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ARTICLE INFO ABSTRACT

Editor: S Aulbach We present textural and chemical analyses of minerals from a 150 m thick sequence of submarine mid-ocean

ridge basalts from the South China Sea in order to showcase the effect of variations in magma cooling rates

Keywords: on mineral texture and mineral composition. Groundmass plagioclase and clinopyroxene show gradual changes
Cooling-rate in texture and composition as flows grade from slowly cooled, meter-thick massive flows to more rapidly cooled
r:)ifcr stal evowth. clinopvroxene dm-thick pillow lobes with quenched glassy margins. The corresponding change in cooling-rate is estimated to
Pl;;iodgse 8 ’ Py vary from <1 to >100 °C/h. With increasing cooling rate, plagioclase forms elongated, sector-zoned swallow-tail

crystals. Sector zoning is associated with increasing FeO (up to 1.5 wt%) and MgO (up to 0.6 wt%) abundances at
near-constant anorthite (An), related to a two orders of magnitude increase in growth rate. Sr, Ba, Li and Ti
abundances remain constant and appear unaffected by kinetic factors at such growth rates. With increasing
cooling rate clinopyroxene becomes dendritic, and its composition is sensitive to changes in crystallization
conditions. Increasing cooling rate (<1 to >100 °C/h) leads to increasing Al,O3 (average of 3.2 to 4.3 wt%), TiO2
(1.3 to 2.8 wt%) and NayO (0.37 to 0.44 wt%) and a decrease in SiO3 (50.1 to 46.4 wt%) and Mg#etor, i-€., molar
MgO/(MgO + FeOyop), from 71.3 to 53.1. Trace element abundances (Y, Zr, Ce, V, Sr) in clinopyroxene increase
by up to an order of magnitude at cooling rates >100 °C/h and become more heterogeneous spatially. These
results support experimental evidence that rapid crystal growth leads to significant departure of mineral com-
positions from equilibrium, in particular for clinopyroxene. Although plagioclase composition remains relatively
insensitive to changes in growth conditions at the studied cooling rates, the sensitivity of clinopyroxene
composition to growth rates imply that it should be used with caution as a tool to infer magmatic crystallization
conditions.

Disequilibrium crystallization

1. Introduction undercooling and crystallization kinetics as important factors control-

ling mineral textures and composition as a consequence of over-

Constraining the parameters controlling growth, texture and
composition of magmatic minerals is crucial in order to better constrain
magmatic and volcanic processes, such as crystallization of magmatic
bodies in the crust, changes in physico-chemical properties of magmas
upon ascent and consequences for eruption dynamics (e.g. Blundy and
Cashman, 2005; Di Genova et al., 2020; Arzilli et al., 2022).

The past decades have provided a wealth of information identifying
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saturation induced by significant temperature-driven or degassing-
induced undercooling (e.g. Hammer et al., 2010; Mollo and Hammer,
2017). This is particularly important in volcanic and subvolcanic sys-
tems, such as tephra, scoria, lava flows, lava tubes, as well as shallow
dykes and sills, which are prone to disequilibrium growth conditions as a
result of rapid cooling or volatile loss (e.g. Lesher et al., 1999; Blundy
and Cashman, 2005; Shea and Hammer, 2013). Elevated undercooling
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leading to changes in mineral composition and texture has been high- et al., 2011b; Mollo et al., 2012; Shea and Hammer, 2013) and theo-
lighted along dyke walls (Mollo et al., 2012), lava flows (Lesher et al., retical considerations (Albarede and Bottinga, 1972; Dowty, 1976a;
1999; Zhou et al., 2000; Mollo et al., 2013a) and lava tubes (e.g. Lan- Watson, 1996). Moreover, sector and dendritic zoning in magmatic
zafame and Ferlito, 2014), as well as through experimental studies (e.g. olivine and clinopyroxene provide evidence of disequilibrium growth
Lofgren, 1974; Lofgren and Donaldson, 1975; Mollo et al., 2011a; Mollo related to elevated growth rates in magmatic reservoirs (e.g. Dowty,
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Fig. 1. a) Lithostratigraphy of basalts of IODP Exp. 367 Hole 1500B; b) High-resolution image of cored pillow lava with glassy, quenched margin; ¢) High-resolution
image of cored hyaloclastites, showing mixed glassy basalt fragments mixed in with mudstone; figure modified from Larsen et al. (2018). For estimates of cooling
rates, which will be used instead of slow, moderate, fast cooling for all following figures, see section 4.
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1976b, Donaldson, 1977: Shimizu, 1990; O’Driscoll et al., 2007; Mil-
man-Barris et al., 2008; Welsch et al., 2014; Arzilli et al., 2015; Hammer
et al., 2016; McCarthy and Miintener, 2017; McCarthy et al., 2020).
Indeed, shallow magmatic reservoirs, melt extraction zones, lava lakes,
dykes and tephra are environments prone to disequilibrium, rapid
crystal growth at rates that can be several orders of magnitude faster
than for equilibrium crystallization (ca 10°~10” cm/s versus 101°-101!
cm/s respectively) (Cashman, 1993; Shea and Hammer, 2013) which
strongly influence mineral compositions.

To provide further support for recent experimental work on the
compositional evolution of minerals as a function of cooling rate (Mollo
et al., 2010, Mollo et al., 2011a, Mollo et al., 2011a, Mollo et al., 2012,
2016, Pontesilli et al., 2019, Masotta et al., 2020) and on the effect of
growth rates on the incorporation of trace elements in minerals (e.g.
Mollo et al., 2013a, 2013b), we focus here on a series of basaltic lava
flows emplaced at the ocean floor (mid-ocean ridge basalts, MORB)
recovered during International Ocean Discovery Program (IODP)
Expedition 367 (Larsen et al., 2018; Sun, Jian, Stock, Larsen, Klaus, and
Alvarez Zarikian, 2018). We systematically target the internal and
external segments of a series of thick lava flows and pillows and combine
high-resolution mineral textures, microbeam chemical analysis of sili-
cate phases and numerical modelling of cooling rates of lava flows upon
emplacement as well as modelling of shifts in mineral composition (Mg
in plagioclase) as a consequence of growth rates. We provide a large
petrological and geochemical dataset that confirm how disequilibrium
crystallization in response to high cooling rate has a significant impact
on clinopyroxene and plagioclase texture, chemistry and zoning pat-
terns, thereby highlighting the extent of compositional heterogeneity of
silicate phases in volcanic products at the cm- to dm-scale.

2. Geological setting of site U1500B basalts

Thick aphyric to highly plagioclase phyric basaltic flows were
recovered from IODP Exp. 367 (South China Sea) at Site U1500B (Stock
et al., 2018; Sun, Jian, Stock, Larsen, Klaus, and Alvarez Zarikian, 2018)
(Fig. 1). There are two distinct units with the upper ca. 27 m (Unit 1a)
consisting of massive plagioclase + olivine-phyric basalt lavas, and a
lower unit (Unit 1b) consisting of ca. 123 m of alternating plagioclase-
phyric pillow flows, thinner flows (lobate flows) and occasional
thicker massive flows (Stock et al., 2018) (Fig. 1). Unit 1a is estimated to
be formed of individual massive flows on the order of 7-8 m in thickness,
whereas Unit 1b is dominated by 0.5-4.8 m thick lava flows (supple-
mentary appendix) separated by similarly thick sequences of pillow ba-
salts, with individual pillow lobes on about 0.5 m thick (Fig. 1b). Glassy
margins of pillow lobes and hyaloclastites are locally well preserved,
whereas glass within the groundmass is altered (Fig. 1b,c).

Mineralogy of the basalts is homogenous, with mm-sized plagioclase
and olivine phenocrysts in a hypocrystalline groundmass of plagioclase,
clinopyroxene, oxides and glass (Fig. 1, Fig. 2). Plagioclase can be sub-
divided into two distinct populations. The first consists of euhedral mm-
to cm-size phenocrysts (0.1-2.5 cm in size, Stock et al., 2018) (Figs. 1b,
2b) found throughout the basalt flows. The second population, which
makes up the groundmass as well as the rims of phenocrysts, shows
either homogenous composition, normal core-rim zoning or sector
zoning. Crystals in this population are characterized by a wide textural
diversity, from blocky and euhedral in massive lava flows to acicular and
swallow-tail habits with bow-fan and stellate arrangements in pillow
basalts (Fig. 2c—e). Clinopyroxene (<0.5 mm) is found as a late-stage
groundmass phase throughout the basalt flows except in the glassy,
quenched margins of pillow lavas, where it is absent. Clinopyroxene is
associated with elongated plagioclase, and forms either dendritic, skel-
etal grains in finer grained lava flows or blocky, subhedral grains in
coarser grained flows leading to (sub)ophitic textures typical of massive
lava flows and dolerites (Fig. 2c—e). Fresh olivine remains sparse in these
lava flows, and is usually altered. When present, mm-size olivine phe-
nocrysts are euhedral and chemically homogeneous.
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Fig. 2. Mineral textures of U1500 basalts: illustration of phenocrysts in thin
sections (a) phenocrysts of plagioclase (plg) and olivine (ol) and a groundmass
of clinopyroxene (cpx) and plagioclase (plain-polarized light) and (b) mm-large
subhedral- to euhedral plagioclase (plg) phenocrysts within a groundmass of
plagioclase and quenched glass (double-polarized light); zonations along the
rims of plagioclase phenocrysts are visible. Groundmass texture of basalts are
illustrated with SEM images and as a function of cooling rate (see discussion),
ranging from pillow lobes (high cooling rate) to massive flows (low cooling
rate): (c) Pillow lobe (rapidly cooled basalt) with a groundmass of dendritic- to
swallow-tail plagioclase and dendritic clinopyroxene. Oxides are small (ca. 2
pm); (d) Moderately cooled basalt with a groundmass of coarser grained,
elongated swallow-tail and acicular plagioclase and clinopyroxene and late-
stage oxides; (f) Central section of a massive flow (slow cooled basalt), with a
coarse-grained groundmass of euhedral plagioclase and interstitial clinopyr-
oxene forming sub-ophitic textures. Oxides are generally anhedral to elongated
and normal zoning is observed in both clinopyroxene and plagioclase. It is
important to stress that these estimated cooling rates are approximate and
provid an idea of the order of magnitude of change in cooling-rate between
different samples.

3. Methods
3.1. Major element analyses of minerals and glass

Clinopyroxene and plagioclase compositions were measured using a
JEOL 8200 Superprobe (Department of Earth Sciences, University of
Geneva) at 15 nA, 15 kV with a spot size of 1 pm. For smaller clino-
pyroxenes, a Field Emission Gun JEOL JXA8530F Hyperprobe (School of
Earth Sciences, University of Bristol) was used with 10 nA, 12 kV
analytical conditions at a spot size <<1 pm. Calibration standards were
natural and synthetic silicates or oxides. Na and K were measured first to
mitigate diffusive migration. Counting time was 20 and 10 s on the peak
and backgrounds respectively for Na and K, and 30 and 15 s for other
elements. Measurements were corrected with the phi-rho-Z matrix
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correction method (Armstrong, 1995). Olivine was analysed at 100 nA,
15 kV, with minor elements (Ca, Ni, Mn) measured for 100 s on peak and
50 s on backgrounds on both sides of the peak.

Quantitative element maps of plagioclase groundmass from sample
64R2 for FeO and MgO were made using the JEOL JXA8530F Hyperp-
robe with conditions of 12 kV and 100 nA, pixel sizes of 0.4 x 0.4 pm
and a dwell time of 100 ms. Fe was measured on two spectrometers
(LIFH and LIF crystals) and Mg was measured on three spectrometers
(TAP crystals) before being summed to increase signal to noise ratio.
Quantification of Fe and Mg was based on in-house plagioclase
standards.

Major elements of glasses were measured with a JEOL JXA-8200
electron microprobe at GEOMAR, Kiel at 15 kV, 10 nA and a beam
diameter of 5 pm. Counting times were 20/10 s (peak/background) for
all elements apart for 30/15 s for K20, MnO, S, Cl and 40/20 s for F.
NayO, S and Cl were measured first to avoid loss by heating of the beam.
For calibration and monitoring of data quality, we used natural refer-
ence samples from the Smithsonian Institute (VGA99, VG2, Scapolite,
KE3, ALV981; Jarosewich et al., 1980). The average was taken of nine
analyses per sample to assure homogeneity and data quality. Relative
analytical precision is generally better than 2.5%, but up to 5% for
Nay0, 10% for F, 30% for MnO and P05 and 50% for Cl and S.

3.2. Trace element analysis

In situ trace element abundances for clinopyroxene were analysed at
the University of Lausanne, Switzerland, on a sector-field Inductively
Coupled Plasma Mass Spectrometer ELEMENT XR interfaced to a New-
Wave UP-193 ArF excimer ablation system using a 100-80 pm spot size,
10 Hz repetition rate, equivalent to a 6 J/cm? on-sample energy density.
Sensitivity was optimized using the NIST SRM 612 glass standard
(***Lat = 3.5x10° cps, 2*2Th* = 5.0-5.5x10° cps). During this optimi-
zation, doubly charged ions (Ba%t/Bat < 2.7%) and oxide production
rates (ThO'/Th™ < 0.08%) were minimized. The NIST SRM612 glass
standard was used during analysis and SiO3 or CaO, measured previ-
ously on the microprobe, were used as internal standards. Data were
processed using LAMTRACE (Jackson, 2008).

Additional trace element contents were determined on Au-coated
thin sections using the NERC IMF Cameca ims-7f Geo ion microprobe
at the University of Edinburgh. A primary beam of !0~ ions generated
by a Hyperion RF source, an impact energy of 18 kV and a beam current
of 0.06 nA was focussed onto the sample surface, resulting in a spot
diameter of 2 pm. Secondary ions were accelerated to 5 kV without
applying energy filtering (plagioclase) or using an energy window of 50
+ 20 V (clinopyroxene), and counted by a single EM detector. The in-
strument was set up for low mass resolution so as to maximise secondary
ion transmission. Each clinopyroxene analysis consisted of 10 cycles
measuring the following isotopes sequentially during each cycle: 2*Na,
24Mg, 28Si, 39K, 49Ti, 51V, SSSr, 89Y, 90Zr, 138Ba, 140Ce. Count times were
1-2 s on major elements and 3-20 s on traces depending on concen-
tration and isotopic abundance. For plagioclase a slightly different set of
isotopes was measured (7Li, 23Na, 26Mg, 28Si, 39K, 4OCa, 49Ti, 88Sr, 9OZr,
138Ba). Prior to each analysis, the analytical area was pre-sputtered for
ca. 120 s, during the last 60 s of which the secondary beam was aligned
relative to the field aperture and mass calibration was updated using the
28gj jsotope in an automated software routine.

SIMS calibration for plagioclase was performed using an in-house
standard (SPH1 labradorite) analysed independently by EPMA and LA-
ICP-MS. Trace element signals were normalised to SiO, previously ac-
quired by EPMA. Reproducibility of all elements in the standard (n = 13)
was better than 3%, except Zr, at 5%, due to its low concentration (0.03
ng/g). Basaltic glass reference materials USGS GSE1-G and GSA1l-G
(TiO5 only) were used for calibration of clinopyroxene analyses. Vana-
dium (at mass 51) suffers from molecular interferences (24Mg27A1,
26Mg?Mg, 2°Na?®si), typically equivalent to about 20-30 ppm V, so a
correction factor was calculated based on known V in GSA1l-G. As
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sample clinopyroxenes contain >800 ppm V, this correction is negli-
gible. Clinopyroxene KH03-24 (Harvey et al., 2011) and basaltic glass
reference material BCR2-G were used to monitor accuracy and precision,
but it turned out that KH03-24 showed some major-element heteroge-
neity (MgO 15.2-16.8 wt%). Nevertheless, reproducibility was 2-8% for
most elements except Zr (16%) which correlated with MgO and may
therefore be heterogeneously distributed.

3.3. Modal abundances

Modal proportions of minerals in a selection of samples were ac-
quired by processing SEM images with Image J (Schneider et al., 2012).
Between three and six high-resolution SEM images (2560 x 1920 pixels)
were acquired of representative textural domains on each sample using a
Hitachi S-3500 N instrument (15 kV, 20 nA). We targeted groundmass
areas without phenocrysts of olivine and plagioclase in order to quantify
the abundances of clinopyroxene, plagioclase and oxides crystalizing in-
situ during cooling. Glass is generally altered and only occasionally
present in pillow rims. Proportions of oxides, plagioclase, clinopyroxene
and altered glass were acquired by applying grey-scale thresholds to
each image and measuring their respective proportions using Image J
(supplementary appendix). In certain cases, only clinopyroxene and ox-
ides were quantified due to alteration affecting plagioclase abundances.
Our modes are reported as total proportions including alteration/glass
(i.e. altered interstitial glass + occasional olivine phenocrysts) (Cpx +
Plg + Ox + alteration products = 100) and alteration- and glass-free
(Cpx + Plg + Ox = 100) (Fig. 3 and supplementary appendix).

3.4. Numerical modelling

We modelled the emplacement of lava flows of different thickness (1
to 10 m) (Fig. 4a) on the seafloor and computed the linear cooling rate
across the lava flow between 1180 °C and near-solidus temperature of
1000-1050 °C (e.g., Thy et al., 1999). A temperature of about 1180 °C is
estimated to be the emplacement temperature of these basaltic flows
(see Section 4). We solved the heat conduction equation in the vertical
dimension using a finite difference numerical method:

OT/ot =x e AT

where AT is the variation in temperature following emplacement, ¢ is
the time and « is the thermal diffusivity of a MORB from Hofmeister et al.
(2016). At the beginning of the simulation, the substrate (assumed to be
a previously emplaced MORB flow) is in thermal equilibrium with
seawater (5 °C) and the lava flow has a homogeneous temperature of
about 1200 °C. The top of the lava flow is maintained at 5 °C during
cooling to account for seawater convection.

Synthetic Mg profiles in plagioclase were computed for various
plagioclase growth rates (from 107° to 10~° cm/s, Cashman, 1993)
following the one-dimensional approach of Albarede and Bottinga
(1972) and Smith et al. (1955) (Fig. 4b). The diffusivity of Mg (Dyg)
depends on temperature and melt composition (Zhang et al., 2010), and
is therefore expected to vary during cooling and crystallization. For
simplicity and to test the sensitivity of our model to varying diffusivities,
we used fixed Mg diffusivities computed at temperatures of 1180 and
1120 °C (see section 4) as a function of melt composition following Zhang
et al. (2010). The composition of the melt at those temperatures was
approximated using MELTS models at a pressure of 0.3 kbar (see section
4) for a MORB corresponding to the measured average glass composition
(supplementary appendix). The resulting Mg diffusivities at 1180 and
1120 °C are 3.4-10 72 and 1.7-107'2 m?/s respectively (Fig. 4b). The
partition coefficient of elements between plagioclase and melt depends
on temperature, and melt and plagioclase compositions (Dohmen and
Blundy, 2014). However, available partitioning data for Mg (Kdﬁ}gg'melt)
obtained under comparable conditions as those of MORBs (see compi-
lation in Dohmen and Blundy, 2014) reveal limited variations, with an
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phase abundances from cooling-experiments of Mollo et al. (2010) and Vetere et al., (2015).
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average Kd}i’,}gg'“‘e“ = 0.04, which was chosen for all simulations.
4. Results
4.1. Sample classification by cooling rate

Groundmass mineral proportions are <5% for oxides, 20-40% for
clinopyroxene and > 45% plagioclase (Fig. 3). Aside from oxides, which
show a slight decrease in abundance with increasing cooling rate in
U1500 basalts (Fig. 3), the abundances of plagioclase and clinopyroxene
do not show a significant change as a function of cooling rate, over-
lapping within error. Mineral proportions are broadly similar to cooling
rate experiments (ca. 1-130 °C/h) of basalts (e.g., Mollo et al., 2010,
Vetere et al. 2015) and of basaltic flows (Lesher et al., 1999) (Fig. 3).
However, the lack of a shift in modal abundances with cooling rate is
unlike experimental trends from Mollo et al., (2010) and Vetere et al.

\ T T
100 150 200

Distance from crystal core um

(2015) (Fig. 3). This is likely a consequence of the sensitivity of nucle-
ation and growth rates to small changes in P-T-fO5-H50 conditions of the
crystallizing system (Mollo and Hammer, 2017). Nevertheless, the
similar proportions of minerals in these lavas compared to experimental
datasets suggest that natural and experimental datasets are broadly
comparable.

Pillow lavas and external parts of massive flows (Fig. 1) show
plagioclase with typical acicular, hopper/swallow-tail and skeletal
habits forming bow-fanned to stellate textures while clinopyroxene is
dendritic and interstitial, showing heterogeneous nucleation on elon-
gated plagioclase. Oxides (magnetite) form late-stage flakes (<10 pm)
typically nucleating on clinopyroxene tips (Fig. 2¢). Such mineral tex-
tures imply elevated cooling rates (e.g., Lesher et al., 1999; Shea and
Hammer, 2013) (Fig. 2). On the other hand, the internal parts of massive
lava flows show individual grains of plagioclase becoming more pris-
matic and euhedral and faceted, and clinopyroxene showing coarser,
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blocky faceted habits (Fig. 2c—e).

Based on similar dendritic, and elongated habits of plagioclase and
clinopyroxene and intrafasciculated textures and comparison to exper-
iments (Lesher et al., 1999; Del Gaudio et al., 2010; Mollo et al., 2011a,
Mollo et al., 2011b) we can estimate a range of cooling rates of more
rapidly cooled samples at ca. 100 °C/h, with an upper limit likely at
>180 °C/h, when plagioclase probably disappears as a crystallizing
phase (Vetere et al., 2015). The faceted, euhedral minerals in the more
internal sections of U1500 lava flows are more consistent with cooling
rates on the order of <10-50 °C/h (Fig. 2e,f) (e.g. Lesher et al., 1999;
Mollo et al., 2011a, Mollo et al., 2011b, Del Gaudio et al., 2010; Giuliani
et al., 2020). Moreover, calculated cooling rates for the emplacement of
lava flows (Fig. 4a) decrease substantially over the first decimetre within
the lava flow, with rapid cooling rates between 130 and 60 °C/h along
the first 10 cm of the pillow basalt and slower cooling rates likely to
occur along the centre of pillow lobs (ca. 10 °C/h). Cooling rates
computed for the internal sections of thicker (ca. 5 m) lava flows are
estimated to range at <1-10 °C/h.

Based on the texture of these basalts and comparison to experiments
and our numerical modelling (Figs. 2, 4a), the studied samples represent
a succession of rapidly cooled pillow lavas to slowly cooled internal
sections of massive flows, recording a continuum in cooling rates from
ca. 180 to <1 °C/h. We can therefore broadly subdivide our samples into
i) holohyaline to hypohyaline quenched glassy margins containing
plagioclase phenocrysts and no crystallized groundmass, forming the
rims of basaltic pillows (Fig. 1c¢); ii) rapidly cooled basalts with cooling
rate at ca. >100 °C/h, containing a groundmass of hopper plagioclase
and dendritic to skeletal clinopyroxene (Fig. 2c); iii) moderately cooled
basalts between ca. 10-100 °C/h, containing a groundmass of elongated
plagioclase and coarser grained clinopyroxene with intermediate tex-
tures between slowly and rapidly cooled lava flows, representing pre-
dominantly the more external sections of individual massive lava flows
(Fig. 2d); iv) slowly cooled basalts from the internal parts of lava flows at
ca. <1-10 °C/h, with a groundmass of prismatic, euhedral plagioclase
and coarse grained interstitial clinopyroxene and occasional comb-
textured oxides (Fig. 2e).

4.2. Emplacement conditions of U1500 lava flows

Lava flows were recovered between 1400 and 1550 mbsf (meters
below sea floor) and at a water depth of 3.8 km (Stock et al., 2018)
(Fig. 1). Deep-marine trace fossils preserved in overlying sediments
(Stock et al., 2018) indicate that eruption occurred at significant water
depth. Eruption and crystallization pressure of the groundmass can
therefore be estimated, using P = h * d * g (g = 9.81 m/s?, seawater
density of 1025-1050 kg/m?> (Talley, 2011), depth of max. 5.2 km), to
range between 0.01 and 0.54 kbar. The lack of clinopyroxene xen-
ocrysts/antecrysts combined with the abundance of plagioclase pheno-
crysts in these lava flows indicates low dissolved HO contents (Dungan
and Rhodes, 1978; Grove et al., 1992; Feig et al., 2006), consistent with
the low H5O abundance of MORB (<0.8 wt%) (Michael, 1995; Sobolev
and Chaussidon, 1996; Helo et al., 2011). RhyoliteMELTS calculations
(Gualda et al., 2012) using an average glass composition (supplementary
appendix), a crystallization pressure of 0.3-0.5 kbar and 0.2 wt% H0 at
QFM (quartz-fayalite-magnetite) fO, buffer indicate liquidus tempera-
tures and the first appearance of plagioclase at 1188-1189 °C, followed
by clinopyroxene (1170-1174 °C) and oxides at (1104-1108 °C),
assuming equilibrium crystallization conditions (supplementary appen-
dix). These temperatures are consistent with thermometers based on
glass MgO abundances (eq. 13 of Putirka, 2008, which has an SSE of
+71 °C), which give us a temperature of 1183 & 13 °C 2SD for these lava
flows. Temperatures were also obtained using plagioclase-melt equi-
librium (Eq. 24a with a SEE of +36 °C, Putirka, 2008), by taking into
consideration an average glass composition and plagioclase composi-
tions with Kdap.an)y at >1050 °C of 0.27 + 0.11 (Putirka, 2008).
Calculated plagioclase-melt temperatures were uniform with cooling
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rate: 1174 + 6 °C (for samples at cooling rates of <1-10 °C/h), 1172 +
5 °C (for samples at cooling rates of 10-100 °C/h) and 1172 + 6 °C (for
samples at cooling rates of >100 °C/h).

Therefore, this succession of lava flows represents the emplacement
of homogenous plagioclase-olivine-phyric basalts at ca. 1180-1200 °C
on the seafloor. Post-emplacement cooling led to crystallization of a
groundmass formed of plagioclase followed by clinopyroxene and
finally oxides, as shown by the textural relationships in these natural
samples (Fig. 2).

4.3. Phase chemistry

4.3.1. Glass

Glass compositions remain homogenous throughout Hole 1500B,
with Mg#petot varying between 54 and 59, SiO; between 50.5 and 59.0
wt%, and TiO, between 1.40and1.74 wt%. The composition of these
basalts covers a small range within the Atlantic and Pacific MORB array
(supplementary appendix).

4.3.2. Olivine

Olivine phenocrysts have molar % forsterite (Fo) varying between
79.7 and 88.2, Ni between 860 and 2050 ppm and Ca between 1745 and
2405 ppm. There are no identifiable variations in olivine composition
between flows and repeat analyses indicate homogenous grains.

4.3.3. Plagioclase

Cores of plagioclase phenocrysts span the same range of composi-
tions in all sections of all flows (Fig. 5). They are labradorite to
bytownite in composition (Anse to Ang;), with relatively homogeneous
and low MgO and FeO abundances (0.1-0.3 wt% and 0.2-0.6 wt%
respectively). Groundmass plagioclase and rims of plagioclase pheno-
crysts, however, show important compositional variations between
samples recording different cooling rates (Figs. 4, 5). Along the rims of
lava flows and pillow lavas (>100 °C/h), groundmass plagioclase shows
restricted anorthite content (>Anss) but important variations in FeO and
MgO at near-constant anorthite (Figs. 5a,d,g, 6 a-c). Samples within the
centre of thicker lava flows (<1-10 °C/h) show a gradual increase in
K20 (reaching 0.2 wt%) as well as decreasing MgO (<0.05 wt%) with
decreasing anorthite (down to Angy) (Figs. 5¢,f,i, 6a-c). FeO abundances
gradually increase up to 1 wt% with decreasing anorthite prior to
rapidly decreasing at ca. Angs (Fig. 5i). This shift in composition is also
recorded in samples with intermediate cooling rates (10-100 °C/h) that
have groundmass plagioclase compositions intermediate between both
cooling rate endmembers (Figs. 5b,e,h, 6 a-c). Maximum measured
anorthite contents for groundmass plagioclase gradually increase from
Ang; 3 (at <1-10 °C/h), to Angs 4 (at 10-100 °C/h) and finally to Angg 4
(at >100 °C/h) (Figs. 5, 6¢). Microprobe mapping of groundmass
plagioclase from rapidly cooled basalts highlights sector zoning
controlled by changes in Fe and Mg abundances (Fig. 7). Similar sector
zoning has previously been reported in groundmass plagioclase from
pillow-lavas (“champagne glass zoning”, Bryan, 1974).

SIMS analysis of trace elements of groundmass plagioclase confirm
that MgO abundance are heterogeneous in plagioclase (supplementary
appendix) whereas Ba (between 10 and 35 ppm), Sr (150 and 300 ppm)
and TiO5 (0.05 to 0.1 wt%) remain homogenous and do not vary be-
tween samples recording distinct cooling rates (Fig. 6 g-i).

4.3.4. Clinopyroxene

Changes in cooling rate of lava flows, as reflected in shifts in clino-
pyroxene morphology (Fig. 2), are also recorded in changes in clino-
pyroxene chemistry (Figs. 8, 9). Faceted clinopyroxenes from internal
sections of lava flows (<1-10 °C/h) are typical of mid-ocean ridge
gabbros, and are consistent with crystallization and in-situ melt differ-
entiation, such as rapid decrease in CryO3 and Al;O3 and gradual in-
crease in TiO, with decreasing Mg#petor (Fig. 8). Clinopyroxene shifts to
higher Al,03 (average of 3.2 to 4.3 wt%), TiO, (average of 1.3 to 2.8 wt
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%) and NayO (average of 0.37 to 0.44 wt%) and decreasing Mg#getot
(average of 71.3 to 53.1) and SiO» (average of 50.1 to 46.4 wt%) (Figs. 8,
9) as cooling rates increase and clinopyroxene becomes more dendritic.
These clinopyroxenes show a significant change in composition unlike
that seen in crystallization experiments on dry tholeiites between 1 atm
and 10 kbar (Grove et al., 1992; Villiger et al., 2007) which show a
decrease in Al,O3 with decreasing Mg#retor as well as a limited increase
in TiO, with time (Fig. 8).

Trace element abundances in clinopyroxene are plotted in Figs. 10,
11. Slowly cooled blocky clinopyroxene have homogenous trace element
abundances throughout the basalt flows, characterized by low abun-
dances of Ce (<5 ppm), Y (<45 ppm), V (<800 ppm), Zr (<50 ppm) and
Sr (<15 ppm). Trace element abundances increase sharply with
increasing cooling rate, with dendritic clinopyroxene showing signifi-
cant heterogeneity, e.g. Ce (5-30 ppm), Y (35-115 ppm), V (600-1400
ppm) Zr (50-300 ppm) and Sr (15-45 ppm) (Figs. 10, 11).

5. Discussion

5.1. Effect of cooling rate on plagioclase composition and Fe—Mg sector
zoning

Our dataset records shifts in plagioclase composition over a range of
cooling rates of ca. 1 — >100 °C/h and offers a useful comparison to
experimental work (e.g., Mollo et al., 2011a; Mollo et al., 2011b; Mollo

etal., 2012) (Fig. 6). Density distribution plots show a similar magnitude
of increasing FeO and MgO as 1-atm cooling experiments between 2.5
and 150 °C/h (Fig. 6a-c), coinciding with similar changes in mineral
textures (Mollo et al., 2012). Anorthite content seems somewhat less
affected by changes in cooling rate compared to experiments of Mollo
et al. (2012) and the density distribution of anorthite abundances re-
mains well-defined and narrow for samples >10 °C/h (Fig. 6¢). Never-
theless, maximum An abundances show a subtle increase with cooling
rate (Fig. 6¢) in line with 1-atm experiments of Mollo et al. (2012).
Although FeO and MgO uptake in plagioclase increases as a function
of cooling rate, they show large variations at near-constant An (Fig. 5).
This is due to groundmass plagioclase (at >100 °C/h) showing sector
zoning formed of FeO- and MgO-enriched sectors (Fig. 7). This obser-
vation was initially made by Bryan (1974) in plagioclase from pillow
lavas, with enrichment in FeO and MgO related to the (010) crystal
faces. Near-constant anorthite abundance (~Angg) with increasing FeO
and MgO implies that variation in anorthite content is not responsible
for a modification of the plagioclase-melt partition coefficient (Dohmen
and Blundy, 2014). Instead, sector zoning indicates that crystallization
kinetics are involved in the incorporation of minor and trace elements in
the growing crystal (Skulski et al., 1994) as rapid crystal growth will
lead to the formation of a boundary layer enriched in slow-diffusing
incompatible elements (Albarede and Bottinga, 1972; Bacon, 1989;
Mollo et al., 2011a; Mollo et al., 2011b). This can be tested using the
evolution of MgO abundances in plagioclase as a function of plagioclase
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Fig. 6. (a-c) Density distribution and individual
datapoints of FeO, MgO and anorthite in plagioclase
from groundmass and phenocrysts rims as a function
of cooling rate. (d-f) Density distribution of FeO, MgO
and anorthite from 1-atm cooling experiments on
basalt at variable cooling rates (2.5-10 °C/h, 50 °C/h
and 150 °C/h respectively) (Mollo et al., 2012); (g-1)
Density distribution and individual datapoints of Sr,
Ba and TiO, in plagioclase from groundmass and
phenocrysts rims as a function of cooling rate.
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growth rates (Fig. 4b). Using a 1D growth model (Albarede and Bottinga,
1972), which is not inconsistent with the skeletal growth of plagioclase
crystals (Figure 2:), and fixed temperatures (1180 °C and 1120 °C), we
show that MgO sector zoning is unlikely to occur at growth rates below
1077 em/s (Fig. 4b). A sharp increase in MgO over 10s of microns from
the crystal core is observed only at growth rates ca. 10~ cm/s (Fig. 4b)
and temperatures of 1180-1120 °C, covering the entire range of MgO
abundances in groundmass plagioclase and showing similar sharp in-
creases in MgO compared to quantitative profiles in Fig. 7. Such esti-
mated growth rates cover the range of growth rates in volcanic systems

0.05 0.10
TiO, wt%

as inferred from crystal-size distribution studies of lava lakes, dykes and
lava flows (Cashman, 1993) (Fig. 4).

Although our numerical model is limited by assumptions of constant
temperature and growth rate, both of which will strongly influence the
uptake of MgO (Fig. 4b), we can conclude that growth rates on the order
of 107% cm/s are likely to lead to disequilibrium uptake of MgO in
plagioclase. This suggests an initial stage of dendritic, swallow-tail
structures at high growth rates >10"° cm/s); elevated FeO-MgO on
(010) sectors) will be followed by in-filling and faceted near-equilibrium
growth of plagioclase (low FeO-MgO) at lower growth rates (Fig. 7).
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Fig. 7. (a-f) Quantitative microprobe maps of groundmass plagioclase in rapidly cooled lava flows showing well-defined MgO and FeO sector zoning; two quan-
titative profiles extracted with Image J on these plagioclase crystals show the rapid increase in MgO from core to rim along MgO-rich plagioclase crystal-faces.
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Fig. 8. Groundmass clinopyroxene composition as a
function of Mg#getor and cooling rate: (a) Cry03, (b)
Al;03; (¢) TiOs; (d) NagO. Data for comparison for
(ultra-) slow spreading systems (mid-ocean ridge
gabbros) is a compilation from Miintener and

McCarthy (2023). Experimental MORB clinopyrox-
enes are from dry tholeiitic basalts at 2, 8 and 10 kbar
(Grove et al., 1992). Dotted lines represent fractional
crystallization trends of clinopyroxene compositions
of dry tholeiitic basalt at 7 and 10 kbar (after Villiger
et al., 2007).
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and (f) Mg#retor; (g-1) Density distribution of clinopyroxene composition from 1-atm cooling experiments on basalt as a function of cooling rate from Mollo

et al. (2012).
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Fig. 10. Density distribution and individual datapoints of trace element abundances in groundmass clinopyroxene as a function of cooling rate: (a) Zr; (b) V; (c) Ce;
(d) Sr; (e) Y; (fj) Field of clinopyroxene composition from 1-atm cooling experiments on trachybasalt as a function of cooling rate from Mollo et al., (Mollo et al.,

2013a; Mollo et al., 2013b).

Such high growth rates are not necessarily restricted to the outer rims of
lava flows, dykes and tephras, and may be ubiquitous in subvolcanic
systems, especially if degassing drives undercooling (e.g. Arzilli et al.,
2015; McCarthy and Miintener, 2016; McCarthy et al., 2020), while
even higher growth rates on the order of 10~ ¢m/s might not be un-
common during the initial growth stage of phenocrysts (Welsch et al.,
2016). Overall, this implies that MgO and FeO in plagioclase, particu-
larly in (sub)volcanic systems, might record changes in growth rates
(kinetics) in addition to any changes in fO, and/or melt composition
(Longhi et al., 1976; Phinney, 1992; Singer et al., 1995; Ginibre et al.,
2002; France et al., 2010).

SIMS analysis of Ba, Sr, Ti does not reveal any trends as a function of
cooling rate (Fig. 6 g,h,i). Although trace element mapping of individual
crystals by SIMS has not been done, our results might suggest that, under
the natural conditions estimated for the basaltic samples object of this
study, trace elements widely used to infer residence timescales of
plagioclase, such as diffusion profiles of Sr and Ba (Dohmen and Blundy,
2014), are not significantly affected by changes in growth conditions. As
the diffusivity of Mg in dry basaltic melts is higher than Sr and Ba (Zhang
et al., 2010) the likely control on the presence of Mg zoning patterns lies
in the higher incompatibility of Mg in plagioclase compared to Sr and Ba
(Dohmen and Blundy, 2014).

5.2. The origin of oscillatory zoning in plagioclase

Changes in cooling rates (<1 to >100 °C/h), which affect growth rate
over two orders of magnitude (Fig. 4a, Cashman, 1993), only lead to
subtle shifts to higher anorthite content in plagioclase (Figs. 5, 6) (Mollo
et al., 2012) and do not generate oscillatory zoning. This is particularly
important as oscillatory zoning in plagioclase has been attributed to
kinetic effects during crystal growth, either as a consequence of slow
growth kinetics (Allegre et al., 1981) or rapid crystal growth (L'Heureux
and Fowler, 1996; L’Heureux, 2013). Oscillatory zoning in accessory
minerals, such as zircon, has also been interpreted in terms of interface
kinetics (e.g. Hoskin, 2000). The lack of oscillatory zoning in plagioclase
in the studied lava flows is consistent with the lack of oscillatory-zoned

11

plagioclase in experiments (e.g. Dohmen and Blundy, 2014; Del Gaudio
et al., 2012; Mollo et al., 2012), a conundrum previously highlighted by
Allegre et al. (1981) and Lasaga (1982), the latter showing that
analytical solutions of plagioclase growth as a function of melt compo-
sition do not produce oscillatory zoning. Consequently, oscillatory
zoning in plagioclase, a ubiquitous feature in a variety of magmatic
systems (Singer et al., 1995; Ginibre et al., 2002; Blundy and Cashman,
2005; McCarthy et al., 2020), is difficult to explain solely in terms of
growth kinetics. Instead, extrinsic processes are required, as plagioclase
composition is strongly dependant on melt volatile content and tem-
perature (Feig et al., 2006). For example, McCarthy et al. (2020) showed
that extensive oscillatory zoning (5-15% An) in rapidly grown plagio-
clase glomerocrysts might result from rhythmic, syn-eruptive changes in
melt volatile abundances as a consequence of volatile (CO2, H0) fluxing
through subvolcanic systems. Episodes of CO»-fluxing might be rela-
tively widespread, both in arc systems (Blundy et al., 2010) and along
mid-ocean ridges (Helo et al., 2011). It is worth noting that plagioclase
growth rates change by several orders of magnitude in magmatic sys-
tems (Kirkpatrick et al., 1979; Cashman, 1993; Muncill and Lasaga,
1987 and 1988; Barboni and Schoene, 2014; McCarthy et al., 2020,
Antonelli et al., 2019), which implies that oscillatory zoning may reflect
distinct processes occurring at different timescales. In contrast to
syn-eruptive plagioclase glomerocrysts recording volatile fluxing on
short (hourly) timescales (McCarthy et al., 2020), plagioclase in
long-lived crystal-rich reservoirs (e.g. Caricchi and Blundy, 2015) might
monitor magmatic processes occurring over longer timescales, including
melt migration, variations in P-T conditions, magma-mixing and/or
fluid percolation (e.g. Singer et al., 1995).

5.3. The effect of cooling rate on clinopyroxene composition

Clinopyroxene shows increasing NayO, TiO3, AlyOs, Al" and lower
Mg#retot With increasing cooling rate, spanning the entire range of cli-
nopyroxenes from mid-ocean-ridge gabbros (Fig. 8). Cooling-rate ex-
periments in basaltic systems at comparable conditions (2° — 150 °C/h)
show remarkably similar trends (Fig. 9g-1) (Mollo et al., 2012) to these
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natural samples. As experimentally observed by Molllo et al. (Mollo
et al., 2013a; Mollo et al., 2013b), the formation of boundary layers
enriched in incompatible elements (Al;O3, TiO3 and Nay0) will lead to
clinopyroxene with an increased Tschermak component (CaAl;SiOg)
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through coupled substitution of M!(Al, Fe3*) for M2(Mg,Fe?>") and TSi**
for TAIP* (e.g. Etzel et al., 2007; Mollo et al., 2010, 2012). We also show
that from ca. 10-100 °C/h to ca. >100 °C/h, Al,03 and ALY abundances
show only a limited increase (Fig. 9a,b), whereas TiO2 increases
significantly (Fig. 9¢). This is likely a consequence of charge balance
allowing for an increase in TiOg (Ti4+) in the crystal structure (Mollo
et al., 2012), and concomitant decrease in Mg#petor and Si (Figs. 8,9).
Cry03, on the other hand, remains the only major or minor element
unaffected by changes in cooling/growth rate and changes in Al—Ti
abundances (Fig. 8a, Fig. 9d). Such patterns might imply that CryO3
abundances have potential as a record of melt replenishment or differ-
entiation (e.g. Tornare et al., 2016; Ubide et al., 2019) independent of
changes in crystal growth kinetics. However, it is worth noting that Cr
zoning patterns might occur and be independent of enrichment or
depletion in compatible and incompatible elements, as highlighted
recently in experimental convective stirring conditions (Di Fiore et al.,
2021).

Trace elements, such as Y, Ce, V, Zr, show similar initial enrichments
with increasing cooling rates as experimental results from Mollo et al.,
(Mollo et al., 2013a, Mollo et al., 2013b) and a broad correlation with
Al (Fig. 11). Increasing Al in the crystal lattice facilitates charge-
balanced incorporation of trace elements (Fig. 11) (Wood and Blundy,
2001; Mollo et al., 2013a; Mollo et al., 2013b), notably the highly-
charged trace elements (Ce, Zr, Fig. 10) which increase by up to an
order of magnitude (Lofgren et al., 2006). Apparent Kds calculated using
bulk rock compositions of lava flows (supplementary appendix) show a
significant increase with cooling rate for Ce, Zr, Y, and V, consistent with
experiments (Mollo et al., 2013a, Mollo et al., 2013b) (Fig. 12).
Although these natural samples reflect similar compositional trends with
cooling rates to those observed experimentally (e.g. Mollo et al., 2011a;
Mollo et al., 2011b; Mollo et al., 2013a; Mollo et al., 2013b), we note an
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Fig. 12. Apparent partition coefficients (KdP*™, 15) based on groundmass
clinopyroxene compositions and bulk rock chemistry of U1500 basalts (sup-
plementary appendix) as a function of cooling rate.
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increase in Sr abundance and apparent Kd, which is contrary of these
experiments (Fig. 10). This is likely because the melt feeding the rapid
growth of clinopyroxene in these experiments was depleted in Sr due to
competition with adjacent plagioclase into which Sr is highly
compatible.

One important result is the increasing compositional heterogeneity
of clinopyroxene at elevated growth rates, in both major and trace ele-
ments (Figs. 8-11), at micron to submicron length-scales. One possibility
is that increasing cooling rate leads to increased undercooling and
increased nucleation rates (e.g. Shea and Hammer, 2013), with nucle-
ation of metastable minerals favoured over stable phases (e.g. Kirkpa-
trick, 1983), thus favouring formation of compositionally variable
Al-rich clinopyroxene (Shea and Hammer, 2013; Lofgren et al., 2006).
An additional factor might be that kinetic effects locally influence the
composition of nascent, rapidly growing crystals either related to
boundary layers (e.g. Schwandt and McKay, 2006), or as a consequence
of epitaxial growth of sub-micron minerals (e.g. oxides along clinopyr-
oxene dendrites, Hammer et al., 2010) and their subsequent incorpo-
ration in the growing crystal. However, as the 2D — 3D structure of
micron- to submicron-scale heterogeneity of these clinopyroxene is not
resolvable (Fig. 2c), the different mechanisms cannot be elucidated.
Nevertheless, slow solid-state diffusion of highly-charge trace elements
in clinopyroxene means that heterogeneity, once formed, cannot be
eliminated diffusively.

The heterogeneity in mineral compositions as a function of cooling
rates highlighted here are noteworthy precisely because cooling rates of
volcanic products depend on eruption conditions as well as the shape,
size and permeability of volcanic fragments and thickness of lava flows,
implying that mineral growth rates will vary by several orders of
magnitude at small scales (Wallace et al., 2003; Cashman et al., 1999,
Tait et al., 1998; Nichols et al., 2009). Our study on a series of natural
lava flows shows significant changes in clinopyroxene and plagioclase
compositions at small (i.e. hand-sample) scale, supporting extensive
experimental work in recent years which has highlighted the sensitivity
of both plagioclase and clinopyroxene chemistry and texture to changes
in cooling rates. The sensitivity of clinopyroxene and plagioclase
composition to growth rate implies that retrieving magmatic conditions
on the basis of major and trace elements, or making correlations be-
tween distinct eruptions based on an array of scoria and lava flows,
remains a hazardous task, as already highlighted by Mevel and Velde
(1976).

6. Conclusions

Detailed analysis of mineral compositions in a 150 m thick subma-
rine basalt lava flow sequence highlights the evolution of clinopyroxene
and plagioclase compositions and textures as a function of cooling rate.
Increasing cooling rates lead to plagioclase with higher FeO and MgO
abundances and slightly higher An content, whilst Sr, Ba, Ti remain
unaffected. Clinopyroxene is significantly more sensitive to changes in
cooling rate, showing increasing Al-Ti-Na and decreasing Mg—Si con-
tents with increasing cooling rate. Trace elements such as Y, V, Ce, Zr, Sr
in clinopyroxene show an increase in abundance correlated with
increased Al and especially Ti, and become more heterogeneously
distributed. These shifts in mineral composition occur with increasing
growth rates (10° to >107° cm/s) that overlap estimates for volcanic
and subvolcanic magmatic systems. We show that plagioclase and cli-
nopyroxene composition are sensitive to changes in growth rates,
implying that the these mineral should be used with caution when dis-
cussing petrogenetic relationships in volcanic systems and use mineral
chemistry to recover magmatic variables.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemgeo.2023.121415.
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