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Abstract

Crystallographical and micro-textural information of accessory minerals have
not been applied widely to petrology although they occur commonly in various rocks. In
this study the two accessory minerals, thorite and zircon from Cape Ashizuri Ring
Complex, Kochi, SW Japan were mineralogically described mainly by transmission
electron microscopy (TEM) and scanning electron microscopy (SEM). In thorite
mineralogy, thermal behavior of the metamict state in nano-scale was investigated
experimentally and the results suggested a possibility of application to a kind of
geochronology. In zircon mineralogy, unusual internal textures of zircon were newly
found by cathodoluminescence (CL) method and new perspective to magmatic process
are suggested. These crystallographical/textural characteristics were very important for
application of these accessory minerals in geochronology and petrology.
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Introduction

Accessory mineral have studied for a long time and a part of them have applied
for petrology as very important tools. However, a large number of mineralogical reports
about accessory minerals are still remained just as "mineralogical" knowledge, not
applied for geology or petrology.

Crystallographical and micro- (or nano-):textural knowledge of mineral is the
typical instance. One of that, for example, metamictization is most characteristic nature
of radioactive minerals and many crystallographical/nano-textural results have reported
by mineralogists and material scientists; however the time-dependency of metamictiza
tion is still not applied in any geological aspect. In another case, zircon secondary
internal textures which have studied for two decades are currently starting to apply as
petrological tool (e.g. Grant et al., 2009; Claiborne et al., 2010).

Zircon is now one of the most important accessory mineral; and other than
zircon, igneous rocks (especially felsic one) often include the minerals which have
strong/intermediate radioactivity, such as monazite, xenotime and thorite. This study
presents a possibility of applying these crystallographical and micro/nano-textural
results to geochronology and petrology.



Chapter 1: Thorite

Abstract

Thorite (ThSi04) occurs frequently at Thorium deposit and is commonly found
as metamict state. However, most studies about metamictization have been carried out
on zircon. Less crystallographic examination of thorite which is isomorphous with
zircon has been done. Although metamictization is well known, there has been no
applicational trial of metamictization phenomena to interpretation of geologic process
and geochronology. The thermal behaviors of nanotextures of metamict thorite were
examined by HRTEM, using samples from Ashizuri-misaki ring complex.

At 850°C and 1000°C, metamict thorite forms characteristic granular
nanotextures that consist of thorianite nanocrystals and amorphous silica. The electron
diffraction (ED) patterns of unheated thorite and the nanocrystals implicate that the
nearly amorphous state of metamict thorite consists of the structural unit of ThOs
regular hexahedron. Halo-like ED pattern of metamict thoriterepresents the minute
aggregate units which are composed of a few unit cells of thorianite.

Analogous granular nanotexture was reported for natural zircon and thorite
(Meldrum et al., 1999). The formation of the granular nanotexture requires complete
metamict state in the mineral prior to heating. So, it requires the term for finishing the
metamictization between crystallization by heating in order to form such granular
nanotexture in natural. This principle may allow applying thorite and other metamict
minerals as the geochronological tool to specify the time-lag between crystallization and
thermal event or multiple thermal events.
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1. Introduction
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2. Samples and geological background

In this study, thorite was selected as metamict mineral from the following
reasons; (1) comparable to zircon study (originally isostructural with zircon), (2)
metamictize shortly (within several Ma) after the crystallization, (3) occasionally
crystallizes igneously (presents as an accessory mineral) and in that case it is easy to
estimate the post-crystallization event, (4) relatively much data are available than
.coffinite, and (5) interesting remark has already been given by Farges and Calas (1991).
Thorite sample used in this study was collected at Cape Ashizuri Ring Complex in
Kochi, SW Japan.

Cape Ashizuri Ring Complex (10-16 Ma, obtained by Rb-Sr, K-Ar and zircon
FT age determination) is an intrusive unit that penetrates into the paleogenic Shimizu
group belonging Shimanto accretionary zone. The ring complex is composed of six
plutonic lithofacies with four intrusive stages and two other dykes (Murakami and
Imaoka, 1980; Murakami etaI., 1983, 1989; Murakami and Masuda, 1984; Imaoka et al.,
1991). Murakami et al. (1989) supposed a model suggesting that the intermissive
intrusion of magmas occurred within a short term. Most of the plutonic rocks are
massive and any metamorphic evidences are not reported in each lithofacies.

I found green thorite as an· accessory mineral from the two rock samples
(quartz syenite and coarse biotite granite) of Cape Ashizuri Ring Complex. However, no
significant difference was observed between those thorite grains on crystallinity,
chemical composition and thermal behavior. Similar thorite reported by Hayashi et al
(1969) at the placer deposit in the region. Separated thorite grains are 100-200 urn long,
transparent green in color and generally translucent. It shows a euhedral short prismatic
shape with {I 0I} and {I OO} planes. The rock samples are homogeneous and remain
unaltered, thus the accessory minerals including thorite are identified as igneous origin.
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3. Experimental procedure

Rock samples were crushed by ajaw crusher and passed 80 mesh. After heavy
liquid and magnetic separation, the target mineral was hand-picked from the residue
under a binocular microscope. Bromoform and methylene iodide were used for heavy
liquid separation and a neodymium magnet and a Frantz Isodynamic Separator were
used for magnetic separation.

The annealing experiment was conducted at 700°C for 48 h, 850°C for 4 h,
850°C for 48 hand IOOO°C for 12 h. Sample grains in a porcelain crucible were heated
in air using a muflle furnace (ADVANTEC,FUW220PA).

Nanotextures were observed usingTEM (JEOL, JEM-2010, 200kV). Samples
for TEM observations were prepared by crushing method. Finely crushed fragments
were placed on a carbon-coated, porous triafol film on a Cumesh. I did not apply the
ion milling method in view of the risk of confusing artificial amorphous layer with the
original metamict state. High-resolution TEM (HRTEM) images and selected area
electron diffraction (SAED) patterns are obtained from each TEM samples. I confirmed
that the influence of electron irradiation on sample crystallinity is negligible through
continuous irradiation of strong electron-beam for 2.h. The Fourier filtering of the TEM
image is carried out using the lmageJ imageprocessing and analysis program (available
at http://rsbweb.nih.gov/ij/). Chemical analyses (point analysis and elemental mapping
analysis) were carried out for some samples by energy dispersive X-ray spectroscopy
(EDS).
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4. Results

4.1 Thorite from Cape Ashizuri Ring Complex

The SAED pattern of the natural sample (thorite from Cape Ashizuri Ring
Complex) does not show diffraction spots but does show a halo pattern (Fig. 1). No
heterogeneity was found in HRTEM observations at magnifications of 40,000 to
500,000. There is no peak corresponding to d (101) in the SAED pattern. 69.9 wt% of
Th, 10.4 wt% ofSi, 15.2 wt% of 0 and 4.6 wt% of U was detected by semi-quantitative
EDS analysis. Consequently, it is obvious that the natural sample is identified as
thorite by its chemical composition and crystal form. It has fully metamict state.

4.2 HRTEM observations for annealed samples

700°C;.. 48 hours
The SAED pattern of the sample annealed at 700°C for 48 h is quite similar to

that of untreated natural thorite (Fig. 2a). However, the HRTEM image shows
nanodomains as the ordered assemblage of four to ten unit cells in a region 1-2 nm
across, respectively. The difference from the natural sample is quite obvious on both the
HRTEM image and the Fourier filtering image (Fig. 3a). The inner halo of the SAED
pattern represents approximately 3.2 A of d-value and it would correspond to the lattice
width of the nanodomains.

850°C ... 4 hours
The SAED patterns of most of the samples annealed at 850°C for 4 h remained

unchanged from the .natural thorite.However certain regions show one or more
crystalline part of approximately 5 nm in diameter andthe corresponding SAED pattern
has a spot in the inner halo-ring (approximately 3.2 A). The shape of the crystalline part
is irregular and it tends to densely-distributed at particular region (Fig. 2c).

The SAED pattern becomes to be close to spotty ring at the dense zone of the
crystalline part. The mineral phase of the crystalline part is identified as thorianite from
itsd-valueof 3.2, 2.8, 2.0 and 1.7 A.

850°C ... 48 hours
The sample annealed at 850°C for 48 h shows an SAED pattern of an entirely

spotty ring (Fig. 2d). A lot of crystalline parts are observed on the HRTEM image, but
their size (approximately 5 nm) remain mostly unchanged from the sample annealed at
850°C for 4h.
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i . 2. HRTE images of annealed metamict samples: (a 700° at 48 h, b, c 850° at 4 h, (d
8 -O°C at 48 hand e 100°C at 12 h. orresponding electron diffraction pattern has been
in erted. The cale is 5 nm. A comparison of the electron diffraction pattern of natural thorite
(top) and samples annealed at 1000°C for 12 h (bottom is shown in (f), ee text for details.

10



1000°C -12 hours
The SAED pattern of the sample annealed at 10000 e for 12 h (Fig. 2e) is much

spottier than the sample annealed at 8500 e for 48 h. The thorianite nanocrystals have
enlarged to 10-15 nm in diameter and clearly show grain shapes. Each nanocrystal is
randomly oriented, and no 'heterogeneity was observed in those grain size and grain
shape.

TEM-EDS elemental mapping was carried out for Th, U and Si on this
annealed sample (Fig. 3b). The result indicates that the nanocrystals are certainly
thorianite and the amorphous matrix is composed not ofThSi04 but mainly of SiOz.
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5. Discussion

5.1 The structural unit of metamict thorite

I obtained two types of SAED pattern in TEM observation; well-known halo
patterns (natural sample and sample annealed at 700°C) and spotty ring patterns
(samples annealed at 850°C and IOOO°C). However these patterns have same d-values
which correspond to thorianite (Fig. 2f), and then the substantive difference of them
must correspond to the degree of peak broadening causing crystal smallness (e.g.
Cawley, 1992). One of the evidence is correlation between enlargement of the
crystalline part (Fig. 3a) and sharpening of the SAED pattern, both as the annealing
temperature increase.

Consequently, I identify the structural unit of metamict thorite as thorianite unit
cell. This is not the same thing as metamictization-induced "anti-glass" state (Redfern,
1996), because metamict thorite has the d-values of thorianite on the SAED pattern,
instead of that of the crystalline remnant of thorite. Hence, the "thorianitic" structural
unit must not be the same with crystalline remnant of thorite structure but correspond to
the final product of thorite metamictization (see also next section).

A change of the crystallinity from fully metamict state (natural sample) to
nanodomains (sample annealed at 700°C) would be explained as structural relaxation
(e.g. Feltz, 1993). It means that the "metamict" state of thorite is apparently unchanged
from natural state up to 700°C annealing (at least SAED and probably XRD analyses),
but the nano-scale crystal state is not constant with the annealing temperature and the
time since annealing. The former is derived from the various degree of structural
relaxation which corresponds to the annealing temperature and the latter is caused by
the restart of metamictization after annealing.

5.2 Comparison with previous results

The present results suggest that the thermal behavior of metamict thorite is
quite similar to that of zircon (e.g. Vance and Anderson, 1972); with one difference that
metamict thorite shows only one d-value set of c-Th02 (thorianite) through.the thermal
.annealing (whereas t-Zr02 and m-Zr02 along with c-Zr02 have reported on zircon).

On the other hand, some differences from previous thorite study (Pabst, 1952;
Hayashi et aI., 1969) are found; the present results have no crystalline phase of thorite
and huttonite, in addition neither previous study described the thorianite-dominant state.
These differences may be caused by difference in the starting thorite and/or the
annealing conditions.

Farges and Calas (1991) concluded through their EXAFS study that the Th-O
interatomic distances and Th-coordination numbers of crystalline thorite remain at the
same value; even in the metamictization was completed. However I think that there may
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be a risk of misinterpretation in their description; there was little mention of the two
types of Th-O distances in ThOg dodecahedron of thorite structure. Those distances are
clearly different, 2.37A and 2.47A, but its average distance2.42A 'is accidentally same
with the Th-O distance of thorianite structure.

As discussed above, the present results imply "thorianitic" structural units in
metamict thorite. Thus, in my interpretation, ThOg dodecahedron of thorite structure
would be decomposed through metamictization and the two Th-O distances are not
remaining with pristine value (but had unified "thorianitic" Th-O distance, 2.42 A).

5.3 Kipawa syenite complex

A nanotexture similar to the thorianite nanograins in this study has been
reported in natural sample. Meldrum et al. (1999) described the distinctive nanotexture
consisting of granular nanocrystals and an amorphous matrix in natural zircon (from Sri
Lanka) and thorite (from Kipawa, Canada).

In reference to this study's annealing results, it would be remarkable to find
this nanotexture in nature; however, there seems to be just one significant misinterpreta
tion in their description. Meldrum et al. (1999) found granular nanocrystals in the Sri
Lankan zircon, and they also noted that the electron diffraction pattern corresponds to
zircon. I think latter description is rather suspicious; because the SAED pattern of the
nanotexture is quite similar to that of the c-Zr02, which is observed in the same paper
(Fig. 4). Additionally, to identify the SAED pattern of the nanotexture they adopted four
indices; (110), (200), (102) and (121), however, the indices of the electron diffraction
ring seemto be incorrectly interpreted.

Assuming that the HRTEM image and 'corresponding SAED pattern in
Meldrum et al, (1999) was correct, the nanocrystals should correspond to c-Zr02 (at
zircon from Sri Lanka) or thorianite (at thorite from Kipawa). Those nanotextures may
form by heating the metamict state, according to the results of this study's annealing of
metamict thorite.

The Kipawa syenite complex, which included the thorite of Meldrum et al.
(1999), shows amphibole porphyroblast and microscopic metamorphic texture in each
lithofacies (Currie and van Breemen, 1996; van Breemen and Currie, 2004). Therefore,
if the nanocrystal was thorianite and it was formed by a thermal event such as
metamorphism, the thorite grain must have been fully metamictized (Stage III in
Murakami etal., 1991) at the time when the syenite complex was heated.
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5.4 The 5 m.y, evidence from the metamict state

According to the calculation by Meldrum et al. (1999)~ pure thorite crystal
requires a term of 5 m.y, for complete metamictization. The fact that young Cape
Ashizuri Ring Complex (10-16 Ma) includes completely metamictized thorite are also
consistent with their calculation. That is, the occurrence of thorianite nanograins at the
Kipawa syenite complex ensures a blank period of 5 m.y. between the intrusion
(accurately cooling of crystallized thorite below the annealing temperature) and the
metamorphic event (Fig. 5). Whereas thorite crystal completes the metamictization
through 5 m.y., thorianite crystal is confirmed to be barely metamictized as a result of
the self-annealing property (Seydoux-Guillaume et al., 2009), as with uraninite
(Janeczek et al., 1996).

The 5 m.y. blank-period evidence is, of course, applicable to other similar
occurrences with the Kipawa syenite complex, and the same principle is also applicable
to metamict minerals other than thorite (e.g., zircon and other zircon group minerals).
When we try to apply the principle to minerals other than thorite, the period from
crystallization to complete metamictization should be consideredcarefully; it varies
with each mineral composition (radioactive elements in the main components or
impurities) and each crystal structure. The metamictization period is empirically known
as 5 m.y. for thorite and in the range of 0.1 to 1 billion years for zircon (Palenik et al.,
2003). According to Murakami et al. (1991), the complete metamictization of zircon
from crystalline to the fully metamict state requires an a-decay event dose of 8x10 15

a-decay events/mg. Then we can achieve a cumulated dose from the content of 238U,

235U, 232Th and the age of the sample (Holland and Gottfried, 1955).
However, in order to use this principle, a thermal metamorphic rock containing

metamict mineral is required. Thorite is often used. to be missed in petrographic
descriptions; in fact there are few instances of thorite being found as an accessory
mineral. I think the reasons why thorite is not properly described may be as follows:
zircon and thorite are very similar under polarizing microscope; furthermore, thorite had
been considered to be less significant mineral in petrology (in recent days, latter is not
entirely true because of prevailing CHIME dating). I have found unreported thorite as
an accessory mineral of four granitoids in Japan, including the sample used in the
present study (Cape Ashizuri, Kochi; Iwafune, Niigata;Hane-gawa, Niigata;
Takase-gawa, Nagano).
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Fig. 5. Model figure suggesting the principle of 5 m.y. evidence based on thorite metamictization. Thorianite nanograins are formed in thorite
grain by heating after complete metamictization (top). It has been confirmed that little metamictization occurs in thorianite, even throughout
the geological timescale (Seydoux-Guillaume et al., 2009). On the other hand, thorite, which contains a remaining crystalline part, is
considered to recover the original crystal structure when it undergoes heating (bottom). The recovered thoritecrystal will have
re-metamictized over the next 5 m.y. In that case, the eventual thorite grain will show no evidence of a thermal event (bottom right) in
comparison with the thorite grain which has undergone no thermal event (middle right).



6. Conclusions of Chapter 1

(1) Thorite was newly found at two lithofacies of Cape Ashizuri Ring Complex in SW
Japan. The thorite was mineralogically described mainly by TEM with special reference
to its metamict state.
(2) A heating experiment of the metamict thorite was conducted at temperatures
between 700°C to 1000°C in air. HRTEM observations and EDS analyses of the
samples showed nanotextures consisting of thorianite nanocrystals and amorphous
silica.
(3) The electron diffraction patterns of the metamict thorite and thorianite nanocrystals
indicated that a ThOg regular hexahedron is the structural unit of metamict thorite. Both
the natural sample and sample annealed at 700°C show a halo-like electron diffraction
pattern corresponding to a few unit cells of 1-2 nm across.
(4) A possible application of the thermal behavior of the metamict thorite nanotexture to
geochronology was discussed on the basis of the analogous nanotexture previously
reported in natural samples.
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Chapter 2: Zircon

Abstract

Various internal textures of zircon from Cape Ashizuri Ring Complex, Kochi,
SW Japan were newly found and described by scanning electron microscope (SEM) and
cathodoluminescence (CL) observations. The chemical features including Hf02, Y203,
U02 and Th02 were also described.

Unusual internal textures of the zircon are classified into three types:
Resorption Disturbance texture (RD), Local Disturbance texture (LD) and Hafnon-like
Disturbance texture (HD). RD is cutting a part of original oscillatory zoning with
rounded boundary and is interpreted to be resorption-reprecipitation texture. LD is
divided into two subtypes, LDI and LD2: LDI is developing at core and showing
dendritic shape; on the other hand, LD2 is also developing at rim and closely related to
melt inclusions. The chemical features indicate that LD corresponds to local recrystalli
zation texture. HD is developing from zircon surface toward core deeply and
accompanied by LD2. It has characteristically high concentration ofHf02, so HD would
have been formed in Hf-rich post- or late-magmatic fluid phase like hafnon. Through
the SEM observation, six growth stages of the zircon including these secondary internal
textures are suggested as follows: (1) igneous or hydrothermal core, (2) LDl, (3) RD,
(4) igneous rim with enclosing melt, (5) LD2 around the melt inclusions and (6)
outermost igneous rim.

RD indicates ZrSi04-undersaturated environment, however all the other
minerals from the Ring Complex except zircon have no record of such compositional
change of the melt. I suggested three possible cases as the magmatic event based on
zircon internal textures; (1) inflow of high temperature magma which is associated with
a compositional shift, (2) addition of volatile fluid probably rich in fluorine and (3)
transient solidification and subsequent fractional melting. RD and LD2 are observed in
many zircons that have different compositions and are included in different lithofacies.
Therefore, the different magma generation and similar magmatic development are
strongly suggested for two lithofacies of Cape Ashizuri Ring Complex.
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1. Introduction

1.1 The petrogenesis of A-type granite

A-type granite, which is defined by Loiselle and Wones (1979), is characterized
as the alkalic bulk composition of the rock. It also has highly-concentrated trace
elements including F, Zr, Ga, Nb, Y and REEs, and on another front it has low
concentrations of CaO and H20. The word "A" is originally defined as "Anologenic" in
Loiselle and Wones (1979), which depends on the common occurrence, so the term
"A-type" is not directly representing the magmatic origin unlike other classification
terms such as I-type and S-type in granite petrology. Bonin (2007) suggested a
suspicious expression to the term "A" that the term really means the "Alkaline",
"Anhydrous", "Aluminous" chemical features or the "Ambiguous" origin.

So far, many researchers have tried to reveal the origin of A-type granite
magma; however the consensus has not been achieved yet. Loiselle and Wones (1979)
presented the fractionation model which is described as fractionation or assimilation of
alkali basaltic magma at lower crust and its intrusion with minor or no contamination of
middle and upper crust, that is caused by the uprising. magma passes through an
extensional crack.

On the other hand, several investigators are supporting metasomatic model. It
regards the alkalinity was derivedfromF- or CO2-rich fluid phase which had added to
the system during or after the intrusion (Taylor et al., 1980; Bonin, 1982; Bowden and
Kinnaird, 1984).

Collins et al. (1982) and otherworkers (e.g. Clemens et al., 1986) argued that
A-type magma. had been generated. by the partial melting of anhydrous lower crustal
rock, which corresponds to the residual rock which had ·previously generated I-type
granitic magma. There are also other suggestions including the hybrid model .of above
instances (e.g. Martin, 2006), however almost all models have based on each occurrence
(cf. Nigerian Younger granites at Loiselle and Wanes, 1979 and Australian A-type
stocks associated with I-type batholithes at Collins et al., 1982) and no model achieved
general agreement.

1.2 Cape Ashizuri Ring Complex

Cape Ashizuri Ring Complex, Kochi, SW Japan, which is composed of mainly
alkalic plutonic rocks with five intrusive stages, and it is the only A-type granite in
Japan. The ring complex had studied in 1980s mainly by Dr. Murakami; they have made
achieved following knowledge (Fig. 6; Murakami and Imaoka, 1980, 1985; Murakami
et aI., 1983, 1989; Murakami and Masuda, 1984; Iizumi and Murakami, 1985; Imaoka
et al., 1991).

20



in Il ...··~., ....,..... i an asu 19 num

it

in I d



The constituent lithofacies are follows: coarse quartz-syenite (gabbroic blocks
densely accumulated part; stage I), melanocratic syenite (stage II), quartz-syenite (stage
II), alkali granite (stage II), coarse syenite and rapakivi granite (stage III), coarse
biotite-granite (stage IV), aplite and granophyre (stage IV), alkali dolerite and syenite
porphyry (stage V). The latter two facies (aplite and granophyre of stage IV and alkali
dorelite and syenite porphyry of stage V) are all occurs as dikes. Alkali feldspar is
observed in all lithofacies except stage I, and also high modal ratios of alkali feldspar
than plagioclase are seen in almost all acidic rocks. Clinopyroxene (stage I, II and V),
hornblende (stage I to V) and biotite (stage II to V) are included as mafic minerals. Most
of igneous rocks are nearly massive and not show flow structure, with the exception of
stage III lithofacies.

These igneous rocks intruded into paleogenic Shimizu formation, which is
mainly composed of sandstone and shale. The shale in Shimizu formation is also found
as roof pendants of the ring complex.

The ring complex had intruded at 10-16 Ma; the age data were derived by the
radiometric dating of K-Ar hornblende, biotite and whole-rock age (Shibata and
Nozawa, 1968; Murakami et al., 1989), Rb-Sr whole-rock age (Iizumi and Murakami,
1985) and zircon fission-track age (Murakami et al., 1989). The magmas seem to have
intruded one after another; because no thermal metamorphism is confirmed in these
lithofacies. In contrast the Shimizu formation had been undergone heating and partly
forming biotite-hornfels.

All lithofacies of the ring complex have high concentrations of Na-O, K20, F,
Zr, Ga and REE and also low concentrations of CaO and H20. From this bulk-rock
chemistry, these acidic rocks are classified into A-type granite. It is considered that the
strongest chemical features of A-type granite are seen in stage II rocks and some
contaminations from upper crustal material are recognized in stage IV coarse
biotite-granite (the latter consideration was derived by the relatively high Sr initial
ratios). However, A-type granites are regarded as being commonly seen in rift zones and
stable cratons, so the occurrence of this kind of granite at subduction zone is quite rare
(Best and.Christiansen, 2001; Bonin, 2007).

Murakami et al. (1989) estimated that the chemical features of the ring
complex are similar to Nigerian granitoids of Loiselle and Wones (1979). Therefore,
they took the magmatic evolution of the ring complex as same with the Nigerian case.
Thus, Murakami et al. (1989) has an assumption that there was a huge extensional crack
which reaches to lower crust; however they also posed the question what mechanism
had formed the crack. This area, Cape Ashizuri, is typical compressional field which has
dominant accretionary prism of Shimanto belt and would not be easy to form such
extensional crack.

In addition to the question, Murakami et al, (1989) provided little explanation
for the question why this A-type granite occurs at subduction zone. They estimated the
magmatic origin of the ring complex mainly from bulk-rock chemical features and
similarity of those with Loiselle and Wones (1979); accordingly there is lack of the
mineral textural evidence which directly indicates the magmatic events.
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1.3 Various internal textures and chemical features of zircon

Internal textures
Zircon (ZrSi04) is widely used for U-Pb dating because of the widespread

distribution and the thermal and chemical durability. Zircon also has zonal structure
and/or various secondary internal textures which are resulted from different growing
condition respectively; hence recently it is noticeable as a record of the growth
environments especially various stages of high-grade metamorphism (e.g. Wu et al.,
2006; Orejana et al., in press). This chapter will describe the various internal textures of
zircon from Cape Ashizuri Ring Complex and achieve a good suggestion of the
magmatic evolution from the internal textures and surrounding data.

Internal textures in zircon grains are commonly observed using Scanning
Electron Microscopy (SEM) with the detector of Back-Scattered Electron (BSE) or
Cathodoluminescence (CL). For detailed observation of internal texture CL image is
preferentially used. The other method is BSE image; difference of impurity contents is
easily found within the same crystal. Since 1990s, many zircon crystals have been
observed by SEM as CL detector and many studies.of zircon internal texture have been
reported (e.g. Vavra and Hansen, 1991; Nemchin et al., 2001; Corfu et al., 2003).

Igneous zircon commonly has two-type internal texture; one is a sharp,
polygonal and concentric zonal structure which is called as "oscillatory zoning", and the
other is "sector zoning" which are also called as "hour-glass structure". The former
reflects the various impurity components among a band and other band; it is originally
formed by the multiple growth stages and perhaps liesegang phenomenon (Hoskin,
2000). The.latter, sector zoning is formed by the different growth rates among each
crystal plane (e.g. Watson and Liang, 1995).

On the other hand, hydrothermal (including pegmatitic) zircon has clearly
different internal texture from igneous zircons; it has numerous microscopic inclusions
and therefore it shows "spongy" internal texture in whole (e.g. Hoshino and Ishihara,
2007). Hydrothermal zircon also has high BSE emission which resulted from the high
concentration of impurities.

Unlike those igneous or hydrothermal zircons, metamorphically modified
zircon shows various secondary internal textures (e.g. Corfu et al., 2003). Although
those modified textures are not necessary in order to know the formation mechanism, it
has been relatively well understood as for two major types of the textures; one,
recrystallization texture is the texture that had entirely or partly homogenized pristine
texture. The other one, resorption-reprecipitation texture is the rounded bands (which
also called "flow texture") that developing around remaining pristine core. The latter is
considered to be involved with metamorphic fluid and the similar one "convoluted
texture", which has irregular and discontinuous rounded bands, seems to have a similar
formation mechanism (Bomparola et al., 2007).

Igneous and hydrothermal zircon rarely has secondary internal texture as
compared with metamorphic zircon. However, a few recent studies described the
multiple events on igneous and hydrothermal zircon and they discussed the geological
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history based on the internal texture (da Silva et al., 2005; Kebede et al., 2007; Grant et
al., 2009).

Chemicalfeatures
Zircon contains various trace elements. ur", U4+ and Th4+ are incorporated in

zircon structures by substituting Zr4
+ ion and normally included in zircon for

approximately 0.1 to 2.0 wt%. v", Sc3+, REEs and p5+ are replaced with a pair of Zr4+

and Si4+ through xenotime-type substitution (Finch and Hanchar, 2003; Hoskin and
Schaltegger, 2003). Other trace elements such as Nb5+, Ta5+, Fe2+, Mg2+, At3+, Ca2+ and
Ti4

+ are also included; however those impurities are present in extremely small quantity
in zircon (Forster, 2006; Fu et al., 2008). In recent, zircon Ti thermometer was invented
and applied on some natural zircons (Fu et al., 2008; Hiess et al., 2008; Claiborne et al.,
2010).

Other than each impurity concentration, many zircon chemical studies have
mentioned the total REE concentration, chondrite-normalized REE pattern (especially
Ce/Ce*), ZrlHfratio and ThIU ratio. Especially ThIU ratio has been commonly used to
decide the growth environment whether igneous or metamorphic (e.g. Williams and
Claesson, 1987; Rubatto, 2002, Koreshkova et al., 2009). The part of zircon which has
ThIU ratio lower than 0.1 are regarded as metamorphic growth; the low ThIU ratio is
causedby purification of the zircon crystal through recrystallization which associates
with metamorphism. The ThIU ratio lowering is resulted from the different gaps of the
ionic radii from Zr4+ between those cations (VIIIZr4+=0.84 A, VIIIU4+=1.00 A,
VIIITh4+=1.05 A; Finch and Hanchar, 2003).
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2. Sampie descriptions

I separated zircon grains from two rock samples of Cape Ashizuri Ring
Complex, stage II quarts-syenite (II-QSy) and stage IV coarse biotite-granite (IV-CBG).
The rock samples were collected in the localities which pointed in Fig. 6. Both rock
samples are massive and nearly fresh, so I identified those samples as the lithofacies
through comparing the results of microscopic observation (Fig. 7; as follows) to the data
from Murakami et al. (1989).

II-QSy has granitic texture and medium grain size of 1.0 to 2.5 mm. It is
mainly composed of quartz, alkali feldspar, plagioclase, biotite and hornblende. The
alkali feldspar frequently shows string to rod perthite. The plagioclase is rather rare and
it often shows rods to beads antiperthite, pericline twin and/or albite twin. Zircon,
apatite, fluorite, thorite, chevkinite, allanite and Fe-Ti oxides are also included.

IV-CBG has granitic texture and coarse grain size of 3.0 to 7.0 mm including
alkali feldspar megacrysts of about 1 em long. It is mainly composed of quartz, alkali
feldspar, plagioclase, biotite and hornblende. The alkali feldspar frequently shows
strings perthite. The plagioclase often shows albite twin. Zircon, apatite, thorite and
Fe-Ti oxides are also included.

Most of zircons are found in interstitial spaces among other minerals or
included in biotite or hornblende; however fewer grains are included in other felsic
minerals (Fig. ·8). In these rocks, biotite and hornblende are commonly anhedral in
shape and therefore they had crystallized at later stage of the magmatism. It is
considered to be resulted from the anhydrous composition of A-type magma (e.g. Best
and Christiansen, 2001).

Zircon grains were separated from these two rock samples through crushing,
heavy liquid separation, magnetic separation and hand-picking (see Chapter 1 in detail).
Separated zircon grains have typically about 300·pm long, euhedral prismatic shape
which surrounded by {I OO} and {I 0I} planes and transparent reddish to brownish
color.
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3. Analytical methods

Separated zircon grains were buried in epoxy rasin, polished by 1 pm diamond
paste and then carbon-coated. 1 used this sample for SEM (lEOL JSM-5600)
observation and Electron Probe Microanalyser (EPMA; JEOL JXA-8600) analysis. Thin
sections of the two rock samples were also used for SEM and polarized microscope
observations.

The SEM observation was carried out with 15 kV electron beam and BSEand
CL images were corrected. All zircon internal textures which described on this study
were definitely its own textures, not be artificial aspects made through sample
preparation; that confirmed by BSE topological observation.

The chemical analyses using EPMA were carried out on quantitative point
analysis and qualitative mapping analysis. Measured elements are Si02, ZrOz, Hf02,
Y Z0 3, U02, Th02, CeZ03, FeO (including Fe203), CaOand PzOs at quantitative point
analysis and Si, Zr, Hf, Y, U and Th at qualitative mapping analysis. Other than that, for
some samples Ce, Nd, P, Na, K, Ca, Ba, Fe, Mg, Mn, Al and Ti were also measured at
the mapping analysis. The analytical conditions are 20 kV and 50 nA at quantitative
point analysis and 15 kV and 500 nA at qualitative mapping analysis. Both analyses
were carried out with lpm probe diameter. At quantitative point analysis, the analytical
times are 10 seconds for Si, Zr and Hf and 50 seconds for other trace elements. ZAF
correction was applied for the quantitative results.
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4. Results

4.1 Internal textures of zircon from Cape Ashizuri Ring Complex

Cape Ashizuri Ring Complex is doubtlessly considered to be an igneous
complex, not to be a metamorphic suite. However most of zircon grains which included
the ring complex have one or more kinds of "unusual" secondary internal texture (Fig.
9; the word "unusual" means the texture other than normal igneous zoning). I classified
those unusual internal textures into three types; Resorption Disturbance texture (RD),
Local Disturbance texture (LD) and Hafnon-like Disturbance texture (RD). Other than
these textures, spongy cores and remained cores were also observed.

Resorption Disturbance texture (RD)
RD is rounded bands which dissolving igneous core (Figs. 9a-g). It develops

from a past growth band toward core and no zircon sample shows two or.more times of
RD development in same grain. RD develops at only a part of past crystal surface,
mainly at the comer, not at all-around crystal of the time. RDdevelopments from
present crystal surface or crack (it apparently shows a vein-like form) were rarely
observed (Figs. ge-g). While some convoluted zoning (Bomparola etal., 2007) were
also rarely observed (Fig. 9d), I considered it to be complicated but closely related to
RD in origin because both textures share similar banding feature and genetic
interpretation.

Local Disturbance texture (LD)
. LD is locally developing secondary texture (Figs. 9h-m). It is subdivided into

two subtypes; one is locating at near core, LD1, and the other one is located at both core
and rim, LD2. LD1·has a somewhat dendritic form and striped texture interiorly (Figs.
9h, i). By contrast, .LD2 has fairly homogeneous interior and a round shape or a
diffusing appearance toward rim from the generated area (Figs. 9i-m). Most of LD2
have lower BSE emission ·and higher CL emission than igneous texture of the same
grain.

LD2 commonly generated from a characteristic inclusion; it has round shape
and chiefly composed of anhedral minerals such as alkali feldspar, quartz and Na-rich
plagioclase (Fig. 10). No relationship has found between the distribution region of LD2
and configuration of those minerals in the inclusion. The zircons are containing
numerouseuhedral apatite inclusions, however LD2 never shows the generation from
the apatite inclusions. LD1 lacks such specific generation point but it seems to have
developed from near the central of core, not from past crystal surface.

Hafnon-like Disturbancetexture (HD)
HD has a penetrating distribution and an ameboid irregular shape in

cross-section (Figs. 9n-r; the name "Hafnon-like" originated from the after-mentioned
chemical feature). It penetrated from present crystal surface to core deeply. HD has
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Fi . 9. Various internal textures of zircon from ape Ashizuri Ring omplex. (a, b) R , . (c,
g, I, r) Model figures of (b), (f), (k) and (p), respectively. (d) RD like convoluted z ning, L. (e,
f) RD and "vein-like" RD, CL. The latter cuts across LDI at core. he "vein-like" R may have
de eloped from fracture because other RD develops from physically broken edge and it eem
likely to form another fractures. Furthermore, no RD shows penetrating development. (h, i) L I,
CL. (i-k, m) LD2, CL. The black areas are melt inclusion. ee also . ig. 10. (n, p) JI , L. ( ,q)
B E images of (n) and (p), respectively. RD resorption disturbance; LDI, local disturbance
t pe-I; LD2 local disturbance type-2; MI melt inclusion; HD, hafnon-like disturbance. cale
bars are 100 urn.
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extremely higher BSE emission and lower CL emission than igneous texture; these
features are pronounced at the outermost part ofHD. HD shows flow texture interiorly
and accompanied by a LD2-like CL-bright area at just outside. HD has only been found
in IV-CBO zircons.

Spongy core and remained core
Zircons from Cape Ashizuri Ring Complex rarely have the core which shows

spongy texture or dissolved shape (Fig. 11). The former is regarded as hydrothermal
origin because of the numerous tiny inclusion (in other words, the core shows spongy
texture) and very high BSE emission. Those hydrothermal cores have an original shape
surrounded by planar surfaces, however a part of them are partially dissolved by RD at
the boundary with igneous rim. One of the hydrothermal cores also shows LDI and
other case shows that LD2 develops in the spongy core from the adjacent round
inclusion.

The latter, dissolved core is regarded as inherited core because of the all-around
dissolved shape (the "inherited" also rewords as "recycled" or simply "remained"; e.g.
Corfu et aI., 2003; da Silva et aI., 2005). The zircon grains which have these
hydrothermal or remained cores are accompanied by radial fracture at the rim. The
fracture is considered to becaused by.different degree .of metamictization between. the
core and rim (e.g. Lee and Tromp, 1995; Hoskin, 2005). In fact, both cores have high
BSE emission that reflects high impurity concentrations including U and Th,

Textural relationship among the secondary textures
By SEM observations, following two relations among secondary textures were

revealed; LD1 is cut by RD (Figs. ge-g), LD2 distributes both inside and outside of RD
(Figs. 9k, 1). Depending on .the relations, formation sequence of the secondary internal
textures is strongly suggested as follows; (1) LDI, (2) RD and (3) LD2. '

Relationship between zircon internal texture set and surrounding minerals
As noted above (see section 2), all rock-forming minerals of both rock samples

include zircon. The presence of three secondary internal textures of zircon (LD1, RD
and LD2) in each zircon-including mineral is listed in Fig. 12. Most of mineral phases
contain zircon which has all three textures or at least LD2, however some mineral
phases are not. No correlation was observed between adjacent mineral phase, and
position or direction of zirconsecondary internal texture.

The zircon included in plagioclase of II-QSy and quartz of IV-CBG is quite
rare; I am considering that the former would be resulted from the small amount of
plagioclase and the latter would result from the extremely low growth rate of quartz
(also coarse-grained two feldspars of IV-CBO do not including a lot of zircon). I have
not clearly recognized above secondary internal textures in these zircons so far, but a
few zircons are included in the mineral phases (Fig. 8b). The alkali feldspars of II-QSy
contain zircon which has only RD or LD1. Furthermore, these zircons have. no or only
thin igneous rim outside of the textures.
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4.2 Chemical features of each internal texture - quantitative point analysis

While I measured 10 oxides on the EPMA quantitative point analysis as noted
above, this section presents 4 oxides (Rf02, Y203, D02 and Th02) which have notably
distinction among each internal texture (Fig. 13). Selected results including all 10
oxides presented at Table 1.

Igneous texture
Zircons from Cape Ashizuri Ring Complex have some compositional

difference between the core and rim. On the Rf02 content, IV-CBG zircons is higher
than II-QSy zircons and both rims are somewhat higher than each core (approximately
0.6 to 1.2 wt% in II-QSy zircons core, 0.9 to 1.3 wt% in II-QSy zircons rim, 0.9 to 1.2
wt% in IV-CBG zircons core and 1.3 to 1.5 wt% in IV-CBG zircons rim). D02 contents
are range from 0.02 to 0.62 wt%, the content in rim tends to be higher than that in core
on IV-CBG zircons. Y203 and Th02 contents are range from 0.05 to 1.19 wt% and range
from 0.01 to 0.65 wt%, respectively. There is no significant difference on these oxides
content between core and rim. Th/U ratios are range from 0.1 to 1.2.

RD
Although the Rf02 contents ofRD show a wide distribution (0.96 to 2.03 wt%),

it totally tends to be higher than those of igneous texture. Conversely, the Y203, D02
and Th02 contents are mainly lower than those of igneous texture. ThIU ratios are range
from 0.1 to 1.0.

LD
LD has totally lower Y203 and Th02 contents and slightly higher Rf02

contents. than igneous texture. Th/U ratios are lower than those of igneous texture and
distribute wide range (0.02 to 1.0). D02 contents ofLD1 are higher than those ofLD2,
therefore LD1 have lower Th/U ratios.

HD
HD is characterized by the extremely high Rf02 content which is range from

2.04 to 2.60wt%, so the texture can be seen as zircon solid solution which is rich in
hafnon (HfSi04) component. Y203 and Th02 contents of RD are clearly lower than
those of igneous texture (0.01 to 0.06 wt% and <0.01 wt%, respectively), on another
front the D02 contents showing high value as much as rim (0.11 to 0.28 wt%). As a
result, all values of Th/U ratio fall below 0.1.
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Table 1. Representative chemical data of zircon from Cape Ashizuri Ring Complex.
Rock Sample II-QSy
Texture Type Core Core Core Rim Rim Rim Rim L01 LOI L02 L02 L02 L02 RD RD RD
Analysis No. 1005C1 1101C1 111OC1 1004R1 1004R2 1104Rl 1110R2 100712 110615 110412 110414 1105Il 1l06Il 100402 100902 110401
(wfllO)
sto, 33.86 33.40 33.41 34.21 33.89 34.04 34.23 34.55 34.63 34.76 33.93 33.57 34.16 34.94 34.53 33.69
z-o, 66.40 66.38 64.90 65.51 64.29 65.05 64.65 66.30 65.25 64.39 65.64 64.81 66.37 64.83 65.34 65.33
HfD2 0.80 1.15 1.07 1.15 1.30 0.94 0.91 0.87 0.88 0.95 1.18 1.15 0.84 1.29 1.00 1.58

YZ03 0.37 0.18 0.45 0.14 0.40 0.62 0.60 0.07 0.10 0.23 0.05 0.40 0.01 0.05 OJ6 n.d.
UOz 0.10 0.05 0.2-2 0.10 0.16 0.40 0.37 0.17 0.18 0.09 0.14 0.13 0.04 0.10 0.05 0.06
rno, 0.08 0.03 0.10 0.03 0.09 0.34 0.18 0.01 0.03 0.04 0.01 0.07 0.02 0.03 0.02 0.03

CeZ03 0.02 0.01 0.01 0.01 0.02 0.03 0.02 0.01 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02
FeO n.d. n.d. 0.01 n.d. n.d. n.d. 0.01 0.01 0.01 n.d. 0.01 0.01 n.d. 0.01 0.01 0.01
CaO n.d. 0.01 n.d. 0.01 0.03 n.d. 0.02 0.03 0.01 n.d. 0.01 0.01 n.d. n.d. 0.02 0.01

Pzos 0.04 0.04 0.06 0.06 0.07 0.09 0.10 0.07 0.06 0.05 0.03 0.06 0.03 0.04 0.03 0.04
Total 101.66 101.23 100.23 101.22 100.24 101.50 101.07 102.08 101.17 100.55 101.01 100.23 101.49 101.31 101.18 100.77

Th/U ratio 0.798 0.680 0.432 0.357 0.550 0.849 0.492 0.054 0.182 0.493 0.058 0.502 0.431 0.249 0.460 0.425

Rock Sample IV-CBG
Texture Type Core Core Core Rim Rim Rim Rim Rim L02- L02 L02 RD RD RD HD HD
Analysis No. 1308C2 1312C2 1316C1 1306R2 1312R2 1313R1 1316R1 1316R2 1303I1 131012 1312Il 130401 130402 131302 1316A3 1316A4
(wt%)
sio, 33.59 34.48 33.73 34.09 33.88 33.48 34.10 34.41 33.83 33.95 33.68 33.40 34.07 33.81 33.49 33.64

ZrOz 64.89 65.01 64.26 63.62 65.28 62.94 63.52 63.22 64.26 64.42 64.75 63.67 63.34 64.01 63.15 63.33

nro, 0.94 1.19 1.15 1.34 1.36 1.46 1.39 1.38 1.46 1.00 1.41 1.59 1.52 1.49 2.60 2.16

YZ0 3 0.29 0.23 0.10 0.32 0.12 0.36 0.14 0.12 0.05 0.04 0.08 0.08 0.09 0.18 0.06 0.06

U02 0.06 0.04 0.03 0.24 0.14 0.52 0.13 0.10 0.04 0.04 0.01 0.05 0.04 0.07 0.28 0.24

ThOz 0.05 0.03 0.01 0.08 0.03 0.15 0.05 0.02 0.01 0.01 0.01 0.01 0.02 0.01 n.d. n.d.

CeZ03 0.04 0.02 0.04 0.03 0.03 0.02 0.04 0.04 0.02- 0.03 0.02 0.03 0.02 0.02 0.04 0.03

FeO n.d. 0.01 n.d. 0.01 0.01 n.d. n.d. n.d. 0.01 0.01 0.01 0.01 n.d. n.d. n.d. 0.01
CaO 0.03 n.d. 0.02 n.d. 0.01 0.01 0.01 0.02 0.01 0.01 n.d. n.d. 0.02 n.d. n.d. 0.01

PzOs 0.07 0.08 0.05 0.18 0.08 0.11 0.07 0.08 0.05 0.04 0.08 0.06 0.10 0.15 0.04 0.06

Total 99.96 101.08 99.39 99.91 100.94 99.05 99.44 99.38 99.72 99.56 100.04 98.90 99.21 99.73 99.67 99.54

ThIU ratio 0.906 0.942 0.558 0.327 0.192 0.292 0.355 0.241 0.249 0.277 0.816 0.224 0.415 0.184 0.007 0.012

co Th/U is atom ratio. n.d., not detected.
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4.3 Chemical features of each internal texture - qualitative mapping analysis

While I measured 6 elements and partly 12 extra elements on the EPMA
qualitative mapping analysis as noted above, this section presents particular elements
which show a clear difference between unusual secondary texture and igneous texture
(Fig. 14). The analyzed samples have LD1, LD2 and HD.

LD
Both of LD1 and LD2 have lower Y and Th contents and slightly higher Hf

contents than adjacent igneous texture. Whereas U contents of LD2 are clearly lower
than igneous texture, LDI has U content similar to that of adjacent igneous texture. It
indicates that LDI has lower ThIU ratio than LD2. One example of LD2 shows a
distinguishing chemical behavior; some trace elements such as Y and U distribute in
high concentration at the region just outside of LD2 despite the region of LD2 shows
low concentration of the elements.

HD
HD shows the obviously high concentration of Hf. Moreover, HD and the

LD2-like texture which. accompanying HD barely show different U and Th
concentrations from adjacent igneous texture.
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5. Discussion

5.1 Formation mechanism of the secondary internal textures

Various unusual internal textures of zircon from Cape Ashizuri Ring Complex
seem to have been formed during the magmatic evolution; because most of those
textures are consistently showing the development within the crystal, not from the
present crystal surface, so most of those textures must not have been formed by
post-magmatic alteration. Therefore, the unusual internal textures of zircon must contain
valuable information on the magmatic histories, which correspond to the transition of
their growth environments.

The formation mechanism of zircon secondary internal textures is still less well
understood; however, there is rough classification of the secondary internal textures and
some knowledge about the corresponding formation mechanism (Corfu et aI., 2003;
Grant et aI., 2009). So, I have compared the zircon internal textures which found on this
study with previous reports.

RD
The textural features of RD are quite similar to resorption-reprecipitation

texture which mainly seen in metamorphic zircon, especially the rounded banding
pattern and the distribution along grain surface of the time (e.g. Vavra et aI., 1996;
Nutman et aI., 2002). The resorption-reprecipitation texture is commonly considered to
reflect the Zr-undersaturated environment and following overgrowth (Corfu et aI., 2003).
The fact that RD develops at a part of the grain surface must indicate the
Zr-undersaturation was mildly or the undersaturated melt contacted at narrow region of
zircon surface.

Although convoluted zoning may be interpreted by infiltration of metamorphic
fluid (Bomparola et aI., 2007), no evidence which indicates metamorphism has been
found in Cape Ashizuri Ring Complex. Moreover, most of RD have Th/U ratio above
0.1 which considered as an index of metamorphic growth (e.g. Williams and Claesson,
1987; Rubatto, 2002).

LD2
LD2 resembles local recrystallization texture of igneous or metamorphic zircon

closely in the developing form and chemical features (e.g. Figs. 10a, 11b of Hoskin and
Schaltegger, 2003; Fig. 7 of Tomaschek et al., 2003; da Silva et aI, 2005). The local
recrystallization texture of. igneous zircon is explained by involvement of late-stage
magmatic fluid (Corfu et aI., 2003; Nemchin and Pidgeon, 1997) or solid-state
recrystallization (Hoskin and Black, 2000; Hoskin and Schaltegger, 2003).

LD2 seems to be closely related to the inclusion with multiple mineral phases
(Fig. 10). I think that this inclusion must correspond to slowly-cooled alkali granitic
melt inclusion; because of the round shape as an inclusion, anhedral-shape-dominant
mineral aggregation, grain size and mineral composition. The minerals were not
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crystallized on the time of LD2 had formed because the mineral configuration is not
related to LD2 distribution. So, LD2 development must have been closely related to the
melt inclusion. Not to say, the melt contains some fluid phases, therefore it is likely that
LD2 is fluid-related recrystallization texture. It seems that the distinction between
internal pressure of included melt and pressure of outside melt has increased as magma
uplifting, so the outward development which are seen in some LD2 may be caused by
the pressure distinction and resulting volatile infiltration.

However LD2 on this study shows recrystallization front as purges of Y and U
which reported on the description of solid-recrystallization (Fig. 14b; Hoskin and Black,
2000). The true formation mechanism of LD2 is still unclear, but it must be local
recrystallization texture. The mild decreasing of Th/U ratio would be explained by the
limited amount of included melt and resulting incomplete redistributions of those
impurities.

LDl
LD1 is also quite similar to local recrystallization texture which reported by

Tomaschek et al. (2003) in the textural and chemical feature. LD1 has not obvious
generated area such as melt inclusion of LD2, and in addition it never developed from
the crystal surface, hence LD1 would not have been caused by fluid-induced
recrystallization. Solid-state recrystallization, which is another mechanism of local
recrystallization, is considered to result from resolution of unstable crystal state with
decreasing temperature (Hoskin and Schaltegger, 2003).

HD
HD has many unique features. An involvement of fluid phase is deduced from .

the accompanying LD2-like texture (as fluid-induced recrystallization texture),
development from present surface and only high Hf concentration unlike other
impurities. The last two features are also seen in recrystallized texture, as with the low
Th/U ratio and the particularly highHf concentration at outermost part (it can be
regarded as impurity purging like recrytallization front). However, LD2-like
(recrystallization?) texture around HD and internal flow texture are negative about the
assumption. Flow texture is characteristic feature of resorption-reprecipitation texture,
but the penetrating development from present surface to core deeply is negative about
the mechanism.

To reveal HD formation mechanism, the only high Hf concentration is
particularly peculiar feature; because each impurity content in zircon is considered to
largely depend on the deference of ionic radii from Zr4+ (0.84A), so H:r+ (0.83A) has
the weakest character as zircon impurity component (Finch and Hanchar, 2003; Hoskin
and Schaltegger, 2003). For the same reason Zr and Hf always show quite similar
behavior and therefore Zr/Hf ratio of both zircon and melt not depend on whether it is
igneous or metamorphic origin' but determined by the melt composition such as
alkalinityIlsrooks, 1969; Linnen and Keppler, 2002). However, some of late-magmatic
fluids seem to have high Hf content and low Zr/Hf ratio because hafnon has commonly
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found in pegmatitic environment. This indicates that HD may have been formed by
Hf-enriched post- or late-magmatic fluid phase.

Spongy core and remained core
Spongy texture with high BSE emission is main characteristic of hydrothermal

zircon (e.g. Hoskin, 2005; Pelleter et al., 2007; Hoshino and Ishihara, 2007). The
spongy cores observed on this study also retain nearly original morphology (without
RD), so it must be regarded as hydrothermal core which igneously overgrown as the
nm.

Remained core is commonly regarded as residue of source rock which had
partially melted and generated magma that corresponded to growth environment of the
zircon rim. This interpretation is applied when the remained core is found in igneous
zircon (da Silva et al., 2005; Grant et al., 2009), such report is relatively rare than in
metamorphic zircon.

The remained core on this study would not have same implication with above
hydrothermal core; it has all-around dissolved shape, not as same with the hydrothermal
core, so the remained core had doubtlessly been constituent of the source rock of Cape
Ashizuri Ring Complex but the hydrothermal core would have been formed in the
subsequently generated magma (strictly the latest fluid phase). It also indicated that a
hydrothermal fluid phase would have existed before RD was formed.

5.2 Growing sequence of the internal textures

Based on the forming sequence of both secondary internal textures and primary
igneous 'Zoning, following six growth stages are supposed on the zircons from Cape
Ashizuri Ring Complex (Figs. 15, 16).

Stage I: Igneous and hydrothermal core had crystallized. Some of the igneous
core was overgrown from previously existed (remained) zircon core.

Stage II: LD1 had been formed in igneouslhydrothermal core. It would be
solid-state recrystallization texture and caused by temperature decreasing.

Stage III: RD had been formed at partially around core..It would be caused by
Zr-undersaturation and following overgrowth.

Stage IV: Igneous rim had grown. The chemical composition, temperature
and!or pressure of surrounding melt would be different from that when core had grown
because Hf02 and V02 concentrations are clearly different between core and rim. Some
of melt inclusions are cutting oscillatory zoning of core, so the melt inclusions may
have trapped at embayed zircon surface during this stage. The shape of melt inclusion
such as Fig. 9m is well. explaining the melt trapping mechanism as such hollow-filling
by melt and sealing by subsequent igneous zircon growth. However, a few melt
inclusions which apparently have no correlation with dissolving event (RD) are also
observed.
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Stage V: LD2 had formed around melt inclusions. It would be local
recrystallization texture which related to the melt inclusions. The two development
types of LD2, all-around development and outward diffusion both from melt inclusion
would be formed at same stage.

Stage VI: Igneous outermost rim had grown. This growth band is not being
reprinted by LD2. Slow-cooling and solidification ofmelt inclusions would have carried
out at this stage because LD2 seems to be formed when the melt inclusions were not
solidified.

5.3 Zr-undersaturation event

I think. the most important internal texture of the zircon in consideration of the
magmatic evolution of Cape Ashizuri Ring Complex is RD. It clearly shows a past
disequilibrium situation between the zircon and surrounding environment. Although of
course it did not arise during normal magma cooling and associated fractionation, RD is
found in both zircons of II-QSy and IV-CBG. So this unusual texture might be
suggesting the distinctive event of which elucidates the uncommon occurrence of this
A-type suite.

RD and the adjacent igneous textures strongly indicate two things about the
undersaturation event. One is that all RD would have formed at only one time, depends
on absence of the multiple-stage development evidence. The other is that RD must have
been accompanied by a significant change of chemical composition, temperature and/or
pressure of surrounding melt; it is based on the compositional difference that is less
consisted with the fractionation trend between igneous core and rim of the zircons (Fig.
17). However, such one significant magmatic event has been reported neither on any
other minerals nor whole rock analysis so far (cf. Murakami et al., 1989).

The reasons why other minerals without zircon do not have the record would
include the crystallization sequence and mineral composition of Cape Ashizuri Ring
Complex. Both two rock samples which. used on this study have anhedral (lately
crystallized) mafic minerals and minor amount of plagioclase; it is generally explained
by anhydrous and alkalic composition of A-type magma. Therefore, calcic plagioclase
and typical hydrous mafic minerals such as biotite and hornblende must not have
crystallized on early magmatic stage of this A-type suite, so zircon seems to be one of
the few minerals that had recorded the early magmatic environment.

Remaining problems are why zircon-coexisted other minerals such as alkali
feldspar or low amounts of plagioclase do not have record of the Zr-undersaturation
event and what was the event. Alkali feldspars and plagioclases of my two rock samples
do not show evidence of which indicates magma mixing or other significant
nonequilibrium condition, it is consistent with previous studies. I will try to estimate the
magmatic event and associated deletion of the record in crystallized minerals without
zircon by the following discussion based on three presumable cases (Fig. 18).

45



.1• 1

• 1

.1

i . 17. Relation hip teen and Y of zircon fr m p A hizuri Rinz mpl x. r at r
arne ith Fig. 13 but recalculated for atom p r f rmula unit ap u n th ba i 4 xy n

atoms. ractional trend ithin arne texture i upward fr m left t right n arly p r II I with th
line Y/ =1 it icon i tent ith the tran ition of partition coefficient f th c clem nt a
temperature decreases see also ig.] 9). 11- Y zircon from quartz- yenitc intru i n ta ze II ;
] - B zircon from coar e biotite-granite intru ion tage IV).

46



P'I

'i\
' ... 1 Amp

Crystallization

Resorption
of Zircon

(2) Crystal Differentia:tioll

Unknown
ZrSi04

Desaturation
Event

(1) Dissolving Other Mine~als

a I+ATI
b@
c 1+AXVOlaiitesl

(3) FractiollalMeltiBg

Fig. 18. Three possible explanations for forming RDon zircon surface and separation of other
minerals. See text indetail.

47



(l) The first possibility what was the event is nearly complete melting of other
minerals by any of the following three reasons; (l a) increasing temperature, (Ib)
decreasing pressure and (l c) addition of volatile content like fluorine. For any reason,
melting of other minerals causes Zr-undersaturation of the melt; therefore it can explain
easily both RD formation at zircon surface and deletion of other recordable minerals. (2)
The second assumption is selective fractionation of other minerals. It is difficult to
explain formation of RD but most simply explains to lack of the record in other
minerals. (3) The last one is transient solidification and subsequent fractional melting of
the magma system. It can very well explain to RD formation and lack of the record in
present rocks by additional assumption that dissolving zircon was separated together
with the generated melt from solidified rock.

In above cases, (1b) is unlikely in view of the following facts. One is that
temperature decreasing would have occurred before RD formation, it is based on LD1 in
core, so decompression melting would not have expected. Another is that the magma
should have intruded into less shallow region because this A-type suite is mostly
consisted of plutonic rock, therefore even if decompression had occurred it should not
have been intense. Then, (2) is not realistic in point of high density of zircon. (La) must
be able to form RDbut it seems to be difficult to explain the different composition
betweeneore and rim, for this reason if (l a) had occurred it was associated with a
compositional shift of the magma system, such as inflow of high temperature basaltic
magma.

All of the observed zircons which are included in II-QSy alkali feldspars
contain RD (or LD1 in some cases) as nearly outermost texture. The textural
relationship indicates that those alkali feldspars grew just after RD formation on zircons
surface. Ridolfi et al. (2006) described that alkali feldspar crystallization had started
earlier than zircon crystallization and finished roughly simultaneously with zircon in
Kenyan syenite. So if the crystallization sequence can apply to II-QSy, the "old" alkali
feldspar should have been presented before Zr-undersaturation event and subsequently it
should have (l) completely melted or (3) left wherein as restite of fractionally melted
system, then "new" alkali feldspar had grown with zircon after the Zr-undersaturation
event of any of (1a), (1c) or (3).

In contrast, IV-CBG zircon grains have LD2 and thick outermost igneous rim
even in the grains which have included in alkali feldspar and plagioclase. It indicates
that those feldspars must have grown after enclosing melt in zircons. Based on
microscopic observation plagioclases of IV-CBG would have crystallized earlier than
alkali feldspars, however both feldspars should have started the crystallization after
Zr-undersaturation event even when the Kenyan crystallization sequence can be applied
on IV-CBG magma or not.

Consequently, the magmatic event which formed RD formed and deleted the
record in the other minerals except zircon would be (la) inflow of high temperature
magma which is associated with a compositional shift, (l c) addition of volatile fluid
probably rich in fluorine and (3) transient solidification and subsequent fractional
melting. Considering the partial development of RD and early crystallization of alkali

48



feldspar in peralkalic melt, it would be suggested that (3) is the most likely to be
possible; however above interpretation is still speculative at present, so it is necessary to
have evidences for revealing the magmatic event and magmatic evolution of this A-type
suite.

5.4 Melt compositions around Zr-undersaturation event

As mentioned above, the chemical composition of zircon core and rim are
clearly different in both rock samples. In comparison with II-QSy zircons, IV-CBG
zircons have higher Hf concentration, lower U concentration and more mildly-sloped
distribution on the U-Y diagram (Fig. 17).

Rubatto and Hermann (2007) and Luo and Ayers (2009) carried out
experimental studies about zircon/melt partition coefficients including Du and Dy. Their
Dzircon/melt ofU and Y shown in Fig. 19 are summarized as follows; (1) Du and Dv keep
roughly parallel relationship through temperature change, (2) Du highly increases than
Dvas the melt alkalinity increases and (3) in shallow setting Dn increases close to Dy as
the pressure decreases. The inversion of Du and Dv was reported only on (2), so most
likely change between two magmas would be alkalinity decreasing. However such
compositional change should be accompanied by changes of U and/or Y concentration
of the melt. Furthermore, these studies are based on hydrous melt, hence the estimation
of melt composition of which forms each cores and rims of II-QSy and IV-CBG is very
difficult.

5.5 Discrete development of two magmas

As pointed out above, the chemical compositions of core and rim are different
in zircons from each rock sample. On the other hand, compositional differences have
also been confirmed among cores and among rims of zircons from II-QSy and IV-CBG;
likewise between II-QSy zircon rims and IV-CBG zircon cores. This indicates that all
pairs of cores and rims in those zircons would not have been crystallized from same
magma. However, both zircons of II-QSy and IV-CBG commonly share same internal
textures such as LDI, RD, LD2 and remained core, therefore different composition at
early-stage and subsequent same (or similar) developing processes might have existed
on those magmas evolution.

Murakami et al. (1989) estimated the origin of Cape Ashizuri Ring Complex to
be similar to Loiselle and Wones (1979). In consideration of the zircon internal texture
observed in this study, magmatic differentiation of the lithofacies which we can find at
present would not have occurred at shallow crust after intrusion along extensional crack.
It might have occurred at lower crust, or perhaps the magmas had been generated
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individually. This "different generation and similar evolution" may be the key to reveal
petrogenesis of uncommon occurrence of A-type granite such as Cape Ashizuri Ring
Complex.
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Conclusions of Chapter 2

(1) Various internal textures were newly found in zircon from Cape Ashizuri Ring
Complex.

(2) Textural and chemical features of the internal textures were described.
(3) Based on the feature, the secondary internal textures were classified into three types;

RD, LD andHD.
(4) The formation mechanisms of three secondary internal textures were estimated.
(5) Six growth stages of the zircon were suggested from their textural relationship.
(6) Non-fractional chemical change of early magma of the ring complex and the three

possible events were suggested by textural and chemical features of zircon.
(7) Depending on chemical difference and textural similarity of the zircons, different

generation and similar magmatic development were strongly suggested for two
lithofacies of Cape Ashizuri Ring Complex.
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Conclusions

(l) Two unique accessory minerals were found from Cape Ashizuri Ring Complex and
examine in detail; thorite and zircon. .

(2) Crystallographical, micro-textural and chemical descriptions wete carried out onthe
two accessory minerals.

(3) Based on experimental data and detailed observation, formation mechanism of the
internal nanostmcture and microtextures of the minerals were discussed.

(4) The possibilities that these mineralogical features of the two accessory minerals
contribute to solve geochronological and petrological problems were suggested.
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