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N Abstract

LREE
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Magma evolution through time

M. Guitreau', E. Heilimo?#, O. Nebel®

doi: 10.7185/geochemlet.2006

Underexplored accessory minerals such as titanite and apatite have the potential
to give insights into the nature and the petrogenesis of their host rock. Their
trace element and REE-rich compositions carry a record of crystallisation
history and chemical characteristics of their source. Moreover, titanite and, to
a certain extent, apatite are resistant to erosion during sedimentary cycles which
makes them ideal to reconstruct the history of long-eroded continental land-
masses. Here we report new trace element data on apatite and titanite from
granitoids of different Archean cratons and comparative granitoids from the
Phanerozoic. Trace element signatures of both minerals reveal systematic
chemical trends in Y, LREE and Sr contents related to the nature of their host
magma, which are used to construct discrimination diagrams delineating
Archean TTGs from sanukitoids, and modern adakites from S/I-type granites.
By comparing Archean granitoids (TTG and sanukitoids) and their Phanerozoic
counterparts (adakite and high Ba-Sr granites), we show that the robust nature
of these phases makes them reliable recorders of petrogenetic information from
Archean rocks, that usually have been affected by secondary processes (meta-
morphism, deformation, hydrothermal activity). Applied to the rock record,
both phases potentially provide detailed archives of magmatic evolution
through time.

Received 27 August 2019 | Accepted 18 January 2020 | Published 26 February 2020

¥ Introduction

Rare earth element (REE) bearing minerals have been used
widely to date geological events and are prime archives for
magmatic petrogenesis. Their ability to incorporate a range
of trace elements in addition to REE make them extremely
useful to track geological processes. While most studies on
accessory minerals have focussed on zircon (e.g., U-Pb, Hf
isotopes, O isotopes, trace elements), the development of more
advanced in situ techniques has also facilitated other phases
to be dated (e.g,, monazite, Kohn and Vervoort, 2008; titanite,
Storey ef al., 2007), thus providing additional chronological
constraints on host rock history. However, despite the impres-
sive number of studies on accessory minerals available today
(see Nasdala ef al., 2017), knowledge of the behaviour of trace
elements within accessory minerals in rocks that make up
the continental crust is still limited. The few contributions
focussing on less-studied, REE-bearing minerals (e.g., apatite
and titanite, Belousova et al., 2001; Chu et al., 2009; Bruand
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et al.,, 2014) have shown that trace element concentrations
retain considerable information relevant to petrogenesis and
provenance, potentially even more than zircon, whose compo-
sitional variability in the most common continental igneous
rocks (e.g., granitoids, Grimes et al., 2015) is relatively limited.
In experimental work focussing on metaluminous compo-
sitions, Protwake and Klemme (2005, 2006) have suggested
that REE and other trace elements are sensitive to melt evolu-
tion. Recent publications based on a small number of samples
(Bruand et al., 2016, 2017, 2019) have shown that apatite and
titanite trace element chemistry combined with O isotopes are
useful tracers of granitoid petrogenesis and therefore have the
potential to discriminate the different magmas through time
and could provide an opportunity to track the secular evolu-
tion of the early Earth and the onset of modern style plate
tectonics. For this contribution, we have studied the chemical
signatures of accessory minerals in a range of crust-forming
granitoids through time, from a relatively hot Archean Earth
producing “tonalites-trondjhemites-granodiorites” (TTG)

Laboratoire Magmas et Volcans, Campus Universitaire des Cezeaux, 6 avenue Blaise Pascal, 63718 Aubiere, France
School of Earth and Environmental Sciences, University of Portsmouth, PO1 3QL, United Kingdom

Geosciences Environnement Toulouse, Université de Toulouse, 31400 Toulouse, France

School of Earth, Atmosphere and Environment, Monash University, Melbourne, Australia

Geochem. Persp. Let. (2020) I3, 7-12 | doi: 10.7185/geochemlet.2006 7



Geochemical Perspectives Letters

Continental crust evolution

Greenstone belt TG Sanukitoid

Calc-alkaline
andesitic crust

2.7 Ga

: 0.4 Ga
25:35Ga Provnce - Hah et
. -9-9. anuk.-like
st Kaapvaal Craton ~ TTGand Sanuk. 4 ¢ 4 5 g, ~0:36a
TTG TTG, Sanuk. | ICG - BADR| Marie Byrt_j Land
| | m | | Adakite
Hadean Archean Prot| Phanerozoic
Oldgst rock | . | .
4.5 Ga 3.5 Ga 2.5 Ga 0.5 Ga

Figure 1

Cartoon of continental crust evolution, from TTG (blue) and sanukitoid (pink) in the Archean towards typical arc magma

(green) in Proterozoic and Phanerozoic, plus samples studied in this contribution.

toward a cooler modern Earth producing plutonic equivalents
of the calc-alkaline series (basalt-andesite-dacite-rhyolite, or
BADR), via the Neoarchean — Palaeoproterozoic transition to
modern plate tectonics signalled by sanukitoids and related
rocks. We demonstrate that their trace element signatures can
be used to discriminate between critical magma types and can
be robust with respect to metamorphism. We then discuss the
causes of consistent differences in accessory mineral chemistry
and implications of their robust discrimination for studies of
magmatic and crustal evolution through geological times.

Granitoid Samples and their Crustal
Evolution Context

The granitoid record (Fig. 1) has evolved from the
Archean to the Phanerozoic, as a reflection of Earth’s cooling
and evolution of tectono-magmatic processes (see Moyen and
Laurent, 2018 and references therein). Granitoids representing
newly formed continental crust have hence changed from
Archean TTGs, formed by partial melting of mafic crust, via
sanukitoids and related rocks in the Neoarchean and Palae-
oproterozoic that carry the signature of a nascent mantle
wedge, towards granodiorites and granites with arc magma
compositions (the plutonic equivalents of BADR). Many funda-
mental questions remain regarding the geodynamics of the
early Earth, the growth of the continental crust and the tran-
sition to subduction-driven tectonics, some of which may be
addressed with a more complete understanding of timings
and proportions of granitoid magma genesis. Here we present
new geochemical data on titanite and apatite from granitoids
selected from this overall temporal progression; (i) Archean
TTG from three different cratons (Slave Province, Karelia and
Kaapvaal), (i) sanukitoids from the Karelia and Kaapvaal
cratons, (iii) Neoproterozoic calc-alkaline granitoids from
Guernsey (UK Channel Islands) in the Armorican terrane.
Studied Archean localities have been affected by metamor-
phic conditions up to amphibolite facies. In addition to these,
we have included likely Phanerozoic equivalents to test the
impact of metamorphism on their older counterparts: TTG-like
(adakites from Antarctica; Pankhrust et al., 1998) and sanukit-
oid-like rocks (high Ba-Sr granites from Caledonian Scotland;
Fowler and Rollinson, 2012). Detailed sample descriptions,

geological settings and whole rock compositions can be found
in the Supplementary Information.

¥ Results

Trace element concentrations obtained by LA-ICPMS on single
minerals and related analytical protocols are described in the
Supplementary Information. After initial data interrogation
using principal component analysis (PCA) on both apatite
and titanite datasets, REEs, Y and Sr were found to be most
effective for discriminating magma type. These results are
presented and discussed below.

Apatite chemistry. Chondrite normalised REE patterns
for apatite from all studied samples are plotted on Figure 2a-e.
TTG samples (Fig. 2a) are characterised by a systematic deple-
tion in light REE (LREE) relative to heavy REE (HREE; Lan/Lux
< 1) usually with a strong negative Eu anomaly (usually Eu/
Eu* = 0.15-0.8). The most depleted patterns tend to have a less
pronounced to absent Eu anomaly and noticeable middle REE
(MREE) fractionation from HREE. Adakite (TTG-like) apatite
crystals (Fig. 2b) have a relatively flat LREE pattern (Lan/
Smy = 0.5-1.8) with slightly lower HREE (Lan/Luy = 1.5-4)
and a negative Eu anomaly (Eu/Eu* = 0.3-0.4). Typical BADR
REE patterns (Fig. 2c) show higher LREE content with strong
enrichment compared to the HREE (Lan/Luy > 15), with
moderate negative Eu anomalies (Eu/Eu* = 0.5). Similarly,
sanukitoids and high Ba-Sr granite REE patterns (Fig. 2d,e)
reveal a general enrichment in LREE relative to HREE
(Lan/Lun = 10-100) usually with moderate negative Eu anoma-
lies (Eu/Eu* ~ 0.4-0.8). In the high Ba-Sr group, the most mafic
samples often lack Eu anomalies.

Following the PCA procedure, a 10*Sr-LREE-10*Y
discrimination diagram was constructed (Fig. 3a). Apatite
from TTG and TTG-like granitoids are clearly distinguishable
from other granitoid types, defining a distinct cluster towards
the 10*Y corner and having Sr contents ranging between 150
and 430 pg/g (Table S-3). On the other hand, sanukitoids,
sanukitoid-like and BADR samples are characterised by
higher LREE and Sr contents (up to 1000 pg/g) and thus form
a separate field towards that baseline. Similarly, a Lan/Smy
versus Y diagram (Fig. 4a) highlights a strong compositional
difference. TTG and TTG-like apatite grains are Y-rich (up to
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Chondrite normalised REE patterns for apatite (a-e) and titanite (f-i). Diagram j represents La/Yb vs. Yb values normalised

to chondrite for whole rock data, modified after Moyen and Martin (2012). Green and blue fields correspond to post 2.5 Ga granitoids

and TTG, respectively.

approximately 4600 pg/g) with low La (<300 ng/g), whereas
sanukitoid, high Ba-Sr granite and BADR apatite grains define
a field poor in Y (<1000 pg/g) and with La up to approximately
2800 pglg.

Titanite chemistry. REE patterns of titanite from the
studied samples are presented in Figure 2f-i, although titanite is
not present in all studied samples (see Supplementary Informa-
tion). There are many similarities with the patterns for apatite
(Fig. 2a-e). Titanite grains from one TTG sample (Fig. 2f) are
characterised by pronounced LREE depletion relative to HREE
(usually Lan/Luy < 0.5). In contrast with apatite, the patterns
have variable, usually large Eu anomalies (Eu/Eu* = 0.2-40),
generally negative for those with higher total REE, positive
for lower total REE. Titanite from sanukitoids and high Ba-Sr
granites (Fig. 2g,h) show strong enrichment of LREE rela-
tive to HREE (Lan/Lun = 3-45), usually with a convex upward
LREE section and a noticeable negative Eu anomaly. A few

Geochem. Persp. Let. (2020) I3, 7-12 | doi: 10.7185/geochemlet.2006

sanukitoid titanites in each of the samples studied have steep
downward LREE slopes and/or a positive Eu anomaly (Fig. 2g).
The BADR REE patterns (Fig. 2i) are closely comparable with
the high Ba-Sr samples, but can be separated into two groups
that are sample specific. Sample EG-07 titanite crystals have
convex upward LREE (Lan/Smy = 0.4-0.9) and a negative Eu
anomaly (Eu/Eu* = 0.6-0.7) whereas one from sample BD-02
has continually decreasing LREE (Lan/Smy > 1) with no Eu
anomaly (Fig. 2i, Table S-3 in Supplementary Information).

Using a similar trivariate diagram to apatite (Fig. 3b, but
note the different Sr multiplier accounting for lower Sr contents
in titanite), TTG titanite compositions may be discriminated
from all other samples. Titanite from TTG define an end
member with high Y (up to 24000 pg/g) and low Sr (usually
<20 pg/g) and LREE (e.g, usually La < 150 pg/g) contents rela-
tive to sanukitoids and BADR samples (Y and La contents are
up to 4000 pg/g; Sr > 40 pg/g).
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¥ Discussion

The temporal evolution of granitoids has been well established
(Fig. 1, see also Moyen and Martin, 2012 for review). Most
TTGs can be discriminated on the basis of several whole rock
chemical indicators, the most prevalent of which is stronger
HREE depletion (Fig. 2j). The present study has also shown
systematic differences in TTG apatite and TTG titanite compo-
sitions relative to sanukitoids and post-Archean granitoids
(Figs. 2, 3), in particular higher Y and HREE contents with
low Lan/Smy ratio (Figs. 2, 4a). Intriguingly, this is completely
opposite to the whole rock signatures (Fig. 2j). In the following
text, we attempt to rationalise such observations in terms of
possible controls on apatite and titanite chemistry, and in the
light of current literature.

Effects of metamorphism andlor deformation.
Because Archean rocks may have suffered metamorphism and/
or deformation, there is the obvious possibility that accessory
mineral chemistry has been modified and records metamor-
phic/hydrothermal rather than igneous processes. The studies
available on the impact of metamorphism and hydrother-
malism on apatite and titanite are limited (e.g, Broska et al.,
2007) and often describe lithologies and/or whole rock compo-
sitions (metapelites or orthogneisses) that are very different
from our samples (e.g, Bea and Montero, 1999; Garber et al.,

2017). Therefore, in order to test the robustness of apatite and
titanite magmatic signatures, we have analysed apatite and
titanite from Phanerozoic equivalents of TTG (adakite; Fig. 2b)
and sanukitoid (high Ba-Sr granites; Fig. 2e,h), unaffected by
any metamorphic event. Their chondrite normalised REE
patterns correspond closely to the Archean equivalents (Fig.
2a,d,g) and overlap the relevant fields on the discrimination
diagrams above (Figs. 3, 4a).

A few TTG apatite patterns show extreme depletion in
LREE with no Eu anomaly (Fig 2a). This can be explained
petrographically, by the observed association of secondary
allanite and apatite, which form at the expense of primary
REE-bearing phases (Fig. S-1). The highly LREE-depleted
group in our samples, is therefore interpreted to have formed
under high grade metamorphic conditions and are character-
ised by lower Lan/Smy but retains original HREE signatures.

Effects of whole rock composition. The systematic
chemical differences between the accessory mineral groups
studied here, from different types of granitoid, strongly
suggest that bulk rock character exerts strong control on the
trace element composition of accessory minerals.

1. The influence of whole rock SiO,. Partition coeffi-
cient studies have shown that incorporation of REE in apatite
and titanite increases with SiO, of the magma (Prowatke and
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Klemme, 2005, 2006). TTGs studied herein vary between 65
wt. % and 74 wt. % SiO,, the other granitoids range between
53 and 77 wt. %. Within the former, apatite and titanite total
REE contents do not systematically increase with [SiO5] of the
melt (Table S-3, Supplementary Information). Furthermore,
sanukitoid or BADR samples with similar SiO,wr have apatite
and titanite characterised by comparatively higher LREE and
lower HREE. Such systematic differences are therefore not
controlled simply by silica content.

2. The influence of alumina saturation index (ASI)
The striking dichotomy in the TTG between LREE depletion
in the accessory minerals and LREE enrichment in whole
rocks suggests that another LREE-bearing phase is required
for mass balance. Likely contenders would be allanite and
monazite, but since these are also common in many other
granitoid types, this is unlikely to be the sole explanation.

Figure 4a includes literature data, and highlights the
presence of two distinct groups of apatite that are strongly
dependent on ASI. ASI < 1 samples (metaluminous) corre-
spond to our sanukitoids-BADR apatites (Group 1), whereas
peraluminous samples (ASI > 1) have a comparable chem-
ical signature to TTG apatite grains (low LREE and high
HREE-Y, Group 2). This corroborates previous studies on
apatite (Harrison and Watson, 1984; Pichavant ef al., 1992)
and monazite (Montel, 1986) solubilities, which suggest that
apatite solubility increases with ASI and (to a lesser extent) with
SiO; in metaluminous magmas. Conversely, Montel (1986) has
shown that monazite solubility decreases as ASIincreases. This
is also consistent with the presence of “remaining” primary
monazite surrounded by secondary allanite and apatite iden-
tified on the studied Acasta samples (Supplementary Infor-
mation). It should be noted that monazite solubity can also be
influenced by other factors (e.g, P content in the melt; Skora
and Blundy, 2012). In summary, our dataset demonstrates that
in peraluminous compositions early monazite will strongly
partition LREE with the remaining melt relatively enriched in
HREE and Y, which will be incorporated by later apatite and
titanite. These conclusions were also reached in previous work
on Phanerozoic granitoids (e.g, Chu et al., 2009).

Interestingly, apatites from two metaluminous samples
are Y-rich and LREE-poor (Fig. 4a), which is inconsistent with
the general trend. These exceptions have the highest SiO,
content (>73 wt. %), a phenomenon also described by Sha
and Chappell (1999). High melt SiO, content increases apatite
solubility (Harrison and Watson, 1984) and therefore delays
its saturation. Consequently, apatite may grow late, allowing
early LREE phases (monazite and/or allanite) to incorporate
most of the LREE.

3. Other variables. We have shown above that alumi-
nosity and consequent timing of mineral saturation is a first
order control on accessory mineral chemistry. However, our
TTG apatite compositions have systematically even lower
LREE concentrations than published apatite data for peralu-
minous rocks (Fig. 4a), so other variables must also be
important. For example, previous authors have inferred that
differences in magmatic apatite composition could be related
to magma fO, (Sha and Chappell, 1999; Belousova et al., 2001).
It remains unclear whether this is linked to the nature of
the TTG source (e.g, composition such as high Na,O and low
REE content compared to other granitoids, fO,, temperature,
H,O-saturated or undersaturated melting) or is another effect
of co-crystallising accessory phases. Experimental constraints
are currently lacking.

4. The significance of Sr. Previous work (e.g, Halla et
al., 2009; Moyen, 2011) has distinguished high pressure TTG,
corresponding to a deep source in equilibrium with garnet and
rutile but no plagioclase, from low pressure TTG consistent

with residual plagioclase. As a direct consequence of residual
mineralogy, HP-TTG have low HREE, Nb and Ta and high Sr
whereas LP-TTG show the opposite signature for comparable
bulk compositions (e.g., Moyen and Martin, 2012). Previous
authors (Belousova et al., 2001; Jennings et al., 2011; Bruand et
al., 2014) have shown a strong correlation between Sr in apatite
and in the corresponding whole rock. Our data sit on this previ-
ously reported correlation. Accordingly, in our apatite dataset,
two TTG and our adakite samples that have typical HP-TTG
signatures have systematically higher Sr concentrations than
the others that have LP-TTG signatures (Fig. 4c). Figure 4c
also shows that the HP-TTG apatite analyses have lower Y
(and by analogy, HREE). All these observations confirm that
apatite Sr content can allow discrimination between HP and
LP-TTG. Interestingly, correlation between unusually high Sr
content of monazite and HP conditions has also been previ-
ously reported in the Bohemian Massif peraluminous rocks
(Finger and Krenn, 2007).

Implications for crustal evolution research. The
preservation of magmatic trace element signatures in apatite
and titanite, from metamorphosed terranes such as those of
Archean age, provides a useful method to reconstruct ancient
magmatic history. For example, in this study, we demonstrate
that accessory minerals of late Archean granitoids (sanukit-
oids) are different from Archean TTGs. Such differences reflect
whole rock compositions which themselves reflect petroge-
netic processes. Thus, the different petrogeneses of TTGs and
sanukitoids (early subduction or “drip tectonics”; Nebel et al.,
2018) are reflected by accesssory mineral chemistry. Therefore
detailed investigation of the apatite and titanite mineral chem-
ical archive could tightly constrain the change in geodynamics
at the end of the Archean. Finally, our data reveal an efficient
distinction of parental magma types based on REE-Sr-Y alone
which further encourages application to the detrital mineral
record. Voluminous data exist from zircons, but the results
described above promise much closer constraints on parent
rock identity, thus providing vital access to the primary history
of eroded terranes and helping to reconstruct the historical
evolution of continental crust from the early Earth to the
present day.
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