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Abstract

Textural and compositional micro-scale (10-100pm) and nano-scale (10-100 nm)
zoning in a plagioclase phenocryst from a fresh, syn-mineralization diorite porphyry
(Black Mountain porphyry Cu-Au deposit, Phillipines) was characterized for major
and trace elements using electron microprobe, laser ablation inductively coupled
plasma mass spectrometry and atom probe tomography. The complex plagioclase
crystal (3.0 X 5.4 mm) has a patchy andesine core (Anasi-4s mol%), eroded bytownite
mantle (An7is0 mol%) and oscillatory andesine rim (Ansos1 mol%). Micro-scale
variations with a periodic width of 50 to 200 pm were noted for most major and trace
elements (Si, Ca, Al, Na, K, Fe, Mg, Ti, Sr, Ba, Pb, La, Ce and Pr) with a AAn
amplitude of 4-12 mol% in both the core and rim. The mantle has a distinct elemental
composition, indicating the addition of hotter mafic magma to the andesitic magma.
Atom probe tomography shows an absence of nano-scale variations in the andesine
rim but alternating nano-scale (25-30 nm) Al-, Ca-rich and Si-, Na-rich zones with a
Ca/(Ca+tNa)aom % amplitude of ~10 in the bytownite mantle.

The restricted variations in physiochemical parameters (H2O-rich, T = 865 to 895
°C, P = 5.3 to 6.2 kbar; fO, = NNO+0.6 to NNO+1.1 recorded by co-precipitated
amphibole) suggest micro-scale oscillatory zoning was likely controlled by internal
crystal growth mechanisms, and not by periodic variations in physiochemical
conditions. However, the uniform diffusion timescale for CaAl-NaSi interdiffusion in
the mantle is far shorter than the crystallization timescale of the grain from mantle to

rim, suggesting nano-scale zonation in the bytownite mantle formed by exsolution
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after crystallization. The occurrence of micro-scale zoning in plagioclase indicates a
minimum cooling rate of 0.0005 °C/year during crystallization, assuming an initial
temperature of 880 °C, width of 50 um and NaSi-CaAl interdiffusion under hydrous
conditions. Assuming a formation temperature of ~675 °C for the nano-scale
exsolution texture as constrained by zircon crystallization temperatures, the retention
of nano-scale zoning (~28 nm) requires a minimum cooling rate of 0.26 °C/year.
Given that this is significantly faster cooling than would occur in a magma chamber,
this texture likely records the post-crystallization emplacement history.

Keywords: Atom probe tomography, plagioclase zonation, micro-scale and
nano-scale, Black Mountain porphyry Cu deposit, Phillipines

INTRODUCTION

Textural and compositional zoning in plagioclase could be classified as
micro-scale (10-100pum) and nano-scale (10-100 nm) according to the periodic width
of zonation. Characterization of such zones can provide useful information on the
crystallization environment (Stamatelopoulou-Seymour et al. 1990; Hattori and Sato
1996; Ginibre and Worner 2007; Singer et al. 2016), with implications for the
petrogenesis of host rocks (Haase et al. 1980; Allegre et al. 1981), metallogenesis of
porphyry Cu deposits (Cao et al. 2014, 2018a, 2018b) and thermal history of related
rocks (e.g., Grove et al. 1984; Liu and Yund 1992). However, the origin of micro- and
nano-scale oscillatory zoning in plagioclase remains poorly understood, and the role
of less well-constrained physical and chemical parameters (such as temperature,

pressure, melt composition, H>O and fO7) and post-crystallization diffusion needs to
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be explored. In addition, the origin of both micro- and nano-scale zonation in the
same plagioclase crystal is rarely studied (Grove et al. 1983).

The Baguio district (Philippines) is one of the world’s premier mineral provinces,
with more than 50 Moz of Au and 6 Mt of Cu (past production + resource; Malihan
and Ruelo 2009) related to Pliocene-Pleistocene andesitic rocks (Cooke et al. 2011;
Waters et al. 2011). The Black Mountain porphyry Cu-Au deposit is located in the
center of the Baguio district and is closely related to the syn-mineralization diorite
porphyry (2.98 to 2.83 Ma; Hollings et al. 2013). The porphyry contains widespread
fresh, primary plagioclase phenocrysts with complex oscillatory zoning, providing the
ideal natural laboratory in which to investigate magmatic processes linked to large
scale mineralization.

Atom probe tomography (APT) can characterize previously inaccessible
nano-scale compositional variations in a range of minerals and provide 3D images of
atomic distribution for a range of geoscience applications (e.g., Gault et al. 2012;
Kelly and Larson 2012; Valley et al. 2014; Fougerouse et al. 2016, 2018; Peterman et
al. 2016; Piazolo et al. 2016; Reddy et al. 2016; White et al. 2017; Saxey et al. 2018).
In this study, we have used electron microprobe (EMP), laser ablation inductively
coupled plasma mass spectrometry (LA-ICPMS) and APT to characterize micro- and
nano-scale elemental zonation in plagioclase from the syn-mineralization diorite
porphyry at the Black Mountain porphyry Cu-Au deposit. The characteristics of
micro- and nano-scale plagioclase zonation was used to provide insights into

crystallization processes in the magma chamber and the thermal history of the deposit.
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GEOLOGICAL SETTING AND PETROGRAPHY

The Baguio mineral district is located approximately 220 kilometers north of
Manila (Philipines), at the southern end of the Luzon Central Cordillera. The geology
and geochronology of the Baguio district were reviewed in detail by Waters et al.
(2011) and Hollings et al. (2011). The Black Mountain porphyry Cu-Au deposit
consists of two orebodies associated with the Black Mountain intrusive complex, and
has a total resource of 65 Mt at 0.40 % Cu and 0.38 g/t Au (Malihan and Ruelo 2009).
The description of intrusive phases and formation ages are given in Hollings et al.
(2013). All these rocks show typical features of island arc magmatism (Hollings et al.
2013). Our previous works indicated complex crystallization processes, including
repeated addition of mafic and felsic magmas to all the intrusive phases from the
pre-mineralization diorite porphyry (~6.39 + 0.49 Ma) to syn-mineralization diorite
porphyry (2.98 = 0.02 to 2.83 + 0.23 Ma) (Hollings et al. 2013; Cao et al. 2018a,
2018b). Here, we focus on complex plagioclase phenocrysts from the relatively fresh
syn-mineralization diorite porphyry.

Sample BAO8GS030 from the diorite porphyry shows porphyritic textures with
phenocrysts of plagioclase (~30 vol.%, 1.0 to 6.0 mm long) and amphibole (~16
vol.%, 0.5 to 4 mm long) in a groundmass of plagioclase (< 0.5 mm long), amphibole
(< 0.3 mm long), biotite (< 0.3 mm long) and quartz (< 0.2 mm long) (Fig. la, 1b).
Most euhedral plagioclase phenocrysts show well-developed oscillatory zoning, or
complex zonation with patchy zones in the core. Tiny plagioclase crystals (<150 pm

long) are rarely observed within amphibole phenocrysts. Primary amphibole crystals
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mainly occur as independent phenocrysts or are included in plagioclase phenocrysts
(Fig. 1c), indicating that they formed slightly prior to, but mainly coeval with,
plagioclase. Trace grains of apatite (60 to 200 um) mainly occur in the groundmass
with a few contained in plagioclase. Minor co-existing unzoned magnetite and
ilmenite crystals are observed (more magnetite than ilmenite), indicating relatively
oxidizing conditions. Tiny euhedral crystals of anhydrite (5%25 um and 20x80 pm)
were found contained in the patchy and oscillatory zones of plagioclase phenocrysts.
In the groundmass, zircon is sparsely observed and quartz only occurs as small
crystals. From these textural relations, a sequence of magmatic crystallization can be
observed from amphibole =~ plagioclase — apatite — Fe-Ti oxides = zircon — quartz.
The euhedral plagioclase crystal (3.0 x 5.4 mm) analyzed in this study has a patchy
zone in the core which is eroded or replaced by Ca-rich zone in the mantle, and has
oscillatory zonation in the rim (Fig. 1d). Given that the studied crystal shows similar
features (patchy and oscillatory zoning) to the majority of plagioclase phenocrysts
from other intrusive phases, it is considered representative and used to constrain
formation processes. In order to investigate the nano-scale variations within zones,
two specimens were prepared for atom probe tomography analysis from two regions
of interest (Fig. 1d) including the Ca-rich mantle (APT 1) and oscillatory rim (APT 2).
ANALYTICAL METHODS

The major element compositions of plagioclase and amphibole were measured at

the Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS) in

Beijing, using a JEOL-JXA8100 EMP operated in wavelength dispersive spectrometer
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mode. The operating conditions were 15 kV accelerating voltage, 20 nA beam current
and 3 pum spot size with counting times of 20 s for Na, K, Mg, Si, Mn, Al, Ca, Fe, Cr,
Ti, F and Cl at their characteristic X-ray line. The following natural minerals and
synthetic oxides were used for calibration: diopside (Ca, Mg and Si), rutile (Ti),
jadeite (Al), hematite (Fe), synthetic MnO (Mn), albite (Na), orthoclase (K), chromite
(Cr), tugtupite (Cl) and fluorite (F). All data were corrected using the atomic
number-absorption-fluorescence procedure. X-ray maps for Ca and Na in the
plagioclase crystal were performed in WDS mode using a CAMECA SX Five FE
Electron Probe Microanalyzer at IGGCAS, with an accelerating voltage of 15 kV, a
beam current of 250 nA, a 1.5 um pixel size and dwell time of 20 ms. Plagioclase and
amphibole major elemental compositions are presented in Supplementary Table A.1.
In situ trace element analysis of plagioclase in thick sections was carried out by
LA-ICPMS on an Agilent 7700x quadrupole inductively coupled plasma mass
spectrometer coupled to a Resonetics S-155-LR 193 nm excimer laser ablation system
at the GeoHistory Facility in the John de Laeter Centre, Curtin University, Perth,
Australia. Following a 30 s period of background analysis, plagioclase was ablated
with a 33 um beam for 30 s at a 5 Hz repetition rate and using a laser energy
(measured at the sample surface) of 2.0 J/cm?. The sample cell was flushed with
ultra-high purity He (350 mL/min) and N> (3.6 mL/min). High-purity Ar was utilized
as the carrier gas. NIST 610 was used as the primary standard with NIST 612 treated
as a secondary standard. The internal reference isotope (*°Si) for plagioclase was

determined from electron microprobe SiO; values. Data reduction and concentration
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calculations were performed using the Trace Elements data reduction scheme in Iolite
(Paton et al. 2011). Based on analysis of secondary standard glasses, the accuracy of
the trace element determinations was typically better than 4 % for most elements. /n
situ trace element analytical results for reference material and plagioclase are listed in
Supplementary Table A.2.

Atom probe tomography analyses were performed on a Cameca LEAP 4000X
HR at the Advanced Resource Characterization Facility housed in the John de Laeter
Center at Curtin University. Atom probe tomography involves pulsed, laser-assisted
field evaporation of atoms from the tip of a small needle-shaped specimen (Fig. 1d),
coupled with time of flight mass spectrometry. Atoms liberated from the specimen tip
are ionized and accelerated by an electric field to hit a position-sensitive detector.
Using time-of-flight mass spectrometry, the time from laser pulse to ion detection
yields the mass/charge ratio that is used to identify the ionic species (e.g., Miller and
Forbes 2014). Unlike most ion sputtering techniques, all atoms in the sample are
ionized and there is no significant fractionation of ionic species during the analysis.
This leads to good counting statistics and reasonable precision without the need for
reference materials to provide calibration of the data. Detection limits are typically at
the ppm level, although this is dependent upon how the elements are distributed in the
sample. Atom probe data are typically represented as reconstructions that show the 3D
distribution of atoms in the specimen.

For atom probe tomography analysis, the specimens were extracted from the

sample surface and prepared using a Tescan LYRA3 Focused Ion Beam Scanning
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Electron Microscope (FIB-SEM) with a Ga® ion source, employing the standard
lift-out technique (Thompson et al. 2007). The instrument was operated at an
accelerating voltage of 30 kV during sample preparation and at 2 kV to remove the
damaged layer created by the high-energy Ga ions. For APT analysis, the specimen
base temperature was maintained at 60 K. An ultraviolet (A= 355 nm) laser was
focused on the specimen apex and pulsed at 200 kHz, with a pulse energy of 300 pJ.
The detection rate was maintained at 0.01 atom/pulse for a total of 20 million atoms
for each specimen (~3 h/specimen). The three dimensional information was recorded
using a position-sensitive detector with the succession of detection events, and the
chemical compositions determined using time-of-flight mass spectrometry. On the
mass/charge spectra, peaks twice those of the background level were identified and
ranged using the Cameca IVAS 3.6.10 processing software. In this study,
concentrations are reported in atomic percent (atom %) for all major elements. Details
of acquisition and reconstruction parameters are given in supplementary Table A.3
following the recommendations of Blum et al (2018).
RESULTS

Micro-scale plagioclase and amphibole mineral chemistry

Both the backscattered electron image (Fig. 2a) and Ca and Na X-ray maps (Fig.
2b, 2c) of the plagioclase phenocryst show distinct zonation including a patchy core
with an eroded edge, Ca-rich mantle and an oscillatory zoned rim. EMP traverse
shows oscillatory zoning for SiO,, CaO, Al,Os3, Na;O and K»>O contents (wt%), and

An (100*Ca/(Cat+Na+K)in mole) With an amplitude (AAn values) of 4 to 12 mol% in
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both the patchy core and the oscillatory zoned rim (Fig. 2). The zonation bands in the
rim are 50 to 200 um wide. The mantle zone has relatively low contents of SiOs,
NaxO and KoO (wt%), high CaO and AlLOs; (wt%), and high An but low Ab
(100*Na/(CatNa+K)in mole) and Or (100*K/(CatNa+K)in mote) (Fig. 2). Similarly the
mantle shows a zonation in trace elements including Fe, Mg, Ti, Ba, La, Ce and Pr
(Fig. 3). Both the patchy core and oscillatory rim have similar abundances and
patterns of oscillatory zonation for Fe, Mg, Ti, Sr, Ba, Pb, La, Ce and Pr (Fig. 3).

All analyzed amphibole, including grains contained in plagioclase and as
phenocrysts and groundmass from BA08GS030 are calcic, containing >1.5 Ca atoms
per fomula unit (a.p.fu; n = 50, Table A.l). All the amphibole grains are
Mg-hornblende to tschermakite according to Leake et al. (1997) with Si (a.p.f.u.)
values of 6.40 to 7.10, Mg/(Mg+Fe?")in mole ratios of 0.65 to 0.87, (Na+K)a (a.p.f.u.)
values of 0.06 to 0.42 and Ti (a.p.f.u.) values of 0.09 to 0.18. The grains contained in
plagioclase and as large phenocryst show similar compositions with SiO; values of
43.7 to 44.9 wt%, AlxO3 values of 10.1 to 11.2 wt% and FeO values of 13.8 to 16.0
wt% (Table A.1). In contrast, the small crystal of amphibole (< 0.3 mm long) in the
groundmass show higher contents of SiO, (47.6 to 49.5 wt%) and lower contents of
ALO; (6.2 to 6.7 wt%) and FeO (12.5 to 13.4 wt%; Table A.1). The distinct
compositions of amphibole probably indicate a different stage of formation.
Nano-scale plagioclase chemistry

The atom probe mass spectrum appears complex with the occurrence of single,

double and triple charge state ionic species (Fig. 4). Of interest for this study, Ca was
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identified as Ca™ and Ca*, whereas Na was observed as Na", NaO" and Na,O". We
have used the total Ca and Na count numbers for each peak to calculate the
composition of the nano-scale domains. Sr was identified at 88 Da (Mass/Charge ratio)
for 38Sr*, but no other Sr isotopes were observed above the background level.

Atom probe specimen 1 (APT 1), collected from the Ca-rich mantle zone, shows
alternating 25 to 30 nm bands of different compositions with Al-, Ca-rich domains
and Si-, Na-rich zones (Fig. 5). A 1D concentration profile across several of the bands
shows a Ca/(CatNa)aom % amplitude of about 10 and a sharp (<2 nm) transition
between domains (Fig. 5). The Ca/(CatNa)aom % ratio for the whole sample
determined by atom probe is 79.9, similar to the EMP results (79.5 to 79.7).

Atom probe specimen 2 (APT 2), collected from the oscillatory rim, shows a
homogeneous distribution of all ionic species, including Ca, Na, Al and Si (Fig. 6).
The Ca/(Ca+Na)atom % ratio of specimen 2 determined by atom probe (55.0) is slightly
higher than that from the EMP (43.0 to 43.8), likely reflecting variations in bulk
composition resulting from the different analytical volumes analyzed using two
different techniques.

DISCUSSION
Plagioclase crystallization conditions

Assuming a similar crystallization sequence for plagioclase and amphibole, we
can estimate the formation conditions of plagioclase using amphibole
thermobarometry and oxybarometers. Based on a compilation of published

experimental results, Ridolfi et al. (2010) proposed that amphibole chemistry in
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subduction-related calc-alkaline rocks can be used to estimate crystallization
temperature and oxidation state. The validity of this method was confirmed by
Erdmann et al. (2014) by comparing experimental and calculated results. In addition,
pressure can be estimated using the Al-in-hornblende geobarometer (Schmidt 1992).

Using the method of Ridolfi et al. (2010), our results show a relatively restricted
formation temperature (865 to 895 °C; mean = 878 + 10 °C, 1o, n = 16) for amphibole
inclusions in plagioclase and for amphibole phenocrysts (864 to 893 °C; mean = 878 +
9°C, 1o, n = 21; Fig. 7) with 1o uncertainty of 22 °C. These values are higher than the
formation temperature of groundmass amphibole crystals (769 to 800 °C, n = 13) with
lo uncertainty of 22 °C, which are in turn higher than those for accessory minerals
including zircon and co-existing magnetite-ilmenite in the groundmass (700 to 750 °C;
Cao et al. 2018a). The calculated formation temperatures indicate early crystallization
of amphibole phenocrysts, followed by groundmass amphibole and late accessory
minerals, consistent with the crystallization sequence indicated by textural
relationships.

The Al-in-hornblende geobarometer yielded higher crystallization pressures
(from 5.3 to 6.2 kbar with a mean of 5.8 kbar) for the early stage of amphibole
compared with groundmass amphibole (1.9 to 2.4 kbar, with a mean of 2.2 kbar, Fig.
7) with a precision of = 0.6 kbar according to Schmidt (1992). The distinct
crystallization temperature and pressure indicate two different formation
environments for these texturally distinct forms of amphibole.

The amphibole oxybarometer of Ridolfi et al. (2010) indicated an oxidation state
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of NNO+0.6 to NNO+1.1 (mean = NNO+0.9; Fig. 7c) for amphibole phenocrysts, and
fO2 values of NNO+0.6 to NNO+1.9 (mean = NNO+1.3; Fig. 7c) for groundmass
amphibole. These results are consistent with the occurrence of anhydrite in
plagioclase phenocrysts (Cao et al. 2018a) which requires an oxygen fugacity of
>NNO+1. The values of NNO+0.6 to NNO+1.9 obtained on groundmass amphibole
are similar but slightly lower than that those yielded by late crystallized co-existing
magnetite-ilmenite pairs (Cao et al. 2018a) (NNO+1.9 to NNO+2.4), indicating a
subtle increase in oxygen fugacity from the early to late magmatic stages. Considering
the similar formation sequence for phenocrysts of amphibole and plagioclase
indicated by the textural relations, the crystallization conditions for amphibole
phenocrysts (T = 865 to 895 °C, P = 5.3 to 6.2 kbar, fO> = NNO+0.6 to NNO+1.1) are
assumed to be the same as for the plagioclase phenocrysts.
Micro-scale zonations in plagioclase

Two different models have been proposed to account for micro-scale oscillatory
zoning in plagioclase: (1) Variations of physiochemical conditions (e.g., T, P, fO2, HO
and melt composition) (e.g., Stamatelopoulou-Seymour et al. 1990; Hattori and Sato
1996; Ginibre and Worner 2007); and (2) Changes in internal crystal growth
mechanisms due to the interplay between interface kinetics and elemental diffusion in
the melt (e.g., Sibley et al. 1976; Haase et al. 1980; Allégre et al. 1981; Ortoleva 1990;
L'Heureux et al. 1994). During crystallization of plagioclase, variations in a range of
parameters (e.g., temperature, pressure, H,O content, oxygen fugacity and melt

compositions) can change its composition and have been suggested to cause
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micro-scale oscillatory zoning (e.g., Stamatelopoulou-Seymour et al. 1990; Hattori
and Sato 1996). Variations in pressure have a relatively weak effect on the chemistry
of crystallizing plagioclase when compared to temperature, H>O content and melt
compositions (Housh and Luhr 1991; Panjasawatwong et al. 1995; Lange et al. 2009).
It is worth noting that the Al-in-hornblende geobarometer records limited variations of
pressure (6.6 to 5.1 kbar), indicating a relatively stable pressure conditions in the
magma chamber (~5.8 kbar) during plagioclase crystallization. A gradual increase of
4.5 mol% An in plagioclase could result from a pressure decrease from 6.6 to 5.1 kbar
according to Ustunisik et al. (2014), whereas repeated variations of An in oscillatory
zoning of plagioclase (Fig. 2) cannot be generated in a relatively stable magma
chamber.

Changes in oxygen fugacity can affect the Fe, Ce, Eu, V and Cr contents of
plagioclase but has no obvious effect on other elements (Phinney 1992; Wilke and
Behrens 1999; Aigner-Torres et al. 2007). The relatively restricted range of oxygen
fugacity values (NNO+0.6 to NNO+1.1; Fig. 7c) obtained on amphibole phenocrysts
suggests there would be only limited impact of fO, variation on plagioclase-melt
partition coefficients according to the results of Wilke and Behrens (1999). Limited
variation in Fe content in the patchy core zone and oscillatory zoned rim also suggests
limited variations in fO», consistent with the results from the amphibole oxybarometer
(Fig. 7c). For the Ca-rich mantle zone, obvious correlation between Fe and other
elements (Ca, Na, K, Mg, Ti and Ba; Fig. 3) further eliminates oxygen fugacity as the

critical factor controlling composition in the mantle zone of the crystal.
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Variations in H,O content caused by an influx of external fluids or degassing of
the magma chamber will affect albite—anorthite binary loops and, thus, the An values
of crystallizing plagioclase. This, in turn, controls the partition coefficient of other
trace elements (e.g., Sr, Ba; Blundy and Shimizu 1991; Blundy and Wood 1991;
Bindeman et al. 1998). The occurrence of amphibole inclusions in both the oscillatory
and patchy zones of the plagioclase phenocrysts (Fig. 2) indicates relatively high H,O
contents during plagioclase formation and is consistent with the widespread presence
of amphibole phenocrysts. Using the method of Lange et al. (2009), and assuming that
the whole rock composition represents the melt composition and that the mean An
value of plagioclase from both core and rim represents the value of plagioclase, we
can estimate the H>O content of the melt. The result shows ~4.0 wt% H>O for the melt,
indicating relatively high H>O contents during plagioclase formation. Although
increased H>O contents in the magma likely occurred from the early to late stage
(discussed later in implications), the oscillatory An variations in early stage
crystallized plagioclase phenocryst cannot be generated by increasing H>O. Thus,
limited variations of H>O content are likely the case for our analyzed plagioclase, and
the effect of H>O variations on plagioclase chemistry is minor.

Melt temperature has a significant effect on plagioclase compositions with higher
temperatures favoring higher anorthite contents (Housh and Luhr 1991; Lange et al.
2009). Given similar crystallization conditions for the amphibole inclusions and host
plagioclase, small variations in formation temperature (865° to 895 °C) for amphibole

contained in the oscillatory rim zone implies limited temperature variations were

15

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-6609

experienced by the host plagioclase. In contrast, the patchy core, with an obvious
corroded edge (Fig. 2), was probably heated by a higher temperature mafic magma,
consistent with the formation of bytownite in the mantle zone.

Melt composition exerts a strong control on plagioclase chemistry with anorthite
to bytownite forming in mafic rocks and labradorite to andesine compositions in
andesitic rocks (Panjasawatwong et al. 1995). The bytownite mantle zone of the
studied plagioclase crystal (An7o-71 mol%) likely formed from a relatively mafic
magma, whereas both the patchy zone (Ans7—41 mol%) and oscillatory rim (Ansi—zo
mol%) consistently indicate formation of plagioclase in an andesitic magma. The
coupled increase in Fe, Mg and Ti, and decrease in Sr, Ba, Pb, La, Ce and Pr within
the bytownite mantle (Fig. 3) also suggest that it crystallized from a relatively more
primitive melt. Although crystal growth rate will affect the elemental composition of
plagioclase, the abrupt compositional variations in the bytownite mantle could not
have been caused by changes in growth rate. Thus, the bytownite composition of the
mantle zone indicates the addition of a relative high temperature mafic melt into the
andesitic magma chamber, consistent with previous amphibole and plagioclase studies
(Hollings et al. 2013; Cao et al. 2018a). The compositional similarity of oscillatory
zones in both the patchy core and oscillatory rim (Figs. 2, 3) suggests that there was
pre-existing oscillatory zonation in the core, prior to injection of mafic magma which
corroded the edge of the crystal and generated the patchy texture.

In summary, our results indicate that plagioclase formed in an andesitic magma

chamber under stable pressure (~5.8 kbar), temperature (865 to 895 °C), oxygen

16

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-6609

fugacity (NNO+0.6 to NNO+1.1) and hydration conditions (all according to analyses
of co-precipitated amphibole). Thus, the micro-scale oscillatory zoning was not
principally controlled by externally imposed variations in physiochemical conditions
(e.g., T, P, fO,, H O and melt composition) recorded at other locations (e.g.,
Stamatelopoulou-Seymour et al. 1990; Hattori and Sato 1996; Ginibre and Wdrner
2007).

Limited An variation in both the patchy core (An47-41 mol%) and oscillatory rim
(Ansi-39 mol%) suggests that internal crystal growth mechanisms had an influence on
crystal composition (e.g., Sibley et al. 1976; Haase et al. 1980; Alleégre et al. 1981;
Ortoleva 1990; L'Heureux et al. 1994). Internal crystal growth mechanisms are
impacted by various factors including growth rate, elemental diffusion and elemental
partitioning, none of which are well constrained. However, assuming a lack of
elemental diffusion and constant elemental partitioning, we can qualitatively compare
the trace element cargo in plagioclase at different growth rate. Considering the
obvious higher contents of Fe, Mg, Ti, La, Ce and Pr in co-precipitated amphibole
compared to plagioclase (Cao et al. 2018a), and thus significant effect that amphibole
crystallization had on plagioclase, we can only estimate the variations of Sr, Ba and
Pb under different growth rate. Assuming that; (1) plagioclase/andesite partition
coefficient values are Ds; = 2.7, Dpa = 0.38 and Dp, = 1.07, obtained previously on
calc-alkaline andesitic rocks (Dunn and Sen 1994); (2) melt values were Csrin melt =
578.7 ppm, Cga in melt = 189 ppm and Cpp in mert = 1.03 ppm as represented by the

BAO08GS030 bulk compositions (Hollings et al. 2013); and (3) the proportion of
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crystallized plagioclase to melt was f = 0.05 and f = 0.2, corresponding to different
growth rates, we can calculate the contents of Sr, Ba and Pb in plagioclase (Cs: in
plagioclase, CBa in plagioclase, CPb in plagioclase). The results Show Csrin plagioclase = 1440 ppm, Cga
in plagioclase = 74 ppm and Cpb in plagioclase = 1.1 ppm for f = 0.05, and Cs; in plagioclase = 1166
ppm, Cgain plagioclase = 82 ppm and Cpb in plagioclase = 1.1 ppm for £ = 0.2. The decrease in
Sr content in plagioclase from Cs; in plagioclase = 1440 ppm to Csy in plagioclase = 1166 ppm
with increased growth rate is consistent with our measured results (Fig. 3d),
supporting a growth rate control on composition. In addition, the slight increase for
Ba in the oscillatory rim (Fig. 3e) show similar trend with our calculation from 74
ppm to 82 ppm. The different contents of Ba and Pb in plagioclase may be related to
the difference in partition coefficients and the effects of other co-precipitated minerals
(such as amphibole). Thus, we propose that the micro-scale oscillatory zoning in our
sample was probably generated by internal crystal growth mechanisms.

The overall plagioclase crystal provides evidence of three distinct processes,
from core to rim, including: (1) a patchy core derived by heating of an existing
oscillatory zoned core; (2) Ca-rich mantle crystallized during injection of a high
temperature relatively mafic melt; and (3) micro-scale oscillatory zoned rim which
grew under relatively stable conditions in an andesitic magma chamber.

Nano-scale zonations in plagioclase

Due to their low spatial resolution, many techniques (including EMP, LA-ICPMS

and secondary ion mass spectrometry) cannot recognize and/or accurately measure

sub-micron compositional features in plagioclase. The profile for specimen APT 1
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from the bytownite mantle shows alternating Al-, Ca-rich and Si-, Na-rich zones with
zone widths of 25 to 30 nm. These domains are characterized by Ca/(Ca+Na)atom %
variations of about 10, which is similar to the amplitude of micro-scale oscillatory
zoning in the rim revealed by EMP (Fig. 2). Two distinct models can explain the 25 to
30 nm compositional variations observed in specimen APT 1, including nano-scale
oscillatory zoning during crystallization and exsolution after crystallization.

If the An nano-scale oscillatory zoning is the result of crystallization processes
alone, the interdiffusivity of CaAl-NaSi in the crystal should have been slow enough
not to be homogenized during crystallization. To test this hypothesis, we have used
the analytical formulation of the diffusion equation of Crank (1975). According to
Crank (1975), when the dimensionless parameter Dt/1> (where D is the diffusion
coefficient, t is the time, 1 is half of the zonation width) is 0.5, the compositional
difference between zones is reduced to 0.01 and homogenization is essentially
complete. The amphibole inclusions in plagioclase indicate a hydrous environment
and crystallization temperature of ~880 °C, and by proxy, we assume the same
temperature for plagioclase crystallization. According to the CaAl-NaSi interdiffusion
coefficient of Liu and Yund (1992), under hydrous conditions, at 880 °C, and with a
zone width of ~30 nm, the uniform diffusion timescale required for homogenization
of CaAl-NaSi zonation is only ~0.02 years (7 days).

Although the processes of magma cooling, upward emplacement and water
exsolution may affect crystal growth rate to some extent (Brugger and Hammer 2010),

the most common growth rate for plagioclase in basaltic or andesitic magmas is in the
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range of 10° to 10® mm/s (e.g., Salisbury et al. 2008; Brugger and Hammer 2010;
Pappalardo and Mastrolorenzo 2010). The thickness of the crystal zone from
bytownite mantle to oscillatory rim is ~1.25 mm, requiring a crystallization timescale
of 0.04 to 4.0 years. This crystallization timescale is 2 to 200 times longer than the
uniform diffusion timescale of homogenization for CaAl-NaSi zonation, indicating
that the nano-scale features observed in the bytownite mantle did not form during
crystallization.

Numerous transmission electron microscopy studies have revealed nano-scale
exsolution textures in plagioclase crystals with bytownite compositions (Huttenlocher
exsolution as first observed by Huttenlocher 1942; Grove 1977; Kitamura and
Morimoto 1977; Wenk and Nakajima 1980; Grove et al. 1984; Liu and Yund 1992).
Huttenlocher exsolution (also called Huttenlocher intergrowth) occurs in calcic
plagioclases with bulk compositions from about Ang7 mol% to Angp mol% (Smith and
Brown 1974). The periodicity of exsolution lamellae decreases with increasing An
content (~85 nm at Anzs75s mol%, 60 nm at Anzs.79 mol%, 40 nm at Ang; mol%, 20 nm
at Ang» mol%, 13 nm at Angs mol%, and is barely visible at Angg mol%; Grove 1977).
Figure 5 shows an obvious zonation in Al, Ca, Na and Si in atom %. The bulk
compositions of specimen APT 1 shows a Ca/(Ca+Na+K)atom % ratio of 80 which is
consistent with EMP results (Anz9_g0 mol%; Fig. 1). In addition, the 25 to 30 nm width
of the Al-, Ca-rich and Si-, Na-rich zones and periodicity of ~55 nm (Fig. 5) are
consistent with the wavelength of exsolution lamellae for bulk An contents of An7s-79

mol% (60 nm) and Ang; mol% (40 nm) (Grove 1977). The exact compositions of the

20

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-6609

two products of the exsolution are probably related to the bulk composition and the
cooling history, and thus are difficult to predict. Grove et al. (1983) ascribed the 1 <
P1 transformation as the mechanism of Huttenlocher exsolution. Furthermore, the
absence of elemental zoning in the oscillatory rim (An4>; mol%) of specimen APT 2
(Ca/(Cat+Na)aom % = 55.0) suggests exsolution is less likely to occur for intermediate
plagioclase after crystallization, although the composition of Ans mol% or
Ca/(Cat+Na)aom % = 55.0 was located in an area of Beggild intergrowth (occurs in
plagioclase with bulk composition from Ans3 mol% to Ansg mol% and forms the
lamellae ranging near Anso.ss mol% and Anss.e4 mol%; Smith and Brown 1974). All
the above evidence consistently implies that the nano-scale zonation in the bytownite
mantle was probably generated by Huttenlocher exsolution after crystallization.
IMPLICATIONS

The presence of compositional and oscillatory zoning suggests a faster cooling
rate (V) for this crystal than for homogeneous crystals. Assuming that homogenization
occurred in the crystals, the cooling rate can be expressed as V =
RDoTo*/(0.5Q1%)exp(-Q/(RTy)) which represents the minimum cooling rate required to
retain the oscillatory zoning, as given by Grove et al. (1984) based on the calculation
of Walker et al. (1977), where 1 is half the zonation width, Ty is initial temperature in
Kelvin after isolation from the melt, Do and Q are the Arrhenius parameters for
diffusion data, and R is the universal gas constant. Adopting the NaSi-CaAl
interdiffusion of Liu and Yund (1992) and initial temperature of 880 °C estimated

from amphibole thermometry (Ridolfi et al., 2010), the minimum cooling rate is
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0.0005 °C/year where 1 =25 um, Do = 1.1 x 10 m?/s, Q = 371 KJ/mol.

A compilation of previously published zircon chemical-abrasion, isotope dilution
thermal ionization mass spectrometry 2°Pb/?*3Pb ages indicates a long period of
zircon crystallization for the syn-mineralization diorite porphyry at Black Mountain
from 3.01 to 2.82 Ma (Hollings et al. 2013), which implies a slow cooling rate in the
magma chamber (Fig. 8). This is consistent with a long-lived and hot felsic magma
chamber under the Black Mountain deposit indicated by similarity of crystallization
temperature and pressures from 6.39 + 0.49 Ma to 2.83 + 0.23 Ma (Cao et al. 2018a).
If we take the age interval of 0.19 m.y. (i.e. 3.01-2.82 Ma) and a cooling temperature
of 110 °C from 780 to 670 °C during this interval, calculated from Cao et al. (2018a),
we can estimate an average cooling rate of (780-670)/[(3.01-2.82)*1000000] = 0.0006
°C/year which is comparable to the minimum cooling rate of 0.0005 °C/year required
to retain oscillatory zoning. Such a slow cooling rate is supported by: 1) the deep
crustal level for the magma chamber indicated from the amphibole barometer (~5.8
kbar), and 2) the addition of high temperature mafic magma to the chamber as
indicated by the Ca-rich mantle zone and eroded core of the plagioclase crystal (Fig.
2).

Although there is debate regarding the mechanism and formation temperature of
Huttenlocher exsolution (Smith and Ribbe 1969; Grove 1977; Wenk and Nakajima
1980), the preservation of 25 to 30 nm compositional variations in the analyzed
sample provides some valuable constraints on the temperature of Huttenlocher

exsolution. If the formation temperature of nano-scale zonation occurred at >700 °C
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representing the minimum formation temperature of late stage mineral phases (Fig. 7),
it would only take ~23.4 years to homogenize nano-scale zonation according to the
CaAl-NaSi interdiffusion coefficient of Liu and Yund (1992). Based on the average
cooling rate revealed by zircon (0.0006 °C/year), it would take ~34,500 years to cool
from 700 to 680 °C. This indicates that the formation of Huttenlocher exsolution
occurred below 700 °C. If we exclude the lowest zircon crystallization temperature
(663°C), all 83 remaining zircon grains from the diorite porphyries show formation
temperatures of 670 to 780 °C (Fig. 9; Cao et al. 2018a). This implies andesitic
magma consolidation at ~670 °C and upwards emplacement of andesitic magma from
a deep magma chamber to a shallow level. After emplacement, the diorite porphyry
should have cooled rapidly due to significant heat transfer to the wall-rock at shallow
levels. Huttenlocher exsolution in bytownite is less likely to occur under fast cooling
conditions. Thus, the Huttenlocher exsolution was probably generated at temperatures
of 670 to 700 °C at a slow cooling rate, just before or coeval with upwards
emplacement, leaving the plagioclase only a very short time to undergo diffusion and
retain nano-scale zoning. This value is consistent with the formation temperature of
~675 °C proposed by Grove et al. (1983).

Taking ~675 °C as the formation temperature of Huttenlocher exsolution, we can
also estimate the minimum cooling rate required to retain nano-scale compositional
variations. A minimum cooling rate of 0.26 °C/year is needed when | = 14 nm, at an
initial temperature of 675 °C and using the NaSi-CaAl interdiffusion parameters of

Liu and Yund (1992). A faster minimum cooling rate of 0.26 °C/year below 675 °C
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compared to a rate of 0.0005 °C/year above 675 °C is consistent with the emplacement
of the diorite porphyry at a shallow level (Fig. 9).

Many studies have indicated that the addition of mafic magma introduces
abundant Cu to porphyry systems (Mathur et al. 2000; Hattori and Keith 2001; Halter
et al. 2005; Hollings et al. 2013; Cao et al. 2014, 2018a, 2018b; Blundy et al. 2015).
The occurrence of bytownite in the mantle zone of the plagioclase crystal and the
corroded core texture indicate the addition of a high temperature mafic magma. The
common occurrence of rounded or elongated sulfide inclusions and higher contents of
Cu in the megacrystic amphibole of coeval mafic dikes (2.81 = 0.15 Ma), compared to
the amphibole in syn-mineralization diorite porphyries, indicates highly enriched Cu
characteristics for the coeval mafic magma (Cao et al. 2018a). In addition, the
reversely zoned amphibole in syn-mineralization diorite porphyry shows obvious
increases in Cu from core to rim, indicating much more enriched Cu for the injected
mafic magma (Cao et al. 2018b). Thus, mantle-derived mafic magma likely played an
important role in the petrogenesis of syn-mineralization andesitic rocks and provided
some degree of ore-forming components (such as Cu) to the porphyry systems.

Our detailed investigation of a complex plagioclase phenocryst with distinct
zonations reveals considerable information regarding crystallization processes in a
deep magma chamber, and also preservations of its thermal history. These results have
implications for petrogenesis (mafic and felsic magma mixing), metallogenesis (mafic
magma-derived ore-forming components) and our understanding of cooling history of

porphyry deposits (slow cooling in the magma chamber and fast cooling at the
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emplacement level). In addition, this study shows that there is wide scope for APT to
be applied to the investigation of previously unresolvable nano-scale compositional
variations in plagioclase and potentially other minerals.
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FIGURE CAPTIONS

FIGURE 1. (a) Scan of whole thin section and (b) sketch of the phenocryst
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assemblage of plagioclase and amphibole showing the position of the analyzed
plagioclase. Plagioclase crystals are colored in pink and amphibole crystals in green in
b, the scale bar is 0.5 cm in a and b. (¢) Representative photomicrograph showing
amphibole inclusions in the plagioclase phenocryst with enlargement of amphibole
(plane-polarized light). (d) Backscattered electron (BSE) image showing the
amphibole inclusions and complex texture of the patchy core, Ca-rich mantle and
oscillatory zoned rim, the location of EMP, LA-ICPMS and APT specimens 1 and 2
analytical targets in plagioclase. Scanning electron microscope images of
needle-shaped specimens APT 1 and 2 with representative EMP (An) values
illustrated in d. Abbreviations: Am, amphibole; Pl, plagioclase.

FIGURE 2. (a) Backscattered electron (BSE) image and (b, ¢) X-ray maps of Ca and
Na showing the texture and EMP analysis position in plagioclase. (d, e, f, g, h) Profile
variations of SiO,, CaO, Al,O3, Na>O and K>O contents (wt%) analyzed by EMP. (i)
Profile An (mol%) variations. The insert figures in d to i are the BSE images of EMP
analysis position.

FIGURE 3. Profile of elemental variations (in ppm) from core to rim as determined
by LA-ICPMS. The gray area shows the Ca-rich mantle zone. The insert figures are
bottom are the BSE images of LA-ICPMS analysis position.

FIGURE 4. Atom probe mass spectrum. Peaks are colour-coded by atomic or
molecular species.

FIGURE 5. Reconstruction of atom probe data for specimen 1 showing Na (a), Ca (b)

and (Na+Si)/(Al+Ca) atomic ratio isosurface (¢) with the position of cylinder profile.
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(d, e, f, g, h) Cylinder profile Al, Ca, Na and Si (atomic concentration %) and the
ratios of Ca/(Ca+Na) showing the nano-scale variations of Al, Ca, Na, Si and
Ca/(Cat+Na).

FIGURE 6. Reconstruction of atom probe data for sample 2 showing homogenous Na
(green dot) and Ca (red dot) distribution.

FIGURE 7. (a) Crystallization temperature (°C) of amphibole inclusions in
plagioclase and independent phenocrysts estimated by amphibole thermometry
(Ridolfi et al., 2010) compared with previously published thermometry on zircon and
co-existing magnetite-ilmenite in the groundmass (Cao et al. 2018a), indicating the
early mineral phases were amphibole, followed by groundmass amphibole and the late
mineral phases of zircon and co-existing magnetite-ilmenite. (b) Plot of crystallization
temperature (°C) versus pressure (kbar) for amphibole estimated by amphibole
thermometry (Ridolfi et al. 2010) and the Al-in-hornblende geobarometer (Schmidt
1992) showing two slightly different groups. (c¢) Plot of temperature (°C) versus
logfO» for amphibole with previously published data for co-existing
magnetite-ilmenite (Cao et al. 2018a) indicating relatively oxidized conditions and
limited variations of oxygen fugacity from the early to late stage of magma formation.
Abbreviations: Am, amphibole; Ilm, ilmenite; Mag, magnetite; Pl, plagioclase; Zrc,
zircon; HM, Fe,O3—Fe304 buffer; NNO, Ni—NiO buffer, QFM, SiO>—Fe>SiOs—Fe304
buffer.

FIGURE 8. Zircon 2*°Pb/>*¥U age (Ma) with 2o uncertainty for syn-mineralization

diorite porphyry analyzed by chemical abrasion-isotope dilution-thermal ionization
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mass spectrometry (ID-TIMS) from Hollings et al. (2013). The inset shows the zircon
crystallization temperatures with 2¢ uncertainty of ~15 °C according to Ti-in-zircon
thermometry of Ferry and Watson (2007) on the data of Cao et al. (2018a).

FIGURE 9. Two distinct cooling rates (°C/year) calculated from to micro- and
nano-scale zoning in plagioclase with minimum cooling rate of 0.0005 for magmatic
stage with T > 680 °C and a higher minimum cooling rate of 0.26 after emplacement.
Inset figures are BSE images of analyzed plagioclase, enlarged BSE image showing
the micro-scale oscillatory zoning and reconstruction from Figure 5 showing the

nano-scale zoning. See text for details.

36

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld






























	Fig. 1-revision 2
	Figure 2
	Figure 3
	Figure 4
	Fig. 5-revision 2
	Fig. 6-revision 2
	Figure 7
	Figure 8
	Figure 9



