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Abstract: Abiotic fixation of atmospheric dinitrogen to ammonia is important in prebiotic chemistry
and biological evolution in the Hadean and Archean oceans. Though it is widely accepted that ni-
trate (NOs") was generated in the early atmospheres, the stable pathways of ammonia production
from nitrate deposited in the early oceans remain unknown. This paper reports results of the first
experiments simulating high-temperature, high-pressure reactions between nitrate and komatiite
to find probable chemical pathways to deliver ammonia to the vent—ocean interface of komatiite-
hosted hydrothermal systems and the global ocean on geological timescales. The fluid chemistry
and mineralogy of the komatiite-H20-NOs~ system show iron-mediated production of ammonia
from nitrate with yields of 10% at 250 °C and 350 °C, 500 bars. The komatiite—-H20-NOs~ system also
generated Ho-rich and alkaline fluids, well-known prerequisites for prebiotic and primordial me-
tabolisms, at lower temperatures than the komatiite-H>O-CO2 system. We estimate the ammonia
flux from the komatiite-hosted systems to be 10°-10' mol/y in the early oceans. If the nitrate con-
centration in the early oceans was greater than 10 pmol/kg, the long-term production of ammonia
through thermochemical nitrate reduction for the first billion years might have allowed the subse-
quent development of an early biosphere in the global surface ocean. Our results imply that ko-
matiite-hosted systems might have impacted not only Hz-based chemosynthetic ecosystems at the
vent-ocean interface but also photosynthetic ecosystems on the early Earth.

Keywords: Hadean; abiotic nitrogen cycle; habitability; nitrate reduction; serpentinization

1. Introduction

The reduction of abundant dinitrogen (N2) to ammonia (NHs) is important for pre-
biotic chemical evolution and the early development of life on Earth. Ammonia partici-
pates in the synthesis of nitrogen-bearing organic compounds that are essential for cellu-
lar functions and self-reproduction (e.g., amino acids and nucleotides). Thus, the produc-
tion of ammonia is assumed to be a prerequisite for origin-of-life scenarios, e.g., [1,2], and
the development of microbial ecosystems in the Hadean and Archean oceans, e.g., [3-5].
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Theoretical and observational assessments indicate that the main components of the early
atmosphere are N2 and COz, e.g., [6-11]. Thus, high energy reactions are required to re-
duce chemically stable N2. Previous studies have suggested that nitric oxide (NO) was
produced by electrical discharges in the early atmosphere [3,12]. The resulting NO was
likely converted into nitric acid (HNOs) or nitrous acid (HNOz2) due to photochemical and
aqueous-phase reactions, and it was eventually deposited in the ocean through rain [13].
This suggests ammonia was produced by the abiotic reduction of nitrate (NOs") and nitrite
(NOx) in the early oceans because the oldest traces of early life were reported from 3.9-
3.8 Ga sedimentary rocks of marine origin, e.g., [14-20], c.f. [21-23].

Iron-bearing materials are potential reductants for ammonia production from nitrate
and nitrite in the early anoxic ocean. Accordingly, chemical reactions of nitrate and nitrite
in the water column or marine sediments have been tested experimentally using ferrous
ions and sulfate green rust (FelsFel'a(OH)12504yH20) at around 25 °C [24-27]. These ex-
periments have provided the following three findings. (1) At 22 °C, Nitrite reduction by
ferrous ions produces ammonia at pH > 7.5, but ammonia production is suppressed in
COz-saturated water with respect to FeCO:s. (2) Nitrate reduction by ferrous ions produces
ammonia at pH > 8 in the presence of Cu?. (3) Sulfate green rust reduces nitrite and nitrate
to ammonia at pH 7-8.3. These findings suggest that the reduction of nitrite and nitrate at
around 25 °C depends highly on the composition of the aqueous solution and hardly oc-
curs at acidic pH. Because the early oceans are thought to be CO»-rich and sulfate-poor,
with an acidic to slightly alkaline pH (ca. 5.5-7.5) [8,9,11,28-30], the reduction of nitrite
and nitrate may have been inhibited in the water column or marine sediments in these
oceans at around 25 °C.

Seafloor hydrothermal environments are another potential site of pre-biotic ammonia
production. Abiotic reduction of nitrate and nitrite has been examined under simulated
hydrothermal conditions with transition metal sulfides (Fe1~S, FeSz, NiS, CuzS, CuFeSy),
oxides (FesOs, NiO, Cu20), and iron-nickel alloys [31-34]. The results of these experiments
have shown that some minerals participate in the reduction of nitrate and/or nitrite to
ammonia, while others participate in the reduction of nitrate and/or nitrite to other forms
of nitrogen (putatively N2 or N20). Major anions (e.g., chloride, phosphate, sulfate, and
dissolved carbonate species) further suppress nitrate reduction by Fei1~S at room temper-
ature due to competing adsorption onto Fei~S [31]. Given that concentrations of transition
metal sulfides are typically found in hydrothermal mounds where high-temperature flu-
ids mix with cold seawater, the reactions examined in previous studies [31-34] occur in
nature under fluctuations and steep gradients of temperature, pH, and redox potential.
These fluctuations and the associated unstable environment in hydrothermal mounds
should result in a lower conversion to ammonia than in the laboratory experiments, with
the exception of the relatively robust reduction of nitrite to ammonia catalyzed by MoS
with geoelectrical current [35]. These results imply that other mechanisms for the sustain-
able supply of ammonia to the early oceans are favorable both for the pre-biotic chemical
evolution in hydrothermal vent environments and the accumulation of ammonia in the
global ocean.

This study focused on the reaction of nitrate with oceanic crust under high tempera-
ture and high-pressure conditions. Such reactions probably occur in the recharge and re-
action zones of hydrothermal systems (i.e., sub-seafloor environments) and have affected
the composition of vent fluids and the budget of nitrogen species in the early oceans. At
present, the ammonia concentration in high-temperature hydrothermal fluids in sedi-
ment-free systems is typically similar to that of ambient deep-sea water (1 um or less),
although occasionally it is as high as 15 pm at certain locations [36,37]. These observations
suggest the possibility of abiotic reduction of nitrate in seawater (40 pm) within oceanic
crust. However, the simultaneous complex processing of nitrogen compounds by thermo-
philic microorganisms within hot oceanic crusts can obscure the signal of abiotic nitrate
chemistry, as observed for nitrogen dynamics in geothermal environments [38]. Thus, an
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experimental approach is required to understand the abiotic chemistry of nitrate within
hot oceanic crusts and the resultant vent fluid composition.

This paper reports the first experimental results of a simulation of high-temperature,
high-pressure reactions between nitrate and komatiite to find chemical pathways that
may have delivered ammonia to the vent-ocean interface and the global ocean on geolog-
ical timescales. Komatiite is an ultramafic lava (MgO > 18%) produced by exceptionally
hot melting in mantle upwellings, e.g., [39]. Most komatiite eruptions occurred between
3.5 and 1.5 Ga [40], and komatiite is believed to be the predominant ultramafic rock on the
Hadean-Archean seafloor. The young Earth was hotter, and a thick layer of oceanic crust
(more than three times greater than the present-day equivalents) probably restricted the
eruption of mantle peridotites to the seafloor [41,42]. Therefore, rather than peridotite-
hosted hydrothermal systems at slow-spreading mid-oceanic ridges, komatiite-hosted hy-
drothermal systems on oceanic islands and/or plateaus has been hypothesized to generate
Hz-rich and alkaline fluids [43], which are prerequisites for pre-biotic and primordial me-
tabolisms at the vent-ocean interface, e.g., [43—46]. On the basis of the findings of the pre-
sent study, the roles of komatiite-hosted hydrothermal systems on pre-biotic chemistry
and implications for biological nitrogen metabolism and the global nitrogen cycle on the
early Earth were explored.

2. Materials and Methods

Synthesis of komatiite, hydrothermal reaction experiments and chemical/mineralog-
ical analyses of the reactants and products were conducted at Japan Agency for Marine-
Earth Science and Technology (JAMSTEC). Details were provided in previous publica-
tions [47-52].

2.1. Starting Materials

Komatiite used in the experiments was synthesized from a mixture of 12 reagents
(i.e., SiOz, TiO2, Al2Os, Fe203, MnO, MgO, CaCOs, Na2COs, K2COs, P20s, NiO, and Cr203)
by stepwise heating and cooling at oxygen fugacity of the quartz—fayalite-magnetite
buffer. Mixing ratios of the reagents were adjusted to make Al-depleted (Barberton-type)
komatiite more representative of ultramafic volcanism in Hadean oceanic islands and/or
plateaus with a hotter mantle upwelling (plume) compared with Al-undepleted (Munro-
type) komatiite [49]. The synthetic komatiite was primarily composed of olivine and glass.
The komatiite was crushed using a tungsten mortar and an agate mill and then sieved to
obtain particles smaller than 90 pm. Approximately 30 g of the powdered komatiite was
ultrasonically washed with acetone and pure water (18.4 MQ cm at 25 °C) several times
and freeze-dried in a vacuum to remove possible contamination by organic matter during
sample preparation. Specifically, carbon and nitrogen contents of the resultant komatiite
sample were 210 ppm and 0.5 ppm, respectively [52].

Simulated aqueous solutions of Hadean seawater containing nitrate were prepared
with the following compositions: 1000 mmol/kg NaCl and 10 mmol/kg NaNQOs for the
experiment at 250 °C; and 1000 mmol/kg NaCl and 0.94 mmol/kg KNOs for the experiment
at 350 °C. Prior to use, the NaCl reagent was baked at 450 °C for 5 h under atmosphere to
combust any organic contaminants.

We also conducted hydrothermal experiments without komatiite to test nitrate re-
duction in the H2O-NOs~ system at 250 °C and 350 °C under 500 bars (experiments N250C
and N350C). The initial aqueous solutions were prepared with the following composition:
1000 mmol/kg NaCl and 10 mmol/kg KNOs.

2.2. Hydrothermal Experiments

The hydrothermal reaction experiments were conducted in a flexible-cell hydrother-
mal apparatus consisting of a flexible gold bag with a titanium head (reaction cell) en-
closed in an Inconel® alloy autoclave (modified after [53]). Prior to the experiments, the
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titanium head attached to the gold bag was completely oxidized to TiO: to eliminate pos-
sible Hz generation by a reaction between metallic titanium and water at the experimental
conditions. All materials in contact with the reacting fluid (i.e., gold bag, titanium head,
and gold-lined sampling tube) were baked at 450 °C for 5 h under atmosphere in a muffle
furnace to remove any organic contamination.

Approximately 10-12 g of the komatiite powder was initially reacted with 64-72 g of
the simulated Hadean seawater in the reaction cell at 250 °C and 350 °C, under 500 bars
(experiments N250 and N350). Changes in fluid composition were monitored by collect-
ing 3-5 g of fluid samples multiple times during the ongoing experiment from the reaction
cell through the gold-lined sampling tube while maintaining the temperature at 250 °C or
350 °C and the pressure at 500 bars. Consequently, the water—rock mass ratios decreased
from 7 to 4 during experiment N250 (4870 h) and from 5 to 3 during experiment N350
(2515 h). These experimental conditions mimic the high-temperature regions in sub-sea-
floor hydrothermal systems where the water—rock mass ratios are generally below 5 [54].
After the experiments, solid reaction products were freeze-dried in a vacuum and then
stored in a vacuum desiccator until mineral compositions could be analyzed.

2.3. Chemical and Mineralogical Analyses
2.3.1. Aqueous Fluids

For pH analysis, 1.0 mL of fluid was collected in a vial and the pH was measured by
a pH meter (LAQUAtwin; HORIBA Ltd., Kyoto, Japan) at a room temperature under at-
mospheric conditions. The estimated precision of pH measurement was +0.2 units of the
reported value. For Hz analysis, 0.5 mL of fluid was introduced to an Ar-purged vial. The
vial was left for 30 min to be reached in equilibrium at a room temperature. The Hz and
N20 concentrations in the headspace of the vial was measured by gas chromatography
with dielectric- barrier discharge ionization detector (GC-BID) (Nexis GC-2030, SHI-
MADZU Corp., Kyoto, Japan). The analytical precision (15D) of replicate measurements
was typically better than 5% for H2 and N20 at 100 ppm.

For cation analyses, 0.2 mL of fluid was sampled in a vial and diluted with 10 mL of
pure water. The final pH of the diluted solution was adjusted to 2 by adding 0.2 mL of IN
HNO:s to avoid mineral precipitation. For anion analyses, 0.2 mL of fluid was collected
and diluted with 10 mL of pure water. The final pH of the diluted solution was adjusted
to 12 by adding 0.2 mL of 1IN NaOH was added to avoid the precipitation of amorphous
silica. The concentrations of Cl, and Na were analyzed by ion chromatography (Dionex
ICS-1600/2100; Thermo Fisher Scientific, Waltham, MA, USA), while those of K, Ca, Mg,
Fe, Mn, and Si were analyzed by inductively coupled plasma optical emission spectrom-
etry (ICP-OES) (Spectro ARCOS; AMETEK, Berwyn, PA, USA). The analytical precision
(1SD) of replicate measurements was typically better than 2% for Cl, Na, and K, and typ-
ically better than 5-10% for the other elements depending on their concentrations.

The nitrate and nitrite concentrations were measured using ion chromatography (IC-
Pac A25S column; Thermo Fisher Scientific, Waltham, MA, USA) with UV detection at 220
nm (GL-7451; GL Science, Tokyo, Japan) (the detection limit was 0.1 pmol/kg and the re-
producibility was better than 3%) [51]. The ammonium concentration in the reacted fluid
was determined with fluorescence photometry after reacting at 50 °C with a 20 mmol/kg
orthophthaldialdehyde solution and a 200 mmol/kg sodium borate solution containing 2
mmol/kg of sodium sulfite [52]. The analytical precision (1SD) of replicate measurements
was typically better than 1%, 4%, and 3% for nitrate, nitrite and ammonium, respectively.

2.3.2. Solids

Initial characterization of the morphology and chemical composition of the solid re-
action products was performed after the experiments using scanning electron micro-
scopes (SEM) equipped with energy dispersive X-ray spectrometers (EDX) (a Hitachi
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High-Tech Miniscope® TM3000 and a FEI Quanta 450 FEG). Data on the mineral assem-
blages of reaction products were obtained by X-ray diffraction (XRD) and Raman spec-
troscopy using a Rigaku MiniFlex Il and a Nanophoton RAMANTtouch. Quantitative com-
positional data of the reaction products were obtained through electron probe micro anal-
ysis (EPMA) with wavelength dispersive X-ray spectroscopy using a JEOL JXA-8500F.
The whole-rock compositions of 10 major elements (i.e., Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K,
and P) of the synthetic komatiite were analyzed by X-ray Fluorescence (XRF) using a
Rigaku ZSX Primus II.

Three types of samples were prepared from the solid reaction products for the mor-
phological, mineralogical and compositional analyses. The first group comprises frag-
ments mounted in epoxy resin and polished by silicon carbide powder and diamond paste
to determine the cross sections of the solid products. Samples in the second group were
crushed using a stainless spatula, and the resulting sub-millimeter size grains were
mounted on a glass slide with carbon tape or double-sided tape to examine 3D structures.
Half of the second group samples were washed further with ethanol and purified water
in an ultrasonic cleaner to remove the suspended fraction. The procedure was repeated
until the ethanol and water were no longer cloudy. The washed samples were dried in a
vacuum at 40 °C and then mounted on a glass slide. After examination using optical mi-
croscope and by Raman spectroscopy, the polished and crushed samples were coated with
osmium or carbon particles for the analyses by SEM/EDX or EPMA, respectively. The
third group of fragment samples was ground with agar mortar for XRD and XRF analyses.
The resulting powder samples were processed further for XRF analysis to prepare glass
beads using Li2B4O7 reagent.

2.3.3. Thermodynamic Calculation

The pHinsitu of the sampled fluids was calculated using the Geochemists” Workbench
computer code [55], based on pH at room temperature and the concentrations of dissolved
species. Saturation index (SI) was calculated from the relation SI = log(Q/K), where Q is
the activity quotient of the species involved in the reaction and K is the equilibrium con-
stant. The required thermodynamic database was generated using the SUPCRT92 com-
puter program [56] with thermodynamic data for aqueous species and complexes ob-
tained from [57-60]. The B-dot activity model was used in the calculation of sampled flu-
ids [61,62], and the activity coefficients of neutral species were assumed to be unity.

3. Results
3.1. Fluid Chemistry

Table 1 and Figure 1 present the concentrations of selected species measured for
aqueous fluids in the komatiite-H20-NOs" system as a function of time at 250 °C and 350
°C under 500 bars. The pH values of the initial solutions of experiments N250 and N350
after the pressurization to 500 bars at room temperature were approximately 9. During
the high temperature water-rock reactions, the pH measured at room temperature (pHzs:c)
decreased from the initial values of 9.6 and 7.2 to the steady-state values of 8.6 (alkaline)
and 5.7 (acidic) at 250 °C and 350 °C, respectively. “Steady state” here refers to the condi-
tion under which the concentration of a given dissolved species changes little with time
[49,50]. The concentrations of almost all major species in the experiments (with the excep-
tion of H2 and Ca) reached a steady state within 300 h at both 250 °C and 300 °C.

The calculated in situ pH (pHinsitu) decreased from 7.7 and 7.1 to the steady-state val-
ues of 5.6 and 5.0 at 250 °C and 350 °C, respectively. As neutral pH values at the experi-
mental conditions are 5.46 at 250 °C and 5.56 at 350 °C, the komatiite-H2O-NOs- system
generated near neutral and acidic fluids at 250 °C and 350 °C, respectively.
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Figure 1. Measured concentrations of dissolved species in an aqueous fluid coexisting with ko-
matiite and its alteration products as functions of time at 250 °C (a,c) and 350 °C (b,d), 500 bars.
(a,b) Fluid compositions in the komatiite-H20-NOs- system at 250 °C and 350 °C with the initial
water-rock mass ratios of 7 and 5, respectively. (c,d) Fluid compositions in the komatiite-H20-
COz2 system at 250 °C and 350 °C with the initial water—rock mass ratios of 5 and 5, respectively
(Ueda et al., 2016). White triangles and light-blue circles with black arrows imply that iron and
nitrate concentrations in plot are the maximum estimates (0.02 mmol/kg for iron in N250, 0.003
mmol/kg for nitrate in N350).

Table 1. Concentration of selected species measured in fluids from experiments in the komatiite-H20-NOs~ system.

T[11111;e T[°C] pHz* I::“I‘:' H: [m] C1 [m]Na [m] K [m] ?Iig] Ca [m] [rs;] Fe [m] 1[\::]1 1\[12; 1\[1;)]2 1\[1;)]3 1;;(]) Fluid < [g]
N250 (soln. =72.4 g, rock = 9.64 g, P = 500 bars)
0 20 9 0.030 990 1014 028 0339 03 01 0.02¢ nd. nd nd 10936 nd. 72.4
1 00 235 96 77 0030 98 991 032 0.009 27 25 0.02¢ nd. 0.023 nd 10748 n.d. 69.4
2 4 246 94 7.8 0.030 994 986 039 0.004 39 47 0.02¢ nd. 0.030 0.009 10.534 0.002 65.2
3 8 250 84 76 0.030 98 980 039 0.002 42 57 0.02¢ nd. 0037 0.011 10.716 0.005 60.7
4 18 250 91 78 0.030 98 991 040 0.002 4.6 6.0 0.02¢ nd. 0.056 0.011 10.286 0.011 56.3
5 44 250 88 77 0.030 1007 984 053 0.002 62 62 0.02¢ nd. 0.101 0009 10.132 0.009 52.2
6 264 250 89 62 0.030 1016 955 1.83 0.018 360 1.1 0.02¢ nd. 1.140 nd. 0.015 0.002 489
7 1054 250 88 59 0.030 1051 957 1.87 0.023 308 08 0.02¢ nd. 1.168 nd. 0.005 0.002 456
8 1944 250 86 56 058 1045 961 179 0.020 307 07 0.02¢ nd. 1.192 nd. 0.007 n.d. 422
9 2616 250 88 58 14 1043 961 1.81 0.020 304 0.7 0.02¢ nd. 1184 nd. 0.006 nm. 389
10 4871 250 86 56 23 1045 960 1.74 0.020 296 07 0.02¢ nd. 1174 nd. 0.010 nm. 354

N350 (soln. = 63.93 g, rock = 12.2 g, P = 500 bars)
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NG WIN - O

0
17
71

187
521
2515

25
350
350
350
350
350
350

8.5
7.2
6.3
6.2
6.1
6.1
5.7

7.1
5.8
4.9
49
49
5.0

0.031 989 992 085 0588 1.3 0 001 0001 0.002 n.d. 1.063 n.d. 63.9
0.019 1004 1006 1.01 0.037 3.8 18.1 0.03 0.001 0.085 n.d. 0950 n.d. 60.9
0.006 999 973 1.07 0.011 104 20.5 0.01 0.004 0132 n.d. 0.106 0.007 55.3
0.668 1004 929 173 0.197 378 29 0.18 0.087 0.180 n.d. 0.005 n.d. 50.3
1.941 1030 955 177 0.266 342 28 0.33 0.148 0.182 n.d. 0.003¢ n.d. 448
3.400 1020 956 2.04 039 238 3.0 027 0.104 0.176 n.d. 0.003 n.d. 39.9
1.660 1026 967 210 024 231 28 0.27 0.086 0.171 nd. nm. nd. 35.1

Concentrations are in mmol/kg [m]. n.d. —not detected. n.m.—not measured. * Measured pH at 25 °C. ® Calculated pHin-
siw at experimental temperature and 500 bars. © Estimated amount of fluid in the reaction cell prior to sampling. ¢ Upper

limit.

The concentration of Cl remained relatively constant throughout the experiments be-
cause chlorine-containing minerals were rare in the altered komatiites. In contrast, the
concentration of other species changed as the fluid/rock reactions progressed. Na concen-
trations steadily decreased by 30-40 mmol/kg from 990-1000 mmol/kg both at 250 °C and
350 °C, whereas K concentrations steadily increased by 1.5 and 1.1 mmol/kg from 0.3 and
1.0 mmol/kg at 250 °C and 350 °C, respectively. Ca and Si concentrations reached their
maximum values and then decreased to the steady-state values (Si: 0.7 mmol/kg at 250 °C
and 2.8 mmol/kg at 350 °C; Ca: 30 mmol/kg at 250 °C and 23 mmol/kg at 350 °C). The Si
concentration started to decrease to the steady-state value when the Ca concentration in-
creased to the maximum value (44-264 h at 250 °C, 17-71 h at 350 °C; Table 1).

Nitrate concentrations decreased from 11 mmol/kg to approximately 0.01 mmol/kg
after 264 h at 250 °C, and decreased from 1 mmol/kg to approximately 0.005 mmol/kg after
71 h at 350 °C. Over the same time interval, ammonium concentration increased from 0.02
mmol/kg to 1.14 mmol/kg at 250 °C and 0.08 mmol/kg to 0.18 mmol/kg at 350 °C. Nitrite
concentration increased from less than 0.002 mmol/kg to 0.011 mmol/kg in the first 18 h
and then decreased to less than 0.002 mmol/kg at 250 °C, whereas it was less than 0.002
mmol/kg throughout the experiment at 350 °C.

The time-dependent changes of nitrogen compounds suggest that a multi-step path-
way exists for the reduction of nitrate to ammonia via nitrite at 250 °C. This is comparable
to the biological process referred to as dissimilatory nitrate reduction to ammonia. The
mol ratio of ammonia produced to nitrate reduced (i.e., the product yield) was estimated
to be 10% at both 250 °C and 350 °C. Thus, the other 90% of nitrate initially present in the
fluid is expected to be reduced to other nitrogen species, most likely Nz via nitrous oxide
(Section 4.2). The decrease in nitrate concentration appeared to be coupled with the in-
crease in calcium concentration and with the decrease in pHinsitu at both 250 °C and 350
°C.

By comparison, experiments without komatiite show less reduction of nitrate at both
250 °C and 350 °C. In these experiments, nitrate concentrations were constant at 10
mmol/kg within the range of analytical uncertainty (+2%) and decreased slightly from 10
mmol/kg to 9 mmol/kg within 860 h and 264 h under 500 bars at 250 °C and 350 °C, re-
spectively (Table 2, Figure 2). Over the same time intervals, nitrite concentration increased
to 1.1 mmol/kg at 350 °C, whereas it was below detection limit at 250 °C. Nitrous oxide
concentrations increased up to 0.01 mmol/kg and 0.05 mmol/kg at 250 °C and 350 °C, re-
spectively. Ammonium concentrations were below the detection limit at both 250 °C and
350 °C. This indicates nitrate reduction to nitrite in the H2O-NOs- system at 350 °C. How-
ever, the rate of nitrate reduction is more than 40 times slower than that in the komatiite—
H20-NOs- system at 350 °C. Hence, komatiite causes or stimulates nitrate reduction and
ammonia production in aqueous fluids at temperature above 250 °C and pressure of 500
bars.
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Figure 2. Mole fractions of nitrate, nitrite, nitrous oxide, and ammonia in aqueous fluids without
komatiite at (a) 250 °C and (b) 350 °C. Measured concentrations of nitrogen species at a given time
are normalized by the initial concentration of nitrate (10 mmol/kg) to estimate the mole fractions.
For each plot, Y axis on the left side shows the scale of the mole fractions of nitrate and nitrite,
whereas that on the right side shows the scale of the mole fractions of nitrous oxide and ammonia.

Table 2. Concentration of selected species measured in fluids from experiments in the H2O-NOs-
system.

T[‘;:}e [°{:] pHzs pHinsita [(1;1] [1:] K [m] NHs* [m] NO> [m] NOs- [m] N2O [m]
N250C (P =500 bars)
0 2 970 958 10.0 nd. 0002 10132 n.m.
1 22 250 87 56 1011 970 104 mf 0002 10329  0.001
2 213 250 88 57 999 950 100 m.f 0002 10267  0.007
3 381 250 10 67 987 971 99 mf 0002 10234  0.006
4 860 250 94 62 998 962 101 nd. 0002 10361  0.005
N350C (P = 500 bars)
0 2 63 985 966 100 nd. 0005 10205  0.000
1 0 339 99 66° 93 nm nm nd 0002 9733  0.09
2 4 346 99 66° 98 nm nm. nd 0122 9919 0013
3 8 349 10 67°@ 980 nm. nm. nd 0153 9923  0.012
4 11 35 10 67+ 982 nm. nm. nd 019 9819  0.010
5 21 350 98 65°@ 98 nm. nm. nd 0267 9854  0.010
6 76 350 94 61 99 nm. nm. nd. 0404 9434 0010

7 264 350 9.5 6.2 1030 974 100 n.d. 1.103 9.137 0.005

Concentrations are in mmol/kg [m]. n.d. —not detected. n.m.—not measured. m.f. —measurement
failed. @ Calculated pHin-itu at experimental temperature and 500 bars assuming that Na and K con-
centrations in the sampled fluid are the same as those in the initial solution (Na = 966 mmol/kg, K
=10.0 mmol/kg).

The dissolved Ha concentration increased to steady-state values of 2.3 and 1.7
mmol/kg at 250 °C and 350 °C, respectively. By comparison, steady-state concentrations
of the dissolved H: concentration in the komatiite-H20-CO: system were reported to be
0.02 mmol/kg and 2 mmol/kg at 250 °C and 350 °C, respectively (Figure 3) [50]. The steady-
state concentration of dissolved H: in the komatiite-H2O system was reported to be 23
mmol/kg at 300 °C [49]. Table 3 compares the steady-state composition of fluids in the
komatiite-H2O-NOs system with that in the komatiite-H20-CO: system, as reported by
[50]. Besides Hx, the remarkable differences between the aqueous fluids in the two systems



Minerals 2021, 11, 321 9 of 31

are the steady-state concentrations of Mg, and Fe and fluid pH at 250 °C. The dissolved
Mg and Fe concentrations in the komatiite-H2O-NOs~ system are 2-3 orders of magnitude
lower than those in the komatiite-H0-CO: system. The pH measured at room tempera-
ture in the komatiite-H20-NOs~ system is more alkaline than that in the komatiite-H>0O-
CO:z system.

Table 3. Steady-state composition of aqueous fluids in the komatiite-H20O-NOs~ and komatiite—
H20-CQO: systems.

System Komatiite-H20-NOs- Komatiite-H.0-CO:

Experiment ID N250 N350 U250 ® U350P
T [°C] 250 350 250 350
P [bar] 500 500 500 500
Reaction time [hours] 4871 2515 2760 1530

(water/rock)finai 2 3.7 29 3 3
pHasc 8.7 6.0 45 3.9
PHin-situ 5.8 5.0 48 5.7
H> [m] 2.3 1.7 0.02 22
2COz2 [m] n.m. n.m. 33 171
CI [m] 1045 1026 1175 953
Na [m] 960 967 949 884
K [m] 1.74 2.10 0.95 0.81
Mg [m] <0.02 0.24 36.4 1

Ca [m] 30 23 48.8 37.3
Si [m] 0.74 2.81 3.5 4.1
Fe [m] <0.02 0.27 0.97 1.55
Mn [m] <0.001 0.086 0.25 0.6
NHas' [m] 1.174 0.171 n.m. n.m.
reference This study This study [50]. [50]

Concentrations are in mmol/kg [m]. n.m.—not measured. * Water-rock mass ratio.® Initial aque-
ous solutions were prepared with the following chemical composition: 1000 mmol/kg Cl, 1000
mmol/kg Na, and 400 mmol/kg ZCO2. The pH values of the initial solutions were ~4.9 at room
temperature.
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=
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—@— 250 °C (This study)
—0— 350 °C (This study)
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0.001 —0— 300 °C (Shibuya et al., 2015)
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Figure 3. Time-dependent changes in dissolved H2 concentrations in aqueous fluids in the systems
of komatiite-H20-NOs (this study), komatiite-H20-COz2[50], and komatiite-H20 [49].



Minerals 2021, 11, 321

10 of 31

3.2. Alteration Products

The characterization of the solid products of the komatiite alteration experiments at

250 °C and 350 °C by X-ray diffraction, Raman spectroscopy, EPMA and SEM/EDX indi-
cates that the products were dominated by a mixture of smectite, chlorite, and serpentine,
and/or mixed layer clays such as chlorite/smectite and chlorite/serpentine (Figures 4 and
5 and Tables 4 and 5). Andradite and clinopyroxene were observed as characteristic major
components at 250 °C and 350 °C, respectively. The reaction products exhibited the fol-
lowing characteristics:

1.

The reaction products at 250 °C and 350 °C were mainly composed of 10-50-um-size
clusters of mineral plates/flakes. The plates/flakes developed an edge-to-face pattern
and/or a rosette-like pattern (Figures 6e and 7d,g). Such patterns are observed for the
plates/flakes of chlorite, smectite and corrensite (mixed layered chlorite-smectite
mineral) coated on a variety of silicate minerals in natural and experimental systems,
e.g., [63-65]. Raman spectra of the clusters separated as the yellowish green or green-
ish grains from the bulk products showed peaks attributable to smectite, chlorite,
serpentine and vermiculite (mixed layered chlorite-smectite mineral) (Figure 5h-1,h-
3). The clusters also showed intermediate compositions between smectite (saponite),
chlorite (clinochlore), and serpentine (Tables 4 and 5). Collectively, we interpreted
that the mineralogy of the clusters was a mixture of smectite, chlorite, and serpentine,
and/or mixed layer clays such as chlorite/smectite and chlorite/serpentine (Table 4).
The clusters at both 250 °C and 350 °C had overgrowth rims extending outward from
the center (Figures 6a,b and 7a,b). The rims were composed of slightly curved flakes
that developed honeycomb patterns with pore of 1-2 pm and 2-3 pm in size at 250
°C and 350 °C, respectively (Figures 6¢c and 7b). Moreover, overgrowth rims with
frost column textures partly covered the surface of the cluster at 250 °C (Figures 6e).
There were not marked differences in elemental ratios between the rims and the phyl-
losilicate clusters at both 250 °C and 350 °C, suggesting that the rims had the same
mineral composition as the clusters (Table 5).

Spherical (polygonal) minerals (ca. 1-3 um in size) were found in the reaction prod-
ucts at 250 °C (Figures 6e and 7a,b,f). They existed both in the cluster and the over-
growth rims. These minerals were identified as andradite (CasFe™SisO12) based on
their Raman spectra (Figure 5h-2). Results of the semi-quantitative analysis by
SEM/EDX of the spherical minerals indicate elemental ratios that were consistent
with those of andradite (Table 5).

Needle-shaped minerals occurred with the overgrowth rims in the reaction products
at 350 °C (Figure 7a,b,fh). The needles stuck together and formed an irregular-
shaped, opaque grain that was separated as an unsuspended fraction after sonication
(Figures 5d,g and 7f). Raman spectra of these opaque grains indicated that the nee-
dles were clinopyroxene (Figure 5h-4). Semi-quantitative analysis by SEM/EDX of
the needles showed elemental ratios that were consistent with clinopyroxene (Table
5).

Fibrous minerals were observed in the reaction products at 350 °C (Figure 7c,d). Re-
garding their morphology, they could be chrysotile fibers.

Needle-shaped calcium silicate occasionally occurred with andradite in the reaction
products at 250 °C (Figure 6h). SEM/EDX analysis shows Ca/Si over 1 with Mg + Fe/Si
smaller than 0.5 (Table 5). Clinopyroxene was also found among the reaction prod-
ucts at 250 °C as a minor component.
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Table 4. Composition of synthetic komatiite and solid reaction products from the experiments in the komatiite-H0-NOs"

system at 250 °C and 350 °C (values in wt.%).

Al-Depleted Synthetic Komatiite

N250

N350

Reference Minerals (Ideal

Composition)
WR Ol Glass Clst1 Clst 2 Clst1 Clst 2 Sap Srp Clin
SiO:2 46.70 41.11 51.70 41.06 39.75 38.84 40.64 44.11 41.01 3242
TiO:z 0.38 0.03 0.50 0.13 0.41 0.08 0.94
AlOs 3.7 0.04 5.49 1.17 4.03 5.68 3.85 5.35 18.24
Cr20s  n.m. (0.35) 0.16 0.32 0.56 0.46 0.25 0.21
FeO 11.43 7.02 10.94 11.13 10.58 10.21 8.71 7.54 12.26
MnO 0.18 0.13 0.22 0.30 0.30 0.14 0.09
MgO 29.89 49.80 18.83 25.59 23.18 27.68 21.39 21.14 34.40 36.25
CaO 7.26 0.23 9.93 0.71 2.83 0.28 3.14 2.94
Na:O 0.06 0.01 0.25 <0.65 <0.84 <0.47 <0.94
K20  n.d.(0.03) 0.01 0.00 n.d. 0.004 n.d. 0.017
NiO n.m.(0.19) 0.19 0.07 0.05 0.07 0.08 0.12
P20s 0.04 n.d. 0.02 n.d. 0.006 n.d. n.d.
Total 99.63 98.70 98.23 81.35 82.47 83.70 80.06 81.07 87.67 87.00
Method XRF EPMA  EPMA EPMA EPMA EPMA EPMA calc. calc. calc.
Note Ca-poor Ca-rich Ca-poor Ca-rich

n.m.—not measured. n.d.—not detected. cal.—calculation. Values in parentheses are target concentrations. Srp =
MgsFeSisO10(OH)s. Abbreviations are the same as in Table A1 except for WR (=whole rock) and Clst (=Cluster).

Table 5. Representative elemental compositions measured using SEM/EDS (atom number %).

N250
Frost col-
Morphology  cluster mn 2 polygonal  needle needle  columnar
Interpretation Sm((;lslrp- Sm(e;lslrp- andradite  augite  wollastonite Calc:::; sil-
(Mg + Fe)/Si 1.32 1.04 0.72 0.81 0.23 0.42
Fe/Fe + Mg 0.12 0.12 0.79 0.19 0.13 0.67
Ca/Si 0.07 0.04 1.06 0.40 1.24 3.10
Al/Si 0.14 0.10 0.07 0.05 0.02 0.02
N350
Morphology cluster  Flake?® needle needle
Interpretation Sme-Srp- Sme-Srp- augite augite
Chl Chl
(Mg + Fe)/Si 1.27 1.14 0.58 0.74
Fe/Fe + Mg 0.33 0.11 0.28 0.20
Ca/Si 0.04 0.04 0.51 0.34
Al/Si 0.12 0.13 0.04 0.04

aSecondary mineral partly covering the surface of the cluster. ® Mineral flakes covering the surface
of the cluster in honeycomb pattern. Abbreviations are the same as in Table Al.
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Figure 4. Powder XRD patterns (CuKa) of the alteration products after experiment N250 (250 °C,
4877 h) and N350 (350 °C, 2520 h), denoted by red. For comparison, XRD patterns (CuKa) of the
synthetic komatiite used in the experiments are presented in green. The mineral identified from
the XRD patterns of the synthetic komatiite is ferroan forsterite with a mole (Mg/Fe) ratio of ~9.
Abbreviations are the same as in Table Al.
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Figure 5. Optical microscopy images and Raman spectra of grains in unsuspended fractions sepa-
rated from the bulk products at 250 °C and 350 °C. (a,c,e) Photomicrographs of an unsuspended



Minerals 2021, 11, 321

13 of 31

fraction in experiments N250 (250 °C, 4877 h) showing yellowish green grains (10-50 um in size).
Small spherical grains (ca. 1 um in size) are often found on the surface of yellowish green grains.
(b,d f,g) Photomicrographs of an unsuspended fraction in experiment N350 (350 °C, 2520 h) show-
ing two types of grains: rounded greenish grains (20-50 um in size) and random-shaped opaque
grains (20-50 um in size). Numbers in Figure 5e-g; correspond to those shown in Figure 5h. (h)
Representative Raman spectra. Raman spectra of the yellowish green grains of N250 and the
greenish grains of N350 (numbers 1 and 3) show peaks attributable to smectite, chlorite, actinolite,
and serpentine that have nearly the same wavenumber. Raman spectra of the small spherical
grains of N250 (number 2) show peaks attributable to andradite. Raman spectra of the random-
shaped opaque grains of N350 (number 4) show the peaks attributable to clinopyroxene. A large
peak between 650 cm™ and 700 cm™! is common in inosilicate and phyllosilicate candidates. Abbre-
viations in Figure 5h are the same as in Table A1.

Sme-Srp
-Chl cluster

=Chl rim
7

L

Figure 6. Representative SEM images of alteration products after experiment N250 (250 °C, 4877 h). (a,b) Polished sample
mounted on epoxy resin showing 10-50 pum-size clusters comprising phyllosilicates (smectite, serpentine, and chlorite:
Sme-Srp-Chl) in the core with overgrowth rims of phyllosilicates and bright spherical andradite. The dark portion of these
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panels is epoxy resin. (c) Aggregate of crushed samples showing various morphologies of individual grains. (d-g) SEM
images of the unsuspended fraction separated from bulk products by sonication with water and ethanol (d) Clusters of
phyllosilicates that are partially covered by phyllosilicates with frost column textures and/or andradite. (e) Cluster of
phyllosilicates. The core of the cluster comprises plates/flakes that develops an edge-to-face pattern and/or a rosette-like
pattern, whereas the rim shows frost column texture. (f) Enlarged view of a dashed black frame in (d) showing botryoi-
dally aggregated andradite spheres overgrown on the surface of phyllosilicate cluster. (g) Spherical aggregate comprising
clinopyroxene needles, andradite spheres, and phyllosilicates. (h) Cross sectional view of phyllosilicate cluster covered by
phyllosilicate layers. Spherical andradite crystals occur with needle-like calcium silicate (CS) at the surface of the upper
most layer of phyllosilicates. Abbreviations are the same as in Table Al.

L ;Sme-Srp
% -Chl clusters & 7k
; 448

Sme- R RASE
-Chi_clusten i / <

Sme-Srp
-Chl rim

TR

RLs

Figure 7. Representative SEM images of alteration products after experiment N350 (350 °C, 2520 h). (a) A polished sample
mounted on epoxy resin showing clusters of phyllosilicates (smectite, serpentine, and chlorite) in the core with overgrowth
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rims of phyllosilicates and needle-like crystals of clinopyroxene. The dark portion of the panel is epoxy resin. (b—d) SEM
images of crushed samples. (b) Cluster of phyllosilicates. The core of the cluster comprises plates/flakes that develop an
edge-to-face pattern and/or a rosette-like pattern, whereas the rim shows honeycomb texture with 2-3 pm pores. Needle-
shaped clinopyroxene occurs with overgrowth rims of phyllosilicates. (c,d) Cluster of phyllosilicates with an unidentified
polygonal mineral and a fibrous mineral that is presumed to be chrysotile. (e,f) Unsuspended fraction showing rounded
clusters comprising phyllosilicates (e) and irregular-shaped clusters comprising clinopyroxene and phyllosilicates (f). (g)
Enlarged view of a phyllosilicate cluster. Plates/flakes develop an edge-to-face pattern. (h) Enlarged view of needle-shaped
clinopyroxene. Abbreviations are the same as in Table A1.

Based on the petrographic observations described above, clinopyroxene deposited
after the formation of smectite—serpentine—chlorite core assemblage at 350 °C.

4. Discussion
4.1. Water-Rock Interactions in the Komatiite—H20-NOQOs~ System

Fluid composition and secondary mineral assemblages provide information on the
water-rock interactions that include hydrogen generation and nitrate reduction. To aid
the interpretation of reactions occurring during the experiments, saturation indexes of
solid materials were calculated based on the measured fluid composition (Table 6). A list
of potential water-rock reactions is also shown in Table 7.

Table 6. Saturation indexes of selected solid materials co-existing with fluids from experiments in
the komatiite-H20-NOs~ system.

Time[h] T [°C] (Salg; For Faya= Chry Mgts Ad2 Diop Wol

N250
0 235 -1.1 2.6 27 6.5 6.2 102 45 0.8
4 244 -0.9 2.7 25 6.6 5.7 120 53 1.6
8 250 -0.7 1.7 2.8 52 6.1 11.6 46 1.4
18 250 -0.8 23 23 6.0 54 125 54 1.8
250 -0.8 2.1 25 5.7 5.7 127 53 1.8

O 0 NI O\ U1 = WO N =
o~
~

264 250 -1.3 -1.6 1.8 -0.1 5.6 4.1 03 -1.0

1054 250 -1.5 -2.8 0.5 -2.0 3.8 02 -13 -19

1944 250 -1.5 <3 -0.5 <3 1.0 <3 25 25

2616 250 -1.5 <3 0.1 -2.9 1.6 -26 -18 22

10 4871 250 -1.5 <3 -0.5 <3 0.5 <3 25 =25

N350
0 350 -0.3 4.8 29 8.4 6.7 11.0 57 1.2
17 350 -0.2 0.2 -0.4 1.6 24 23 14 -038

71 350 -1.1 -1.6 2.4 -1.5 -1.4 <3 -20 -29
187 350 -1.1 -14 -1.9 -1.3 -1.2 <3 20 <3
521 350 -1.1 -1.0 -2.1 -0.7 -1.7 <3 20 <3

6 2515 350 -1.1 -1.5 -2.1 -1.4 -1.4 <=3 -23 <3
Saturation index calculated from the concentration of dissolved species listed in Table 1. 2 Satura-
tion index during each time interval in experiment N250 lists the upper limit because Table 1 lists
the upper limit of the dissolved iron concentration during each time interval in N250. Abbrevia-
tions are the same as in Table A1.

Qb= W N =
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Table 7. List of water-rock reactions.

Reaction #
1. Silicate formation from solid components MgO, Al:Os, and FeO

0.25Ca?" + 2.5MgOrock + 0.5F€Orock + 0.25A1203r0ck + 3.55102(aq) + 5.25H20 1)
= Cao25(Mg25Feos5)(SissAlos)O10(OH)2-4H20 [Saponite] + 0.5H*

5MgOrock + FeOrock + 45102(aq) + 14H20 = MgsFeSi4O10(OH)s [Serpentine] 2)
5MgOrock + 0.5A120sr0ct+ 35102aq) + 23H20 = (MgsAl)(SisAl)O10(OH)s [Clinochlore] (3)
3Ca?+ 2FeOrock + 35iO2(aq) + 4H20 = CasFe™:SisO12 [Andradite] + Hzwq) + 6H* 4)
Ca? + MgOrock + 25i02(ag) + H20 = CaMgSi2Os [Diopside] + 2H* (5)
2. Silicate formation from dissolved species

0.25Ca?* + 2.5Mg?* + 0.5Fe?+ 0.5 Al3* + 3.55iO2(aq) + 9H20 = Cao2s(MgasFeos) (SissAlos)O10(OH)2-4H20 + 8H* (6)
5Mg?* + Fe?* + 45i0Ox(aq) + 10H20 = MgsFeSisO1(OH)s + 12H* @)
5Mg?* + 2AP* + 35i02@q + 12H20 = (MgsAl)(SisAl)O1(OH)s + 16H* (8)
3Ca2 + 2Fe? + 35i02(q) + 6H20 = CasFels5i3012 + 10H* + Hag) 9)
Ca? + Mg? + 25i02@q) + 2H20 = CaMgS5i206 + 4H* (10)
Ca?" + SiOz@aq + H20 = CaSiOs [Wollastonite] + 2H* (11)
3. Iron oxidation

Fe2*+ H20 = Fe3* + OH-+ 0.5H2@q) (12)
3FeOrock + H20 = FesO4[Mgt] + Hzag) (13)
2FeOrock + 25102(aq) + 3H20 = Fell25i205(OH)4 [Felll-srp] + Haag) (14)
4. Dissolution of solid components

CaOrock + 2H* = Ca2t + H20 (15)
FeOrock + 2H* = Fe2* + H.0O (16)
MgOrock + 2H* = Mg?* + H20 (17)
AlOsrock + 3H20 = 2 Al3* + 60H- (18)

In experiment N250, the concentration of dissolved Si (SiO2(q)) increased to the max-
imum value (6 mmol/kg) during the first 8 h at 250 °C and then, remained at the maximum
value from 8 h to 44 h (Figure Al). The maximum concentration of SiOz@q was 15% of the
SiOz2q) concentration predicted from the solubility of amorphous silica (Table 6), but it
was ~100 times higher than the SiOx2@q concentration under olivine dissolution at temper-
atures from 230 °C to 320 °C and apHinsitu Of 8 [66]. Moreover, the positive SI values of
forsterite and fayalite after the first 44 h (i.e., supersaturation with respect to forsterite)
indicates that olivine dissolution had been inhibited in the first 44 h (Table 6). Therefore,
the water-rock interactions that mainly occurred from 8 h to 44 h are predicted to be the
dissolution of komatiite glass and the precipitation of secondary silicates. Given the low
solubility of Al2Os [67] and the fact that the sampled fluids had low concentrations of Mg
and Fe, the precipitation of secondary silicates may have largely occurred through reac-
tions involving solid phases of komatiite glass (rxns. 1-3 in Table 7). This inference is sup-
ported by the stable pHinsiw value in the first 44 h because reactions 1 to 3 did not affect
pHinsitn much as compared with silicate formation from dissolved species (rxns. 6-8).

The time interval between 44 h to 264 h was characterized by the decrease in SiOz@q)
concentrations from the maximum value to the steady state value and the decrease in pHin-
situ from 7.7 to 6.2. The decrease in the SiOz2@q) concentration suggests the completion of the
dissolution of the SiO> component in komatiite glass and the precipitation of secondary
silicates. In particular, the decrease in pHinsitu requires the precipitation of dissolved Ca as
Ca-bearing silicates (saponite, andradite, Ca-pyroxene) (rxns. 1, 4, 5) because the dissolved
Ca concentration was high at the milli-molal level, while the dissolved concentrations of
Mg and Fe were low over the same time interval. The precipitation of Ca-bearing silicates
was consistent with the positive SI values of andradite and diopside (CaMgSi2Os) over the
same time interval (Table 6). On the other hand, this was apparently inconsistent with the
increase in the dissolved Ca concentration from 6 to 36 mmol/kg. This discrepancy can be
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resolved if the decrease in pHinsia promoted the dissolution of the CaO component in
glass (rxn. 15). Because andradite precipitation involves iron oxidation and Hz generation
(rxn. 4), this reaction probably induced nitrate reduction between 44 h to 264 h (Section
4.2). The oxidation of the FeO component in komatiite glass also possibly contributed to
H: generation and nitrate reduction between 44 h to 264 h (rxns. 13-14).

The last interval between 264 h to 4871 h was characterized by the decrease in the Ca
concentration to the steady state value (30 mol/kg; 266 h to 1054 h) and the increase in the
H: concentration to 2 mmol/g. The decrease in the Ca concentration was attributed to the
formation of andradite because the SI value of andradite was positive until 1054 h,
whereas the SI value of diopside became negative after 264 h (Table 6). This suggests that
andradite formation had produced Hz until 1054 h. On the other hand, dissolution of fay-
alite, as inferred from the saturation of fluid with respect to fayalite since 1054 h (SI = 0),
may have produced H:since 1054 h by the oxidation of the FeO component in olivine
(FeOo1) with water to form magnetite and/or Fel-bearing serpentine (rxns. 13-14) [68].

In experiment N350, the SiOz(aq) concentration in the first 17 h at 350 °C had the max-
imum value (20 mmol/kg), that is 63% of the SiO2aq concentration predicted from the sol-
ubility of amorphous silica (Figure Al). Over the same time interval, pHinsitu decreased
from 7.1 to 5.8, whereas the Ca concentration increased to 10 mmol/kg. As discussed
above, this suggests the dissolution of komatiite glass coupled with the formation of sec-
ondary silicates, which includes the precipitation of dissolved Ca as Ca-bearing silicates
(saponite, Ca-pyroxene) (rxns. 1-5).

Subsequently, the SiOz@q concentration decreased from the maximum value to the
steady state value (1 mmol/kg) from 17 h to 71 h. The decrease in the SiOz2@q) concentration
was accompanied by a decrease in pHinsit. Thus, this time interval was probably charac-
terized by the complete consumption of the SiO2 component in komatiite glass and the
precipitation of secondary silicates, including Ca-bearing silicates, which is consistent
with the positive SI value of diopside at 17 h.

A main feature of the time interval between 71 h to 2515 h was the increase in the Hz
concentration to 3 mmol/kg. The SI values of secondary minerals predicted that Ha gener-
ation during the entire interval of N350 can be driven by the oxidation of dissolved and
solid phases of ferrous iron (Fe?(ag), FeOrock= FeOpglass, FeOol) to form magnetite and/or Fe'-
bearing serpentine (rxns. 13-14). Because nitrate reduction to ammonia was completed by
71 h, Hz produced from iron oxidation may have been completely and/or partially con-
sumed to reduce nitrate before 71 h.

4.2. Mechanisms of Nitrate Reduction to Ammonia and Denitrification in the Komatiite—H>0-
NOs™ System

This study strongly suggests that reactions in komatiite cause the complete reduction
of nitrate to N2 and NHs with a ratio of N2(qg/NHs@q of 4.5 at both 250 °C and 350 °C, under
pressures of 500 bars (Figure 8). The thermodynamic equilibrium of dissolved nitrogen spe-
cies in the N-H-O system was evaluated first as a possible explanation for the Nazq/NHsq
ratio to characterize the mechanism of nitrate reduction in hydrothermal environments.

N250, N350,
N250C, N350C n.m.

N250, N350C
’ N.O|=>:N,:
NO, =p[NO, | &) T
NH,

N250, N350

Figure 8. Model of abiotic nitrate reduction processes. Nitrite and nitrous oxide were detected as
intermediate products during abiotic nitrate reduction in the komatiite-H20O-NOs~ and H20-NOs"
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systems. By contrast, ammonia was detected as an end product of abiotic nitrate reduction in the
komatiite-H20O-NOs-system (“chemoammonification”), but not in the H2O-NOs~ system. N2 is
thought to be another end product of abiotic nitrate reduction via nitrous oxide (“chemodenitrifi-
cation”). Nitrogen species detected by experiments are shown in square. Experiment IDs in which
a given nitrogen species was detected are shown. The fact that nitrite remained undetected in
N250C and N350 suggests that the rate of nitrite reduction is much faster than that of nitrate re-
duction to nitrite. n.m.—not measured.

Figure 9a,b show the pHinsitw and aHzaq) (or aO2aq) states of water with theoretically
predicted stability fields of dissolved nitrogen species in thermodynamic equilibrium at
250 °C and 350 °C, 500 bars, respectively. The stability fields are drawn based on the ac-
tivity of NHs* in the final sampled fluid (aNHs(g) = 103228 and 10-39 at 250 °C and 350 °C,
respectively). Bold red lines in the diagrams indicate the pHinsitu and aHaaq) values at
which the activity ratios of two nitrogen species (NHs@g—NH4*, NH3(ag—N2(aq), NH4—N2(ag),
and N2@a9-NOs") equal one in thermodynamic equilibrium. The pHinsitw and aHz(q) values
were plotted for all sampled fluids in the komatiite-H2O-NOs~ and H2O-NOs~ systems in
these diagrams to compare the dominant nitrogen species in the experimental products
with those from the thermodynamic prediction. Given that the very low Hz concentrations
of sampled fluids in the H:O-NOs~ systems were difficult to measure, the presumed aHz(q)
values were plotted in the diagrams assuming that sub-milli molal O: in the initial solu-
tions was not consumed during the experiments at 250 °C and 350 °C (e.g., dissolved O:
concentration is 0.2 mmol/kg in an air saturated seawater).

(a) 5 T T T T T T T T T T (b) 5 T T T T T T T T T T
T =250 °C, P =500 bars, aNHa(aq) = 102, aH.0 =1 T =350 °C, P = 500 bars, aNHs(aq) = 10%, aH.0 = 1
® Komatiite-H20-NO3~ O Komatiite-H20-NO3~
B H20-NOs~ —_50 B H20-NO3
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Figure 9. Diagrams of pHin-siw and aHa(aq) (or aO2ag) with stability fields of nitrogen species in thermodynamic equilibrium
at (a) 250 °C and (b) 350 °C, 500 bars. Bold red lines indicate the pHinssiw and aHzqq) values at which the activity ratios of
two nitrogen species follow the relations: aNH4+*/aNH3(q) = 1, aN2(aq)/aNH3(qg) = 0.5, aN2(aq/aNH4* = 0.5, or aN2@ag/aNOs=0.5.
For the calculation, aNHsaq) values were used in the final sampled fluids at 250 °C and 350 °C (aNH3(q) = 103?28 and 10-3%
at 250 °C and 350 °C, respectively). Thin, kinked red lines show the pHin-sit« and aHz@q values at which the activity ratio of
aN2(aq)/(ANHseg+ aNH4*) is equal to 0.05, 5, and 50. Green and yellow circles indicate the fluid compositions in the komatiite—
H>0-NOs- system at 250 °C and 350 °C, respectively. The circles with black arrows imply that aHaag) in the plot is the
maximum estimate. Numbers associated with green and yellow circles show sub-name of sampled fluids in experiments
N250 and N350, respectively (Table 1). Purple and black boxes denote the fluid compositions in the H2O-NOs- system at
250 °C and 350 °C, respectively (experiments N250C and N350C). Light blue areas in pHin-siv—1H2(aq) spaces are the stability
fields of water at 250 °C and 350 °C, respectively.
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In the H2O-NOs- system, sampled fluids at 250 °C and 350 °C were predicted to locate
the stability fields of nitrate and N, respectively (purple and black boxes in Figure 9). In
these experiments, nitrate at 250 °C was unreacted for 862 h, whereas nitrate at 350 °C was
partially reduced for 264 h to nitrite and N2O, which were expected to be reduced to N2
via chemo-denitrification. The nitrate chemistry observed in the experiments is consistent
with that predicted from the thermodynamic equilibrium of dissolved nitrogen species in
the N-H-O system.

In the komatiite-HO-NQOs systems, sampled fluids at 250 °C and 350 °C evolved to
have higher aHzaq values than that in the H2O-NOs~ systems, which are more favorable
for ammonium production (green and yellow circles in Figure 9). The Na@q/NHs@qg ratios
in thermodynamic equilibrium at the experimental aHz@q) and pHinsitu conditions are esti-
mated to be less than 50 for fluid samples taken during the interval of nitrate reduction at
250 °C (the first 264 h; N250-1-N250-6), whereas they increase from less than 5,000,000 to
50 for fluid samples taken during the first 264 h at 350 °C (N350-1-N350-3). Therefore,
theoretical prediction assuming thermodynamic equilibrium of nitrogen species in N-H-
O system underestimates the amount of NHsaq produced from nitrate in the komatiite—
H20-NOs™ systems by a factor of 10 and 10-1,000,000.

This suggests that nitrate reduction proceeds at the site of Hz generation where local
aHaq) is higher than aHaag) of bulk fluids (e.g., heterogeneous reaction at the solid surface).
It is also possible that nitrate reduction is mainly driven by a reductant other than Ho.

Ferrous iron components in komatiite (FeOrock) are potential candidates for reaction
sites to reduce nitrate. A general Hz generation reaction during serpentinization is written
as iron oxidation reactions 14 and 15 in Table 7 [68]. In the komatiite-HO-NOs~ systems
at 250 °C, the Hz generation reaction also occurs during andradite formation as discussed
in Section 4.1 (rxn. 4). As discussed in Section 4.1, nitrate reduction in experiments N250
and N350 occurred during the time interval that was thermodynamically favorable to an-
dradite formation (at 250 °C) and iron oxidation to form magnetite and/or Fe'l-bearing
serpentine (at both 250 °C and 350 °C). Thus, we suggest the following reactions as nitrate
reduction in the komatiite-H20-NOs~ system (see Appendix A for details).

e Nitrate reduction during serpentinization (T = 250 °C and 350°C, P= 500 bars):
2NOs + 2H* + 15FeOrock = Na2(aq) + 5Fe3Os + H20 (19)
2NOs + 2H* + 24FeOrock + 2H20 = 2NHsg) + 8FesOs (20)
2NOs + 2H* + 10FeOrock + 10SiO2(ag) + IH20 = Na@g + 5FelzSi205(OH)s (21)
2NOs + 2H* + 32FeOrock + 325i02(aq) + 40H20 = 2NHs@g + 16Fe™S51205(0OH)s  (22)

e Nitrate reduction coupled with andradite formation (T = 250 °C, P = 500 bars):

2NOs™ + 15Ca?* + 10FeOrock + 155102(aq) + 14H20 = N2(aq) + 5CasFe2SizO12 + 28H* (23)

2NOs™ + 24Ca? + 16FeOrock + 245i02(aq) + 26H20 = 2NHs(g) + 8CasFe!:5isO12 + 46H*  (24)

The reactions 19 to 24 represent nitrate reduction by both Hz and Fe! at the site of
serpentinization and andradite formation. They probably contribute to a lower
N2(q/NHs(g ratio in the komatiite-H>O-NOs- system than expected due to the thermody-
namic equilibrium of dissolved nitrogen species in N-H-O system at 250 °C and 350 °C,
500 bars.

4.3. H2 Generation Ability of Komatiite-Hosted Hydrothermal System in Early Earth

Previous simulations of komatiite hydrothermal alteration in the early ocean [49,50]
typically considered two types of experiments, i.e., those under COz-bearing and CO:-free
conditions. These contrasting conditions not only reflect geological records (such as
strongly carbonated komatiites and carbonate-free, serpentinized komatiites) [69], but
also the two types of fluid circulation paths. The first type addresses the direct reactions
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with Hadean—Archean seawater containing high concentration of 2COz [50]; this is similar
to sulfate in modern seawater introduced directly through faults into reaction zones at the
base of seafloor hydrothermal systems, forming sulfate minerals that strongly affect the
redox state of hydrothermal fluid, e.g., [70,71].

The second type assumes reactions between komatiite and CO:-free fluid in a reac-
tion zone where CO2 in downwelling seawater has been mostly precipitated as carbonate
minerals in the surrounding rocks (e.g., recharge zone) before the fluid reaches reaction
zones [49]. Previous studies revealed that the formation of carbonate minerals in the reac-
tion zone suppressed Hz generation given that most of iron originally contained in igne-
ous phases was incorporated directly into carbonate minerals as Fe(Il) without going
through oxidation and reduction processes in water that generate Hz [50]. The experi-
ments in this study were a simulation of the COz-free hydrothermal alteration of komatiite
in a reaction zone, which has higher reduction abilities than those in CO2-bearing systems.

In this case, a certain amount of H2 generation in the fluids was expected in the CO»-
free experiments. However, the H2 concentrations in fluid in N350 is 1.7 mmol/kg, which
is almost identical to or lower than that in COz-bearing experiments at 350 °C. On the
contrary, the Hz concentration in N250 is 100 times higher than that of the COz-bearing
experiments at 250 °C (Table 3). This indicates that the reduction ability of komatiite was
partially used for the reduction of nitrate during the experiments, as discussed in Section
4.2. Accordingly, the potential Hz concentrations were calculated for the case where nitrate
was not included in the initial solutions to assess the maximum H: generation ability of
komatiite during its alteration at 250 °C and 350 °C. Using the N2(aq)/NHs(aq) ratio of 4.5 in
experiments N250 and N350, the presumed mass balance reaction of nitrate reduction by
H>(aq) that is generated from the reaction of ferrous iron with water can be expressed as

20NOs~ + 20H* + 53H2(aq) = 9IN2(aq) + 2NHs(aq) + 60H20. (25)

This reaction implies that the reduction of nitrate in the initial fluid requires 2.6 times
Hzqqg), suggesting that an additional 26 mmol/kg and 2.6 mmol/kg of Ha@q) were potentially
generated in N250 and N350, respectively. Certainly, these values should be upper limits
for Hz concentrations given than nitrate can be reduced by ferrous iron (Section 4.2.).
However, the potential H2 concentrations in N250 and N350 and the results of the previ-
ous COe-free experiment at 300 °C (Hz = 23 mmol/kg) [49] suggests that the optimal tem-
perature range for Hz generation is 250-300 °C during the serpentinization of Al-depleted
komatiite in CO»z-free conditions. This temperature range is comparable to the optimal
temperature range for H> generation during the serpentinization of peridotites inferred
from thermodynamic constraints [68,72].

4.4. Roles of Komatiite-Hosted Hydrothermal System on Pre-Biotic Chemistry

Komatiite-hosted hydrothermal systems have influenced pre-biotic chemistry and
affected the sustainability of primitive microbial communities through the production of
Ho, alkalinization of fluids, and ammonia production in the komatiite-H20O-NOs- system.

H:is a key molecule for pre-biotic chemistry and energy metabolism. Theoretical pre-
dictions for the thermodynamic state of pre-biotic chemical evolution have highlighted
that an Hz-rich hydrothermal environment was energetically advantageous for the syn-
thesis and preservation of amino and fatty acids [73]. Further, the most plausible energy
metabolisms to support the emergence and early evolution of life are considered to be Hz-
driven hydrogenotrophic methanogenesis/acetogenesis and/or methanotrophic acetogen-
esis, e.g., [43,45,46]. On the basis of fluid chemistry and mineralogy in the komatiite-H>O-
CO:z system, Ueda et al. (2016) have suggested that Hz-rich fluid might not have been pro-
duced by the hydrothermal alteration of komatiite under COz-bearing conditions at tem-
peratures <250 °C [50]. This implies that hydrothermal systems on the deep seafloor (more
than 1000 m below the sea surface) were favorable for the sustainability of primitive mi-
crobial communities as high hydrostatic pressure was necessary to create high-tempera-
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ture fluids. In contrast, the steady-state H2 concentrations in the komatiite-H20O-NOs- sys-
tem at 250 °C were 2.3 mmol/kg for experiment N250 and could be as high as 26 mmol/kg
if the initial nitrate concentration is lower than 10 mmol/kg (Section 4.3). Such hydrogen
concentrations are comparable to those in high-temperature hydrothermal fluids venting
from a modern, peridotite-hosted system that harbors Hz-based chemosynthetic microbial
communities, including methanogens (Hz = 3-16 mmol/kg) (e.g., Kairei and Rainbow
Fields) [74,75]. Thus, H2-based, primitive microbial communities in the Hadean ocean may
have developed in komatiite-hosted hydrothermal systems of lower fluid temperature
(down to 250 °C) than previously thought.

Alkaline fluids were necessary for primordial metabolisms driven by chemiosmosis
and electrochemistry at the vent-ocean interface (i.e., hydrothermal mounds), where hy-
drothermal fluids mixed with acidic and/or neutral, COz-rich Hadean seawater [76-78].
For example, the selective synthesis of alanine from pyruvate and ammonia (>30% in
yield) occurs in water with pH of 9-11 at 70 °C in the presence of iron oxyhydroxides [76].
Certain steps in the reductive tricarboxylic acid cycle are promoted by FeS-Feo assem-
blages that can be produced electrochemically in alkaline water with pH of 10 at 100 °C in
the presence of 1 mmol/kg H2 [78]. This study shows that the pH of fluid in the komatiite—
H20-NOs~ system becomes more alkaline than that in the komatiite-H0O-CO: system at
250 °C (pHzs'c = 8.7 and 6.0, respectively) (Table 3). Thus, hydrothermal fluids generated
in the komatiite-H>O-NOs- system may have been more favorable to certain types of pri-
mordial metabolisms at the vent—ocean interface where the reaction zone temperature was
around 250 °C. In contrast, when the temperature of the reaction zone rises over 350 °C,
the hydrothermal fluids in the komatiite-H>0O-CO: system become more favorable for pri-
mordial metabolisms as the destabilization of carbonate minerals above 350 °C stimulates
the alkalinization effect by ZCO: in the aqueous fluid, producing an alkaline pH in the
CO»-bearing fluid [48,50,79].

Ammonia is produced from nitrate at a high yield (10%) in the komatiite-H20O-NOs-
system both at 250 °C and 350 °C (Table 1). Ammonia is a key reactant for synthesizing
amino and nucleic acids, and previous research successfully produced organic nitrogen
compounds (amides, amino acids, and nitriles) by reacting ammonia with a variety of or-
ganic compounds (e.g., methane, formic acid, oxalic acid, and pyruvate) under limited
hydrothermal conditions with and without minerals [76,80-83]. As the fluid residence
time from the onset of the high-temperature (>200 °C) reaction to venting at the seafloor
(several years for present-day hydrothermal systems) [84,85] is much longer than the time
required for complete reduction of nitrate at 2250 °C (<300 h) (Table 1), a stable supply of
ammonia to hydrothermal environments could be expected for the komatiite-H2O-NOs-
system in the Hadean ocean. Although the actual concentration of nitrate in the early
oceans (thus, ammonia concentration in hydrothermal fluids) may have been lower than
that used in our experiments, the stable supply of ammonia may have allowed abiotic
synthesis of organic nitrogen compounds at least in localized environments that can con-
centrate ammonia such as pore spaces of clay mineral clusters in altered komatiite crusts,
and interiors of iron oxyhydroxides in hydrothermal mounds (e.g., Figure 6g). However,
further studies are necessary to explore pathways for the synthesis of organic nitrogen
compounds that are resistant to the fluctuation of environmental conditions (pH, temper-
ature and coexisting mineral type) that the hydrothermal vent environments probably en-
countered.

4.5. Implications for Biological Nitrogen Metabolism, Phytosynthetic Activity, and the Global
Nitrogen Cycle in the Early Earth

The stable and high-yield production of ammonia in the komatiite-H2O-NOs~ system
is an important process not only for pre-biotic chemistry in the hydrothermal environ-
ments but also for controlling ammonia concentrations in the early global ocean that prob-
ably influenced biological nitrogen metabolism, the development of photosynthetic eco-
systems, and global nitrogen cycle in the early Earth. Approximations of the ammonia
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production rate in the komatiite-hosted hydrothermal systems in the early ocean, Fxms ko
(mol/y), suggest that biological activity had started in hydrothermally influenced local
environments, but was not likely widespread throughout the global surface ocean. The
Fxms ko (mol/y) value can be estimated from the following relation:

FNH3 ko = YNH3 ko FH20,k0 CNO3, (26)

where Ynmsko is the yield of ammonia by thermochemical nitrate reduction in the ko-
matiite-hosted hydrothermal systems, Fo is the high-temperature (=250 °C) fluid flux
from the komatiite-hosted hydrothermal systems (kg/y), and Cnos is the nitrate concentra-
tion in seawater (mol/kg). Our experiments suggest that Ynusko value is 0.1, whereas nu-
merical modeling by Laneuville et al. (2018) indicated that Cnos in early seawater was
dependent upon atmospheric nitrate production rate and had a range from 10 to 10-2
mol/kg [86], cf. [87,88]. The Frzo value is initially approximated below, followed by the
Fnns value.

In the modern ocean, hydrothermal fluid flux is considered proportional to the an-
nual production rate of oceanic crust at fast-spreading ridges [89]. Numerical modeling
also suggests that plate velocity has not changed much throughout Earth'’s history [90,91].
Thus, the high-temperature fluid flux from the komatiite-hosted hydrothermal systems
can be approximated as follows:

Fr20,k0 = k Pro, (27)

where P is the annual komatiite production rate (km?3/y) and k is a coefficient that relates
high-temperature fluid flux to Prxo (kg/km?). Field observations suggest that the thickness
of the Archean oceanic crust was approximately three times greater than modern equiva-
lents owing to the higher degree of partial melting [41,42]. Further, numerical modeling
suggests that the global spreading rate of Archean oceanic crust (the product of plate ve-
locity and plate boundary length: km?/year) was approximately three times higher than
that at present [90]. Thus, the annual production rate of Archean oceanic crust was esti-
mated to be 180 km?/y, that is, nine times greater than at present [92]. If the production
ratio of oceanic plateau to oceanic crust at mid-oceanic ridges in the Archean was identical
to that at present (0.05), the Po value was estimated to be 10 km?3/y in the Archean, which
is nine times greater than that of the present oceanic plateau (1.1 km?¥/year) [93]. Given
that high-temperature (>250 °C) fluid flux in the modern ocean is estimated to be 0.2-3 x
103 kgly, e.g., [94-96], k is calculated to be 101102 kg/km3. Collectively, the Frox and
Fnmsko values of the Archean ocean are estimated to be 10'>-10% kg/y and 10°-10' mol/y,
respectively (Table 8). Given higher heat flux from Earth’s interior in the Hadean than
Archean, the Fmox and Fxmske values of the Hadean ocean are considered to be greater
than the Archean ocean.

Table 8. Estimates of ammonia and dinitrogen production rates by thermochemical nitrate reduc-
tion in the early oceans.

Symbol Units Estimate (Hadean to Archaean Eon)
YNH3 ko 0.1
K kg/km? 1011-10"2
Pxo kg/km? 10
FH20k0 kgly 1012-1013
Cno3 mol/kg 106102
FNHa ko mol/y 105101
Fnzko mol/y 1061011
Fne mol/y 107-10%2

See text for the definition of symbol.

The Fnmsko value provide insights into the evolution of biological nitrogen metabo-
lism. It has to be noted that our estimate of the Fxus o value is based on simple equations
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and several assumptions, thus allowing the Fnus ko value to have a wide range from 103 to
101 mol/y. Nonetheless, our estimate indicates that the ammonia concentration in the
early oceans had increased to 0.01-1000 umol/kg from 4.4 Ga to 3.4 Ga if ammonia con-
sumption rate in the ocean (e.g., biological assimilation) was much lower than the ammo-
nia production rate. Microorganism can assimilate ammonia at the micro-to-milli molal
levels for growth. For example, a half saturation constant for ammonia uptake has been
reported to be 4-74 umol/kg for bacteria isolated from different habitats [97]. Thus, if ni-
trate concentration in the early oceans was greater than 10 umol/kg, the long-term pro-
duction of ammonia through thermochemical nitrate reduction for the first billion years
might have allowed the subsequent development of an early biosphere in the global sur-
face ocean. In contrast, if nitrate concentration in the early oceans was less than 1 umol/kg,
komatiite-hosted hydrothermal activity would not have contributed to the accumulation
of ammonia in the global ocean. In this case, the onset of biological nitrogen fixation (N
— NHs) was required for the development of early biosphere, consistent with genomic,
physiologic, and geological records that are compatible with nitrogen fixation by the last
universal common ancestor or methanogen in hydrothermal environments at 3.5 Ga
[4,5,98,99], cf. [100]. To determine which scenario is more appropriate for the evolutional
history of nitrogen metabolism, future work is required to estimate nitrate concentration
in early seawater from geological records. Nitrogen isotopic characterization of abiotically
produced ammonia is also important to determine the source of nitrogen isotopic compo-
sitions in Archean sedimentary rocks of marine origin, which have been interpreted as
evidence for biological nitrogen fixation in surface oceans at 3.2 Ga [101] on the basis of
nitrogen isotopic similarity to N2 in the Archean atmosphere (ca. 0%o) [10,102-104].

Results of our experiments also suggest that 90% of nitrate nitrogen introduced to the
komatiite-hosted hydrothermal system had probably been converted to Nz, resulting in a
larger input of N: to the early ocean than that of ammonia. The higher input of N2 may
have stabilized the partial pressure of N2 (pN2) in the atmosphere and climate in an era of
low solar luminosity as the increase in pN2 would have increased the warming effect of
existing greenhouse gases in an anoxic atmosphere (COz, CHa) [105]. The approximate
global N2 flux from thermochemical nitrate reduction in early Archean seafloor hydro-
thermal systems, including both komatiite- and basalt-hosted systems, is Fxz2 (mol/y),
which can be compared to the N: fluxes from other processes to develop a quantitative
assessment of the contribution of thermochemical nitrate reduction to pNz2 in the early
Archean.

The estimated Fx2 value in the early Archean includes the estimate of the N2 produc-
tion rate in the komatiite-hosted hydrothermal system in the early Archean, Fxzko (mol/y)
using the following equation:

Fnzko = YN2 ko Fr20,k0 CNo3, (28)

where Ynzko is the yield of N2 by thermochemical nitrate reduction in the komatiite-hosted
hydrothermal systems. By substituting 0.45, 10'>-10%% kg/y, and 10--10-2 mol/kg for Ynzko,
Frzoke, and Cnosin Equation (28), respectively, Fxzko is calculated to be 106-10" mol/y. If
the production ratio of oceanic plateau to oceanic crust at mid-oceanic ridges in the Ar-
chean was identical to that at present (0.05), high-temperature fluid flux from the basalt-
hosted hydrothermal system at Archean mid-oceanic ridges is one order magnitude larger
than Freoxe. Accordingly, Fx: is estimated to be 107-10'2 mol/y (i.e., 108-10" gN/y) in the
early Archean, if the yield of N2 by thermochemical nitrate reduction in the basalt-hosted
system Yn2mo had been equal or greater than Ynok, which is an appropriate assumption
due to lower potentials of H2 and NHs generation in basalt-hosted system than komatiite-
hosted system.

When comparing N2 fluxes from major processes, the Fx: value in the early Archean
is quantitatively important. Major processes that supply N2 to the present atmosphere are
biological denitrification in the global ocean (NOs~ — N2) (1-3 x 10" gN/y) [106], degassing
from the MORB source mantle (3 x 10 gN/y) [107] and degassing by arc volcanism (3 x
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10" gN/y) [108]. In the early Archean, geological records suggest that biological denitrifi-
cation was not yet underway, whereas degassing fluxes of N2 from the MORB source man-
tle and via arc volcanism could have been one order of magnitude greater than today as
they change proportionally with the annual production rate of oceanic crust. Therefore,
Nz flux by thermochemical nitrate reduction in the global hydrothermal systems would
have been greater than that from the Earth’s interior if nitrate concentration in Archean
seawater had been greater than 1000 pmol/kg.

In summary, the approximate N2 fluxes to the atmosphere in the early Archean from
hydrothermal systems by thermochemical nitrate reduction and from the Earth’s interior
were 108-10% gN/y and 102 gN/y, respectively. Meanwhile, fluid inclusions in the Ar-
chean rock samples indicate that the abundance of N2 in the Archean atmosphere was 2-
12 x 102 gN, which is 0.5-3 times the present atmospheric N2 [10,103,104,109]. Therefore,
the residence time of atmospheric N2 in the early Archean is calculated to be 108 y or
greater. For comparison, the residence time of atmospheric N2 at present is 107 years due
to the high rates of biological nitrogen fixation and biological denitrification in the global
ocean (1-3 x 10™ gN/y) [106]. Although pN:2 and its secular variation during Earth history
have not yet been estimated precisely, our simple estimate implies that pNz2 is stable for
>108 years in the early Archean if the global nitrogen cycle was driven primarily by abiotic
nitrogen processes in the atmosphere and seafloor hydrothermal systems. Together with
the emission of hydrogen and methane gases during serpentinization, this point should
be considered when evaluating the role of hydrothermal activity in the long-term climate
of the early Earth

5. Conclusions

We conducted hydrothermal experiments simulating the high-temperature, high-
pressure reactions between nitrate in seawater to find probable chemical pathways to de-
liver ammonia to the vent—ocean interface of komatiite-hosted hydrothermal systems and
the global ocean on geological timescales. Our experiments provide the following key re-
sults and conclusions.

e  In the komatiite-HO-NOs" system, ammonia was produced from nitrate with yields
of 10% at 250 °C and 350 °C in a COz-free condition. The fluid chemistry and miner-
alogy suggest that nitrate reduction co-occurred with serpentinization and andradite
formation at 250 °C, whereas it co-occurred with serpentinization at 350 °C. This rep-
resents a case where CO: in downwelling fluid precipitated as carbonate minerals in
surrounding rocks before reaching the high-temperature reaction zones.

e  Nitrate reduction by both Hz and Fe! at the site of serpentinization and andradite
formation probably contributed to a lower Nawqg/NHsag ratio (4.5) than expected due
to the thermodynamic equilibrium of dissolved nitrogen species in N-H-O system
at 250 °C and 350 °C, 500 bars.

e  Hoe-rich and alkaline fluids, which are prerequisites for both prebiotic and primordial
metabolisms, were generated in the komatiite-H2O-NOs- system at lower tempera-
tures (down to 250 °C) than previously thought under COz-rich conditions. The ko-
matiite-H2O-NOs~ system also provided a stable supply of ammonia to the hydro-
thermal environments for biomolecule synthesis. Given that the temperature of hy-
drothermal fluids depends on hydrostatic pressure, the komatiite-HO-NOs~ system
probably reduces the minimum water depth of seafloor hydro-thermal systems to
about 1000 m, which may have favored the start of pre-biotic chemistry and the sus-
tainable development of Ha-based microbial ecosystems at the vent-ocean interface
of the Hadean ocean.

e  The ammonia production rate in the komatiite-hosted hydrothermal systems de-
pends on nitrate concentration in seawater and is estimated to be 105-10'° mol/y in
the Archean ocean. The rate in the Hadean ocean was likely to be greater than the
Archean ocean given higher heat flux in the Hadean ocean. If nitrate concentrations
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in the early oceans were greater than 10 umol/kg, the long-term production of am-
monia by thermochemical nitrate reduction for the first billion years might have al-
lowed the subsequent development of an early biosphere in the global surface ocean
through biological ammonia assimilation.

e  The N2 production rate in the komatiite-hosted hydrothermal systems is estimated to
be 106-10" mol/y in the Archean ocean. The estimate implies that pN2 in the Archean
atmosphere is stable at least for 108 years if abiotic nitrogen processes in the atmos-
phere and seafloor hydrothermal systems mainly drove the global nitrogen cycle.
Collectively, these findings imply that komatiite-hosted systems might have im-

pacted not only Hz-based chemosynthetic ecosystems at the vent-ocean interface but also

photosynthetic ecosystems on the early Earth.
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Appendix A. Derivation of Reactions 19-24.
Nitrate reduction to Nz(qg) or NHs(aq) by Hog) is written as follows:

2NOs~ + 2H* + 5H2(aq) = N2@q) + 6H20, (A1)

2NOs + 2H* + 8Hz(aq) = 2NHs(q) + 6H20. (A2)

Combining reactions Al and A2 with reactions 1 and 2, reactions 19 to 24 are derived.

Appendix B. Operational Settings to Measure Mineralogical and Chemical
Compositions of Solid Samples

e  The accelerating voltages for the secondary electron imaging and semi-quantitative
chemical analyses by SEM/EDX were 5 kV and 15 kV, respectively.

e  EPMA parameters for the quantitative analyses were 15 kV of accelerating voltage,
and 12 nA of specimen current.

e XRD analyses were conducted at 30 kV and 15 mA using Cu-Ka radiation. XRD
peaks were assigned with the aid of PDXL software using the Inorganic Crystal Struc-
ture Database.

e  XRF analyses were conducted at 50 kV and 60 mA using an Rh target.

e  Raman spectra of the solid reaction products were obtained with 532 nm excitation.
The incident laser power density was typically 100-700 kW/cm? for 100x (NA, 0.90)
objective lenses. The final laser power at the sample surface was estimated to be 1-3
mW, and the spatial resolution of the Raman analysis was finer than 1 pm. Each point
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typically was scanned three times for 10-90 s from 100 to 2600 cm™ at a spectral res-
olution of 2.3 cm~! with a grating containing 600 grooves/mm. The Raman shift was
calibrated using a silicon wafer prior to the analyses.

Appendix C

Table Al. Abbreviations and compositions used in this study.

Act = Actinolite, Caz(Mg,Fe)s5isO2(OH)2

Ad = Andradite, CasFe™2SisO12

Aug = Augite, (Ca,Mg,Fe)25i20¢

Chl = Chlorite

Chry = Chrysotile, Mg3Si2O5(OH)4

Clin = Clinochlore, (MgsAl)(SisAl)O10(OH)s

Cpx = Clinopyroxene

Diop = Diopside, CaMgSi2Oe

For = Forsterite, Mg25iO4

Faya = Fayalite, Fe2SiOa

Hal = Halite, NaCl

Mgt = Magnetite, FesOa

Ol = Olivine, (Mg,Fe)25i04

Sap = Saponite, Cao2s(MgzsFeos) (SizsAlos)O10(OH)2-4H20
Sme = Smectite

SiO2 (am) = Amorphous silica, SiO2

Srp = Serpentine, (Mg,Fe)351205(OH)4

Vrm = Vermiculite, (Mg,Fe", Al)3(Si, Al)4O10(OH)2-4H20
Wol = Wollastonite, CaSiOs
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Figure A1. Time trends for saturation index, pHinsits, and dissolved species concentrations of fluids from experiments in
the komatiite-H20-NQOs~ system at 250 °C (a) and 350 °C (b).
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