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Abstract: Most recent studies consider the formation of individual pegmatite bodies to be a fast
process with estimated crystal growth rates reaching a walloping 10 m/day. This opinion is pre-
sumably underpinned by the traditional way of thinking of them as the end products of magmatic
fractionation. Indeed, modelling has shown that if a pegmatite-forming substance with a temperature
near granitic solidus intrudes into a much colder host rock, as recorded in some outcrops, it must cool
rapidly. From here, a conclusion is made that the crystallisation must likewise be rapid. However, this
view is challenged by several studies that published isotopic dates supported by petrological charac-
terisation of the analysed materials, which suggested or can be used to suggest that some minerals in
pegmatites grew over millions of years. Surprisingly, such in-depth work on the geochronology of
individual pegmatite bodies is relatively uncommon, so it is early to make generalisations. Here, I
highlight some of the existing evidence with the aim to stimulate further research into the timescales
of pegmatite crystallisation, including the use of petrologically constrained isotopic dating.
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1. Introduction

Pegmatites have long provoked fascination and curiosity in geoscientists, whether as
rocks with unusual textures in general and gigantic crystals in particular [1]; as a source
for many beautiful coloured stones [2], raw materials [3] and critical metals [4]; or as a
petrological record of the transition from magmatic to hydrothermal crystallisation [5].
Although immense efforts have been made to understand how pegmatites form, there is
no unanimity about this in the recent literature. Debated subjects include even such prime
things as the physical nature of pegmatite-forming substances [1,6–8] and their relationship
with large felsic intrusions [9–14]. All of these subjects, however, lie outside the scope of the
present paper. Instead, I would like to draw readers’ attention to the subject that has not
really been a matter of debate in recent years, which is the timescales over which individual
pegmatite bodies form.

Historically, pegmatites are regarded as the end product of the evolution of large felsic
intrusions, within or near which many of them are found [1,6,7], even though a growing
number of studies report pegmatites that lack spatial and temporal links to such bodies
and thus could have formed by anatexis [9–14]. This historical framework of thinking
leads to the idea that pegmatite-forming substances have starting temperatures near the
granite solidus, and that their crystallisation rate is somehow related to the cooling rate
of these substances after their emplacement into potentially much colder country rocks,
which was estimated to reach 102 ◦C/week [15–17]. From here, it follows that isotopic
dates of any primary mineral from pegmatites that did not leak radiogenic isotopes after its
formation should be statistically equivalent. Consequently, most previous geochronological
studies of pegmatites aimed to obtain a single number interpreted as the age of its complete
crystallisation, while any scatter in the acquired dates was ascribed to some thermal
disturbances or genetically unimportant alteration [9–14,18–29]. However, what if we
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look at the results of isotopic dating of pegmatites without a priori constraints from our
understanding of how they should form?

Relatively few previous studies of pegmatites present spatially resolved isotopic dates
that are supplemented by detailed petrological characterisation of the analysed materials,
and they often report significant scatter in the obtained apparent ages [24–33]. Some of
these results were or can be taken as evidence for protracted, multi-stage and potentially
polygenic origin of individual pegmatites, which challenges the very foundation of think-
ing of them as fast-forming products of the late-stage evolution of felsic magmas. Here,
I review four examples that seem most interesting to me with the aim to highlight that
geochronological tools can be used to investigate the timescales of pegmatite crystallisation
and thereby stimulate further efforts in this direction. While it is too early to make generali-
sations at this stage, I believe that having more comparable evidence at hand will advance
our understanding of how pegmatites form.

2. Examples of Protracted (Re)Crystallisation in Pegmatites

The term ‘pegmatite’ has been used to describe rocks of highly variable but broadly
igneous chemical and mineral composition, at least some portions of which consist of very
large cm to m scale crystals [15]. Here, I simply inherit its use from the reviewed articles,
which may of course obscure some important petrological and genetic differences between
the rocks and the processes in their focus. I believe that this is justifiable in context of
the present contribution because it seeks to highlight that geochronological evidence may
be one of the keys to reveal such differences and understand their causes. Petrological
studies of pegmatites typically identify a logically continuous sequence of events that are
considered as part of some pegmatite-forming process, such as crystallisation from melt
followed by precipitation from fluid that exsolved from it, and may further distinguish one
or several later discontinuous events that are regarded as genetically unrelated overprint,
such as weathering [34–36]. My paper is only concerned with evidence relating to the first
type of events, that is, with geochronological data from minerals that were traditionally
considered to have formed at some stage of a continuous pegmatite-forming process,
whatever it might be.

I have selected four studies from different localities that demonstrate that any stage
of mineral growth in pegmatites can be protracted. These cover a clearly early phase in
the crystallisation sequence, which is zircon from the Finero pegmatites; a gemstone, albeit
atypical, which is alkali feldspar from the Itrongay pegmatites; a potential ore mineral,
which is Li-rich mica from the Pakeagama Lake pegmatite; and what was initially assumed
to be a product of autometasomatism, which is a muscovite and buddingtonite-bearing
pseudomorph after beryl from the Volyn pegmatites. I use the following abbreviations in
the text and figures below: CL—cathodoluminescence; BSEs—back-scattered electrons; LA-
ICP-MS—laser ablation inductively coupled plasma mass spectrometry; TIMS—thermal
ionisation mass spectrometry; CGMs—columbite group minerals; Ms—muscovite; Lpd—
lepidolite and F-, Rb-, Cs- and Li-rich zones in muscovite; bud—buddingtonite; tob—
tobelite.

2.1. Finero Pegmatites

Schaltegger et al. [30] studied U-Pb systematics of zircon from pegmatites from the
Finero complex, which is located at the Swiss/Italian border. These are alkaline peg-
matites emplaced into mafic-ultramafic rocks. The host rocks were estimated to reside at
temperatures in excess of 600 ◦C near the time of emplacement.

Zircon from these pegmatites forms crystals reaching 9 cm in length. The most studied
crystal had an oscillatory-zoned rim of 200 µm width and a patchy core (Figure 1a,b). Its
U-Pb analysis by in situ LA-ICP-MS yielded younger 206Pb/238U dates for the rim than for
the core: two analyses from the rim were near 197 Ma (with a typical 2σ error of ±2.5 Ma),
while the analyses from the core had a weighted mean of 202.54 ± 0.46 Ma (2σ) and reached
205.7 Ma. TIMS U-Pb analysis of fragments from the same crystal yielded 206Pb/238U dates
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that ranged from 200.7 ± 0.24 Ma (2σ) for its outer parts to 205.1 ± 0.22 Ma (2σ) for its
core (Figure 1c,d). These variations were shown to correlate with zircon chemistry (Th-U-
Ree contents and Nb/Ta and Th/U ratios) and Hf isotope systematics. Schaltegger et al.
conclude that it took several growth episodes distributed over 4.5 Ma to form this crystal.
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Figure 1. The results of U-Pb dating of zircon from pegmatites from the Finero complex (Swiss/Italian
border) by Schaltegger et al. [30] (reproduced with permission from the Mineralogical Society of
America). (a) Photograph of the most studied zircon crystal. (b) CL image of the outermost part of
the crystal in (a). (c) Sketch showing the spatial distribution of the TIMS U-Pb dates obtained from
the piece that was cut from the same crystal as shown in (a). (d) Concordia plot with all of the TIMS
U-Pb data reported for the same crystal. Note the systematic rim-to-core increase in U-Pb dates that
amounts to ~4.5 Ma.

2.2. Itrongay Pegmatite

Popov et al. [31] investigated the internal constitution and 40Ar/39Ar systematics of a
gem-quality alkali feldspar crystal associated with pegmatites from the Itrongay locality in
Madagascar. The crystal was picked from the ground near several pits with predominantly
quartzofeldspathic pegmatites, which were emplaced while their host rocks cooled after
a high-grade metamorphic event. The exact relationships between the crystal and the
pegmatites are therefore unknown, although most previous studies regarded similar alkali
feldspar from Itrongay as a pegmatitic phase [37–41].

CL and BSE imaging revealed five distinct zones in the alkali feldspar crystal, the
first three of which were perfectly transparent and optically continuous, while the latter
two represented optically discontinuous turbid surface coatings (Figure 2a–c) [31]. It
was inferred that the first three zones formed from similar collections of substances, each
including a silica gel and a CO2-rich fluid, while the latter two zones formed from an
H2O-dominated fluid. Initially, Popov et al. suggested that every zone formed well after
the pegmatites in the area completed their crystallisation [31]. However, they later observed
an analogous assemblage of inclusions comprising a silica gel and a CO2-rich fluid in a
pegmatite sample, implying that the first three zones of the dated crystal and the pegmatites
could have formed concurrently and are indeed genetically related to each other [8]. The
turbid coatings can still be interpreted as some late alteration caused by an inflow of an
H2O-rich fluid having no connection to the pegmatite-forming process.

40Ar/39Ar dates from within each zone of the alkali feldspar crystal were overdis-
persed; however, on average, each more exterior zone yielded younger 40Ar/39Ar dates
than the preceding one (Figure 2d,e) [31]. Popov et al. showed that only the central part of
the crystal may have partially lost 40Ar by diffusion into hypothetical unevenly distributed
inclusions, which may have caused the excess scatter of its 40Ar/39Ar dates around the
mean value of 454 Ma. They therefore suggested that its age may rather be approximated
by the K-Ca date of 477 ± 2 Ma (2σ) that was obtained for another similar crystal from
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Itrongay by Nägler and Villa [38]. The overdispersion of 40Ar/39Ar dates in the following
three zones (the outermost rim was not analysed) was explained by the presence of excess
40Ar, so their ages were estimated as the mean of the second to fourth youngest analyses as,
moving outwards, 401.7 ± 4.8, 375.3 ± 4.5 and 176 ± 19 Ma (2σ). The gem-quality part of
the crystal thus formed in three episodes distributed over ~100 Ma.

Geosciences 2023, 13, x FOR PEER REVIEW 4 of 12 
 

 

distributed inclusions, which may have caused the excess scatter of its 40Ar/39Ar dates 
around the mean value of 454 Ma. They therefore suggested that its age may rather be 
approximated by the K-Ca date of 477 ± 2 Ma (2σ) that was obtained for another similar 
crystal from Itrongay by Nägler and Villa [38]. The overdispersion of 40Ar/39Ar dates in the 
following three zones (the outermost rim was not analysed) was explained by the presence 
of excess 40Ar, so their ages were estimated as the mean of the second to fourth youngest 
analyses as, moving outwards, 401.7 ± 4.8, 375.3 ± 4.5 and 176 ± 19 Ma (2σ). The gem-
quality part of the crystal thus formed in three episodes distributed over ~100 Ma. 

 
Figure 2. The results of Popov et al. [31] on in situ 40Ar/39Ar dating of a gem-quality crystal of alkali 
feldspar associated with the Itrongay pegmatites (Madagascar). (a) CL image of the dated crystal 
showing three major zones, which were produced in separate crystallisation events separated by 
dissolution events. (b–c) BSE images showing that each of the outer two zones can be further sub-
divided into two subzones, each reflecting a new growth event preceded by a dissolution event. (d) 
Rim-to-core in situ 40Ar/39Ar date profile that was acquired along the line shown in (a) and captured 
four inner (sub)zones that were wide enough to be analysed. (e) All of the in situ 40Ar/39Ar dates. 
Note that the in situ 40Ar/39Ar dates systematically increase towards the core of the crystal, including 
a ~200 Ma increase between turbid zone 3a and gem-quality zone 2b and a further ~100 Ma increase 
through gem-quality zones 2b, 2a and 1. 

2.3. Pakeagama Lake Pegmatite 
Smith et al. [28,29] published two studies of the Pakeagama Lake pegmatite from the 

Superior Province in Canada. This is a rare-element granitic pegmatite with beryl, petalite, 
spodumene, Li-rich mica, tourmaline and CGMs that forms a post-collisional intrusion in 
a greenstone belt with the exposure dimensions of 50 by 250 m. It was cut by veins that 
consist of quartz, Li-rich mica and CGMs, which were interpreted as the latest stage of 
crystallisation from a melt and a F-rich fluid. 

The earlier study focussed on U-Pb geochronology of CGMs [28]. BSE images showed 
that CGMs have oscillatory zoning. In situ LA-ICP-MS U-Pb analysis of CGMs from the 
primary assemblage yielded 207Pb/206Pb dates that overlapped within 2σ uncertainties and 
had a weighted mean of 2670 ± 5 Ma (2σ). This value was interpreted as the age of initial 
emplacement. CGMs from the veins were analysed by in situ LA-ICP-MS and TIMS. The 
former method produced relatively imprecise 207Pb/206Pb dates that overlapped within 2σ 
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Figure 2. The results of Popov et al. [31] on in situ 40Ar/39Ar dating of a gem-quality crystal of
alkali feldspar associated with the Itrongay pegmatites (Madagascar). (a) CL image of the dated
crystal showing three major zones, which were produced in separate crystallisation events separated
by dissolution events. (b–c) BSE images showing that each of the outer two zones can be further
subdivided into two subzones, each reflecting a new growth event preceded by a dissolution event.
(d) Rim-to-core in situ 40Ar/39Ar date profile that was acquired along the line shown in (a) and
captured four inner (sub)zones that were wide enough to be analysed. (e) All of the in situ 40Ar/39Ar
dates. Note that the in situ 40Ar/39Ar dates systematically increase towards the core of the crystal,
including a ~200 Ma increase between turbid zone 3a and gem-quality zone 2b and a further ~100 Ma
increase through gem-quality zones 2b, 2a and 1.

2.3. Pakeagama Lake Pegmatite

Smith et al. [28,29] published two studies of the Pakeagama Lake pegmatite from the
Superior Province in Canada. This is a rare-element granitic pegmatite with beryl, petalite,
spodumene, Li-rich mica, tourmaline and CGMs that forms a post-collisional intrusion in
a greenstone belt with the exposure dimensions of 50 by 250 m. It was cut by veins that
consist of quartz, Li-rich mica and CGMs, which were interpreted as the latest stage of
crystallisation from a melt and a F-rich fluid.

The earlier study focussed on U-Pb geochronology of CGMs [28]. BSE images showed
that CGMs have oscillatory zoning. In situ LA-ICP-MS U-Pb analysis of CGMs from the
primary assemblage yielded 207Pb/206Pb dates that overlapped within 2σ uncertainties and
had a weighted mean of 2670 ± 5 Ma (2σ). This value was interpreted as the age of initial
emplacement. CGMs from the veins were analysed by in situ LA-ICP-MS and TIMS. The
former method produced relatively imprecise 207Pb/206Pb dates that overlapped within 2σ
uncertainties and had a weighted mean of 2661 ± 4 Ma (2σ), while the latter one yielded
scattered 207Pb/206Pb dates ranging from 2638 ± 1 Ma to 2659 ± 1 (2σ). The scatter was
attributed to isotopic disturbances by later fluids. Note that this is a commonly invoked
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process to explain scattered U-Pb dates from pegmatites, whether with or without support
from petrological evidence [9–12,23–25].

The later study carried out in situ 40Ar/39Ar dating of mica from the primary assem-
blage [29]. BSE imaging revealed that the original muscovite is often replaced by mica with
elevated measured F, Rb and Cs and inferred Li content along the edges of crystals and as
veins across their cores (Figure 3a). Mica from the least altered sample yielded relatively
uniform 40Ar/39Ar dates that range from 2625 ± 32 to 2674 ± 28 Ma (2σ), while mica from
more altered samples yielded 40Ar/39Ar dates spanning from 2117 ± 22 to 2870 ± 32 Ma
(2σ). This overall correlation between the presence of young 40Ar/39Ar dates and the
degree of mica alteration sometimes manifested itself within individual 40Ar/39Ar date
profiles, and altered domains yielded systematically younger 40Ar/39Ar dates than fresher
ones in some crystals (Figure 3), although not in all of them. Smith et al. interpreted the
formation of F-, Rb-, Cs- and Li-rich zones in mica as the integral part of the pegmatite
formation process. This led them to attribute the observed 40Ar/39Ar date variations to
diffusive loss of 40Ar and hypothesise that the observed correlation of 40Ar/39Ar dates
with composition is caused by related variations in mica’s diffusion properties.

Although Smith et al. did raise the possibility that the 40Ar/39Ar date variations
were created by fluid-induced dissolution–reprecipitation, they dismissed it because of
the assumption that zoning in mica has fully developed within the timeframe of the
fast pegmatite-forming process. However, without this assumption, their preferred inter-
pretation becomes questionable, especially in the light of more recent research into the
mechanisms of 40Ar migration in micas, albeit mostly in muscovite. A growing number
of studies have shown by combining in situ 40Ar/39Ar dating with petrological charac-
terisation and occasionally Rb-Sr dating that fluid-mediated recrystallisation dominates
40Ar redistribution in muscovite [42–44]. Furthermore, it has been recently demonstrated
by atomistic simulations that 40Ar diffusion in muscovite should be orders of magnitude
slower than was previously inferred from in vacuo outgassing experiments, which renders
the observation of 40Ar concentration gradients formed by this process unlikely [45]. There-
fore, I think that the possibility that the F-, Rb-, Cs- and Li-rich zones in mica are younger
is viable.

For the sake of argument, I suggest an alternative explanation to the observations of
Smith et al., which invokes two major crystallisation events in the history of the Pakeagama
Lake pegmatite. The first one produced a rock with barren muscovite, and its age is
captured by the 207Pb/206Pb dates of CGMs from the primary assemblage and amounts to
2670 ± 5 Ma (2σ). That rock could have had F, Rb, Cs and Li in it stored in some soluble
form: combine the idea of Roedder [46] that miarolitic cavities are essentially large fluid
inclusions with the observation of ramanite—(Cs,Rb)B5O8·4H2O—as a daughter phase in
fluid inclusions sensu strictiore in minerals from pegmatites [47]. The second event caused
the recrystallisation of muscovite that enriched it with F, Rb, Cs and Li in affected regions
and the formation of veins with lepidolite, quartz and CGM crystals, the latter of which
were inherited from the first stage. It is difficult to pin the age of this second event because
of the scatter in 40Ar/39Ar dates. If the scatter results from the presence of excess 40Ar, and
the observation of 40Ar/39Ar dates exceeding the age of the first event suggest that it does,
then the age of the second event would be best approximated by the youngest 40Ar/39Ar
date of 2117 ± 22 Ma (2σ). The scatter of 207Pb/206Pb dates of CGMs could be related to
partial resetting via fluid-mediated recrystallisation, as suggested by Smith et al.



Geosciences 2023, 13, 297 6 of 12Geosciences 2023, 13, x FOR PEER REVIEW 6 of 12 
 

 

 
Figure 3. The results of in situ 40Ar/39Ar dating of mica from the Pakeagama Lake pegmatite (Can-
ada) by Smith et al. [29] (reproduced with permission from Springer Nature). (a) BSE image showing 
two adjacent muscovite crystals that are replaced by F-, Rb-, Cs- and Li-rich mica along the bound-
ary and occasionally along the cleavage. (b,c) Rim-to-core in situ 40Ar/39Ar date profiles obtained 
from the indicated regions within one of the crystals in (a). The horizontal lines in (b,c) show the 
average U-Pb date of CGM from the main pegmatite assemblage reported in the earlier work of 
Smith et al. [28]. Smith et al. [29] argued that 40Ar/39Ar dates falling above such line in (b) are so old 
because of the excess 40Ar, which was introduced by the alteration along the cleavage that is visible 
in (a). Note that the F-, Rb-, Cs- and Li-rich mica yields generally younger dates than pristine mus-
covite. 

2.4. Volyn Pegmatites 
Franz et al. [32,48,49] researched how and when organic matter was brought to one 

of the Volyn rare-element pegmatites that are hosted by the Korosten granitic pluton in 
Ukraine. According to independent U-Pb dating of zircon and baddeleyite [50,51], the 
pluton was assembled between 1817 ± 15 and 1743 ± 5 Ma (the level of uncertainty was 
not indicated in the original sources). Zircon from pegmatites yielded upper concordia 
intercept dates between 1754 ± 4 and 1760 ± 3 Ma. Notably, the discordia fits were not 
always perfect (MSWD values reached 15), while this zircon had a similar appearance to 
that from the host rocks. Lower concordia intercepts for zircon from both pegmatites and 
their host rocks ranged from 0 to 550 Ma. 

The initial study of Franz et al. [48] focussed on a pseudomorph after beryl, which 
was derived from a sample of breccia. The breccia was predominantly composed of clasts 
of feldspars and quartz in opaline cement. The pseudomorph itself consisted of opal, ber-
trandite, muscovite with tobelite overgrowths and buddingtonite (Figure 4a–c). It further 
contained some organic matter with cracks that were occasionally filled with opal. Franz 
et al. concluded that the pseudomorph formed in two stages, including (i) the replacement 
of beryl with muscovite and bertrandite and (ii) further alteration in the presence of or-
ganic matter that produced buddingtonite, tobelite and opal. The latter stage was sug-
gested to have happened as soon as the Korosten intrusion cooled to sufficiently low tem-
peratures to allow the existence of microbial life in it. The organic matter was thus sug-
gested to be nearly as old as the Korosten intrusion, i.e., Paleoproterozoic. 

The second study of Franz et al. [32] was based on the same pseudomorph and sought 
to verify the claim about the Precambrian age of the organic matter within it by 40Ar/39Ar 
dating of muscovite and buddingtonite. In contrast to the earlier paper, they asserted there 
that all of the minerals in the pseudomorph formed simultaneously, which was supported 
by the image from Figure 4b, where muscovite sheets supposedly “partly enclose bud-
dingtonite”. The 40Ar/39Ar dates of muscovite ranged from 1439 ± 44 to 1545 ± 56 Ma (2σ), 
while those from buddingtonite span from 383 ± 24 to 563 ± 28 Ma (2σ). Franz et al. inter-
preted the muscovite dates as the age of the hydrothermal event that formed the pseudo-
morph and consequently as the age of the organic matter, while the buddingtonite dates 
were suggested to have been reset by the diffusive loss of 40Ar. 

The latest study of Franz et al. [49] was fully focussed on the organic matter and in-
cluded an attempt to directly determine its age by U-Th-Pb analysis. They tried to analyse 
the organic matter from the pseudomorph; however, this did not yield meaningful results: 

Figure 3. The results of in situ 40Ar/39Ar dating of mica from the Pakeagama Lake pegmatite
(Canada) by Smith et al. [29] (reproduced with permission from Springer Nature). (a) BSE image
showing two adjacent muscovite crystals that are replaced by F-, Rb-, Cs- and Li-rich mica along
the boundary and occasionally along the cleavage. (b,c) Rim-to-core in situ 40Ar/39Ar date profiles
obtained from the indicated regions within one of the crystals in (a). The horizontal lines in (b,c)
show the average U-Pb date of CGM from the main pegmatite assemblage reported in the earlier
work of Smith et al. [28]. Smith et al. [29] argued that 40Ar/39Ar dates falling above such line in (b)
are so old because of the excess 40Ar, which was introduced by the alteration along the cleavage
that is visible in (a). Note that the F-, Rb-, Cs- and Li-rich mica yields generally younger dates than
pristine muscovite.

2.4. Volyn Pegmatites

Franz et al. [32,48,49] researched how and when organic matter was brought to one
of the Volyn rare-element pegmatites that are hosted by the Korosten granitic pluton in
Ukraine. According to independent U-Pb dating of zircon and baddeleyite [50,51], the
pluton was assembled between 1817 ± 15 and 1743 ± 5 Ma (the level of uncertainty was
not indicated in the original sources). Zircon from pegmatites yielded upper concordia
intercept dates between 1754 ± 4 and 1760 ± 3 Ma. Notably, the discordia fits were not
always perfect (MSWD values reached 15), while this zircon had a similar appearance to
that from the host rocks. Lower concordia intercepts for zircon from both pegmatites and
their host rocks ranged from 0 to 550 Ma.

The initial study of Franz et al. [48] focussed on a pseudomorph after beryl, which
was derived from a sample of breccia. The breccia was predominantly composed of clasts
of feldspars and quartz in opaline cement. The pseudomorph itself consisted of opal,
bertrandite, muscovite with tobelite overgrowths and buddingtonite (Figure 4a–c). It
further contained some organic matter with cracks that were occasionally filled with opal.
Franz et al. concluded that the pseudomorph formed in two stages, including (i) the
replacement of beryl with muscovite and bertrandite and (ii) further alteration in the
presence of organic matter that produced buddingtonite, tobelite and opal. The latter stage
was suggested to have happened as soon as the Korosten intrusion cooled to sufficiently
low temperatures to allow the existence of microbial life in it. The organic matter was thus
suggested to be nearly as old as the Korosten intrusion, i.e., Paleoproterozoic.

The second study of Franz et al. [32] was based on the same pseudomorph and
sought to verify the claim about the Precambrian age of the organic matter within it by
40Ar/39Ar dating of muscovite and buddingtonite. In contrast to the earlier paper, they
asserted there that all of the minerals in the pseudomorph formed simultaneously, which
was supported by the image from Figure 4b, where muscovite sheets supposedly “partly
enclose buddingtonite”. The 40Ar/39Ar dates of muscovite ranged from 1439 ± 44 to
1545 ± 56 Ma (2σ), while those from buddingtonite span from 383 ± 24 to 563 ± 28 Ma
(2σ). Franz et al. interpreted the muscovite dates as the age of the hydrothermal event
that formed the pseudomorph and consequently as the age of the organic matter, while the
buddingtonite dates were suggested to have been reset by the diffusive loss of 40Ar.

The latest study of Franz et al. [49] was fully focussed on the organic matter and
included an attempt to directly determine its age by U-Th-Pb analysis. They tried to
analyse the organic matter from the pseudomorph; however, this did not yield meaningful
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results: 238U/206Pb ratios, for example, ranged from 0.05 to 134 and showed no discernible
correlation with 207Pb/206Pb ratios. Somewhat better results were obtained by analysing
larger chunks of organic matter, most of which were taken from the cavity of one pegmatite:
these yielded a statistically acceptable Pb-Pb isochron of 493 ± 196 Ma (2σ). Franz et al.
reiterated their conclusion that the organic matter is Precambrian and at least as old as the
oldest date of buddingtonite of 563 ± 28 Ma (2σ).

Clearly, 40Ar/39Ar results prompted Franz et al. to change their views on the timing
of the pseudomorph formation. While they initially regarded the replacement of beryl as
the integral part of the sequence of processes that produced the Volyn pegmatites near
~1760 Ma, they later ascribed it to an independent hydrothermal event near ~1440 Ma.
This change of mind on its own is very illustrative in the context of my paper. However,
in my opinion, their data suggest an even more protracted history of interaction with
fluids. As detailed below, I think the presented evidence suggests that the assemblage of
buddingtonite, tobelite, opal and organic matter could well be Phanerozoic in age.

Firstly, BSE images published by Franz et al. show that buddingtonite is associated
with tobelite and opal. This assemblage of minerals often occurs in patches and veins with
sharp compositional boundaries, which are clearly discernible even when tobelite forms
epitaxial overgrowths on muscovite (Figure 4c). Such textures are typically produced by
fluid-mediated replacement [52], and thus I can only concur with the initial interpretation
of Franz et al. that the assemblage with buddingtonite overprinted the assemblage with
muscovite. Their later argument that the two assemblages were contemporary because
muscovite sheets in Figure 4b embrace buddingtonite seems weak to me. Buddingtonite in
this BSE image displays concentric zoning around nucleation points on or near the surfaces
of muscovite and includes deformed and broken muscovite sheets, which rather indicates
that it grew on and within splintered muscovite.

Secondly, there is presently no unambiguous evidence to substantiate the claim of
Franz et al. that the 40Ar/39Ar dates of buddingtonite are younger than those of muscovite
because of diffusive loss of 40Ar. Although the mechanisms of 40Ar redistribution in
buddingtonite have not been studied, there is a lot of relevant work on alkali feldspar, which
combined 40Ar/39Ar analysis with petrological characterisation to show that fluid-mediated
recrystallisation is the dominant one [42,53], including in the case of the Itrongay feldspar
(see above), which used to serve as the most convincing example of alkali feldspar that lost
40Ar by diffusion [41]. Franz et al. suggested that the presence of grain boundaries would
somehow facilitate diffusive loss of 40Ar; however, both 40Ar/39Ar dating of polycrystalline
authigenic feldspar [54] and experiments on 40Ar diffusion in recrystallised feldspar [55]
question the efficiency of grain boundaries as fast pathways for 40Ar loss. Therefore, it is
likely that buddingtonite yielded younger 40Ar/39Ar dates than muscovite because it is
indeed younger.

Thus, in my opinion, both petrological and geochronological evidence indicate that
the Volyn pegmatites have experienced at least two major fluid interaction events after
the initial emplacement, one that formed the beryl-replacing assemblage with muscovite
and another that produced the beryl-replacing assemblage with buddingtonite. The pre-
cise timeframes of these events are difficult to establish. The spread in 40Ar/39Ar dates
indicates that both could be protracted; however, it could also result from the presence of
excess 40Ar. The latter seems to account for some of the 40Ar/39Ar date variation in the
Itrongay feldspar and Pakeagama Lake mica (see above), as well as in micas and feldspars
that grew in metamorphic environments [56,57], including by fluid-induced dissolution-
reprecipitation [57]. Regardless, the data as they stand suggest that the first fluid interaction
event was Proterozoic, while the second one was Phanerozoic. The Phanerozoic age of the
buddingtonite-forming event is corroborated by the Pb-Pb isochron of 493 ± 196 Ma (2σ)
defined by the analyses of organic matter and the lower concordia intercepts of 0 to 550 Ma
defined by the analyses of zircon.
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from a pseudomorph after beryl from one of the Volyn pegmatites (Ukraine). (a) Overview photo-
graph of the sample with the studied pseudomorph. (b,c) BSE images showing the relationships
between muscovite, buddingtonite, tobelite and opal within the pseudomorph. (d,e) Plots with indi-
vidual in situ 40Ar/39Ar dates and probability density functions built from them for buddingtonite
(d) and muscovite (e). Note that buddingtonite yielded significantly younger 40Ar/39Ar dates than
muscovite and that there is a considerable scatter in each set of 40Ar/39Ar dates.

3. Discussion

The idea that pegmatite crystallisation is a fast process follows from the calculated
cooling rates for the pegmatites of the San Diego County in California, USA [15–17]. These
calculations assumed that 1 to 25 m thick dykes had the initial temperature of ~650 ◦C,
were hosted by rocks with the temperature of ~150 ◦C and cooled by conductive heat
transfer. The results show that the central part of the thinnest of the dykes cooled below
550 ◦C in just ~5 days, while the thickest one cooled to the same temperature in ~9 years.
If it is further assumed that 550 ◦C was the solidus temperature and thus crystallisation
was complete upon reaching it, as was assumed in the cited works, then a conclusion can
be drawn that these pegmatites crystallised rapidly, in ~5 days to ~9 years. However, it
is unclear how valid the latter assumption is, considering that pegmatites may crystallise
from undercooled melts [1] or even gels [7,8], which potentially can happen after cooling to
the country rock temperature and last for a while [8,58]. Furthermore, the conclusion that
follows from this assumption itself raises some questions. Why do pegmatites of different
thickness display similar textures? In other words, why are these textures insensitive to the
cooling rate? And why do pegmatites that are hosted within or near their parent granites
and thus must have cooled much more slowly often display similar textures?

Notwithstanding, the idea that pegmatites crystallise rapidly became very popular
in recent years and had an underpinning role in how these rocks were thought about.
Very illustrative of that and at the same time pertinent to the present discussion is the
study of Phelps et al. [59], who modelled trace element profiles in quartz from one of the
pegmatites of the San Diego County to suggest that it grew in just a few hours (Figure 5).
Their modelling utilised equations derived to predict chemical gradients in certain artificial
systems for crystal synthesis [60,61], so the application of these equations to a natural
environment seems questionable. For example, Phelps et al. infer that the flow of fluid
around the quartz crystal was turbulent, and I do not see how this inference can be
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reconciled with their modelling approach, which assumed that fluid did not flow, not even
with the help of their response to the same criticism from Reviewer #3 of their manuscript
that was published alongside. However, I think that the importance of such details dims
when the CL image of their quartz crystal (Figure 5a) is simply compared with the CL
image of the aforementioned alkali feldspar crystal from the Itrongay feldspar (Figure 2a).
As indicated in Andrea Dini’s review of Phelps et al., which was also published alongside
their manuscript, this quartz crystal clearly had a complex history. How can we be sure
that it did not last for millions of years?

Of course, having only four isolated and potentially controversial examples of pro-
tracted mineral growth in pegmatites is not enough to defend the point that the formation of
these rocks is always a protracted, multi-stage process. The example of the Finero pegmatite
may be deemed exotic and not representative of pegmatites that are referred to as granitic,
while the other three examples may be taken as characterising some late-stage processes in
specific bodies that are not relevant to the pegmatite-forming process in general. However,
there are not so many other studies providing geochronological data with a comparable
level of petrological support to demonstrate the trivial nature of these four examples, while
the available evidence for rapid crystallisation of pegmatites is imperfect. Therefore, I think
that the data reviewed here do warrant a more systematic and model-independent look
into the timescales of mineral growth in pegmatites. Whether it turns out that pegmatites
form slowly as a whole or that only some minerals in them tend to considerably postdate
the initial emplacement, such work can provide one of the keys to fully understand how
these rocks form.
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Figure 5. The estimates of Phelps et al. [59] for the growth rates of a quartz crystal from a pegmatite
from the San Diego County (CA, USA) with some of the underlying data. (a) CL image of the quartz
crystal. (b) Core-to-rim Al concentration profile from the crystal in (a) that was modelled to constrain
the growth rates of its zones 1 and 2. Coloured lines show modelling outcomes for different assumed
growth rates (R) at the start and the end of the crystallisation of zone 2. (c) Reconstructed growth
history for the same crystal. Note the similarity between the CL images of this quartz crystal and the
crystal of alkali feldspar from Figure 2.

4. Conclusions

Recent research on pegmatites converges on the idea that they crystallise rapidly, with
some estimates of crystal growth rates reaching a staggering 10 m/day [59]. However,
several studies that present geochronological data backed by petrological characterisation
provide grounds to question this idea and sketch a wholly different picture of protracted
and potentially polygenic mineral growth in pegmatites. Although these studies are clearly
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insufficient to make firm generalised conclusions, they indicate that the timescales over
which individual pegmatites form should be investigated further and highlight that isotopic
dating is viable tool for doing so.
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