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The fate of ammonium in phengite at high temperature
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Abstract
Nitrogen (N) is the main component of the atmosphere and is largely considered as a volatile element.
However, most researchers now agree that a significant amount of N, in the form of ammonium (NH+4 )
substituting for K+ in some K-bearing minerals such as clays, micas, and feldspars, can be transferred
to the deep Earth through subduction. The fate of ammonium in those minerals during subduction
is still poorly known but is likely controlled by temperature and pressure pathways. In an attempt to
contribute to understanding the fate of N during high-temperature processes, we carried out in situ
high-temperature IR and Raman spectra measurements to investigate the rate and mechanism of NH+4
loss in phengite. We observed that a new OH band at 3425 cm–1 became prominent above 400 °C, and
did not change with times during isothermal annealing at 500 and 700 °C. The N-H stretching band
shifted to higher wavenumbers in the temperature interval from –150 to 20 °C, while linearly shifted to
lower wavenumbers in the temperature interval from 20 to 500 °C and remained stable above 500 °C.
The N-H bending band linearly shifted to lower wavenumbers in the temperature interval from –150
to 400 °C and remained stable. The K-O stretching frequency decreased with increasing temperature
to 600 °C, and then remained stable. These processes were reversible until dehydration and ammonium
loss from phengite starting at 800 °C. The results suggest that (1) at low temperatures, ammonium is
ordered and hydrogen bonding between ammonium and the framework evolves during cooling; (2)
at high temperatures, the N-H interatomic distance of NH+4 lengthens with increasing temperature
until 500 °C. N-H bond subsequently no longer lengthens, accompanied by H transferring from N to
neighboring O and forming a new OH band at 3425 cm–1. At 800 °C, H+ starts breaking from N and
leaving others to form NH3 and OH–. This study has implications for evaluating the extent to which
these minerals can preserve information regarding nitrogen behavior during high-temperature processes.
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Introduction
Nitrogen (N) is an essential element for all living organisms.
Although N is one of the predominant elements in the atmosphere
and biosphere on Earth surface, it only accounts for 25–30% of
the total planet inventory. Large amounts of N indeed reside in
the deep Earth (Galloway 2003; Goldblatt et al. 2009; Palya et al.
2011; Busigny and Bebout 2013; Johnson and Goldblatt 2015).
In sedimentary rocks, N occurs essentially as ammonium (NH+4 )
released from decomposed organic matter and is substituted for
K+ in some K-bearing minerals such as clays, micas, and feldspars (Williams et al. 1992). A significant amount of N, in the
form of NH+4 , can then be transferred to the deep Earth reservoir
through subduction. The speciation of N in the Earth mantle is
not very well constrained due to the very low N concentration
and the poor degree of preservation of mantle rocks recovered
at the surface (Yokochi et al. 2009). However, several recent
theoretical and experimental studies suggested that NH+4 may be
the main N species in most of the mantle (Watenphul et al. 2010;
Li et al. 2013; Mikhail and Sverjensky 2014).
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To address the N cycle in the deep Earth, extensive works
have concerned the size and isotope composition of major crustal
and upper-mantle N reservoirs (e.g., Cartigny and Marty 2013
and references therein; Halama et al. 2014; Li et al. 2014).
Recently, some studies reported N solubility in high-pressure
minerals typical of deep Earth conditions (Li et al. 2013;
Watenphul et al. 2009, 2010; Nobel 2016). Because subduction
is the important mechanism for carrying N into deep reservoirs, it
is crucial to determine the extent to which minerals can preserve
NH+4 during deep subduction. Studies on sediments subducted to
different depths show either a decrease or a preservation of N
concentration with increasing metamorphic grade (Bebout and
Fogel 1992; Mingram and Bräuer 2001; Busigny et al. 2003a;
Plessen et al. 2010). One of the most important parameters for
N stability or loss in subducting rocks was suggested to be the
geothermal gradient, specifically temperature variations (Bebout
et al. 1999a; Busigny et al. 2003a; Busigny and Bebout 2013).
However, the diffusion rate and mechanism of NH+4 loss in the
host minerals such as micas, alkali feldspar, and clinopyroxene
are still poorly known. Several studies have compared the rates
of NH+4 loss and dehydration in some minerals, but there is still
no consensus on rate and mechanism of NH+4 loss. For example,
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