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Abstract—Experimental modeling in the C—O-H, C—O-H-N, and peridotite-C—O-H-N systems, combined with analyses of fluid in-
clusions in natural diamonds, is used to reconstruct the compositions of fluids that can be stable in the reduced mantle. Hydrocarbons (HCs)
in the upper mantle can form either by reactions of carbonates with iron/wiistite and water or by direct hydrogenation of carbon phases
(graphite, diamond, and amorphous carbon) interacting with reduced fluids. Carbon required for the formation of HCs can come from
diamond, graphite, or carbonates. Mainly light alkanes are stable at the mantle pressures and temperatures in the C-O—-H and C-O-H-N
systems as well as in the peridotite—fluid system under ultrareduced to moderately reduced redox conditions at the oxygen fugacity from
—2 to +2.5 lg units relative to the IW (Fe-FeO) buffer. Some oxygenated HCs can be stable in fluids equilibrated with carbonate-bearing
peridotite. Ammonia and, to a lesser degree, methanimine (CH;N) are predominant nitrogen species in reduced fluids in the conditions of
the subcratonic lithosphere or the Fe’-bearing mantle.

The presence of HCs as common constituents of reduced mantle fluids is supported by data on inclusions from natural diamonds
hosted by kimberlites of the Yakutian province and from placer diamonds of the northeastern Siberian craton and the Urals. Fluid inclu-
sions have minor amounts of H,O, methane, and other light alkanes but relatively high concentrations of oxygenated hydrocarbons, while
the H/(H + O) ratio varies from 0.74 to 0.93. Hydrocarbon-bearing fluids in some eclogitic diamonds have high CO, concentrations. Also,
the fluid inclusions have significant percentages of N, and N-containing species, Cl-containing HCs, and S-containing compounds.

Both the experimental results and the analyses of fluid inclusions in natural diamonds indicate that HCs are stable in the upper mantle
conditions. The set of hydrocarbons, mainly light alkanes, might have formed in the mantle from inorganic substances. Further research
should focus on the causes of the difference between experimental and natural fluids in the contents of methane, light alkanes, oxygenated
hydrocarbons, and water and on the stability of N-, S-, and Cl-containing fluid components.
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INTRODUCTION

The fluid phase stable in the Earth’s mantle is a key link
in the deep cycle of volatiles, and knowledge of its composi-
tion is indispensable for reconstructions of the crust and
mantle history and deep-seated mineral formation (Sobolev,
1960; Kadik, 2003; Etiope and Sherwood Lollar, 2013;
Shirey et al., 2013; Luth, 2014). In this respect, the results of
experiments at high pressures and temperatures and low
oxygen fugacity (fOz), along with evidence on fluid inclu-
sions in natural diamonds, have important implications for
the composition of fluids that are stable under the mantle
conditions. Progress in understanding the deep cycles of car-
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bon, hydrogen, and nitrogen became possible lately as better
constraints have been obtained for the physicochemical
properties of H,0, CO,, CH,, and NH; at high pressures and
temperatures. Meanwhile, many problems concerning the
formation mechanisms and stability of HC and nitrogen spe-
cies in deep fluids, in a large range of P-T- —f02—fHz values,
remain unresolved.

Studies in the course of two recent decades (Frost et al.,
2004; Rohrbach et al., 2007; Frost and McCammon, 2008;
Rohrbach and Schmidt, 2011) have shown that mantle be-
low 250 km has low f,, corresponding to the stability of
metal in peridotite (Fig. 1). The transport of this reduced
mantle material to shallower depths by the global mantle
convection may bring about changes in the composition of
fluid and other phases that accumulate volatiles. As evi-
denced by data on mantle xenoliths (Woodland and Koch,
2003; Goncharov et al., 2012; Yaxley et al., 2012; Stagno et
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Fig. 1. Calculated oxygen fugacity for mantle xenoliths (Stagno et al.,
2013) from kimberlites of different cratons: /-5, Kaapvaal (Luth et al.,
1990; Canil and O’Neill, 1996; Woodland and Koch, 2003; Creighton
et al., 2009; Lazarov et al., 2009); 6, 7, Slave (McCammon and Kopy-
lova, 2004; Creighton et al., 2010); &, Siberia (Yaxley et al., 2012). fo
are plotted in lg coordinates relative to the IW buffer (lgf0 [ATW]). The
curves of metal deposition in peridotite (blue, Fe-Ni), enstatlte —magne-
site—olivine—graphite/diamond buffer (green, EMOG/D), and f02 de-
crease with pressure in subcratonic peridotite mantle (red) are after
(Frost and McCammon, 2008). A and B in circles mark the conditions
of experiments with the lherzolite-C—O-H-N system (Sokol et al.,
2018b).

al., 2013),f02 in mantle rocks ascending to 120—150 km may
reach the enstatite—magnesite—olivine—graphite/diamond
equilibrium (EMOG/D buffer), which leads to oxidation of
volatiles and generation of carbonate melts (Stagno et al.,
2013). Thus, the fluid regime under adiabatic decompres-
sion during mantle upwelling from ~250 km to 120-150 km
(Fig. 1) is controlled by successive changes of the petrologi-
cal systems: (1) Fe-bearing peridotite-reduced fluid; (2)
peridotite—fluid; (3) carbonated peridotite—oxidized fluid/
melt.

The redox stability of N-bearing components in the C-O-
H-N system has implications for nitrogen transport to man-
tle depths (Busigny et al., 2003; Elkins et al., 2006; Halama
et al., 2010; Bebout et al., 2016; Zerkle and Mikhail, 2017;
Mallik et al., 2018; Mysen, 2019). The presence of NH; in
the fluid can provide the K* — (NH;) substitution in micas
and other potassic minerals at high pressures and tempera-
tures and thus maintain nitrogen transport with slabs in sub-
duction zones (Watenphul et al., 2009, 2010; Li and Kep-
pler, 2014; Luth, 2014; Mikhail and Sverjensky, 2014).
Ammonia is known to be stable in the fluid at the mantle
pressures and temperatures only at £, , near the IW buffer (Li
and Keppler, 2014; Luth, 2014; Mysen, 2019), but the spe-
cific P—T—fOZ—fHz conditions of NH; stability, especially at
>4 GPa, remain poorly investigated.

We review the results of recent experiments at the mantle
P-T parameters in order to reconstruct (i) the compositions

of reduced fluids containing HCs and NH, in both simple
model systems and in complex natural rock-fluid systems
and (ii) oxidation trends of HCs and NHj; in lithospheric
mantle. The experimental evidence is compared with new
data on fluid inclusions in natural kimberlitic diamond from
the Yakutian province and in placer diamonds from the
northeastern Siberian craton and the Ural Mountains.

EXPERIMENTAL APPROACHES

Much progress has been achieved lately in constraining
experimentally the composition of reduced fluids and mech-
anisms of their generation under mantle P-7 conditions
(Table 1). Numerous experiments were carried out at pres-
sures from 1 to 80 GPa and temperatures from 300 to
>2000 °C, with special focus on the upper mantle ranges of
2.5-7.0 GPa and 1000-1400 °C. High pressure was main-
tained in multianvil, piston cylinder apparatus, or diamond
anvil cells (DAC). Samples were placed in capsules made of
noble metals (Pt and Au) or iron (steel), and gases (CH, and
H,) were introduced into the diamond anvils using a high-
pressure gas loading system. Fedorov et al. (1991), in their
pioneering experimental study, used TiH, as a source of hy-
drogen for HC synthesis. Hydrogen fugacity (f;,) in the ex-
periments with high-pressure cells was either unbuffered or
buffered at Fe-FeO +H,O0 (IW +H,0) or Mo—MoO, + H,0
(MMO + H,0) equilibria. The conditions of f;;, buffering
were discussed in detail in several publications (Matveev et
al., 1997; Sokol et al., 2009; Litasov et al., 2014; Sokol et
al., 2019a). In the experiments reported by Matveev et al.
(1997), /1, was buffered by WC-WO,~C + H,0 (WCO +
H,0) and SiC-SiO,—C+H,0 (SiC+H,0). The buffers make
up the f;; descending series SiC+ H,0 >> IW +H,0 >
MMO + H,0 = WCO + H,0. A highly oxidized buffer of
Fe,0,— Fe,0, + H,0 (MH +H,0) was used in our study of
HC fluid oxidation mechanisms (Sokol et al., 2018a). The
composition of N-rich reduced fluids was studied using the
classical high-pressure cells and f;;, buffers, but has received
quite little attention though (Li and Keppler, 2014; Sokol et
al., 2017b; 2018a,b).

The starting fluid-generating compounds in the high-
pressure experiments either contained organic matter (al-
kanes or oxygenated HCs) or were originally free from or-
ganics (Table 1). The first group included methane, heavy
alkanes (docosane), polycyclic aromatic HCs (anthracene),
and carboxylic (stearic) acid. Methane exposed to high pres-
sures and temperatures in DAC produced as a rule a meth-
ane-rich equilibrium fluid at the account of partial decompo-
sition reactions and condensation. The HC fluid generation
occurred by thermal destruction of the starting compounds:
heavy alkane, aromatic HC, and carboxylic acid. The HC-
free fluid sources comprised substances which maintained
inorganic synthesis of hydrocarbons by chemical reactions.
The carbon sources included carbonate (CaCO,, MgCO;,
Ca(Fe, sMg, s)(CO;),), or graphite, diamond, or '*C; hydro-
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gen inputs were provided by reactions of wiistite (FeO) or
Fe® and water or by the hydrogen buffer.

N-rich fluids were generated using an aqueous solution of
ammonia (Li and Keppler, 2014; Li et al., 2015), silver
azide (AgN,) (Li et al., 2015), NH;-bearing minerals, like
buddingtonite (NH,AISi;0y)) (Watenphul et al., 2009, 2010;
Li et al., 2013), or melamine (C;H(N) (Sokol et al., 2017b;
2018a,b).

The fluid compositions were studied with different ap-
proaches. The fluids generated in DAC experiments were
analyzed semi-quantitatively by Raman spectroscopy. In the
case of classical high-pressure experiments, the fluids ob-
tained in Pt, Au or iron capsules were quenched at
>100 deg/s. The re-equilibration of fluid components almost
stopped at those quenching rates (Matveev et al., 1997; So-
kol et al., 2009, 2017a; Li and Keppler, 2014; Kolesnikov et
al.,, 2017). After the end of the runs, the capsules were
placed into a gas chromatograph or a gas chromatograph
coupled with a mass spectrometer (Table 1). The former de-
termined quite few elements, whereas the latter resolved up
to 300 components, the full scope of synthesized hydrocar-
bons. In some studies (e.g., Li and Keppler, 2014; Matjusch-
kin et al., 2019), the fluid composition was determined by
Raman spectroscopy of fluid inclusions in minerals (com-
monly, in olivine).

MAIN SPECIES OF REDUCED FLUIDS

The available experimental and petrolgical data show
that hydrocarbons and water are main constituents of re-
duced fluids (Luth, 2014). The experiments prove the pos-
sibility for the generation of hydrocarbons upon interaction
of different carbon donors (carbonates, graphite, diamond,
and amorphous carbon) with hydrogen generated by the re-
action of Fe® or FeO with water (Table 1). Important data
were obtained by studies of interactions in the systems ‘car-
bonate (CaCO;, MgCO,, Ca(Fe, Mg, s)(CO3),) — FeO/Fe’ —
H,0’ (Kenney et al., 2002; Scott et al., 2004; Sharma et al.,
2009; Kucherov et al., 2010; Sonin et al., 2014; Mukhina et
al., 2017), which produce a mixture of light alkanes domi-
nated by CH, at the upper mantle P-T parameters (Table 1).
Such systems with water-rich fluids can produce notable
amounts of oxygenated organics like C4—C,, aldehydes and
heavy (C,,—C,,) alkanes (Sonin et al., 2014). Methane and
light alkanes can form by reactions of CaCO, with FeO and
H,O, even under a thermal regime of cold subduction
(Mukhina et al., 2017). Synthesis of complex HC systems
under the mantle pressures and temperatures requires a car-
bon donor, a hydrogen donor, and reduced redox conditions,
as it was inferred from a review of data on HC generation by
reactions with carbonates as a carbon source (Kolesnikov et
al., 2017).

Recent experiments at 5.5-7.8 GPa and 1100-1400 °C
performed to study the mechanism of HC generation by a

reaction between an H-bearing fluid with '3C amorphous
carbon, graphite, and diamond (Sokol et al., 2019a) yielded
fluids containing light alkanes, minor amounts of alkenes,
and oxygenated HCs. Synthesis of isotopically pure *C
alkanes by a reaction of amorphous carbon with an H-bear-
ing fluid proved the possibility of HC formation from inor-
ganic C° at the P-T parameters corresponding to the upper
mantle. In 6.3 GPa runs at 1200-1400 °C, the fluid-graphite
reaction rate grew progressively, and the process became
avalanche-like as the run duration exceeded 1 h. The amount
of fluid generated in a 10-hr run at 1400 °C was two orders
of magnitude greater than that at 1 hr run, though twice less
at a lower temperature of 1200 °C and the same duration.
The HC fluid synthesized at higher pressures and tempera-
tures contained less methane and slightly more alkenes and
oxygenated HCs. The yield of HCs from the reaction of hy-
drogen with diamond was smaller than with any other car-
bon donors we used. Experiments with CO, and H,'’O add-
ed to the samples have demonstrated that HCs formed by
direct hydrogenation of amorphous carbon, graphite, and
diamond.

Hydrogen is the major agent in the formation of hydro-
carbons, but its concentration is minor in mantle fluids at
high P—T parameters and low oxygen fugacity. According to
gas chromatography, the concentrations of hydrogen (Ta-
ble 1) are from 4 to 6 mol.% in a C—O-H fluid at 2.4 GPa
and 1000 °C, and at fy;, buffered by SiC+H,0, IW +H,0
and WCO +H,O equilibria (Matveev et al., 1997); may no-
tably exceed 10% in almost H,O-free ultra-reduced fluids at
6.3 GPa and 1400-1600 °C and at very low Jo, uncommon
to the upper mantle (Sokol et al., 2009); but are apparently
within a few percent at f02 about IW, i.e., at the conditions
of wet metal-bearing mantle.

The summarized experimental results on synthesis of
HCs, thermal destruction of heavy HCs and carboxylic ac-
ids, and on the stability of methane (Table 1) show that flu-
ids containing methane, water, light C,—C, alkanes, hydro-
gen, and oxygenated HCs (listed in decreasing order of
contents) can be stable at the pressure, temperature, and
oxygen fugacity values corresponding to the upper mantle
conditions (Matveev et al., 1997; Benedetti et al., 1999; So-
kol et al., 2004, 2009, 2017a, 2018a,c 2019a,b; Kolesnikov
et al., 2009, 2017; Kucherov et al., 2010; Lobanov et al.,
2013). Note that the relative percentages of main fluid
components may vary depending on P-T-fy, conditions
(Figs. 1, 2). As shown by the experiments, fluids rich in CH,
and H,O, with a notable amount of light alkanes, are stable
at fy,, near the IW + H,O buffer, at the upper mantle pres-
sures and temperatures. Temperature increase at these redox
conditions is favorable for partial dissociation of methane
with the formation of C° (graphite or diamond), hydrogen,
and C,—C, alkanes (Kolesnikov et al., 2009; 2017; Sokol et
al., 2017a), while the increase in pressure and temperature
till the lower mantle values may lead to heavier composi-
tions of alkanes till H/C~2 (Lobanov et al., 2013).
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Fig. 2. Composition of quenched fluid from a sample of metal-bearing lherzolite, after (Sokol et al., 2018a). The run conditions are marked by
encircled A in Fig. 1. a, relative percentages of main C and N components in fluid; b, concentrations of alkanes and oxygenated HCs.

Relatively oxidized HC fluids contain more H,O and CO,
but less methane. The fluid in experiments with the C-O-H
system at 2.4 GPa and 1000 °C (Matveev et al., 1997)
changed its composition with increasing f,, from mainly
CH,—H,0 with minor C,H, to mainly aqueous, and on to
H,0-CO,. The N-poor C-O-H-N system decreased in
methane, to almost zero, while the contents of heavy alkanes
changed insignificantly as H,O increased to >90 rel.% and
fo2 reached +2.5 Ig f02 AIW (Sokol et al., 2017a). The fluids
obtained in experiments with the “lherzolite-C—O-H-N”
system (Sokol et al., 2018a), at gradually increasing fo2 and
decreasing P-T parameters, which simulated the ascent of

a 5.5 GPa, 1200 °C

Alkanes

O-containing
organics

10

an HC fluid through peridotitic mantle (Figs. 1, 2), were
equilibrated successively with three main types of mineral
assemblages: Fe'-bearing lherzolite — lherzolite — magne-
site-bearing lherzolite. The fluid equilibrated with metal-
bearing lherzolite was found out to consist of methane and
ethane and minor amounts of other light alkanes, H,O, and
nitrogen species of ammonia NH; and methanimine CH;N
(Fig. 2). Fe’ became unstable in the system if the fluid con-
tained >40 rel.% H,0. As f, increased to the values of
carbon-saturated maximum H,O content for C-O-H fluids
(water maximum, CW), the fluid equilibrated with lherzolite
contained notably larger amounts of oxygenated HCs, espe-

0.1

NH3 CHgN

c,'c,

T T T
C3 C4 C5 Cg C; Cg Cg Cqg Cq1 Cq2 Cy3 Cqg Cy5 Cyp Cy7

Fig. 3. Composition of quenched fluid from a sample of carbonate-bearing lherzolite, after (Sokol et al., 2018a). The run conditions are marked
by encircled B in Fig. 1. a, Relative percentages of main C and N components in fluid. High contents of N, are due to oxidation of HCs and car-
bonation of olivine and orthopyroxene; b, concentrations of alkanes and oxygenated HCs.
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cially methanole and acetic acid, than the fluid in the C—O—
H-N system. The fluid equilibrated with carbonate-bearing
lherzolite at f,, about the EMOD (enstatite-magnesite-oliv-
ine-diamond) buffer retained up to 9 rel.% of alkanes and
oxygenated HCs (Fig. 3).

The compositions of the synthesized C—O-H-N fluids
depend on the material of capsules: Pt or Au (Sokol et al.,
2017a). Pt capsules cause a catalytic effect: fluids obtained
in these capsules have CH,/C,H, ratios slightly lower than
those from the Au capsules, as well as low to zero concen-
trations of aldehydes and ketones that are consumed due to
catalytical reactions on the Pt surface; however, the set of
alkane species is generally similar in the fluids from the two
capsule types.

Species diversity studies of reduced fluid often use ther-
modynamic calculations, and their interpretation jointly
with experimental evidence is a powerful tool for under-
standing the features and mechanisms of the generation of
reduced fluids. However, the review of thermodynamic cal-
culations data is beyond the scope of this paper.

NITROGEN SPECIES IN FLUIDS

The formation and stability of ammonia (NH;) in the
fluid phase were studied in pressure and temperature ranges
of 0.5 to 7.8 GPa and 600 to 1400 °C, respectively. The
fluids synthesized in an N-O—H system contained more NH,
under 0.2-3.5 GPa and 600-1400 °C at f,, about the IW
buffer, but more N, at higher oxygen fugacities (Li and Kep-
pler, 2014). In the 5.5-7.8 GPa and 1100-1500 °C P-T
ranges, the concentrations of NH; and N, in model N-rich
C—O-H-N fluids varied as a function of temperature, pres-
sure, and fo, (Sokol et al., 2017b). Ammonia predominated
in fluids generated in 6.3 GPa runs by thermal destruction of
melamine (C;H¢N,) or its mixture with docosane (C,,H,4) or

1.076.3-7.8GPa = -
1200-1400°C ®
0.8
fo,—atW /
’IB fy, — not buffered
= 0.6
+
= fo,—at W
2

< 044 fy —IW+Hy0or MMO + H,0
N 2 D
z external buffer

0.2 N -

B & o
0 T T 1
0.01 0.1 1 10
CO,, rel. %

Fig. 4. N,/NH, in quenched fluid synthesized in the system Fe-C-O—
H-N as a function of CO, (at increasing f,,). Nitrogen comes from
melamine which decomposed at the P-T conditions of the run as
C,H(N, — 2NH, + 2N, + 3C, after (Sokol et al., 2018b).

stearic acid (CgH;40,) at -2 1g f,, AIW, whereas N, became
the main nitrogen species already at +0.7 1g fo,, AIW. Thus,
the predominant nitrogen species in the model N-rich C-O—
H-N fluids changed from NH; to N, as f,, was slightly
above IW at 6.3 GPa and 1400 °C. The pressure variations
from 5.5 to 7.8 GPa did not influence much the NH,/
(NH;+N,) ratio in the fluids.

In experiments with the Fe—-C—O—H-N system at 6.3—
7.8 GPa and 1200-1400 °C, NH, was the predominant nitro-
gen species: N,/(NH;+N,) <0.36 (Fig. 4). The hydrogen
fugacity in the experiments was buffered by Fe-FeO +H,O
or Mo-MoO, +H,0 equilibria while f, was constrained by
the oxidation reactions of y-Fe, metal melt, or iron nitride
about the IW buffer. However, N, was superior (N,/(NH; +
N,)=0.91-0.99) in the case of sz buffered by an Fe-C-N
melt and unbuffered f;,, (fy;, was controlled by the material
of the high-pressure cell at about the Ni-NiO+H,0 equilib-
rium). Thus, low oxygen fugacity (about IW) is a necessary
but not sufficient condition for NH; stability. In the P-T
ranges applied in the runs, NH; can form at f;, much above
Ni-NiO +H,0. Note that the previous models (Li and Kep-
pler, 2014; Sokol et al., 2017b) did not consider the role of
/i, as a control of NHj stability.

The stability of main nitrogen species in fluids was stud-
ied in the system “lherzolite—C—O—H-N" at the P—T ranges
5.5t0 7.8 GPa and 1150 to 1350 °C and at f;,, from —2.5 Ig
fo, AIW to the EMOD buffer and fy, from IW +H,0 to
MH +H,0. Ammonia predominated in the quenched fluid
synthesized in a system of Fe’-saturated Iherzolite with add-
ed melamine at fy;, about the IW +H,0 or MMO +H,0 equi-
libria, with the ratio N,/(NH;+N,) =0.01-0.4 (Fig. 5), as
well as in the fluid where nitrogen came from air, at the
same fo,—~fy, redox conditions: N,/(NH; +N,) = 0.01-0.17.

1.0+ ..i A
| Magnesite-
0.8 | saturated
I peridotite
> A I
T
Z 0.6 = A
Y = | EMOD
0.4+ Am :
z A - lI
|
0.2+
- | 6.3-7.8GPa,
A = m |, 1200-1400 °C
0 n —A T T 1
0.001 0.01 0.1 1 10 100
CO,, rel. %

A peridotite—C—-O—-H-N (melamine)
| peridotite—C—O-H-N (air)

Fig. 5. N,/NH; in quenched fluid synthesized in the system peridotite-
C-O-H-N as a function of CO, (at increasing f;,). Nitrogen is from
melamine and air N, (Sokol et al., 2018a). £, was buffered by IW+H,0
and MMO +H,0 in runs with reduced peridotite and by MH+H,O in
runs with magnesite-bearing peridotite. EMOD is according to (Stachel
and Luth, 2015).
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Fig. 6. NH,/CH;N in quenched fluid synthesized in the system perido-
tite-C—-O-H—-N as a function of CO, (at increasing /). Nitrogen is from
melamine and air (Sokol et al., 2018a). fy;, was buffered by IW +H,0
and MMO + H,O in runs with reduced peridotite and by MH+H,O in
runs with magnesite-bearing peridotite. EMOD is according to (Stachel
and Luth, 2015).

The N,/(NH;+N,) ratio approached unity in 150 h runs, in
oxidized conditions, in the presence of magnesite-saturated
lherzolite at f;;, buffered by MH +H,0. The CO, contents in
the analyzed fluids increased with f;, , and the contents of
NH; decreased correspondingly (Fig. 5).

Ii T
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The N-bearing fluids synthesized at high pressures and
temperatures (Sokol et al., 2017b, 2018a,b; 2019a,b) con-
tained methanimine (CH;N). Its presence in the quenched
fluids obtained in a series of special experiments with the
C—O-H-N system at 6.3 GPa and 1200 °C, in Au capsules,
was detected by high-resolution mass spectrometry on a
Thermo Fisher Scientific Double Focusing System (DFS) at
the Institute of Organic Chemistry, Novosibirsk (Sokol et
al., 2019b). It was marked by ions with m/z = 29.0250, with
the assumed mass for the CH;N [M]" molecular ion 29.0260,
the mass for atmospheric nitrogen ['N'N]* being m/z =
29.0025. The concentration of CH;N in the fluid was found
out to depend mainly on redox conditions and the content of
nitrogen in the system. Fluids enriched with nitrogen con-
tained small amounts of CH;N (N,/(CH;N +N,)>0.9), in
both the Fe—C—O-H-N system (Sokol et al., 2018b) and in
the Fe-bearing lherzolite samples (Fig. 6) (Sokol et al.,
2018a). Moreover, NH; predominated over CH;N in the
whole applied range of fOz' Nevertheless, the amounts of
CH;N and NH; were often commensurate in N-poor fluids.

Thus, the experimental results evidence that significant
NH; concentrations may occur in a fluid that is stable either
in low-f,, subcratonic lithosphere or in Fe%-bearing mantle.
NH, is also controlled by hydrogen fugacity which should
be at least at the MMO+H,O equilibrium (Fig. 7): NH, can-
not form in strongly reduced conditions at low fy,. Some
nitrogen in N-poor reduced mantle fluids may reside in

06 .

o
(o]
No/(N; + NH;)

Fig. 7. Summary of experimental data on stability of NH; and N, in quenched fluids synthesized in systems C-O-H-N, Fe-C-O-H-N and peridotite-
C-O-H-N (Sokol et al., 2017b, 2018a,b) at 5.5-7.8 GPa and 1150-1350 °C; oxygen fugacity is from —2.5 Ig f,, AIW to EMOD and hydrogen

fugacity is at IW+H,O to MH + H,0 equilibria.
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methanimine (CH;N), which may approach the amounts of
ammonia in fluids equilibrated with lherzolite. CH;N may
affect the mantle cycle of nitrogen because it does not par-
ticipate in (NH,)" — K* substitutions and thus limits the
solubility of nitrogen in silicates at low f,,. The stability
limits of (NH,)" and NH; in aqueous fluids from peridotite
may also depend on pH (Mikhail and Sverjensky, 2014;
Mikhail et al., 2017), but this issue is beyond the scope of
the present study.

FLUID INCLUSIONS IN NATURAL DIAMOND

Fluid inclusions in deep-seated minerals analyzed by Ra-
man or Fourier-transform infrared (FTIR) spectroscopy,
scanning electron microscopy, microthermometry, and gas
chromatography-mass spectrometry can provide evidence
on the behavior of fluids in the mantle magmatic and meta-
somatic processes and diamond formation conditions (Sobo-
lev and Lenskaya, 1965; Sobolev, 1989; Tomilenko et al.,
2001, 2009, 2016a,b, 2018a; Cartigny, 2005; Klein-Ben Da-
vid et al., 2007; Logvinova et al., 2011; Cartigny et al.,
2014; Smith et al., 2014, 2015; Kaminsky et al., 2015; Sobo-
lev et al., 2015, 2018, 2019a,b; Rudloff-Grund et al., 2016;
Smith et al., 2016; Navon et al., 2017). Diamond is an ex-
ceptionally hard and chemically inert natural container
which can maintain high pressure at room temperature in-
side fluid inclusions that were entrapped during crystalliza-
tion (Roedder, 1984; Izraeli et al., 1999; Sobolev et al.,
2000, 2015, 2019b; Navon et al., 2017). Raman and FTIR
spectroscopy and microthermometry revealed methane, hy-
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drogen, carbon dioxide, and nitrogen in fluid and melt inclu-
sions from some diamonds (Tomilenko et al., 2001; Smith et
al., 2014, 2015; Kaminsky et al., 2015; Sobolev et al., 2015,
2019b; Rudloff-Grund et al., 2016; Smith et al., 2016; Na-
von et al., 2017). Progress in using GC-MS for the past five
years has extended our knowledge of volatiles in the Earth’s
upper mantle to 300 components. The fluid inclusions in
kimberlite-hosted diamonds from Yakutia and in placer dia-
monds from the northeastern Siberian craton and the Ural
Mountains contain hydrocarbons (alkanes, alkenes, naph-
thenes, and arenes) and their derivatives (alcohols or esters,
aldehydes, ketones, and carboxylic acids) as main volatile
components (Sobolev et al., 2015, 2018, 2019a,b; Tomilen-
ko et al., 2018a). HCs in inclusions from both kimberlitic
and placer diamonds may reach 79 rel.% and their deriva-
tives may vary from 52 to 93 rel.% (Fig. 8). The contents of
aliphatic hydrocarbons are from 18 rel.% in kimberlitic dia-
monds to 65 rel.% in placer diamonds from the two regions.
Note that the concentrations of methane and other light al-
kanes (C,—C,) are minor (0.1-0.7 rel.%) in all cases. Oxy-
genated hydrocarbons are quite high, from 56 rel.% in kim-
berlitic to 65 rel.% in placer diamonds.

The contents of water are quite low and CO, varies de-
pending on the origin of diamonds: those from the Yakutain
kimberlites contain ~ 12 rel.% H,0O and 0.3 to 7 rel.% CO,,
whereas the respective values for diamonds from the north-
eastern Siberia and Ural placers are 0.4 to 10 rel.% H,O and
2 to 29 rel.% CO, (Sobolev et al., 2018, 2019a,b; Tomilenko
et al., 2018a). The compositions of volatiles are compared in
Fig. 8 for peridotitic diamond from the Udachnaya kimber-
lite (Sobolev et al., 2019a) and eclgitic diamond from plac-

Nitrogenated
compounds

~

Sulfonated
compounds

Fig. 8. Relative percentages of volatiles in fluid inclusions from natural diamonds, according to GC-MS. q, Peridotitic diamond, xenolith in
Udachnaya kimberlite (Sobolev et al., 2019a); b, eclgitic diamond, placers in northeastern Siberian craton (Tomilenko et al., 2018a).
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ers in the northeastern Siberian craton (Tomilenko et al.,
2018a). The H/(O + H) ratios in the Yakutian kimberlitic
diamonds and in the placer diamonds (both regions) range
from 0.74 to 0.93 (Sobolev et al., 2018, 2019a,b; Tomilenko
et al., 2018a). The estimated range of f,, variations in the
mantle growth medium of diamond is from strongly reduced
(below IW) to about the EMOD buffer, judging by CO, in
fluid inclusions. The discovered variations in the H,0O and
CO, contents and HC diversity may be due to redox reac-
tions in the mantle.

The behavior of nitrogen in mantle fluids has implica-
tions for its possible participation in diamond formation.
GC-MS revealed molecular nitrogen in all diamonds from
the Yakutian kimberlite and from placers in the northeastern
Siberia and Ural regions, as well as 24 nitrogen species, in-
cluding amines, amides, imides, nitriles, and other homo-
logs (Tomilenko et al., 2001, 2018a; Sobolev et al., 2015,
2018, 2019a,b). Therefore, nitrogen was present in the natu-
ral mineral-forming medium as N, or NH,-ions, and molec-
ular nitrogen was commonly inferior to the ionic form in
both kimberlitic and placer diamonds, except for sublitho-
spheric placer diamonds from the Ural. Note that none of the
natural diamond sample contained ammonia or methanimine
(Tomilenko et al., 2018a; Sobolev et al., 2018, 2019a,b).

Diamond from mantle xenoliths in kimberlites often en-
closes sulfides (Meyer, 1987; Bulanova et al., 1996). The
occurrence of metal-carbon-sulfide melt inclusions in natu-
ral diamond provides direct evidence that sulfur compounds
were involved in diamond formation at mantle depths (Smith
et al., 2016). Sulfur has been recognized to be a common
component in C—O—H-N-S deep fluids (Thomassot et al.,
2007, 2009; Taylor and Liu, 2009; Tsuno and Dasgupta,
2015), but the presence of volatile sulfur compounds in the
mantle was proved only by recent GC—MS analyses of fluid
inclusions from diamond. Namely, 3 to 16 sulfur species,
0.2 to 9 rel.%, were found in kimberlite-hosted diamond
from Yakutia and in placer diamond from northeastern Sibe-
ria and the Urals: SO,, COS, CS,, C,H,S,, and diverse thio-
phenes from 2-methylthiophene (C;H,S) to 3-butylthio-
phene (C¢H,,S), etc. (Tomilenko et al., 2018a; Sobolev et
al., 2018, 2019a,b).

Almost all fluid inclusions in natural diamonds also con-
tain Cl-bearing hydrocarbons: mostly Cl-bearing alkanes,
as well as less abundant alkenes, cyclic hydrocarbons, and
esters, occasionally up to 3.5 rel.% in total (Tomilenko et
al., 2018a; Sobolev et al., 2018, 2019a,b). Their discovery
has demonstrated that Cl-bearing HCs are stable in the up-
per mantle and that reduced fluids can be efficient chlorine
carriers, which has important implications for the deep
chlorine cycle.

It is interesting to compare the species composition of
volatiles in inclusions from natural diamond with those from
synthetic diamond grown at high pressures and temperatures
(HPHT) in metal-carbon systems (Palyanov et al., 2010;
Tomilenko et al., 2018b,¢) or synthesized by chemical vapor
deposition (CVD) (Tomilenko et al., 2019). The primary

fluid inclusions and volatile melt inclusions in synthetic
monocrystals of HPHT and CVD diamonds consist mainly
of hydrocarbons and their derivatives, up to 87 rel.% in to-
tal. The synthetic diamonds of both types contain aliphatic
(alkanes and alkenes), cyclic (naphthenes and arenes), and
oxygenated (alcohols, esters, aldehydes, ketones, and car-
boxylic acids) HCs, as well as compounds bearing N, Cl,
and S. Note that the concentrations of oxygenated hydrocar-
bons are high in both natural and synthetic diamonds: up to
64 rel.%. The calculated H/(O + H) ratios for fluid inclusions
in synthetic diamonds are from 0.82 to 0.93 (Tomilenko et
al., 2018b,c, 2019) and overlap with those for some natural
kimberlitic and placer diamonds. This overlap indicates that
the metal—carbon systems generating synthetic diamond and
the growth media of natural mantle diamond share redox
similarity.

CONCLUSIONS

The available experimental results show that hydrocar-
bons, mainly light alkanes, are stable at mantle pressures
and temperatures, in both simplified fluid and more complex
peridotite-fluid systems, at redox conditions from ultra-re-
duced to +2 1g f,,AIW (water maximum level). Carboxylic
acids and other O-bearing HCs can be stable even in
H,O + N, + CO, fluids equilibrated with carbonate-bearing
peridotite. Hydrocarbons can form either by reactions of
carbonates with water and metallic iron or wiistite, or by
direct hydrogenation of carbon phases (graphite, diamond,
amorphous carbon) upon their interaction with fluids, at
buffered fy;,. Carbon may come from various mantle miner-
als: carbonates, diamond, or graphite. The experimental data
prove the possibility of abiotic HC generation in the vola-
tile-rich reduced mantle of terrestrial planets, including in
the early Earth. Favorable conditions for HC generation may
exist in zones where slab-derived fluids interact with Fe’-
bearing mantle. The deep-seated fluids may contain ammo-
nia (NH;) either in relatively reduced subcratonic litho-
sphere or in Fe’-bearing mantle at high fH,, and methanimine
(CH;N) in N-poor varieties of reduced fluids.

The presence of hydrocarbons as key constituents of re-
duced mantle fluids has been proven by data on inclusions in
natural kimberlitic diamond from the Yakutian province and
placer diamond from the northeastern Siberian craton and
the Urals. The fluids entrapped in natural diamonds have H/
(H+O) ratios from 0.74 to 0.93 and contain low amounts of
methane and other light alkanes at high contents of oxygen-
ated HCs; <12 rel.% H,O and up to 29 rel.% CO, (in eclo-
gitic diamonds); molecular nitrogen and N-bearing com-
pounds (amines, primary amides, imides, nitriles, etc.), but
no ammonia; Cl- and sulfur-bearing compounds.

Integration of data on experimental model systems and
inclusions from natural diamonds makes an important step
toward understanding the mantle fluid regime. The key in-
ference is that hydrocarbons were stable in reduced fluids in
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the upper mantle, specifically, in the growth medium of
some mantle diamonds. Diverse HCs in the mantle, mainly
light alkanes and oxygenated HC species, can have formed
from inorganic substances, with participation of N-, S-, and
Cl-bearing compounds.

Future research may focus on the trends of fluid composi-
tion changes in inclusions from diamonds carried to the sur-
face; the causes of difference between experimental and nat-
ural systems in relative percentages of HC species and water;
and stability of N-, S, and Cl-bearing fluid components.

This research was partly supported by grants 16-17-
10041 and 19-17-00128 from the Russian Science Founda-
tion and by grant 18-05-00761 from the Russian Foundation
for Basic Research.
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