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(Li,Na)-P substitution in garnet: An indicator of ultrahigh-pressure conditions
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4Institute of Geology, Czech Academy of Sciences, Rozvojová 269, 16500 Praha 6, Czech Republic

ABSTRACT

Findings of coesite and diamond in quartzo-feldspathic rocks confirmed that continental crust,
despite its buoyancy, can be subducted to ultrahigh-pressure (UHP) conditions. In addition to these
index minerals, UHP conditions can be revealed by specific minor elements incorporated in common
minerals, as it is well known from the Earth’s mantle but poorly explored in continental crust. Here, we
investigate garnet with coesite inclusions from subducted metagranites of the Eger Crystalline
Complex, Bohemian Massif (Czech Republic). The garnet shows chemically distinct concentric
domains with minor amounts of P, Na, and Li. From the correlation of these elements, we infer
�Na,Li�1P1M2+

−1Si−1 substitution, where Li compensates for the Na deficiency in a 2:3 ratio. This is
the first time that such a coupled substitution in garnet has been defined and clearly connected to
UHP conditions in natural samples, proving itself as a new tool indicative of UHP conditions. More-
over, garnet in subducting slabs needs to be considered as an important Li carrier, capable of transport-
ing significant amounts of Li into the Earth’s mantle.

Keywords: Garnet, (Li,Na)-P substitution, ultrahigh-pressure conditions, coesite, Erzgebirge,
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INTRODUCTION

Since the pioneering works that described coesite in continen-
tal crustal rocks (Smith 1984) and diamond (Dobrzhinetskaya
et al. 1995), the identification of ultrahigh-pressure (UHP)
conditions in quartzo-feldspathic rocks still relies on a tedious
search for inclusions of these index minerals (e.g., Perraki and
Faryad 2014). Although experiments and thermodynamic model-
ing of quartzo-feldspathic rocks under (U)HP conditions predict
the stability of jadeite-rich pyroxene, epidote, and amphibole,
theseminerals are not common in deep-subducted natural samples
(Chopin et al. 2012; Young and Kylander-Clark 2015). Such
absence is usually explained either by their consumption or re-
equilibration during exhumation or reaction overstepping at the
(U)HP stage (Young and Kylander-Clark 2015; Palin et al. 2017).

Alternative attempts to reveal UHP conditions focused on
minor elements that substitute for major elements in common
minerals such as garnet, which occurs in many types of rock
and is stable in a wide range of pressure-temperature conditions.
Although the substitutions in garnet under UHP conditions were
studiedmostly in (ultra)mafic rocks, they should also be relevant
for quartzo-feldspathic rocks. Garnet with its general formula
X3Y2Z3O12 shows the X site occupied mainly by divalent
cations (Ca2�, Fe2�, Mg2�, Mn2�; indicated asM2�), the Y site
by trivalent cations (Al3�, Cr3�, Fe3�), and the Z site by Si4�.
One of the UHP substitutions in garnet relates to majorite

(Mg1Si1Al–2) (Ringwood and Major 1971), a supersilicic garnet
formed in depths >150 km (Moore and Gurney 1985; Scambel-
luri et al. 2008). Na-majoritic substitution (Na1Si1Ca–1Al–1) was
described as the incorporation of Na� at the X site coupled with
Si4� at the Y site (Sobolev and Lavrentev 1971). Similarly,
experimental studies confirmed the incorporation of Na� into
garnet coupled with P5� at the Z site or Ti4� at the Y site
(Na1P1M

2+
−1Si−1 andNa1Ti1M

2+
−1Al−1), where these substitutions

correlated with pressure (Thompson 1975; Brunet et al. 2006;
Hermann and Spandler 2008; Konzett and Frost 2009; Konzett
2016), while Ti preference over P indicated higher temperature
(Konzett et al. 2012). However, it should be stated clearly that
only the coupled Na-P and Na-Ti substitutions correlate with an
increase in pressure, indicating the (U)HP conditions. For exam-
ple, P without Na frequently enters the garnet structure at low
pressure in magmatic rocks (Breiter et al. 2005; Kobayashi et al.
2011), while Ti without Na appears in garnet by various substi-
tution mechanisms not necessarily related to elevated pressure
(Ackerson et al. 2017). Similarly, Na in coordination with Y
(and without P, Ti, or Si) is common in metamorphic rocks at
medium pressure (Enami et al. 1995). Additional experimental
studies performed under UHP conditions suggested that Na can
be replaced by Li at the X site in coupled substitutions with Si
(Yang et al. 2009) or P (Hanrahan et al. 2009). Naturally, such
substitutions are limited by the availability of key elements, as
demonstrated, for example, in the experiments by Konzett et al.
(2012), where Na was not available, and P still showed a
positive correlation with pressure entering garnet by a different
substitution mechanism. The same applies to all other key
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