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Abstract
Characterising equilibrium and disequilibrium crystal-melt processes is critical in determining the extent of magma mixing 
and crystallization conditions in the roots of volcanoes. However, these processes remain poorly investigated in most Pacific 
intraplate ocean settings that are difficult to access and study. To help address this issue, we investigated crystallization 
conditions of clinopyroxene phenocrysts in an accreted Palaeogene oceanic island in Panama. Petrographic and geochemi-
cal observations, petrological modelling of major and trace elements, and liquid-mineral multicomponent equilibrium tests 
were carried out using basalts, picrites, and hawaiites of the transitional tholeiitic shield to alkaline post-shield volcanic 
stages of the island. Five types of clinopyroxene crystals were identified, including (1) microphenocrysts with micron-scale 
oscillatory zoning, (2) primitive, yet resorbed picrite-hosted phenocrysts, (3) chemically homogeneous, anhedral crystals 
found in the remaining basalts, (4) Ti–rich euhedral hawaiite-hosted phenocrysts, and (5) evolved sector-zoned phenocrysts. 
Liquid-clinopyroxene multicomponent equilibrium tests in combination with textural analysis show that ~ 74% of the stud-
ied clinopyroxenes are in possible major element equilibrium with one of the available whole rock magma compositions, 
of which only 21% are equilibrated with their carrier liquid. To deconvolute clinopyroxene-melt pairings and determine 
plumbing system conditions, we combine rhyolite-MELTS modelling, geothermobarometry, and major- and trace-element 
equilibrium evaluations, limiting crystallization conditions to crustal levels (< 23 km depth). No migration of magmatic 
reservoirs to deeper levels is observed during the shield- to post-shield transition. These results suggest the occurrence of an 
extensive crystal mush system during the late shield to post-shield volcanic stages of this intraplate volcanic system, with 
both primitive and evolved crystallization domains sampled during eruptions.

Keywords  Geothermobarometry · Cumulate recycling · Clinopyroxene zoning · Magma mixing

Introduction

Equilibrium crystallization is a fundamental assumption in 
petrological studies to quantify P–T and fO2 conditions of a 
magmatic plumbing system (Putirka 2008). This assumption 
allows one to apply experimentally determined parameters, 
such as crystal-liquid partition coefficients, to natural sys-
tems, and thus predict petrological conditions of magmatic 
reservoirs (e.g., Neave and Putirka 2017; Vander Auwera 
et al. 2019). However, resolving state variables from crystal-
liquid partitioning requires knowledge of two unknowns: 
the crystal chemistry and the composition of the coexisting 
equilibrium melt. This is where a discrepancy is commonly 
found between experimental and natural systems, because 
the former is limited to closed systems, whereas natural 
magmatic systems frequently comprise multi-reservoir, 
open systems subject to mixing, mush entrainment, and 
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replenishment events (e.g., Dobosi and Fodor 1992; Naka-
mura 1995; Marsh 1996; Costa et al. 2010). As a conse-
quence, it is often unclear whether whole-rock data repre-
sent distinct melt batches with equilibrated crystal contents 
or end-products of complex mixing, accumulation, and/or 
disequilibrium crystallization processes (Neave and Putirka 
2017), especially when crystallinity is high.

Assessing the nature of magmatic processes in intraplate 
ocean volcanoes is made additionally challenging because 
of difficulties in accessing and sampling lower stratigraphic 
levels of seamounts and oceanic islands. Thus, most of our 
knowledge of these widely occurring, yet poorly explored, 
volcanic systems is heavily skewed towards the study of eas-
ily accessible and especially large (partly subaerial) volcanic 
systems such as those of Hawaii, Iceland, Galapagos, and 
Canary islands (Putirka 1997; Klügel et al. 2005; Stroncik 
et al. 2009; Tornare et al. 2016; Neave and Putirka 2017). 
However, these systems may not be a representative sam-
ple of the far larger population of comparatively smaller 
intraplate ocean volcanoes (Woodhead 1992; Davis et al. 
2002; Konter et al. 2009; Buchs et al. 2018a, b). In addi-
tion, whereas intraplate ocean islands on the slow-moving 
Atlantic Plate have been studied in greater detail due to their 
better and more prolonged exposure, magmatic processes 
in islands formed on the fast-moving Pacific Plate could be 
partly distinct, but testing this hypothesis is commonly ham-
pered by fast subsidence that makes them more difficult to 
access and study.

Here, we address this gap in understanding of ocean 
islands on the Pacific plate by providing novel petrographic, 
geochemical and petrological constraints on equilibrium 
and disequilibrium conditions in the plumbing system of an 
accreted Palaeocene intraplate ocean volcano in the Azuero 
Peninsula, Panama. Our assessment of crystal (clinopyrox-
ene) and melt (whole-rock) chemical exchange reveals clear 
evidence for substantial mixing and crystal mobility in all 
samples of the shield to post-shield volcanic stages of the 
accreted island. In many cases, disequilibrium with carrier 
liquids can be readily recognised from petrographic observa-
tions alone (e.g., mineral resorption textures), but in other 
instances disequilibrium, it is more cryptic and only recog-
nisable through careful, multicomponent equilibrium tests.

Geological setting

The studied accreted oceanic island (‘Hoya Island’) is 
part of the Azuero Accretionary Complex on the Azuero 
Peninsula (Fig. 1), previously identified on the basis of 
lithostratigraphic field constraints, geochronological and 
biochronological data, and relative enrichment in incom-
patible elements with respect to other accreted oceanic 
complexes in Central America (Buchs et al. 2011). Hoya 

Island occurs as fragments of a Palaeocene intraplate vol-
cano and includes a well-preserved (composite) stratigraphic 
transition from shield to post-shield and post-erosional vol-
canic stages (Buchs et al. 2011), as commonly observed in 
large intraplate oceanic volcanoes elsewhere (Clague and 
Dalrymple 1987; Konter et al. 2009; Staudigel and Clague 
2010). The age of formation of the island is well supported 
by Ar–Ar step heating results that have well-constrained 
plateau ages between 61.0 ± 0.3 and 64.6 ± 0.3 Ma (Gazel 
et al. 2018). Older and younger Ar–Ar ages from the studied 
accreted sequences (Hoernle et al. 2002; Gazel et al. 2018), 
are in disagreement with field and biostratigraphic data 
(Buchs et al. 2011), and/or show evidence for disturbance 
by post-crystallization alteration. Igneous rocks of Hoya 
Island include transitional tholeiitic picrites and basalts, 
and (alkaline) hawaiites that define a chemical trend from 
high to low Mg# (100*Mg/ (Mg + Fe)), associated with an 
increase in TiO2 and La/Yb ratios (Buchs et al. 2011). Pic-
rites, interlayered with basalt lavas, were emplaced in sub-
marine to subaerial environments during the shield stage, 
whereas hawaiites were only found in subaerial sequences 
above basaltic conglomerates on top of shield sequences, 
or as dykes crosscutting shield-stage basalts. Because of 
this stratigraphic relationship (e.g., well exposed in Puerto 
Escondido in the SW Azuero Peninsula) and the distinct 
chemical composition of the hawaiites relative to the picrites 
and basalts, the hawaiites have been interpreted as a record 
of post-shield stage volcanism (Buchs et al. 2011).

Materials and methods

Our characterisation of the plumbing system of Hoya Island 
combines previous geological and geochemical constraints 
(Buchs et al. 2011) with new sampling, petrographic analy-
sis, and geochemical modelling. Samples were selected from 
the shield and post-shield volcanic stages on the basis of 
field stratigraphic constraints (Buchs et al. 2011, Fig. 1). The 
degree of equilibrium between whole-rock and phenocrysts 
was evaluated as a prelude to equilibrium-based geother-
mobarometric calculations and rhyolite-MELTS modelling. 
Temperatures and pressures of crystallization were deter-
mined for equilibrated phenocryst-melt pairs that were then 
compared to those inferred from bulk-rock geochemical 
modelling.

Samples

Four picrite, three basalt, and three hawaiite samples of lavas 
and dykes were selected from the Azuero Accretionary Com-
plex to study the plumbing system of Hoya island (Figs. 1 
and 2, Supplementary Materials 1, Fig. S1; Supplementary 
Materials 2). These samples were originally collected by 
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Buchs et al. (2011), except for hawaiite PA14-032, collected 
in 2014 (P.O. Baumgartner, pers. com. 2015) and analysed at 
Cardiff University (Supplementary Materials 2). The sam-
ples were chosen based on their freshness and compositional 
range to provide a representative insight into petrological 
processes of Hoya Island. Alteration in the selected samples 
was minor (LOI = 0.4–5 wt.%.) and primarily affects matrix 
phases. Higher LOI (> 3 wt.%.) is explained by abundant 
glass and olivine that was partly affected by hydrous altera-
tion. Polished thin sections of these samples (100 µm thick-
ness) were prepared at Cardiff University for SEM, micro-
probe, and LA-ICP-MS analyses.

Analytical methods

Scanning electron microscope mapping

SEM EDS mapping procedures were performed using the 
Zeiss Sigma HD field emission SEM at Cardiff University. 
Element maps as well as BSE images were acquired at 20 kV 
with a 120 µm diameter final aperture and a nominal beam 

current of ~ 4 nA. Process time for element maps was set to 
0.5 microseconds. Element concentrations were measured 
using dual 150 mm2 Oxford Instruments X-Max EDS silicon 
drift detectors with process time set to 2 microseconds and 
a dead time of ~ 60%. Dwell time for elemental maps and 
BSE images were 15 and 10 ms, respectively. Beam drift 
was measured every 30 min using Co as a reference stand-
ard. As previously reported (e.g., Buchs et al. 2018a, b), the 
composition of augite standard NMNH 122142 analysed at 
Cardiff University by this method has a relative error gener-
ally < 10%, specifically ∼1% for Si, Fe, Mg and Ca, ~ 6% for 
Al, ~ 10% for Na, ~ 20% for Ti, and ~ 30% for Cr (close to its 
detection limit of ∼0.10 wt.%). Therefore, errors in SEM 
EDS analysis are significantly lower than the natural vari-
ability expected in our samples.

Microprobe analysis

Microprobe analysis was performed at University of Bristol 
using a Cameca SX100 microprobe and a JEOL JXA8530F 
hyperprobe. Measurements were performed at 20 kV on the 

Fig. 1   Geological setting of 
the studied Palaeocene–Early 
Eocene oceanic island accreted 
and exposed on Azuero Pen-
insula. a Simplified geological 
map of the Costa Rica-Panama 
convergent margin ( modi-
fied from Buchs et al. 2010), 
with Cretaceous to Cainozoic 
igneous units and accretion-
ary complexes exposed in the 
forearc: (1) Nicoya Complex, 
Manzanillo Terrane, and 
Tortugal komatiitic suite; (2) 
Herradura Complex; (3) Tulin 
Formation; (4) Quepos terrane; 
(5) Inner Osa Igneous Complex; 
(6) Outer Osa Igneous Com-
plex; (7) Osa Mélange; and (8) 
Azuero Plateau, Azuero Accre-
tionary Complex and Mélange. 
MAT = Middle America 
Trench, NPDB = North Panama 
Deformed Belt, and PFZ = Pan-
ama Fracture Zone. b Simplified 
geological map of the Azuero 
Accretionary Complex with the 
location of the studied igneous 
rocks in Hoya Island (modi-
fied from Buchs et al. 2011). 
Samples with whole-rock and 
clinopyroxene geochemical data 
are shown in red
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Cameca system and 15 kV on the JEOL. Both systems oper-
ated at 40 nA, with a beam size set to 1 µm. Secondary cali-
bration was performed on labradorite, kaersutite, diopside, 
and Cr-spinel (SX100 only). Comparison with LA-ICP-MS 
results indicate that clinopyroxene (Cpx) Cr values from these 
analyses may be systematically underestimated (45–50% of 
LA-ICP-MS results) and are, therefore, considered with cau-
tion. However, based on secondary standardization, this may 
instead reflect interference in the LA-ICP-MS system (e.g., 
40Ar12C and 52Cr). Secondary calibration indicates that rela-
tive errors for major element concentrations in pyroxenes are 
generally < 5%: ~ 0.5% for Mg, < 2% for Ca, 15% for Ti (at 
near-detection limit concentrations), ~ 13% for Na, and ~ 2% 
for Cr (at high concentrations in Cr-spinel). Microprobe and 
SEM EDS measurements were compared directly by dupli-
cate analyses of 9 cpx crystals of variable compositions. These 
measurements were found to be consistent for most measured 
elements with, a mean relative error of 0.6% for SiO2, 3.9% 
for Al2O3, and 9.4% for Na2O. The mean relative error reached 
21% for Cr2O3 due to SEM EDS limitation at low elemental 
concentration. Cationic abundances were determined for cpx 
on a four cation, six oxygen basis, taking into account Fe3+ 
in the M1 site (Cameron and Papike 1981; Morimoto 1988; 
Stone and Niu 2009).

LA‑ICP‑MS

LA-ICP-MS analysis was performed at Utrecht University 
using a ThermoFischer Scientific Element 2 magnetic sector 

ICP-MS and a GeoLas 200Q Excimer laser ablation system 
(wavelength of 193 nm). Analyses used a beam diameter 
of 40–60 µm, and a pulse repetition rate of 10 Hz and an 
energy density of 10 J cm−2. Data were acquired with 60 s 
of ablation, preceded and followed by gas background meas-
urements. External calibration was carried out against glass 
reference material NIST SRM 612. Instrument performance 
and stability were monitored by measurement of USGS ref-
erence glass BCR-2G as a secondary standard throughout 
the procedure (Supplementary Materials 3). Based on these 
measurements, relative errors for analysis are < 10% for con-
centrations above 6 ppm, < 15% under 6 ppm, and < 20% 
under 1.2 ppm, with the exception of Pb (≤ 17% at 11 ppm). 
CaO wt.% data from microprobe analyses were used as inter-
nal standard.

Rhyolite‑MELTS modelling

Major element modelling was performed using rhyolite-
MELTS versions 1.0.2 (for anhydrous conditions) and 1.2.0 
(for hydrous conditions) (Gualda et al. 2012) to characterise 
compositional changes associated with magmatic differen-
tiation and help constrain approximate P–T conditions of 
crystallization of the studied transitional tholeiitic to alkaline 
magmatic suites. All runs were performed using an FMQ 
redox buffer, and primarily concerned anhydrous compo-
sitions, with a single exception. These assumptions are in 
agreement with the lack of primary hydrous phases in the 
studied igneous suites (Buchs et al. 2011; Gazel et al. 2018; 
this study) as well as redox conditions in other Pacific ocean 
islands (e.g., Geist et al. 1998; Brounce et al. 2017). We 
consider the potential for cryptic amphibole crystallization 
to be minor, based on cpx trace element compositions (see 
section on clinopyroxene trace element variability), ruling 
out significant hydrous influence on fractionation processes. 
As explained below, the studied picrites are porphyritic igne-
ous rocks with significant olivine accumulation, and most 
basalts have undergone significant degrees of olivine frac-
tionation. Therefore, an initial estimate for the starting com-
position was based on removal of primitive olivine and cpx 
from whole-rock (WR) compositions of picrites to obtain an 
approximate matrix (~ melt) composition. These matrices, 
as well as chemically similar whole rocks, were then used 
as potential starting compositions. The olivine composition 
used in the matrix calculations is the most Fo-rich com-
position (AZ14-38S, Fo = 90.38) reported by Gazel et al. 
(2018). For cpx, we used the most primitive composition 
reported in this study (DB05-010 px 5, Mg# = 86.7; Supple-
mentary Materials 3). The volume of phenocrysts removed 
for each picrite was based on manual selection on thin sec-
tion images and volume calculation using Fiji by ImageJ 
software (Schindelin et al. 2012, 2015). Afterwards, whole-
rock oxide concentrations were re-normalized to exclude 
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the phenocrytic component. We used a density of 3.2, 3.3, 
3.4, and 2.75 g/cm3 for whole-rocks, olivine (ol), cpx, and 
plagioclase, respectively.

Cpx‑liquid equilibrium test 
and geothermobarometry

Major element equilibrium evaluations

Geothermobarometric calculations using the microprobe 
cpx dataset were performed using an approach adapted from 
Neave and Putirka (2017) and Neave et al. (2019). Cpx-WR 
pairs were determined on the basis of best-fit equilibrium 
calculations, in which equilibrium between cpx and picrite 
(adjusted for accumulation), basalt, and hawaiite whole-rock 
compositions (Buchs et al. 2011; this study for PA14-032, 
Supplementary Materials 2, 3) was tested in terms of Mg#, 
the structural components in the cpx, and the Ti-partition 
coefficient (DTi). The Fe2+/Fe3+ ratios in whole-rock data 
used to determine the KD(Fe–Mg)cpx−liq were determined by 
the approach of Kress and Carmichael (1991) assuming oxy-
gen fugacity buffered to the quartz-fayalite-magnetite buffer 
at a temperature estimated using Eq. 14 of Putirka (2008). 
Picrite WR data uncorrected for olivine accumulation were 
not considered to represent potential carrier liquids because 
of high abundance of inherited olivine phenocrysts in these 
rocks (see below). To start, temperatures and pressures of 
crystallization were determined for every possible WR-cpx 
pair using Eq. 33 from Putirka (2008), and the Jd-in barome-
ter from Neave and Putirka (2017), respectively. These equa-
tions are subject to SEEs of 45 °C and 1.4 kbar, respectively. 
We estimate equilibrium for each pair first by calculating 
the KD(Fe–Mg)cpx−liq value using Eq. 35 of Putirka (2008), 
with a temperature input in accordance with Eq. 33 of the 
same study. We assumed that cpx-liquid Mg# equilibrium 
was reached when the measured KD(Fe–Mg)cpx−liq of a given 
cpx-liquid pair fell within a 0.03 envelope (arbitrary value 
identical to Neave et al. (2019) chosen to be within sensible 
accuracy) of the value calculated based on the whole-rock 
composition. Diopside-Hedenbergite (DiHd), Enstatite-Fer-
rosilite (EnFs), and Calcium-Tschermak (CaTs) component 
equilibria were subsequently tested for each cpx-WR pair 
using the empirical approaches of Mollo et al. (2013a) (for 
DiHd, EnFs) and Putirka (1999) (for CaTs), using tempera-
ture and pressure inputs from the geothermobarometric cal-
culations. Pairs were deemed in equilibrium with a whole-
rock composition when measured components were within a 
threshold value of calculated values. We used thresholds of 
0.06, 0.05, and 0.03 for the DiHd, EnFs, and CaTs compo-
nents, respectively, corresponding to the standard estimated 
errors (SEE) reported by Mollo et al. (2013a) for their cali-
brated dataset, as well as those reported by Putirka (1999). 
Lastly, crystal-melt pairs were checked for Ti-equilibrium 

using the approach by Hill et al. (2011) adjusted for the erra-
tum of Hill et al. (2012). By use of this lattice strain param-
eterization model we calculated the appropriate Ti-partition 
coefficient for each cpx crystal, with which an equilibrium 
carrier equilibrium carrier liquid TiO2 concentration was 
calculated and compared with the matched whole-rock, 
using a moderately high equilibrium threshold TiO2 value 
of 2 wt.% (50—100% of whole rock concentrations). Only 
cpx-WR pairs which present equilibrium in terms of all 
tested parameters are considered to report petrologically 
meaningful P–T conditions. Cpx compositions which were 
found to be in equilibrium with multiple whole rocks have a 
range of temperatures and pressures reported. For compari-
son and due to the more alkaline compositions included in 
our dataset (hawaiites), the same approach was performed 
instead using barometric model P1 of Putirka et al. (1996) 
(SEE = 1.22 kbar), in combination with the T2 thermometry 
model (SEE = 34 K) of the same study. However, due to this 
barometer’s systematic overestimation at low pressures (< 10 
kbar) (Neave and Putirka, 2017), calculated pressures under 
10 kbar were systematically adjusted. For the adjustment 
approach, a maximum overestimation of 3 kbar (at a calcu-
lated value of 2 kbar) was used, decreasing to an adjustment 
of 0 kbar for calculated values of 10 kbar. Sub-zero calcu-
lated pressures were subsequently discarded.

Trace element modelling of carrier melts

Clinopyroxene-liquid rare earth element (REE) equilibria 
were modelled using the Lattice Strain Model approach 
of Wood and Blundy (1997) for all cpx-whole-rock pairs 
consistent with equilibrium in terms of Mg# and cpx-com-
ponents. Because all considered pairs were in major ele-
ment equilibrium, the pressures and temperatures required 
to determine cpx-melt REE partition coefficients were based 
on our geothermobarometric results as discussed previously. 
For each element and each pairing, expected cpx/melt parti-
tion coefficients (D or Di for element i) were calculated using 
Eq. 10 of Wood and Blundy (1997) at the pressure, tempera-
ture, and bulk chemical constraints of the pairing. Param-
eters r0, E0, and D0 were calculated using Eqs. (15), (14), and 
(34) of Wood and Blundy (1997), using structural units as 
calculated on a 6-oxygen basis (see section on microprobe 
analysis), pressures and temperatures as calculated for major 
element equilibration, and the Mg# of the paired whole-rock. 
All calculations were performed once for the exact calcu-
lated pressure and temperature conditions, once for the lower 
estimates of both (-1SEE), and once for the upper estimate 
(+ 1SEE) values. The calculated partition coefficients were 
then compared to those observed in the cpx-WR pair based 
on ICP-MS analysis. As further explained below, we consid-
ered equilibrium to have been achieved when a majority of 
calculated values were within 20% of the measured partition 
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coefficients. Though pairs are still evaluated on an individual 
basis, this threshold was chosen to account for error propa-
gation from trace element analyses and is not petrologically 
meaningful, especially given the increased errors in analysis 
on select trace elements (low vs high concentrations, paired 
vs unpaired electrons). Due to their different calibration 
sets, the cpx-WR matches and pressure–temperature condi-
tions of the Neave and Putirka (2017) geothermobarometric 
approach are used for tholeiitic shield phase cpx, whereas 
those of Putirka et al. (1996) are used for alkaline post-shield 
phase cpx.

Results

Petrography and mineral composition

Whole‑rock textures

The studied basalts possess an ophitic to microporphyritic 
texture dominated by cpx in a microcrystalline plagioclase 
matrix. No clear foliation is observed. Basalt sample DB06-
084 (Supplementary Materials 1, Fig. S2b, S3) is moderately 
altered, reflected by widespread secondary mineralization 
in amygdales and chloritization of melt pockets, whereas 
DB07-013 and DB06-077 (Supplementary Materials 1, Fig. 
S3-4) appear fresh.

Hawaiite samples PA14-032 and DB06-007 are porphy-
ritic, with phenocrysts of up to 3 mm in diameter, and a total 
crystal volume of 14–19% (Supplementary Materials 1, Fig. 
S2e, S6-7). Clinopyroxene and plagioclase feldspar are the 
dominant phenocryst phases. All phenocrysts are euhedral 
to subhedral with frequent resorption features in cores and/
or rims (Supplementary Materials 1, Fig. S2e, S6-7). Amyg-
dales in these rocks are scarce (< 5%) and filled with second-
ary oxides and carbonates. The matrix is cryptocrystalline 
and dominated by laths of cpx and plagioclase feldspar (up 
to 90%), forming a weak magmatic foliation, with subordi-
nate opaque oxides and infrequent alkali feldspar. Hawaiite 
DB07-021 has a texture similar to that of the other hawai-
ites but with slightly more pronounced subophitic character 
(Supplementary Materials 1, Fig. S2f, S8).

Picrites can be subdivided into three textural categories 
(Supplementary Materials 1, Fig. S2a, c, e, S9-12): olivine-
dominated (DB05-010, DB07-024), glomeroporphyritic 
(DB06-038), and mixed (DB06-086). Olivine-dominated 
samples (Supplementary Materials 1, Fig. S2a, S9, S12) are 
highly porphyritic with a crystal volume up to 50%, com-
prised almost exclusively of olivine (≥ 50% of crystals) and 
cpx (30–50%) with subordinate plagioclase. This type of 
picrite is often heavily altered, as evidenced by abundant 
serpentinization of olivine. The matrix is composed primar-
ily of cpx and minor plagioclase feldspar within an altered 

glass matrix. Glomeroporphyritic picrite DB06-038 (Sup-
plementary Materials 1, Fig. S2c, S10) has a crystal content 
of ~ 60% (25% olivine, 25% cpx, 10% plagioclase). Both 
olivine and cpx form glomeroporphyritic complexes within 
a matrix of moderately altered glass. Mixed picrite DB06-
086 (Supplementary Materials 1, Fig. S2e, S11) has 30% of 
its crystal population composed of sub-equal proportions of 
olivine, cpx, and plagioclase. Clinopyroxene phenocrysts are 
either subhedral or anhedral and resorbed, whereas olivine 
is exclusively anhedral, and feldspars are euhedral to sub-
hedral. The matrix of this sample is cryptocrystalline with 
abundant plagioclase laths and cpx and no clear foliation.

Olivine

Olivine was only found in picrite samples. Crystals (≤ 5 mm 
diameter) are rounded, fractured, and frequently altered to 
serpentine (Supplementary Materials 1, Fig. S13a). Geo-
chemical analysis of olivine was beyond the scope of our 
study that focused on pyroxenes. Where olivine composi-
tions were needed, we used the dataset of Gazel et al. (2018), 
who focused on the geochemistry of olivine in the same 
magmatic series.

Plagioclase

Plagioclase is present in all samples as groundmass, phe-
nocryst, and inclusions in cpx (Fig. 3f;). Phenocrysts are 
subhedral to anhedral with oscillatory zoning. Resorbed 
cores are common in hawaiite DB06-007 (Supplementary 
Materials 1, Fig. S13b,c). Plagioclase inclusions in cpx from 
hawaiites are circular and up to 200 µm in diameter, whereas 
those in cpx from picrite DB06-086 are best described as 
subhedral chadacrysts (early-formed crystals enclosed 
by later crystallizing phases) of up to 2 mm in diameter 
(Fig. 3f).

Clinopyroxene

All studied samples contain cpx of augite to diopside 
composition (Table 1), which can be subdivided into five 
populations, termed here M-, R1-, R2-, H-, and S-type, 
based on chemical and morphological characteristics 
(Fig. 3; Table 1). M-type cpx are microphenocrysts found 
in all basalt samples (Supplementary Materials 1, Fig. S2, 
S3-5; Fig. 3a). These cpx are < 400 µm in diameter and 
can be distinguished by their euhedral habit and micron-
scale oscillatory zoning (Fig. 3a). R1-type cpx are well-
rounded phenocrysts found exclusively in picrites. These 
phenocrysts have diameters of up to 4 mm, and frequently 
have magnesium-rich (Mg# = 82–87) cores surrounded by 
a more evolved rim (Mg# = 73–79) rim (Fig. 3b,c). Cr-
spinel is a common inclusion phase in this crystal-type 
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(Fig. 3b), in line with this being the most Mg-rich popu-
lation in the magmatic series. R2-type cpx are another 
variety of rounded phenocrysts found in all basalt sam-
ples, as well as picrite DB06-038. R2-type cpx consist of 
anhedral crystals of up to 400 µm without internal zoning, 
occurring as isolated crystals and/or monomineralic glom-
erocrysts (Supplementary Materials 1, Fig. S2c; Fig. 3d). 
Though not as primitive in composition as R1-types, this 
is the second most Mg-rich crystal population (Table 1). 
H-type cpx are found exclusively in hawaiite samples 
DB06-007 and PA14-032 and represent the most Mg-
poor, evolved cpx population. These cpx have diameters 
between 0.5 and 5 mm, are Ti–rich (TiO2 = 1.3–3.3 wt.%, 
median = 2.4 ± 0.3 (1σ, n = 126); Table 1) and chemically 
homogeneous, with an intense reddish/brownish colour in 
thin section (Fig. 3e). S-type cpx are sector zoned crys-
tals found exclusively in picrite sample DB06-086. They 
have multiple chemical zones (or sector zones; Fig. 3f) 
that correspond to Ti–rich (TiO2 = 1.7–2.4 wt.%) and 
Ti-poor (TiO2 = 1.3–1.6 wt.%) compositional end-mem-
bers (Table 1). S-type cpx commonly host plagioclase 
chadacrysts (Fig. 3f). Detailed chemical characteristics 
of the five cpx types are discussed in the clinopyroxene 
geochemistry section and can be found in Supplementary 
Materials 2.

Magmatic differentiation of carrier liquids

The Hoya Island picrites, basalts, and hawaiites form three 
distinct populations in terms of bulk rock chemistry (Fig. 4, 
5), which appear primarily separated by Mg# and alkali 
content. The hawaiites (including the single monzosyenite 
sample) represent the most evolved magmas (of the post-
shield alkaline phase) with Mg# = 30–42 and a lower CaO 
content, but higher Al2O3 relative to the more magnesian 
basalts. The hawaiite TiO2 content is similar to basalt sam-
ples with Mg# of ~ 50, indicating a relative depletion for 
their Mg content. The bulk of the basalts (including the sin-
gle gabbro sample) have Mg# ranging between 40 and 58, 
the most Mg-rich sample being DB06-134 (Mg# = 58.6). 
TiO2 and Al2O3 decrease with Mg# from 4.3 to 2.7 wt.% 
and 15.2 to 13.4 wt.%, respectively (Fig. 4b, c). In contrast, 
CaO decreases with differentiation from 11.6 to 8.9 wt.%, 
albeit with significant scatter, and SiO2 follows a convex 
pattern with Mg# between 46.9 and 48.9 wt.%, peaking 
at Mg# = 49.7 with 50 wt.%. The picrites form a compo-
sitional trend between high-Mg# basalt and pure olivine 
compositions. This feature, in combination with the highly 
porphyritic texture of the picrites and resorption of some of 
their olivine phenocrysts, suggests that olivine accumula-
tion in basaltic melts controlled the formation of the picrites 

Fig. 3   OM images of different morphological cpx types under plane 
polarized light. a M-type from DB06-077 [scale bar 50  µm], b R1 
phenocryst from DB05-010 as also found in DB07-024 (cpx 5) [scale 
bar 500  µm]; black inclusions are spinel, c R1 phenocryst from 
DB06-086 [scale bar 500 µm], d Aggregate of R2-type phenocrysts 

from DB07-013 (cpx 1) [scale bar 200  µm], e H-type phenocryst 
from PA14-032, Ti-richness is exemplified by red colour (cpx 1) 
[scale bar 500  µm], f S-type phenocryst (086 cpx 4) with a Ti-rich 
(right) and Ti-poor (left) zone [scale bar 500 µm], white chadacrysts 
are plagioclase feldspar
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during the transitional tholeiitic shield phase of the island. 
Picrite formation by mineral accumulation in a transitional 
tholeiitic basaltic melts is also consistent with crystal-liquid 
disequilibrium of both cpx (see below) and olivine (Gazel 
et al. 2018), and with the basaltic composition of the matrix 
of three picrites, as estimated by subtracting phenocrysts 
chemistries from bulk-rock data. Nevertheless, the matrix 
of picrite DB05-010 has a distinctly higher Mg# (70.8) than 
Hoya basalts and other calculated picrite matrices, which 
suggests that the composition of this matrix may lie close to 
that of a parental melt for the transitional tholeiitic series of 
the shield volcanic stage of the island. This is consistent with 
the composition of cpx phenocrysts in this sample having 
the highest Mg# of our dataset (see section on clinopyroxene 
geochemistry).

Rhyolite-MELTS modelling of the liquid lines of descent 
of the shield transitional tholeiitic (basaltic) and post-shield 

alkaline (hawaiite) series was attempted using a variety of 
whole-rock compositions close in composition to the matrix 
of picrite DB05-010 (Mg# = 70.8; Supplementary Materi-
als 2). The best result for the transitional tholeiitic series 
was found using equilibrium fractionation using unadjusted 
picrite sample DB07-014 as starting composition (Supple-
mentary Materials 2) at pressures of 2–3 kbar and FMQ 
redox conditions (Chosen as approximation based on Cot-
trell et al. (2021) as well as the redox conditions in other 
Pacific ocean islands (e.g., Geist et al. 1998; Brounce et al. 
2017)). This sample shows the least signs of olivine accumu-
lation among picrites, and has a more appropriate Al2O3 and 
CaO content than the DB05-010 matrix. It is not considered 
a primary liquid, but serves as an adequate parental melt 
composition. Rhyolite-MELTS modelling using the DB05-
010 matrix composition produces trends too low in SiO2 and 
displaced towards higher MgO, likely reflecting the enduring 

Table 1   Representative cpx analyses of all morphological and chemical groups per thin section in which they occur

Cation proportions are calculated on a 6 oxygen basis taking into account Fe3+ in the M1 site (Cameron and Papike, 1981; Morimoto, 1988; 
Stone and Niu, 2009. Ferric iron calculated using approach of Lindsley (1983). Pyroxene components wollastonite, enstatite, and ferrosilite are 
noted in percentages

Sample PA14-32 DB06-007 DB06-084 DB06-084 DB06-086 DB06-086 DB06-086 DB07-013 DB07-013 DB05-010

Crystal 3 1 5 2 12 10 10 6 9 1
Type H H R2 M R1 S (High-Ti) S (Low-Ti) R2 M R1
SiO2 48.53 48.48 50.53 49.61 49.94 49.24 50.90 51.34 49.34 50.56
TiO2 2.38 2.24 1.36 1.39 1.30 1.95 1.36 1.05 1.83 0.95
Al2O3 5.48 5.36 3.95 5.02 4.25 4.31 3.01 3.41 4.66 4.18
Cr2O3 0.09 0.18 0.42 0.75 0.96 0.19 0.14 0.56 0.08 1.15
FeO 7.30 7.43 6.66 6.61 5.27 7.87 7.69 6.20 9.07 4.99
MnO 0.11 0.11 0.14 0.12 0.11 0.17 0.18 0.14 0.18 0.09
MgO 13.63 13.82 15.51 14.98 15.53 14.23 15.31 16.14 14.96 15.71
CaO 22.19 22.06 21.31 21.27 21.82 21.53 21.05 21.07 19.68 22.19
Na2O 0.45 0.48 0.29 0.26 0.32 0.35 0.37 0.28 0.32 0.28
K2O  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  < 0.01 0.01  < 0.01
Total 100.17 100.16 100.17 100.03 99.50 99.84 100.01 100.21 100.13 100.09
Si 1.80 1.79 1.86 1.83 1.84 1.83 1.88 1.88 1.83 1.85
Ti 0.07 0.06 0.04 0.04 0.04 0.05 0.04 0.03 0.05 0.03
Al (T) 0.20 0.21 0.14 0.17 0.16 0.17 0.12 0.12 0.17 0.15
Al (M1) 0.04 0.03 0.03 0.05 0.03 0.02 0.01 0.03 0.03 0.03
Cr3+ 0.00 0.01 0.01 0.02 0.03 0.01 0.00 0.02 0.00 0.03
Fe3+ 0.06 0.08 0.04 0.04 0.05 0.06 0.05 0.03 0.06 0.05
Fe2+ 0.16 0.15 0.16 0.16 0.11 0.18 0.18 0.16 0.22 0.11
Mn 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00
Mg 0.75 0.76 0.85 0.82 0.85 0.79 0.84 0.88 0.83 0.86
Ca 0.88 0.87 0.84 0.84 0.86 0.86 0.83 0.83 0.78 0.87
Na 0.03 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Wollastonite 47.3 46.8 44.2 44.9 45.8 45.2 43.4 43.4 41.2 46.2
Enstatite 40.4 40.8 44.8 44.0 45.4 41.6 43.9 46.3 43.6 45.5
Ferrosilite 12.3 12.5 11.0 11.1 8.8 13.2 12.7 10.2 15.1 8.3
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effects of accumulation even after (inherently semi-quan-
titative) adjustment. Anhydrous, isobaric crystallization 
with decreasing temperature using composition DB07-014 
at 2–3 kbar produced olivine, followed by Cr-spinel, cpx, 
plagioclase, ulvöspinel, magnetite, whitlockite, and ilmenite, 
resulting in better fitted liquid lines of descent (Fig. 4, 5). 
These models are additionally in general agreement with 
petrographic observations and reproduce the broad chemical 
trends of the transitional basalt series. Modelling at higher 
pressures (≥ 4 kbar) instead cause an interval of early opx 
crystallization to be predicted, as well as delayed feldspar 
crystallization, which together cause SiO2 to be underes-
timated and Al2O3 to be overestimated at these pressures. 
In a similar fashion, the addition of 0.5 wt.% H2O to the 
3 kbar model causes liquid lines to significantly underesti-
mate estimate TiO2 concentrations, due to crystallization of 
more Ti-rich cpx and an overall delay in the crystallization 
of Ti-poor phases (Fig. 4b) These observations constrain dif-
ferentiation conditions of the tholeiitic series to anhydrous 

crystallization at 2–4 kbar. Note, however, that this model 
fails to reproduce the exact crystal compositions observed in 
picrites, which have a higher Mg# still (85–86 vs the mod-
elled 82). This discrepancy reflects later cpx crystallization 
than observed and a more dominant EnFs component in 
the modelled crystal compositions, as opposed to the more 
DiHd-rich natural samples (Supplementary Materials 1, 
Fig. S15, S16). Hawaiite compositions are approximately 
reproduced using equilibrium crystallization from the same 
parental liquid used for the transitional tholeiitic series at 
pressures close to 6 kbar (Fig. 4). Nevertheless, SiO2 con-
centrations are not satisfactorily reproduced. At this pres-
sure, in contrasting to petrographical evidence, opx replaces 
olivine as the first crystallizing phase, after which the 2–3 
kbar fractionation path is followed from spinel onwards. The 
three highest Mg# hawaiite series rocks are additionally in 
good agreement with hydrous (0.5 wt.% H2O) fractiona-
tion at 3 kbar. Under these conditions, cpx and especially 
feldspar crystallization are delayed (Mg# 46.6 vs 50.7), and 
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Fig. 4   Harker diagrams for Al2O3, CaO, TiO2, and SiO2, versus Mg#, 
functioning as a fractionation proxy. Whole-rock data are reported 
on a volatile-free basis and are normalized to 100%. Liquid lines of 
descent are listed for 2, 3, and 6 kbar melt fractionation from sample 
DB07-014, as well as 3 kbar fractionation with 0.5 wt.% H2O. Liquid 
lines are based on rhyolite-MELTS modelling (Gualda et  al. 2012) 
as discussed in the Materials and Methods section. Basalt sample 

DB06-134 is highlighted as the most primitive tholeiitic basalt. Rep-
resentative compositions of pyroxene and olivine are the most primi-
tive reported analyses from this study and Gazel et al. (2018), respec-
tively. Mineral-in and -out lines, as well as fractionation percentages 
are reported for 3 kbar anhydrous fractionation. Beyond DB07-014 
we’ve included dashed lines indicative of olivine addition (olivine 
composition from Gazel et al. (2018))
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whitlockite is replaced by apatite. Melt curves corresponding 
to hydrous fractionation are in better SiO2 and TiO2 agree-
ment with the higher Mg# hawaiite samples, but disagree 
with sample DB06-007. However, there are too few hawaiite 
samples to rule out the possibility of anhydrous fractionation 
in the hawaiites based on rhyolite-MELTS curves.

Additional constraints on the role of olivine, cpx and pla-
gioclase fractionation/accumulation (and possibly source 
composition) are provided by Ni, Sc and Sr, respectively, 
which are highly compatible in these phases. Ni and Sc both 
decrease with decreasing Mg# in the basalt + hawaiite series 
(Fig. 5). Ni decreases strongly from ~ 1750 to ~ 300 ppm with 
decreasing Mg# in picrites, but only moderately decreases 
from ~ 200 to ~ 0 ppm in basalts and hawaiites (Mg# < 60), 
forming an apparent differentiation/accumulation compo-
sitional continuum with the picrites (Fig. 5a). This trend 
is mirrored by Cr, which decreases significantly between 

picrites (~ 1700 to ~ 700 ppm), but reaches a shallower slope 
for the basalts (~ 16 ppm per Mg#). Sc instead increases 
from ~ 15 to 35 ppm with decreasing Mg# in the picrites, 
then decreases steadily from ~ 35 to ~ 25 ppm in the basal-
tic interval as cpx starts to crystallize (Mg# = 60–40). The 
hawaiites have distinctly lower Sc (~ 20 ppm) than the tran-
sitional tholeiitic basalts, consistent with their differentiated 
character (Mg# = 30–42) and delayed plagioclase crystalliza-
tion at higher pressure or higher water content in this alka-
line series (Fig. 5b). Sr increases from ~ 0 to ~ 400 ppm with 
decreasing Mg# in the picrites, and from ~ 400 to ~ 500 ppm 
in the basalts (Fig. 5c). Two samples with unusually high Sr 
probably reflect alteration, but the lack of significant correla-
tion between LOI and fluid mobile elements (Supplemen-
tary Materials 1, Fig. S1), together with highly consistent 
correlation between CaO and Na2O + K2O in the different 
rock types (Fig. 5d), suggest insignificant alteration effects 
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ene, and plagioclase crystallization during fractionation, respectively. 
d Alkali vs CaO diagram indicating a lack of positive correlation 
between alteration and CaO concentrations. Liquid lines are included 

based on rhyolite-MELTS modelling (Gualda et  al. 2012) as dis-
cussed in the Materials and Methods section. Olivine addition lines 
are included for Ni (a) and Sc (b), reflecting the fractionation/accu-
mulation path represented by the picrites (olivine composition from 
Gazel et al. (2018))
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in most of the samples. Hawaiites have a more elevated Sr 
content than basalts (~ 750 ppm vs ~ 500 pm) at similar Mg# 
(Fig. 5c), which may reflect more extensive fractionation 
with cpx as the main crystallizing phase (as suggested by 
Sc), or a distinct magmatic source during post-shield mag-
matism. Perhaps more directly, the relative abundance of 
feldspar phenocrysts in the hawaiite samples (Supplemen-
tary Materials 1, Fig. S2d, S6, S7) may also have preferen-
tially enriched the sample material in feldspar-compatible 
elements. The trends for Ni and Sc in basalts are in agree-
ment with fractionation results from rhyolite-MELTS mod-
elling at 3 kbar, indicating that olivine stops crystallizing 
when the melt Mg# reaches 59–60, and cpx starts to crystal-
lize at Mg# = 59. However, the onset of plagioclase crystal-
lization at Mg# = 51 predicted by rhyolite-MELTs modelling 
does not correspond to any clear change in Sr-Mg# trends. 
This discrepancy is supported by petrographic observations 
from high Mg# (> 55) basalts and picrites (e.g., DB07-013; 
DB06-038) which suggest that plagioclase crystallizes sig-
nificantly earlier in the transitional tholeiitic sequence than 
in model predictions. The lower Sc and higher Sr signals in 
hawaiites are consistent with early pyroxene and late plagio-
clase crystallization predicted by rhyolite-MELTS modelling 
at 6 kbar, but the low Ni concentrations in the hawaiites 
argue for a larger window of early olivine crystallization 
instead of the window of opx crystallization predicted at 
these pressures. Nevertheless, no liquid lines with the cur-
rent starting composition are able to reproduce the most 
Mg-rich R1-type clinopyroxene crystals (Mg# = 86.7) found 
in the picrites, which must have crystallized from a higher 
Mg# melt than current models predict for the onset of cpx 
crystallization.

Clinopyroxene geochemistry

With the exception of M-type cpx, all cpx populations have 
a distinct geochemical signature, ranging from the primi-
tive R1-type cpx hosted in picrites (Mg# = 80–87, exclud-
ing rims; Table 1), to the H-type cpx hosted in hawaiites 
(Mg# = 69–77; Table 1), which have a more significant 
jadeite-component (Table 1). S-type cpx have bimodal high- 
(TiO2 = 1.73–2.44 wt.%) and low-Ti (TiO2 = 1.30–1.61 wt.%) 
compositions that correlate to the observed sector zoning, 
covering an Mg# range of 71–78 and 75–79, respectively 
(Table 1). (for a complete overview, see Supplementary 
Materials 3). M-type microphenocrytic cpx from basalts 
DB07-013 and DB06-084 cover the largest compositional 
range of all analysed cpx types, encompassing compositions 
of all other types except for R1. Together with their very 
distinctive micro-oscillatory zoning (Supplementary Materi-
als 1, Fig. S14), this suggests step wise crystallization in a 
variety of conditions/melts.

Representative element maps (Fig. 6a) of the studied cpx 
phenocrysts clearly outline the high chemical variability in 
M-type cpx (Fig. 6a), as well as the stark chemical contrast 
between individual zones within S-type pyroxenes (Fig. 6b). 
Individual growth zones of M-type crystals are up to 20 
microns wide (Fig. 6a); and may exhibit hourglass zoning. 
In the simplest sense, the oscillatory growth zones represent 
alternating rims of more primitive (Mg- and Cr-rich) and 
evolved (Mg- and Cr-poor) zones, both of which are equally 
affected by potential hourglass zoning (Fig. 6a). Element 
maps of S-type pyroxenes are in agreement with observa-
tions in optical microscopy (Fig. 3f; 6b). High-Ti signatures 
coincide with high concentrations of Al and low concentra-
tions of Mg and Si (Fig. 6b). Cr is too low in concentra-
tion to accurately measure in element mapping, but electron 
probe measurements indicate this element to be enriched in 
high Ti zones (Fig. 6b). Whereas zoning in R1-type pyrox-
enes is mostly limited to normal zonation with a lower Mg# 
outer rim (Fig. 6c), more complex, multi-stage growth pat-
terns can be discerned in a few crystals (Supplementary 
Materials 1, Fig. S14).

Clinopyroxene trace element variability

All cpx types have similar Primitive Mantle (PM)-normal-
ised trace element patterns (Fig. 7), with a generally con-
cave downward shape and negative Sr and Zr anomalies, 
as commonly observed for cpx in transitional tholeiitic 
to alkaline series (e.g., Marks et al. 2004). Despite broad 
similarity, distinct overall trace element abundances can 
be observed in the different cpx types. R1-type cpx from 
picrite DB05-010 and R2-type cpx from basalt DB07-
013 are the most depleted, chemically similar variants 
(Fig.  7d). R2-type cpx from basalt DB06-084 instead 
shows close overlap with basalt-hosted M-type cpx. This 
is in line with their lower Mg# compared to R2 from 
DB07-013, and indicates that R2-type cpx from different 
samples are chemically distinct in both major and trace 
elements. Nevertheless, a shallow slope towards HREE is 
shared between the R2-types from DB07-013 and M-types 
from DB06-084, reflected in comparatively low Dy/Yb 
(1.8–2.8) and Ti/Yb (5900–8700) ratios (Fig. 8a, b). As 
previously suggested, based on microprobe Ti results, the 
trace element contents of S-type cpx are strongly bimodal, 
with the highest trace element contents correlating to Ti-
rich sectors. Despite Zr being depleted in all samples, 
this feature is most pronounced in R1- and R2-types from 
picrites and basalt samples, respectively. R1-types from 
DB05-010 are distinctly depleted in trace elements com-
pared to those from DB06-086 (Fig. 7d), despite signifi-
cant overlap in texture and major element compositions. 
The least variable trace element signal between crystals 
is found in H-type pyroxenes, which are more enriched in 
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LREE and slightly more depleted in HREE than M- and 
S-type cpx. Comparative depletion of HREE with respect 
to the cpx from transitional tholeiitic rocks is reflected 
in high Ti/Yb (9600–1300), Dy/Yb (2.8–3.8), and La/Sm 
(0.52–0.74) ratios (Fig. 8). Selected H-type pyroxenes 
additionally contain high EuN/Eu* values (0.37–0.40) 
outside of the main array (0.28–0.34), potentially reflect-
ing variable amounts of feldspar assimilation/dissolution 
during magma mixing (Fig. 8e). Progressive enrichment 
of Dy from R-types towards alkaline H-type pyroxene 
and a corresponding lack of variation in the Dy/Yb ratio 

rules out cryptic amphibole formation during fractiona-
tion (Fig. 8d).

Clinopyroxene geothermobarometry

Within the complete set of 821 cpx measurements, 602 
(74%) were found to be in Mg#, DiHd, EnFs, CaTs, 
KD(Fe–Mg)Cpx−liq, and Ti-equilibrium with any of the transi-
tional tholeiitic and alkaline whole-rock compositions from 
Hoya Island (Supplementary Materials 1, Fig. S15, 16; Sup-
plementary Materials 3, Tables S2; S3). 129 measurements 
among the equilibrated pairs (15.7% of total) were found 
to be in equilibrium with their host rock, all of which were 
M- or R2-types derived from basalt samples DB06-084 and 
DB07-013. Identical modelling using the geothermobaro-
metric equations of Putirka (1996) instead results in 365 
measurements in equilibrium with a whole-rock composi-
tion (44%), 41 (5% of total) among which are equilibrated 
with their host. These last measurements were again pri-
marily M- and R2-types from the tholeiitic basalts. In total, 
this amounts to 3432 equilibrium pairs following the equa-
tions of Neave and Putirka (2017) and 2148 pairs following 
Putirka et al. (1996)’s equations. A complete distribution 

Fig. 6   EMPA measurement profiles matched with elemental mapping 
or BSE imagery of a M-, b S-, and c R1- type pyroxenes. M-type 
crystal 2 of DB06-084 is displayed in terms of a Cr-map, showing 
alternation of Cr-rich and Cr-poor zones. The profiled area is repre-
sented by a simplified sketch for clarity. Panel b shows an Mg-map 
of a sector zoned cpx in DB06-086 with a Ti-poor (left) and Ti-rich 
zone (right). The corresponding profile indicates the coupling of ele-
ments between sectors. Panel c displays a BSE image of an R1 type 
cpx of DB06-086, exemplified by its highly primitive core and much 
more evolved rim. Distances reported in profiles are measured from 
rim to core
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Fig. 7   Trace element variability diagrams for the different pyroxene 
types, as measured by LA-ICPMS. Element order from incompat-
ible to compatible in cpx, normalized to primitive mantle values from 
McDonough and Sun (1995). Hawaiite background shading is intro-
duced in all diagrams as representative of hawaiite-type cpx com-
position (panel (a)). Sector zoned cpx (c) are displayed per sector, 

showing the enrichment of trace elements in Ti-rich zones. R2 types 
of DB06-084 are in closer in trace chemical composition to M-type 
cpx and are therefore included in panel (b), whereas DB07-013’s R2 
types are chemically more comparable to R1-type cpx displayed in 
panel (d)
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of equilibrium pairs per whole-rock can be found in Sup-
plementary Materials 3, in the form of Tables S2 and S3. In 
the following text, the Neave and Putirka (2017) model will 
be primarily discussed, given that it is preferred for all but 
the H-type cpx. Due to the nature of the whole-rock dataset, 
crystals with intermediate compositions (in terms of Mg#, 
such as M- and R2-types) were found to be in equilibrium 
with a larger amount of potential carrier liquids. M-type 
cpx WR matches are particularly diverse, with 24 (DB06-
084) to 28 (DB07-013) liquids all representing > 1% of the 
matches. In contrast, we find R1-type cpx to be primarily 
equilibrated with a select group of the most Mg-rich com-
positions (e.g., 74% of the 133 R1-pairs of DB05-010 match 
with the four most Mg-rich compositions). It is worth not-
ing that these matches only represent 84 out of 199 R1-type 
measurements, which exclude the most Mg-rich composi-
tions (Mg# > 85.4) for which DB06-134 is not primitive 
enough. In addition, no matches were found with the matrix 
of DB05-010 (Mg# = 71.3), indicating that their equilibrium 
melt is most likely compositionally intermediate between 
that sample and basalt DB06-134. R2-type crystal pairs are 
similarly limited to higher Mg# (> 50) melts, but to a lesser 

degree. A moderate amount of H-type cpx-WR equilibrium 
pairs can be found when using the Neave and Putirka (2017) 
model, most of which match with DB06-083, a transitional 
basalt with Mg# 50.4. When using the Putirka et al. (1996) 
model, however, an unimpressive seven measurements find 
equilibrium compositions, all of which are significantly 
closer to hawaiite composition (44.5 < Mg#). Given that the 
Neave and Putirka (2017) model is not calibrated for alkali-
rich compositions, the results of the model of Putirka et al. 
(1996) are nevertheless judged more likely to be petrologi-
cally realistic. In line with their compositional sectors, the 
S-type cpx equilibrium liquids are bimodally distributed 
between a Mg-rich (Mg# 50.4–51.7 for low-Ti zones) and 
Mg-poor (Mg# 44.5–47.5 for high-Ti zones) group.

P–T conditions of crystallization obtained from the 
Neave and Putirka (2017) cpx-melt pairs considered to 
be in major element equilibrium form three arrays: a high 
pressure (5.3 ± 0.7 kbar) group formed by H-type cpx in 
the hawaiites of the post-shield phase, a low-temperature 
(1146 ± 17.3 °C) group of S-type crystals divided between 
high (high-Ti sectors; 4.2 ± 0.8 kbar) and low pressures 
(low-Ti sectors; 2.6 ± 1.4 kbar), and a major array of R1-, 
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R2-, and M-type cpx of the shield phase, covering a higher 
temperature (1174 ± 18.4 °C), intermediate pressure range 
(3.3 ± 1.1 kbar) (Fig. 9). The combination of low-Ti zones 
of S-type cpx and this major array result in an overall distri-
bution peaking at a mean of 3.2 ± 1.2 kbar, in line with the 
3 kbar pressures used for rhyolite-MELTS modelling and 
associated 1234 °C onset of cpx crystallization. All reported 
pressures and temperatures following these models are addi-
tionally subject to their respective SEEs.

Use of the Putirka et al. (1996) model adjusted for over-
estimation (see section on geothermobarometry methods) 
results in similarly extensive array of R1-, R2-, and M-type 
cpx, displaced to slightly higher pressures (4.3 ± 1.5 kbar) 
and temperatures (1192 ± 18.4 °C), which are nevertheless in 
range of the conditions predicted by rhyolite-MELTS model-
ling, especially when considering the 1.22 kbar and 34 °C 
SEEs. The few hawaiite pairs matched with this model report 
conditions more in line with the large array (4.4 ± 1.4), 
though displaced to lower temperatures (1157 ± 12 °C).
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Fig. 9   Pressures and temperatures of crystallization for all equilib-
rium cpx-whole-rock pairs, obtained through use of the method by 
Neave and Putirka (2017). Individual point data represent distinctive 
crystal measurements. Shaded error bars represent the range of calcu-
lated pressures and temperatures resulting from multiple equilibrium 
whole-rock matches. The 45 °C SEE of Eq. 33 of Putirka (2008) and 
1.4 kbar SEE of the barometric equation of Neave and Putirka (2017) 

are also displayed. Kernel distribution diagrams for each cpx-type are 
displayed for temperature and pressures (shaded coloured regions), 
with a combined distribution (excluding High-Ti sector zones and 
H-type crystals) also reported (dashed line). An overall mean (also 
excluding High-Ti sectors and H-types) is displayed together with its 
standard deviation (filled circle). The same approach is performed for 
H-type cpx (filled diamond)
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Combining both arrays as well as their standard devia-
tions and respective SEEs, the plumbing system pressure 
can, in its broadest sense, be constrained to a range of 0.6–7 
kbar.

Trace element equilibria

Out of the selection of major-element equilibrated cpx-WR 
pairs, select crystals were measured for trace element equilib-
rium tests. Within this selection, we consider 12 of 18 to be 
within reasonable degrees of equilibrium, given the significant 
range of Di values resulting from error propagation (Fig. 11b, 
d, g, j–r). M-type cpx are most well represented among these 
pairs, followed by R1 and R2 types, and finally, the few meas-
urements performed on S- (only low-Ti sectors) and H-types. 
Pairs considered too far from equilibrium (Fig. 11a, c, e, f, h, 
i) display very limited overlap with the calculated ranges of 
partition coefficients, despite being in major element equilib-
rium. Pressures reported for equilibrated pairs are consistently 
in the range of 2.5–5.1 kbar (including 1σ ranges), with the 
exception of DB07-013’s pyroxene 5 (Fig. 11g), which reports 
a pressure of 1.8 ± 0.7 kbar. It is noteworthy that calculated 
Di for light rare earth elements La and Ce are consistently 
overestimated, which we attribute to higher uncertainties on 
LA-ICP-MS measurements for elements on the outer edges 
of the REE spectrum. This reasoning is then also applied to 
frequent underestimations of DLu.

Discussion

Crystal inheritance and differentiation processes

The mineralogical and geochemical diversity found in 
Hoya Island igneous rocks and associated cpx provide 
an important insight into the fractionation processes in 
the magmatic plumbing system of an ocean island. Popu-
lations of petrographically and chemically distinct cpx 
indicate for magma- or crystal-melt mixing in a variety 
of studied whole-rock samples, and support the presence 
of multiple magmatic reservoirs associated with distinct 
crystallization conditions. The inherited nature of the stud-
ied cpx phenocrysts is often supported by petrographic 
observations, in particular the rounding of crystals and 
the development of optically and chemically contrasted 
rims around otherwise unzoned cores (Bender et al. 1978) 
(Supplementary Materials 1, Fig. S14). According to our 
equilibrium calculations based on the works of Neave and 
Putirka (2017) and Putirka et al. (1996), all but M-type 
crystals most likely grew in melts other than their car-
rier liquids, which are either compositionally similar 

(R2-types) or highly contrasted (R1-types). Accordingly, 
crystal mobility in the studied igneous rocks is best exem-
plified by R1-type cpx found in the olivine-rich picrites, 
which provide textural (dissolution-driven rounding), 
chemical (growth of singular or multiple crystal rims; Sup-
plementary Materials 1, Fig. S14), and geothermobaromet-
ric evidence for their pre-eruptive mobility (equilibrium 
with unreported Mg-rich melts).

In general, the occurrence of picrites is associated with 
either direct extrusion of high-Mg magmas, or the accu-
mulation of Mg-rich phases in a low-Mg magma (Révillon 
et al. 1999; Kerr and Arndt, 2001). In line with previous 
studies of Hoya picrites (Gazel et al. 2018), our results 
show that the whole rock and mineralogical composition 
of these igneous rocks require significant addition of oli-
vine (and R1-type pyroxene) to parental to moderately 
differentiated basaltic melts (Mg# = 49–71). Although 
picrites were emplaced at different times of the shield 
stage of the island (Buchs et al. 2011), R1-type cpx, which 
are compositionally unique among all analysed cpx, are 
only found in these lavas. This suggests there were simi-
lar dynamics in the plumbing system of the island dur-
ing formation of the picrites (transitional tholeiitic shield 
stage), before transition to the post-shield alkaline phase 
that is recorded by hawaiite lavas and dykes. The high 
Mg# of R1-type cpx and their association with abundant 
olivine in the picrites suggest that these cpx were extracted 
from cumulates or cumulate-dominated parts of a mush 
system formed during the early stages of differentiation 
of parental melts, of which no representative composi-
tion is available. Such a mechanism has been previously 
proposed for Fuerteventura, where cumulate formation 
during magma ascent produces cpx with resorbed cores 
and progressively increases local viscosity, which in turn 
decreases the frequency of eruption of crystal-rich lavas 
(Tornare et al. 2016).

Based on our equilibrium and P-T calculations, this 
would have occurred in a melt/mush domain at intermediate 
depth, based on the most frequently reported pressure range 
among all shield-stage cpx (3.2 ± 1.2 kbar, SEE = 1.4 kbar; 
Figs. 9, 11). Trace element equilibria additionally argue for 
such a range, reporting pressures of 1.1–5.1 kbar for the 
whole dataset. Crystals accumulated in this reservoir were 
subsequently extracted only in response to an eruption trig-
ger providing sufficient buoyancy to the crystal-rich melt, 
such as mafic recharge by a CO2-rich melt (e.g., Anderson, 
1995). This interpretation is consistent with the low abun-
dance of picrites at Hoya Island (Buchs et al. 2011) as well 
as the lack of R1-type pyroxenes and rounded olivines in the 
more differentiated (basaltic) rocks considered in this study. 
Dismemberment and extraction of cumulus crystals could 
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have been triggered by mafic recharge (Neumann et al. 1999; 
Nakagawa et al. 2002; Forni et al. 2018), significant mag-
matic differentiation triggering exsolution of gaseous phases 
(Cañón-Tapia, 2014), or gravitational destabilization of the 
inherently unstable mush network (Christopher et al. 2015; 
Sparks et al. 2018). Among these, melt injections (caused by 
or triggering mush destabilization) are judged to be the most 
likely, since these also provide an explanation for resorption-
regrowth zoning observed in some R1-type crystals (Sup-
plementary Materials 1, Fig. S14), and the combination of 
S-type and R1-type crystals within sample DB06-086.

Similarly, M-type cpx provide another, significant 
example of zoning which supports the frequent injec-
tion of new melt batches into the plumbing system 
of Hoya Island. Oscillatory-zoned augites have been 
explained through both intrinsic and extrinsic crystalliza-
tion mechanisms (L’Heureux 1993; Elardo and Shearer 
2014), a possible intrinsic mechanism being solute trap-
ping (L’Heureux 1993; Elardo and Shearer 2014). This 
mechanism may occur when crystallization rates over-
take diffusion rates, causing the crystal to preferentially 
accommodate more incompatible elements in a so-called 
‘boundary layer’. However, this mechanism produces 
micron-sized zone bands that are much smaller than those 
observed in the M-type cpx (Fig. 6a). In contrast, extrin-
sic control such as crystal convection, unstable conduit 
flow, and magma injection (Shimizu and Le Roex 1986; 
Shore and Fowler 1996; Ginibre et al. 2002; Humphreys 
et al. 2006; Elardo and Shearer 2014) can produce growth 
bands of a size comparable to those observed in M-type 
cpx (~ 10–15 µm), and would explain the alternation of 
Mg-rich and Mg-poor growth zones. Crystal convection 
requires a relatively large, liquid-dominated, and chemi-
cally heterogeneous magma chamber, which is at odds 
with our evidence for a mush rich plumbing system, as 
well as growing scientific consensus about the nature of 
magmatic reservoirs (Cashman et  al. 2017). Unstable 
conduit flow could produce growth bands similar to those 
observed in M-type cpx, but this mechanism does not 
account for large chemical variations of the studied cpx, 
and this mechanism has thus far only been proven viable 
for plagioclase zoning (Humphreys et al. 2006). Therefore, 
we infer that the injection and/or movement of magmas 
due to gravitational destabilization of the crystal mush 
or simple mafic recharge is the most likely mechanism 
that could have led to the formation of the atypical oscil-
latory zoning of M-type cpx. In this interpretation, small 
M-type growing crystals become temporarily stalled in 
distinct parts of the plumbing system during their ascent 
through the oceanic lithosphere and intraplate volcano. 

This interpretation is consistent with the large variety of 
whole-rock compositions in equilibrium with individual 
bands, while still allowing for equilibrium crystallization 
as is argued for by their euhedral crystal habit and geo-
thermobarometric results. In a similar fashion, these min-
erals can form their particular textures through repeated 
injection of melts into a crystal mush system before being 
eventually dislodged and entrained within the magma 
towards the surface (e.g., Tornare et al. 2016). The small 
size of the M-type crystals and their oscillatory zoning 
indicate that the exposure time to compositionally con-
trasted melts was likely limited, as would be expected in 
a frequently replenished crystal mush system. Despite our 
samples not exhibiting reactive porous flow textures that 
are typical of some crystal mush networks (Lissenberg 
and Macleod 2016), many of our petrographic and geo-
chemical observations support extensive magma mixing 
and crystal reworking in an open plumbing system, where 
crystal mushes can undergo both (background) percola-
tive, reactive flow and periodic overturn (Christopher et al. 
2015; Lissenberg and Macleod 2016; Cashman et al. 2017; 
Sparks et al. 2018).

Despite this evidence for inter-reservoir crystal mobil-
ity, agreements between rhyolite-MELTS modelling, geo-
thermobarometric calculations, and trace element equi-
libria indicate the majority of the reservoir domains of 
Hoya Island to be limited to a restricted pressure range of 
0.6–7.0 kbar (Figs. 9, 10, 11, including standard deviations 
and SEEs), with a mean pressure of 3.2 ± 1.2 kbar and 
additional cut-off point at 6.5 kbar based on trace element 
equilibria. These conditions appear unchanged between 
the shield- and post-shield-phase, as far as the accuracy 
of our modelling can accurately discern. Although H-type 
cpx are indeed more jadeite-rich (Table 1) and consistently 
report slightly higher pressures of crystallization (Figs. 9, 
10), due to extensive error propagation associated with 
the geothermobarometric approach, it is more likely for 
these features to be a result of their more alkali-rich equi-
librium melt compositions. The H-type crystals are thus 
interpreted to have formed at similar pressures, but in the 
presence of more evolved, potentially water bearing melts, 
as also evidenced by their lower temperatures of crystal-
lization (Figs. 9, 10) and agreement with 3 kbar hydrous 
rhyolite-MELTS models.

Disequilibrium crystallization at Hoya Island

Though a significant amount of disequilibrium between car-
rier liquids and phenocrysts can be explained through crystal 
mobility as explained above, select converging observations 
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additionally support the occurrence of crystal growth under 
chemical disequilibrium in the magma plumbing system of 
Hoya Island.

This is most directly evidenced by the occurrence of 
S-type cpx in the picrite series. Chemical zoning like 
that observed in S-type cpx has been frequently docu-
mented in natural samples (e.g., Nakamura 1973; Clae-
son et al. 2007) and is not uncommon in experimental 
run products (Hart and Dunn 1993; Skulski et al. 1994; 
Lofgren et al. 2006; Schwandt and McKay 2006). Sector 

zoning produced by rapid disequilibrium crystal growth 
most closely resembles our S-type cpx (Schwandt and 
McKay 2006). Such sector-zoned crystals can form from 
a supercooled magma at any cooling rate when nuclea-
tion points are available. The rapid growth of cpx in these 
conditions leads to high concentrations of Al in 001 faces, 
which results in incorporation of highly charged cations 
(e.g., Ti4+, REE3+, HFSE4+) to maintain charge balance 
(Mckay et al. 1994; Watson and Liang 1995; Lofgren et al. 
2006; Schwandt and McKay 2006; Mollo et al. 2013b). 
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Fig. 10   Pressures and temperatures of crystallization for all equi-
librium cpx-whole-rock pairs, obtained through use of an iterative 
method adapted from Neave and Putirka (2017) but using the thermo-
barometric equations of Putirka et al. (1996) adjusted for overestima-
tion (see section on geothermobarometry methods). Individual point 
data represent distinctive crystal measurements. Shaded error bars 
represent the range of calculated pressures and temperatures result-
ing from multiple equilibrium whole-rock matches. The 34  °C SEE 
of equation T2 of Putirka et al. (1996) and 1.22 kbar SEE of equation 

P1 of Putirka et al. (1996) are also displayed. Kernel distribution dia-
grams for each cpx-type are displayed for temperature and pressures 
(shaded coloured regions), with a combined distribution (excluding 
High-Ti sector zones and H-type crystals) also reported (dashed line). 
An overall mean (also excluding High-Ti sectors and H-types) is dis-
played together with its standard deviation (filled circle). The same 
approach is performed for H-type cpx (filled diamond). A separate 
version uncorrected for pressure overestimation can be found in Sup-
plementary Materials 1, Fig. S17
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These crystallization conditions are consistent with our 
geochemical observations (e.g., Ti and REE contents) 
of S-type cpx. In addition, chadacrysts of plagioclase 
observed in these cpx (Fig. 3f) could represent nucleation 
points in the supercooled liquid. The required sub-solidus 
temperatures may be induced by either gas exsolution dur-
ing ascent (Sparks 2003), or mixing with a more differ-
entiated, low temperature melt (Hibbard 1981; Frost and 
Mahood 1987). At Hoya Island, co-occurrence of high-Mg 
R1-type and low-Mg S-type cpx in DB06-086 picrite sup-
ports the development of sector-zoned cpx in response 
to mixing of picritic magmas within a plagioclase-domi-
nated, lower temperature melt reservoir.

Implications from P‑T and trace element melt‑cpx 
modelling

The petrographic features reported for the lithologies of 
Hoya Island provide sufficient evidence for displacement 
of crystals from their original melts, which complicates 
the use of geothermobarometric models which require 
both melt and crystal compositions. Nevertheless, by 
combining petrographic evidence with major- and trace 
equilibrium calculations, as well as rhyolite-MELTS 
modelling, careful geothermobarometric calculations 
describe a consistent image of the structure of the Hoya 
Island plumbing system and processes active therein. 
With the exception of the formation of sector zoned cpx 
crystals, fractionation in this ocean island setting follows 
that of equilibrium crystallization in a frequently replen-
ished mush-dominated system at relatively low pressures 
(0.6–7.0 kbar, all data, including SEE). Though it could be 
interpreted that the plumbing system extends throughout 
this pressure range, we would instead argue that the range 
of conditions reflects the significant uncertainties intro-
duced by iteratively solving a variety of equations each 
with their own associated errors. Nevertheless, consist-
ency between results from both crystal- and whole-rock-
based approaches allows for a rough interpretation of the 
location of the plumbing system, which is in good agree-
ment with previous studies from similar magmatic systems 
(e.g., Geist et al. 1998; Meletlidis et al. 2012; Zanon and 
Frezzotti 2013; Dorais and Buchs, 2019). Storage regions 
for tholeiitic shield-stage and alkaline post-shield stage 
magmas are indicated at an interval of 2–23 km depth with 
the majority of the data indicating a range between 2 and 
19 km (3.2 ± 2.6 kbar, including SEE and using a density 
of 3.3 g/cm3). Such crystallization depths correspond to 
lower crustal or upper mantle levels, assuming a crus-
tal thickness similar to the thickest areas at the modern 
Galapagos hotspot (Feighner and Richards 1994).

Similar to what is observed in arc volcanoes (e.g., Streck 
et al. 2005), mid-ocean ridges (e.g., Costa et al. 2010) and 
oceanic islands in slow-moving plate settings (e.g., Tornare 
et al. 2016), our results indicate that whole-rock data from 
Pacific oceanic islands (i.e., oceanic intraplate setting on 
a fast-moving lithosphere) do not represent simple melt 
batches from which crystals slowly crystallized. A combined 
approach of whole-rock and crystal chemistries in terms of 
both major and trace elements is, therefore, the most accu-
rate approach to establish crystallization conditions.

Conclusions

Petrographic and geochemical constraints from whole-
rock samples of picrites, basalts and hawaiites and their 
associated cpx phenocrysts show that the formation of 
Hoya Island during transition from its shield (transitional 
tholeiitic) to post-shield (alkaline) phases was most likely 
associated with the development of a complex intra-lith-
ospheric crystal mush-network. Frequent mafic recharge, 
crystal fractionation, mush destabilisation, and mixing 
between distinct mush reservoirs caused displacement of 
crystals from their original carrier liquids, ultimately lead-
ing to widespread obscuration of the original composi-
tions of equilibrium melts in this open magmatic system. 
Fast-paced recharge and associated crystal displacement 
in the plumbing system of Hoya Island are evidenced by 
clinopyroxene phenocrysts with sectoral and oscillatory 
zoning, as well as multiple-resorption textures. Olivine 
and high-Mg clinopyroxene phenocrysts entrained by 
basaltic melts to form picrites indicate that mafic recharge 
events break loose previously formed cumulates/crystal 
mushes. This was accompanied by undercooling and rapid 
crystallization of magmas following mixing in shallow 
reservoirs, as supported by sector-zoned clinopyroxene 
phenocrysts found in basalts and the glassy matrix in 
crystal-rich picrites. A combination of rhyolite-MELTS 
modelling, careful equilibrium evaluations, and clinopy-
roxene geothermobarometry allow for approximation of 
the plumbing system depth to 2–23 km, with a high like-
lihood of being at < 19 km depth. No clear evidence is 
found for post-shield stage migration of magma chambers 
to deeper levels. The abundance of cpx-carrier liquid dis-
equilibrium documented in Hoya Island is an important 
result of our study that strongly supports extensive magma 
mixing, mafic recharge, and crystal entrainment in an open 
(crystal-mush dominated) magmatic system. Overall, our 
results highlight the potential complexities of interpret-
ing magmatic systems, and the need to use an extensive, 
detailed petrographical and mineral geochemical analysis 
to better constrain petrological interpretations.
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