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ABSTRACT
Bulk-rock compositions are commonly used as proxies for melt compositions,
particularly in silicic plutonic systems. However, crystal accumulation and/or melt loss may play
an important role in bulk-rock compositional variability (McCarthy and Hasty, 1976; McCarthy
and Groves, 1979; Wiebe, 1993; Wiebe et al., 2002; Collins et al., 2006; Deering and Bachmann,
2010; Miller et al., 2011; Vernon and Collins, 2011; Lee and Morton, 2015; Lee et al., 2015;

Barnes et al., 2016a; Schaen et al., 2018). Recognizing and quantifying the effects of crystal
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accumulation and melt loss in these silicic systems is challenging. Hornblende-melt Fe/Mg
partitioning relationships and hornblende (Hbl) chemometry are used here to test for equilibrium
with encompassing bulk-rock and/or glass compositions from a number of plutonic and volcanic
systems. Further, we assess the extent to which these tests can be appropriately applied to Hbl
from plutonic systems by investigating whether Hbl from the long-lived (~ 10 m.y.) Tuolumne
Intrusive Complex preserves magmatic crystallization histories. On the basis of regular zoning
patterns, co-variation of both fast- and slow-diffusing trace elements, Hbl thermometry, and
compositional overlap with volcanic Hbl we conclude that Hbl from plutons largely preserve
records supporting the preservation of a magmatic crystallization history, although many
compositional analyses yield calculated temperatures < 750°C, which is unusual in volcanic Hbl.

Hornblende is only rarely in equilibrium with host plutonic bulk-rock compositions over
a wide-range of SiO; contents (42—78 wt%). Hornblende chemometry indicates that the majority
of Hbl from the plutonic systems investigated here is in equilibrium with melts that are typically
more silicic (dacitic to rhyolitic in composition) than bulk-rock compositions. These results are
consistent with crystal accumulation and/or loss of silicic melts within middle- to upper-crustal
plutons. Although the processes by which melts are removed from these plutonic systems is
uncertain, it is evident that these melts are either redistributed in the crust (e.g. leucogranite
dikes, plutonic roofs, etc.) or are instead erupted. In contrast, Hbl from volcanic rocks is more
commonly in equilibrium with bulk-rock and glass compositions. In most cases, where Hbl is out
of equilibrium with its host glass, the glasses are more evolved than the calculated melts
indicating crystallization from a less fractionated melt and/or mixed crystal populations. Where
Hbl is not in equilibrium with volcanic bulk-rocks, the bulk-rock compositions are typically

more mafic than the calculated melts. In some intermediate volcanic samples, the occurrence of
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wide-ranges of calculated melt compositions is indicative of magma mixing. The general
absence of Hbl with temperatures < 750°C from volcanic systems suggests that magmatic
mushes below this temperature are unlikely to erupt. Our results indicate that bulk-rock
compositions of granitic plutonic rocks only rarely approximate melt compositions and that the
possibility of crystal accumulation and/or melt loss cannot be ignored. We suggest that detailed
assessments of crystal accumulation and melt loss processes in magmatic systems is crucial to
evaluating magma differentiation processes and discerning petrogenetic links between plutonic

and volcanic systems.

Keywords: hornblende, crystal accumulation, granite, rhyolite, volcano — plutonic connection

Corresponding Author: kevin.werts@ttu.edu

INTRODUCTION

Bulk-rock compositional trends in quartz-bearing plutonic rocks are commonly used to
infer magma evolution. Traditionally, magmatic processes such as fractional crystallization
(Bowen, 1928), magma mixing (Reid et al., 1983; Davidson et al., 2001), and assimilation
(DePaolo, 1981; Spera and Bohrson, 2001) are the primary magmatic processes considered in the
modeling of these bulk-rock compositions. However, the effect of crystal accumulation on
compositional trends is less commonly considered (but see McCarthy and Hasty, 1976;
McCarthy and Groves, 1979; Wiebe, 1993; Wiebe et al., 2002; Collins et al., 2006; Deering and
Bachmann, 2010; Miller et al., 2011; Vernon and Collins, 2011; Lee and Morton, 2015; Lee et
al., 2015; Barnes et al., 2016a; Schaen et al., 2018). Thus, the implicit assumption in many

petrological studies is that bulk-rock compositions approximate melt compositions and that they
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can be used to model other magmatic processes (i.e. fractionation, mixing, assimilation). Crystal
accumulation and/or melt loss may be difficult to recognize in evolved magmatic systems given
that evidence supporting these processes may be cryptic at the outcrop scale (Weinberg, 2006;
Vernon and Collins, 2011) and because compositional trends driven by accumulation may follow
a similar yet opposite trajectory to crystal fractionation trends (Deering and Bachmann, 2010).
The use of bulk-rock compositions as input for modeling of magmatic processes (e.g. MELTS
modeling) or in saturation thermometry (e.g. zircon and apatite saturation) may therefore be
problematic, particularly in plutonic systems where any direct evidence of melt compositions
such as quenched glasses is absent.

The occurrence and extent of crystal accumulation in plutons has important implications
for discerning whether genetic links exist between plutonic and volcanic rocks as well as for
identifying the location(s) and the extent of magma differentiation in the crust (Keller et al.,
2015). For example, some authors have argued that magma differentiation is mainly restricted to
lower crustal hot zones (e.g., Hildreth and Moorbath, 1988; Annen et al., 2006) and that the
heterogeneity of plutons is primarily related to the diversity of melts produced from these hot
zones (Coleman et al., 2004; 2012). These models suggest that magma addition rates into middle
and upper crustal magma bodies is too low to allow for significant amounts of magma
differentiation. Other authors argue that magma differentiation processes (e.g. crystal-liquid
separation) may be important within middle and upper crustal magma bodies during high magma
addition rate events (Bachmann and Bergantz, 2004; 2008; Hildreth, 2004; Bachmann et al.,
2007; Lipman, 2007; Paterson et al., 2011; 2016; Lipman and Bachmann, 2015). One approach
that has been taken to address this problem is to place mass-balance constraints between eruptive

products and their complementary residues; however, this approach requires that melt
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compositions are known (Gelman et al., 2014: Lee and Morton, 2015). An alternative approach
is to identify a means by which individual bulk-rocks or bulk-rock compositions can be
evaluated to determine whether the sample approximates a melt or instead represents a cumulate
or some combination of cumulate = melt. At the outcrop scale, crystal accumulation is typically
discerned on the basis of excessive localization of mineral phases (e.g. schlieren, K-feldspar
megacryst rich clusters) or from the abundances of cumulus to intercumulus phases. Thin-section
scale studies placing textural constraints on crystal accumulation and melt loss are also useful,
although the uncertainties surrounding ways to visually recognize the relative importance of
individual accumulation and/or melt loss processes may hinder our ability to quantify their
extents (Holness, 2018; Schaen et al., 2018).

Independent constraints on crystallization conditions (i.e. melt composition, temperature,
pressure, fugacity of volatiles) and magmatic processes can potentially be discerned through
mineral compositions and intracrystalline zoning patterns. For example, several recent studies
have demonstrated that hornblende (Hbl) compositions can be used to both characterize trace
element melt compositions and to track magmatic processes in plutons (Coint et al., 2013a;
Barnes et al., 2016a,b,c; 2017; Schaen et al., 2018), while others (Ridolfi and Renzulli, 2012;
Putirka, 2016a; Zhang et al., 2017) have proposed that Hbl compositions can be used to estimate
equilibrium melt compositions and track apparent changes in temperature. Hornblende
compositional variability may therefore be useful for investigating melt differentiation histories
and assessing the importance of crystal accumulation and/or melt loss in plutons. However,
unlike volcanic systems, where magmas are rapidly quenched, plutons undergo slow cooling
with the potential for recrystallization, diffusion, and dissolution-reprecipitation processes to

obscure or overprint the original magmatic compositions and/or textural features. It is therefore
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important to determine the extent to which primary magmatic compositions are preserved in Hbl
from plutons. First, we investigate whether Hbl from plutons preserves any record of a magmatic
crystallization history or whether wide-spread re-equilibration has occurred during slow cooling.
Our study focuses on Hbl from the long-lived (~ 10 Ma) Tuolumne Intrusive Complex (Figure 1)
where independent workers have argued both for (Challener and Glazner, 2017) and against
(Barnes et al., 2016c¢) wide-spread re-equilibration of Hbl. We conclude that Hbl from plutons
preserves both magmatic and non-magmatic crystallization histories but that evidence of wide-
spread re-equilibration is lacking and that petrographic constraints are crucial for discerning
primary magmatic zones from those that have undergone re-equilibration at low temperatures.
Second, we investigate Hbl-bulk-rock and Hbl—glass equilibrium relationships from a number of
plutonic and volcanic systems by employing Hbl-melt "MK d tests (Putirka, 2016a) and Hbl
chemometry (Ridolfi and Renzulli, 2012; Putirka, 2016a; Zhang et al., 2017) in order to assess
the importance of crystal accumulation and crystal-liquid separation in both plutonic and
volcanic systems. This study shows that Hbl from many plutonic and volcanic systems is not in
equilibrium with bulk-rock compositions and that in any study of coarse grained-granitic rocks,
the effects of crystal accumulation and/or melt loss must be considered in conjunction with other

petrogenetic processes.

METHODS

Hornblende and bulk-rock major elements from seven plutonic systems (Tuolumne
Intrusive Complex, Wooley Creek batholith, and the English Peak, Ashland, Tenpeak, Mt Stuart,
and Black Peak plutons) are investigated here along with many Hbl, bulk-rock, and glass

analyses from twelve volcanic systems. A summary of each of the data sets used in this study is
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presented in Table 1. The plutonic systems are all arc-related mid- to upper-crustal Cordilleran
plutonic systems and with the exception of the Fish Canyon magma body, all of the volcanic
systems considered here are products of arc magmatism. Bulk-rock compositions are wide-
ranging for both the volcanic systems (basalt to rhyolite) and plutonic systems (diorite to
granite). The data set includes ~ 7,900 Hbl compositions from the twelve volcanic systems and
more than 4,300 compositions from the seven plutonic systems. Some analyses were filtered
from the initial data set, including ~ 5% of the Hbl analyses from volcanic systems and < 2% of
the Hbl analyses from plutonic systems. These data were removed on the basis of totals (< 95.5
and > 100.5 wt.%), SiO; (< 38 and > 59 wt%) and CaO (< 7 and > 15 wt%) content. In addition,
any Hbl analyses that were marked as originating from xenoliths, enclaves, veins, or dikes were
not considered so as to investigate only those Hbl that constitute the majority of the magmatic
system and because it is unclear whether these Hbl share any genetic relationship to the
magmatic system. In many cases, individual Hbl analyses are paired with an associated glass
and/or bulk-rock composition; thus, tests for Hbl/melt and Hbl/bulk-rock equilibrium can be
conducted. Bulk-rock compositional analyses with totals < 97 and > 100.5 wt% were not
utilized for these equilibrium tests.

Bulk-rock and Hbl major element compositions are presented here (see Supplementary
Data File 1) for several Cordilleran intrusive systems (Tuolumne Intrusive Complex, Wooley
Creek batholith, and English Peak, Ashland, Tenpeak, Mt Stuart, and Black Peak plutons).
Some mineral compositions were published as “representative data” owing to space limiations.
These published data consisted of individual core-rim or core-mantle-rim analyses (Barnes,
1983; Barnes, 1987; Gribble et al., 1990; Coint et al., 2013a), not averaged data. This paper

allows publication of the complete data sets. For the Tuolumne Intrusive Complex, a primary
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focus of this study, a total of twenty seven samples were analyzed for Hbl compositions (Figure
). A minimum of three Hbl were analyzed from each sample and at least 5 spots were typically
collected from each Hbl. In the earlier work (Barnes, 1983, 1987; Gribble et al., 1990), at least
two and generally four to five individual grains were analyzed, with at least three spots per grain.

Hornblende major elements were collected by electron microprobe analysis (EMPA)
whereas bulk-rock major element compositions were collected using x-ray fluorescence (XRF)
or inductively coupled plasma atomic emission spectrometry (ICP-AES). A description of the
methodologies for each set of compositional analyses is presented in Supplementary Data File 2.
Bulk-rock, glass, and Hbl compositional data for each of the volcanic systems were collected
from the literature (Table 1). For each of the literature-based data sets, major element
compositions for Hbl and glasses were acquired by EPMA whereas major element compositions
for bulk-rocks were collected by XRF or ICP-OES.

Hornblende structural formulae were calculated on the basis of 23 oxygen atoms using
the spreadsheet of Esawi (2004) and classified according to Leake et al. (1997). Apparent
crystallization temperatures were calculated using equation 5 from Putirka (2016a), which is a

pressure-independent thermometer based on Si, Ti, Na, and Fe, with an uncertainty of + 30°C.

RESULTS

Textural and Compositional Variability of Hornblende from the Tuolumne Intrusive

Complex

Discerning the extent to which Hbl from plutons has experienced compositional

modification related to slow cooling and/or subsolidus recrystallization processes (compare
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Barnes et al., 2016¢ to Challener and Glazner, 2017) is critical to its usefulness in assessing
mineral-melt equilibrium and evaluating magmatic processes. What follows is a detailed
investigation into the relationship between composition and texture/color in Hbl from the
Tuolumne Intrusive Complex (TIC).

The TIC is a long-lived (~ 10 Ma) concentrically zoned intrusive complex made up of
three major, partially nested rock units: the outer Kuna Crest, the Half Dome, and the innermost
unit, the Cathedral Peak (Figure 1) (Bateman and Chappell, 1979). Kuna Crest is the oldest unit
and is characterized by abundant anhedral to subhedral Hbl and biotite (Bateman and Chappell,
1979). The Half Dome is instead marked by the occurrence of euhedral Hbl, biotite, and titanite
phenocrysts and is separated into both an equigranular outer phase and a porphyritic inner phase
(Bateman and Chappell, 1979). Porphyritic Half Dome contains K-feldspar phenocrysts up to ~ 3
cm in length and typically a lower modal abundance of mafic minerals compared to samples
from equigranular Half Dome (Bateman and Chappell, 1979). The innermost unit, Cathedral
Peak, contains K-feldspar megacrysts that may be > 10 cm in length, cm-sized quartz pools,
fewer mafic minerals, and a higher proportion of biotite to Hbl compared to Half Dome and
Kuna Crest (Bateman and Chappell, 1979). The contacts between each of the TIC units may vary
from knife sharp to gradational over hundreds of meters such that the boundaries between units
may be transitional (Bateman and Chappell, 1979; Bateman, 1992; 74k and Paterson 2005;
Paterson et al., 2016).

Hornblende from Kuna Crest is typically small (< 1 cm), anhedral to subhedral, and
rarely displays petrographic zoning. Some Hbl from Kuna Crest contain cores of pyroxene
and/or quartz, indicative of a peritectic reaction of pyroxene to Hbl (Bateman and Chappell,

1979). Hornblende from Half Dome is typically euhedral to subhedral, up to ~ 2 cms in length,
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and commonly exhibits patchy zoning. Some Half Dome Hbl is rich in inclusions of other rock
forming minerals (e.g. biotite, plagioclase, magnetite, apatite, and less commonly, zircon)
(Challener and Glazner, 2017). Hornblende is rare (generally < 2%) in Cathedral Peak, typically
small (< 1 cm), subhedral to anhedral, and also displays patchy zoning. Note that patchy color
zoning (Figure 2a,b) occurs in Hbl from each of the TIC units but is best displayed in Hbl from
Half Dome and Cathedral Peak. Hornblende preserving evidence of concentric zoning is
exceedingly rare (Figure 2¢) even in Hbl where patchy zoning is generally absent.

The compositions of TIC Hbl range from magnesiohornblende to actinolite (Figure 3)
and display little variation from unit to unit. However, Hbl from Kuna Crest is generally
characterized by lower Mg# at a given Si (apfu) value compared to Hbl from Half Dome or
Cathedral Peak (Figure 3). Hornblende that lacks readily distinguishable petrographic zoning
generally displays only small variations in major element compositions (e.g. changes in Si (apfu)
< 0.2). These small variations may or may not be systematic from core to rim. Further, these Hbl
are typically characterized by calculated crystallization temperatures that are above 750°C,
consistent with magmatic crystallization. Alternatively, Hbl exhibiting patchy zoning is typically
characterized by a wider-range of compositions (e.g. Si (apfu) variations > 1) and calculated
crystallization temperatures (e.g. from 600-800°C).

Many of the complex textural and compositional relationships of TIC Hbl can be
illustrated by a cm-sized Hbl from equigranular Half Dome (Figure 2a,b). This Hbl displays
patchy zoning and contains inclusions of biotite, plagioclase, magnetite, and apatite. There are at
least three texturally distinct zones within the crystal, including an olive-brown to olive-green
pleochroic zone which appears to represent the dominant core of the crystal, a pale-green to blue-

green pleochroic zone, and a pale olive-colored euhedral rim. The boundaries between the olive-
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brown—olive-green and green—blue-green zones are variably sharp to gradational, similar to
patchy zoning descriptions given by Challener and Glazner (2017) for other equigranular Half
Dome Hbl. The olive-brown—olive-green core zones are magnesiohornblende and are
characterized by Si (apfu) < 7.1, Ti (apfu) > 0.09, and crystallization temperatures > 765°C
(Figure 4). The pale-green—blue-green zones instead vary from magnesiohornblende to actinolite,
with Si (apfu) > 7.3, Ti (apfu) < 0.03, and crystallization temperatures < 715°C (Figure 4). The
pale olive-colored rim has Si, Ti, and crystallization temperatures that are intermediate between
the olive-brown—olive-green and green—blue-green pleochroic zones (Figure 4). On the basis of
temperature calculations, the olive colored zones preserve records of a magmatic crystallization
history, whereas pale-green—blue-green zones and the pale olive colored rim potentially represent
growth from melt in a static mush or at sub-solidus conditions. Below we compare the
compositional trends of Hbl from several plutonic and volcanic suites to further test these

conclusions.

Volcanic vs Plutonic Hornblende

The Hbl investigated here originate from a wide compositional range of volcanic (basaltic
to rhyolitic) and plutonic (dioritic to granitic) bulk-rocks. However, the glass compositions
reported from the volcanic rocks are, with rare exceptions, rhyolitic in composition. The
distribution of Hbl compositions from volcanic rocks is 71% magnesiohornblende, 17%
tschermakite, 9% magnesiohastingsite, and < 3% edenite/pargasite, whereas 89% of the Hbl
from plutonic rocks is classified as magnesiohornblende, 7% as tschermakite, 3% as actinolite,
and < 1% edenite/pargasite (Table 1). In general, there is significant compositional overlap

between Hbl from the plutonic and volcanic systems, particularly in the Si range of 6.1 to 7.4
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(apfu) (Figure 5). Over this range of Si, Hbl from volcanic and plutonic rocks typically produce
similar sets of parallel trends (Figure 5, Supplementary Figure 1). However, for some elements
such as Al and Na, there are small offsets at a given Si value (Figure 5). For example, Hbl from
volcanic systems is generally characterized by lower Al and higher Na at a given Si value
compared to Hbl from plutonic systems (Figure 5, Supplementary Figure 1). These differences in
Al and Na are also correlated with temperature (Supplementary Figure 2). At a given
temperature value, Hbl from the volcanic systems is typically lower in Al and higher in Na
compared to Hbl from the plutonic systems (Supplementary Figure 2).

The Hbl from volcanic systems extends to more primitive compositions (i.e. lower Si and
higher Ti, Al) and yields higher maximum temperatures of crystallization (Ty.x= 1031°C)
compared to Hbl from plutonic systems (Tp.x = 975°C) (Figure 5). Hornblende from plutonic
systems instead extends to more evolved compositions (i.e. higher Si, lower Ti, Al) and lower
minimum temperatures (T, = 532°C) than Hbl from volcanic systems (T, = 686°C) (Figure
5). Over 95% of the Hbl temperature estimates from volcanic systems yield values above 750°C,
with only four analyses (<<1%) below 700°C, whereas 35% of Hbl temperature estimates from
plutonic systems yield temperatures below 750°C. Thus, some Hbl analyses from plutons record
lower temperature histories that are not typically observed in volcanic systems. Both plutonic
and volcanic Hbl are characterized by a large number of calculated temperatures at ~ 760—780°C
(Figure 6). However, whereas Hbl from plutons is characterized by a roughly normal
distribution, a second temperature peak occurs in Hbl from volcanic systems at ~ 950°C (Figure
6). This high temperature peak primarily results from temperature estimates derived from
intermediate and mafic systems such as Redoubt, Yanacocha, Augustine, and Young Shiveluch,

although some of the more silicic systems such as Cardones and Mt. St. Helens also display
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peaks at high temperatures (see Supplementary Figure 3). Many of the volcanic systems with
high temperature Hbl also display bimodal distributions in their calculated temperatures (e.g.
Cardones, Redoubt, Yanacocha, Augustine).

In summary, the compositional trends of Hbl from volcanic and plutonic systems displays
significant overlap from 6.1 to 7.4 Si (apfu) with small offsets in elements such as Na and Al.
However, Hbl from volcanic systems is distinct in that it records higher maximum temperatures
and more primitive (i.e. lower Si, higher Ti) compositions compared to Hbl from the plutons
investigated in this study. Furthermore, the compositions of Hbl from plutonic systems extend to
more evolved values (higher Si, lower Ti) and lower minimum temperatures compared to those

from volcanic systems.

Hornblende — Melt Fe/Mg Equilibrium in Plutonic and Volcanic Systems

Studies of mafic magmatic systems commonly utilize mineral-melt Fe/Mg exchange as a
test of compositional equilibrium between crystals and melt (or bulk-rock / glass) (e.g. Roeder
and Emslie, 1970; Putirka, 2008; 2016b); however, these tests are rarely applied to silicic
systems. This is in part because the minerals most commonly utilized to investigate Fe/Mg
equilibrium, olivine, augite, and orthopyroxene, typically only occur in hotter and/or drier silicic
systems (e.g. Bachmann and Bergantz, 2008; Christiansen and McCurry, 2008). In evolved calc-
alkaline systems, biotite and Hbl are the typical ferromagnesian silicates. Recent investigations
into Hbl-melt Fe/Mg equilibrium (Putirka, 2016a) and Hbl chemometry (Ridolfi and Renzulli,
2012; Putirka, 2016a; Zhang et al., 2017) provide an important means by which Hbl-bulk-rock

and Hbl—glass equilibrium can be evaluated in silicic systems.
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The Fe-Mg exchange coefficient or Hbl-melt "/#Kd, is independent of pressure,
temperature, and melt composition (Putirka, 2016a). We follow the methods of Putirka (2016a)
in calculating the Hbl-melt "™#Kd as ""'Fe"/"*'Mg / M"Fe'/M"Mg where "Fe and "Mg are
cations in Hbl calculated on the basis of 23 oxygen atoms and ¥"Fe" and M*"Mg are Fe' and Mg
calculated from the bulk-rock or glass in atomic units. The more conservative estimate for Hbl-
melt "2 Kd equilibrium proposed by Putirka (2016a) is used here in which any Hbl — melt "™¢
Kd values that lie between 0.13 and 0.41 are considered to be in equilibrium. For the purpose of
studying equilibrium between Hbl and bulk-rock/glass compositions, we restrict our data set to
Hbl with Si < 7.0 (apfu) and temperatures > 750°C. These filters are introduced because the
chemometric equations from Zhang et al. (2017) (discussed below) are calibrated for 5.7 < Si
(apfu) < 7.0, and because we wish to compare Hbl from plutonic systems to compositionally
similar Hbl in volcanic systems.

Hornblende-bulk-rock "¢ Kd values for the six plutons range from 0.2 to 2.8 (Figure 7).
Only 2% of the > 3000 Hbl-bulk-rock "¢ Kd values from these plutons are in equilibrium. The
Hbl-bulk-rock "¢ Kd values for volcanic systems range from 0.1 to 1.5, similar to the range
observed from plutonic systems (Figure 7). However, 67% of the ~ 3800 Hbl-bulk-rock "/™¢Kd
values for volcanic systems indicate Fe/Mg equilibrium. At bulk-rock SiO; > 65 wt%, more than
86% of the Hbl compositions from volcanic systems are in Fe/Mg equilibrium, whereas at SiO,
< 65 wt%, only 33% of the compositions are in Fe/Mg equilibrium. Hbl-glass FeMeg d values
span a narrower range of values, from 0.04 to 0.7 (Figure 7). The majority of these Hbl
compositions (57%) are in Fe/Mg equilibrium with their associated glasses, which are primarily
rhyolitic in composition. It is noteworthy that the disequilibrium "*™#Kd values between Hbl and

bulk-rock from plutonic and volcanic samples is typically restricted to values greater than, not
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less than, that of the nominal equilibrium range (i.e. are > 0.43), which suggests that Hbl in
these samples is too Fe-rich (too evolved) to be in equilibrium with melt of host-rock
composition. In contrast, disequilibrium FeMeg d values between Hbl and glass is primarily <
0.13, which suggests that Hbl in these samples is too Mg-rich (too primitive) to be in equilibrium

with the glass.

Hornblende Chemometry

The Al-in-Hbl barometer has seen wide usage since its original conception
(Hammarstrom and Zen, 1986) and subsequent modifications. However, the use of Hbl as a
barometer appears to be highly restricted (e.g. Hollister et al., 1987; Anderson and Smith, 1995)
due to Al-in-Hbl being more sensitive to temperature and Al,O3; content of the melt than to
pressure (Molina et al., 2015; Putirka, 2016a). The recognition that Hbl compositional variability
is primarily related to changes in temperature and melt composition has since brought about the
development of a number of equations that relate Hbl major element compositions to
temperature and anhydrous melt compositions (Ridolfi et al., 2010; Ridolfi and Renzulli, 2012;
Molina, 2015; Putirka, 2016a; Zhang et al., 2017). Hornblende chemometry is based on
multivariate least-squares regression analysis of Hbl and glass compositions along with pressure,
temperature, and fO, data from experimental studies (Ridolfi and Renzulli, 2012; Putirka, 2016a;
Zhang et al., 2017). The first comprehensive series of chemometric equations for calculating
equilibrium melt Si0,, Ti0,, Al,O3, FeO, MgO, CaO, and K,O were published by Ridolfi and
Renzulli (2012), however, these equations rely on pressure estimates. Zhang et al. (2017)
developed a series of chemometric equations which are independent of pressure and allow for an

estimation of anhydrous equilibrium melt compositions for SiO,, TiO,, Al,Os, FeO, MgO, CaO,
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and K,0. Given that the uncertainties of pressure estimates are variably constrained for each of
the plutonic and volcanic systems investigated here, we utilize the equations of Zhang et al.
(2017).

Comparisons between the calculated melt and plutonic bulk-rock compositions are
presented in Figure 8. In most cases, there is limited or no correlation between bulk-rock
compositions and the results of the chemometric calculations. For example, > 95% of Hbl
analyses yield calculated melt compositions that are more evolved (i.e. higher SiO, and lower
MgO, FeO, and CaO) than the bulk-rock composition. Some Hbl from Mt Stuart, Black Peak,
Tenpeak, and Wooley Creek support crystallization from intermediate melt compositions.
However, 84% of the plutonic Hbl data yield calculated melt SiO; values > 70 wt%, 76% of
analyses yield calculated melt CaO < 3 wt%, and 96% of analyses yield calculated melt MgO <
1wt%. Thus, the bulk compositions of these plutonic rocks is typically more mafic, and in some
cases significantly more mafic, than the calculated melts in equilibrium with Hbl analyzed from
these rocks.

Comparisons of volcanic bulk-rock and glass compositions with melts calculated using
Hbl chemometry are presented in Figures 9 and 10, respectively. The calculated melt SiO; from
Hbl in volcanic systems varies from 41-78 wt% for 95% of the analyses. Only 55% of these
estimated melt compositions are in equilibrium with their host bulk-rock Si0, composition,
although 70% are in equilibrium with their host glass Si0, composition. Where spatial
information (core and rim) exists for Hbl analyses, a similar proportion of the rims (70%) are in
equilibrium with their host glass Si0, composition (Supplementary Figure 4). In the cases where
estimated melt compositions are not similar to the host glass compositions, the majority (> 96%)

of estimated melts have lower Si0; contents than the existing glass. In contrast, comparison of
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estimated melts with bulk-rock compositions show that the estimated melts are more silicic than
the host rock for 89% of analyses that are in disequilibrium.

In summary, for plutons, the majority of bulk-rock compositions are more mafic than
calculated melt compositions. For volcanic rocks, some of the calculated melt compositions are
similar to bulk-rock and glass compositions, although, many calculated melt compositions are

more evolved than the bulk-rocks, but less evolved than groundmass glass compositions.

DISCUSSION

Textural and Compositional Modification of Hornblende in Plutons

The extent to which Hbl from the TIC experienced textural and compositional
modification is controversial (e.g. Barnes et al., 2016¢; Challener and Glazner 2017). Challener
and Glazner (2017) cite the long durations over which TIC minerals were held at greenschist to
amphibolite facies temperatures and argue that the inclusion rich assemblages preserved in Hbl
are products of closed system metamorphic reactions involving the original Hbl. Thus, the
original Hbl is interpreted to have undergone significant textural and compositional modification
such that only remnants of the original magmatic Hbl is preserved. There are at least three
important textural and compositional arguments cited by Challener and Glazner (2017) in favor
of these interpretations. First, they argue that textural evidence supporting magmatic growth (e.g.
concentric zoning) is absent and that irregular patchy zoning requires multiple growth events.
Second, they point out that inclusions are abundant in Hbl phenocrysts (up to 45%), and that
some inclusion assemblages are evidence of crystallization at greenschist-facies temperature

conditions (i.e. albite, chlorite, actinolite, + clinozoisite). Last, they suggest that the bulk
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composition of the observed Hbl + inclusions can be described by a reaction product of some
combination of high-Al Hbl with 5-30% biotite, proposing that recrystallization occurred within
the closed system capsule of the original igneous Hbl. In contrast, Barnes et al. (2016¢) proposed
that compositional zoning in Hbl is common and that this zoning reflects changes in magma
composition. Their arguments are based on the occurrence of core to rim compositional zoning
patterns, the co-variation of fast- and slow-diffusing trace elements (e.g. Sr and Ba versus REE),
calculated temperatures of crystallization that are representative of magmatic conditions, and on
the preservation of compositionally distinct Hbl populations within individual samples. Barnes
et al. (2016¢) also recognize patches of blue—green actinolitic amphibole in some Hbl and
interpret these zones as products of near-solidus to subsolidus replacement of olive-colored Hbl.

Patchy zoning is common in Hbl from the TIC, however, as indicated by Barnes et al.
(2016c¢) its occurrence is not necessarily ubiquitous. Inclusion assemblages and the proportion of
inclusions also vary widely, even within large euhedral Hbl phenocrysts. Given that patchy
zoning, inclusion assemblages, and inclusion proportions vary within and between samples, we
suggest that bulk diffusive resetting of individual Hbl is unlikely and that patchy zoning instead
develops through a localized process. Furthermore, the preservation of magmatic crystallization
histories in Hbl from the TIC is supported in some Hbl by regular zoning patterns, co-variation
of both fast- and slow-diffusing trace elements (Barnes et al., 2016¢), magmatic textures such as
rare concentric zoning, magmatic crystallization temperatures, and compositional overlap with
Hbl from volcanic systems. This conclusion does not preclude the effects of late-stage magmatic
alteration, which is to be expected in plutons that crystallized from hydrous magmas.

Patchy zoning in Hbl from the TIC is interpreted here as a product of dissolution-

reprecipitation at near-solidus to subsolidus conditions, whereby high-Al Hbl is replaced by low-
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Al Hbl. Dissolution of high-Al magnesiohornblende and reprecipitation of low-Al
magnesiohornblende or actinolite leads to a decrease in molar volume (Okamoto and Toriumi,
2005; Challener and Glazner, 2017) and therefore an increase in porosity that allows for melt
and/or fluids to stay in contact with dissolution fronts (Putnis, 2002, 2009). Textural observations
agree with this interpretation. For example, the boundaries between high-Al and low-Al Hbl is
commonly sharp and rounded, suggestive of dissolution processes. Furthermore, the high-Al and
low-Al Hbl appear to share the same crystal lattice, at least optically (e.g. similar extinction
angles). This suggests that an epitaxial relationship exists between the two zones, consistent with
pseudomorphic replacement and coupled dissolution-reprecipitation reactions (Putnis, 2002;
2009). Dissolution-reprecipitation is also supported by the occurrence of a compositional gap at
~ 740-760°C or at ~ 7.2—7.4 Si (apfu) in Hbl from most samples (e.g. Figure 4). Small variations
in the maximum temperatures over which patchy zoning develops could be a function of the
temperatures at which a fluid phase developed in individual magma batches. Note that Hbl with
calculated temperatures below 750°C is rarely present as Hbl rims or as texturally homogeneous
Hbl, but is instead from patchy zones. Hornblende rims and Hbl that appears texturally
homogenous at the petrographic scale typically yield temperatures above 750°C. Therefore, Hbl
growth at near-solidus conditions primarily occurs via replacement reactions.

The proportion of Hbl with calculated temperatures < 750°C in the TIC is ~ 26% and Hbl
with temperatures < 650°C is << 1%. If the other plutonic systems investigated in this study are
also considered, the proportion of Hbl with temperatures < 750°C is < 24% and Hbl with
temperatures < 650°C is < 1%. Thus, the majority Hbl analyzed from plutonic systems records
information about magmatic conditions that is comparable to conditions preserved in Hbl from

volcanic systems. We therefore suggest that with detailed petrographic and analytical study of a
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representative suite of samples, it is possible to identify local modification of Hbl compositions
by super-solidus to sub-solidus dissolution-reprecipitation as well as by sub-solidus, lower-T

deuteric alteration.

Mineral-Melt Disequilibrium and Evidence of Crystal Accumulation

The petrogenetic relationship between silicic plutonic and volcanic systems is still
unclear (e.g. Read, 1957; Buddington, 1959; Lipman, 1984, 2007; Bachmann and Bergantz,
2004; Hildreth, 2004; Bachmann et al., 2007; Coleman et al., 2012; Lipman and Bachmann,
2015; Glazner et al., 2018). Authors in favor of a petrogenetic link cite the spatial and temporal
proximity between many plutonic and volcanic systems (Lipman, 2007; Lipman and Bachmann,
2015; Watts et al., 2016), the occurrence of negative gravity anomalies (suggestive of silicic
batholiths) beneath some large-volume ignimbrites (Lipman 2007; Lipman and Bachmann,
2015), and the complementary relationship between silicic plutonic and volcanic rocks (e.g.
Gelman et al., 2014; Lee and Morton, 2015). However, the recognition that plutons may be
assembled incrementally over millions of years, with low average magma addition rates, has led
some authors (e.g. Coleman et al., 2004; Glazner et al., 2004; Glazner et al., 2018) to suggest
that plutons and large-volume ignimbrites are not genetically linked and by extension of these
arguments, that magma chambers that are capable of crystal-liquid separation, mixing,
assimilation, and recycling of material are not important in the middle to upper crust. If magma
differentiation is restricted to lower crustal hot zones (Annen et al., 2006) and plutons are
assembled incrementally through low magma addition rates without producing magma bodies
capable of in-situ differentiation, then crystal accumulation and melt loss should not be prevalent

within upper crustal plutonic systems. Alternatively, if magma addition rates are high, allowing
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for extensive magma bodies to form and differentiate at the site of emplacement and for
connections between volcanic and plutonic systems to occur, then crystal accumulation and melt
loss should be important magmatic processes. Hornblende-melt FelMeg d tests and Hbl-
chemometry provide ways in which individual samples can be evaluated for crystal accumulation
and melt loss effects.

Hornblende from the seven plutonic systems (Tuolumne, Wooley Creek, English Peak,
Ashland, Tenpeak, Black Peak, and Mt Stuart) investigated in this study is only rarely in
compositional equilibrium with host bulk-rock compositions (Figure 8). Instead, bulk-rock
compositions are typically too Mg-rich on the basis of Hbl-melt “™#Kd tests and too mafic
compared to melts calculated from Hbl-chemometry. The calculated melts are mostly rhyolitic,
with few analyses yielding intermediate melt compositions (Figure 8). These calculated rhyolitic
melts do not represent low temperature differentiates given that 90% of the Hbl analyses reported
here yield calculated crystallization temperatures above 780°C. Furthermore, plagioclase
compositions from these plutons also support evolved melt compositions. For example, the
maximum and minimum anorthite content of plagioclase in samples where Hbl was a primary
rather than peritectic phase ranges from: Ans;—An;; in the Wooley Creek batholith (Barnes,
1983); Anss—An;g in the English Peak pluton (Barnes et al., 2016a); and Ang,—Any in the
Tuolumne Intrusive Complex (Bateman and Chappell, 1979; Barnes et al., 2016¢). Note that the
calculated melt compositions generally show a narrow range of values regardless of the range in
bulk-rock compositions (Figure 8). Thus, the compositional variability of these plutonic bulk-
rock samples seems to be dominated by varying extents of crystal accumulation and/or melt loss
rather than to a diversity of melt compositions. The general absence of calculated intermediate

melt compositions in plutons agrees with melt inclusion studies from arc volcanic rocks, which
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indicate that melt compositions are largely bimodal, with peaks at 54 and 76 wt% SiO, (Reubi
and Blundy, 2009). Melt loss from these intrusive systems potentially results from a variety of
processes such as hindered settling, compaction, gas-filter pressing, and/or regional deformation,
although, the ways in which the relative importance of these processes can be deciphered from
individual plutonic systems is uncertain (Holness, 2018). Regardless of the processes by which
melt escapes, the result is either that these silicic melts are redistributed in the crust (e.g. silicic
dikes or plutons) or that the melts escape subcrustal reservoirs and erupt. Detailed mass-balance
studies that consider the effects of crystal accumulation and melt loss on bulk-rock compositions
are needed in order first to quantify the volumes of silicic melt that are lost from these plutonic
systems (e.g. Barnes et al., 2016a; Barnes et al., in revision) and second to determine the
proportion of melt that is redistributed in the crust versus the proportion that has escaped through
volcanic eruption. It should be noted that the dissolution-reprecipitation processes discussed
above coupled with the likelihood of crystal accumulation and/or melt loss present additional
challenges to the application of Al-in-Hbl barometry. For example, in Hbl from the TIC and
English Peak pluton (Barnes et al., 2017), the majority of Hbl growth at near-solidus conditions
is related to dissolution-reprecipitation reactions. Therefore, in cumulate samples where low
temperature melt has escaped and/or where low temperature dissolution-reprecipitation processes
did not operate, pressure estimates will be restricted to higher temperature Hbl and therefore lead
to higher pressure estimations (cf. Putirka, 2016a).

In volcanic systems, Hbl in dacitic to rhyolitic samples is more likely to be in Fe-Mg
equilibrium compared to Hbl from more mafic and intermediate rocks (Figure 9). As with the
plutonic rocks, in cases where calculated melts are dissimilar to bulk-rock compositions, the

calculated melts are typically more evolved, but note that volcanic glasses that are not in
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equilibrium with Hbl are instead typically too evolved (Figure 10). The differences between
calculated melts and the rhyolitic glasses is commonly minor such that the Hbl may have
originated from a less fractionated melt, although in some cases (e.g. in intermediate bulk-rock
samples) the differences between the calculated melts and glass compositions is significant and
may indicate the occurrence of mixed crystal populations. For dacitic to rhyolitic bulk-rock
samples, the variability observed between bulk-rock and calculated melt SiO; is small and could
therefore be attributable to either melt fractionation or to small amounts of crystal accumulation.
However, bulk-rock compositions and calculated melts may both vary by > 20 wt% SiO, for the
more mafic and intermediate bulk-rock samples. Thus, either extreme fractional crystallization is
recorded in these Hbl or these wide variations in SiO; instead reflect magma mixing between
mafic and silicic magmas. Magma mixing seems plausible given that calculated melt SiO,
compositions from individual samples (e.g. Redoubt) is bimodal in some cases (Coombs et al.,
2013). It is noteworthy that there is a general absence of lower temperature (< 750°C) Hbl from
volcanic systems. The absence of lower temperature Hbl is consistent with the idea that
magmatic mushes at temperatures lower than 750°C are unlikely to erupt. In a more complex
scenario, if magmas that cooled below 750°C were reheated and then erupted, then evidence for

dissolution of low T Hbl is expected.

IMPLICATIONS

The preservation of magmatic conditions in Hbl from plutons allows for Hbl — melt
FeMeg 4 tests (Putirka, 2016a) and Hbl chemometry (Ridolfi and Renzulli, 2012; Putirka, 2016a;
Zhang et al., 2017) to be used to both assess the significance of crystal accumulation and/or melt

loss processes (in conjunction with other magmatic processes) and to determine equilibrium melt
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compositions. This work indicates that melts from which Hbl crystallized in quartz-bearing
plutons in the mid- to upper-crust are generally rhyolitic in composition and that bulk-rock
diversity in these plutons is dominated by varying extents of crystal accumulation and/or melt
loss. Hornblende from more mafic to intermediate volcanic systems instead yield wide ranges of
calculated melt compositions, which in some samples display bimodality between mafic and
silicic melts. Thus, many of the more mafic to intermediate bulk-rock samples investigated in
this study are likely products of magma mixing. If the petrogenetic links between plutonic and
volcanic rocks is to be understood and quantified, then detailed assessment and analysis of
crystal accumulation and melt loss processes is needed from individual magmatic systems. It will
also be critically important to identify the mechanisms by which evolved melts escape from
magmatic mushes (e.g., Bachmann and Huber, 2018; Holness, 2018). This task will require
individual case studies that focus on plutonic rock textures, rock and mineral compositions, and

modeling of melt compositions and physical properties.
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Figure Captions

Figure 1

Map of the Tuolumne Intrusive Complex after Memeti et al., 2014, modified by Katie Ardill with help
from Snir Attia. The map highlights the locations of Tuolumne Intrusive Complex samples that are
reported on in this study. Note that the sample numbers displayed on the map are all preceded by ‘TLM’

in the data reported within Supplementary Data File 1.

Figure 2

Photomicrographs of hornblende from the Tuolumne Intrusive Complex illustrating complex patchy color
zoning (A,B) and concentric zoning (C). The dots and numbers in (A) correspond to individual electron
microprobe spot locations. (a) Hornblende with patchy color zoning from the equigranular Half Dome.
(b) Close up view of the white box from (A) highlighting the textural variability between the distinctly
colored zones. (¢) Photomicrograph of a concentrically zoned Hornblende from the Tuolumne Intrusive
Complex. The orange dots represent individual electron microprobe spot locations and the values next to

each dot represent calculated crystallization temperatures (Putirka, 2016a).

Figure 3

Plot of hornblende Si vs Mg/(Mg+Fe") for each of the lithological units of the Tuolumne Intrusive
Complex. The shaded fields encompass > 99% of the hornblende analyses from Kuna Crest (n = 204) and
equigranular Half Dome (n = 696). Note that there is significant compositional overlap between
hornblende from each of the units, although hornblende from Half Dome and Cathedral Peak is

commonly more magnesian than hornblende from Kuna Crest at low Si (apfu).

Figure 4

38

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



869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

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-2020-6972

Plots of (a) Ti (apfu) vs Si (apfu) and (b) Ti (apfu) vs calculated temperature for the Half Dome
Hornblende from Figure 2a. Note that the numbers correspond to the electron microprobe spot locations

from Figure 2a.

Figure 5
Density contour plots of hornblende Si (apfu) vs major elements (Ti, Al, Mg, Na, K) and calculated
temperature (Putirka, 2016a) for the twelve volcanic (red) and seven plutonic (blue) systems (see Table 1

for details). The four density contour levels reflect 100%, 75%, 50%, and 25% density intervals.

Figure 6
Histogram of volcanic and plutonic hornblende temperatures. Note the low temperature tail produced by
hornblende from the plutonic systems and the high temperature peak (at ~ 950°C) produced by

hornblende from the volcanic systems.

Figure 7

Bulk-rock SiO, vs Hbl-bulk-rock "*¢Kd for (a) plutonic and (b) volcanic systems and (¢) glass SiO, vs
Hbl-glass "&Kd for volcanic systems. The yellow boxes highlight the analyses that are in Fe/Mg
equilibrium with their bulk-rock compositions. Note that Hbl is too Fe-rich to be in equilibrium with
many of the plutonic and volcanic bulk-rocks and too Mg-rich to be in equilibrium with most glass

compositions.

Figure 8
Bulk-rock vs calculated Hbl equilibrium melt compositions for plutonic systems. (a) SiO, (b) CaO (c¢)
FeO and (d) K,0. Equations 3, 7, 11, and 13 from Zhang et al., 2017 were used. Solid lines are 1:1 lines

and dashed lines represent the errors associated with each of the chemometric equations.
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Figure 9
Bulk-rock vs calculated Hbl equilibrium melt compositions for volcanic systems. (a) SiO, (b) CaO (c¢)
FeO and (d) K,O. Equations 3, 7, 11, and 13 from Zhang et al., 2017 were used. Solid lines are 1:1 lines

and dashed lines represent the errors associated with each of the chemometric equations.

Figure 10
Volcanic glass vs calculated Hbl equilibrium melt compositions. (a) SiO, (b) CaO (c) FeO and (d) K,O.
Equations 3, 7, 11, and 13 from Zhang et al., 2017 were used. Solid lines are 1:1 lines and dashed lines

represent the errors associated with each of the chemometric equations.
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Table 1. Summary of Hornblende, Bulk-Rock, and Glass Data

. Bulk-Rock | i s sio2 Hbl Avg Hbl |Min Si|Avg Si|Min Ti [Avg Ti | % % Mg-| % Mg-| %

Location Ref. n |SiO2 iwt% ) (W% )* Temg:eg;ture Temp © C)| (apfu) | (apfu) | (apfu) | (apfu) | Act % Ed Hs Hbl |Prg % Ts | Other
Cerro Patacon 1 279 58-59 n/a 854-973 934 597 | 623 | 013 | 0.18 29.7 0.4 69.9
Fish Canyon 2,3 {2060 68 77-78 754-959 800 6.18 | 6.95 0.1 0.15 7.0 2.8 8.1 [ 1.0
Mt St Helens 4,5 530 65 73-77 740-1016 909 593 | 643 | 005 | 025 0.4 15.1 16.6 679
Redoubt 6 190 57-62 77-80 772-975 887 596 | 654 | 0.12 | 020 23.7 51.1 253
Yanacocha 7 114 59-65 n/a 777-973 898 6.06 | 648 | 0.13 | 0.21 43.0 325 24.6
Young Shiveluch 8 35 56-61 n/a 842-968 914 6.04 | 643 | 011 | 0.18 40.0 20.0 40.0
Nisyros 9 212 46-70 n/a 831-1031 957 6.08 | 626 | 0.13 | 029 80.2 19 [19] 151 | 09
Oruanui 10 1705 55-77 72-76 686-968 806 6.05 | 6.86 | 0.08 | 0.20 2.6 835 (0.1 138
Okataina 11-13 | 1982 51-78 74-78 702-970 813 625 | 686 | 0.06 | 0.19 23 82.7 149
Augustine 14,15 | 98 54-63 69-76 778-1009 869 599 | 6.66 | 0.11 | 0.19 82 69.4 224
Crater Lake 16,17 17 51-72 63-74 804-978 926 6.24 6.44 0.2 0.31 41.2 235 353
Cardones 19 291 74-76 n/a 851-976 858 6.05 6.67 | 0.09 0.18 0.3 26.8 51.2 21.6
Volcanic Systems 7513 46-78 63-80 686-1031 881 6.07 | 6.57 [ 0.11 | 0.21 2.0 9.1 713 [03]17.3 ] 0.0
Wooley Creek 20-22 | 469 51-71 n/a 633-868 774 632 | 692 | 001 | 014 [1.1 957 |04 28
English Peak 22-24 | 444 56-71 n/a 616-858 762 653 | 697 | 001 | 0.15 2.7 97.1 0.2
Ashland 2225 | 119 51-65 n/a 657-801 761 651 | 703 | 001 | 011 |17 0.8 92.4 5.0
Tenpeak 22,2627 928 42-67 n/a 690-975 822 6.14 | 674 | 001 | 0.09 [09] 1.1 727 |12 220 | 22
Tuolumne

Kuna Crest 22 204 58-66 n/a 599-807 772 6.74 83 0.00 | 0.13 74 92.6

Transitional KC-eHD 22 322 60-67 n/a 662-814 759 6.66 | 7.86 | 0.00 | 0.11 |5.6 94.4

equigranular Half Dome 22 706 60—-69 n/a 646-834 761 6.59 793 | 0.00 0.10 [4.2 95.3 04 0.1

Transitional eHD-pHD 22 97 62-70 n/a 656-807 764 679 | 779 | 0.00 | 0.09 | 1.0 99.0

porphyritic Half Dome 22 109 65 n/a 659-817 764 6.76 | 7.83 | 0.00 | 0.10 |09 99.1

Cathedral Peak 28 101 n/a n/a 702-816 766 6.38 7.52 | 0.01 0.09 100.0
Mt Stuart 22,27 | 448 46-71 n/a 655-908 779 6.25 7.03 0 0.12 |22 92.2 54 0.2
Black Peak 22,27 | 310 45-69 n/a 532-936 765 6.36 7.09 0 013 |6.1] 03 42 790 |1 03| 84 1.6
Plutonic Systems 4247 42-71 n/a 532-975 775 6.39 | 698 [ 0.01 | 0.12 |2.8] 0.3 0.3 89.1 03] 65 | 0.7

* Note that the range of bulk-rock and glass SiO2 reflects only those analyses for which hornblende and bulk-rock or hornblende and glass pairs are determined.

References: (1) Rooney et al., 2011; (2) Bachmann and Dungan, 2002 (3) Bachmann et al., 2002; (4) Thornber et al., 2008; (5) Pallister et al., 2008; (6) Coombs et al., 2013;

(7) Chambefort et al., 2013; (8) Gorbach and Portnyagin, 2011; (9) Klaver et al., 2017; (10) Allan et al., 2017; (11) Deering, 2009; (12) Deering et al., 2011; (13) Shane and Smith, 2013;

(14) De Angelis et al., 2013; (15) Larsen et al., 2010; (16) Bacon and Druitt, 1988; (17) Druitt and Bacon, 1989; (18) Nakada et al., 1994; (19) Van Zalinge et al., 2017;

(20) Coint et al., 2013a;(21) Coint et al., 2013b; (22) this study; (23) Berry, 2015; (24) Barnes et al., 2017b; (25) Gribble et al., 1990; (26) Chan et al., 2017; (27) Ratschbacher, 2017; (28) Hepeng, 2016
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