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ABSTRACT

Quantifying the time scales of magmatic differentiation is critical for understanding the
rate at which silicic plutonic and volcanic rocks form. Directly dating this process is difficult
because locations with both clear evidence for fractional crystallization and the accessory
phases necessary for radiometric dating are rare. Early zircon saturation, however, appears
to be characteristic of many high-K, arc-related melts due to their generally elevated initial
Zr concentrations. Thus, high-K plutonic series are ideal candidates to study the time scales
of magmatic differentiation using zircon U-Pb geochronology. This study focuses on the Dariv
Igneous Complex in western Mongolia where early saturation of zircon in a suite of coge-
netic, upper crustal (<0.5 GPa) igneous rocks ranging from ultramafic camulates to evolved
granitoids allows us to date magmatic differentiation. Crystallization ages from six samples
across the sequence indicate that magmatic fractionation from a basalt to high-silica (>65
wt% SiO,) melt occurred in <590 + 350 k.y. This estimate is greater than modeled time scales
of conductive cooling of a single intrusion and physical segregation of minerals from a melt,
suggesting that continued influx of heat through magmatic activity in the complex may have
prolonged cooling and thus time scales associated with the production of silica-enriched melts.

INTRODUCTION

Differentiation of mantle-derived, basaltic
magmas to produce more silicic compositions
is an essential process to produce the composi-
tional stratification observed in arc crustal sec-
tions characterized by a felsic upper crust and
mafic lower crust (DeBari and Greene, 2011;
Jagoutz, 2014). The process is well studied both
experimentally (Sisson et al., 2005; Nandedkar
et al., 2014) and through field-based studies of
crustal sections (Greene, 2006; Jagoutz, 2010).
However, the time scales over which individ-
ual bodies of magma differentiate (let alone the
entire arc crust) remain poorly understood. Con-
straints on the time scales of magmatic differ-
entiation come primarily from U-series disequi-
librium characterization of modern (<300 ka)
volcanic rocks (see the review by Hawkesworth
et al., 2000). This approach, however, relies on
the assumptions that different volcanic rocks
came from the same differentiating magma and
that the observed U-series disequilibria is related
to the segregation of crystals from melt, which
are difficult to verify.

Alternatively, in exhumed plutonic rocks the
connection between derivative melts and cumu-
lates may be clearer. For example, the southern
portion of the Adamello batholith (Italy) consists
of an incrementally assembled, composite body
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of ultramafic, gabbroic, tonalitic, and granodio-
ritic lithologies, which formed through fractional
crystallization of a mantle-derived melt in the
middle to lower crust with variable amounts of
crustal assimilation (Ulmer et al., 1983). As such,
it has been the focus of intensive geochronologi-
cal studies to understand the time scales of melt
evolution (Schaltegger et al., 2009; Schoene et al.,
2012). One limitation of studying the Adamello
and similar calc-alkaline plutonic series is that
zircons are plentiful only in felsic lithologies and
confined to late-stage, pegmatitic segregations
of gabbros (Schoene et al., 2012; Samperton et
al., 2015). Similarly, zircons have been found
in ultramafic/mafic cumulates of the tholeiitic
Bushveld Complex, but only in late-crystallizing,
highly fractionated intercumulus melts (Zeh et
al., 2015). The late saturation of zircon in most
crystallizing magmatic systems thus restricts
the application of U-Pb zircon geochronology
in evaluating time scales of differentiation to a
limited compositional range of high-SiO, melts
and thus a narrow differentiation interval.

In contrast, saturation of zircon early in the
crystallization sequence may be more common
in arc-related high-K (though non-peralkaline)
igneous series. Although experimental studies
suggest that alkali-rich melts have unfavor-
able compositions for high-temperature zircon
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saturation due to high concentrations of network-
modifying cations (i.e., Na + K) and therefore
low degrees of polymerization (Watson and
Harrison, 1983; Gervasoni et al., 2016), high-
K mafic melts are generally enriched in Zr and
commonly contain magmatic zircons (e.g., Berg-
man, 1987) (Fig. 1A). The generally elevated
Zr content (up to ~1000 ppm) of high-K basalts
is likely an important driver of early zircon
saturation. If these melts evolve toward a sil-
ica-saturated eutectic or minimum during cool-
ing, closed-system crystallization will increase
both melt polymerization and Zr concentrations,
enhancing the potential for zircon crystallization.
Early saturation of zircon in high-K melts is also
suggested by the geochemistry of the plutonic
record (Fig. 1B). High-K plutonics and modeled
melt trajectories generally show elevated Zr con-
tents at lower SiO, as compared to more typical
calc-alkaline plutonic series (Fig. 1B). However,
zircon saturation (indicated by a decrease in Zr
concentrations) occurs at lower SiO, contents
(~55 wt%) for the high-K plutonics than those
of calc-alkaline series (>65 wt% SiO,) (Fig. 1B).
Therefore, high-K intrusive suites may be ideal
localities in which to apply U-Pb zircon geo-
chronology in order to constrain the time scales
of fractionation over a wide range of melt SiO,
contents, melt fractions, and temperatures.

Here, we investigate a cogenetic high-K plu-
tonic sequence composed of ultramafic cumu-
lates to granitoids in the Dariv Igneous Com-
plex (DIC) in western Mongolia (Bucholz et
al., 2014a) where zircon is an early crystalliz-
ing phase, first observed as a primary magmatic
mineral in high-Mg lamprophyre dikes and
ultramafic cumulates. As such, the DIC affords
a unique opportunity to utilize high-precision
U-Pb zircon geochronology to constrain the time
scales of magmatic differentiation.

GEOLOGIC BACKGROUND

The Dariv Range (southwestern Mongolia)
exposes the contact between the Altai Alloch-
thon (Proterozoic high-grade metamorphic
rocks) and the Lake Terrane (an Ediacaran to
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Figure 1. A: Zr (ppm) versus K,0/Na,O of primitive or high-Mg# basalts to basaltic andesites.
Primitive arc melt compositions are from Schmidt and Jagoutz (2016). Lamprophyres are from
the GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/) and were filtered to only
include analyses with major oxide totals between 98 and 102 wt%, molar Mg/(Mg + Fe ) >
0.6, and non-Archean samples. B: Zr (ppm) versus SiO, (wt%) for plutonic rocks. Data for
Dariv Igneous Complex (DIC; western Mongolia), Kohistan paleo-arc (Pakistan), and western
Peninsular Ranges batholith (western North America) are from Bucholz et al. (2014b), Jagoutz
(2010), and Lee et al. (2007), respectively. Modeled high-K and calc-alkaline melt trajectories
are shown as red and blue dashed lines, respectively (J2010—Jagoutz [2010]; B2014—Bucholz
et al. [2014b]; LB2014—Lee and Bachmann [2014]). Arc monzodiorites and (quartz) monzo-
nites are from GEOROC database (analyses from western Pacific, Aleutians, western United

States, South America, and Mediterranean).

early Paleozoic island arc system) (Dijkstra et
al., 2006). The kilometer-scale DIC belongs to
the latter and comprises of a suite of high-K
plutonic rocks, including phlogopite-bearing
wehrlites and clinopyroxenites, monzogabbros,
monzodiorites, (quartz) monzonites, and late-
stage felsic and lamprophyre dikes that were
emplaced at 0.2-0.5 GPa (see Bucholz et al.
[2014a] for detailed field and petrographic
descriptions). The observed lithologic variabil-
ity, petrographic observations, and mineral and
whole-rock geochemistry suggest that the plu-
tonic rocks can be ascribed to a common frac-
tionation sequence defined by olivine + clino-
pyroxene + Fe-Ti oxides — biotite + apatite
+ titanite + zircon — K-feldspar + plagioclase
— amphibole + quartz (Bucholz et al., 2014a,
2014b). Several primitive lamprophyre dikes
have compositions appropriate to be parental
to the observed cumulate lithologies, and their
liquid line of descent was modeled by Bucholz
et al. (2014b). Major and trace element trends
of the sequence appear to be dominantly con-
trolled by fractional crystallization. Although
feldspar-bearing plutonic lithologies range from
cumulative to melt-like in character, some of the
monzodiorites, most of the quartz monzonites,
and all of the aplite dikes have major and trace
element compositions that suggest that they are
differentiated melts.

phase in both ultramafic cumulates (Fig. 2B)
and high-Mg lamprophyre dikes (Fig. 2A). In
more evolved monzogabbros, monzodiorites,
and (quartz) monzonites, zircons are abundant
(Fig. 2C; Fig. DR6 in the GSA Data Reposi-
tory'). In all lithologies, textural observations,
such as enclosure within clinopyroxene and bio-
tite, confirm that zircon is magmatic in origin
and crystallized either before or contemporane-
ously with the volumetrically dominant mineral
phases (Fig. 2).

Six samples were selected for U-Pb zircon
geochronology from an ~250-m-thick section
of the DIC with continuous exposure of ultra-
mafic cumulates to quartz monzonites cross-cut
by both basaltic and felsic dikes (Fig. 3A). We
selected samples that encompassed the range of
compositions observed in the field, from primi-
tive basaltic dikes to ultramafic and mafic cumu-
lates to evolved “melt-like” lithologies. Of the
coarse-grained lithologies, two cumulate sam-
ples (MO-11-10, phlogopite clinopyroxenite;
MO-11-12, monzogabbro) and two “melt-like”
lithologies (MO-11-14, monzodiorite; MO-11-
26, quartz monzonite) were selected. Two dikes
that cross-cut the sequence were also dated: a
primitive lamprophyre (MO-11-19) similar in
composition to the estimated parental melt for
the sequence and a felsic dike (MO-11-16).

PETROGRAPHY AND SAMPLE
SELECTION

Notably, zircon is an early-crystallizing min-
eral in the fractionation sequence that defines
the DIC, observed as a primary magmatic

!GSA Data Repository item 2017003, field rela-
tionships, sample descriptions, geochronological and
modeling methods, and CL images of zircons, is avail-
able online at www.geosociety.org/pubs/2017.htm or
on request from editing @ geosociety.org.

12

MO-11-19: Lamprophyre Dike

_ COMP
MO-11-10: Bt Clinopyroxenite

10Bpm

ap

: bt
MO-11-12: Monzogabbro

COMP 10Bpm

Figure 2. Backscatter electron photomicro-
graphs of selected samples showing zircon
textural relationships with other phases. A:
Sample MO-11-19. B: Sample MO-11-10. C:
Sample MO-11-12. Abbreviations: zcn—zircon;
bt—biotite; cpx—clinopyroxene; pl—plagio-
clase; ap—apatite.

U-Pb ZIRCON GEOCHRONOLOGY
Zircons were analyzed using chemical abra-
sion—isotope dilution—thermal ionization mass
spectrometry (CA-ID-TIMS). Detailed methods,
sample locations, isotopic data, and cathodolu-
minescence (CL) images can be found in the
Data Repository. Because the 2#U-2Pb isotopic
system gives the most precise date for rocks of
this age, we use Th-corrected 2*°Pb/>¥U dates for
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Figure 3. A: Detailed cross-section across high-K fractionation sequence with locations of
analyzed samples. Lithologies become more evolved left to right, from phlogopite wehrlites
to quartz monzonites. Contacts are drawn as sharp lines for clarity, but boundaries between
lithologies are gradational. B: U-Pb geochronology and whole-rock data for analyzed samples
showing Th-corrected 2°°Pb/2*U dates (in Ma) for individual zircons. Colored bars represent
youngest zircon ages from each sample with 26 uncertainty. Weighted mean for sample
MO-11-10 is shown with internal uncertainties (MSWD—mean square of weighted deviates).
Whole-rock Mg# and SiO, (circles) are from Bucholz et al. (2014b).

all of our interpretations and present 37 single-
grain analyses in Figure DR1 and in Table DR1
in the Data Repository. Our interpreted crystal-
lization ages for the samples are in Figure 3B.
Both the quartz monzonite and the lampro-
phyre dike contain zircon age dispersion beyond
what can be explained from analytical uncer-
tainty alone (Fig. DR1). This apparent age dis-
persion may result from incorporation of xeno-
crysts (zircons inherited from country rock),
antecrysts (zircons inherited by the magma but
that originated in broadly the same magmatic
system), protracted autocrystic zircon growth,
or a combination of all of these processes. All
37 zircons analyzed in this study appear to be
either auto- or antecrysts. It is unlikely that the
lamprophyre dike experienced protracted in situ
crystallization due to its probable rapid cool-
ing because of its small width (~60 cm) and
elevated magmatic temperatures compared to
its host rock. Further, field evidence for high-
temperature mechanical mixing of multiple melt
generations is abundant in the quartz monzonite,
including mafic lamprophyre enclaves, diffuse
intrusive contacts, and K-feldspar xenocrysts
(Fig. DR2). Therefore, we prefer an antecrys-
tic origin for the oldest grains in these samples
and suggest that they were transported to the

emplacement depth from a long-lived magmatic
system at depth. In general, we consider the
youngest zircon grains from each sample to be
representative of the age of final crystallization.

The youngest zircon dates in the monzogab-
bro, monzodiorite, and quartz monzonite over-
lap within uncertainty and likely represent the
end of melt crystallization within the system
at ca. 502.35 Ma. Because field evidence sug-
gests that the felsic and lamprophyre dikes were
intruded into a highly crystalline mush (Fig.
DR?2) and the ages of the youngest grains from
the samples from these two dikes also overlap
with those of the more evolved, coarsely crys-
talline plutonics (Fig. 3), we conclude that the
final crystallization event occurred at 502.39
+ 0.20 Ma (average value of youngest zircons
from five samples). We were able to extract and
date three grains from the clinopyroxenite after
considerable effort (see the Data Repository).
The ages from these grains all overlap within
uncertainty and give a weighted mean date of
503.05 = 0.29 Ma (mean square of weighted
deviates = 1.30). The youngest zircon age from
the phlogopite clinopyroxenite is 502.98 +0.29
Ma (Fig. 3B). Both of these ages for the phlogo-
pite clinopyroxenite are distinctly older than the
other dated samples.
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DISCUSSION

Time Scales of Magmatic Fractionation

The time difference (Ar) between the ages of
the youngest grain of the most primitive cumu-
late (phlogopite clinopyroxenite) and that of the
inferred final crystallization for the more evolved
plutonic rocks is 590 + 350 k.y. (502.98-502.39
Ma, 26 errors summed in quadrature), provid-
ing a direct approximation of the time scale of
melt differentiation and crystallization within
this system. Assuming that crystal settling is an
efficient process in low-viscosity basaltic melts
and occurs on time scales more rapid than that
of crystallization (Martin and Nokes, 1988), the
rate of cooling is the primary control on the time
scales associated with fractional crystallization.
To place time constraints on the cooling history
of the DIC, we modeled the closed-system ther-
mal evolution of a 500-1000-m-thick sheet-like
magma body emplaced at an initial temperature
of 1200 °C into a country rock at 400 °C (see the
Data Repository for details). The results of this
modeling suggest that ~15-45 k.y. is required
to cool the magma body to near its solidus tem-
perature, which is a minimum time required for
cooling to occur in a non-convecting, closed
magma system. The modeled cooling time scale
of tens of thousands of years is less than our
minimum estimate of ~240 k.y. for melt dif-
ferentiation to occur. This discrepancy suggests
that either the dated grains from the phlogopite
clinopyroxenite are antecrystic in origin and do
not provide an in situ crystallization age for the
cumulate, that zircon ages from this sample are
too limited in number (n = 3) to resolve the
full duration of crystallization, or that contin-
ued magmatic activity or recharge prolonged
the cooling time scales on the order of several
hundred thousand years. An antecrystic origin
is unlikely as this sample is cumulative in nature
and does not represent a melt with a complex
mixing history. We cannot rule out the uncer-
tainty associated with the small sample size of
zircons from the biotite clinopyroxenite, and it is
plausible that more zircon ages from this sample
would lessen the discrepancy between our mod-
eled cooling-induced crystallization time scales
and those inferred from the geochronology. Due
to these uncertainties, we consider the duration
of 590 + 350 k.y. as a maximum duration for
fractional crystallization.

If crystallization rates in crustal intrusions
are primarily a function of cooling and if the
effects of decompression are negligible, rates of
fractionation will be strongly dependent on the
size and depth of the magmatic system as well
as the dynamics of magma chamber replenish-
ment (Annen et al., 2006). The detailed section
we dated (Fig. 3A) is a small part of the DIC,
which comprises many smaller intrusive bodies
covering an area of ~5 x 10 km and representing
an ~6-km-thick crustal section (Bucholz et al.,
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2014a). Although emplaced in the upper crust,
the DIC likely experienced a prolonged ther-
mal history due to the multiple intrusive events
involved in its formation. After intrusion of the
melt batch that gave rise to the studied section,
initial cooling below the liquidus promoted
crystallization of ultramafic cumulates at high
melt fractions and temperatures. This crystalli-
zation period may be recorded in the distinctly
older population of zircons in the phlogopite
clinopyroxenite. Subsequent prolonged cooling
may have delayed the crystallization of more
evolved lithologies and thus zircon crystalliza-
tion. Indeed, cooling time scales of 10°-10° yr,
as recorded in the zircon geochronology of this
study, are reasonable for multiply injected upper
crustal intrusions (Blundy and Annen, 2016).
Fractional crystallization of basalts in the lower
crust may occur on much more protracted time
scales due to greater ambient temperatures at
depth and the potentially more frequent influx of
hot basalts (Dufek and Bergantz, 2005; Annen
et al., 2000).

CONCLUDING REMARKS

This study represents the first direct measure-
ment of fractional crystallization time scales over
a large range of melt compositions from basaltic
to high-silica melts using high-precision CA-ID-
TIMS U-Pb geochronology in zircon. The pre-
sented zircon ages from the DIC indicate that
fractional crystallization of basaltic melts to pro-
duce more evolved granites in the upper crust
occurred in <590 + 350 k.y. This time scale is
longer than that predicted through conductive
cooling of a single intrusion, possibly due to con-
tinued magma influx into the upper crust, pro-
longing the time scales of crystallization and thus
fractionation. Further detailed field studies of
high-K intrusive suites demonstrating early satu-
ration of zircon combined with high-precision
U-Pb zircon geochronology will provide much
needed temporal constraints on the efficiency of
fractional crystallization at different crustal lev-
els. In particular, younger complexes (<100 Ma)
could yield even more precise ages, permitting
the study of this process at the 10 k.y. time scale.

ACKNOWLEDGMENTS

Support at the Massachusetts Institute of Technology
comes from the National Science Foundation grant
EAR-1322032 and the EARTHTIME initiative. We
thank N. Chatterjee for assistance with CL imaging,
and J. Pu and E. Barry for help with sample prepara-
tion. Comments by Bruce Watson, Haibo Zou, Kyle
Samperton, and one anonymous reviewer improved
a previous version of this manuscript.

REFERENCES CITED

Annen, C., Blundy, J.D., and Sparks, R.S.J., 2006,
The genesis of intermediate and silicic magmas
in deep crustal hot zones: Journal of Petrology,
v. 47, p. 505-539, doi:10.1093/petrology/egiO84.

14

Bergman, S.C., 1987, Lamproites and other potassium-
rich igneous rocks: A review of their occurrence,
mineralogy and geochemistry, in Fitton, J.G.,
and Upton, B.G.J., eds., Alkaline Igneous Rocks:
Geological Society of London Special Publica-
tion 30, p. 103-190, doi:10.1144/GSL.SP.1987
.030.01.08.

Blundy, J.D., and Annen, C.J., 2016, Crustal mag-
matic systems from the perspective of heat trans-
fer: Elements, v. 12, p. 115-120, doi:10.2113
/gselements.12.2.115.

Bucholz, C.E., Jagoutz, O., Schmidt, M.W., and Sam-
buu, O., 2014a, Phlogopite- and clinopyroxene-
dominated fractional crystallization of an alkaline
primitive melt: Petrology and mineral chemistry
of the Dariv Igneous Complex, Western Mongo-
lia: Contributions to Mineralogy and Petrology,
v. 167, 994, doi:10.1007/s00410-014-0994-6.

Bucholz, C.E., Jagoutz, O., Schmidt, M.W., and
Sambuu, O., 2014b, Fractional crystallization of
high-K arc magmas: Biotite- versus amphibole-
dominated fractionation series in the Dariv Igne-
ous Complex, Western Mongolia: Contributions
to Mineralogy and Petrology, v. 168, 1072, doi:
10.1007/s00410-014-1072-9.

DeBari, S.M., and Greene, A.R., 2011, Vertical stratifi-
cation of composition, density, and inferred mag-
matic processes in exposed arc crustal sections, in
Brown, D., and Ryan, P.D., eds., Arc-Continent
Collision: Frontiers in Earth Sciences: Berlin,
Heidelberg, Springer, p. 121-144, doi:10.1007
/978-3-540-88558-0_5.

Dijkstra, A.H., Brouwer, EM., Cunningham, W.D.,
Buchan, C., Badarch, G., and Mason, P.R.D.,
2006, Late Neoproterozoic proto-arc ocean crust
in the Dariv Range, Western Mongolia: A supra-
subduction zone end-member ophiolite: Journal
of the Geological Society, v. 163, p. 363-373, doi:
10.1144/0016-764904-156.

Dufek, J., and Bergantz, G.W., 2005, Lower crustal
magma genesis and preservation: A stochastic
framework for the evaluation of basalt-crust inter-
action: Journal of Petrology, v. 46, p. 2167-2195,
doi:10.1093/petrology/egi049.

Gervasoni, F., Klemme, S., Rocha-Junior, E.R.V.,
and Berndt, J., 2016, Zircon saturation in silicate
melts: A new and improved model for aluminous
and alkaline melts: Contributions to Mineralogy
and Petrology, v. 171, p. 21-32, doi:10.1007
/s00410-016-1227-y.

Greene, A.R., 2006, A detailed geochemical study
of island arc crust: The Talkeetna Arc section,
south-central Alaska: Journal of Petrology, v. 47,
p. 1051-1093, doi:10.1093/petrology/egl002.

Hawkesworth, C.J., Blake, S., Evans, P, Hughes, R.,
Macdonald, R., Thomas, L.E., Turner, S.P., and
Zellmer, G., 2000, Time scales of crystal fraction-
ation in magma chambers—Integrating physical,
isotopic and geochemical perspectives: Journal
of Petrology, v. 41, p. 991-1006, doi:10.1093
/petrology/41.7.991.

Jagoutz, O.E., 2010, Construction of the granitoid
crust of an island arc. Part II: A quantitative pet-
rogenetic model: Contributions to Mineralogy
and Petrology, v. 160, p. 359-381, doi:10.1007
/s00410-009-0482-6.

Jagoutz, O., 2014, Arc crustal differentiation mech-
anisms: Earth and Planetary Science Letters,
v. 396, p. 267277, doi:10.1016/j.epsl.2014.03
.060.

Lee, C.-T.A., and Bachmann, O., 2014, How impor-
tant is the role of crystal fractionation in making
intermediate magmas? Insights from Zr and P

systematics: Earth and Planetary Science Let-
ters, v. 393, p. 266-274, doi:10.1016/j.epsl.2014
.02.044.

Lee, C.-T.A., Morton, D.M., Kistler, R.W., and Baird,
A.K., 2007, Petrology and tectonics of Phanero-
zoic continent formation: From island arcs to
accretion and continental arc magmatism: Earth
and Planetary Science Letters, v. 263, p. 370-387,
doi:10.1016/j.eps1.2007.09.025.

Martin, D., and Nokes, R., 1988, Crystal settling in a
vigorously convecting magma chamber: Nature,
v. 332, p. 534-536, doi:10.1038/332534a0.

Nandedkar, R.H., Ulmer, P., and Miintener, O., 2014,
Fractional crystallization of primitive, hydrous
arc magmas: An experimental study at 0.7 GPa:
Contributions to Mineralogy and Petrology,
v. 167, 1015, doi:10.1007/s00410-014-1015-5.

Samperton, K.M., Schoene, B., Cottle, J.M., Keller,
C.B., Crowley, J.L., and Schmitz, M.D., 2015,
Magma emplacement, differentiation and cool-
ing in the middle crust: Integrated zircon geo-
chronological-geochemical constraints from the
Bergell Intrusion, Central Alps: Chemical Geol-
ogy, v. 417, p. 322-340, doi:10.1016/j.chemgeo
.2015.10.024.

Schaltegger, U., Brack, P., Ovtcharova, M., Peytcheva,
1., Schoene, B., Stracke, A., Marocchi, M., and
Bargossi, G.M., 2009, Zircon and titanite re-
cording 1.5 million years of magma accretion,
crystallization and initial cooling in a composite
pluton (southern Adamello batholith, northern
Italy): Earth and Planetary Science Letters, v. 286,
p. 208-218, doi:10.1016/j.epsl.2009.06.028.

Schmidt, M.W., and Jagoutz, O.E., 2016, The global
array of primitive arc melts: Abstract V24B-08
presented at the American Geophysical Union
Fall Meeting, San Francisco (in press).

Schoene, B., Schaltegger, U., Brack, P., Latkoczy,
C., Stracke, A., and Giinther, D., 2012, Rates of
magma differentiation and emplacement in a bal-
looning pluton recorded by U-Pb TIMS-TEA,
Adamello batholith, Italy: Earth and Planetary
Science Letters, v. 355-356, p. 162—173, doi: 10
.1016/j.epsl.2012.08.019.

Sisson, T.W., Ratajeski, K., Hankins, W.B., and
Glazner, A.F., 2005, Voluminous granitic magmas
from common basaltic sources: Contributions to
Mineralogy and Petrology, v. 148, p. 635-661,
doi:10.1007/s00410-004-0632-9.

Ulmer, P., Callegari, E., and Sonderegger, U.C., 1983,
Genesis of the mafic and ultramafic rocks and
their genetical relations to the tonalitic-trondhje-
mitic granitoids of the southern part of the Adam-
ello batholith (Northern Italy): Memorie della
Societa Geologica Italiana, v. 26, p. 171-222.

Watson, E.B., and Harrison, T.M., 1983, Zircon satu-
ration revisited: Temperature and composition
effects in a variety of crustal magma types: Earth
and Planetary Science Letters, v. 64, p. 295-304,
doi:10.1016/0012-821X(83)90211-X.

Zeh, A., Ovtcharova, M., Wilson, A.H., and Schalteg-
ger, U., 2015, The Bushveld Complex was
emplaced and cooled in less than one million
years—Results of zirconology, and geotectonic
implications: Earth and Planetary Science Let-
ters, v. 418, p. 103—114, doi:10.1016/j.epsl.2015
.02.035.

Manuscript received 22 August 2016
Revised manuscript received 5 October 2016

Manuscript accepted 5 October 2016

Printed in USA

www.gsapubs.org | Volume 45 | Number 1 | GEOLOGY



	ABSTRACT
	INTRODUCTION
	GEOLOGIC BACKGROUND
	PETROGRAPHY AND SAMPLE SELECTION
	U-Pb ZIRCON GEOCHRONOLOGY
	DISCUSSION
	CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	REFERENCES CITED
	Figure 1
	Figure 2
	Figure 3

