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Igneous rock textures reflect the cooling history of the parental
magma. Combined with chemical data, they can provide physical
and chemical information about the evolution of a magma body. The
petrographic textures and chemical compositions of 21 coarse- and
Jine-grained granite samples along an ~250 m horizontal outcrop
of the Shanggust granite porphyry are presented in this case study.
The coarse-grained granite porphyry is an early intrusion, and the
Jine-grained granite dykes, mostly intruded into the granite porphyry,
are later intrusions. The studied samples have nearly homogeneous
major element bulk-rock and mineral compositions, but show large
vartations in their trace element compostitions and textural character-
ustics. The trace element data suggest the influence of hydrous fluids
( possibly enriched in CO o, E and Cl) in the evolution of the plutonic
body. Textural analysis of the coarse-grained granite porphyry indi-
cates that the crystal size distribution (CGSD ) slopes, intercepts and
total numbers of groundmass decrease from the center to the margin
of the intrusion in contrast to the maximum diameler of the crystals
(L) (average length of the four largest quartz crystals for each
sample ); however, most_fine-grained samples and the groundmass of
the coarse-grained samples show concave-down CSDs, indicating
textural coarsening. Quartz GSDs in the coarse-grained samples are
kinked, with a steep-sloped log—linear section representing small
crystals (<Imm) and a shallow-sloped log—linear section represent-
ing large crystals (> mm ). These two crystal populations are inter-
preted as resulting from a shift in cooling regime. The straight
CSDs of two fine-grained samples may be due to a different cooling
history. In general, the spatial variation of the GSD patterns can be
attributed to various degrees of overgrowth and mechanical
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compaction. The quartz phenocrysts in several coarse-grained sam-
ples exhibit a high degree of alignment, which may be the result of
magmatic flow. By integrating the field geology, geochemustry and
quantitative textural data from the horizontal profile of the
Shanggusi granite porphyry, it is suggested that hydrous fluids at
the top of the intrusion not only controlled the fractionation of elem-
ents but also affected its cooling history. Fluid migration-controlled
undercooling can explain the solidification processes in  the
Shanggusi intrusion, and may also be prevalent in other fluid-rich
shallow intrusions. Quantitative integration of textural and geo-
chemical data _for igneous rocks can contribute to our understanding
of the relationships between physical and chemical processes in a
magma system, and provide relatively comprehensive insights into
the petrogenesis of granites.

KEY WORDS: Shanggust; granite porphyry; solidification processes;
crystal size distributions; fluids; undercooling

INTRODUCTION

A fundamental issue in igneous petrology is to understand
the magma solidification process, and in particular to clar-
ify which physical and chemical processes control the char-
acteristics of the final product. Typically, a variety of
complex magma solidification processes can be investi-
gated by studying suites of comagmatic rocks that have dif-
ferent chemical and textural characteristics. However, it is
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difficult to examine and verify the physical processes of
magma solidification in terms of traditional geochemical
and qualitative petrographic studies, especially for crystal
nucleation and growth, which, to a large extent, are inde-
pendent of the chemical composition of the system.
Depending on their cooling history, magmas with the
same composition can solidify into rocks with dramatically
different physical appearances. For example, equigranular
granite, granite porphyry and rhyolite show three different
solidification processes in their textural characteristics,
whilst having similar chemical compositions. Thus, if we
wish to understand the textural differences within a single
compositional type of rock in order to constrain the cool-
ing history and solidification processes, the textures of the
rocks need to be quantified.

In recent years, following the work of Marsh (1988), who
first introduced the theory of crystal size distributions
(CGSDs) for magmatic systems, quantitative textural ana-
lysis of igneous rocks combined with their geochemical
study has been increasingly applied to investigate mag-
matic processes (e.g. Cashman & Marsh, 1988; Mock
et al., 2003; Boorman et al., 2004; Higgins, 2006a; Higgins
& Roberge, 2007; Morgan et al., 2007; O’Driscoll et al.,
2007; Salisbury et al., 2008; Higgins & Meilleur, 2009;
Pappalardo & Mastrolorenzo, 2010; Vinet & Higgins,
2010). Some magmatic processes, such as magma flow
(e.g. Higgins, 20024), compaction and compaction-driven
recrystallization (e.g. Boorman et al., 2004; Williams et al.,
2006), and textural coarsening (e.g. Higgins, 1998, 1999,
2009; Higgins & Roberge, 2003; Magee et al., 2010) are
better examined by quantitative textural studies rather
than geochemical studies. In particular, textural coarsen-
ing of igneous rocks, which may be as important a process
as fractional crystallization, does not change the chemical
composition of the rocks and can be investigated only by
quantitative textural analysis (Higgins, 2011, and references
therein).

The solidification of magma is a result of a complex
interplay between crystallization and dissolution (e.g.
Higgins & Roberge, 2003; Armienti et al., 2007). Crystal
nucleation, growth and dissolution are strongly dependent
on the degree of undercooling, which in turn is controlled
by both the actual crystallization temperature and the
liquidus temperature. The undercooling of magma in a
chamber can be modified by addition of hotter magma, or
by the reduction of total or partial pressure during ascent
of the magma. When a pulse of magma begins to crystal-
lize, and the liquidus temperature of the residual melt is
reduced only within a very limited range as the result of
crystallization that continually changes the crystallizing
melt composition, the undercooling in different locations
in the magma chamber is mainly controlled by the actual
crystallization temperature, which has a close relationship
with the isotherms. Such cooling histories have been

theoretically modeled and verified by the spatial textural
variation of natural samples (e.g Zieg & Marsh, 2002;
Nkono et al., 2006; Patwardhan & Marsh, 2011). However,
the liquidus temperature of the melt typically can be sig-
nificantly changed by variations in fluid content or fluid
circulation in the magma or residual magma, giving rise
to variations in the degree of undercooling. If the change
in the undercooling of a magma chamber mainly results
from the variation of the liquidus temperature rather than
that of the actual temperature (e.g. Higgins, 20024), the
textural variations within the plutonic body would not be
consistent with those predicted from the isotherms. In add-
ition, the migration and accumulation of fluids may result
in chemical fractionation within the magma body. Hence,
combining quantitative textural and geochemical studies
may help us to investigate such processes.

In this study, observations were made of the field geol-
ogy, mineralogy and petrology, and were combined with
quantitative textural and geochemical analysis of the
Shanggusi granite porphyry. The results show that the spa-
tial variations in the CSD parameters are not consistent
with those controlled by isotherms: the center of the intru-
sion has a much higher undercooling than its margins. It
is argued that this phenomenon is closely related to the mi-
gration and heterogeneous accumulation of fluids at the
top of the intrusion, which might also play an important
role in chemical variation within the intrusion.

GEOLOGICAL SETTING AND
SAMPLE DESCRIPTIONS

Geology of the Qinling—Dabie orogen

The Qinling—Dabie orogen extends more than 1500 km
across central China (Fig. la). The western segment is
called the Qinling region and the eastern segment is
called the Dabie region. The Qinling—Dabie orogen com-
prises two sutures and three blocks (Meng & Zhang, 1999,
2000). The Shangdan suture separates the North China
Block (including the North Qinling belt) from the
Qinling microplate (the South Qinling belt), and the
Mianlue suture separates the Qinling microplate from
the South China Block. The Shangdan suture is generally
considered to have formed following subduction of the
Shangdan ocean and multi-stage accretion of the South
Qinling belt to the North Qinling belt. The suture repre-
sents a Middle Palaeozoic subduction—collision event fol-
lowed by Mesozoic—Cenozoic intraplate —strike-slip
faulting (Mattauer et al., 1985, Zhang et al., 1989;
Ratschbacher et al., 2003; Wang et al., 2005). The Mianlue
suture was formed by the Triassic collision between the
South Qinling belt and the South China Block (Zhang
et al., 2004). The North Qinling belt, bounded by the
Machaoyin fault zone and the Shangdan suture (Fig. la),
is composed predominantly of Proterozoic to Palacozoic
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Fig. 1. (a) General geological map of the Qinling—Dabie orogen showing its regional tectonic setting (after Meng & Zhang, 2000) and the
location of the Shanggusi intrusion (outlined by black square); MFE, Machaoyin fault; MS, Mianlue suture; SS, Shangdan suture.
(b) Geological map of the Shanggusi area showing the major lithological units and the location of the studied granite porphyry (after Yang

et al., 2011).

medium-grade metasedimentary and metavolcanic rocks.
The Qinling complex constitutes the Precambrian base-
ment of the Qinling—Dabie orogen (Hu et al., 1993; You
et al., 1993; Wang et al., 2003). The South Qinling belt is

bounded to the north by the Shangdan suture and to the
south by the Mianlue suture (Fig.l), and comprises a thick
pile of Late Proterozoic to Triassic sediments overlying an
Early Proterozoic crystalline basement. Three pulses of
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Fig. 2. Field photographs and sample locations across the Shanggusi outcrop profile. (a, b) Miarolitic cavities that contain altered pyrite; these
occur in both sides of the profile. (¢) A representative granite dyke (right) intruded into the granite porphyry; the contact is curved and indis-
tinct (note the disseminated molybdenite in the coarse-grained granite porphyry). (d) A large miarolitic cavity showing reddish-brown alkali
feldspar surrounding quartz. (e) Representative photograph of unaltered pyrite in the coarse-grained granite porphyry. (f) Miarolitic cavities,
without significant amount of pyrite, at the center of the profile. The pens shown for scale are ~14 cm in length. The coin for scale is ~2-4 cm

in diameter.

granitoid magmatism and Mo mineralization have been
recognized, corresponding to significant tectonic events in
the East Qinling—Dabie oregen (e.g. Mao et al., 2008).

Geology of the Shanggusi granite porphyry
and sampling

The Shanggusi granite porphyry, situated in the southern
margin of the North China Block, is a newly discovered
porphyry-type molybdenum deposit in east Qinling
(Yang et al., 2011) (Fig. la). Re-Os dating of disseminated
molybdenite in the Shanggusi granites yields emplacement
ages ranging from 1225 (£2:1) Ma to 124-8 (£1-8) Ma
(Yang et al., 2010). Figure Ib shows the fundamental

geological characteristics of the Shanggusi granite por-
phyry. It covers an arca of ¢. 1-5km” bounded by the
granodiorite to the north, pantellerite to the SW and
gneiss to the east. A number of granite dykes occur within
or surround the granite porphyry body; most of them are
emplaced into the pantellerite (Fig. 1b). A profile ¢. 250 m
long in the southern part of the granite porphyry outcrop
was investigated and sampled in the field (Fig. 2).
Evidence for magmatic fluid phase exsolution is pro-
vided by miarolitic cavities (e.g. Candela, 1997) within the
outcrop (Fig. 2a—f). These cavities consist mainly of quartz
and alkali feldspar (Fig. 2d), and commonly also contain
pyrite, which is usually altered to brown limonite at both
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Fig. 3. Representative photomicrographs showing the textural characteristics of the granite porphyry. (a) Typical phenocrysts of quartz and
alkali feldspar (perthite). Quartz phenocrysts are rounded and show embayments because of resorption. (b) Magnified view of (a) with inser-
tion of a wave plate with a retardation of 137 nm. The perthite shows an overgrowth rim and does not show embayments like the quartz pheno-
crysts. (c) Typical rounded embayment in a quartz phenocryst. The magnified view in (d) clearly shows the eutectic crystallization of
fine-grained quartz and feldspar in the resorbed region of the quartz phenocryst. Mi, microlite; Per, perthite; P, plagioclase; Qz, quartz.

ends of the profile (Fig. 2a—e). In contrast, pyrite or other
ore minerals are rare in the center of the profile, and only
a few miarolitic cavities were observed there (Fig. 2f).

Twenty-one samples were collected from the profile.
These were preliminarily divided into two categories
based on their qualitative petrographic characteristics in
the field. The sample set includes 13 coarse-grained sam-
ples that contain quartz and feldspar phenocrysts and
eight fine-grained samples without phenocrysts. Among
these samples are six fine-grained samples collected from
granite dykes that are emplaced into the granite porphyry
or the adjacent pantellerite. The exact locations of each
sample and typical field petrographic characteristics are
indicated in Fig. 2.

The major rock-forming minerals in all the samples
are quartz (20-40%), alkali feldspar (25-40%) and
Na-plagioclase (30-50%). Figure 3 shows representative
petrographic characteristics of the coarse-grained samples.
The striking porphyritic texture typically shows resorption

of quartz and alkali feldspar phenocrysts. The rounded,
embayed morphology of quartz can be clearly seen under
crossed polars (Fig. 3a, ¢ and d); resorption of perthitic
alkali feldspar, surrounded by subsequent overgrowth
rims, is more easily seen when a wave plate with a retard-
ation of 137 nm is inserted into the polarizing microscope
(Fig. 3b). The petrographic characteristics of the
fine-grained samples are discussed in more detail below.

ANALYTICAL METHODS
Crystal size distributions
CSD theory

If the number of crystals (per unit size range) in an igne-
ous rock 1is plotted against their relative size, in a
semi-logarithmic fashion, many rocks show remarkably
smooth, often linear trends with negative slopes. This rela-
tionship can be explained by CSD theory, which allows
crystal size data to be used as a method of determining
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some of the crystallization kinetics of magmatic systems in-
dependent of experimental approaches or thermodynamic
or kinetic models (e.g. Cashman & Marsh, 1988; Resmini
& Marsh, 1995; Marsh, 1998, 2007, Higgins, 2002a, 2011;
Higgins & Roberge, 2003; Boorman ez al., 2004; Higgins
& Chandrasekharam, 2007; Resmini, 2007, Moss et al.,
2010). CGSD theory is based on a parameter called popula-
tion density, which is used to develop the general crystal
population balance equation. To establish the crystal popu-
lation balance in a magma body, the number of crystals of
a given size, per unit volume of magma, the population
density (n), must be known as a function of crystal size
(L). A plot of In(n) vs L for a steady-state system, which is
continuously fed and emptied, will be a line with a slope
of —1/Gt and intercept n”, where G represents the growth
rate, £ is the residence (or growth) time and #" is the final
nucleation density (when crystal size approximates to
zero) (Marsh, 1988, 1998). If either the residence time or
the growth rate is known, the other may be determined.
Although the above formulation was developed for
steady-state systems, it can be shown that for a non-
steady-state, batch-cooling, model, in which the magma is
not allowed input or output of crystals, and under certain
conditions (e.g. exponentially increasing nucleation rate
with a constant growth rate), the relation has the same
form as the steady-state model (Marsh, 1988, 1998). The
most important assumption of the two end-member CSD
models is constant crystal growth rate (G). Kinking or
curvature in GSD plots has been attributed to processes
such as crystal accumulation and removal (e.g. Marsh,
1988, 1998), compaction (e.g. Boorman et al., 2004), mixing
of crystal populations (e.g. Higgins, 1996; Turner et al.,
2003; Vinet & Higgins, 2010) and post-nucleation crystal
ageing caused by annealing or Ostwald ripening (e.g.
Higgins, 1998, 1999, 20024, 2011; Higgins & Roberge, 2003).

Method

All the samples contain three major crystal populations of
quartz, alkali feldspar, and Na-plagioclase. Among these,
quartz was chosen for quantitative textural analysis as it is
the most abundant phenocryst phase in the granite por-
phyry. Furthermore, it is the most resistant one to
post-alteration and therefore may preserve its original
grain morphology. The other minerals are not sufficiently
fresh in thin section for accurate textural analysis.
Regular thin sections were used for textural analysis and
the methods used generally follow those presented by
Higgins & Roberge (2003). We first prepared digitized
images, examples of which are shown in Figs 4 and 5. To
identify and outline the quartz crystals more accurately, a
wave plate with a retardation of 137 nm was inserted into
the polarizing microscope (Fig. 4c). For touching crystals
that are at extinction or have the same interference color
in the digitized images, the quartz crystals were identified
by rotating the microscope stage as shown in Fig. 6.

This procedure was carried out only to increase the accur-
acy of analysis. More than 300 crystals were analyzed in
each sample. The greyscale image was analyzed using the
program Imagef, a Java version of the popular program
NIHImage. The raw positional data were reduced to inter-
section parameters using a specially written program. The
CSD of crystals was calculated with the program
CSDCorrections 1.38 (Higgins, 2000).

The mean crystal shape is expressed by the crystal
aspect ratio S:[LL (short:intermediate:long dimensions).
The shape aspect ratio Short/Intermediate is estimated
from the mode of the distribution of intersection widths/
intersection lengths (Higgins, 1994, 2000). The ratio
Intermediate/Long is more complicated to determine;
simple modeling of populations of parallelepipeds has
been shown to yield imprecise results for some crystal
shapes (Garrido et al., 2001; Higgins, 2006a). The CSDSlice
program of Morgan & Jerram (2006) calculates a best fit
for the 2D aspect ratios and compares these directly with
curves for known crystal shapes. However, the calculated
CSD volume using the aspect ratio determined from this
method always yields a significantly higher volume than
that determined from the total area of the intersections
measured, which might result from the complicated crystal
shapes of quartz (e.g. Mock & Jerram, 2005). Thus, the
ratio Intermediate/Long is estimated by comparison be-
tween the quartz volumetric proportion determined from
the total area of the intersections measured and the volu-
metric proportion determined from the CSD (e.g.
Higgins, 2002b). The crystal shapes of quartz used in this
study range from 1:1-54:1-54 to 1:196:1 96 based on the aver-
age aspect ratio for each sample (Table 1). The crystals
were considered to have a roundness of 06 or 07
Logarithmic length intervals were used such that each bin
is 109, 10°1%7 and 10" times the size of the previous bin
according to the crystal number and the accuracy of each
CSD plot. Bins with fewer than five crystals were removed
from the CSD as they are not precise. The lower limit of
the CSD is the smallest crystal that could be easily mea-
sured, typically 0-05 mm, and not the smallest crystals in
the rock.

Because the CSDs of the fine-grained samples
determined here are only slightly curved on a classical
CSD diagram [S-type distribution of Higgins (20065)],
meaningful values for the slope and intercept of the CSD
could be determined by linear regression using the meth-
ods of Higgins (20064). The ‘goodness of fit’, 0, is a param-
eter that describes how well the data fit to a straight line,
taking into account the error in each point. A value greater
than 01 indicates a very significant fit, but values greater
than 0-01 are acceptable (Higgins, 20064). The strongest
curved CSDs will have very small values of Q, It is easier
to understand CSD dynamics if the characteristic lengths
(CL = —1/slope) are considered rather than the slopes, as
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Fig. 4. Representative characteristics of sample S-7-7A in a stitched photomicrograph and digitized image. (a, b, ¢) Optical photomicrograph
under crossed polars, plane polars and crossed polars with wave plate of 137 nm respectively. (d) Digitized outlined image of quartz, where
the region outlined in black was used for the textural analysis of the groundmass; the scale bar represents 2 mm. This sample shows a distinct
crystal size contrast between the phenocrysts and the groundmass. The phenocrysts mainly consist of quartz (note some of them are resorbed

with rounded morphology) and alkali feldspar.

they have the units of length. For crystals that have a per-
fect semi-logarithmic size distribution, the characteristic
length is equal to the mean size.

Spatial distribution patterns

Analysis of the spatial distribution of crystals in rocks is
another method of quantifying igneous texture (e.g.
Jerram et al., 1996). Such analysis can be used to understand
whether crystals are clustered or randomly distributed,
and has implications for discerning between differing
models of the crystallization of igneous rocks (Jerram
et al., 1996, 2003). Furthermore, experimental work has
identified characteristic trends for mechanical compaction,
sorting and overgrowth on spatial distribution plots
(Jerram et al., 1996).

A method for quantifying the spatial distribution pat-
tern (SDP) of grains and crystals in thin section, by calcu-
lating an R value, where R is a quantification of the SDP,
was introduced by Jerram et al. (1996). In a random distri-
bution of points, R=1:0; R>1-0 indicates an ordered
array of points whereas R <1-0 indicates a clustered array
of points (see Jerram et al., 1996).

Alignment factor

1o obtain the degree of alignment of the quartz crystals in
the granite porphyry, the AF (alignment factor) is calcu-
lated on the 40 largest grains in each sample following
Boorman et al. (2004) and Williams et al. (2006), as the
larger grains primarily define the foliation in these rocks.
An AF of 100 indicates perfect alignment of the crystals
and a value of zero indicates a random arrangement with
no alignment (e.g. Boorman et al., 2004; Williams et al., 2006).

Geochemical analysis

Twenty-one representative samples selected for major and
trace element analysis were reduced to chips after removal
of altered surfaces. The chips were then pulverized into
powders using agate mortars. Bulk-rock major and trace
element compositions were determined at the Chinese
Academy of Geological Sciences. Major elements were
determined by X-ray fluorescence (XRF); ferrous iron
was determined by a wet chemical method. The accuracies
of the XRF analyses are estimated to be 1% for SiOy, 2%
for other major oxides present in concentrations greater
than 05wt %, and 5% for minor oxides present in
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Fig. 5. Representative photomicrographs and outlined quartz images
for coarse- and fine-grained samples. (a—c) Samples from the granite
porphyry; (d) a sample from a granite dyke. (a) and (c) are
coarse-grained samples; (b) and (d) are fine-grained samples;
(c) has the most well-developed porphyritic texture; (b) and
(d) have an almost equigranular texture; (a) has intermediate tex-
tural characteristics between (b) [or (d)] and (c). The regions in
(a) and (c) outlined in black were used for textural analysis of the
groundmass; scale bars in these outlined images represent 2 mm.

concentrations between 0-01 and 0-5wt %. Trace element
abundances were determined by inductively coupled
plasma-mass spectrometry (ICP-MS), following Dulski
(1994). The accuracies of the ICP-MS analyses are esti-
mated to be better than 5% (relative) for most elements.

Mineral compositions were determined using a JXA-8100
electron microprobe at the Analytical Laboratory, Beijing
Research Institute of Uranium Geology. Analytical condi-
tions involved an acceleration voltage of 20kV, a beam cur-
rent of 10nA, beam diameter of 2-5um, and counting
times of 10-20s for peaks and 5s for background for each
clement. Measured data were corrected by the ZAF
method. Relative analytical uncertainty is <1 %.

RESULTS
Mineral chemistry

Electronic Appendix 1-—data (available for downloading
at http://www.petrology.oxfordjournals.org) presents the

microprobe data for the major and accessory rock-forming
minerals in the granite porphyry and granite dykes. The
plagioclase in all of the samples is albite, ranging from
Ang.ggAbgg.g to AngogAbgy.; and from Ang.oAbgg.y to
Ans.gAbgs.¢ for the fine- and coarse-grained samples re-
spectively (Table 1 of Electronic Appendix 1-—data). The
alkali feldspars are all K-feldspars, with chemical compos-
itions that vary from Abs,Orgs.9 to Abg.gOrg;.9 and from
AbgOrgs.7 to Ab;;0rgg.5 for the fine- and coarse-grained
samples respectively.

The accessory minerals are mainly hematite, pyrite,
rutile, zircon, apatite, niobite and bastnasite (Fig. 7). Their
chemical compositions are shown in Table 3 of Electronic
Appendix | and indicate that the accessory minerals may
be the main carrier of trace elements. Rare muscovite is
an iron-rich ferrimuscovite (Table 2 of Electronic
Appendix 1)

CSD data

CSD data for all the samples are presented in Table 1 and
CSD plots are illustrated in Fig. 8. The outlined images of
quartz crystals and raw data output from the
CSDCorrections 1.38 program for all the samples are pro-
vided in Electronic Appendix l—data and Appendix
2—digitized images.

The CSD curves for all the samples have negative slopes
and turn down at the lower size bins on the semilogarith-
mic CGSD diagrams (Fig. 8a—d). If the concave-down parts
of the lower size bins are not considered, the CSDs of the
fine-grained samples all have Q>0-01 (Table 1), and
hence have a very significant fit to a straight line (Fig. 8a).
The coarse-grained samples, except sample S-7-3 and
S-7-8, have curved to concave-up CSDs (Q<0-0l)
(Fig. 8b). However, because there were not sufficient large
quartz crystals outlined for these two samples, in which
many more quartz phenocrysts are present, the two sam-
ples are also considered have curved to concave-up CSDs
(0<0-0l) (Fig. 8c). When the CSD data for the
fine-grained samples and the groundmass of the
coarse-grained samples are plotted on cumulative distribu-
tion function (CDF) diagrams (Higgins, 2006b), they
clearly show log-normal CSDs (L-CSD) (Fig. 8e). The
curved concave-up CSDs of the coarse-grained samples
are similar to fractal CSDs (F-CSD) (Higgins, 20065) if
the concave-down parts are not considered (Fig. 8f).
However, here two separate straight CSDs for the ground-
mass and phenocrysts of the coarse-grained samples are
observed (Fig. 8c). These straight CSDs typically demon-
strate the textural characteristics of the granite porphyry.
CSD shapes and ranges are fairly consistent for the
coarse- and fine-grained samples, respectively, but with
local deviations from the main trend. The notable excep-
tions are the CSDs of the fine-grained samples S-7-4 and
S-12-4, which are highlighted in Fig. 8. The CSDs of these
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YANG SHANGGUSI GRANITE PORPHYRY SOLIDIFICATION

Fig. 6. Photomicrographs to illustrate how touching quartz crystals are separated by changing their interference color. In both (a) and (c) the
touching crystals have the same interference color and separation is difficult; however, it becomes easier to outline each of the touching crystals
when their interference color is changed by rotating the microscope stage.

two samples neither significantly turn down at smaller
crystal lengths, nor show curved, concave-up shapes; they
can therefore be called straight CSDs (S-CSD) (Higgins,
20065).

To fully illustrate and understand the quantitative tex-
tural characteristics for all the samples, the GSD data
have been divided into three groups; group 1 comprises
the fine-grained samples (Fig. 8a); group 2 are the pheno-
crysts of the coarse-grained samples (Fig. 8c¢); group 3
comprises the groundmass of the coarse-grained samples
(Fig. 8d).

A general fundamental and universal equation that
uniquely relates CSD slope and intercept has been given
by Zieg & Marsh (2002) and Marsh (2007) as

In(r’) = 41n(S) — In(C) (1)

where In(n°) is the intercept and S is the absolute value of
the slope of the CSD. € is a modal normalization factor

and can be obtained from the following equation (Zieg &
Marsh, 2002):

NpL? = ¢! (2)

where Npand L are the total number and mean length of
the crystals in the sample. When NpL® is compared with
the observed modal abundance of quartz (Xq,) in the sam-
ples from this study (Fig. 9a), there is a clear correlation:

N’ =0-41Xg, = C". 3)

In Fig. 9b equations (1) and (3) are used to explore the
Shanggusi quartz GSD data. All the samples have values
of ¢ in the range of 6-30, corresponding to Xg, of 0-08—
0-41.

The coarse-grained samples are all fairly uniform with
24-39% quartz crystals up to 4 mm long. The porphyritic
texture is expressed as strongly curved and concave-up
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188pum WO1 1mm

“WD11mm

Fig. 7. Back-scattered electron images showing representative accessory mineral characteristics. (a) Magnified view of the white rectangle in
(b). Ab, albite; Bat, bastnasite; Hm, hematite; Kfs, potassium feldspar; Py, pyrite; Rt, rutile; Zrn, zircon.

CSDs. Because it 1s difficult to parameterize curved CSDs,
here the GSD is considered as the sum of two straight
CSDs, as done by Higgins (1996), but without the implica-
tion that the texture was produced necessarily by mixing.
CL is about 0-27-0-73 mm for the population of pheno-
crysts (group 2) and 0-:09-0-19 mm for the population of
groundmass crystals (group 3) (Table 1). The intercept
varies from —169 to 3-02 for the population of phenocrysts
(group 2) and from 4:03 to 6-65 for the population of
groundmass crystals (group 3). The characteristic length
(CL) of the fine-grained samples (group 1) varies from
0-09 to 028 mm and intercept ranges from 261 to 7-66.
The volumetric proportions of quartz in the fine-grained
samples (group 1) have a limited range of 21-36%. The
maximum crystal size is 2:5 mm.

A plot of GSD characteristic length vs volume phase pro-
portion (see Higgins, 2002a) highlights three distinct
groups for all the quartz crystals (Fig. 10a). Plots of L.
against CSD slope are shown in Fig. 10b. It should be
noted that L,,,, 13 measured (in mm) as the average of
the four largest grains from the crystal population of each
sample (e.g. Boorman et al., 2004; O’Driscoll et al., 2007,
2008). The two strong positive correlations of L, against
CSD slope suggest that the group 1 and group 2 CSD
data represent two distinct crystal populations, which is
consistent with their different emplacement stages in the
field.

Figure 11 presents the spatial variation of slope, inter-
cept, L.y, and total number of crystals (per cm?’) as a
function of distance in the intrusion. There is no obvious
regular variation of these parameters for group 1 and
group 2. None the less, the L., and slope of group 3 in
the margins of the intrusion are larger than those in the
center, and the intercept and total number of crystals
show opposite characteristics. The representative photo-
micrographs of the margins and the center of the intrusion

that are shown at the top of Fig. 11 qualitatively indicate
that the groundmass at the center of intrusion is finer
grained, with a more rapid cooling history.

SDP plots

Crystal spatial distribution can be random, ordered or
clustered, as quantified by the R-value method applied to
a thin section (Jerram et al., 1996). For example, in Fig. 12,
populations of grains plotting above the random distribu-
tion line (RSDL) are ordered, whereas populations below
this line are clustered. The trends for grain distributions
that have undergone different degrees of size sorting,
mechanical compaction (simple grain rearrangement), de-
formational compaction or overgrowth have been deter-
mined (Jerram et al., 1996), and are shown as vector
arrows in Fig. 12. The vector for sorting shows the trend ex-
pected for increasingly better size sorting, and the over-
growth vector reflects the movement of grain centers with
grain overgrowth of neighboring grains. The mechanical
compaction trend reflects an increase in Rvalue coupled
with a decrease in matrix abundance as grains undergo
simple re-ordering and move into contact with each other
in response to loss of interstitial liquid. The deformational
compaction trend results from a decrease in R-value as the
pure shear deformation of initially spherical grains causes
the grain centers to move apart in a plane normal to the
principal stress, along with a further decrease in matrix
abundance (Jerram et al., 1996).

The spatial distribution data from the Shanggusi sam-
ples generally show a negative trend in Fig. 12. The
R-value of group 2 has a very broad variation, and changes
from a clustered to a more random distribution. The nega-
tive trend seen in most of the data for group 3 can be the
result of variable degrees of overgrowth and/or mechanical
compaction. The scattered negative trends of group 1 and
group 2 might result from more complex processes and
are discussed in more detail below.
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Fig. 8. Quartz CSD:s for all the studied samples. (a) Fine-grained samples, including six samples from the granite dyke (group 1) and two sam-
ples (labelled) from the granite porphyry. (Note the sequence of progressively shallower right-hand parts to the CGSDs observed for group 1 sam-
ples.) (b, ¢, d) Coarse-grained samples of the granite porphyry. The groundmass and phenocryst are simultaneously considered in (b) and are
separated in (c). The GSDs with large size range and shallower slope in (c) are phenocryst data (group 2). (d) Groundmass CSDs (group 3).
(e) Cumulative distribution function diagrams showing log-normal CSDs for group 1 samples. (f) Bi-logarithmic cumulative size diagram.
The schematic inset diagrams in (d)—(f) show three different theoretical CSD models.
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Fig. 10. (a) Plot of characteristic length (CL) vs measured volume
phase proportion for all the studied samples. (b) Plot of slope vs
Ly for group 1 and group 2. R? values indicated. The errors for CL
and slope are indicated where these are larger than the symbol size.

The progressive deformation of initially spherical
grains will produce grains that have increasingly higher
aspect ratios and become more similar to tabular grains
in shape. Hence, one would expect Rvalue to show a
negative correlation when plotted against the aspect ratio
if deformation were the cause of the positive trend in
Fig. 13b. In contrast, if the trend were the result of better
sorting, one might expect the Rvalue to correlate posi-
tively with CSD slope (Fig. 13a); well-sorted samples
should have a more uniform size distribution and hence
a flatter slope. Plots of R-value against CSD slope show a
relative modest negative correlation for group 2 and no
clear correlation trend for the other groups (Fig. 13a).
Plots of R-value against aspect ratio show a slightly posi-
tive correlation for group 2 (Fig. 13b). Hence, the vari-
ation trends of R-value for all the samples mainly result
from variable degrees of overgrowth and/or mechanical
compaction.

Alignment factor

Data for the alignment factor (AF) in all of the samples
are presented in Table 1. The AF value of group 1 and
group 2 ranges from 2-7 to 40-5 and from 4-8 to 612 re-
spectively. Therefore, there is a higher degree of alignment
of the long axes of the phenocrysts in group 2. If the
higher degree of alignment results from deformational
compaction, plots of aspect ratio against alignment factor
would show a positive correlation. However, such a trend
is not observed in Fig. 14a. Plots of the volume fraction
(group 1 and group 2) against alignment factor show a
noisy negative correlation (Fig. 14b). This cannot be due
to deformational compaction, which would result in an in-
crease of the volume fraction (group 1 and group 2) with
increasing alignment factor. In addition, there is no clear
correlation trend between the AF value and bulk-rock
trace element content (e.g. > REE) (Fig. 15), suggesting
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Fig. 11. 'lextural data plotted as a function of horizontal distance within the intrusion; 0 m represents the location of the intrusion contact with
the wall-rock on the west side; positive and negative numbers refer to the east and the west side relative to the 0 m location respectively. The
exact location of each sample is shown in Fig. 2. The photomicrographs at the top of the figure illustrate the textural characteristics of the sam-
ples. It should be noted that the center of the intrusion has a finer-grained groundmass than that at the margins.

that magmatic flow, although it can explain the alignment
of the phenocrysts, is not responsible for the fractionation
of trace elements during the solidification process.

Geochemical characteristics

Major element compositions

Despite the large variation in texture, the major element
composition of the Shanggusi granite porphyry is rela-
tively homogeneous (Table 2). The rocks are highly sili-
ceous (SiO9=74-9-79-5%) and are enriched in alkalis
(KO +NayO =8-4-9-2%). They have minor amounts of
MgO, CaO, MnO, TiO, and PyOs5, and low abundances
of FeyOs3 (<197%) and FeO (<115%). Al,Os5 contents

vary from 101 to 14:0%. I abundances vary from 49 to
1349 ppm. Cl abundances vary from 9 to 555 ppm.
Figure 16 shows co-variation diagrams between SiOy and
a range of major and minor oxides; the fine- and
coarse-grained samples show remarkably similar major
element compositions. Plots of Al,Os MgO and Nay,O
against SiO, show weak negative correlations. SiOy vs Cl
and KyO define relatively modest positive correlations,
and a very noisy correlation when plotted versus F
(Fig. 16). These weak correlations are probably due to the
limited variation range in SiOs. However, it generally
seems that the variation of major elements is related to
degrees  of crystallization  of
Na-plagioclase.

varied fractional
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Trace element compositions

The rare earth element (REE) patterns for all the samples
are characterized by enriched light REE (LREE), slightly
enriched heavy REE (HREE) and pronounced negative
Eu anomalies (Eu*=0-33-0-67) (Fig. 17a, Table 3). In
multi-element patterns, all the samples show characteristic
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Fig. 12. R-value vs matrix volume phase (%) for all the studied sam-
ples. RSDL is a line for the random distribution of spheres of differing
modal abundance (Jerram et al., 1996). Data above RSDL indicate an
ordered grain distribution whereas those below it have a clustered
grain distribution. The vectors indicate expected changes caused by
different processes (Jerram et al., 1996). The distribution of crystals
plotting above the dashed line has a non-touching framework of crys-
tals (Jerram et al., 2003).
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Fig. 13. (a) Plot of CSD slope vs R-value for all the samples. (b) Plot of

E PORPHYRY SOLIDIFICATION

negative anomalies in Ba, Sr and Ti, and positive anoma-
lies in'Th, U, Pb and Hf (Fig. 17b).

Because feldspar and quartz are the major rock-forming
minerals in the Shanggusi granite porphyry, Sr, Ba and
Eu can be considered as compatible elements and Th and
REE as incompatible elements for all the samples. Plots of
Eu* vs Sr and Ba show no clear correlation for the
fine-grained samples (Fig. 18). Plots of Eu* vs Sr, Ba and
CaO/AlyO3 show a modest positive correlation for the
coarse-grained samples (Fig. 18), which are in principle in
agreement with fractionation of feldspar. However, the
observed slightly positive correlations of Eu* vs La and
lack of correlation of Eu* vs Th (Fig. 18) are inconsistent
with typical feldspar fractional crystallization trends. In
addition, plots of Sr vs REE, Ba vs Th and CaO/Al,O3 vs
La show relatively good positive correlations (Fig. 18),
implying that the assumed compatible elements Ba and
Sr, and the CaO/Al,Og ratio, display the behavior of in-
compatible elements, which indicates that fractionation of
these trace elements is not the result of fractional crystal-
lization of feldspar. Furthermore, there is no correlation
between Eu* and quartz volume fraction (Fig. 18), indicat-
ing that the variation of quartz volume fraction does not
control the fractionation of these trace elements. In sum-
mary, the negative Eu anomalies and the trace element
fractionation might not mainly result from the fractional
crystallization of the major rock-forming minerals (quartz
and feldspars). The negative Eu anomalies may instead be
a characteristic of the source region, reflecting the impact
of residual plagioclase. The fractionation of trace elements
might also be controlled by other magmatic processes;
this will be discussed together with quantitative textural
analysis below.

2.7
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1.91

Aspect Ratio

1.74 .,
R?=0.27

1.5 -.. \

1:3 . .
0.80 1.00 1.20 1.40

R

aspect ratio vs R-value for group 1 and group 2. It should be noted that

the aspect ratios used here are averages of the major/minor axes of the 40 largest crystals in each sample (AR2 inTable 1) as larger crystals
are more sensitive to deformational compaction. Group 3 is not considered here.
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Fig. 15. Plot of alignment factor vs bulk-rock REE content for group
1 and group 2.

DISCUSSION

Crystal nucleation and growth

The data for SDP and AF suggest that the textural features
of the Shanggusi granite porphyry can generally be re-
garded as the result of simple crystal nucleation and
growth processes. Magmatic flow and mechanical compac-
tion of crystals, as discussed above, did not significantly
affect the original nucleation and growth of quartz.
Therefore, the CSD data are appropriate to explore the
fundamental aspects of crystal nucleation and growth
during the progressive solidification of the intrusion.

The CSDs of group 1 and group 3 exhibit a general
concave-down shape, which means that small crystals are
deficient when compared with the linear CSDs observed
in other systems (e.g. Mock et al., 2003). Concave-down
CSDs for quartz crystals have been reported for silicic sys-
tems in several recent studies (e.g. Bindeman, 2003;
Stemprok et al., 2008; Inanli & Huff, 2009). Bindeman
(2003) and Inanli & Huff (2009) concluded that
concave-down log-normal CSDs are a general result of
surface-controlled, size-dependent growth, with a minor
textural coarsening component; they are an intrinsic prop-
erty of near-equilibrium systems, such as large-volume,
near-cutectoid, silicic magma bodies. Stemprok et al.
(2008) proposed that the small-size fraction of quartz crys-
tals is eliminated by subsolidus annealing. However, one
controversy surrounding these earlier studies involves the
interpretation of log-normal CSDs and whether they can
be produced as a result of size-independent (constant)
crystal growth. Eberl et al. (2002) demonstrated that
log-normal CSDs cannot be generated or maintained by
size-independent crystal growth based on the population-
balance modeling equation. However, a deficit of small
crystals may also be produced by other processes. Marsh
(1998) suggested that, in a hypothetical closed system, the
diminishing liquid fraction during the last stages of crys-
tallization could cause a pronounced decrease in the CSD
at the smallest crystal sizes. Although such a process can
produce a single concave-down CSD, it cannot produce
the sequence of progressively shallower right-hand parts
to the CSDs observed here for group 1 and group 3 and in
many other studies (e.g. Higgins, 1998, 1999, 2002¢;
O’Driscoll et al., 2008; Inanli & Huff, 2009). In addition, it
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Table 2: Whole-rock major element, Cl and F compositions of the Shanggusi granite porphyry samples

Sample: S-6-1 S-7-3 S-74 S-76 S-7-8 S8 S-91 S-7-10A $-3-3 S-63 S-7-1 S-7-2 S-7-7A S-7-9 S-10-1 S-11-1  S-12-1 S-12-2 S-12-4

SiO, 7571 7563 7598 7638 7545 7950 7578 7626 7491 7632 7579 7524 7777 7722 7724 7780 7734 7551 7743
Al,O3 1337 1315 1345 1328 1323 1166 13-:09 1307 1404 1120 11-:01 11-63 10-06 11-01 10-85 10-89 1111 12:47 11-46
Fe,03* 073 063 0-45 006 059 016 053 058 045 191 247 219 226 190 204 176 132 147 143

MgO 007 015 0-11 007 011 003 011 011 007 010 009 011 007 006 008 006 003 002 001
Ca0 029 042 0-37 033 062 020 035 032 055 063 0561 047 052 042 041 061 043 025 029
Na O 443 426 4-85 474 474 417 436 463 566 410 392 400 325 439 387 399 385 446 444
K,0 475 474 415 440 426 419 472 419 338 483 467 439 515 441 481 466 510 501 435
MnO 0-02 0-03 0-09 0-01 003 0-01 001 0-01 003 027 014 033 003 003 008 0-04 001 014 002
P,05 0-01  0-03 0-02 001 002 0-01 0-02 0-02 002 003 002 003 003 002 003 0-02 001 002 001
TiO, 0-04 006 0-04 001 003 000 004 0-04 002 0-07 007 008 009 006 007 006 006 004 003
LOI 051 034 0-31 024 040 020 035 032 021 048 105 136 051 030 034 010 050 045 035

H,0" 0-03 0-26 0-20 009 017 005 005 0-07 010 038 093 124 027 028 021 010 028 031 029
Total 99-93 9942 9982 9962 9947 100-01 9935 9966 9932 99-83 9974 9973 9974 99-83 9981 9979 9976 99-84 99-83
FeO 0-09 0-16 0-10 0-10 006 0-11 004 0-09 019 090 045 03 110 110 100 100 075 115 115

Cl 17 33 28 18 17 9 34 26 26
F 180 180 1349 1019 941 941 156 1149 563

128 88 43 bbb 347 388 290 406 187 135
1226 870 549 613 643 562 1073 478 129 49

Fe,03*, total iron. Oxides and LOI are in wt %; Cl and F are in ppm.

has been shown by experiment that in synthetic silicic
melts quartz cannot coarsen measurably if its initial size is
around a millimeter over geological timescales; however,
textural coarsening may be very active at the end of nucle-
ation events and result in the consumption of a significant
proportion of crystalline nuclei (Cabane et al., 2001).
Textural coarsening is also known as Ostwald ripening,
textural maturation and equilibration, crystal ageing and
annealing (e.g. Cashman & Ferry, 1988; Marsh, 1988;
Boudreau, 1995; Elliott et al., 1997, Higgins, 1998, 1999;
Higgins & Roberge, 2003). This process occurs because
small grains have a higher surface energy per unit volume
than do larger grains. Therefore, crystals smaller than a
critical size will dissolve and ‘feed’ the growth of larger crys-
tals to minimize the energy of the system. This process can
occur only when a crystal is held at a temperature close to
its liquidus for a long period of time. Under these condi-
tions, the nucleation rate is zero, but the growth rate is
high for crystals larger than the critical size. This does not
necessarily mean that the temperature is held constant,
just that the undercooling remains small and the tempera-
ture is above the solidus. Several models have been pro-
posed to account for textural coarsening processes
(Lifshitz & Slyozov, 1961; Wagner, 1961; DeHoff, 1991;
Simakin & Bindeman, 2008). Among these models, the
Communicating Neighbours (CN) model has been success-
fully applied to plutonic rocks by Higgins (1998); this
model is better than the Lifshitz-Slyozov-Wagner (LSW)

model and can produce CSDs that are consistent with nat-
ural examples. However, both the CN and LSW coarsening
models are for constant temperature, which might be un-
likely in most magma chambers. A new coarsening model
has been proposed more recently by Simakin & Bindeman
(2008) and Mills et al. (2011) that takes into account such
temperature variations. These researchers have shown that
a time-series of multiple dissolution-reprecipitation epi-
sodes generates concave-downward CSDs and these results
fit well with experimental and natural observations of the
common concave-down CSDs in silicic igneous rocks. This
might amplify the CN coarsening processes and the two
might not be easily distinguishable. In the simplest CN
coarsening models the system is closed and the volumetric
proportion of the phase is constant; however, the quartz
volume in the samples from the Shanggusi porphyry that
have experienced the textural coarsening has changed
more than 10%. Hence, textural coarsening might be an
open-system process, reflecting transfer of material via a
liquid phase that can migrate into or out of a rock.

Origin of curved CSDs

Although it is generally recognized that porphyritic tex-
tures are very common in granites, quantitative textural
analysis has not been widely applied (see Higgins, 2006a),
and further work is needed to investigate exactly which
physical processes it reflects. The curved CSDs of the
coarse-grained samples display F-type GSD characteristics

1823

Zz0z 1snbny g} uo 1senb Aq Z6H96€L/L081/6/£5/0101e/ABojoled/woo dno-ojwepede//:sdiy woly pepeojumod



JOURNAL OF PETROLOGY ‘ VOLUME 53 NUMBER 9 SEPTEMBER 2012

15 0.2 6
14 + 0.16 ¢ Fine-grained
- - 5
:C; 13 p—% ;\-o\ —&— ® Coarse-grained ;\3
S —3— E 0.12 g B § ——t
z 12 = —— 24
. —& —$— O 0.08 - '®)
o 11 =1] Hﬁ—% o —e—
:CH 10 —a— E 0.04 z 3
—_——
9 0 2 T
74 76 78 80 74 76 T8 80 74 76 78 80
Si0, (wt%) SiO, (wt%) Si0, (wt%)
6 0.8 3
SR ~06{ =8 g | 557
s g e e o EX: —a—
o =3 =
= % = gt &
o O d R S, v
4 O 1 =1
" R
p—{—
3 0 0 b =y
74 76 78 80 74 76 78 80 74 76 78 80
Si0, (wt%) Si0, (wt%) Si0, (wt%)
0.04 0.12 0.4
[
~0.03 | —&— ~0.09 - ~0.3
<0.02 |, 5o 2006 e E® g-«u.z
= —— () = e
L. = m-ﬂ
*0.01 R T B e = 0.1 —e—i
e e == TR
0 0 +—— 0 3
74 76 T8 80 74 76 78 80 74 76 78 80
SiO, (wt%) Si0, (wt%) SiO, (wt%)
700 2000 120
600 100
+ 1600 ——
~.500 ’é‘ 80 &
g 21200 = ._.',*j:!—'
£.400 - g : e == -S4
o, = |l = 60 B
=300 %— = 800 o gy T
o = 040 {—e—
200 | —— T ‘ﬁf =~ \
100 —— ——
o (PR, | 0 ey | 0
T4 76 78 80 74 76 T8 80 74 76 78 80
Si0, (wt%) SiO, (wt%) SiO, (wt%)

Fig. 16. Major element oxide vs SiO, variation diagrams for the fine-

as noted above. Several models have been proposed to ex-
plain F-type CSDs. Armienti et al. (1994) first proposed
that crystallization within several different cooling re-
gimes, such as a magma chamber and a conduit, could be
responsible for F-type CSDs. Marsh (1998) suggested that
a change of CSD slope can be affected by nucleation rate.

and coarse-grained samples.

Kinked CSDs may record sudden changes in nucleation
rate. However, F-type CSDs may also result from the
mixing of magmas with two different S-type CSDs
(Higgins, 1996) or periods of textural coarsening in a
magma chamber (Higgins & Roberge, 2003). Iractal size
distributions (F-type CGSDs) have also been considered to
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Fig. 17. (a) Chondrite-normalized REE patterns for the Shanggusi
granite porphyry. (b) Primitive mantle-normalized trace element pat-
terns of the Shanggusi granite porphyry. Normalizing values are
from Sun & McDonough (1989).

result from crystal fragmentation (e.g. Marsh, 1998;
Bindeman, 2005; Gualda & Rivers, 2006). However, the
vast majority of the quartz phenocrysts in the Shanggusi
porphyry are euhedral or subhedral, indicating that frag-
mentation processes are not significant. Therefore, the
curved CGSDs observed for the coarse-grained samples in
this study are more likely to result from two different cool-
ing regimes. Pamukcu et al. (2012) have demonstrated that
the phenocrysts of quartz and feldspar in a silicic magma
body represent crystallization in the deep magma cham-
ber, whereas the fine-grained groundmass represents the
final quenching process. The resorption of some quartz
phenocrysts might be the result of ascent of phenocryst-
bearing granitic magma under HyO-undersaturated con-
ditions (e.g. Blundy & Cashman, 2001; Stemprok et al.,
2008). In addition, a drop in pressure during adiabatic
ascent of the magma may explain the resorption of
perthite, as this ascent process may bring the temperature
of an HyO-undersaturated magma closer to its liquidus
temperature. The overgrowth of perthite is probably due
to the expansion of the stability field of alkali feldspar at
the expense of quartz in the Qz—Ab-Or-H,O system.

Hence, the highly porphyritic texture, homogeneous
bulk-rock major element and major rock-forming mineral
compositions also support the suggestion that the kinked
CSDs record sudden changes in nucleation rate rather
than magma mixing.

Heterogeneity of textural and chemical
characteristics

Combined with the relative homogeneous chemical com-
position of the major rock-forming minerals, the correl-
ation between whole-rock major and trace elements, and
quantitative textural analysis indicate that chemical frac-
tionation across the profile of the Shanggusi granite por-
phyry is not mainly directly controlled by fractional
crystallization, magma mixing, magma flow or mechan-
ical compaction. The significant fractionation of minor
and trace elements may be due to variations in the modal
abundance of accessory minerals, such as apatite, zircon,
rutile and rare earth minerals, as these minerals typically
show very strong compatibility for almost all trace elem-
ents (Rollinson, 1993). During the magma solidification
process, the trace elements that are typically concentrated
in accessory minerals might be present in a fluid phase
during major rock-forming mineral crystallization pro-
cesses. The migration and convection of such fluids may in-
fluence the fractionation of trace elements. Plots of REE
vs PoO5, TiOy and (TFeyO5 4+ MgO + CaO) show positive
correlations for the coarse-grained samples, with the
fine-grained samples plotting along the same variation
trends (Fig. 19), suggesting that these minor elements may
have behaved incompatibly. In addition, the positive
trends of HyO" vs REE, TFe,O5 + MgO + CaO, and Cs
may also result from the migration and heterogeneous dis-
tribution of hydrous fluids (Fig. 19).

Fluids, characterized by low viscosity and density, mi-
grate easily and have long been proposed as an effective
medium for the transportation of various chemical compo-
nents in magmatic systems, giving rise to differentiation
and diversification of the resultant magmas (e.g.
Boudreau et al., 1986; Keppler & Wyllie, 1990; Wilkinson
et al., 1996; Webster, 1997; Ferlito & Lanzafame, 2010). At
present, however, knowledge of the fluid—melt partitioning
of trace elements is only fragmentary, and the data are in-
consistent (e.g. Borchert et al., 2010, and references therein).
Another challenging aspect in understanding fluid-induced
magmatic differentiation is that fluids can easily change
their composition when they interact with melts, crystals
or other fluids. This makes it difficult to identify the behav-
iour of fluids in a magmatic system. The correlations
shown in Fig. 19 may suggest that the fluids in the
Shanggusi intrusion are hydrous. Because fluid-bearing
melts typically have lower solidus temperatures than
equivalent dry melts, the heterogeneous distribution of
fluids would give rise to variations in the degree of under-
cooling in the magma chamber, which differs from that
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Table 3: Whole-rock trace element compositions of the Shanggust granite porphyry samples ( ppm )

Sample: S-9-1 S-8 S-79 S-7-8 S-7-7A S-75 S-7-4 S-7-3 S-7-2 S-7-10A S-7-1 S-6-3 S-6-1 S-3-3 S-12-4 S-12-2 S-12-1 S-11-1 S-10-1
Sc 506 365 840 422 634 217 450 487 674 392 631 637 68 363 766 1170 578 618 565
Cr 407 302 965 364 881 407 317 435 817 368 774 931 377 375 799 919 818 1070 931
Co 012 010 100 023 113 014 017 069 083 029 059 124 109 027 112 138 101 113 119
Ni 126 08 117 092 101 118 077 167 128 289 09% 142 104 08 165 223 130 120 119
Cu 305 36 300 91 116 37 40 44 135 159 41 49 259 39 165 124 86 161 46
Zn 297 127 283 346 382 173 410 364 310 231 316 718 223 218 492 381 279 453 275
Ga 269 294 235 299 218 298 285 268 230 266 228 229 313 305 294 326 254 220 220
Rb 405 370 408 398 406 394 382 435 439 353 453 478 448 270 368 538 455 449 429

Sr 50 31 44 29 46 26 38 42 52 28 50 67 15 1" 24 19 30 34 52

Nb 40 103 100 56 51 43 54 51 46 56 58 63 88 59 147 169 76 69 60

Mo 319 6-8 34 20 79 29 172 53 63 61 35 78 326 11 06 18 19 188 587
Cs 377 3562 39 401 418 393 401 460 521 325 443 489 446 321 376 535 39 405 441
Ba 130 42 108 61 143 36 103 121 149 62 150 165 175 29 39 103 45 118 137

Ta 214 453 793 243 332 221 248 270 345 283 424 431 406 339 1590 1080 424 376 347
W 301 198 536 263 436 28 781 703 318 180 789 1420 58 137 236 174 253 154 659
Pb 31 35 42 43 42 36 40 47 54 35 50 45 46 38 38 64 39 53 55

Th 30 18 33 30 32 19 29 33 33 26 31 30 38 18 23 23 35 29 31

U 18 144 149 88 116 140 113 156 90 156 122 143 157 61 154 6-3 67 76 63
Be 6-0 38 100 7-4 75 60 71 54 89 69 79 83 56 112 89 127 87 92 83
Zr 103 583 135 115 131 100 969 102 143 135 142 142 166 685 138 246 282 151 150

Hf 6-1 7-4 72 7-2 63 75 66 62 80 88 79 81 127 56 172 192 161 79 81
La 166 148 159 180 258 40 136 188 225 133 213 183 67 1111 131 87 162 125 185
Ce 270 247 282 278 437 48 185 328 408 208 367 331 116 162 320 189 292 226 356
Pr 26 25 29 30 42 07 22 31 40 24 34 32 12 18 27 18 28 23 32
Nd 75 69 85 83 124 19 6-1 91 118 67 96 101 30 4-9 7-4 55 83 6-4 91
Sm 101 0% 139 112 146 034 09 126 19 097 127 149 041 074 119 071 127 116 116
Eu 012 012 019 013 023 005 014 014 027 013 022 026 004 012 011 018 015 017 022
Gd 060 049 110 076 140 034 077 08 134 080 116 123 034 057 102 09 091 103 112
Tb 011 009 021 014 022 006 015 015 021 014 019 020 008 013 016 019 017 018 019
Dy 069 058 134 092 130 039 102 094 144 089 114 128 065 08 102 150 102 123 118
Ho 015 012 024 022 026 009 026 021 029 020 02 032 017 019 022 038 027 028 027
Er 057 045 09% 084 09 039 100 076 108 073 087 117 075 072 08 171 104 1056 102
Tm 011 009 022 017 023 008 020 01 024 015 019 026 018 014 020 044 026 024 021
Yb 101 09 194 158 181 08 180 133 197 140 183 2560 183 132 181 377 244 223 192
Lu 020 018 037 033 037 020 037 027 043 026 036 054 041 027 039 078 0565 043 043
Y 566 28 910 756 1280 360 932 780 1120 712 997 1550 699 620 752 1460 11-80 1190 10-60
Eu* 047 0565 047 043 049 045 050 041 050 045 056 060 033 056 031 067 042 046 059
YREE 5825 5286 6345 6325 9435 1412 4705 6985 8834 4882 7846 7400 2730 3905 6213 4544 6457 5183 7413

Eu*, Eu anomaly.

controlled by a decease in the actual temperature alone.
Therefore, we might expect rock textures to show some re-
lationship with these trace element abundances if fluid mi-
gration 1is the main cause of the fractionation of
fluid-mobile trace elements in the Shanggusi intrusion.

However, it should be noted here that the exact

components and characteristics of the fluids that contribu-
ted to the Shanggusi intrusion are difficult to address at
present, owing to the limited information available. None
the less, exploring the potential relationships between
quantitative textural data and bulk-rock chemical vari-
ation may be helpful to investigate comprehensively what
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Fig. 18. Trace element co-variation diagrams for all of the samples studied. The regression lines are calculated based on the coarse-grained sam-

ples, including group 2 and samples S-7-4 and S-12-4.

physico-chemical factors played a dominant role in the so-
lidification of the intrusion. Such data may provide further
insights into the fluid activities and chemical heterogene-
ities in shallow-level intrusions.

If we assume a uniform growth rate for quartz in all of
the studied samples, the observed positive correlations of
Linax with TiOg, PyO5, HoO™, Sy, and La (Fig. 20) could
result from an increase of the quartz crystallization time,
reflecting accumulation of fluids that were enriched in
these chemical components. It should be noted that in
Fig. 20 the fine-grained samples do not show significant
correlations, but they generally have relatively lower trace
element contents and plot within the trends defined by the
coarse-grained samples. Eu anomalies (Eu*) and ratios of
CaO/Al,Os, La/Nb and Zr/Hf also positively correlate
with L. suggesting that the fluids may affect both

textural variation and the fractionation of some element
ratios. Eu* shows a good negative correlation with L,
for the fine-grained samples. This might reflect the com-
plex nature of the fluids, or could represent a different
cooling stage, as these samples are from the granite dykes
rather than the main granite porphyry. Similarly, the
CSD slope of the quartz phenocrysts (including samples
S-7-4 and S-12-4) in the coarse-grained samples shows a
weak positive correlation with these elements and element
ratios; the fine-grained samples mostly fall within the over-
all trends (Fig. 21), consistent with the suggestion that the
undercooling variation is accompanied by chemical frac-
tionation. However, the CSD slope of the groundmass
from the coarse-grained samples displays a very weak cor-
relation with trace element abundance, which might be ex-
plained by the relatively small volume melt fraction at the
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Fig. 19. Element co-variation diagrams for all of the samples studied. The regression lines are calculated based on the coarse-grained samples,

including group 2 and samples S-7-4 and S-12-4.

final crystallization stage. In addition, the CSD intercept
reveals similar correlations to those of the slope (not
shown), indicating that, to some extent, the nucleation
density is reduced by fluid-induced chemical fractionation.
Hence, it can be concluded that the heterogeneity of tex-
tural and chemical characteristics is mostly controlled by
the same physico-chemical factors, which are possibly the
result of the migration and heterogeneous distribution of
fluids.

Implications from the spatial textural
variation trends

In the idealized theoretical solidification processes dis-
cussed by Zieg & Marsh (2002), when the distance from
the intrusion margin is much smaller than the thickness
of the intrusion, the solidus isotherms first arrive at the
margins of the intrusion and gradually propagate into the
center. The result of this should be that the slope and inter-
cept vary systematically with distance from the intrusion
margin. They are highest near the contact, where cooling
was rapid, and lowest in the interior of the body, where
cooling was slow. Figure 22a shows the spatial variations
in texture in terms of CL (—/slope) for a vertical profile
through a hypothetical intrusion. The solidification pro-
cess 1s mainly controlled by heat transfer; this has been
described for large plutonic intrusions (e.g. Zieg &
Marsh, 2002) and small dykes (e.g. Nkono et al., 2006;
& Marsh, 2011). In

Patwardhan contrast to the

characteristics of these hypothetical solidification pro-
cesses, the slope and intercept of the groundmass are
lowest on both sides of the Shanggusi granite porphyry
rather than in its center. It should be noted here that the
groundmass texture is a better indicator of the final solidi-
fication process after the emplacement of the intrusion, be-
cause once the intrusion has crystallized by about 50%
(by volume) the intrusion no longer behaves as a magma
but is now a porous crystal mush where the behaviour
(motion) of the interstitial melt (or fluids) governs further
crystallization; thus, it becomes rheologically improbable
for the magma to convect or erupt and it becomes a rigid
crystal mush (Marsh, 1981). In this context, fluids, espe-
cially hydrous fluids with low density and viscosity, if pre-
sent or injected from other parts of the system, might still
migrate more easily than the interstitial melt. In addition,
the variation trends of the slope and intercept are not arte-
facts, as the photomicrographs taken of the samples from
the center and both sides of the intrusion, presented in
Fig. 13, display clear obvious crystal size differences.
Therefore, these deviations between predicted and mea-
sured textures reveal additional processes beyond simple
nucleation and growth that have contributed to the final
CSD. These processes may include, for example, crystal
sorting, resorption of small crystals, multiple cooling and
magma injection events (Zieg & Marsh, 2002).

However, there is another, better, explanation from the
perspective of undercooling that may account for the
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deviations between the predicted and measured textures.
This process has been called fluid circulation and/or
latent heat driven textural coarsening (e.g. Higgins, 1998,
1999, 2002a), where undercooling is reduced as a result of
the release of latent heat and changes in the intercumulus
liquid composition. Particularly coarse-grained areas may
reflect focusing of circulating magmatic fluids during tex-
tural coarsening (e.g. Higgins, 2002¢). Such an interpret-
ation may also be partially applied here to explain the
spatial textural variation of the profile of the Shanggusi
granite porphyry. However, the shallower CSD slope of
the groundmass on both sides of the intrusion may not be
entirely produced by textural coarsening processes; it is
more likely to result from a lower nucleation rate and
longer crystallization time because of a reduction in

undercooling. It is proposed that the migration and hetero-
geneous accumulation of fluids controlled the observed
textural variations across the Shanggusi profile (Fig. 22b).
Because fluid-bearing melts typically have lower liquidus
temperatures than equivalent dry melts, the enrichment of
fluids can effectively decrease the amount of undercooling
and increase the solidification time. This, combined
with field observations and quantitative correlations be-
tween rock textures and bulk-rock geochemistry, indicates
that large amounts of fluids were probably trapped at
the top of the intrusion when it was emplaced, resulting
in a fluid-controlled final cooling stage rather than
one controlled by isotherm regime alone. This also, to
some extent, contributes to the chemical fractionation
of the intrusion as discussed above. Thus, fluid
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migration-controlled undercooling, rather than the heat
transfer-controlled undercooling, played a major role in
the cooling history of the intrusion, and this solidification
process may be a common phenomenon for shallow-level,
fluid-rich granitic intrusions.

CONCLUSIONS

By integrating the geological, geochemical, mineralogical

and textural data, the solidification processes for the
Shanggusi granite porphyry can be summarized into
three main stages as follows.

(I) The magma in the deep magma chamber partially
crystallized producing quartz and feldspar pheno-
crysts (Fig. 23a), and the phenocryst-bearing magma

1830

was subsequently transported adiabatically to the
shallow crust. Because of the sudden drop in pressure,
the temperature of the water-undersaturated magma
was brought closer to its liquidus temperature, result-
ing in the resorption of the phenocrysts of quartz and
feldspar. Meanwhile, fluids, formed as the result of
crystallization or injected from other parts of the
system, migrated to the outer zone of the intrusion
and accumulated at the top, from where they were
prevented from leaking by the
fine-grained pantellerite wall-rock (Fig. 23b).

Because of the fluid exsolution and drop in tempera-
ture, the residual melt in the outer part of the intru-

surrounding

sion began to crystallize rapidly. The nucleation
rate suddenly changed to a new exponential rate and
contributed to the porphyritic

typical texture
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center of the intrusion, and its exact location is determined by the variation trend of the liquidus temperature and isotherms. The simplified
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characterized by two-stage crystallization processes.
However, as large amounts of fluid were concentrated
at the top of the intrusion, the undercooling of the
residual melt was not exclusively controlled by the
temperature difference between the intrusion and
its wall-rocks. It is the enrichment of fluid that
decreased the degree of undercooling, resulting in
an increase of the crystallization time on both
sides of the intrusion that are different from those of
idealized theoretical models in which the crystalliza-
tion time decreases from core to margin of an
intrusion.

During the solidification of the outer part of the intru-
sion, fluid exsolution in the inner zone of the intrusion
not only effectively increased the undercooling but
also produced an increase in the volume, so that the
magma expanded enough to fracture the overlying
rocks and the outer zone of the intrusion. The residual
melts in the inner zone of the intrusion were emplaced
into these fractures (Fig. 23¢) and solidified to form
the granite dykes that are observed in the field
(Fig. 23d). It should be noted that the typical
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phenocrysts do not exist in these granite dykes, which
might be explained as follows: (a) the interior
magma experienced a very low degree of undercool-
ing that prevented its crystallization; (b) even if a
small amount of crystallization occurred in the deep
magma chamber, the temperature of the interior
magma chamber might be closer to its liquidus tem-
perature for long enough to dissolve almost all the
phenocrysts. The granite dykes might not represent
differentiated melts generated by fractional crystal-
lization of the phenocryst-bearing magma, as both
the fine- and coarse-grained samples have similar
compositions and contents of rock-forming minerals,
and the incompatible trace element contents of the
fine-grained samples are lower than those of the
coarse-grained samples. The earlier intruded granite
porphyry (coarse-grained samples) and the later
intruded granite dykes (fine-grained samples) possibly
represent the outer part and inner part of the intru-
sion respectively, indicating that the incompatible
element enrichment at the top of the intrusion may
be the result of fluid transportation.
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Fig. 23. Sketch of the possible solidification processes in the Shanggusi granite porphyry. (a) Quartz and feldspar (mainly alkali feldspar) crys-
tallized in a deep magma chamber. (b) The crystal-bearing, HyO-undersaturated magma ascends adiabatically to the shallow crust; fluids mi-
grate to the outer zone of the intrusion and are prevented from leaking by the fine-grained pantellerite wall-rocks, giving rise to a decrease of
liquidus temperature and undercooling; higher undercooling is generated in the inner zone as the result of fluid loss. (c¢) Fine-grained granite
dykes emplaced into the solidified or crystal mush of the granite porphyry and wall-rock. (d) The observed profile. (Note the three representa-
tive samples showing different degrees of undercooling across the profile) The dashed grey curve in (b), (c) and (d) qualitatively separates the

low undercooling region from the high undercooling region.

The results of this study are consistent with an increas-
ing number of GSD studies indicating that textural
coarsening can occur during magma solidification pro-
cesses and may not necessarily significantly change the
bulk chemical composition of the rocks. However, the tex-
tural coarsening process may be associated with the migra-
tion of fluids, resulting in the redistribution of some
fluid-mobile incompatible elements. Textural coarsen-
ing would then be accompanied by changes in the abun-
dances of these trace elements; however, this process is
much less likely to cause changes in major element
compositions.

The quantitative textural characteristics of samples ob-
tained from a horizontal outcrop profile of the Shanggusi
granite porphyry reveal a solidification process associated
with fluid migration-controlled undercooling, which differs
from conventional models of heat transfer-controlled
undercooling. If the liquidus temperature of the residual

melt in an intrusion shows significant variation between
the margin and the core, the fluid migration-controlled
undercooling model could play a leading role; otherwise,
the cooling history of an intrusion would be controlled by
conductive heat transfer.

This study indicates that internal heterogeneities within
apparently homogeneous magma bodies can be measured
and interpreted by detailed, quantitative textural analysis,
consistent with other recent CSD studies (e.g. Mock et al.,
2003). A model of fluid migration-controlled undercooling
is proposed for the Shanggusi porphyry, based on the cor-
relation of quantitative textural data and geochemical
data. Further work is required to demonstrate if this
model has more general applicability. This study suggests
that quantitative correlations between textural and
bulk-rock chemical characteristics can provide important
physico-chemical constraints on our understanding of
magma solidification processes.
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