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ABSTRACT
Earth’s atmosphere contains 27-30% of the planet’s nitrogen and recent estimates are that
about one-half that amount (11-16%) is located in the continental and oceanic crust combined.
The percentage of N in the mantle is more difficult to estimate but it is thought to be near 60%,
at very low concentrations. Knowledge of the behavior of N in various fluid-melt-rock settings is

key to understanding pathways for its transfer among the major solid Earth reservoirs.

Nitrogen initially bound into various organic materials is transferred into silicate minerals
during burial and metamorphism, often as NH," substituting for K* in layer silicates (clays and
micas) and feldspars. Low-grade metamorphic rocks appear to retain much of this initial organic
N signature, in both concentrations and isotopic compositions, thus in some cases providing a
relatively un- or little-modified record of ancient biogeochemical cycling. Devolatilization can
release significant fractions of the N initially fixed in crustal rocks through organic diagenesis,
during progressive metamorphism at temperatures of ~350-550°C (depending on pressure). Loss
of fractionated N during devolatilization can impart an appreciable isotopic signature on the
residual rocks, producing shifts in 8'"°N values mostly in the range of +2 to +5%o. These rocks
then retain large fractions of the remaining N largely as NH,", despite further heating and
ultimately partial melting, with little additional change in '"°N. This retention leads to the storage
of relatively large amounts of N, largely as NH,", in the continental crust. Nitrogen can serve as a

tracer of the mobility of organic-sedimentary components into and within the upper mantle.

This contribution focuses on our growing, but still fragmentary, knowledge of the N
pathways into shallow to deep continental crustal settings and the upper mantle. We discuss the
factors controlling the return of deeply subducted N to shallower reservoirs, including the
atmosphere, via metamorphic devolatilization and arc magmatism. We discuss observations from
natural rock suites providing tests of calculated mineral-fluid fractionation factors for N.
Building on our discussion of N behavior in continental crust, we present new measurements on
the N concentrations and isotopic compositions of microporous beryl and cordierite from
medium- and high-grade metamorphic rocks and pegmatites, both phases containing molecular
N,, and NH,"-bearing micas coexisting with them. We suggest some avenues of investigation
that could be particularly fruitful toward obtaining a better understanding of the key N reservoirs

and the more important pathways for N cycling in the solid Earth.
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INTRODUCTION

It is often thought that Earth nitrogen (N) resides entirely in the atmosphere and the
biosphere, which together account for 27-30% of the total N budget. Many are surprised to learn
that ~60% of the N resides in the mantle and that another 11-16% is stored in the continental and
oceanic crust combined (see Table 1). In fact, the surface reservoirs of N receiving the most
attention (i.e., ocean, soils, biosphere) contain far less than 1% of Earth’s N by mass (Table 1;
also see Bebout et al., 2013b). Despite its relatively inert and volatile behavior, N can occur in
certain minerals in the crust and mantle, particularly when structurally bound as NH," (Bebout et
al., 2013a; Busigny and Bebout, 2013). Ammonium-bound N in micas and feldspars (Eugster
and Munoz, 1966; Honma and Itihara, 1981; Bos et al., 1988; Hall et al., 1996; Hall, 1999) is an
efficient carrier of initially-organic N from surface reservoirs into the deep Earth at subduction
zones and during formation of the continental crust. In the upper mantle, small amounts of N
could be stored as NH," in silicate phases such as amphibole, phlogopite, clinopyroxene, and
olivine (Yokochi et al., 2009; Watenphul et al., 2010) or as other species in diamond and various
nitrides (e.g., TiN; Cartigny, 2005; Dobrzhinetskaya et al., 2009; see the discussion by Busigny
and Bebout, 2013). Johnson and Goldblatt (2015) discuss the possibility that, in the deeper
mantle, N is soluble in (Fe, Ni) alloy (see Roskosz et al., 2013).

Figure 1 illustrates key geologic reservoirs and sedimentary-organic pathways for N. The
cycle begins with the incorporation of initially organic N into clays, during diagenesis, and

involves the evolution of this N during prograde metamorphism, melting, and ultimately, melt
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97  degassing during crystallization. It ends with the release of N back into the atmosphere.

98 Diagenesis and metamorphism can provide for the addition of N to the mantle at subduction
99  zones, by its release into fluids (see Bebout and Fogel, 1992), and the balance of this addition
100  with the output of N via magmatism is important for understanding the long-term evolution of

101  the mantle N reservoir (see Sano et al., 2001; Hilton et al., 2002). Study of N behavior in the
102  deep-Earth (crust and mantle) has lagged behind investigations using other stable isotope

103  systems (e.g., O, H, C, S). This is partly due to the difficulty in analyzing the N concentrations
104  and isotopic compositions of silicate minerals and partly due the association of N with life

105  resulting in greater attention from the biological community. As a result of these factors,

106  knowledge of not only the sizes (Table 1), but also the isotopic compositions, of the important
107  crust and mantle reservoirs is based on a relatively small number of studies (see Cartigny and
108  Marty, 2013; Johnson and Goldblatt, 2015). In comparison, analyses of N in biological and
109  soil/sediment systems abound because they can be made using less sensitive analytical methods
110  often using highly automated modes (see Bebout et al., 2013b).

111 In this review article, we synthesize the present knowledge concerning the sizes and isotopic
112 compositions of major crust and upper-mantle N reservoirs in the Earth and the key pathways
113  among them. We stress that, because N can be retained in certain silicate phases, particularly
114  those containing appreciable K* (i.e., layer silicates and feldspars), N can be retained to great
115  depths in the continental crust and carried to even greater depths at subduction zones. We

116  consider briefly the avenues for the incorporation of initially organic N into silicate materials
117  (minerals and glasses) during diagenesis and seafloor alteration, as this process, followed by
118  burial and subduction, largely governs the nature of the crust and upper-mantle N reservoirs. In

119  this context, we also present new N isotope data for the microporous silicates beryl and
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cordierite, and coexisting micas, and we discuss the implications of these results for N behavior

during fluid-rock interactions and for the storage of N in the continental crust.

TECHNIQUES FOR ANALYSIS OF THE ISOTOPIC COMPOSITIONS OF NITROGEN IN SILICATES
Research relating to the behavior of N isotopes in silicate systems has largely been conducted

by a small number of laboratories, owing to the trace concentrations of N in most rocks and
minerals and the need to quantitatively release N from them (see the review by Cartigny and
Marty, 2013). There are a few natural NH,"-rich silicate minerals such as buddingtonite
(NH,AISi;Oq; Erd et al., 1964; Barker, 1964) and tobelite (NH,K)AlL(Si;Al)O,,(OH),; Higashi,
1982), but most N tends to occur in the major rock-forming silicates at concentrations of several
ppm to several thousand ppm (e.g., Honma and Itihara, 1981). Extraction of structurally bound N
from silicate minerals and whole-rock samples in general requires heating for sustained periods
of time at temperatures greater than about 1050°C, normally with some means of controlling
redox conditions so that the speciation of the released N is known (see Cartigny and Marty,
2013). Heating can be accomplished by use of online furnaces similar to those used for noble gas
measurements that allow stepped-heating or combustion experimentation (see Boyd et al., 1993;
Pinti et al., 2007), in quartz tubes that are sealed at high vacuum and then heated in offline
furnaces (allowing longer heating periods; see Bebout and Fogel, 1992; Boyd, 1997; Bebout and
Sadofsky, 2004; Busigny et al., 2005a; Bebout et al., 2007), or via flash combustion in element
analyzers that allow more rapid throughput (see Briuer and Hahne, 2005; cf. Jia et al., 2003).
Each of these methods has its advantages and disadvantages, but it is clear that any quantitative
study of N concentrations and isotopic compositions in silicate systems must demonstrate that

complete yields are obtained. Whereas some minerals and rocks appear to release most or all of
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their N upon heating to such temperatures of 910 to 1000°C, higher temperatures or even melting
could be necessary for release of N from some materials (e.g., data for biotite separates in
Sadofsky and Bebout, 2000; results for buddingtonite in Bebout and Sadofsky, 2004).

Older techniques for analyzing N in silicate rocks and minerals include the Kjeldahl method,
employed by Haendel et al. (1986) and in other studies from that laboratory (e.g., Junge et al.,
1989). Briuer and Hahne (2005) compared results obtained using the Kjeldahl method, element
analyzer techniques, and sealed-tube combustions followed by dual-inlet mass spectrometry.
They found that the sealed-tube combustion technique (see Sadofsky and Bebout, 2000) yields
results indistinguishable from those obtained via the Kjeldahl method, whereas the element
analyzer technique appeared to produce minor N fractionation arising from incomplete yields
that were obtained. Ammonium concentrations in micas and feldspar have also been measured
using IR spectroscopy, as demonstrated by Boyd (1997) and Busigny et al. (2004). This method
appears to produce good results comparable with those obtained by mass spectrometry (also see
the results for phengite, biotite, and tourmaline in Wunder et al., 2015).

Mass spectrometry measurements of the isotopic compositions of N, liberated by the various
extractions have been undertaken using gas-source instruments operated in either static or
dynamic modes, with the latter employing either dual-inlet (viscous flow) or carrier gas methods
using He (see discussion of these methods in Hashizume and Marty, 2005; Bebout et al., 2007;
Cartigny and Marty, 2013). Nitrogen isotope compositions are expressed as 8'°N,i;, which is

defined as:

(ISN/ 14N)xump/e _(ISN/ 14N)xtd
(ISN/ 14N)S,d

dN= x10°
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where the standard (std) is the Earth atmospheric N, with isotopic ratio '*N/'*N = 272 (Mariotti,

1984)

CURRENT UNDERSTANDING OF NITROGEN PARTITIONING BEHAVIOR, SPECIATION IN FLUIDS,

AND ISOTOPE FRACTIONATION IN SILICATE SYSTEMS

Partitioning of Nitrogen Between Fluid and Silicate Mineral Phases

The partitioning of N and its isotopes among minerals, fluids, and melts exerts a primary
control over the evolution of all deep-Earth N reservoirs, in addition to governing the flux of N
among the biosphere, atmosphere, and surface hydrosphere (see for example, recent discussion
by Cartigny and Marty, 2013; Johnson and Goldblatt, 2015). It is reflected in the distribution of
N among solid phases, and its speciation in these phases, and the degree to which N is stabilized
in various molecules in fluids and melts. Busigny and Bebout (2013) provided a brief survey of
the most significant N-bearing minerals, with an emphasis on the distribution of N in major rock-
forming silicates in the crust and mantle (also see the more thorough discussion of other N-
bearing silicate and non-silicate phases by Holloway and Dahlgren, 2002).

Honma and Itihara (1981) measured the NH," concentrations in coexisting minerals from
various igneous and high-grade metamorphic rocks and proposed a hierarchy of NH,"
concentration, from most to least enriched, as: biotite > muscovite > K-feldspar > plagioclase
feldspar > quartz. Biotite generally contains ~2.5x more NH," than coexisting muscovite (cf.
Sadofsky and Bebout, 2000; cf. Boyd, 1997), ~3.7x more NH," than coexisting K-feldspar, and
~20x more NH," than plagioclase. This indicates that partitioning behavior is largely a function
of the size of the interlayer sites in dioctahedral and trioctahedral micas and that NH,"

partitioning behavior into micas is similar to that for Rb’, where both ions are slightly larger than
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K" (i.e., 1.38 A for K", 1.48A for NH,", and 1.52 A for Rb"; see Honma and Itihara, 1981).
Wunder et al. (2015) analyzed the NH," concentrations in coexisting minerals from a
metasedimentary rock (a high-P/low-T mica schist from the Erzgebirge, Germany) and
demonstrated that NH," concentrations in tourmaline can be roughly similar to those of phengite
in the same rock (i.e., biotite NH; ™ = 1400 pm; phengite NH," = 700 ppm; tourmaline NH;" =
500 ppm).

The speciation of N in fluid-rock systems is thought to be dependent on pressure,
temperature, redox conditions, pH, and the N content of the fluids (see the calculations by
Bottrell et al., 1988; Bakker and Jansen, 1993; Moine et al., 1994; Li and Keppler, 2014; Mikhail
and Sverjensky, 2014; discussion by Johnson and Goldblatt, 2015). The calculations of
Sverjensky et al. (2014) utilize a revised Helgeson-Kirkham-Flowers equation of state for
describing aqueous speciation for use at up to upper mantle P-T conditions (also see Pan et al.,
2013; Facq et al., 2014; Mikhail and Sverjensky, 2014). In crustal and subduction zone settings,
where P < 3.0 GPa and on which this contribution mainly focuses, the dominant fluid N species
is generally regarded as being N,, with NH3 being stable at reduced conditions. In silicate melts,
speciation of N is both temperature- and redox-dependent, and variations in speciation could
significantly affect N isotope fractionation during partial melting and crystallization (Libourel et
al., 2003; Roskosz et al. 2006; Mysen and Fogel 2010). Poter et al. (2004) determined
experimentally NH, " partitioning among muscovite, K-feldspar, and aqueous chloride solutions
in which the N was contained in NH,Cl. Although it is difficult to use these results to predict the
partitioning and isotope fractionation in low-Cl systems, these experimental results show
partitioning of NH, among the three mineral phases largely consistent with the observations from

the natural suites (for the latter, Honma and Itihara, 1981; Sadofsky and Bebout, 2000).
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Calculated Fractionation Factors

Nitrogen isotope fractionations have been calculated using vibrational spectroscopic data for
several molecular species that are important for crust-mantle cycling, namely NH,;", NH;, and N,.
The results of these calculations are shown in Fig. 2a (compiled by Busigny and Bebout, 2013).
Disagreement in the calculations among several studies (Scalan, 1958; Richet et al., 1977,
Hanschmann, 1981), particularly for fractionations involving N,, suggests that further theoretical
consideration is warranted, perhaps with improved spectroscopic data. It is evident though, in
both Scalan’s (1958) and Hanschmann’s (1981) calculations, that N isotopic fractionation
between NH, and NH," is far larger, at a given temperature, than that between N, and NH,".
Thus, redox conditions can greatly influence the degree of isotopic fractionation in fluid-melt-
mineral systems. There is no evidence that coexisting NH,"-bearing minerals partition N isotopes
differentially; however, there has been little work done on this topic. The only studies addressing
this question demonstrated that there is no statistical difference in 8"°N values for coexisting
biotite and muscovite occurring in amphibolite-grade metapelitic rocks (Boyd, 1997; Sadofsky

and Bebout, 2000).

Results Relating to the Direction and Magnitude of Nitrogen Isotope Fractionation in
Fluid-Rock Systems
For metasedimentary rock suites, increases in 8"°N with increasing grade, correlated with N
losses, are consistent in direction and magnitude with an exchange between NH," in the silicates
and N, in fluids, perhaps by a process approximating Rayleigh distillation (Haendel et al., 1986;

Bebout and Fogel, 1992; Bebout et al., 1999a; Mingram and Briuer, 2001; Busigny et al., 2003;
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Mingram et al., 2005; Pitcairn et al., 2005; Jia, 2006; Bebout et al., 2013a). Kerrich et al., 2006
(see their Table 4 and Fig. 5) provide a good summary of the shifts in 8"’N values in
metasedimentary rocks resulting from N loss during devolatilization. Figure 2b demonstrates
that significant shifts in the 8"°N value of a residual N reservoir can occur via either a batch
(straight line) or a Rayleigh distillation process. These isotopic shifts are strongly dependent on
the temperature of the release of the N and its speciation (i.e., as NH; or N,)—speciation of the
fluid N as NH, produces far greater shifts because of the larger 10’ Ina associated with this
exchange (see Fig. 2a). Based on the calculations in Fig. 2b, if N, is the dominant N molecular
species in the fluid produced during devolatilization of sandstones and pelitic rocks, fluid N,
with a range in 8"°N values of -2 to +6%o could be expected. Indeed, analyses of the 8'°N of N,
in fluid inclusion in quartz veins from low-grade metasedimentary exposures show values of -3
to +5%o (Kreulen et al., 1982), -6.9 to -1.5%o (Bottrell et al., 1988), and +3.7 to +4.0%o0 (Bebout
and Sadofsky, 2004). The range of 8'°N of -2 to +6%o also largely overlaps the range
characteristic for N, in natural gases (Miiller et al., 1976; Jenden et al., 1988; Mingram et al.,
2005). Pitcairn et al. (2005) noted a larger degree of fractionation at the highest grades of a
metasedimentary suite in New Zealand showing a range in grade from nearly unmetamorphosed
to upper amphibolite conditions. They proposed that this reflects a change in the speciation of N
in the fluid phase from dominantly N, at the lower grades to dominantly NHj; at higher grades.

Bebout and Sadofsky (2004), in another investigation of fluid-mineral N isotope fractionation
behavior, measured the 8"°N of N, in fluid inclusions and NH," in biotite in one low-grade
metamorphic quartz vein from Bastogne, Belgium (see Darimont et al., 1988; sample provided
by J. Touret). The fluid inclusions contain = 93 mole % N, and small amounts of CO, and/or

CHy,, and the coexisting biotite contains 2280 ppm NH,". Isotopic analyses of three samples of

10
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the quartz in this vein yielded 8N values of +3.7, +3.9, and +4.0%o for the N, in the fluid
inclusions, and a single analysis of the NH," in the vein biotite yielded a 8"°N value of +6.8%o.
The difference in 8"°N between the N, and the NH,* (the mean 8"°N value for the fluid inclusions
is +3.9%o, thus making the biotite-inclusion difference ~ +2.9%o) is similar to the ANy, +.n,
value calculated by Hanschmann (1981) for the petrologically inferred temperatures of formation
of ~400°C (~ +2.8%o; see Fig. 2a). Analyses of N, and NH," in coexisting microporous silicates
(i.e., beryl and cordierite) and micas, respectively, could provide another measure of the

magnitudes and directions of isotopic exchange, as discussed later in this article.

PATHWAYS FOR NITROGEN CYCLING

Nitrogen in silicate-containing rocks largely derives from organic N, itself derived from
atmospheric N via biologically mediated metabolic processes. The biological uptake of N, and its
later transfer during diagenesis in near-surface or upper-crustal geologic environments into
silicates such as clay minerals and their later metamorphic products, can ultimately give rise to a
significant flux of surface N into deeper crustal and upper mantle reservoirs (see Fig. 1, modified
after Boyd, 2001). In this section, we discuss the current understanding of the most important

pathways for surface to deep-Earth N cycling.

Incorporation of Organic Nitrogen into Silicates During the Diagenesis of Sediments
Various low-temperature geologic processes at Earth’s surface can lead to the incorporation
of initially organic N into silicate phases. They, in turn, ultimately contribute to the entrainment

of N to great depths, during burial and subduction. Low-temperature “mineralization” (i.e.,

11
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devolatilization), the breakdown of organic material, releases N which is incorporated by
authigenic clays such as illite, seemingly with little or no isotope fractionation (see Williams et
al., 1989, 1995; Schroeder and McLain, 1998; Ader et al., 1998, 2006; Boudou et al., 2008; see
the discussion in Thomazo et al., 2011). Although the bulk of the N in these diagenetically-
altered sediments or metasedimentary rocks is held in clays or low-grade micas, and the organic
matter is low-N kerogen, the whole-sediment/rock C/N and 8"C and "N values can resemble
those of the sediment protoliths (see the example in Sadofsky and Bebout, 2003).

Nitrogen record of ancient biogeochemical processes: A number of recent studies have

attempted to determine paleo-biogeochemical cycling behavior using the 8"°N of ancient
sediments and low-grade metasedimentary rocks. Thomazo and Papineau (2013; also see
Thomazo et al., 2011) provided a compilation of 8"°N values and other isotopic compositions, for
a variety of Precambrian sedimentary materials of ages from 3.6 to 1.4 Ga. These authors discuss
possible pitfalls in the interpretation of this record related to unknown effects of low-grade
metamorphism on the N record, but suggest that any isotopic shifts due to metamorphism are
likely to be small (i.e., <2.0%o). It appears that the greatest N loss and isotopic shifts in
metamorphosed shales and sandstones occur during metamorphism over the temperature range
of ~350-550°C, depending on pressure (see Bebout and Fogel, 1992). In many cases N loss and
isotopic shifts are related to the breakdown of chlorite and release of N from micas during the
related dehydration of the rocks. Thus, low-grade metasedimentary rocks that experienced peak
temperatures below ~350°C likely preserve some information relating to paleo-biological

processes.

Nitrogen Enrichment in Seafloor-Altered Basalts, Gabbros, and Ultramafic Rocks

12
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Seafloor alteration of basaltic and gabbroic rocks can result in a significant enrichment of N,
accompanied by isotopic shifts from “mantle-like” 8N values of -5 + 2%o to higher values

approaching +10%o. The more elevated 8'"°N values of these altered mafic rocks, in general,
indicate the addition of a sedimentary-organic N component, presumably via pore fluids that
previously exchanged with seawater and nearby sediment sections (see Busigny et al., 2005b; Li
et al., 2007). Although a number of deep-sea basaltic sections sampled by drilling contain
evidence for microbial activity in palagonitized glass (see Staudigel et al., 2008; Cockell et al.,
2010), the effect of microbial processes on N enrichment is not understood (see Bebout et al.,

2013b, manuscript in review).

The Metamorphic Devolatilization Pathway

Subduction-zone metamorphism: Retention of volatiles to great depths in subduction zones

(for N, see Fig. 3) is known to be highly dependent on the thermal structure of the subduction
margin. “Cool” margins allow volatile-rich rocks to transit through forearc regions with little or
no devolatilization (see Bebout and Fogel, 1992; Busigny et al., 2003; Bebout et al., 2013a;
Cook-Kollars et al., 2014; Collins et al., in press). A growing number of studies have
investigated the deep subduction of N in the sediment, oceanic crust, and the hydrated upper
mantle in down-going slabs.

Subducted sediments: Bebout and Fogel (1992) investigated N behavior during the well-
characterized devolatilization history of the Catalina Schist, California, which was
metamorphosed at 15-45 km depths in a paleoaccretionary complex (see Figs. 4¢, d). It was
shown that isotopically fractionated N was lost from units of the Catalina Schist that experienced

relatively “warm” prograde P-T paths (i.e., epidote-amphibolite, EA, and amphibolite, AM; Figs.
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4c,d). Based on the direction and magnitude of the isotope shifts, Bebout and Fogel (1992)
proposed N,-NH," exchange accompanying Rayleigh-like N losses during the metamorphism. In
contrast, lower grade metamorphic units that experienced “cooler” prograde P-T paths (labeled
LA, LBS, and EBS in Figs. 4¢,d) apparently did not undergo significant devolatilization and
related N loss (Bebout et al., 1999b). These latter units resemble their seafloor sediment
protoliths in both whole-sediment 8"°N and the 8"°C values of reduced C (the latter representing
metamorphosed organic matter). Sadofsky and Bebout (2003) documented similar preservation
of protolithic C and N concentrations and isotopic compositions in low-grade metasedimentary
rocks of the Franciscan Complex, California.

In two separate studies, Busigny et al. (2003) and Bebout et al. (2013a) investigated N
behavior in the Schistes Lustres metasedimentary unit and associated UHP rocks at Lago di
Cignana, NW Italy. The results indicate little or no loss of N during prograde metamorphism
over a depth range of ~60 to 90 km (see Figs. 4a, b). The retention of N to ~90 km depth in
subducted sedimentary rocks would imply the availability of this N for delivery to arc magma
source regions or the deeper mantle. Bebout et al. (2013a) proposed some N loss, associated with
a modest isotopic shift of perhaps 1-2%o (see Fig. 4a), resulting from ~20% dehydration of the
highest-grade metasedimentary rocks in this suite. Cartigny et al. (2001) analyzed N
concentrations and 8N of microdiamonds from the Kokchetav (Kazakhstan) ultra-high pressure
(UHP) marbles and “garnet-clinopyroxene rock,” the latter presumably metabasaltic in
composiiton, in a continental subduction setting. They proposed a metasedimentary source for
the N in the diamond, based on the 8N values, implying retention of metasedimentary N to
depths greater than 100 km. Here, the N was released into fluids during devolatilization

reactions.
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In the Catalina Schist amphibolite-facies unit, muscovite in metasedimentary leucosomes and
sediment-sourced pegmatites has 8"°N values indistinguishable from those of muscovite in the
migmatized metasedimentary rocks. This led Bebout (1997) to suggest that partial melting can
occur without appreciable N isotope fractionation; however, further detailed work is required to
test this hypothesis. The only other study of the behavior of N and its isotopes during
migmatization is that of Palya et al. (2011), with Hall et al. (1996) presenting NH," concentration
data only for a migmatite complex in Spain. The work by Palya et al. (2011), on the low-pressure
migmatites at Mt. Stafford, Australia, is described in a later section.

Subducted metabasalts and metagabbros: Halama et al. (2010) and Busigny et al. (2011)
considered the record of deep N subduction in basaltic and gabbroic rocks, focusing on the N
concentrations and isotopic compositions in HP and UHP metamorphic suites. In the rocks
investigated by Halama et al. (2010), N concentrations correlate positively with concentrations of
K,0, consistent with the proposal that N resides as NH," in phengite (no feldspar is present in
these rocks). These authors subdivided these rocks into two groups, namely (1) those that
retained significant amounts of N, with N concentrations overlapping those of seafloor basalts,
and showing no evidence for metasomatic additions during subduction zone metamorphism, and
(2) those that were enriched in N, and in many cases also the LILE and Pb (Bebout, 2007), from
fluid-rock interactions during subduction. For the Mariana subduction margin, Li et al. (2007)
estimated a N input flux of 5.1 x 10° g/km/yr N in oceanic crust, twice as large as the annual N
input of 2.5 x 10° g/km in seafloor sediments subducting at the same margin.

Subducted ultramafic rocks: Philippot et al. (2007) and Halama et al. (2012) published N
isotope analyses of subducted ultramafic rocks (from the Italian Alps and Spain) and, in general,

were able to demonstrate that N in such rocks is carried to and retained at great depths, but at low
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concentrations (mostly in the range of 1 to 8 ppm). The latter authors considered the significance
of this flux for the overall subduction input of N,, and concluded that it is minor (see the range of
estimated input flux for this rock type in Fig. 3). However, at this point, it is difficult to estimate

the volume and N concentration of hydrated-slab ultramafic sections entering trenches and the N

budget in hanging-wall ultramafic rocks is also poorly constrained.

Efficiency of the arc volcanic return of subducted nitrogen: Subduction-zone cycling of N
encompasses many of the processes and pathways discussed in this paper, that is, low-
temperature surface incorporation of N into organic matter and volcanic glass, diagenetic
alteration, low- to high-grade metamorphism and devolatilization, and partial melting. The
subduction input flux of N, mostly as NH,", can be compared with the output flux as molecular
Nz in arc volcanic gases (see the discussion by Hilton et al., 2002). Several studies have
calculated the amount of N that is returned to Earth’s surface via arc volcanism (Fig. 3; see
Hilton et al., 2002; Elkins et al., 2006; Fischer, 2008; Mitchell et al., 2010). In general, the
estimated “return efficiency” of N, that is, the arc volcanic N outputs compared to the trench N
inputs, ranges from ~15 to ~40%, but with considerable uncertainty. Still uncertain are the exact
geochemical mechanism(s) by which this N is transferred from subducting slab sections to the
overlying mantle wedge. Presumably this transfer occurs via aqueous C-O-H-S-N fluid or N-
bearing silicate melt, or some combination of these two types of fluids. It is unknown whether
this subarc release of N from slabs is accompanied by isotopic fractionation and the published
mixing models used to calculate arc-volcanic gas compositions do not consider this effect. In
general, it appears that the upper mantle experiences net N addition, largely through the
incorporation of NH," in various K-bearing mineral phases such as the micas (see the discussions

by Halama et al., 2010; Busigny and Bebout, 2013; Cartigny and Marty, 2013). Some studies of
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the compositions of arc volcanic gases consider the possibility of shifts in the 8"°N values of
deeply subducted rocks through N loss during devolatilization in forearcs (see Elkins et al.,
2006). More recent isotopic work on arc volcanic gases has focused on individual, well-studied
subduction zone segments for which the overall geometry and dynamics of the margin are well
characterized (i.e., by geophysical studies) and where the subduction inputs are better
characterized. The subduction inputs can be constrained by analyzing the N in seafloor sediments
that are obtained by drilling outboard of the trenches (see Elkins et al., 2006; Mitchell et al.,
2010; discussions by Sadofsky and Bebout, 2004; Li et al., 2007).

Other “‘regional metamorphism”: Research has been conducted on the N behavior in

regionally metamorphosed rock suites that are not observably related to subduction, where a
number of them are associated with continental collision. An early example is presented in a
series of papers on N mobility in metamorphic rocks from the Dome de L'Agout, France, an
extensional gneiss dome, in which the authors stressed the importance of NH4" in micas (Kreulen
and Schuiling, 1982; Duit et al., 1986). It was proposed that the release of N was related to the
retrograde replacement of biotite by chlorite, where the latter layer silicate is unable to
incorporate significant amounts of NH," (Duit et al., 1986; cf. Visser, 1992). Sadofsky and
Bebout (2000) documented the retention of initially organic N in amphibolite-facies, medium-
P/T facies series rocks at the Townshend Dam exposure in Vermont. The work focused mostly
on analyses of mica separates (also see the study of very NH,"-rich white mica in schists from
the Betic Cordillera by Ruiz Cruz and Sanz de Galdeano, 2008). Low-grade equivalents to the
Townshend Dam rocks were not available for comparison study; however, these rocks could well
have lost appreciable fractions of their initial N contents at grades lower than those now

represented at this exposure. Jia (2006) studied the N behavior for greenschist- to amphibolite-
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facies metamorphism in the Cooma metasedimentary suite, Australia. Here, N loss at
temperatures from 350 to 600°C was accompanied by modest isotopic shifts that were consistent
with a Rayleigh or batch distillation process and speciation of N in the fluid as N, (see Fig. 2b).
In contrast, Jia invoked NH;-NH," exchange at temperatures of 650 to 730°C during the higher-
grade migmatization to account for far larger positive shifts in 8N in the high-grade rocks.
Plessen et al. (2010) examined N concentrations and N isotopic compositions for a suite of
greenschist- to amphibolite-grade metasedimentary rocks in western Maine, USA. They
documented moderate loss of N in the higher-grade rocks, accompanied by some shift in §"°N.
Plessen et al. analyzed both whole-rocks and biotite separates and discussed the effect of
changing redox conditions on N,-NH," and NH,-NH, " exchange during the metamorphic
devolatilization. Mingram et al. (2005) investigated the N loss and associated isotopic shifts in a
Paleozoic sediment section presumed to be the source of natural gases in the North German
Basin containing up to ~90% N, (also see Krooss et al., 2005). The former authors suggested that
the bulk of the released N was dissolved as NH,/NH,", in saline pore fluids, which was then
oxidized to produce N, in the natural gases. As a final example of a study of regionally
metamorphosed rocks in a collisional subduction setting, Li et al. (2014) proposed that
anomalously low 8"°N values in micas from UHP metaigneous rocks of the Sulu orogenic belt,
China, indicate abiotic N reduction arising from near-surface fluid-rock interactions during the
Neoproterozoic Era.

Contact metamorphism: Contact metamorphic aureoles can provide clear records of

mineral reaction history, with well-defined heat sources. However, the transient nature of the
heating can lead to significant kinetic effects that hinder the attainment of mineral equilibration

and the growth of large crystals. Bebout et al. (1999a) investigated, as an example, the Skiddaw
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Aureole (English Lake District), selected in part because of the very homogeneous whole-rock
compositions of the metapelitic wall-rocks. This homogeneity simplified the determination of the
fraction of N lost due to devolatilization that occurred during contact metamorphism. In the
Skiddaw Slate wall rocks, the K,O concentration is very uniform and the measured decrease in N
concentration toward the igneous contact is associated with a loss of N from micas, which are the
most important mineral hosts for the N (as NH,"). Although the rocks metamorphosed near the
contact were variably overprinted by retrograde fluid-rock interactions, they show a clear shift to
higher 8N values that was associated with N loss at the higher grades.

In the Karoo Basin, South Africa, heating by a series of basaltic sills at depth metamorphosed
a sedimentary section, devolatilizing the sediments and producing explosive hydrothermal
venting (see Svensen et al. 2008). Abundant buddingtonite was produced by this hydrothermal
activity, where it acted as a cement. Study of metamorphosed rocks directly adjacent to one of

these sills showed changes in N concentrations and 8"°N values similar to those observed for the

Catalina Schist and Skiddaw Aureole. The "N values of the N, which was produced by
devolatilization of the Karoo Basin sediments (+1.75 to +6.0%o), are similar to those calculated

for buddingtonite that crystallized during the hydrothermal fluid venting.

Nitrogen Metasomatism and the Formation of Ore Deposits

An investigation of the metasomatic rocks of the Catalina Schist (Bebout and Barton, 1993;
Bebout, 1997) demonstrated the utility of N as a tracer of fluid-rock interactions and, in
particular, the fluid-mediated transfer of initially organic N at depth. Here, N of metasedimentary
origin is enriched in a variety of metasomatized rocks, for example, blueschist-facies-
metamorphosed conglomerate cobbles, veins and their envelopes, and pegmatites. In all of these

metasomatized rocks, N enrichments mirror those of K,O, again demonstrating the ability of
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NH," to substitute for K" in certain silicates. Figure 5 shows this correlation for the blueschist-
grade conglomerate cobbles (data from Bebout, 1997). Other LILE, specifically Cs, Rb, and Ba,
show enrichments positively correlated with those of N and K,O. The 8" N values of these
cobbles are very uniform and identical to those of other metasomatic rocks in this unit and the
blueschist-facies metasedimentary rocks (Table 2 in Bebout, 1997), the latter presumed to be the
source of the N.

Another example of the behavior of N and its isotopes during metasomatic processes is found
at an exposure of subduction-related metabasaltic rocks in the Tianshan, China. Figure 6 shows
variations in the concentrations of N and several other trace elements across a vein envelope in
which blueschist-grade metabasaltic rocks are transformed to eclogite toward the contact with
the vein (from Halama et al., manuscript in preparation; see description in Beinlich et al., 2010;
sketch from that paper in Fig. 6d). Samples collected along a traverse of this envelope show
correlated losses in N and the LILE (K, Rb, and Ba; see Figs. 6a-c), reflecting the
destabilization of phengite during eclogitization. The N loss during eclogitization occurred with
little or no change in 8'"°N except in the vein itself. For the same traverse, John et al. (2012)
modeled the diffusion of Li and its isotopes and proposed a very short-duration fluid-rock event
to produce the observations.

In veins from various settings, the presence of NH,"-bearing minerals (commonly micas) and
N, in fluid inclusions (Duit et al., 1986; Darimont et al., 1988; Ortega et al., 1991; Visser, 1992;
Andersen et al., 1993) indicate the mobility of N in fluids during metamorphism, in some cases
with the fluid producing ore deposits. Kerrich et al. (2006) measured N concentrations and
isotopic compositions of muscovite in hydrothermal veins containing appreciable Au. They

argued that the fluid flow that produced the veins originated from a sedimentary source (also see
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Jia et al., 2003). Pitcairn et al. (2005) also investigated the mobilization of metasedimentary N
into ore-forming fluids, assessing fluid-rock fractionation behavior during devolatilization of the
sources. Krohn et al. (1993) examined enrichments of NH4" (some of it in buddingtonite) in
shallow-crust hydrothermal systems utilizing near-infrared spectroscopy. Because of the high
NH," content in these hydrothermal systems, their close association with Hg, and the small
crystal size of the NH, -bearing minerals, they proposed that NH," is transported by a late-stage
vapor phase or as an organic volatile. As a further example of NH," enrichment occurring during
magmatic hydrothermal processes, Bobos and Eberl (2013) described NH, -illite-rich altered
andesites associated with sub-volcanic diorite emplacement and crystallization.

As noted above, Bebout et al. (1999a) documented loss of N in the contact aureole developed
at the margins of the Skiddaw Granite and the addition of this N to the cooling intrusive, where it
was concentrated in a greisen (see another study of N in ore-deposit greisen by Junge et al.,
1989). The 8"°N values of the Skiddaw greisen, which is associated with the tin-tungsten deposits
at the Carrock Fell Mine, are consistent with an up-temperature flow of a N-bearing fluid from

the wall rocks undergoing devolatilization into the granite.

Anatexis in the Continental Crust

Little work has been conducted on migmatites, leucosomes, and pegmatites aimed at
understanding the nature of mineral-melt partitioning and possible melting-related isotopic
fractionation of N. Palya et al. (2011) investigated the behavior of N for a series of partial
melting reactions in the Mt. Stafford migmatite suite and demonstrated strong retention of N in
these rocks despite extensive melting at ~2.0-4.0 GPa (Fig. 7). At lower metamorphic grades,

muscovite and biotite were presumed to be the dominant N reservoir. However, as the two micas
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were destabilized during dehydration melting reactions, N was partitioned into K-feldspar and
significant amounts of N were retained in cordierite presumably as molecular N, (see the
discussion below). Cordierites in the higher-grade rocks at this locality (Zone 4) contain 118-351
ppm N (see Fig. 8 and Table 4 in Palya et al., 2011). The following outlines a series of reactions
experienced by these rocks (from Vernon et al., 1990, and White et al., 2003; with the likely N-
bearing minerals in italics):
Zone 1:
Ms + Bt (unmelted protolith/equivalent)
Zone 2:
Ms + Qtz 2 And + Kfs + H,0O
Kfs + Bt + Crd + Qtz + H,O - leucosome =+ (Qtz — Kfs — Bt)
Kfs + Qtz + Bt + H,O = And + leucosome + (Qtz — Bt — Kfs)
Zone 3:
Bt + Sil + Qtz = Spl + Crd + leucosome + (Kfs — Qtz — H,0)
Bt + Spl + Qtz 2 Grt + Crd + Kfs + melt
Zone 4:
Grt + Bt + Qtz & Opx + Crd + Kfs + melt
Although some N loss from these rocks with increasing grade is evident (see Figs. 7a, b),
isotopic shifts associated with this loss appear modest (with a subset of the Zone 4 samples
having 8"°N values greater than +7%o), indicating only minor isotopic fractionation during the

partial melting.
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Buildup of the Nitrogen Reservoir in the Continental Crust during the Precambrian (and
its Present State)

Uptake of N via biological processes, and the gradual transfer of this N to the crust and
mantle, are thought to be important in the evolution of the early-Earth atmosphere (Boyd, 2001;
Goldblatt et al., 2009). Like the subduction pathway (Fig. 3), this avenue for incorporation into
and storage in the continental crust involves much of the process laid out in Fig. 1. This begins
with the biological uptake of N from the atmosphere/hydrosphere, proceeding through diagenesis
and then low- to high-grade metamorphism and ultimately deep-crustal partial melting. Goldblatt
et al. (2009) proposed that halving the amount of atmospheric N, reservoir by biological fixation,
through a net reaction of the type N, + 3H,O -> 2NHj3 + 1.50,, would have resulted in the
production of large amounts of O, for addition to the atmosphere. The sequestering of biological
N into clays at or near Earth’s surface, and with time further into deeper crustal rocks (where it
could be stored), would have prevented N return to the atmosphere.

A better understanding of the concentrations and 8"°N values of the continental crust will
require further investigation of the various volumetrically important crustal rocks (see the
discussion by Johnson and Goldblatt, 2015). Several observations can be made. The N
concentrations for crustal rocks at Mt. Stafford (Palya et al., 2011; see Figs. 7a, b), for example,
are generally considerably higher than the estimated average continental crust concentration of
56 ppm (see Rudnick and Gao, 2014). Bach et al. (1999) determined N concentrations, but no
isotopic compositions, for rocks from the KTB drill hole, in Oberpfalz, southern Germany,
which sampled a 7 km section of crystalline basement metamorphosed during the Variscan
orogeny. They noted a general positive correlation between whole-rock N concentration and

biotite modal abundance and, thus, higher concentrations of N in paragneisses compared to
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metabasites. Nitrogen concentrations measured along the drilled section ranged from ~5 to 50
ppm, lower than the 56 ppm average for the bulk-continental crust (see Rudnick and Gao, 2014).
Based in part on a consideration of K/U ratios, Cartigny et al. (2013) suggested 2.5 to 5 times the
amount of N in upper continental crust estimated by Rudnick and Gao (2014) using the data

compilation by Wlotzka (1972; also see the larger estimate by Johnson and Goldblatt, 2015).

THE MICROPOROUS SILICATES BERYL AND CORDIERITE: NEW RESULTS ON THEIR NITROGEN

CONCENTRATIONS AND ISOTOPIC BEHAVIOR

Up to now, most study of rock-forming minerals that can contain N has focused on layer
silicates and feldspar, where N occurs in the NH," ion. There is, however, another class of
minerals, namely microporous silicates that can contain charge-neutral molecules or gases, and
here specifically N,, in their structures (Armbruster, 1985). They may serve as another crustal
sink for N. In this section, we present new mass spectrometry results on the N concentrations and
isotopic compositions in microporous beryl and cordierite. In addition, in several cases, we
measured the N concentrations and isotopic compositions for coexisting muscovite and biotite in
order to better understand the fractionation behavior of N between microporous and layer
silicates (data are from Lazzeri, 2012).

Cordierite with the idealized composition (Mg,Fe),AlsSi50,5-[H,O, CO,, Ny...] is
commonly found in Al-rich metamorphic rocks such as metapelites (Schreyer, 1965; also see
Kalt et al., 1998) and also certain igneous rocks (Clarke, 1995), including pegmatites (Heinrich,
1950). Beryl with the ideal composition (Al,Be;SicO;5): [H20, CO,, Ns...] is typically found in
granites or granite pegmatites (London and Evensen, 2002), but it can also occur in certain mafic

metamorphic rocks and low- to high-temperature hydrothermal veins. A few studies have
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investigated the presence of N, in cordierite and its concentration (e.g., Lepezin et al., 1999;
Geiger et al., in preparation), but very few data exist on its molecular isotopic compositions (see
the small dataset for beryl presented in Scalan, 1958). The results for cordierite, a rock-forming
mineral, have implications for the storage of N at shallow to mid-levels of the continental crust,
because metamorphosed pelites can occur in geologically large amounts.

Nearly all naturally occurring cordierites occur as the lower-temperature ordered
orthorhombic modification and not the hexagonal “high” form with its disordered Al-Si
distribution. Beryl is isostructural with “high” cordierite. The crystal structures of cordierite and
beryl are similar because both contain structural rings consisting of six corner-sharing (Si/Al)O4
tetrahedra that are cross-linked by octahedra and Al/BeQOy, tetrahedra, thereby forming a three-
dimensional framework. These rings of corner-shared tetrahedra are stacked one over another
producing infinite one-dimensional channelways running parallel to the c-axis (Fig. 9). The rings
form ‘bottlenecks’ with a diameter of about 2.8 A and, in their middle, alkali cations (Na and K
for cordierite and these elements as well as Cs for beryl) can be found at relatively low
concentrations (e.g., Armbruster, 1986). Single, free molecules such as HO, CO;, N, CO, O,,
and H,S and neutral atoms like Ar and He can be located in structural cavities or pores located
between the bottlenecks (Damon and Kulp, 1958; Armbruster, 1985; Kolesov and Geiger, 2000).
The molecules can be incorporated during crystallization, but they can, to unknown extents,
move in or out with changing P-7-X conditions. The presence of alkali cations within the rings
can act to slow or block diffusion of the molecules in or out of the channels. The dominant
molecular channel constituents in cordierite are H,O (up to 3.8 wt %) and CO; (up to 2.2 wt %)
and the former for beryl. Both molecules have received considerable attention and different types

of crystallographic, mineralogical, and geochemical study and, thus, their behavior is fairly well
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understood. The concentrations and isotopic behavior (i.e., geochemical) of the less abundant
molecular species N, CO, O,, H,S, Ar and He are not well documented.

In the case of cordierite, degassing experiments reveal that N is probably the third-most
abundant species in many crystals, suggesting that N, may play an important role in the fluids
from which they crystallized (Geiger et al., in preparation). Indeed, fluid inclusion studies of
granulites and eclogites confirm the presence of N»-bearing metamorphic fluids at elevated
temperatures and pressures (Andersen et al., 1990, 1993; Kreulen and Schuiling, 1982; Touret,
2001). In addition to N3, a couple of studies have proposed the presence of minor amounts of
NH, " and NH; within the channels of both cordierite and beryl (Mashkovtsev and Solntsev,
2002; Bul’bak and Shvedenkov, 2005), but more work is needed in this direction.

The concentrations and isotopic compositions of N occluded in cordierite and beryl are
believed to depend on several factors (see Geiger et al., in preparation): (1) the temperature and
pressure during crystal growth, (2) crystal-chemical and molecular properties, (3) the

composition of the coexisting fluid present, and (4) fractionation effects of N within the fluid.

Continuous Heating and Mass Spectrometry on Cordierites to Determine their Occluded
Molecular Species

Geiger et al. (in preparation) studied a number of cordierites from a wide range of petrologic
environments using continuous heating experiments from 25 to 1400 °C with a coupled
quadrupole mass spectrometer (see Supplementary Fig. 1). The aim of the study was to
determine all types of molecular species, both major and minor, that can be occluded in
cordierite, their temperature release behavior and, in some cases, their concentrations. The

experimental method discriminates between molecular species by their mass-to-charge ratios
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(m/z). Both N, and CO are characterized by m/z = 28 and thus their peaks overlap in the mass
spectrometry profiles. N, can be discriminated from CO by elevated m/z 28:44 ratios, indicating
that a peak at m/z 28 cannot be solely explained by secondary CO" fragments produced from
occluded CO; molecules. In order to test for the presence of a N, molecule, one can also use the
species m/z 14, which can be assigned to the fragment N,

Based on a large number of degassing experiments of different cordierites, it was shown that
the most N,-rich cordierites are those from the granulite facies. Cordierites from medium-grade
amphibolite-facies rocks contain less N,, and pegmatite samples show the least amounts of N, of
all the samples studied. These observations are confirmed by the stable isotope extraction
measurements made on some of the samples, described below. The results also confirm the work
of Lepezin et al. (1999) and their conclusions, showing that the concentration of N, in cordierite
generally increases with increasing metamorphic grade (these authors did not measure N in
cordierite from pegmatites). Finally, these degassing experiments demonstrate that the heating
of cordierite (and beryl) to temperatures of 1100 °C, for three hours, should be sufficient to expel
all molecules from their structural channels (see the examples of the release spectra in

Supplementary Fig. 1).

Methods for Isotope Ratio Mass Spectrometry on Nitrogen in Cordierite and Beryl
Following upon the continuous heating measurements discussed above, heating experiments
using the sealed-tube and mass spectrometry methods of Bebout et al. (2007) were undertaken to
determine the N release characteristics for cordierite and beryl and the optimal heating regimen
to obtain complete extraction of N for isotopic measurements. As a test, an inclusion-free beryl

crystal, as examined by petrographic examination, was crushed and sieved to produce three
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grain-size fractions: 0.125-0.25 mm, 0.25-0.50 mm, and 0.50-1.0 mm. Approximately 60 mg of
each size fraction were loaded into 6 mm o.d. quartz tubes together with 1 g of CuOx reagent and
evacuated for 24 hours, with intermittent heating to ~100°C with a heat gun before sealing. The
sealed tubes were heated in a furnace at a controlled rate to either 1050 or 1100°C and for
varying periods of time between 180 to 300 minutes. An analysis of the results for these
differently-sized separates showed no difference outside analytical uncertainties in their

N concentrations or "N values of ~36 ppm and +5.3%o. A number of recent studies have
concluded that quantitative extraction of N is accomplished for a wide range of metasedimentary,
basaltic, and ultramafic rocks at temperatures of 1000°C (Bebout et al., 2007; Busigny et al.,
2005b; Halama et al., 2010; Li et al., 2007). However, N extraction from some mineral separates
can require higher temperatures (e.g., biotite; see Sadofsky and Bebout, 2000). Following this
test experiment on beryl, all further extractions were undertaken by heating to 1100°C for 180
minutes, using the heating and cooling regimen of Bebout and Sadofsky (2004) and Bebout et al.
(2007). The extracted N, was purified in an all-metal extraction line. It was then transferred into
a Finnigan MAT 252 mass spectrometer via a Finnigan Gas Bench II and a U-trap interface
where small samples of N (~50-200 nmoles) were entrained into a He stream.

Clear, gem-like beryl and cordierite crystals (Appendices A and B) were used in all
experiments in order to minimize the possibility of contamination from tiny mica inclusions
potentially containing NH,". The lack of mica inclusions was also confirmed using petrographic
methods. A number of the cordierites were also characterized for their channel contents in the
degassing experiments of Geiger et al. (in preparation; see Supplementary Fig. 1). Samples

were crushed and sieved to reach a grain size of 0.25-1.0 mm and cleaned with purified water
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and an acetone solution. For these extractions, aliquots of cordierite and beryl (17-116 mg) or

mica (10-40 mg) were loaded into the quartz tubes with 1 g of CuOxreagent.

Nitrogen Concentrations and 85N Values of Cordierite from Various Geological Settings

The N concentrations and 8"°N values for thirty cordierite samples, eight of these with
coexisting biotite, are listed in Table 2. The results are shown in Figs. 8 and 9. The cordierites
show a large range of N concentrations, from 5 to 4525 ppm, with most containing less than
1500 ppm N. "N values range from +1 to +17%c. Figure 8a shows that the N concentration
generally increases with increasing metamorphic grade. Cordierites from granulites, including
Mt. Stafford, tend to contain more N, and have lower 8"°N, than cordierites from medium-grade
metamorphic rocks. The simplest interpretation for this observation is that NH;" held mostly in
mica (muscovite and biotite) at lower grades is liberated at higher metamorphic temperatures
through various dehydration reactions. Nitrogen is released into the fluid phase, speciated as N,,
then incorporated into cordierite. The N released from the micas is expected to have 8'"°N lower
than that of the NH4" in the micas (see Fig. 2b), thus explaining the lower 8"°N for N, in the
cordierite channels.

It should be noted that pegmatitic cordierites have N concentrations of less than 70 ppm,
which fall toward the lower end of the observed concentration range for all cordierites. Their
8'>N values are similar to those for cordierite in medium-grade metapelites. '°N values for the
various cordierite samples range from +1 to +12%o, overlapping the 8"°N range characteristic for

organic N, with the exception of sample CL-177-1 (+30%o) and Wards (+16%o; see Table 2).

Nitrogen Partitioning Behavior Between Coexisting Cordierite and Biotite
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Biotite in pegmatites has N concentrations of 70 to 134 ppm higher than those of the
coexisting cordierites, but to varying degrees (see Fig. 9). In two of the three experiments, the
3"N values (+1.8 to +11%o) of the biotites are lower than the values for cordierite from the same
rock sample (Fig. 9). In the third case, the '°N values for the coexisting minerals are similar.
For two granulite facies rocks, biotite has N concentrations of 65 and 116 ppm and they are
lower than those of the coexisting cordierites with concentrations of 162 and 232 ppm N,
respectively. For three rock samples whose origins are uncertain (“uncategorized”), cordierites
have N concentrations and 8"°N values higher than those of coexisting biotite. Thus, the
partitioning and isotopic fractionation results for N in coexisting biotite and cordierite do not
show any consistent behavior and, thus, factors other than temperature must be considered.

The wide range of measured N concentrations and 8'°N values in cordierite could be
attributed to differences in the temperature of crystallization, compositional heterogeneity in the
protoliths (see the compilation of data for sediments in Kerrich et al., 2006), and differing
magnitudes of positive isotopic shifts in 8'°N resulting from lower-grade devolatilization (see
Bebout and Fogel, 1992; Jia, 2006; Palya et al., 2011). Three additional effects that could explain
the range of 8'°N values are (1) the presence of some NH, " in cordierite, which could result in
decreased or no fractionation of N with NH," in coexisting biotite, (2) chemical disequilibrium
between biotite and cordierite that could affect the N concentrations and isotopic compositions,
or (3) post-crystallization or retrograde modification of the 8'°N values due to differential
diffusive loss (i.e., preferential loss of '*N). Possibility (3) must be addressed in future studies of
microporous silicates and fluid-rock processes (see discussion of diffusive loss for HO and CO,

in cordierite by Vry et al., 1990). Regarding (1), we consider the presence of significant amounts
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of NH," in cordierite as unlikely for crystal chemical reasons (the concentration of K, with very
few exceptions, in cordierite is very low).

Nitrogen Partitioning Behavior Between Cordierite and its Rock Matrix for a Medium-

Grade Schist: Nitrogen concentrations and 8"°N values were measured for a gem-quality
cordierite and its muscovite-rich matrix for one medium-grade metasedimentary schist from
Connecticut, USA (Fig. 8b). Here, quite interestingly, cordierite showed no measurable N within
the experimental detection limits, whereas the muscovite-rich matrix contained 350 ppm N.
Essentially all N in the schist resides as NH," in the micaceous matrix. This result is consistent
with the observation that N concentrations in cordierite are highest at the highest metamorphic
grades where muscovite is not present. The interpretation is that N residing in the muscovite,
after its breakdown with increasing temperature, is taken up in K-feldspar and cordierite (see

Palya et al., 2011).

Nitrogen Partitioning Behavior Between Coexisting Beryl and Muscovite

Figure 10 shows the N concentrations and 8"°N values for five beryl-muscovite pairs taken
from four pegmatites and one metasedimentary schist (see the data in Table 2). These results
show that muscovite always contains far greater amounts of N than coexisting beryl. A mean
A®N d"N

— 8" Nyry1) value of +2.9 (10 = 1.1%0) was obtained for these pairs. The

musc-beryl ( musc

direction and magnitude of this isotopic fractionation are similar to those measured for bioite-
fluid inclusion pairs in a vein in metasedimentary rocks from Bastogne, Belgium (see discussion
above) and predicted by the fractionation factors calculated using spectroscopic data (see Fig.
2a). Apparently, based on the limited data, the partitioning behavior of N and its isotopes

between beryl and muscovite, compared to the case for cordierite-biotite pairs, is more
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systematic (Fig. 9). This could, in part, reflect (1) the presence of N, as the single N species in
the beryl (i.e., not also NH,") or (2) the more rapid cooling of pegmatites compared to most
granulites. Rapid cooling allows greater retention of N, incorporated during peak crystallization

conditions and thus better preservation of the peak-temperature partitioning behavior.

Carbon Concentrations and 8"C Values of Cordierite and Beryl

Figure 11a shows a plot of N and C concentrations for a number of cordierites and the single
beryl sample studied here (see also Table 2). The two elements show a rough positive
correlation. Figure 11b shows a plot of C concentrations and 8"’ Cyppg values. The various
samples have roughly similar 8"°C values with a mean = -9.8% (10 = 3.5%0), with the exception
of two cordierites outliers from granulites having 8"C values of -36.4%¢ and -22.3%o. For the
range of rocks types studied here, pegmatite cordierites tend to have lower C concentrations.
Cordierites from granulites and medium-grade metapelites (and the uncategorized cordierites)
have, in general, similar concentrations of C, but the most C-rich samples (i.e., 990 to 1200 ppm
C) come from granulites (there is considerable overlap among the data for medium grade,
granulite, and uncategorized cordierites). These observations for C concentrations and 8"°C
values are consistent with those made by Vry et al. (1990) in their isotopic investigation of
cordierite. Beryl, unlike cordierite, contains very little C, with only one sample containing

amounts sufficient for an analysis of 8"°C.

How Important are Microporous Silicates and Tourmaline for Storage of Nitrogen in

Continental Crust?
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Cordierite can be a volumetrically significant rock-forming mineral in metapelitic rocks. It is
stable over a wide range of temperatures and at low to moderate pressures corresponding to
upper to middle levels of the continental crust (e.g., Schreyer, 1965; Kalt et al., 1998; White et
al., 2003; Palya et al., 2011). Tourmaline, which may also contain appreciable amounts of N
(e.g., Wunder et al., 2015), occurs in metapelitic rocks over a broader range of P and T, even in
UHP rocks that experienced pressures of up to ~3.0 GPa (Bebout and Nakamura, 2003; see the
summary by Marschall et al., 2009; van Hinsberg et al., 2011). However, its modal abundance is
limited in both metamorphic and igneous rocks, therefore it is unlikely to play a role as a major
sink in the crust and for the deep-Earth N cycle. Tourmaline and beryl in larger amounts can
occur in pegmatites (London and Evensen, 2002), but pegmatites are unlikely to act as
significant N reservoirs due to their relative scarcity. Summarizing, cordierite could be a notable

sink for N in shallow- to mid-levels of the continental crust.

CONCLUSIONS AND OUTLOOK

Fluxes of N among the oceanic and continental crust, mantle, oceans, and atmosphere largely
determine the abundance and the isotopic composition of N in all of these reservoirs. Models of
modern and ancient volatile cycling on Earth are highly dependent on understanding the nature
of these fluxes (Javoy, 1997; Tolstikihn and Marty, 1998; Zhang and Zindler, 1993). Biological
processes play a key role in affecting the concentrations and behavior of N in the solid Earth.
Nitrogen in the oceans and atmosphere can be incorporated (via biological processes) into
mineral phases, some of which are carried into the deep Earth (via burial and subduction).
Nitrogen can thus be an effective tracer in the study of the transfer of sedimentary and organic

components into and within the crust and upper mantle. In this article, we present some
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important observations regarding this hydrosphere-crust-upper mantle transfer, based on the
studies to date, and we suggest several areas needing attention.

— NH," can replace K* via a solid solution mechanism in some K-bearing rock-forming
silicate minerals, especially layer silicates (clays and micas) and feldspar. This substitution is so
prevalent that an estimate of N subduction-input fluxes can be based on knowledge of the rates
of K subduction (see Busigny et al., 2003, 2011; Busigny and Bebout, 2013). Recent research
suggests that cordierite and tourmaline can also serve as reservoirs for N, with concentrations
roughly similar to those of coexisting micas. Cordierite could be a significant phase for the
storage of molecular N, in shallow- to mid-levels of the continental crust.

— Low-temperature devolatilization of organic matter, and the concomitant crystallization of
clay minerals such as illite, permit the retention of this initially-organic N as NH," in these clay
minerals, apparently with little isotopic fractionation. Although whole-rock C/N ratios of very
low-grade metamorphosed sediments can retain biogeochemical information, kerogen itself (the
reduced C reservoir) contains very little N. Most of the initially-organic N is transferred into and
housed in clays and low-grade metamorphic micas (and in some cases, authigenic feldspars;
Svensen et al., 2008).

— Considerable loss of N from minerals to fluids can occur at low to medium metamorphic
grades, depending upon the prograde P-T path the rocks experience (see Bebout and Fogel, 1992;
Busigny et al., 2013; Li and Keppler, 2014). In many cases, the isotopic shifts associated with
this loss point to a N,-NH," exchange mechanism. Li et al. (2009) proposed, however, the
possibility of kinetically controlled NH;-NH,* exchange. In relatively “cool” subduction zone
settings, sedimentary rocks can retain a large fraction of their original N contents to great depths,

perhaps even the depths beneath volcanic fronts (see Busigny et al., 2003; Bebout et al., 2013a).
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Experimental phase equilibrium studies document the stability of mica (e.g., phengite), the key N
mineral reservoir, to great depths in most subduction zones (Schmidt and Poli, 2014).

— Further investigation of the concentrations, isotope compositions, and fluxes of N into and
within the continental crust is badly needed (see the discussion by Johnson and Goldblatt, 2015).
The estimated average concentration of 56 ppm for this reservoir is based on a very small
number of analyses (see Wedepohl, 1995; Bach et al., 1999; Palya et al., 2011; Rudnick and Gao,
2014). It goes without saying that further work on the concentrations and isotopic compositions
of N in the mantle is needed, as the mantle could contain ~60% of the Earth’s N (Table 1; see
the discussions by Cartigny and Marty, 2013; cf. Johnson and Goldblatt, 2015).

— The rates and mechanisms by which N, or its components, diffuse in key minerals such as
the micas, alkali feldspars, clinopyroxenes, and microporous silicates are poorly understood (see
Watson and Cherniak, 2014). Closure temperatures for the retention of N in these phases are not
known, complicating the assessment of N isotope behavior at high geologic temperatures.

— All research done thus far on N in silicate systems has been on either whole-rock samples
or mineral separates. It will be important to develop microanalytical methods for analyzing N
concentrations and 8" N at scales allowing consideration of intramineral heterogeneity (see the
first analyses on cordierite using the ion microprobe by Hervig et al., 2014).

— Finally, we stress the need for experimental calibration of N isotope fractionation in
silicate fluid-mineral systems. This is required to understand and resolve the differences among

the various calculated fractionation factors.
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FIGURE CAPTIONS

Figure 1. Flow-chart diagram illustrating the various N reservoirs on Earth and their

interactions. Note especially those processes for the solid Earth involving the deposition,
diagenesis, metamorphism, and melting of sediments, because they can carry surface N to
deeper geologic levels (from Bebout et al., 2013b; modified after Boyd, 2001; also see
Holloway and Dahlgren, 2002). W = weathering and E = erosion. The inset photograph
shows a beryl-muscovite intergrowth that could contain organic-derived N as N, and NH,"
in beryl and muscovite, respectively (Lazzeri, 2012; Busigny and Bebout, 2013; see Fig. 10).
The photograph of the beryl+muscovite sample is courtesy of Desert Winds Gems and
Minerals (WWW.DESERTWINDSGEMSANDMINERALS.COM).

Figure 2. Nitrogen isotope fractionations and consequences for the evolution in the N isotope

compositions of devolatilizing rocks. (A) Fractionation factors among N,, NH3, and NH,".
NH," is typically bound in silicates such as clays, micas, and feldspars through substitution of
K" (from Busigny and Bebout, 2013). (B) Rayleigh (curves) and batch (straight lines)
distillation behavior for No-NH," exchange at 300 and 600°C, labeled by No-NH," 10°Inoy
(modified after Svensen et al., 2008).

Figure 3. Schematic ocean-continent subduction zone (modified after Cook-Kollars et al., 2014),

showing key subducted lithologies. Shown are global-basis N fluxes in g/year for the
subduction of sediment, oceanic crust, and hydrated mantle, and the estimate of Hilton et al.
(2002) for the return of N (in g/year) to the atmosphere via arc volcanic degassing. Fischer
(2008) estimated a much larger arc volcanic output of 9 x 10" g/yr. Subduction zone cycling
of N encompasses a number of pathways discussed in this paper, i.e., low-
temperature/surface incorporation into organic matter and geologic glasses, diagenetic
alteration, low- to high-grade metamorphic devolatilization, and partial melting. The upper
mantle is believed do have 8'"°N values around -5%o. Subduction delivers sediment, altered
oceanic crust, and hydrated ultramafic rocks, all with higher, often positive 8'°N values
influenced by surface/near-surface organic/sedimentary processes (see Busigny et al.,

2005a,b; Li et al., 2007; Halama et al., 2012; Bebout et al., 2013b, in review).
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Figure 4. Whole-rock N concentrations and isotope compositions of the Schistes Lustres-

Cignana and the Catalina Schist metasedimentary suites that demonstrate N retention to
great depths for these rocks for their respective prograde P-T paths. (A) Whole-rock 8'°N
values of subduction-zone-metamorphosed metapelitic-metapsammitic rocks of the W. Alps,
namely the Schistes Lustres/Lago di Cignana suite exposed in NW Italy (figure from Bebout
et al., 2013a). The dataset from Busigny et al. (2003) includes results for rocks believed to be
the protoliths of the Schistes Lustres-Cignana suite (“Lavagna” and “Lago Nero”). The data
for the lower-grade units, in general, are similar to those of the same units determined in the
earlier study; however, the 3'°N values for the Cignana samples presented by Bebout et al.
(2013a) fall at the high end of the previously published range, perhaps reflecting some N
isotopic shift resulting from the minor devolatilization that these samples experienced.
Numbers in brackets (blue type) indicate atomic-basis C/N ratios. (B) Whole-rock N and
K,O concentrations (Busigny et al. (2003; Bebout et al., 2013a) showing a positive
correlation between N and K that is largely independent of metamorphic grade. The square
boxes are for three samples from Lago di Cignana and the diamond-shaped box indicates one
analysis of a Finestre sample from Bebout et al. (2013a). The thin gray lines parallel to the
linear regression line for the Busigny data (R=0.971) indicate the limits of the envelope for
the data from Busigny et al. (2003). (C) Whole-rock ratios of N, Cs, and B to K,O as a
function of metamorphic grade for metasedimentary rocks of the Catalina Schist (from
Bebout et al., 1999b; LA = lawsonite-albite; LBS = lawsonite blueschist; EBS = epidote
blueschist; EA = epidote amphibolite; AM = amphibolite). The mean value (+ 10) of 3N at
each grade is also indicated. (D) Pressure-temperature diagram showing the estimated P-T
paths of the tectonometamorphic units for which data are presented in C (figure is from

Grove and Bebout, 1995).

Figure 5. Behavior of N and K,O in metasomatized blueschist-facies metaconglomerate cobbles

(data from Bebout, 1997). Inset photomicrograph shows the replacement of igneous
hornblende by blue (sodic) amphibole and the nearly complete replacement of now-relict
plagioclase by fine-grained phengite. Error bars for N ppm are +£5% error. Errors for the

measurements of K,O are smaller than the symbol sizes.
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1261  Figure 6. Nitrogen and other trace element behavior across a vein envelope in the Tianshan

1262 investigated by Beinlich et al. (2010; N data are from Halama et al., in review). (A) Various
1263 trace element and 8"°N variation across the envelope (indicated as distance to the vein, the
1264 latter at 0 cm; see D); (B) and (C) Concentrations of N vs. those of K and Ba, respectively.
1265 There is a positive linear correlation in both cases; (D) Sketch illustrating the sampling
1266 profile and localities for the vein envelope showing a prograde blueschist-eclogite transition
1267 (JTS sequence; Beinlich et al., 2010).

1268  Figure 7. Nitrogen behavior for the Mt. Stafford migmatite suite, Australia (all figures from

1269 Palya et al., 2011). (A) N/ALLO3, Cs/Al,O3, Ba/Al,0O3, and Rb/Al,O3 as a function of

1270 increasing metamorphic grade (to the right side of the diagram; see the discussion in the
1271 text). (B) Nitrogen concentrations and 8'"°N values of whole-rock samples. The curved lines
1272 represent calculated Rayleigh loss for various fluid/melt-NH," 10°Ina values (from

1273 Hanschmann, 1981) corresponding to N, or NHj speciation in fluids/melts and over a range
1274 of temperatures (for both fluid species, labeled on the right side of the plot, temperatures for
1275 the calculations were 327°, 527°, and 727°C, from top to bottom for each species). (C)
1276 Outcrop photograph (camera lens cap for scale) for a typical Zone 4 Mt. Stafford exposure,
1277 where the dark layers are metapsammitic layers within lighter metapelitic layers.

1278  Figure 8. Nitrogen concentrations and isotopic compositions of various beryl and cordierite

1279 samples. (A) Data for cordierite from various petrologic environments (Table 2 and

1280 Appendices A and B; Lazzeri, 2012) and from the Mt. Stafford migmatites (Palya et al.
1281 (2011). The photomicrograph (horizontal dimension ~ 5 mm) is of a cordierite crystal in a
1282 Zone 4 Mt. Stafford sample containing sillimanite inclusions and within a K-feldspar-rich
1283 matrix containing no muscovite or biotite. Note that the granulitic cordierites tend to contain
1284 larger amounts of N and possibly have lower 8'°N values. (B) Photomicrograph showing
1285 inclusion-free gem-like cordierite and matrix muscovite in a medium-grade metapelitic rock
1286 from Connecticut, USA (horizontal length ~1 cm). The cordierite is N-free but the

1287 muscovite-rich matrix contains ~350 ppm N.

1288  Figure 9. Nitrogen isotopic compositions and concentrations for coexisting cordierite and biotite
1289 pairs from different petrologic environments (Table 2 and Appendices A and B; Lazzeri,

1290 2012). The inset shows the crystal structure of microporous cordierite, green = magnesium
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atoms, blue = oxygen atoms, yellow = silicon atoms, and brown or gray = aluminum atoms.
Note the infinite channelways, formed by the Si/AlO4 tetrahedra in rings, which run parallel

to the c-axis. N; and other molecules occur in these channelways.

Figure 10. Nitrogen isotopic compositions and concentrations of coexisting beryl and muscovite
from pegmatites and metamorphic schist (Table 2 and Appendix A; Lazzeri, 2012). The

inset photograph of beryl in muscovite is from minddat.org (horizontal dimension ~8 cm).

Figure 11. Carbon and N concentrations and §'°C values for the cordierites and beryl analyzed
in this study. (A) Nitrogen vs. C concentrations. Cordierites from the granulite facies tend to
show the highest N concentrations and those from pegmatites the lowest, as is also the case
for beryl. (B) Carbon concentration vs. 8'°C showing the relatively narrow range of isotopic

compositions and the wide range in C concentrations.
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Table 1. ESTIMATES OF THE MODERN-EARTH NITROGEN BUDGET, SHOWING THE VARIOUS
RESERVOIRS, THEIR SIZES, AND THEIR PERCENT OF NITROGEN

reservoir size

% in reservoir

reservoir size

% in reservoir

1021 g 1021 g
Goldblatt et al. (2009) Palya et al. (2011)"
Atmosphere 4 27.0 Atmosphere 3.9 29.3
Continental Crust 2.1 14.2 Continental Crust 1.1 8.3
Oceanic Crust 0.32 2.2 Oceanic Crust 0.32 2.4
Mantle 8.4 56.7 Upper Mantle 0.17 1.3
TOTALS 14.82 100 Lower Mantle 7.8 58.7
Galloway (2003; surface/near-surface only) Deep ocean 0.0006 0.00451
Atmosphere 3.95 79.5 Surface ocean 0.00006 0.00045
Sedimentary rocks 1 20.1 Soils 0.0001 0.00075
Ocean N, 0.02 0.4 Biomass 0.0000043 0.00003
Ocean NO5; 0.00057 0.01147 |Marine Biota 0.0000003 0.000002
Soil organics 0.00019 0.00382 |Terrestrial vegetation 0.000004 0.00003
Land biota 0.00001 0.00020 |TOTALS 13.29 100
Marine biota 0.0000005 0.00001 1Palya et al. (2011) and with estimates for oceanic crust
TOTALS 4.97 100 from Li et al. (2007)
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Table 2. Isotopic data for beryl and cordierite (and coexisting micas)

Pegmatite/Partial Melts

Mid-grade
Metamorphics

Granulite Facies

Uncategorized
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Beryl Beryl Muscovite Muscovite Beryl Beryl
Sample 5" N, N (ppm) 6" Nyie N(ppm)  A®Npicabeyt 8" Cupos C (ppm)
80192 7.9 17 9.4 80 1.5 31
23215 5.9 11 8.1 273 2.2 -8.5 48
40597 4.0 25 8.3 305 4.3
1 3.8 18 6.7 41 2.9 28
80145 5.1 39 8.7 632 3.6
Cordierite Cordierite Biotite Biotite Cordierite Cordierite
Sample 8N, N (ppm) 8Ny N (ppm) AN picacrd. 8"Cypos C (ppm)
88593 12.0 5 8.6 134 -3.4 80
80537 10.5 6 11.0 103 0.5 31
G-155a 5.1 17 -10.5 16
C006 9.0 29 -6.9 936
TUB-1 4.3 33 -13.6 195
26230 7.5 38 1.8 70 -5.7
Coo4 11.4 60 -8.8 600
84264 7.4 67 -14.0 327
Wards 16.9 8 -6.5 345
25 Geco Mine 10.4 19
WYO-2 5.1 30 -10.8 590
118171 6.5 95 -8.4 694
X-1 4.7 41 -4.0 277
42/IA 0.9 55 -12.0 543
CL-177-1 30.0 71 -36.4 1200
TA-5 7.0 101 -13.0 221
129875 10.4 104
13 4.8 162 7.8 116 3.0
26539 9.9 232 0.5 65 -9.4 -9.4 1099
VS§-1 5.9 273 -6.7 1039
7114 2.9 634 -22.3 991
S. India 1 3.1 923 -16.3 408
89V 3.6 1342
NE86A-24b 8.6 4525 -16.5 445
CTSiM 9.0 27 -6.7 976
10398 5.5 56 5.2 48 -0.3
43090 8.3 89 2.7 86 -5.5 -8.3 820
33294 7.5 154 4.4 25 -3.1 -9.3 614
HO6 2.0 446
106886 3.9 1457 -6.1 623
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