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Experimental zircon alteration and baddeleyite formation in silica 
saturated systems: implications for dating hydrothermal events 

ALEXANDER LEWERENTZ  

Lewerentz, A., 2011: Experimental zircon alteration and baddeleyite formation in silica saturated systems: implicat-

ions for dating hydrothermal events. Dissertations in Geology at Lund University, Master’s Thesis, No. XXX, 56 

pp. 45 hp (45 ECTS credits). 
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sive x-ray spectroscopy, southern West Greenland. 

Alexander Lewerentz, Department of Earth and Ecosystem Sciences, Division of Geology, Lund University, Sölve-

gatan 12, SE-223 62 Lund, Sweden. E-mail: alexander.lewerentz@gmail.com 

Abstract: Zircon (ZrSiO4) and baddeleyite (ZrO2) are two common zirconium bearing minerals which are im-
portant for U-Pb geochronology. Zircon is stable at silica saturated conditions, while baddeleyite should react with 

the free silica to form zircon under the same conditions. Yet, baddeleyite have been observed as intergrowths within 

zircon grains in silica saturated rocks, e.g. from southern West Greenland (Lewerentz, A., 2010: On the occurrence 

of baddeleyite in zircon in silica-saturated rocks. Dissertations in Geology at Lund University, Bachelor’s Thesis 

N.o. 261, 54 pp.). This study is focused on replicating this phenomenon and the textures seen in natural zircon with 

baddeleyite intergrowths, using experimental petrological methods (piston cylinder and hydrothermal autoclave 

experiments). Experiments were conducted at 1,000 MPa and 900°C or ~400 MPa and 600°C in a closed system 

containing natural zircon, H2O and Ca(OH)2 or CaCl2. Both silica saturated and under-saturated systems were used. 

SEM imaging (cross-section BSE and CL, surface SE and BSE), SEM-EDS analyses and EMP analyses were used 

to evaluate the experiments. Zircon is known to be perfectly stable at the experimental conditions. Yet, partial alte-

ration of zircon to baddeleyite is observed in most experiments conducted in a silica under-saturated system, but 

also in a number of experiments conducted in a saturated system. Baddeleyite is appearing as blobs concentrated in 

thin semi-continuous bands or seemingly at random scattered within grains, or as thicker bands of a baddeleyite-Ca 

silicate intergrowth. I conclude that baddeleyite formation in zircon in a silica saturated system is possible due to 

fluid induced lowering of the silica activity in the system, making it under-saturated. A conceptual model on how 

the silica activity may be lowered is also proposed. Furthermore, it is concluded that the natural textures seen in 

zircon from e.g. southern West Greenland have formed through the process of coupled dissolution-reprecipitation 

(i.e. metasomatism), and are induced by a Ca bearing fluid. It is assumed that the reacted parts of zircon grains un-

dergo trace element loss and that the U-Pb geochronometer is reset. Newly formed baddeleyite should incorporate 

U but not Pb. Subsequently, it would be possible to date hydrothermal (metasomatic) events, using U-Pb geochro-

nological techniques on either the baddeleyite itself or on reacted parts of zircon grains. 



 

 

Experimentell omvandling av zirkon och baddeleyitbildning i kisel-
mättade system: betydelse för datering av hydrotermala händel-
ser 

ALEXANDER LEWERENTZ 

Lewerentz, A., 2011: Experimental zircon alteration and baddeleyite formation in silica saturated systems: implicat-

ions for dating hydrothermal events. Examensarbeten i geologi vid Lunds universitet, Masterarbete, Nr. XXX, 56 

sid. 45 hp.  

Nyckelord:  zirkon, baddeleyit, kiselmättat system, hydrotermal omvandling, kopplad upplösning-utfällning, expe-
rimentell petrologi, svepelektronmikroskopi, elektronmikrosondanalys, energidispersiv röntgenemissionsspektro-

skopi, sydvästra Grönland.   

Alexander Lewerentz, Institutionen för geo– och ekosystemvetenskaper, Enheten för geologi, Lunds universitet, 

Sölvegatan 12, 223 62 Lund, Sverige. E-post: alexander.lewerentz@gmail.com 

Sammanfattning: Zirkon (ZrSiO4) och baddeleyit (ZrO2) är två vanliga zirkoniuminnehållande mineral som båda 
är viktiga för U-Pb-geokronologi. Zirkon är stabilt under kiselmättade förhållanden medan baddeleyit under kisel-

mättade förhållanden torde reagera med det tillgängliga kislet och bilda zirkon. Trots detta har baddeleyit observe-

rats som interna domäner i zirkon i kiselmättade bergarter från exempelvis sydvästra Grönland (Lewerentz, A., 

2010: On the occurrence of baddeleyite in zircon in silica-saturated rocks. Examensarbeten i geologi vid Lunds 

universitet, Kandidatarbete, Nr. 261, 54 pp.). Den här studien är fokuserad på att återskapa detta fenomen och de 

texturer som observerats i naturlig zirkon med baddeleyitdomäner. Detta utförs genom att använda två metoder 

inom experimentell petrologi, cylinderpressexperiment och hydrotermalautoklavexperiment.  Experimenten utför-

des vid 1 000 MPa och 900°C eller ~400 MPa och 600°C i ett slutet system innehållandes naturlig zirkon, H2O 

samt Ca(OH)2 eller CaCl2. Såväl kiselmättade som omättade experiment utfördes. För att utvärdera experimenten 

användes svepelektronmikroskopi (BSE och CL i tvärsnitt, SE och BSE på kornytor), energidispersiv 

röntgenemissionsspektroskopi samt elektronmikrosondanalys. Zirkon ska vara stabilt vid de förhållanden som an-

vänts i experimenten. Trots detta  kan partiell omvandling av zirkon till baddeleyit  ses i de flesta experiment som 

utförts under kiselomättade förhållanden, men också i att antal av de experiment som utförts under kiselmättade 

förhållanden.  Baddeleyit uppträder som prickar, koncentrerade i tunna band, eller slumpmässigt spridda inom zir-

konkornet, eller som tjockare band bestående av en sammanväxt mellan baddeleyit och ett kalciumsilikat. Av detta 

dras slutsatsen att baddeleyitbildning i zirkon under kiselmättade förhållanden är möjligt på grund av fluidorsakad 

sänkning av kiselaktiviteten i systemet, dvs. att system går från kiselmättat till kiselomättat. En konceptuell modell 

för hur detta sker är föreslagen. Vidare fastslås att de texturer som observerats i  zirkon från t.ex. sydvästra Grön-

land har bildats genom processen kopplad upplösning-utfällning (metasomatism) och orsakats av kalciuminnehåll-

ande fluider. Det kan antas att de delar av zirkon som reagerar på detta vis också genomgår urlakning av spårämnen 

samt att U-Pb-geokronometern återställs. Den baddeleyit som bildas genom omvandling från zirkon bör inkorpo-

rera U men inte Pb. Summerat bör det vara möjligt att datera hydrotermala (metasomatiska) händelser genom att 

använda U-Pb-geokronologi, antingen på nybildad baddeleyit eller på reagerade delar av zirkon.  
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1  Introduction 
1.1 Background  
Zircon (ZrSiO4) and baddeleyite (ZrO2) are the two 
most common zirconium bearing minerals. Both zir-
con and baddeleyite are important minerals for U-Pb 
geochronology as they incorporate U but not Pb in the 
crystal lattice, i.e. they can be used to date both igne-
ous crystallisation and metamorphic events. Zircon 
forms under silica saturated conditions while badde-
leyite forms under silica under saturated conditions. 
Hence, baddeleyite should not be stable in silica satu-
rated systems since baddeleyite should react to form 
zircon in these cases. Yet, baddeleyite intergrowths are 
observed in zircon from silica saturated rocks from 
southern West Greenland (Lewerentz 2010). How is 
this possible? 

The primary aim of this study is to establish how 
baddeleyite forms in seemingly silica saturated condi-
tions, as well as what the underlying process or pro-
cesses might be. To reach this aim, this study is fo-
cused on: 1) experimental replication of natural tex-
tures seen in rocks from southern West Greenland, 2) 
experimental alteration of zircon to baddeleyite under 
silica saturated conditions, 3) if possible, linking of the 
experimental conditions to the regional geology of 
southern West Greenland, and thereby answer the fol-
lowing questions. Is baddeleyite formation an effect of 
hydrothermal fluid induced metasomatic alteration of 
zircon? Is altered zircon chemically equilibrated with 
the fluid? Would it be possible to date metasomatic 
events? Possibilities to date metasomatic events are 
interesting from two angles; to my knowledge it has 
not been done on zircon before and would open up 
new possibilities for continent reconstruction and 
petrogenetic studies, hydrothermal fluids are docu-
mented to result in ore mineralisations containing ele-
ments such as Au, Ag and the REEs (e.g. Kolb et al. 
2010; Páez et al. 2011; Smith et al. 2000). Movement 
of metamorphic and hydrothermal fluids are also inter-
esting for other disciplines than the strictly geological, 
e.g. for the safety of storage of nuclear waste material. 

 

1.2 Coupled dissoloution-reprecipitation 
Coupled dissolution-reprecipitation is a process which 
results in re-equilibration within a rock at the influence 
of a metamorphic fluid, i.e. metasomatic alteration. 
Albitisation of plagioclase is perhaps the best known 
example of this process, where plagioclase is pseduo-
morphically replaced by albite (Putnis & Austrheim, 
2010). Dissolution-reprecipitation processes have been 
subject to numerous experimental studies, concentrat-
ed on both zircon and other minerals such as plagio-
clase and monazite (e.g. Harlov et al. 2011; Geisler et 
al. 2001; 2003a; 2003b; Geisler 2002; Lenting et al. 
2010; Putnis 2002; 2009). The impact on other miner-
als is not considered here, as this study is focused on 
metasomatic alteration of zircon. 

The process of coupled dissolution-reprecipitation 
takes place on the atomic scale, where a fluid in con-

tact with a zircon grain is partially dissolving the zir-
con. As more of the zircon is dissolved, the fluid can 
reach deeper into the zircon, i.e. the reaction front is 
moving into the grain. Behind the reaction front re-
crystallisation takes place, creating a reaction rim 
which is re-equilibrated with the fluid. Reactiveness is 
increasing with increased metamictisation of the zir-
con, as radiation damage is implying atomic disorder 
within the lattice and making the zircon more readily 
dissolved (Geisler et al. 2007). However, it is im-
portant to realise that thermal annealing will heal radi-
ation damage and that this process has increasing ef-
fectiveness with increasing temperature (Geisler 
2002). 

A number of effects may be observed as a result of 
coupled dissolution-reprecipitation, one being that the 
reaction rim and grain surface will have higher porosi-
ty compared to the unreacted core. The recrystallised 
material will be amorphous and consist of polycrystal-
line zircon and contain non-formula elements, which 
are enriched in the fluid before the reaction, e.g. Al, Fe 
and Ca. Depletion of trace elements (U, Pb, Th and 
REE) will take place in the reaction rim, as these ele-
ments most probably is enriched in zircon in compari-
son with a metamorphic fluid (Geisler et al. 2007). 

In nature, coupled dissolution-reprecipitation has 
been proposed to be the process behind the formation 
of zircon coronas around Fe-Ti oxides (Austrheim et 
al. 2008). Another example is alteration and break-
down of zircon from the Lanzo Massif in Italy, where 
trace elements are depleted in the altered areas 
(Rubatto et al. 2008). Alteration of zircon has also 
been observed in an alkaline pegmatite in Zomba-
Malosa in Malawi. In this case the cores are unaltered 
and show high amounts of trace elements. In contrast, 
the outer grain parts are altered, show trace element 
depletion, increased porosity as well as several types 
of inclusions such as thorite (ThSiO4) and yttrialite 
((Y,Th)2Si2O7) (Soman et al. 2010). 

 

1.3 Geological background  
The regional geology of southern West Greenland 
(Fig. 1) is dominated by a number of Mesoarchaean 
terranes, accreted between ca. 2.9 and 2.7 Ga in island 
arc settings or active continental margins (Friend et al., 
1996; Windley & Garde 2009). The dominating rock 
types are the TTG orthogneisses (grey tonalites, 
trondhjemites and granodiorites), all plagioclase domi-
nated rocks of granitoid composition. Between and 
within the gneiss complexes mafic intrusives and su-
pracrustal belts occur as slivers. Additionally, a few 
anorthosite complexes, such as the Fiskenæsset com-
plex, are found within the orthogneissic terranes 
(Keulen et al. 2009; Næraa & Scherstén 2008; Schiøtte 
et al. 1989; Steenfelt et al. 2005). 

Several stages of metamorphism have affected the 
area. Granite intrusions around 2.8 Ga are related with 
granulite facies metamorphism. Later (2.72-2.68 Ga) 
the region was subject to amphibolite facies metamor-
phism. Metamorphic fluids associated with this latter 
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Fig. 1. Geological map of the Sermilik and Bjørnesund blocks in southern West Greenland. Marked sample locations are rocks 
containing zircon with baddeleyite intergrowths (modified after Keulen et al. 2009; Windley & Garde 2009).  
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event have resulted in fluid induced alteration along 
zones within the TTG complexes. P-T conditions have 
been estimated to 5-6 kbar and 700 °C. These altera-
tions have resulted in recrystallisation of TTG, form-
ing peraluminous rocks such as sillimanite bearing 
schists (Keulen et al. 2009; Schumacher et al. 2011). 

The different terranes (parts of or completely) have 
been assigned to a number of blocks by Windley & 
Garde (2009), being a different way of explaining the 
geology of southern West Greenland and contrasting 
to the terrane model proposed by Friend et al. (1996). 
Each block can also be divided into a lower and an 
upper crustal zone, where the upper zone mainly con-
sists of prograde amphibolite facies rocks while the 
lower zone yields granulite and retrograde amphibolite 
facies rocks (Windley & Garde 2009). This study is 
concentrated on the Bjørnesund and Sermilik blocks, 
where zircon grains containing baddeleyite inter-
growths have been observed (Lewerentz 2010). 

The Bjørnesund block extends from the glacier 
Fredrikshåb Isblink northwards to Grædefjord. The 
upper crustal zone of this block contains prograde am-
phibolite facies biotite-hornblende orthogneisses of 
tonalitic and granodioritic composition. The Bjørne-
sund area has reached garnet-kyanite or sillimanite 
grade metamorphism, but never as high as granulite 
facies (Thomas 1973; Windley & Garde, 2009). With-
in the gneisses, metavolcanic amphibolite layers up to 
2 km thick are occurring. At places the amphibolite is 
bordered by up to 1 km thick anorthosite-leucogabbro 
layers that are folded with the amphibolite into refold-
ed isoclines (Windley & Garde 2009). The deposition 
ages of one of the largest metavolcanic belts, the 
Ikkattup Nunaa belt, has been dated to 2908 ± 13 Ma 
(Nutman et al. 2004). A muscovite granite intruding 
the Ikkattup Nunaa belt has been dated to 2660 ± 20 
Ma and this age marks the end of amphibolite facies 
metamorphism (Pidgeon & Kalsbeek 1978). 

At the boundary between the upper and lower crus-
tal zones of the Bjørnesund block a northward pro-
grade amphibolite-granulite facies transition takes 
place and orthopyroxene is growing at the cost of am-
phiboles. The lower crustal zone is dominated by ret-
rogressed amphibolite facies gneisses. Areas of relict 
granulite facies gneisses up to over 10 km across are 
found within the retrogressed gneisses, in greatest 
abundance near the base of the block. The Fiskenæsset 
anorthosite complex is part of the lower crustal zone of 
Bjørnesund block (Windley & Garde 2009 and refer-
ences therein).  

Sermilik block is the adjacent block to the north of 
Bjørnesund block. It extends from Grædefjord in the 
South to Ameralik fjord and Buksefjorden in the 
North. This block mainly consists of three terranes; 
Tasiusarsuaq, Tre Brødre and Færingehavn terranes 
from south to north (Nutman et al. 1989; Windley and 
Garde 2009). The Tasiuasarsuaq terrane consists main-
ly of gneisses, tonalitic to dioritic in composition. 
Granulites are common, ranging from isolated patches 
to semicontinuous belts (Coe 1980; Compton 1978; 

Nutman et al. 1989). Other litholigical units are vastly 
migmatised metabasic rocks, such as meta- and leu-
cogabbros, of amphibolite facies metamorphism 
(Nutman et al. 1989). The Tre Brødre terrane is mainly 
made up by Ikkattoq gneisses which are rocks of gran-
odioritic composition and grey in colour, showing a 
widely spread pegmatite banding (Nutman et al. 1989). 
These gneisses are intruding mafic rocks (mainly am-
phibolites derived from volcanic rocks and gabbros) 
and metasedimentary rocks such as metapilites and 
quartz-cordierite gneisses (Beech & Chadwick 1980). 
The main lithological units of Færingehavn terrane are 
pegmatite banded, tonalitic grey gneisses as well as 
iron rich granitic augen gneisses, both known as 
Amîtsoq gneisses (Nutman et al. 1989). These gneisses 
have been dated to between 3600 and 3820 Ma 
(Schiøtte et al. 1988). 

Hydrothermal alteration and mineralisation (e.g. 
Au) have been observed in area between and around 
Sermilik and Grædefjord fjords. In the Sermilik fjord 
area plagioclase destructive hydrothermal alteration is 
present in mafic granulites and meta-sedimentary 
rocks. Alteration is concentrated to zones in the rocks, 
identified in field by alteration haloes, and structurally 
interpreted as post peak metamorphic. In the 
Grædefjord area, hydrothermal alteration is found in 
zones between pegmatite intrusions in mafic granu-
lites, and in TTG gneisses where an alteration assem-
blage of biotite-quartz-pyrrohtite replaces the peak 
metamorphic orthopyroxene-plagioclase-K-feldspar-
quartz assemblage. Gossan zones are present in brecci-
as derived from the TTG gneisses, and both alteration 
zones and gossans are concentrated to fault intersec-
tions. Structures and fabrics within quartz suggest that 
alteration took place at greenschist facies (Kolb et al. 
2010). 

 

1.4 Natural zircons  
Examples of baddeleyite within natural zircon from 
southern West Greenland are presented in Figure 2. 
Lewerentz (2010) described a large number of zircon 
grains from these rocks and described them in terms of 
mineralogical and petrological habitus. The internal 
baddeleyite domains are showing a large variety of 
textures, ranging from small (<1 µm) blobs and larger 
(~10 µm) irregular domains, to bands concordant with 
the zircon growth zonation and other regular textures 
that apparently are controlled by an external factor 
other than growth zonation. Areas of zircon that are 
adjacent to baddeleyite domains are commonly show-
ing a darker BSE appearance than the rest of the zir-
con. SEM-EDS analyses of these areas reveal that they 
are enriched in non-formula elements, such as Al, Fe, 
Ca and Na (Lewerentz 2010). 

Zircon containing baddeleyite intergrowths have 
been observed in four different rocks, and were de-
scribed in detail by Lewerentz (2010), but a brief sum-
mary is given below. Field interpretations were made 
by Thomas Kokfelt, Nynke Keulen and Anders 
Scherstén respectively (drawn from unpublished 
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GEUS databases). Six digit combinations are GEUS 
(Geological Survey of Denmark and Greenland) sam-
ple reference numbers. 

The Tre Brødre mica schist (468720) is a rock met-
amorphosed to amphibolite facies, mapped as garnet-
sillimanite-biotite schist and possibly a meta-sediment. 
Average anorthite content of the plagioclase in this 
rock is 28.65 % An (σ=0.66), SEM-EDS data is pre-
sented in Appendix X. The mineral content have been 
estimated to 65 % quartz, 15 % sillimanite, 10 % bio-
tite, 5 % K-feldspar, <5 % muscovite, <5 % plagio-
clase, apatite and zircon as accessory minerals. A foli-
ation is defined by bands of biotite, sillimanite and 
muscovite. Sillimanite occurs as fibrolite associated 
with muscovite, abundantly as sillimanite-muscovite 
intergrowth (Lewerentz 2010). 

The Nukagpiarssuaq (NGI) granite (510155) has an 

estimated mineral content of: 35 % quartz, 30 % plagi-
oclase, 15 % K-feldspar, 15 % biotite, < 5% biotite, <5 
% apatite. Zircon, hematite, opaque minerals and al-
lanite occur as accessory minerals. The average An 
content of plagioclase is 19.75 % An (σ=0.93). Plagio-
clase and K-feldspar is occasionally showing an al-
tered appearance (heterogeneous grains and partial 
replacement by Al silicates). Plagioclase-quartz inter-
growths (myrmekite) are occurring. This rock holds a 
large number of zircon grains, with over 40 grains 
observed in a 4x2 cm thin section (Lewerentz 2010). 

Sample 512028 consist of a more fine grained part 
of a pegmatite, with an estimated mineral content of: 
35 % quartz, 35 % K-feldspar, 25 % plagioclase, <5 % 
biotite, <5 % muscovite, <5 % garnet, zircon as an 
accessory mineral. Average An content of the plagio-
clase is 35.29 % An (σ=0.98). Most plagioclase and K-

Fig. 2. SEM images (BSE) of natural zircon grains with baddeleyite intergrowths from four different rocks from southern West 
Greenland. Baddeleyite is  white and is marked with white arrows. All scale bars are 10 µm. a) sample 510155, the ~20 µm 

wide black circular spots are LA-ICP-MS pits unrelated to this study, b) sample 512075, c) sample 512028, d) sample 468720 
(compiled after Lewerentz 2010). 



10 

feldspar grains are showing an altered appearance (see 
above), and myrmekite occurs as inclusions in plagio-
clase and K-feldspar grains (Lewerentz 2010). 

Sample 512075 consists of a more fine grained part 
of a pegmatite from the Grædefjord shear zone, just 
south of the boundary between the Sermilik and 
Bjørnesund blocks. Estimated mineral content: 50 % 
quartz, 25 % plagioclase, 15 % K-feldspar, 5 % biotite, 
4 % muscovite, 1 % garnet, zircon as an accessory 
mineral. Average plagioclase An content is 43.49 % 
An (σ=1.30). Plagioclase is abundantly showing an 
altered appearance, and muscovite is only occurring 
within altered plagioclase grains. Metamorphic twin-
ning is occasionally visible in plagioclase grains. K-
feldspar and biotite are also showing an altered ap-
pearance (Lewerentz 2010). 

All these rocks show a few mutual features; they 
are rich in quartz (35-65 %), plagioclase is either 
showing an altered appearance (commonly with inclu-
sions such as muscovite) or is more or less absent, 
myrmekite (plagioclase-quartz intergrowth) is abun-
dant, K-feldspar is commonly showing an altered ap-
pearance. SEM studies of thin sections have shown 
that in all cases of baddeleyite intergrowths, the zircon 
grains are in direct connection with cracks in the re-
spective host rocks. However, a majority of the zircon 
grains found in these samples are not altered, and 
many of these are also in contact with cracks. Altered 
zircon grains are seemingly distributed randomly with 
respect to petrological factors, such as host rock min-
eralogy (Lewerentz 2010). 

Baddeleyite intergrowths in zircon grains have also 
been observed in a Birimian quartzite from southern 
Ghana, West Africa. This sample was collected at the 
contact to a granitic intrusion, a possible fluid source. 
An additional sample of the same quartzite was col-
lected 2 meters from the intrusion contact and is not 
showing any baddeleyite (Anders Scherstén, personal 
communication). Although this shows that baddeleyite 
might be an isolated process within a rock volume, it is 
clearly not a geologically isolated phenomenon re-
stricted to southern West Greenland. It should be safe 
to assume that these processes and their effects would 
be observable on a global scale, as fluids are part of 
the petrogenesis of most metamorphic rocks. 

 

2 Starting material 
2.1 Varberg charnockite zircon 
This sample consists of zircon from the charnockite 
inliers associated with the Torpa granite (Varberg 
Charnockite-Granite Association), sampled in the out-
skirts of the town of Varberg, SW Sweden. The Char-
nockite intrusion host rock has been subject to later 
metamorphism and deformation and is now described 
as a migmatised gneiss, as the whole area was subject 
to high grade Sveconorwegian metamorphism, i.e. 1.1-
0.9 Ga (Åhäll et al. 1997). Emplacement age for the 
Charnockite has been indirectly dated (U-Pb geochro-
nology) to 1380±6 Ma (Åhäll et al. 1997) and 1399 

+12/-10 Ma (Christoffel et al. 1999). 
SEM-BSE imaging (Fig. 3 and Appendix 2) of the 

zircon grains show oscillatory zoning with bands 
showing homogeneous BSE (back scattered electron) 
brightness, although some grains are seemingly lack-
ing growth zonation (Fig 3). Under CL (cathodo-
luminescence), nearly all grains show distinct oscilla-
tory zoning, but a few cases of more intricate CL pat-
terns are also observed. The grains are abundantly 
cracked and showing inclusions, although crack and 
inclusion free grains are also present. Many grains are 
fragments of larger grains, but whole crystals are also 
present. Nearly all grains show euhedral appearance 
(excluding fracture surfaces). SE (secondary electron) 
and BSE imaging of grain surfaces confirms that most 
grains are euhedral, although a number of partially 
rounded grains are also present. Those grains that are 
fragments of larger crystals sometimes show conchoi-
dal-like fracture surfaces. Partially exposed inclusions 
(e.g. K-feldspar) can also be observed on grain surfac-
es. 

 

2.2 Önnestad syenite zircon 
This sample contains zircon from a syenite sampled 
near the village of Önnestad, ca. 14 km west from the 
town of Kristianstad, NE Skåne, southernmost Swe-
den. This rock is situated within an intraplate tectonic 
zone, the Protogine Zone. U-Pb zircon dates of 1230-
1200 Ma have been interpreted as the emplacement 
age of the syenite (Johansson 1990). 

Under SEM-BSE (Fig. 3 and Appendix 2) oscilla-
tory zoning is observed in a few cases but most grains 
show more or less homogeneous BSE-brightness. 
However CL reveals that almost all grains have some 
sort of oscillatory zoning, mainly simple growth zona-
tion. Inclusions, pores and cracks are abundant. The 
grains are euhedral and consist of either whole crystals 
or fragments of crystals. SE imaging of grain surfaces 
confirms that most grains are euhedral, although a 
slight rounding of certain faces is rather common. 

 

2.3 ASGH007A zircon 
This sample consists of zircon from a tonalite, sampled 
near the Atlantic coast in SW Ghana. This tonalite is 
part of the SW-NE striking Ashanti granitoid belt 
(Grenholm 2011). Emplacement has been dated to 
2172±12 Ma (Anders Scherstén, unpublished data). 

BSE imaging (Fig. 3 and Appendix 2) shows main-
ly small (50-100 µm) and euhedral zircon grains. Most 
grains show distinct oscillatory zoning, an observation,  
which is also confirmed by CL imaging. In one case 
the grain interior (and oscillatory zoning) is seemingly 
overprinted by BSE homogenous and CL bright zir-
con. Most grains are cracked and host inclusions and 
or pores. SE surface imaging shows a range of varie-
ties, ranging from perfect euhedral and completely 
pristine grains to grains with slightly rounded edges 
and uneven surfaces, although most grains are euhe-
dral. A few grains are seemingly partially draped with 
another zircon phase, where the non-covered areas 
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Fig. 3. SEM images of the different starting materials. BSE and CL are in cross-section, SE from surface imaging. All scale 
bars are 20 µm. a) Varberg charnockite zircons, b) Önnestad syenite zircons, c) ASGH007A tonalite zircons. 
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show perfect euhedral appearance while the draped 
areas are more irregular. 

 

3  Methods 
3.1 Experimental petrology 
3.1.1 Piston cylinder experiments 

All experiments using the piston cylinder apparatus 
were conducted according to Johannes et al. (1971) 
and Johannes (1973) at 900 °C and 1 000 MPa. Plati-
num capsules were cut in 1 cm long pieces from a 3 
mm wide Pt tube, cured for several hours in an oven at 
900 °C to remove any stress within the material and 
arc weld shut in one end using an argon plasma weld-
er. ~7 mg of zircon, 5 mg of H2O, 5 mg of SiO2 and 1-
2 mg Ca(OH)2 or CaCl2 were loaded into the capsules 
using a funnel. The capsules were pinched and arc 
weld sealed. To confirm that no contents had been lost 
from the capsules during the making process, they 
were weighed after each step. The capsules were put in 
an oven at 100 °C for at least 18 hours to confirm that 
the seals were tight. 

After inserting the capsules, separated by biotite 
leaves, in the inner CaF2 bottom piece (Fig. 4), any 
remaining cavities were eliminated by tapping in CaF2 
powder. The CaF2 bottom piece was fastened to the 
bottom piston by threading it on the thermocouple. A 
graphite oven was pushed on the CaF2 piece and the 
CaF2 top piece inserted. An outer CaF2 piece, encapsu-
lating the graphite oven, was applied. Over and under 
the CaF2 cell pyrophyllite rings (for sealing) and Cu 
rings (for electrical conductivity) were fitted. The in-
side of the water cooled bomb was coated with MoS2 

powder for lubrication, after which the CaF2 set-up 
was inserted into it. After inserting the bomb into the 
press, the apparatus was first taken up to pressure 
(corrected for friction within the CaF2 cell) and sec-
ondly up to temperature. P and T were kept stable 
within less than 1 % variation for ca. 4 days. A NiCr 
thermocouple, with the tip covered with Al2O3 for pro-
tection against corrosion, was used to monitor and 
control the temperature.  

The capsules were removed from the set-up, punc-
tured, dried in a 100 °C oven and weighed to deter-
mine the water content. The remaining content was 
extracted and washed three times with triple distilled 
water to remove any remaining free Ca(OH)2 or CaCl2. 
The reaction products were either embedded in epoxy 
to make polished grain mounts for evaluation of grains 
in cross-section, or sprinkled on adhesive carbon tape, 
fastened on small circular pin-type mounts for evalua-
tion of grain surfaces. 

 
3.1.2 Hydrothermal autoclave experiments 

All experiments using the hydrothermal autoclave ap-
paratus were aimed to be conducted at 600 °C and 500 
MPa. However, due to defect autoclaves or seals, the 
pressure was not stable at 500 MPa. Actual stable 
pressures ranged between 370 and 440 MPa. Platinum 
capsules were prepared, loaded and tested in the same 

manner as for the piston cylinder experiments. The 
capsules were put in a cold sealed autoclave which 
was inserted into a ceramic insulated oven. The water 
pressurised autoclave was kept at stable P and T for ca. 
8 days and in one case for 50 days. A NiCr thermocou-
ple was used to monitor and control the temperature. 
During quenching procedure, the pressure was lowered 
to 200 MPa, allowing the autoclave to cool isobarical-
ly to room temperature after which it was completely 
depressurised. Extraction and sample preparation was 
conducted in the same manner as for the piston cylin-
der experiments. 

 

3.2 Scanning electron microscopy 
Scanning electron microscopy (SEM) images are ob-
tained during scanning of an electron beam hitting the 
surface a the sample (Reed 1995). The used SEM tech-
niques were: Secondary Electron (SE) detection, Back 
Scattered Electron (BSE) detection and Cathodolumi-
nescence (CL) detection. High vacuum and 15 kV 
were used for SE and BSE, where the samples were 
coated by a thin layer (~25 nm) of carbon. In contrast 
to the other techniques, CL was conducted without 
carbon coating and at low vacuum (80 Pa). Most of the 

Fig. 4. Schematic drawing of the CaF2 set-up, used in the 
piston cylinder experiments at 1,000 MPa and 900 °C. The 

cell itself was inserted into a bomb and pressurized ver-
tically. Cu rings are applied to allow an electrical current 
flow through the set-up, being the source of heat (modified 

after Harlov et al. 2011). 
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SE and BSE imaging was carried out at the German 
Research Centre for Geosciences (GFZ) in Potsdam, 
Germany. CL imaging, as well as SE and BSE of sam-
ples ZrBd-19 and 20, were done at the Department for 
Earth and Ecosystem Sciences, Lund University in 
Lund, Sweden. 
 
3.2.1 Secondary electron detection 

Secondary electrons are dislodged from the sample 
surface due to bombardment by the incident electron 
beam. A detector collects these electrons, producing a 
SEM-SE image. The brightness of the SE signal is 
dependent of the number of secondary electrons reach-
ing the detector. The number of secondary electrons 
increases with increased surface area being hit by the 
incident beam, thus a surface perpendicular to the 
beam will have the smallest possible area being hit by 
the beam at one instance and also give the smallest 
possible number of secondary electrons. With de-
creased angle between the beam and the surface, the 
surface area being hit by the beam and the number of 
secondary electrons will increase, therefore a edges 
and steep surfaces will appear brighter than flat sur-
faces (Reed 1995). 

 
3.2.2 Back-scattered electron detection 

The SEM-BSE signal is obtained by the measurement 
of electrons, derived from the incident beam, which 
have been subjected to large deflection within the 
sample and re-emerged from the surface. Contrast in 
BSE-images is dependent of the atomic number of the 
sample, or mean atomic number if the sample is a 
compound (Reed 1995), i.e. the contrast will show the 
difference in density between compounds within an 
image. A less dense compound will appear darker than 
a more dense. 

 
3.2.3 Cathodoluminescence detection  

A cathodoluminescence (CL) picture is obtained by 
imaging of the light emitted during electron bombard-
ment of the sample. This light is almost only produced 
by trace elements, such as manganese and the rare 
earth elements (Long 1995), i.e. CL reflects composi-
tional contrasts. 

 
3.2.4 Energy-dispersive X-ray spectroscopy  

Energy Dispersive X-ray Spectroscopy (EDS) is an 
analytical technique with many applications. It is often 
used together with the SEM technique. On a broad 
scale it works as follows. When the electron beam hits 
the sample, X-ray radiation is emitted. The radiation is 
measured with an EDS detector and the various ener-
gy values are then sorted into 20 eV wide channels. 
The results are displayed as a spectrum with a number 
of peaks (spectral lines). This spectrum depends on the 
composition of the analysed spot. In a spectrum, all 
elements have several peaks, depending on the emit-
ting energy level. The various peaks are then com-
pared with a known mineral standard to establish the 

composition of the analysed spot (Champness 1995). 
This comparison involves corrections for atomic num-
ber, absorption and fluorescence (ZAF-corrections). It 
is done using synthetic or natural mineral standard for 
all elements. The standards have been measured in the 
same way as the unknown sample.  
 To make quantitative analyses a calibration of 
the microscope is needed. In the used instrument 
(Oxford INCA system), this is done by analysing a 
cobalt standard. The calibration associates a specific 
count rate for any channel with the settings of the 
SEM. This calibration has been performed for both 
sample and mineral standards, which makes it possible 
to compare the analysed sample with the mineral 
standard. 

 

3.3 Electron microprobe 
An electron microprobe (EMP) is basically a SEM 
fitted with different x-ray spectrometers. The tech-
nique is similar to SEM-EDS (described above); in 
fact most EMPs are also fitted with an EDS detector. 
Hence, an EMP relies on the fact that any material 
emits x-ray radiation when being hit by an electron 
beam and that the resulting spectrum is composition 
dependent as all elements have a unique set of peaks at 
different energy levels (Reed 1995). 

In contrast to most ordinary SEMs the EMP is also 
fitted with a wavelength-dispersive spectrometer 
(WDS). In a WDS the x-ray radiation is refined by a 
curved crystal that reflects the radiation towards the 
detector. Such a crystal may only reflect a certain in-
terval of wavelengths, i.e. a certain portion of the spec-
trum, and by moving the crystal horizontally it is pos-
sible to choose one certain wavelength that is permit-
ted to reach the detector. Different crystals have differ-
ent wavelength windows, and to measure all relevant 
wavelengths several (typically four) crystals are need-
ed, implying that one EMP also is fitted with several 
WDS detectors (Reed 1995). 

The fact that a WDS only analyses one wavelength 
at a time implies sequential measurement of elements, 
but with several WDS detectors several portions of the 
spectrum can be measured at the same time which 
means that several elements can be measured simulta-
neously, decreasing the amount of time needed to ana-
lyse the selected elements in one point. Precision is 
often better than ±1 % and detection limits around 100 
ppm by mass (Reed 1995). 

The EMP analyses in this study were done on a 
JEOL JXA-8500F Fieldemission Electron Probe Mi-
croanalyzer at the GFZ in Potsdam, Germany. Ana-
lysed elements were: P, Nb, Si, Ti, Zr, Hf, Th, U, Al, 
Y, Ce, Pr, Nd, Sm, Gd, Dy, Ho, Yb, Lu, Ca, Mn, Fe, 
Pb and Na. 

 

4  Results 
4.1 Description of experimental runs 
Examples of altered zircon grains are presented in Fig-
ures 5 and 6. A complete collection of SEM images 



14 

from all experiments is provided in Appendix 3. A 
summary of all experimental conditions, capsule con-
tents and brief results is presented in Table 1. 

 
4.1.1 ZrBd-01 

This experiment was executed at 600 °C and 370 MPa, 
using the hydrothermal autoclave apparatus, and run 
for 186 h. With exception of some minor problems 
maintaining the pressure, the run was mechanically 
perfect. Contents of the capsule were; Varberg zircon, 
H2O, SiO2 and Ca(OH)2. Due to difficulties with the 
first attempt of sealing the capsule, zircon + SiO2 + Ca
(OH)2 were loaded as a mix with a total mass of 10.65 
mg. After the run the capsule was determined to have 
held 4.17 mg of H2O. 

Under BSE little or no effect on the zircon grains is 
observed (Appendix 3). A few grains show BSE-
lighter areas appearing as rims or bulges reaching in-
wards from the outer parts. Approximately half of the 
grains show pores and or inclusions, amounts varying 
from grain to grain and with no systematic distribution 
within the grains. The original growth zoning can be 
seen in a few grains, under CL in nearly all grains. SE 
imaging of grain surfaces show that some grains are 
rounded, a few cases of pits or cavities, as well as a 
needle shaped phase commonly growing on zircon 
grains. 

 
4.1.2 ZrBd-02 

This experiment was executed contemporaneously 
with ZrBd-01. The capsule was containing Varberg 
zircon, H2O, SiO2 and Ca(OH)2. Zircon + SiO2 + Ca
(OH)2 were loaded as a mix with a total mass of 8.58 
mg. The capsule was determined to have held 1.87 mg 
of fluid. SEM imaging (BSE, SE, and CL), cross sec-
tion and surface, show no difference to ZrBd-01 
(Appendix 3). 

 
4.1.3 ZrBd-03 

This experiment was executed contemporaneously 
with ZrBd-01 and ZrBd-02. Contents of the capsule 
were: Varberg zircon, H2O (1.66 mg), SiO2 and CaCl2 
(0.90 mg). Zircon + SiO2 were added as a mix with a 
total mass of 4.62 mg. SEM imaging (BSE, SE, CL), 
cross section and surface, show no difference to ZrBd-
01 and 02 except for that the needle shaped phase is 
much less abundant (Appendix 3). 

 
4.1.4 ZrBd-04 

This experiment was executed at 900 °C and 1 000 
MPa, using the piston cylinder apparatus, and ran for 
96 h. The run was mechanically perfect, meaning that 
the pressure was increased slow and evenly without 
any sudden movements, indicating that the set-up was 
evenly and successively deformed, as well as that the 
temperature was held constant during the whole run 
with very little or no fluctuation. The capsule was 
loaded with Varberg zircon (7.55 mg), SiO2 (4.50 mg), 

H2O (1.47 mg) and CaCl2 (0.65 mg). 
Under BSE, most of the grains show homogenous 

brightness, but a few grains with darker or brighter 
domains are observed, growth zoning is scarcely seen, 
which is confirmed by CL. About half of the grains 
show pores and or inclusions and the smaller inclu-
sions seem to have a preferred distribution along 
cracks or in continuous and undulating bands. SE im-
ages of the grain surfaces show abundant rounding and 
surface porosity (Appendix 3). 

 
4.1.5 ZrBd-05 

This experiment was executed contemporaneously 
with ZrBd-04 and the capsule was containing Varberg 
zircon (5.32 mg), H2O (4.73 mg), SiO2 (4.68 mg) and 
CaCl2 (0.04 mg). Under BSE the grains are very simi-
lar to those of ZrBd-04, although pore and or inclusion 
bands are less abundant and less developed (Appendix 
3). CL shows that oscillatory zoning is scarce, alt-
hough a few grains with prominent zoning are ob-
served. SE imaging of grain surfaces show that most 
grains are rounded, have surface porosity, and a few 
cases of a needle shaped phase as well as small quartz 
spheres (10 µm). 

 
4.1.6 ZrBd-06 

This experiment was executed at 600 °C and 370 MPa 
and left running for 166 h, using the hydrothermal 
autoclave apparatus. Contents of the capsule were; 
Varberg zircon (5.28 mg), SiO2 (1.86 mg), H2O (1.46 
mg) and CaCl2 (0.60 mg). 

BSE imaging shows that, with the exception of a 
few rims, the grains show homogenous BSE-
brightness (Appendix 3). However, CL imaging re-
veals that most grains show rather distinct oscillatory 
zoning. The grains are extensively cracked, and in 
some grains small pores and or inclusions have formed 
along the cracks. Almost all grains show areas where 
the surface resembles an uneven or pitted appearance, 
mainly but not entirely distributed along edges and 
cracks. Surface SE imaging show rounded grains and 
surface porosity. 

 
4.1.7 ZrBd-07 

This experiment was run contemporaneously with 
ZrBd-04 and 05. The contents of the capsule were: 
Varberg zircon (6.87 mg), H2O (5.38 mg), SiO2 (5.31 
mg) and Ca(OH)2 (0.87 mg). Under BSE and surface 
SE this sample shows a similar appearance as ZrBd-04 
(Appendix 3). Although, CL reveals a more distinct 
and abundant oscillatory zoning than ZrBd-04. 

 
4.1.8 ZrBd-08 

This experiment was executed contemporaneously 
with ZrBd-04, 05 and 07. The contents of the capsule 
were: Varberg zircon, H2O (2.93 mg), SiO2 and Ca
(OH)2. Zircon + SiO2 + Ca(OH)2 was added as a mix 
with a total mass of 9.72 mg. SEM imaging (BSE, CL, 
surface SE) shows high similarity to ZrBd-07 
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(Appendix 3). Additionally a BSE darker needle 
shaped phase is abundantly present on grain surfaces. 

 
 

4.1.9 ZrBd-09 

This experiment was run at 900 °C and 1 000 MPa, 
using the piston cylinder apparatus. It was run for 120 
h. The capsule contained Varberg zircon (7.42 mg), 
H2O (5.92 mg), Ca(OH)2 (3.20 mg) and SiO2 (1.24 
mg). This run was regarded as mechanically perfect. 

BSE imaging (Fig. 5a and Appendix 3) reveals a 
wide variety in terms of reactiveness, ranging from 
grains that are nearly unreacted to grains that are near-
ly completely dissolved. The least reacted grains show 
the uneven appearance, described under ZrBd-06. 
Most of these grains partially show bulging edges. 
Furthermore, a few grains show high porosity allocat-
ed to their outer parts. At the inner limits of these po-
rous regions a fine continuous band of BSE-white 
(baddeleyite) blobs are present. In one of these grains 
a larger (Ø ~10 µm) baddeleyite domain is observed in 
its interior. In general, all grains show homogeneous 
BSE-brightness, with exception for the most heavily 
reacted grains. The near completely dissolved grains 

are observed as heaps of needles that are BSE-darker 
than the zircon grains, commonly accompanied by 
small amounts of baddeleyite blobs. Surface imaging 
(SE and BSE) shows rounded grains, dissolution tex-
tures of varying extensiveness, small blobs of badde-
leyite, and needle shaped phases often clustered in 
heaps. CL shows that most grains have an interior with 
some kind of (oscillatory) zoning and that reaction 
rims (but not the baddeleyite) are CL bright. 

 
4.1.10 ZrBd-10 

This experiment was executed contemporaneously 
with ZrBd-09. Contents of the capsule were: Varberg 
zircon (7.99 mg), H2O (5.89 mg) and Ca(OH)2 (2.92 
mg). This sample resembles many similarities with 
ZrBd-09 under SEM-BSE (Appendix 3), but in general 
this sample is more extensively reacted. Nearly all of 
the grains have been partially or near completely dis-
solved and partially altered to baddeleyite, only a few 
grains lack baddeleyite. Baddeleyite occurs as blobs, 
sometimes clustered together to form bands or other 
shapes of varying coherence. In a few cases several 
baddeleyite bands are found at different distance from 
the edge in the same grain. In a few of the grains con-
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Fig. 5. SEM images of zircon grains from baddeleyite producing experimental runs. All scale bars are 20 µm. BSE and CL 
images are in cross-section, SE images from surface imaging. A) ZrBd-09, b) ZrBd-17 and c) ZrBd-18 are conducted at 900 °C 

and 1,000 MPa. The reaction rim consists of porous zircon, separated from the unaltered core by a thin band of baddeleyite 
blobs. Baddeleyite is also appearing as larger clusters. CL imaging shows that reacted zircon rims partially are CL bright. 
Surface imaging shows signs of dissolution (rounding, rough surfaces, dissolution pits and surface porosity), and the presence 

of a needle shaped phase other than zircon that is giving a furry impression. 
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D) ZrBd-14, e) ZrBd-19 and f) ZrBd-20 are conducted at 600 °C and ~400 MPa. The reaction rim consists of one or several 
bands of varying baddeleyite content, baddeleyite is seemingly most abundant in the outer rim parts (brightest in BSE).  
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taining inclusions, baddeleyite has formed at the 
boundary between the inclusion and the interior of the 
zircon grain. Surface and CL imaging show no differ-
ence compared to ZrBd-09. 
 
4.1.11 ZrBd-11 

This experiment was executed contemporaneously 
with ZrBd-09 and 10. Capsule contents were: Varberg 
zircon (7.40 mg), H2O (4.23 mg), CaCl2 (3.24 mg) and 
SiO2 (0.97 mg). Under BSE, in cross-section, all grains 
appear in homogeneous BSE brightness and most of 
the grains show the uneven surface appearance de-
scribed above. CL confirms that zoning is scarce and 
rather faint where it occurs. Some grains show CL-
bright rims. Surface imaging (SE and BSE) show 
rounded grains, small amounts of porosity and badde-
leyite blobs ranging from 1 to 10 µm in size (Fig. 6a 
and Appendix 3). 

 
4.1.12 ZrBd-12 

This experiment was executed contemporaneously 
with ZrBd-09, 10 and 11. The capsule contained: Var-
berg zircon (7.39 mg), H2O (5.48 mg), CaCl2 (2.92 
mg) and SiO2. BSE and CL images show little differ-
ence from ZrBd-11 with exception that some grains in 
this sample have been partially dissolved. Grains with 
CL bright rims are more abundant in this sample. Sur-
face imaging (SE and BSE) is also showing similari-
ties to ZrBd-11, but baddeleyite domains are generally 
larger, a few grain surfaces are almost completely al-
tered to baddeleyite (Fig. 6b and Appendix 3). 

 
 
 

4.1.13 ZrBd-13 

This experiment was executed at 600 °C and 440 MPa 
using the hydrothermal autoclave apparatus. The ex-
periment was left running for 240 h. Capsule contents 
were Varberg zircon (8.13 mg), H2O (4.59 mg), Ca
(OH)2 (3.42 mg) and SiO2 (1.71 mg). Cross-section 
BSE imaging reveals that some grains partially show 
the appearance of an uneven surface, that inclusions 
are abundant and that nearly all grains show almost 
completely homogenous BSE brightness (Appendix 
3). On the contrary, CL shows that most of the grains 
have rather distinct oscillatory zoning. Surface imag-
ing (SE) shows surface porosity in about half of the 
examined grains and that most grains are rounded. 
Additionally an abundant needle shaped phase is ob-
served, either emplaced on the surface of zircon grains 
or as stack-like heaps. 

 
4.1.14 ZrBd-14 

This experiment was conducted contemporaneously 
with ZrBd-13. Capsule contents were: Varberg zircon 
(8.73 mg), H2O (4.29 mg) and Ca(OH)2 (1.54 mg). A 
few grains are seemingly unreacted, but most grains 
show some sort of reaction. The most common feature 
in cross-section is a banded texture where baddeleyite 
occupies the outermost band, separated from the unre-
acted zircon centre by a thin BSE black band (Fig. 5d 
and Appendix 3). The thickness of these bands are 
varying, where the grains showing the thickest reac-
tion rims also show an additional light grey band be-
tween the baddeleyite and black bands. High magnifi-
cation imaging of the thickest reaction rims show that 
the baddeleyite and light grey bands are spongy and 
contain black inclusions, resembling a stromatolite-

Fig. 6. Surface SEM images of zircon from experiments that only produced baddeleyite on grains surfaces. All scale bars are 20 
µm. Baddeleyite appears as white in BSE and is marked with white arrows. A) ZrBd-11, b) ZrBd-12 (900 °C, 1,000 MPa) and c) 

ZrBd-15 (600 °C, 440 MPa). 
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like texture. CL reveals that the areas located within 
reaction rims show oscillatory zoning and that the re-
action rims (but not the baddeleyite) are CL bright. 
Surface imaging (SE and BSE) show that most grains 
are rounded and show other dissolution textures 
(porosity, preferential dissolution, etc.), baddeleyite 
blobs (1-20 µm). A needle shaped, than zircon BSE 
darker, phase is also observed. 

 
4.1.15 ZrBd-15 

This experiment was run contemporaneously with 
ZrBd-13 and 14. The capsule contained: Varberg zir-
con (7.21 mg), H2O (3.87 mg), CaCl2 (1.31 mg) and 
SiO2 (1.18 mg). BSE and CL imaging shows no differ-
ence in cross-section, compared with ZrBd-13. Surface 
imaging (SE and BSE) is also showing little differ-
ence, with the exception for a few cases of small (< 5 
µm) blob-like baddeleyite domains (Fig. 6c and Ap-
pendix 3). 

 
4.1.16 ZrBd-16 

This experiment was executed contemporaneously 
with ZrBd-13, 14 and 15. Capsule contents were Var-
berg zircon (5.73 mg), H2O (6.36 mg) and CaCl2 (2.71 
mg). Cross-section BSE and CL show no difference 
compared to ZrBd-13 (Appendix 3). Surface imaging 
(SE) shows almost no difference, with the exception 
that the needle shaped phase is much less abundant. 

 
4.1.17 ZrBd-17 

This experiment was conducted at 900 °C and 1,000 
MPa and run for 96 h using the piston cylinder appa-
ratus, and was considered as mechanically perfect. The 
contents of the capsule were: Önnestad zircon (8.72 
mg), H2O (4.30 mg), SiO2 (1.61 mg) and Ca(OH)2 

(1.57 mg). BSE imaging (Fig. 5b and Appendix 3) 
show that reaction intensity is varying from grains that 
are unreacted to grains that are partially or near com-
pletely dissolved. In a majority of the grains the zircon 
has partially been altered to baddeleyite, appearing as 
small blobs, mostly preferably distributed in bands 
following the reaction front but also scattered through-
out the reaction rim or concentrated to cracks and 
pores in the otherwise unreacted grain centre. Reaction 
rims are highly porous. The unreacted grain centres 
show homogenous BSE brightness. CL imaging shows 
oscillatory zoning in most grains, but also a few grains 
that lack zoning, as well as that reaction rims (but not 
the baddeleyite) are CL bright. Surface imaging (SE 
and BSE) shows that most grains are rounded and po-
rous. Other surface textures are e.g. a grain where al-
most the whole grain surface shows an intricate pattern 
of semi-concordant needles. A few examples of small 
(< 5 µm) blob-like baddeleyite domains are also ob-
served. 

 
4.1.18 ZrBd-18 

This experiment was executed simultaneously with 

ZrBd-17. The capsule contained: ASGH007A zircon 
(4.00 mg), SiO2 (1.45 mg), H2O (1.40 mg) and Ca
(OH)2 (1.31 mg). Under BSE (Fig. 5c and Appendix 3) 
most grains show a reacted appearance, although a 
small number of seemingly unreacted grains are pre-
sent. Most reacted grains are to a varying extent par-
tially dissolved. In a majority of the grains baddeleyite 
is present as small blobs; oriented in continuous bands, 
scattered throughout the reaction rim, concentrated 
along cracks or pores in the otherwise unreacted grain 
interior, or as in a few cases scattered through the 
grain interior without any preferred orientation. Most 
of the grains show a highly porous reaction rim, but a 
few baddeleyite containing grains show no reaction 
rim at all. Under CL most grains show oscillatory zon-
ing as well as CL bright reaction rims, also in grains 
where no baddeleyite is observed. The baddeleyite 
itself have approximately the same CL brightness as 
the unreacted zircon cores. Surface imaging (SE and 
BSE) shows that most grains are rounded and show 
other dissolution textures such as surface porosity. A 
few examples of small (~1 µm) blob-like baddeleyite 
domains are also observed. 

 
4.1.19 ZrBd-19 

This experiment was conducted at 600 °C and 420 
MPa and run for 50 days using the hydrothermal auto-
clave apparatus. The contents of the capsule were: 
Varberg zircon (7.10 mg), H2O (3.98 mg), SiO2 (1.41 
mg) and Ca(OH)2 (1.70 mg). Most grains show little 
signs of reaction. Signs of reaction are: most grains are 
somewhat rounded and have thin (< 1 µm) BSE bright 
irregular lines where both ends are located to grain 
edges (Fig. 5e and Appendix 3). A few grains are 
heavily reacted and partially altered to baddeleyite. 
Baddeleyite is found as a highly porous BSE white 
outer rim, followed (inwards) by a thin BSE light grey 
band and a BSE dark grey band before reaching the 
BSE grey unreacted zircon. Baddeleyite rims are vary-
ing in thickness between 1 and 20 µm. Surface imag-
ing (SE and BSE) shows that most grains are rounded 
and that dissolution pits are common on most surfaces. 
A fibrous BSE darker phase is present on the surface 
of almost all grains, appearing as heaps of needles 
covering the surface to varying degree. CL imaging 
shows that most grains are oscillatory zoned and that 
reaction rims are CL bright (except for baddeleyite 
rich parts that are CL dark). 

 
4.1.20 ZrBd-20 

This experiment was run contemporaneously with 
ZrBd-19. The contents of the capsule were: Varberg 
zircon (6.64 mg), H2O (3.93 mg) and Ca(OH)2 (1.78 
mg). This sample is very similar to ZrBd-19 under 
SEM imaging (Fig. 5f and Appendix 3). In contrast all 
grains are partially altered to baddeleyite and the 
amount of baddeleyite per grain is much larger. Grains 
are also much more dissolved and rounded; only a few 
examples of euhedral zircon grains are present. In a 
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few grains baddeleyite appears in the grain interior, 
seemingly without connection to the grain edges. 

 

4.2 Electron microprobe analyses 
All EMP data is presented in Table 2, and plotted in 
Figure 7. Generally this data is confirming that the 

Fig. 7. Left: Ternary Si-Ca-Zr plot of EMP data (Table 2) from experimental products from experiments using the Varberg zir-
con starting material. Note that a number of altered rims are plotting on a trajectory between the baddeleyite apex and a the-

oretical wollastonite point. Analyses from unaltered cores from altered zircons, as well as zircon analyses from experiments that 
did not produce any alteration, are plotting together with the starting material.  

Right: Plot of Al2O3 vs. SiO2 using the same data as in the previous plot, possibly indicating Al enrichment with decreasing Si-
content (increasing alteration). 

BSE white (in comparison with zircon) mineral is bad-
deleyite, showing that altered zircon rims are enriched 
in Ca, as well as a possible enrichment of Al in altered 
zircon rims. EMP element maps (Fig. 8) are showing 
that some larger pores in fact are filled with a Ca rich 
compound.  
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Fig. 8. EMP element maps of parts of zircon grains from ZrBd-14, 17 and 18. The bottom right set of maps are partially over-
lapping the bottom right corner of the bottom left set of maps. In the upper left set of maps it is notable that within the reaction 

rim Zr seemingly is low where Ca is high. In the bottom two sets of maps it is also noteworthy that what appears as pores (BSE 
black) show high Ca content, suggesting that these pores are filled with a phase other than zircon. 
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4.3 Energy dispersive x-ray analyses 
SEM-EDS data for ZrBd-10 is presented in Table 3 
and plotted in Figure 9. Analysed grain types or grain 
parts are: unaltered zircon cores, altered zircon rims, 
baddeleyite domains and reaction products other than 
zircon. A part from that altered rims are showing ele-
vated Ca content, a pure Ca silicate component is also 
identified, showing mass percentages corresponding to 
wollastonite. It is important to note that analyses con-
taining Zr are flawed (probably systematic instrument 
error), for unaltered zircon giving Zr values elevated 
by ~10 mass% compared to a theoretical zircon. Many 
analyses are also showing total mass percentages sig-
nificantly differing from 100%. Hence, the EDS data 
should not and cannot be compared with the EMP da-
ta. 

 

5 Discussion 
5.1 Zircon-baddeleyite stability 
Zircon is a robust mineral and assumed to withstand 
metamorphic and hydrothermal processes at most con-
ditions, without participating in reactions or equilibrat-
ing its composition with the environment. The stability 

field of zircon in relation to different silica varieties is 
presented in Figure 10. 

Despite the fact that zircon should not react to form 
baddeleyite at the P and T conditions used in this 
study, baddeleyite has formed. Silica activity is one 
parameter that would affect zircon-baddeleyite stabil-
ity, where a silica activity below one would make dis-
solved zircon partially re-precipitate as baddeleyite. 
All experiments but one that were conducted at silica 
under-saturated conditions in this study are also show-
ing extensive alteration of zircon to baddeleyite, sup-
porting the previous statement. However, a number of 
experiments conducted at silica saturated conditions 
are showing the same alteration and baddeleyite for-
mation. Hence, I would like to propose that the silica 
activity in the system somehow is lowered during the-
se experiments. 

It is notable that (with exception for ZrBd-20) not 
all grains are altered in the experiments that gave bad-
deleyite formation. This could be a random effect, but 
also a matter of reaction time or that different zircon 
grains have varying reactiveness, a combination of all, 
or other parameters. No simple explanation can be 
provided by the observations and data included in this 
study. 

 
 
 
 

Fig. 9. Ternary Si-Ca-Zr plot based on SEM-EDS data 
(Table 3) from ZrBd-10. Possible wollastonite grains are 

found to contain only Si and Ca as major elements. Analyses 
of altered rims are plotting on a trajectory between the wol-
lastonite analyses and the baddeleyite analyses. It is also 

noteworthy that a pure Ca phase is analysed as a reaction 
product, the low total wt% values of this phase could indi-
cate high H content. 

Fig 10. Phase diagram showing the stability fields of quartz 
and other silica phases. In addition, lines for the breakdown 

reaction of zircon to baddeleyite + a silica phase are drawn 
out for a range of baddeleyite activities ranging from 0.7 to 
1. Interestingly, the conditions used in this study (380-1,000 

MPa and 600-900 °C) are not even near the conditions 
where the observed reaction takes place in a silica saturated 
system. Based on thermodynamic data from Holland & Po-

well (1998) and constructed by Alexander Proyer (personal 
communication) using Thermo-Calc 3.30. 
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5.2 Model for baddeleyite formation 
How can the silica activity be lowered to a(Si) < 1 in a 
system that initially is silica saturated? One way would 
be if the fluid in the system is preferentially dissolving 
Zr before Si, making the fluid silica under saturated, 
meaning that shortage in silica would make dissolved 
zircon to some extent re-precipitate as baddeleyite. 
Experimental work has showed that several salt-water 
solutions, e.g. NaCl and CaCl2, yield decreasing quartz 
solubility with increasing mole fraction salt (Xsalt) 
compared to pure water. For NaCl-H2O solutions a salt
-in effect is present at the lower P and T conditions 
used in this study, meaning that quartz solubility is 
enhanced at low Xsalt (< 0.1). At Xsalt > 0.1 quartz solu-
bility is decreasing with increasing Xsalt. At the higher 
P and T conditions used in this study no salt-in effect 
is observed (Newton and Manning 2000; Shmulovich 
et al. 2006). However, this salt-in effect is not ob-
served for CaCl2-H2O solutions, which can be ex-
plained through solutions containing doubly charged 
cations (e.g. Ca2+) seemingly have greater negative 
impact on quartz solubility than singly charged cations 
(e.g. Na+), and is true for both P and T conditions used 
in this study (Shmulovich et al. 2006). In this study an 
Xsalt ≈ 0.1 was used, and according to Shmulovich et 
al. (2006) this would yield a quartz solubility just be-
low half the one of pure water at 800 °C and 900 MPa 
(approximately the high P and T conditions used in 
this study), and just above half the one of pure water at 
500 °C and 500 MPa (approximately the low P and T 
conditions used in this study). 

Furthermore, Ryzhenko et al. (2008) have shown 
experimentally that several acidic and basic, salt and 
non-salt, aqueous solutions (e.g. NaOH) yield in-
creased zirconium solubility with increased concentra-
tion acid or base. At XNaOH ≈ 0.004, 500 °C and 100 
MPa, the zirconium solubility is about three times as 
high as in pure water. It should be noted that Ryzhen-
ko et al. (2008) do not include P and T conditions 
comparable to this study, nor CaCl2 or Ca(OH)2. How-
ever, these results are not undisputed, and the zirconi-
um solubility values are proposed to be elevated 
(Migdisov et al. 2011). Migdisov et al. (2011) are also 
proposing that zircon (not zirconium) solubility in a 
zircon-K-feldspar-muscovite-quartz-NaCl-KCl-HF sys
-tem would decrease with increased temperature at a 
100 MPa isobar, and they are also pointing out the 
importance of HF concentration as Zr is concluded to 
be transported in Zr-F-OH complexes meaning that 
increased HF concentration would enhance zircon sol-
ubility. However, I would still like to suggest that 
there is a possibility that the presence of calcium salts 
in a fluid is enhancing zirconium solubility. 

Experiments conducted using Ca(OH)2 generally 
result in stronger reaction than those conducted using 
CaCl2, suggesting that Ca(OH)2 would be a more po-
tent reactant. Firstly, one should note that Ca(OH)2 is a 
strong base and that a basic system might enhance the 
general rate of dissolution, implying increased reac-
tiveness. However, no references in the literature ex-

ploring change in zircon dissolution as a function of 
basicity can be found to support this statement. Fur-
thermore, according to Evans (2007) a fully dissociat-
ed salt would yield much higher negative effect on 
quartz solubility than a fully associated salt. It is un-
likely that CaCl2 would be significantly dissociated as 
Ca has a large charge to radius ratio (implying high 
ion association) and CaCl2 should be regarded as fully 
associated at the conditions used in this study (Evans 
2007). In contrast, one should be able to assume that 
Ca(OH)2 (being a strong base) is near fully dissociated 
and by analogy to Evans (2007) thereby lowering the 
quartz solubility by at least twice as much as CaCl2 

does. If this is true, it would imply that a Ca(OH)2 
bearing fluid would more readily preferentially dis-
solve zirconium than a CaCl2 bearing fluid. 

Another way to lower the silica activity in the sys-
tem would be if Si is reacting and forming complexes 
or compounds with Ca. Si would then be effectively 
immobilised, making the fluid highly silica under-
saturated, significantly lowering the silica activity be-
low one. Dissolved zirconium would then, in accord-
ance with previous statements, partially or completely 
re-precipitate as baddeleyite rather than zircon. The 
fact that experiments run with a Ca:Si ratio << 1 
(Table 1) did not produce baddeleyite supports this 
idea, as the Ca content in these experiments was too 
low to immobilise enough Si to make the fluid silica 
under saturated. Further support comes from the fact 
that a Ca silicate component is present as a reaction 
product (Figs. 7 & 9) and as part of altered zircon 
rims. Semi-quantitative SEM-EDS analyses (Table 3) 
of the pure Ca silicate show mass percentages for Si 
and Ca corresponding to those of the mineral wollas-
tonite (CaSiO3). EMP data for a number of altered 
zircon rims are also plotting on a trajectory between 
baddeleyite and a theoretical wollastonite point, indi-
cating that the seemingly porous baddeleyite reaction 
rims (seen in e.g. ZrBd-14) are not porous but rather 
an intergrowth between baddeleyite and wollastonite. 
This can also be seen in the EMP element maps (Fig. 
8). It is impossible to tell whether the wollastonite is 
forming simultaneously with the baddeleyite, or is 
simply filling pores created by the coupled dissolution-
reprecipitation process. 

As a result of the previous discussion, I would like 
to propose the following model for partial alteration of 
zircon to baddeleyite, also conceptually presented in 
Figure 11. Initially the system (zircon, water, silica 
and Ca(OH)2 or CaCl2) is silica saturated. Increased 
temperature (600-900 °C) and pressure (400-1000 
MPa) give two effects; (1) reduced quartz solubility 
and possibly enhanced zirconium solubility, (2) com-
plex bonding between Ca and Si implying immobilisa-
tion of Si. The system would now be effectively silica 
under saturated, as an effect of (1), (2) or both com-
bined. With increased time the reaction front moves 
further into a zircon grain, gradually dissolving it and 
preferentially dissolving Zr as Si solubility is reduced 
by Ca ions. The dissolved material is gradually re-
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precipitating; as zircon if Si is available, as baddeleyite 
if Si is unavailable and as wollastonite if Ca is availa-
ble. Depending on how much the silica activity is re-
duced, the result will be zircon varyingly partially al-
tered to baddeleyite. 

 

5.3 Geological implications 
In nature, as described by Lewerentz (2010), altered 
zircon grains seemingly are occurring at random with 
respect to mineralogy. In some cases altered zircon are 
situated only a few µm from unaltered ones. The ex-
periments carried out in this study are showing the 
same result. This suggests that the reactivity of a zir-
con grain is a more important factor than petrological 
factors in the host rock (mineralogy, textures, cracks, 
etc.), controlling whether a zircon grain will be altered 
or not. 

Coupled dissolution-reprecipitation as the mecha-
nism for metasomatic alteration of zircon is re-
equilibrating the zircon chemistry with the fluid chem-
istry. It is reasonable to believe that a hydrothermal 
fluid is enriched in terms of  elements such as Al, Fe, 
Ca and Na. These elements are non-stoichiometric in 
zircon and could therefore be enriched in the resulting 
zircon reaction rim. The reacted zircon areas are also 
reported being porous in comparison to unreacted are-
as (Geisler et al. 2007). This is also seen in the natural 
baddeleyite containing zircon grains from southern 
West Greenland (Lewerentz 2010). Reacted zircon 
grains from this study are showing a prominent and 
porous reaction rim and recrystallisation front encap-
sulating an unreacted core. EMP analyses show elevat-
ed values of Ca within reaction rims, and possibly in-
dicating the same for Al. This study, constructed to 
mimic a hydrothermal fluid system, is showing results 
conforming to both other experimental studies and 
examples from nature. Thus, I conclude that baddeley-
ite intergrowths in the zircon from southern West 
Greenland are a result of fluid induced hydrothermal 
alteration (i.e. metasomatism), with coupled dissolu-
tion-reprecipitation being the underlying mechanism. 

Metasomatic alteration of rocks probably took 
place along localised zones, i.e. where fluids could 
move forth. This can however not be observed in field. 
It is possible that macro-scale alteration textures or 
structures have been overprinted by later deformation 
and metamorphism, as the complex geological history 
of southern West Greenland contains numerous meta-
morphic events. On the micro scale, both plagioclase 
and K-feldspar are commonly showing signs of altera-
tion in these rocks. One possibility is that plagioclase, 
being a Ca bearing mineral, during alteration released 
enough Ca to enable alteration of zircon to baddeley-
ite. However, SEM-EDS analyses of plagioclase show 
homogeneous An contents within all four rocks (see 
1.4 Natural zircon and Appendix 1). If plagioclase was 
altered to some extent within the rock and that this 
enabled zircon alteration, it might be assumed that An 
contents should be more heterogeneous. Based on this 
I would like to suggest that an external fluid is respon-
sible for alteration of zircon and other minerals. 

Fluid chemistry is an important factor on whether 
baddeleyite will form or not. Ca bearing fluids are 
used and resulting in baddeleyite formation in this 
study. As Ca-Si complex bonding is proposed to be 
part of the model behind baddeleyite formation, it is 
reasonable to assume that any fluid containing an ele-
ment complexing with Si could alter zircon to badde-
leyite. However, such an element must also be one of 
the major rock forming elements to be available in 
quantities large enough to effectively neutralise the 
silica activity in a silica saturated system. Daniel E. 
Harlov (personal communication) has conducted ex-
periments with zircon using the same P and T condi-
tions as in this study, but except Ca(OH)2 also used 
different K and Na compounds as fluids. However, 
only Ca(OH)2 based fluids resulted in baddeleyite for-
mation. Thus, I propose that fluids responsible for bad-
deleyite formation in zircon are Ca bearing. 

Both zircon and baddeleyite are important minerals 
for U-Pb geochronology, as they incorporate U but not 
Pb during formation. If baddeleyite is forming due to 
metasomatism, this baddeleyite should also incorpo-

Fig. 11. A conceptual drawing of the proposed model for how alteration of zircon to baddeleyite takes place. Initially the system 
is silica saturated. Increased pressure and temperature reduces quartz solubility, possibly enhanced zirconium solubility and 

probable complex bonding between calcium and silicon, all together resulting in reduced silica activity. The process of coupled 
dissolution-reprecipitation will alter the zircon, now in a silica under-saturated system. Depending on how low the silica activity 
is, varying amounts of baddeleyite will replace the original zircon. 
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rate U in its structure but not Pb. Furthermore, the re-
acted zircon is assumed to undergo depletion of trace 
elements (such as Pb). CL images (Figs. 5 and 6) of 
zircon reaction rims are indicating depletion of trace 
elements. Trace element depletion can however not be 
detected in the EMP data, due to insufficient detection 
limits. EMP element maps (Fig. 8) are showing an 
apparent enrichment of Hf in altered zircon rims, alt-
hough this is probably an effect of volume change and 
no real significant concentration change. In nature, 
metasomatically altered zircon is reported to show 
trace element depletion in altered areas (Rubatto et al. 
2008; Soman et al. 2010).  Similarly, trace element 
loss in reaction rims is also observed as a result of 
metasomatism and partial alteration of monazite 
(Harlov et al. 2011). Conclusively, there should be two 
separate possibilities to use U-Pb geochronology to 
date a metasomatic event, either by dating the badde-
leyite or the zircon reaction rim, where total Pb-loss 
and U-Pb resetting is expected. The extent of e.g. Pb-
loss must however be confirmed by using precise and 
accurate U-Pb microanalyses of e.g. experimentally 
altered zircon, where t=0 is well established. 
 

6 Further studies 
To confirm that metasomatically formed baddeleyite 
and altered zircon areas can be dated, precise and ac-
curate U-Pb micro-analyses would be useful. Analyses 
of REE and other trace elements would also provide 
further insight in the mechanisms of the underlying 
processes. Lastly, TEM would give valuable nano 
scale information on the behaviour of the transition 
between altered and unaltered zircon. 

 

7 Conclusions 
• Baddeleyite intergrowths in zircon form due to 

metasomatic alteration (i.e. coupled dissolution
-reprecipitation). 

• In order to reprecipitate baddeleyite in an ini-
tially silica saturated system, the silica activity 
must be lowered. 

• The silica activity could be lower by Ca-Si 
complexing and or preferential Zr dissolution. 

• Ca-bearing fluids were probably responsible for 
the alteration of zircon to baddeleyite in the 
four studied silica saturated rocks from south-
ern West Greenland. 

• U-Pb dating of altered zircon areas and metaso-
matically formed baddeleyite should yield an 
age representing the time of alteration. 
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Appendix 2. Complete SEM image record of starting materials 
 

Varberg charnockite zircon (all scale bars are x µm) 
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Önnestad syenite zircon (all scale bars are x µm) 
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ASGH007A tonalite zircon (all scale bars are x µm) 
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Appendix 3. Complete SEM image record of experimental runs 
 

ZrBd-01 (all scale bars are 80 µm) 
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ZrBd-02 (all scale bars are 80 µm) 
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ZrBd-03 (all scale bars are 80 µm) 
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ZrBd-04 (all scale bars are 80 µm) 
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ZrBd-05 (all scale bars are 80 µm) 
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ZrBd-06 (all scale bars are 80 µm) 
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ZrBd-07 (all scale bars are 80 µm) 
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ZrBd-08 (all scale bars are 80 µm) 
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ZrBd-09 (all scale bars are 80 µm) 
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ZrBd-10 (all scale bars are 80 µm) 
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ZrBd-11 (all scale bars are 80 µm) 
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ZrBd-12 (all scale bars are 80 µm, unless other stated) 
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ZrBd-13 (all scale bars are 80 µm) 
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ZrBd-14 (all scale bars are 80 µm) 
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ZrBd-15 (all scale bars are 80 µm) 
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ZrBd-16 (all scale bars are 80 µm) 
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ZrBd-17 (all scale bars are 80 µm) 
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ZrBd-18 (all scale bars are 80 µm) 
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ZrBd-19 (all scale bars are 80 µm) 
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ZrBd-20 (all scale bars are 80 µm) 
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