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High silica (>70 wt.% SiO,) granites (HSGs) are important carriers of highly incompatible elements, thus,
understanding their origin is relevant to understanding how the composition of the continental crust
evolves. We examined a large-scale geochemical study of plutons in the Peninsular Ranges Batholith
in southern California (USA) to better understand the petrogenetic relationships between HSGs and the
batholith. Using highly incompatible and compatible elements, we show that HSGs represent residual

Editor: An Yin liquids within a felsic (69-72 wt.% SiO,) magmatic crystal mush at crystal fractions of 50-60% and
Keywords: residual liquid fractions of 40-50%. Trace element systematics show that separation of the HSG liquid
granite from the crystal mush is inefficient, such that no more than 70-80% of the HSG is fully extracted and
pluton the remaining greater than 20-30% remains trapped in cumulate mush. We find little evidence of more
cumulate efficient liquid-crystal segregation, which suggests that compaction-induced segregation may be too slow
settling ) to be important on a large scale. Instead, the terminal porosity of 20-30% coincides with theoretical
?ﬁig;;:ca granite maximum packing fraction of unimodal particles settled out of suspension (~0.74), which may indicate

that crystal settling - perhaps in the form of hindered settling - drives segregation of viscous silicic melts
and crystals. Unlike compaction, settling operates on timescales of 1-10 ky, fast enough to generate large
volumes of HSG and complementary cumulates with trapped melt before magma chambers freeze. Many
felsic plutons may thus be cumulates, but because of trapped melt, they are difficult to geochemically
distinguish from plutons whose compositions fall along liquid lines of descent. The approach here,
using a combination of highly incompatible and compatible elements, provides a way of identifying and
quantifying trapped melt fractions. Finally, we show that HSGs appear to form only in the shallow crust
(<10 km) and rarely in the middle to lower crust. Where HSGs are common, mafic magmas are common
too, suggesting a genetic relationship between the two. If HSGs derive by crystal fractionation of basaltic
parents, they represent at most 5% of the original mass of parental magma, but because they form almost
exclusively at low pressures, they may be over-represented in shallowly exhumed batholiths. Why HSGs
form primarily in the upper crust is unclear.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The tops of many felsic magma bodies contain large vol-
umes of high silica (>70 wt.% SiO;) granites (HSGs) (Bachl et
al.,, 2001; Bachmann and Bergantz, 2004, 2008; Hildreth, 1979;
Hildreth and Wilson, 2007). Understanding how HSGs form is im-
portant: many ore deposits associate with HSGs; highly incompat-
ible elements, like K, are transported by HSGs; and large, catas-
trophic rhyolite eruptions may be related to HSGs (Bachmann and
Bergantz, 2004, 2008). There is a general agreement that most
HSGs form by crystal-liquid segregation from a cooling and crys-
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tallizing magma, but how segregation occurs is unknown. Do HSGs
represent the residual melt formed by crystal settling or by expul-
sion from a compacting magmatic mush (crystals+melt)? Forming
large volumes of HSG must be accompanied by a complementary
reservoir of cumulates (Gelman et al., 2014). Segregation must be
complete before magmas freeze, but compaction timescales are
poorly constrained and magma chamber lifespans are debated. One
way to constrain the dominant segregation process is to study the
hypothetical cumulates, but where are these lithologies? Felsic plu-
tons have been suggested to be the “missing” cumulates (Gelman
et al,, 2014; Mills et al., 2012), but their compositions can also be
modeled as frozen liquids. Here, we show that the complemen-
tary cumulates are indeed disguised among the felsic plutons, not
as pure crystal cumulate, but as frozen mixtures of crystals and
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Fig. 1. A. Map of North America showing location of Cretaceous to early Paleocene continental arcs in yellow. Northern Peninsular Ranges Batholith (PRB) shown as inset.
Dotted black line represents initial 87Sr/36Sr contour (Kistler and Peterman, 1973). Other lines denote plate boundaries. B. Elevation map of southern California with locations
of PRB sampling, color-coded for SiO, content in weight% on a volatile-free basis. Data are from (Lee et al., 2007). Dashed line represents the boundary between western
and eastern PRB, the former emplaced through thin Jurassic island arc-accreted crust and the latter through Paleozoic or older North American basement (Lee et al., 2007;
Morton et al., 2014). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

trapped HSG melt, making them geochemically similar to liquids.
What is new here is that we provide a means of quantifying the
fraction of this trapped melt.

2. Regional database: the Peninsular Ranges Batholith

To explore crystal-liquid segregation scenarios on a batholith
scale, we examined a regional database of plutonic rocks in the
Peninsular Ranges Batholith (PRB) in southern California (Lee et al.,
2007) (Fig. 1). The PRB consists of plutonic rocks (mostly tonalites
and granodiorites) formed in a Cretaceous continental arc asso-
ciated with the subduction of the Farallon plate beneath North
America. The plutonic rocks have compositions typical of calc-
alkaline (Fe-depleting) differentiation trends seen in many con-
tinental arcs. The database consists of rocks sampled along sys-
tematic grid points, and at each grid point, samples of equivalent
weight from the corners of a 400 x 400 foot square grid were
crushed and homogenized to generate a space-averaged sample
(Baird et al., 1979). This approach was done to avoid sampling bias
associated with small-scale heterogeneities. To minimize the ef-
fects of crustal assimilation or re-melting of pre-existing crust, we
focus primarily on the western PRB (Fig. 1), which based on unra-
diogenic strontium isotopes, appears to have interacted less with
the crustal basement than plutons in the east (Kistler et al., 2003;
Lee et al., 2007; Morton et al., 2014). All data used in this paper
have already been published in (Lee et al., 2007), but interpreta-
tions presented here are new.

3. Cumulate identification using highly compatible and highly
incompatible elements

Because we are interested in identifying cumulates, we focus on
highly compatible and incompatible elements, the former strongly
partitioned into crystallizing phases and depleted in the liquid, and
the latter strongly partitioned into liquids but depleted in crystals.
Moderately compatible/incompatible elements do not fractionate
enough between solids and liquids and are thus less ideal for
distinguishing cumulates and melts. Fig. 2a-d shows variation di-
agrams of K, Rb, Sr and Eu versus SiO;. K and Rb (as well as
other incompatible elements like Th and U) increase by 25-30
times as SiO, increases from gabbro (SiO; ~ 50 wt.%) to the HSGs
(SiO2 > 70 wt.%), indicating that these elements are almost per-
fectly incompatible, consistent with the dominant minerals in PRB
plutons being quartz, plagioclase, and hornblende, none of which
accommodate significant amounts of Rb and K. The extreme en-
richments in Rb and K, even in the HSGs, is also consistent with
the suggestion that K-feldspar is a late crystallizing phase in typical
I-type granitoids and does not participate in crystal-melt segre-
gation (Glazner and Johnson, 2013). In contrast, Sr decreases and
Eu remains relatively constant with increasing SiO,, with both el-
ements plummeting after SiO; increases beyond 71 wt.%. Such
behavior reflects the strong compatibility of Sr and the moder-
ate compatibility of Eu in plagioclase. We note that the inferred
geochemical behaviors of K and Rb can be generalized for typi-
cal I-type granitoids, but not for alkalic granites in which biotite
or alkali feldspar may be early crystallizing phases (Bucholz et al.,
2014).
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Fig. 2. A-D show K;0 (wt.%), Rb (ppm), Sr (ppm) and Eu (ppm) versus SiO, (wt.%) for PRB rocks in Fig. 1. Samples with <71 wt.% SiO, are gray and >71 wt.% SiO;, are
open. K,0 and Rb increase with increasing SiO; indicating they are highly incompatible. Sr is compatible. Eu is moderately incompatible, but becomes highly compatible
after 71 wt.% SiO,. Lines represent total (orthogonal) linear regression through samples <71 wt.% SiO; and >71 wt.% SiO,. All concentrations are on a volatile-free basis.

Of particular interest is that the slopes of these variation di-
agrams change abruptly at ~71 wt.% SiO, due to marked en-
richment of incompatible element concentrations and a marked
depletion in compatible elements with further increase in SiO;
(Figs. 2a-d). This change in behavior at ~71 wt.% SiO,, however,
is unlikely to be due to a sudden change in element compati-
bility alone. For example, to cause such a decrease in Sr and Eu
requires a two-fold increase in compatibility but the change in pla-
gioclase crystallizing mode and the change in melt composition is
too small to yield such a large change in compatibility. It is par-
ticularly difficult to explain the rise in K and Rb by any further
decrease in compatibility because these elements, already highly
incompatible, cannot behave any more incompatibly. Instead, the
apparent decrease in compatibility of Rb and K and increase in
compatibility of Sr and Eu is an artifact of the rate at which
melt SiO, increases with decreasing melt fraction at SiO, con-
tents above ~70 wt.%. This effect can be seen in Fig. 3a, where
we plot SiO, versus melt fraction F}, relative to the basaltic par-
ent, where F, is estimated from the inverse of the enrichment
factor of an incompatible element (C/Copgsairy ~ 1/Fp for a per-
fectly incompatible element, where Co(pyqsalry is the trace element
composition of the basaltic parent). To estimate Co(pgsairy for Rb
and K, we linearly regressed Rb- and K,0-SiO, data for those sam-
ples with SiO; < 71 wt.% and then took the extrapolated Rb and
K20 concentrations at 50 wt.% SiO2 as Copgsqlr)- If HSGs derive by
fractionation from a basaltic parent (Jagoutz and Schmidt, 2012;
Lee and Bachmann, 2014; Putirka et al., 2014), Fig. 3a shows that
they represent the last <5% of liquids remaining after crystalliza-
tion of a basaltic parent.

Regardless of whether the granites derive from basaltic parents,
what is clear is that the HSGs themselves derive from an already
silicic parental melt (~69-72 wt.% SiO;), corresponding to the po-
sition of the kink in the variation diagrams in Fig. 2. Mass balance

requires that the cumulate complement plots along a vector point-
ing in the opposite direction of that defined by the HSG array,
which we define here by linear regression of data with >71 wt.%
Si0,. It follows that the SiO, content of the crystal cumulate must
be equal to or lower than that of the silicic parent. For compatible
elements, like Sr and Eu, no unique cumulate composition can be
inferred (Fig. 3), but highly incompatible elements like K, Rb and
Th should be nearly zero in crystal cumulates, so the x-intercepts
of Th- (not shown), Rb- and K-SiO, diagrams bound the mini-
mum SiO, content of the crystal cumulate to be between 66 and
72 wt.% (Fig. 2a, b and Fig. 3b). While there are numerous plutons
with such high silica contents, there are almost no samples that
also have the predicted extreme depletions in K and Rb. Sampling
bias is unlikely given our systematic uniform sampling approach
of an entire batholith (Fig. 1b). It is also unlikely that these silicic
crystal cumulates are hidden in the deep crust because exposed arc
sections and seismic velocity models indicate that the lower crust
is generally mafic (Ducea and Saleeby, 1998; Greene et al., 2006;
Jagoutz and Schmidt, 2012; Lee, 2014; Lee et al., 2006).

4. Trapped melt in cumulate

One way to reconcile the apparent lack of geochemical evi-
dence for crystal cumulates in the crust is if a significant fraction
of HSG melt is trapped, such that the bulk cumulate (crystals +
trapped melt) has higher incompatible and lower compatible el-
ement concentrations, making the cumulate look geochemically
more like a liquid than a pure solid upon freezing (Langmuir,
1989). Such cumulates would be expected to fall somewhere be-
tween the crystal cumulate (no trapped melt) and the silicic par-
ent on element-element diagrams. Candidates for cumulates con-
taining trapped melt are clearly evident in Fig. 2. Calculating the
amount of trapped melt is straightforward. Assuming equilibrium
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Fig. 3. A. SiO; (wt.% on volatile-free basis) versus melt fraction F, (x100) relative to a parental basalt/gabbro composition from the PRB. F;, is estimated by the inverse of
the enrichment factor of an incompatible element, such as Rb (open circle) and K (black circle). For samples with SiO; > 71 wt.%, samples with Rb and K contents less than
the silicic parent are not plotted because those samples are cumulates. Gray horizontal bar represents reference line for 71 wt.% SiO,. B.+ Same as in A but Fg represents
melt fraction relative to parental silicic parent of 70-71 wt.%. Fg determined as inverse of Rb and K enrichments in high silica granites relative to a 70-71 wt.% parental
magma. Curves in B represent Rhyolite Melts (Gualda et al., 2012) thermodynamic models of the SiO, content (on a volatile-free basis) of residual melts during crystallization
of 69 wt.% SiO; silicic parent for different bulk H,O contents (fo, at the fayalite-magnetite-buffer). Calculations were done at 0.3 GPa, which corresponds to the average
pressures of equilibration of western PRB plutons. Symbols as in A. In both A and B, top horizontal axis represents inverse enrichment factor of Rb or K in melt relative to

that in basalt (A) and silicic parental granite (B).

and mass balance, the composition of the melt C, relative to that
of the silicic bulk system (melt + crystals) C, is related by the
well-known batch melting/crystallization equation,

Cm/Co =1/[Fg + D(1 — Fy)] (1)

where Fg represents the mass fraction of melt in the system (rel-
ative to the silicic or granitic parent, e.g., the composition defined
by the kink in a K,0 versus SiO, plot) and D is the partition coef-
ficient, which is equal to Cy/Cp,, where Cy is the concentration of
the element of interest in the solid crystals. Here, we assume that
the bulk system is the silicic parental melt (not the basaltic parent)
since we are now interested in the origin of the HSGs. As the silicic
parental magma crystallizes, it undergoes settling or compaction,
generating a lower cumulate layer containing crystals + trapped
melt and an upper layer consisting of only melt (Fig. 4d). The com-
position of the melt in the upper layer is assumed to be the same
as that trapped in the cumulate. We then define f. = Mpe/Mp
as the fraction of the melt extracted into the upper layer (where
Mpe is the mass of melt extracted) relative to the total melt re-
maining in the system My, (where My, is the sum of the extracted
and trapped melt masses). The composition of the cumulate layer
(crystals + trapped melt) Cqyp is then

fmng

C C=|1—- ———7—=——
cm/Co [ Fg+ D(1— Fp)

[/ = suck )
The composition of the melt is given by Eq. (1) and the compo-
sition of the crystals is given by Cy = DCp, which is zero for a
highly incompatible element. The fraction of trapped melt in the
cumulate, that is, the mass of trapped melt divided by the bulk
cumulate (trapped melt + crystals), is then given by

Fg(1 — fme)
1- fme Fg
A density correction is needed to convert mass fraction to volume
fraction or porosity ¢ of trapped melt, that is, ¢ = ox ftrap/[om +

Strap(Px — Pm)], where p, is the density of the crystals (2700-
2900 kg/m3) and py, is the density of the melt (2300-2700 kg/m?3),

3)

ftrap =

but this relative correction is small compared to the natural varia-
tions in HSG composition, which we use to estimate trapped melt
fraction.

The geochemistry of the HSGs allows us to constrain Fg, fie
and fiqp. Taking C, to represent the Rb or K content of the sili-
cic parent defined by the kink at ~69-72 wt.% SiO, (Figs. 2 and
4c), we estimate that the most silicic HSGs define terminal resid-
ual melt fractions Fg of 0.4-0.5 relative to the silicic parent (we do
not do the mass balance with SiO, because of the larger relative
errors on the SiO, content of the parental silicic magma compared
to Rb and K). We can compare these mass balance constraints
on Fg with forward models of crystallization using the thermo-
dynamics based program Rhyolite Melts (Gualda et al., 2012). We
adopt a starting composition corresponding to tonalites having
~69 wt.% SiO, on a volatile-free basis (Al;03 = 16.04, CaO = 4.05,
Fe,031 = 3.64, K,0 = 1.49, MgO = 1.15, Na,0 =4.13, Si0, = 69.1,
TiO, = 0.41 wt.%) and model closed system equilibrium crystalliza-
tion of this melt for a range of water contents (Lee et al., submitted
for publication). We assume 3 kbar pressure, corresponding to the
pressures of equilibration in the western PRB as determined by Al-
in-hornblende barometry (Ague and Brimhall, 1988). Considering
only granitoids with SiOy > 71 wt.%, it can be seen that the ob-
served SiO-Fg array overlaps that predicted by thermodynamic
modeling for bulk H,O greater than 2 wt.% (Fig. 3b).

We can also compare modeled temperature-Fg or temperature-
SiO; relationships to calculated temperatures based on the bulk Zr
contents of the plutons assuming plutons with SiO, > 71 wt.% are
zircon-saturated melts (Boehnke et al., 2013). Zircon saturation is
demonstrated by the fact that Zr decreases with increasing SiO;
and decreasing melt fraction (Fig. 5a, b). Zr-saturation tempera-
tures indicate that the parental silicic magma and the HSGs formed
between 750 and 800 °C (Fig. 5¢, d). To maintain these low temper-
atures over such a wide interval of crystallization and SiO, requires
that water contents in the silicic parent were in excess of 6 wt.%
H,0 (Fig. 4c, d) (Lee et al., submitted for publication). Our find-
ings are consistent with the more general observation that gran-
ites in continental arcs are typically cold and wet based on their
low zircon saturation temperatures (Lee and Bachmann, 2014;
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Miller et al., 2003). Our findings may not apply to high silica rhy-
olites from rift zones, which are hotter, shallower and drier.

We can now combine the Rb and K contents of the cumulates
and the calculated Fg into Eq. (2) to estimate the mass fraction
fme ~ 0.66 of the total melt Fg extracted into the upper layer. Us-
ing Eq. (3), we obtain a trapped melt fraction in the cumulate,
ftrap, of 0.2-0.3, corresponding to a terminal porosity of 20-30%
filled with trapped HSG melt (Fig. 6).

5. Terminal porosity and origin of HSGs by crystal settling

Because the size of our study is on the scale of a batholith,
our conclusion that cumulates complementary to the HSGs attain
a terminal porosity of 20-30% is likely a general feature. Important
implications follow. It is because of trapped melt that the cumulate
composition is similar to and hence difficult to distinguish from
that of the parental magma, which is already silicic. The “missing”
cumulates are thus disguised among the felsic plutons themselves.
The lack of cumulates with porosities lower than 20-30% suggests
a lower limit to which crystals can be packed (Fig. 6). A number
of studies have suggested that magmatic crystal-rich mushes com-
pact under their own weight, causing the expulsion of interstitial
melts from the compacting crystal matrix and resulting in a de-
crease in porosity (Bachmann and Bergantz, 2004; Brown, 1994;
McKenzie, 1985). Compaction requires the crystal-bearing matrix
to deform ductilely, thus the rates of compaction are limited by the

effective viscosity of the crystal framework (McKenzie, 1985). Our
observations suggest that compaction is too slow compared to the
lifespan of silicic plutons to be an important process in expelling
HSG liquids because compaction should yield some lithologies with
zero porosity. The lifespans of silicic magma chambers are thought
to be between 103 and 10° y (Cooper and Kent, 2014), but com-
paction timescales are likely much greater than this. The fact that
silicic magma bodies are cold (750-800°C) suggests that viscosi-
ties of the crystal framework may be far too high to allow for
ductile deformation during the lifespan of a silicic magma body.
Thus, while compaction may be an important process in segregat-
ing melts from a crystal matrix in high temperature (>1000°C)
environments, such as in the upper mantle, compaction may not
be an efficient mechanism for extracting cold, silicic liquids.
Instead, the terminal 20-30% porosity, which corresponds to
an upper limit of 70-80% crystallinity, broadly coincides with the-
oretical (0.74) and empirical (0.68-0.74) maximum packing frac-
tion (1 — ¢) of unimodal particles (Donev et al., 2004) (Fig. 6).
This suggests that settling, rather than compaction, may be the
dominant process by which crystals and melt segregate to gen-
erate large pools of HSGs, albeit under these high crystallinities,
hindered settling (Richardson and Zaki, 1954) may be a more
apt description of the process. This is an important conclu-
sion because hindered settling, even in silicic magmas, is rapid
enough to generate large volumes of crystal-poor HSG on 1-10 ky
timescales (Bachmann and Bergantz, 2004; Hoink et al., 2008;
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D. Same as in C except that x-axis is melt fraction Fy relative to parental silicic magma. Fg is estimated using Rb and K mass balances.

Lee et al, submitted for publication), well within the lifespans
estimated for upper crustal magma chambers (Cooper and Kent,
2014).

More work is of course needed to evaluate our interpretations
of the geochemical data. One direction is to evaluate whether
trapped melt, as inferred from geochemical arguments, can be
identified texturally. It will also be important to evaluate how crys-
tal shape and size distributions influence the amount of trapped
melt. Because plutonic rocks undergo a protracted temperature and
time interval of crystallization, such textural studies will be chal-
lenging. Coupling texture with compositional mapping at micron
to centimeter lengthscales is likely needed.

6. On the shallow origin of HSGs

We envision the following scenario for the generation of HSGs
in continental arc environments (Fig. 7). A hydrous basalt intrudes
into the lower crust or just below the crust-mantle boundary.
Cooling and crystallization leads to the formation of ultramafic
and mafic cumulates and residual liquids ranging from mafic to
intermediate compositions (Chin et al., 2014; Jagoutz and Schmidt,
2012; Lee et al., 2006). The intermediate magma then rises into the
middle or upper crust, where it continues to cool and crystallize to
form highly silicic residual liquids (HSGs). The HSGs segregate from

the crystals via hindered settling, generating a vertically stratified
pluton composed of a crystal-poor HSG upper part and a crystal-
rich cumulate mush at the bottom. Our analysis suggests that the
silicic parent undergoes a maximum of 50-60% crystallization, the
remaining 40-50% of the magma body being represented by HSG
melt of which ~60-70% segregates to form a crystal-poor HSG
layer and the remaining ~30-40% remains with the crystals, gen-
erating a cumulate mush with a terminal porosity of 20-30% filled
by trapped HSG melt. Every km of HSG requires at least 2-3 km
of silicic (70-71 wt.% SiO3) melt-bearing cumulates. If the entire
magmatic series from basalt to HSG indeed represents a complete
liquid line of descent, the ~30-fold enrichment of incompatible
trace elements in the HSGs relative to the basaltic parent implies
that HSGs represent the last <5% of differentiation (Fig. 3a), which
is to say, that every km of HSG requires at least 32 km of com-
plementary crust in the form of other differentiated products, such
as gabbros, diorites, granodiorites, and mafic to ultramafic cumu-
lates. By all respects, HSGs should be volumetrically rare, <5%, in
the entire crustal column).

In this context, it is interesting to examine the compositional
spectrum of plutons in the PRB. The average composition of the
western and eastern PRB plutons are similar, 64 + 8.7 (10) and
65.6 +4.7 wt.% SiO; (Lee et al., 2007), though the eastern PRB ap-
pears to be slightly more silicic on average than the western PRB
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(Figs. 1 and 8). However, an important feature is that the western
PRB is much more variable in composition than the eastern PRB as
evidenced by the western PRBs higher standard deviation in SiO;
(Fig. 8). Of particular interest is that HSGs make up only 16% of
the eastern PRB but 37% of the western PRB by area, despite the
fact that the eastern PRB averages more silicic than the western
PRB. Equally interesting is that plutons with <60 wt.% SiO, make
up only 3% of the eastern PRB and 30% of the western PRB. Thus,
HSGs are common in batholithic provinces where mafic magmas
are also common; under such conditions their areal abundance far
exceeds the <5% expected from the differentiation arguments dis-
cussed above. This over-representation in the western PRB there-
fore implies, not surprisingly, that considerable sampling bias is
introduced when the third dimension, that is, what lies beneath at
depth and what has been eroded, is not sampled.

This sampling bias, nevertheless, may provide valuable insights
into the conditions at which HSGs are formed. Emplacement pres-
sures, as inferred from Al-in-hornblende barometry, in the west-
ern PRB range between 1 and 4 kbar, corresponding to depths
of 4-15 km (Ague and Brimhall, 1988). Emplacement pressures in
the eastern PRB range from 4 kbars to >6 kbars, corresponding to
depths from 15 to >23 km. Furthermore, western PRB plutons ap-
pear to have intruded in an extensional environment and through
thin crust, whereas eastern PRB plutons intruded through a com-
pressional environment and through thicker crust (Lee et al., 2007;
Morton et al., 2014). The fact that HSGs are common in the shal-
lowly exposed western PRB but almost non-existent in the deeply
exposed eastern PRB, suggests that HSGs are formed in shallow
(<10 km) crustal magma chambers and not in the middle to lower
crust. The association with mafic plutons provides additional sup-
port that the HSGs derive from these mafic magmas, consistent
with the similar 87Sr/86Sr of mafic and felsic plutons in the west-
ern PRB (Clausen et al., 2014; Lee et al., 2007). Exactly why HSGs
are dominantly of upper crustal origin is unclear.

7. Conclusions

In summary, our observations indicate that the crystal cumu-
lates predicted to complement HSGs are among the plutons them-
selves, disguised to geochemically resemble frozen liquids due
to the retention of 20-30% trapped HSG melt. The coincidence
of trapped melt fractions with minimum packing porosity sug-
gests that these crystal-melt aggregates form by settling instead
of by compaction. Detailed micro-textural studies of plutonic rocks
may provide further insight. Mass balance constraints indicate that
HSGs represent <5% residual melts from fractional crystallization

of mafic parents. However, we show here that HSGs are predom-
inantly formed in shallow (<10 km) magma chambers, making
them appear more common in shallowly eroded batholiths.
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