim (Fig. 3).

The An content of the cores in relation to the mantle and rim further
classifies them as: (i) normal zoned with a high An core and an oscil-
latory mantle and rim with progressive decrease in An (n = 22), (ii)
reverse zoned with a low An core that is usually rounded and a high An
mantle that is often associated with sieve texture (n = 4), (iii) a patchy
zoned core with an oscillatory zoned mantle and rim (n = 6), (iv) a
normally zoned crystal without the presence of a distinct core but a
gradual decrease in An from its centre to the rim (n = 4). Microlites are
normally zoned with no evidence of disequilibrium textures. Commonly,
the outermost rim of the larger crystals corresponds to the An content of

Fig. 2. Panel 1 shows the different types of textures in plagioclase: (A) patchy core, (B) minor (r) and major (R) resorption surface and wavy oscillatory zoning; (C)
cellular and sieve texture. Panel 2 shows clinopyroxene textural features: (D) patchy zoned core and oscillatory zoned mantle; (E) wavy oscillations in the hourglass
sector and straight oscillations in the prism sector with resorption surface (R); and (F) distinct patchy zoned core and sector zoned mantle showing hourglass (HG)
and prism (PS) sectors. Panel 3 shows textures in amphibole: (G) euhedral core with mantle and reaction rim, (H) rounded patchy core and thin rounded rim, (I)
unzoned large core and mantle, and (J) oscillatory zoned crystal with completely resorbed core.
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the microlites in the EPMA maps (see supplementary material S2).
Along with patchy zoned cores, some cores show high An with box-

like patches of low An that have been described as cellular textures (Van
Gerve et al., 2020) and vary from boxy to rounded or irregular in shape.
The oscillatory zoned mantles contain numerous low amplitude cyclic
zones and are associated with resorption features that appear wavy in
BSE images (Fig. 2). Sieve texture bands in the core and mantle are
associated with lighter BSE image tones, indicating higher An content.
The mantles are usually euhedral and are overgrown by a thin, euhedral
rim.

Taranaki plagioclase crystals are also distinguished based on zoning
of trace elements Ba, Sr, and Li (Fig. 3). Step zoning is commonly
observed in most crystals, where the change in composition is abrupt,
demarcating a core. Ba zonation typically compliments An, thereby
demarcating cores, oscillatory zoned mantles, and rims. Sr zonation
shows both positive and negative correlations to An contents, but also
displays flat profiles in some crystals. The zoning patterns observed for
Li concentrations in the plagioclase crystals can be flat, high in the cores,

or high in the rims/mantles, and with a few exceptions are broadly
anticorrelated with An-content.

4.2. Pyroxene

Major element compositional data for all clinopyroxene crystals from
Taranaki classify as diopsides and augites based on the classification
scheme of Morimoto (1988). Clinopyroxene (cpx) commonly occurs as
zoned, euhedral macrocrysts, large crystal clots, and normally zoned
microlites in the groundmass. Clinopyroxenes have a narrow range of
Mg# between 73 and 85 (Fig. 4). The clinopyroxenes of Taranaki
contain low concentrations of Cr, consistent with the low Cr content of
the whole rock compositions (D’Mello et al., 2023).

The most common type of zoning is oscillatory zoning, characterised
by multiple, concentric growth layers in the mantles (e.g., Fig. 5A).
Zones along the prism faces {110,100,010} show scarcely resorbed,
parallel oscillatory zoning, while in the hourglass sector they are
generally thicker. Crystal rims are narrow and show euhedral outlines.

100100100 100

Fig. 3. Types of zoning seen in plagioclase of Taranaki lavas. (A) Normally zoned crystal with a sieved mantle and oscillatory zoning from sample L16; (B) An-rich,
distinct core with sieved interior and oscillatory zoned mantle from sample ES3; (C) reverse zoned crystal with an An-poor core and sieved mantle from sample PYR;
(D) normally zoned crystal with patchy core and oscillatory zoned mantle from sample PYR. Graphs show profile values for elements Li, Ba and Sr from core to rim (in
μg/g). Refer to Fig. 1 for sample locations.

N.G. D’Mello et al. Chemical Geology 667 (2024) 122333 

5 



Clinopyroxenes were categorised based on the presence of chemi-
cally distinct cores, which appear anhedral and resorbed with a sharp
interface with the mantle. The following three types were found (sup-
plementary materials S1 and S3): (i) no distinct core observed for the
intersect (n = 15 of n = 24), (ii) a distinct unzoned core present and
identified for all elements (n = 6), and (iii) large patchy zoned core with
thin mantle and rim (n = 3).

Most cpx crystals (n = 21) show sector zoning of the mantles,
chemically divided into prism and hourglass sectors (Fig. 2 D-F). These
sectors are characterised by oscillatory zoning to form euhedral crystal

outlines. Sector zoning is characterised by preferred uptake of Si and Mg
in the hourglass sector and preferred uptake of Ti (Fig. 4), Al (Fig. 5),
rare earth elements (REEs), and Zr in the prism sector, while most
transition elements do not show sector zoning. Partitioning of elements
in four crystals with sector zoning from different lava flows is repre-
sented in Fig. 5. It is observed that the difference in major oxide (SiO2,
MgO and Al2O3 in wt%) and trace element (Ti and Zr in μg/g) is com-
parable between samples although they are hosted by melts of varying
compositions.

Clinopyroxenes zoning patterns can be defined for key elements such

Fig. 4. Types of zoning seen in clinopyroxene of Taranaki lavas. (A) Patchy zoned core with low Mg# mantle and high Mg# rim from ES5; (B) sector-zoned crystal
showing Mg-Si rich hourglass sectors and Al-Ti rich prism sectors, also present is a resorbed core from L2; (C) sector zoned crystal cut oblique to the c-axis without
distinct core, from sample L5. Panels show relative concentration of elements Na, Ti, Ni and Zr (in μg/g) from core to rim. Refer to Fig. 1 for sample locations.
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as Na, Mg and Fe; transition elements (Cr, Ni and Sc), rare earth ele-
ments (La), and Zr. Na displays weak sector zoning and when present,
the cores either show lower or higher Na concentration as compared to
the mantles and rims. In contrast, crystal mantles are strongly sector
zoned for Al, Ti, La, Zr, V (enriched in prism sectors) and Mg# (enriched
in hourglass sectors) (Fig. 4; supplementary material S3). Cr concen-
trations are relatively low and enriched zones are rare, however when
present crystals show either an enriched core, multiple/single enrich-
ment zones in the mantle or an enriched rim. Sc and Ni zonations are
more common and define cores rarely reflected by the major elements.

4.3. Amphibole

Amphiboles found in Taranaki lavas are calcium-rich and are clas-
sified as pargasites (Hawthorne et al., 2012). Amphiboles are not present
in all the samples and their abundances vary between samples of the
same lava flow. Reaction rims and regions of decomposition are char-
acterised by the replacement of amphibole with anhydrous phases
including plagioclase, orthopyroxene, clinopyroxene, and oxides (for
details on reaction breakdown features, see D’Mello et al., 2021).

Based on BSE images and intracrystalline variations of the Mg# of
the crystals, the amphiboles were categorised as (i) unzoned (n = 5), (ii)
normal zoned with a high Mg# distinct core and a lower Mg# oscillatory
zoned mantle (n = 3), and (iii) oscillatory zoned (n = 9) (Fig. 2 G-J).
Oscillatory zoning is characterised by cyclic changes in greyscale with
no abrupt interface, but rather a diffuse contact between zones. Major
element zonation is weak, except for Al. However, minor and trace el-
ements show stronger variations in the crystal from core to rim.
Amphibole zoning was further characterised using Ni, V, La, Ce. Cr, Ni
and V, which show similar enrichment patterns, although Cr concen-
trations are often too low to quantify (Fig. 6).

5. Discussion

In the following, we first discuss the variety of mineral textures seen
in Taranaki lavas, indicating how such textures have been interpreted
previously. We then turn to the crystallization environments operating
beneath Taranaki, based on those textural and mineral chemical con-
straints. In each of these first two subsections, plagioclase, pyroxene and
amphiboles are addressed consecutively. Subsequently, we discuss the
origin of the crystal cargo as a whole based on these interpretations, and
close with the a section on the petrogenesis of the lavas that form the
current Taranaki volcano edifice.

5.1. Mineral textures

5.1.1. Plagioclase
Sieve textures. Sieve textures are common in the plagioclase of vol-

canic rocks and mantle xenoliths, and can develop as a result of changes
in temperature, pressure or melt compositions (Humphreys et al., 2006;
Nelson and Montana, 1992; O’Brien et al., 1988; Pan et al., 2018;
Stewart and Pearce, 2004; Tomiya and Takahashi, 2005). In Taranaki
samples, sieve textures in plagioclase are associated with higher An
contents indicative of interaction of the crystal with hotter, more mafic
magma compositions (based on experiments on plagioclase dissolution,
cf. Tsuchiyama, 1985; Fig. 2C). This interaction resulted in the partial
dissolution of the crystal and recrystallization of plagioclase in equi-
librium with the new environment. The relative location of the sieve
textures within the crystals is variable: some are found in the cores, but
most are associated with the mantles, usually preceded by patchy zones
and the formation of resorption surfaces (Fig. 2B).

Patchy Zoning: The development of patchy textures in the cores of
plagioclase crystals is interpreted as the result of partial dissolution and
regrowth (Ginibre and Wörner, 2007; Humphreys et al., 2006). In the
Taranaki samples, the low An patches are few and disconnected and are

Fig. 5. Sector-zoned clinopyroxenes from samples (A) L2; (B) L18; (C) L5 and (D) L16. The white scale bar represents 200 μm. Crystal outlines show the intersect of
the crystals, which results in the sector patterns observed. The graph illustrates the comparable partitioning difference of oxides and elements between the hourglass
(HG) and prism (PS) sectors. Hourglass sectors are enriched in SiO2 and MgO, while the prism sectors are enriched in Al2O3, Ti and Zr. SiO2, MgO and Al2O3 are in wt
%, while Ti and Zr are in μg/g. Groundmass SiO2 for the host lavas are (in wt%): L2 = 62.6; L18 = 64.4; L5 = 60.6; L16 = 60.7. Refer to Fig. 1 for sample locations.
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typically completely enclosed within a high-An euhedral core (Fig. 2A).
To produce this texture, resorption of low An plagioclase followed by
growth of high An plagioclase is required. In addition, Fe maps obtained
from LA-ICP-MS show very little variation despite large changes in An
content, indicating that no significant compositional change of the melt

occurred. This suggests that the early An-poor patches were overgrown
by An-rich zones that precipitated immediately after dissolution
(Humphreys et al., 2006; Nicotra and Viccaro, 2012). A regular supply of
mafic magma infiltrating a more evolved crystal mush, or the transport
of the crystals into a region where the pre-existing melt was in

200100 100

Fig. 6. Types of zoning seen in amphiboles of Taranaki lavas. (A) Unzoned crystal from ES3; (B) high Mg# core and low Mg# mantle from L5; (C) high Mg# crystal
with low Mg# but high Cr mantle resorption interface from L16. Panels show relative concentration of Al2O3 (in wt%), and elements Ti, Zr and Ni (in μg/g). Refer to
Fig. 1 for sample locations.
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equilibrium with higher-anorthite plagioclase may result in patchy
zoned crystals (cf. Van Gerve et al., 2020).

Cellular texture. Cellular textures are different from sieve and patchy
cores and are attributed to the skeletal growth of disequilibrium, low An
plagioclase followed by infilling and overgrowth by higher An plagio-
clase (Fig. 2C) (Bennett et al., 2019; Nakamura and Shimakita, 1998;
Tsuchiyama, 1985). The low An area in the cellular textural zones are
remnants of the partially dissolved skeletal plagioclase, and higher-
anorthite cells represent channel sections along which dis-
solution–reprecipitation of high An plagioclase occurred.

Resorption Surfaces. The macrocrysts in this study show clear major
and minor wavy surfaces, which erode previous growth layers and are
indicative of resorption. In plagioclase, this is characterised by gradual
decrease of An content and a sharp increase across the next resorption
surface (Fig. 2B). Temperature, magma composition, and volatile con-
tent have the greatest effects on plagioclase stability and composition,
and small fluctuations can induce resorption events (Almeev et al., 2012;
Grove et al., 1992; Moschini et al., 2023; Namur et al., 2012; Tsu-
chiyama, 1985). Resorption of plagioclase occurs either upon a change
in magma chemistry (Nakamura and Shimakita, 1998; Tsuchiyama,
1985), an increase in temperature (Johannes et al., 1994), a decrease in
pressure (Nelson and Montana, 1992; Vance, 1962) or a combination of
changes in the system. Increasing temperature would result in crystal-
lization of An-rich plagioclase (Grove et al., 1992; Namur et al., 2012).
However, diverse primary melts reported for Taranaki (D’Mello et al.,
2023) can supply low-An melts as well as remobilize the crystal cargo
into more felsic parts of the subvolcanic system with consecutive in-
jections. In addition, infiltration of interstitial melts in crystal mushes
may lead to reactive dissolution of minerals (Coogan et al., 2000; Lis-
senberg and MacLeod, 2016).

Oscillatory Zoning. There are two possible causes for the formation of
oscillations of chemistry during crystal growth: (1) extrinsic causes such
as changes in pressure (P), temperature (T) or magma composition (X);
or (2) intrinsic causes such as fluctuations between diffusive and
advective supply of cations in a melt boundary layer immediately
adjacent to the growing crystal (Alloway et al., 2005b; Schoneveld et al.,
2020; Shore and Fowler, 1996; Streck, 2008). Short-wavelength (1–10
μm) oscillations (Fig. 2A) are common in clinopyroxene and plagioclase
and are attributed to growth kinetics, magma recharge events and
convection processes (Ginibre et al., 2002a; Ginibre et al., 2002b;
Humphreys et al., 2006; Tsune and Toramaru, 2007). Kinetic models
and detailed microanalytical observations (Zellmer et al., 2016) indicate
that high crystal growth rates result in the formation of a boundary
layer, in which elements become depleted when mineral growth rates
exceed the diffusive supply of elements from the melt. Alternatively,
repeated, small volume injections of melt of different compositions can
also form oscillatory zoning.

5.1.2. Clinopyroxene
Sieve texture. Neave and Maclennan (2020) show that sieved cores in

clinopyroxenes can be indicative of rapid ascent dissolution of clino-
pyroxene (Figs. 2E, F). High Al content in the clinopyroxene is indicative
of high-pressure crystallisation. During rapid ascent, decompression-
driven dissolution of Al2O3-rich cores is followed by low-Al2O3 over-
growth forming the rim. However, relative to the mantles and rims, the
sieved cores of Taranaki clinopyroxenes have a similar range in Mg#
and low Al2O3. They are thus unlikely to have formed by rapid
decompression. Instead, the sieved cores may be attributed to the partial
dissolution of early formed low Al2O3 cores by melt, now reflected in the
groundmass, at the onset of eruption, although volatile flushing may
also have contributed (Giuffrida et al., 2018).

Patchy zoning. The patchy zoning of clinopyroxenes also indicates
intense dissolution of early crystallized clinopyroxene by fresh magma,
as evidenced by the presence of abundant melt inclusions in the high-
Mg#, dark domains of the patchy zones. However, the contacts of
patches of different Mg# appear diffuse, indicating prolonged residence

at elevated temperature may have resulted in Fe-Mg interdiffusion
(Fig. 2D).

Sector zoning. Clear Si- and Mg-rich hourglass sectors, and Al, Ti and
REE rich prism sectors (Fig. 5) are observed in some but not all (Fig. 4A)
Taranaki clinopyroxenes. This type of zonation is common in natural
terrestrial (Downes, 1974; Hollister and Gancarz, 1971; Leung, 1974;
Ubide et al., 2019b; Welsch et al., 2016), lunar (Hollister and Gancarz,
1971) and experimental pyroxene (Lofgren et al., 2006; MacDonald
et al., 2023; Masotta et al., 2020; Schwandt and McKay, 2006). These
sector zones represent differences in chemistry of a crystal due to kinetic
effects at the growth surface, whereby elements are incorporated into
the structure at different rates along different crystallographic surfaces,
rather than changes in chemistry or conditions of the surrounding
magma (Hollister and Gancarz, 1971). There are at least four controlling
factors for the creation of sector zones, as explained by Hollister and
Gancarz (1971): (1) size and composition of ionic complexes added to
the crystal as it grows, (2) rate of addition of material, (3) rate of
equilibration of the new material with the matrix at the surfaces of
growth steps, and (4) rate of re-equilibration of surface layers with the
matrix by exchange of ions perpendicular to the crystal faces. Sector
zoning is formed at low degrees of undercooling with ΔT < 50 K (Colle
et al., 2023; MacDonald et al., 2023; Masotta et al., 2020), which could
be a result of regular degassing of the magma reservoir, magma mixing
and/or crystal movement between the hot interior and cold margin
caused by magma convection (Ubide et al., 2019b). In contrast, exper-
imental evidence shows very high degrees of undercooling produce
rapid hopper or skeletal crystals that may become subsequently infilled
overgrown (MacDonald et al., 2022; Masotta et al., 2020; Pontesilli
et al., 2019). No distinct skeletal or dendritic zoning with regular fine
layers is observed in Taranaki crystals, indicating a crystallisation
environment close to thermal equilibrium and growth or oscillatory-
zoned to sector-zoned crystals at low degrees of undercooling. Sector-
zoned crystals across different samples show similar variations of
SiO2, MgO, Al2O3, Ti and Zr between the hourglass and prism sectors
(Fig. 5), suggesting that the crystals formed in similar undercooling
environments (MacDonald et al., 2024).

Resorption surfaces. Clinopyroxenes also show overgrowth of a single
layer with a sharp resorption surface (Fig. 2E), attributed to a change of
melt composition during crystallization (Ginibre et al., 2002a; Ginibre
et al., 2002b). These resorption surfaces are categorised as major
resorption surfaces (high amplitude oscillation), while minor resorption
surfaces (low-amplitude oscillation) are attributed to local mixing of
magmas with less contrasting compositions (Elardo and Shearer, 2014;
Ginibre et al., 2007). Therefore, the resorption surfaces in clinopyroxene
are the result of variable degrees of magma or crystal-melt mixing. The
major and minor resorption surfaces are sometimes associated with
either high Mg# and high Cr or low Mg# and low Cr oscillations,
indicating multiple recharging events involving primitive or evolved
magmas during the growth of a crystal.

5.1.3. Amphibole
Resorbed cores. Amphiboles are euhedral to subhedral (Figs. 2G, I).

Compatible elements like Ni show enriched zones indicative of mafic
recharge events occurring between the crystallization of the core and the
rim. The concentration changes in elements such as Ti and Zr from the
resorbed core and the rim can in principle be explained by processes of
fractional crystallization or magma mixing. The sharp boundaries be-
tween cores and rims indicate the sudden entrainment of the crystal in a
magma of different compositions. Reversals of zoning are also observed.
For example, Fig. 6A shows a high Ni rim, indicating mixing with mafic
magma at a later stage of crystallization, while Fig. 6B shows a core with
enriched Ni, indicating an initial mafic crystallization environment.
These alternations of crystallization environments support magma
mixing over fractional crystallization, where the boundaries would be
less well defined, and the zoning would be normal. Details on the sta-
bility of amphibole in mafic arc magmas and associated reaction
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textures can be found in D’Mello et al. (2021).

5.1.4. Glomerocrysts
Glomerocrysts are abundant in Taranaki lavas, and several optical

microscopy images are provided in supplementary material S4. They
may either have formed through heterogeneous nucleation followed by
overgrowth, as e.g. seen from experimental work by Colle et al. (2023),
or they are remnants of disintegrating igneous xenoliths as typically seen
in continental arc environments (Zellmer et al., 2024). We prefer the
latter interpretation, as texturally these glomerocrysts are variable and
do not mirror the dendritic growth around single nuclei seen in exper-
imental charges. Further work on the Taranaki glomerocrysts will be
required, however, to fully understand their genesis, because they were
not subject to the detailed mineral chemical work of the phenocrysts we
targeted in the present study.

5.2. Crystallization environments: insights from chemical mapping

5.2.1. Plagioclase
Inferences from anorthite zoning. Changes in melt composition, tem-

perature, and pressure are recorded in the compositional zonation of
plagioclase crystals (Bowen, 1913; Drake, 1976; Longhi et al., 1993;
Putirka, 2008; Waters and Lange, 2015). If zones of similar composition
exist among different crystals, it is reasonable to assume that they
crystallized in similar magmatic environments at comparable pressure,
temperature, and composition conditions (e.g. Kahl et al., 2011; Mollo
et al., 2015; Viccaro et al., 2016). In Taranaki samples, we identify
plagioclase zones with 50–70 and 75–90 mol% An ranges (Fig. 7), which
distinguish the low An and high An environments of crystallisation. The
various types of plagioclase crystals observed can be explained by
crystallisation in one environment, followed by the introduction of the
crystal into a new environment and the subsequent resorption, disso-
lution and recrystallisation. Formation of crystals in a felsic environment
results in a low An core that is then introduced into an environment of
high An content. This leads to the dissolution and resorption of the
crystal, forming sieve textures or rounding of the core (Fig. 7A). If
resorption is complete, only a sieve portion of the core may be left, and
the core of the crystal appears An-rich (Fig. 7B). In this new An-rich
environment, An-rich cores of new crystals form and then these

crystals are introduced into a new An-poor environment, indicated by a
sharp boundary where they may reside for long (Fig. 7C) or short
(Fig. 7D) periods.

These sub-environments within the subvolcanic system can be
attributed to (i) repeated, small volume, injections of diverse melts into
a crystal-rich sponge or plutonic body, and/or (ii) transportation of
crystals between different sub-environments. A combination of these
processes results in a plagioclase population with varied histories and
zoning types over short length scales that would not have been possible
if the crystals had grown in situ.

Inferences from Sr and Ba zoning. Incorporation of Ba and Sr in the
plagioclase crystal lattice are a result of Ca substitution, i.e., is strongly
dependent on An content, with subordinate influence of crystal struc-
ture, melt composition, and temperature (Bindeman et al., 1998; Blundy
and Wood, 1991; Giletti and Casserly, 1994). If major-element zoning
patterns are preserved, the equilibrium concentration of Sr and Ba ob-
tained after diffusion in the crystal are inversely correlated with An
content (Coulthard Jr et al., 2024; Zellmer et al., 1999). The variable Ba
and Sr concentration at high An content in Taranaki lavas reflects the
influence of different initial magmas combined with long storage in a
cool environment to preclude diffusive equilibration of these trace
elements.

Inferences from Li zoning. Lithium is a moderately incompatible
element in plagioclase (KD ~ 0.15–0.7), as determined by experimental
data covering a range of temperatures (1153–1299 ◦C) and anorthite
contents (An39–77) (Bindeman and Davis, 2000; Bindeman et al., 1998;
Giletti and Shanahan, 1997). The crystals from Taranaki lavas that we
imaged confirm incompatibility: the concentration of Li in melt in-
clusions, cracks and the matrix surrounding the crystals yield higher Li-
contents than the crystals. Further, more recent experimental results of
Coogan (2011) indicate that the Li is more compatible in sodic plagio-
clase than calcic plagioclase within the compositional range of An60–90.
This should produce an anticorrelation of Li and An# or Ca in plagio-
clase, and with few exceptions this is indeed observed for Taranaki
crystals (Fig. 3 and supplementary material S3).

Rapid diffusion of Li at magmatic temperatures (Cherniak, 2010;
Giletti and Shanahan, 1997) can modify Li zoning during syn- and post-
eruptive degassing or regassing (Berlo et al., 2004; Blundy et al., 2008;
Charlier et al., 2012; Coogan, 2011; Ellis et al., 2018; Genareau and
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Fig. 7. Chemical map (this study) shows plagioclase data from sample TUR (cf. Fig. 1) showing (A) patchy, sieved low-An cores with high-An interfaces mantled by
low-An plagioclase in equilibrium with the melt; (B) high-An cores overgrown by low-An mantles in equilibrium; (C) high-An cores with oscillatory zoned thick
mantles; and (D) patchy zoned cores with no mantle and narrow rims. All crystal types occur within a short length scale of the order of 1 mm. (E) Histogram showing
at least 2 populations of plagioclase with distinct An contents for all Taranaki crystals, built from a compilation of all plagioclase microprobe data published by
D’Mello et al. (2023).
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Clarke, 2010; Genareau et al., 2009; Giuffrida et al., 2018; Kent et al.,
2007; Neukampf et al., 2021; Pontesilli et al., 2023). As a result, Li
chemical disequilibium is often seen to increase from core to rims of
plagioclase crystals, and this can be modelled through Li diffusion
chronometry to constrain the timescales of those processes, typically
yielding seconds to minutes at magmatic temperatures. The apparent
lack of such disequilibria in most Taranaki plagioclase crystals suggests
that neither degassing nor regassing processes have been recorded by
the plagioclase crystal cargo. This may indicate that following crystal
growth and long storage at depth, the crystal cargo has ascended rapidly
in the final magma batch that breached the surface, too fast for signif-
icant degassing-induced crystal growth to occur (cf. Zellmer et al.,
2024), and too fast for syn-eruptive Li diffusion to operate to an
observable extent.

5.2.2. Clinopyroxene
Inferences from Cr zoning. Cr is highly compatible with clinopyroxene,

and Cr enrichment coupled with depletion in incompatible elements
indicates recharge with mafic magmas (Ubide and Kamber, 2018).
However, the magmas of Taranaki are generally poor in Cr, indicating
relatively felsic parental melts (D’Mello et al., 2023), and therefore Cr
zoning in clinopyroxene is not a consistent recorder of magma recharge
episodes at Taranaki. When detectable, Cr zoning shows either no var-
iations, single or multiple enrichment zones in the mantle, an enriched
core, or an enriched mantle (Fig. 8). These types of zoning patterns are
indicative of heterogenous interaction of a mushy system with injected
Cr rich melt, as suggested by Bergantz et al. (2017) and Ubide and
Kamber (2018). It is possible that, during an intrusive event, some
crystals never encountered the intruding melt and just experienced a
thermal spike, while others had repeated interactions resulting in mul-
tiple zones of enrichment. This precludes the formation of an extensive,
melt-rich mush zone and is more indicative of a plutonic basement that
is intermittently intruded by melts to form pockets of mush that interact
with only some of the crystals. The growth stage during which interac-
tion occurs determines whether the enrichment is observed in the core,

mantle, or the rim of the crystal. Another key observation is the differ-
ence in the concentration of Cr enrichment, varying from 300 to 5200
μg/g, which indicates different recharge episodes with variable con-
centrations of Cr, or variable mixing of recharge and resident melts, as e.
g. observed at La Palma (Ubide et al., 2023). Taranaki lavas are rela-
tively depleted in Cr with concentrations ranging from 25 to 45 μg/g
except for two samples that show Cr contents of 120–145 μg/g. These
enriched cores/zones may have formed due to the injection of slightly
more primitive (but still relatively Cr-poor) melts. Alternatively, it is
also possible that these crystals are xenocrysts formed during the crys-
tallization of the Median Batholith or the early-stage Taranaki system
and record injections of higher-Cr, mafic melts much before the for-
mation of the present cone.

Inferences from Na zoning. Jadeite melting is sensitive to pressure
changes, and higher Na in clinopyroxene cores is typically indicative of
higher-pressure environments (Bédard, 2014; Blundy et al., 1995;
Nimis, 1995). Experimental data suggest that changes in Na are pri-
marily controlled by pressure, assuming the melt compositions are
uniform. In turn, sector zoning only has weak influence on Na parti-
tioning (MacDonald et al., 2023). In Taranaki clinopyroxenes, we see
cores that have low Na content and are mantled by oscillatory zones. On
a first assessment, this could suggest movement of crystals from a region
of low pressure to high pressure. The history of the Taranaki volcano
identifies phases of cone growth and collapse (Palmer and Neall, 1991;
Procter et al., 2009; Zemeny et al., 2023; Zernack and Procter, 2021)
that may have contributed to small changes in Na concentrations.
However, given the diversity of melt compositions, it is more likely that
the melt from which the cores crystallised was different in composition
from the melt in which the mantles crystallised. It follows that clino-
pyroxene cores grew from more evolved melts than clinopyroxene
mantles and rims, suggesting mafic recharge into evolved mushes or
mushes grown from felsic primary melts rich in Na. The notion of var-
iable primary melt compositions (D’Mello et al., 2023) is complemented
by differences in the concentrations of other elements between core and
mantle.

Fig. 8. Cr zonation patterns in clinopyroxene showing (A) low, flat Cr content from sample L5; (B) Cr enrichment marking resorption of the core in sample L16; (C)
Cr-enriched rim in sample ES7; (D) multiple Cr enrichment episodes with high Cr enrichment in the rim in sample ES5. Refer to Fig. 1 for sample locations.
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5.2.3. Amphibole
Inferences from Al zoning. The composition of amphibole is affected

by P, T, fO2 and PH2O. Temperature increases cause an increase in Al, Na
and Ti of amphibole (Scaillet and Evans, 1999). If the heating event is
small enough, zones with increasing Al are formed, and if heating is
substantial, magma temperatures beyond amphibole stability are
attained, resulting in the formation of augite or the volumetric decom-
position of amphibole. The latter is observed at Taranaki (D’Mello et al.,
2021). The zoning of Al is preserved in amphibole macrocrysts and is
rarely associated with an enrichment in Cr, indicating recharge events
with high temperature melts of low Cr concentration.

Inference from Mg zoning. The Mg# of amphibole strongly increases
with the increase in fO2 of the system due to the decrease of Fe2+ activity
in the melt (Czamanske and Wones, 1973; Humphreys et al., 2006;
Scaillet and Evans, 1999). Taranaki samples show the formation of Mg-
and Si-rich rims, which are accompanied by a decrease in Ti, consistent
with gradual cooling during crystallisation of the core (Bachmann and
Dungan, 2002). Recharge events are also indicated by the sharp contacts
between Mg-poor cores and Mg-rich rims.

5.3. Source of the Taranaki crystal cargo

The Taranaki volcanic system has been active for around 130,000
years (Zernack et al., 2011). Price et al. (2016) studied the xenoliths
entrained in Taranaki lavas which provide unique insights into the
crustal section beneath the volcano. Xenolith populations included:
sedimentary material from the Taranaki Basin immediately beneath the
volcano; plutonic rocks from the Median Batholith; and metamorphic
rocks from the deeper crust. Xenoliths were divided into four types by
Price et al. (2016): Types I-III are gabbroic and ultramafic xenoliths that
differ with respect to the primary mineral phases present; while Type IV
are rare peridotites. Based on the chemistry of the xenoliths, a magmatic
reservoir characterized by mixing, assimilation, storage and hybridiza-
tion (MASH) or a deep crustal hot zone (DCHZ) (Annen et al., 2006;
Hildreth and Moorbath, 1988) had originally been proposed to have
formed over time, trapping mantle-derived magmas that assimilated the
wall rock and also fractionated (Price et al., 2016). However, D’Mello
et al. (2023) recently questioned the existence of a DCHZ beneath Tar-
anaki on basis of new mineral-melt geothermometric and hygrometric
constraints: temperatures are too high and compositions are not hydrous
enough to be consistent with DCHZ differentiation processes of the in-
termediate Taranaki magma compositions.

The wall rocks can be correlated to the Median Tectonic Zone (MTZ),
defined as a zone of deformed or dismembered small crustal fragments
and/or magmatic arc rocks (Bradshaw, 1993; Frost and Coombs, 1989;
Kimbrough et al., 1994). It includes terranes, formations, plutons,
igneous complexes and gneisses (Mortimer et al., 1999b). This zone also
forms the basement for the Taranaki Peninsula overlain by the sediments
of the Taranaki Basin (Mortimer et al., 1997). The MTZ plutons are of
Carboniferous to early Cretaceous age and are mainly of calc-alkaline I-
type petrological character (Kimbrough et al., 1994). The Median
Batholith is defined as a large volume composite intrusion comprising
many individual but contiguous plutonic and metaplutonic rocks
(Mortimer et al., 1999a). It represents the main locus of magmatism in
the New Zealand sector of Gondwana and probably developed in situ as a
result of the interaction of the Panthalassan oceanic plates with the
South Gondwana continental plate (Mortimer et al., 1999b). While the
diversity of bulk rock composition within the Median Batholith, which
spans the entire length of New Zealand, is clear, there is no exposure of
these rocks in the Taranaki region, and there are no microanalytical or
mineral textural data available for any of these rocks to our knowledge.

The Taranaki volcanic system is much younger than the 120 Myr
Median Batholith. However, the similar magmatic origin of the two
systems leads to the question as to whether the minerals present in the
Taranaki lavas crystallized during the earlier stages of the Taranaki
system (antecrystic) or whether they are derived from the older, Median

Batholith magmatic system (xenocrystic). D’Mello et al. (2023) showed
that in terms of major oxide compositions, the phenocrysts of Taranaki
compositionally fully overlap with the crystals from the Taranaki xe-
noliths studied previously (Gruender et al., 2010; Price et al., 2016).
Further, certain petrological textures, such as sieve, cellular and oscil-
latory zoning of plagioclase and the sieve and sector zoning of clino-
pyroxene require repeated injections of mafic intrusions and low degrees
of undercooling. While such textures may be explained by dynamic
magmatic processes in large thermally buffered mushy reservoirs, they
are also consistent with crystallisation in small and rapidly cooling mush
pockets solidifying into plutonic bodies in an overall colder crustal
environment. We prefer the latter interpretation, because it is more
consistent with the vast diversity of textures found within individual
samples (e.g., Fig. 7A-D) in conjunction with the compositional overlap
of phenocrysts with crystals of the plutonic xenoliths sourced from a
subsolidus crustal environment.

We hypothesise that at the Taranaki Volcanic Lineament, crystalli-
zation of repeated intrusions of mantle derived melts over a long period
of time have developed an extensive plutonic system in the crust, which
may be repeatedly re-intruded to form small pockets of supersolidus
crystal mush. The bulk of the crystal populations in these mush pockets
are crystal clots and disengaged crystals that have interacted with the
injected interstitial melt of varying compositions and volumes. This in-
cludes large clots of amphibole, clinopyroxene, and plagioclase, which
are taken to represent disintegrating plutonic xenoliths (cf. Zellmer
et al., 2024), thereby inheriting the magmatic signatures of the plutonic
rocks sourced from the up to at least 130 kyr older Taranaki system and
potentially the c. 120 Myr old Median Batholith. Subsequent evolution
of the plutonic system and continued intrusion of subduction derived
melts from the current east New Zealand system feeds the present edifice
of Mt. Taranaki. The longevity of this system and the complexities of the
tectonic context and melt generation have yielded a crystal cargo that
reflects these complex magmatic processes, including remobilization of
heterogeneous mafic plutonic rocks generated in the earlier phases of
Taranaki magmatism and possibly the much older generation of the
Median batholith that formed >100 million years ago.

5.4. Petrogenesis of Taranaki lavas

Lavas erupted from Taranaki show varying compositions and min-
eral assemblages ranging from basalts to dacites. Whole rock composi-
tions can be interpreted as the sum product of diverse melt compositions
and uptake of crystals in varying proportions (cf. D’Mello et al., 2023)
from plutonic precursors, which have then reacted with the melt to
varying degrees during storage in mush pockets.

The magnitude of recharge events can be assessed from ubiquitous
textures such as sieved plagioclase macrocrysts and reacted amphiboles.
Plagioclase macrocrysts with sieve textures suggest that either (i) a large
volume of freshly injected magma interacted with all crystals in a mush
zone, or (ii) that the sieve texture is much older and is a feature that is
preserved from when the crystal initially formed. Reacted amphiboles,
on the other hand, are indicative of a late-stage process (during ascent)
where all crystals are subject to decompression during ascent (D’Mello
et al., 2021). On the other hand, comparatively small volume events do
not significantly change the bulk properties of mushy reservoirs and are
reflected in the limited proportions of crystals that show such changes in
conditions. Small volume events facilitate the contemporaneous growth
of different zoning types in different parts of the storage zone. For
macrocrysts with different zoning patterns to erupt in the same sample,
melt homogenization and mixing must happen only shortly before
eruption.

The presence of glomerocrysts with intergrown clinopyroxene, cli-
nopyroxene + plagioclase, magnetite and amphibole indicate a crystal
rich environment with crystal faces impeding on the growth of other
crystals (Holness et al., 2019; Holness et al., 2007b). These textures are
common in xenoliths found in Taranaki lavas and debris avalanche
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deposits and are expected from fragments of rigid crystal sponges or
solid plutonic precursor rocks. These plutonic rocks, when intruded by
melts, disaggregate to form glomerocrysts entrained in the fresh
magmas, and glomerocrysts may disaggregate further to form antecrysts
or xenocrysts (Zellmer et al., 2024).

Thus, magma intrusions may disaggregate parts of these plutonic
protoliths into small and ephemeral crystal-rich mush pockets. Glom-
erocryst disaggregation results in free crystals, experiencing different
sequences of processes, which include mixing, ascent, and remobiliza-
tion. Transport of crystals and recrystallization results in a euhedral
outline of the clinopyroxene macrocrysts. The texture and composition
of these crystals respond not only to thermodynamic conditions, but also
to kinetic effects during crystal growth; for example, variable degrees of
undercooling or rapid decompression (Lofgren et al., 2006; MacDonald
et al., 2023; Masotta et al., 2020; Mollo et al., 2013; Mollo et al., 2010;
Neave et al., 2019; Pontesilli et al., 2019).

The disparities in zoning patterns found in crystals of the same lava
flow indicate that these crystals must have grown apart, before mixing
and melt homogenization were complete as reflected by crystals with

rims with comparable compositions to groundmass microlites that
formed from the carrier melt. This is accomplished through a final
recharge episode, which picks up crystals with varying growth and
storage histories, and the crystal-melt mixture ultimately ascends
rapidly through the plumbing system to breach the surface at eruption.

Fig. 9 illustrates the plumbing system of Mt. Taranaki envisaged
here. Ascending melts interact with the plutonic basement forming local
mush pockets within the plutonic system. Initial interaction results in
the dislodging and disintegration of plutonic protoliths into crystal clots
within a mush pocket formed due to remobilization by recharging melts
(Fig. 9A). These crystals and glomerocrysts begin to interact with the
melt through resorption and regrowth of crystals resulting in anhedral
cores with euhedral-subhedral mantles and rims (Fig. 9B). Over time,
the plutonic system evolves, and each new injection of melt interacts
with and remobilizes crystals from different storage regions, resulting in
a highly heterogeneous crystalline basement (Fig. 9C). During larger
injections of melts that trigger eruptions, crystals are remobilized from
these different parts of the subvolcanic storage environment and ascend
to the surface, thus resulting in crystals with different thermal and

Fig. 9. Model for Taranaki eruptives. (A) Melts with variable compositions (low- to high-SiO2) from the mantle pick up crystals and crystal clots from the country
rock (Median Batholith) resulting in a population of xenocrystic crystals within an otherwise aphyric to sparsely phyric melt. (B) during storage within the mush
zone, these xenocrystic/antecrystic cores are then resorbed or dissolved, followed by euhedral overgrowth of new material on remnant crystal cores. (C) Influxes of
fresh melts of varying compositions interact heterogeneously with the subvolcanic basement, affecting crystal compositions and zoning patterns provided the crystal
come in contact with the melt. Vertical scale purposefully omitted as pressures, besides being crustal, are largely unconstrained (D’Mello et al., 2023).
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growth histories found over short lengths of a fewmillimetres within the
erupted lava flow deposits.

6. Conclusions

1. The lava flows of Taranaki volcano have a rich crystal cargo with
diverse chemical zoning patterns and textures, suggesting varied
sequences of magmatic processes recorded in the crystals. These
processes include magma recharge, remobilization of solid precursor
rocks, and interaction of crystal cargo with mafic as well as felsic
melts.

2. The crystalline basement of Taranaki is a product of repeated in-
jections of melts from subduction systems that formed the c. 120 Myr
old Median Batholith as well as consanguineous plutons of the more
recent magmatic system active over the last 130 kyr. These sub-
solidus plutonic rocks disengage crystal clots that subsequently un-
dergo dissolution and overgrowth crystallisation.

3. The subvolcanic basement is highly heterogenous, and the extent and
influence of each new intrusion is largely dependent on its volume.
Small volume intrusions result in different sub-environments (mush
pockets) with unique compositions and intrinsic parameters.

4. The final magmatic pulse that ultimately results in an eruption
remobilises crystals from different environments, triggering crystal-
lization of microlites and rims on the heterogenous crystal cargo
prior to extrusion.
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