ASTROBIOLOGY

Volume 10, Number 8, 2010
© Mary Ann Liebert, Inc.
DOI: 10.1089/ast.2009.0456

Design, Fabrication, and Test of a Hydrothermal Reactor
for Origin-of-Life Experiments

Randall E. Mielke] Michael J. Russell!? Philip R. Wilson! Shawn E. McGlynn,-?*
Max Coleman)? Richard Kidd and Isik Kanik'?

Abstract

We describe a continuous high-pressure flow reactor designed to simulate the unforced convective interaction of
hydrothermal solutions and ocean waters with submarine crust on early Earth—conditions appropriate to those
that may have led to the onset of life. The experimental operating conditions are appropriate for investigating
kinetic hydrothermal processes in the early history of any sizable wet, rocky planet. Beyond the description of
the fabrication, we report an initial experiment that tested the design and investigated the feasibility of sulfide
and silica dissolution in alkaline solution from iron sulfide and basaltic rock, and their possible subsequent
transport as HS™ and H,SiO3 " in hot alkaline solutions. Delivery of hydrogen sulfide and dihydrogen silicate
ions would have led to the precipitation of ferrous hydroxide, hydroxysilicates, and iron sulfides as integral
mineral components of an off-ridge compartmentalized hydrothermal mound in the Hadean. Such a mound
could, we contend, have acted as a natural chemical and electrochemical reactor and, ultimately, as the source of
all biochemistry on our planet. In the event, we show that an average of ~1mM/kg of both sulfide and silica
were released throughout, though over 10 mM/kg of HS™ was recorded for ~100 minutes in the early stages of
the experiment. This alkaline effluent from the reactor was injected into a reservoir of a simulacrum of ferrous
iron-bearing “Hadean Ocean” water in an experiment that demonstrated the capacity of such fluids to generate
hydrothermal chimneys and a variety of contiguous inorganic microgeode precipitates bearing disseminations of
discrete metal sulfides. Comparable natural composite structures may have acted as hatcheries for emergent life
in the Hadean. Key Words: Hydrothermal reactor—Hydrothermal mound—Hydrothermal chimneys—
Geodes—Transition-metal sulfides—Hadean Ocean. Astrobiology 10, 799-810.

1. Introduction acting across inorganic precipitate membranes (Russell

et al., 1994; Russell and Martin, 2004; Nitschke and Russell,

NE HYPOTHESIS for the origin of life posits that its pre-

biotic building components were synthesized within
moderate temperature (<130°C) hydrothermal chimneys
and mounds on the floor of the most ancient (Hadean)
ocean before the unambiguous geological record began on
Earth (Russell ef al., 1989). Mounds like these—precipitated
where off-ridge alkaline, calcium-, silica-, sulfide-, and
Hy-bearing spring waters met with carbonic ocean water
that contained ferrous iron and photo-oxidized iron
colloids—would have acted as natural electrochemical flow
reactors whereby hydrogen, derived through serpentiniza-
tion, could reduce carbon oxides to produce simple organic
molecules, driven by ambient redox and proton gradients

2010, Fig. 6), notionally:
2CO; +4H, — CH;COO~ +H* +2H,0

The catalytic pores in these ancient mounds are envisaged to
consist of iron-nickel sulfide clusters and nanocrystals dosed
with cobalt, molybdenum, and tungsten embedded in clays,
amorphous silica, and carbonate. Such compartments have been
considered to comprise the hatchery of life (Russell and Hall,
2006). The hydrothermal fluids that fed the mounds would have
been rendered alkaline as ocean waters convected within the
oceanic crust through the dissolution of calcium, along with a
minor portion of the magnesium from komatiitic lavas or
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ultramafic crust, during serpentinization to produce soluble
hydroxides (Russell ef al., 1989, 2010; Macleod et al., 1994).

(MO), +H,0 — M2+ +20H "

yroxene

The conditions pertinent to the emergence of life, which
we attempted to reproduce in this study, stand in strong
contrast to the acidic hydrothermal fluids that likely were
exhaled from ocean ridges and volcanoes and favored for
biosynthesis by Corliss (1986) and Wachtershduser (2006).
Since the formulation of the alkaline hydrothermal scenario,
a broadly comparable alkaline (pH <12.1) hydrothermal
system was discovered at the Lost City site in the North
Atlantic 15 km west of the Mid-Atlantic Ridge at 30°N, above
serpentinized peridotites (Kelley et al., 2001, 2005; Martin
et al., 2008). Recorded temperatures of the effluent there
reach ~94°C (Kelley et al., 2005; Charlou et al., 2010). An-
other submarine alkaline system (pH ~10), which consists
mainly of clays and is fed largely with 11,000-year-old fresh
water, was discovered exhaling from basaltic lavas in Ey-
jafjordur, northern Iceland, at temperatures up to 78°C
(Marteinsson et al., 2001; Gautason et al., 2005; Hrei0ar P6r
Valtysson, personal communication, 2010). The temperatures
and pH values at Lost City and Eyjafjordur are comparable
to some of those detected in certain subaerial springs in
ophiolitic terrains (Barnes et al., 1972; Neal and Stanger, 1984;
Abrajano et al., 1990; Fallick et al., 1991). Given this infor-
mation and considering the hydrogen isotopic results of
Proskurowski et al. (2006) from Lost City, we deem the
temperature of the fluids at the base of the open system
hydrothermal cells that feed such submarine mounds to be
thermostated around 130°C (Russell et al., 2010). Though at
odds with the interpretations of Foustoukos et al. (2008) and
our own earlier estimates (Russell and Hall, 1997), we take
this view with the presumption that above 130°C serpenti-
nite becomes too plastic—in the absence of magmatic intru-
sion—to force convection, which thereby renders portions of
the crust impermeable to waters under hydrostatic pressure.
In contrast to the assumption that the Lost City system is
magma driven (Allen and Seyfried, 2004), we have argued,
as have others, that the continual heating of the aqueous
fluids is partly a result of the geothermal gradient, partly the
downward migration of the base of the hydrothermal cell,
and partly a result of exothermic reactions (Russell, 1978;
Lowell and Rona, 2002; Kelley ef al., 2005; Ludwig et al., 2005;
Emmanuel and Berkowitz, 2006; Russell ef al., 2010). While
such physical constraints are generally invariant between the
Hadean and the present day, the same cannot be said for the
chemistry in that, given the ambient oxygenated seawater
and the waste products from populations of archaea and
bacteria, along with differences in crustal mineralogy and
structure, neither Lost City nor Eyjafjordur can be considered
directly analogous to a lifeless Hadean hydrothermal system
and its submarine springs.

Thus, because of these uncertainties there is a need to ad-
dress the hypothesis in the laboratory in oxygen-free and
sterile conditions. To this end and to test our expectations as to
the effects of mixing a simulacrum of ancient carbonic ocean
water with alkaline hydrothermal solution, we describe the
design, fabrication, and operation of the hydrothermal reactor
built to reproduce the relevant conditions on early Earth or
any other wet and rocky world with a carbonic ocean, such as
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Europa (Hand et al., 2007, 2010; Vance et al., 2007). Specifically,
the reactor was built to (i) reproduce chemical interactions as
hydrothermal waters flow in a conduit through rocks just
beneath the ancient ocean floor at ~100 bar H, pressure and
up to 130°C; (ii) assess the chemical interactions between the
hydrothermal solution and carbonic ocean water that might
give rise to a freshly precipitated carbonate-, silica-, and
sulfide-bearing hydrothermal mound; and (iii) test the po-
tential of such a hydrothermal system of synthesizing partic-
ular organic molecules, if any, through the hydrogenation of
carbon oxides.

In this contribution, we describe the construction and test-
ing of such a reactor and then report results of our first ex-
periment, which addressed silica and sulfide dissolution from
iron sulfides and basaltic rock wool in a representation of a
Hadean Ocean crust (Fig. 1). While there is some geological
evidence for the dissolution of sulfides in the ocean crust
under non-equilibrium alkaline hydrothermal conditions
(Delacour et al., 2008), the absence of a rock record of early
Earth and a lack of a modern example of sulfide delivery in
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FIG. 1. A scenario for the emergence of life whereby the
first organic building components are generated in a natural
hydrothermal reactor (the iron sulfide-bearing mound fig-
ured here) produced over an unforced convection cell oper-
ating at hydrostatic pressure on the Hadean Ocean floor (cf.
Figs. 8 and 9). A reactor simulating these conditions is de-
scribed in the text and shown in Fig. 2. Key to catalysis and
electron transfer in the natural reactor is a supply of hy-
drogen sulfide anion (HS™, dissolved from the iron sulfides
beneath) to react with the ferrous (and minor ferric) iron in
the early ocean, a concern of the test experiment. Occasional
iron sulfide veins and pods within ocean floor sequences of
komatiitic lavas would have been a source of soluble hy-
drogen sulfide ion (e.g., Lesher and Stone, 1997), and gab-
bros, cherts, or quartz veins as the source of silica (Barnes
et al., 1972; Fallick et al., 1991). Serpentinization is the process
of hydration, carbonation, and oxidation of komatiites and
other mineralogically comparable rocks thought to be an
initial requirement for life’s emergence (Russell ef al., 1989).


http://www.liebertonline.com/action/showImage?doi=10.1089/ast.2009.0456&iName=master.img-000.jpg&w=215&h=233

TEST OF A HYDROTHERMAL REACTOR

alkaline springs dictated that this would be our first experi-
mental test. Indeed, the known chambered alkaline hydro-
thermal precipitate mounds at Lost City consist mainly of
carbonates with minor brucite (Kelley et al., 2001), whereas at
Eyjafjordur, North Iceland, they are composed of sepiolite
(Marteinsson et al., 2001). Sepiolites mixed with poorly crys-
talline Fe-Mn hydroxides at the Owen fracture zone (a
transform fault) in the Indian Ocean at ~12°N, ~58°E, also
appear to be the vestiges of precipitates from alkaline springs
(Bonatti et al., 1983). This (almost) complete lack of sulfide in
modern alkaline springs is a potential threat to the “alkaline
hydrothermal hypothesis,” as we have argued that metal
sulfides, as constituents of inorganic membranes, are central
to redox catalysis and the transfer of protons from the ocean to
the porous interiors required of chemiosmosis (Russell ef al.,
1994; Martin and Russell, 2007; Nitschke and Russell, 2009).
Silica activities too are generally low in fluids that interact
with ultramafic rock (Palandri and Reed, 2004). Nevertheless,
silica veins and subaerial precipitates are common in serpen-
tinized terrains, where gabbros, cherts, or other siliceous rocks
occur in the footwall (Barnes ef al., 1972; Fallick et al., 1991;
Zedef et al., 2000). Moreover, the submarine alkaline springs
emanating from basalt rather than ultramafic rock at Ey-
jafjordur contain ~1.6mM/L SiO, (Marteinsson et al., 2001),
and in any case silica concentrations in the Hadean Ocean
could have reached 5 mM/L (Knauth and Lowe, 2003).

In the origin-of-life model considered here, the silica and
hydrogen sulfide anions are expected to bring about the
precipitation of catalytic sulfide-bearing (cobalt- and tung-
sten-doped-FeS > Fe(Ni)S > NiFesSg > MoS;) compartments
through interaction with “oceanic” iron (Fe2+ > FeHI), nickel,
and cobalt (Fig. 1). These transition metals, dissolved as
clusters or occurring as nanoparticles in the early oxygen-free
carbonic ocean, were ultimately derived from much hotter
(360-400°C) acidic submarine springs (Douville et al., 2002;
Kump and Seyfried, 2005). At the pressures and moderate
temperatures indicated by the model, the alkaline fluids also
had the theoretical propensity to dissolve calcium and minor
magnesium from silicates (Palandri and Reed, 2004), and
silica from cherts or quartz veins (Kehew, 2001). Thus, the
effluent from this first experiment might be expected to
produce chimneys or compartments, or both, on injection
into a ferrous iron-bearing solution representing the Hadean
Ocean. Such inorganic compartments are expected to hold a
redox and proton tension between simulacra of the hydro-
gen-bearing alkaline hydrothermal interior of the mound
and the mildly acidic carbonic ocean bathing the exterior.
Oxidized entities apart from CO, in the Hadean Ocean
would be phosphate, nitric oxides and nitrate, and photo-
lytically generated ferric iron particles (Braterman et al., 1983;
Yamagata et al., 1991; Martin et al., 2007). In the event, the
reactor operated to plan; some sulfide, silica, and calcium
were dissolved in the solution, which, on exhalation into the
ferrous solution, did produce sturdy chimneys and com-
partments dosed with iron sulfide and ferrous hydroxide.

2. Material and Methods

2.1. Reactor design and construction

Two 3.8L, pressure-tested 316 electro-polished alloy
stainless steel (316epSS) cylinders were employed as solution
reservoirs, one for the hydrothermal solution and one for the
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simulated Hadean Ocean. Heating coils allow the fluids to be
subjected to temperatures of up to 140°C. Each of the two
reservoirs has two access ports, one at the top for pumping
out headspace gases and for the introduction of liquids, and
the other at the base so that the gases may be bubbled
through the solution to ensure full gas/water exchange prior
to each run. The vessels are connected through high-pressure
316SS non-return and two-way ball valves to the lagged
central tee connector to the reactor (Fig. 2). The reactor itself
was fabricated, assembled, and operated in the Jet Propul-
sion Laboratories, California Institute of Technology. The
requirements for high-pressure hydrogen (~100 bars),
weldable material, and a minimum of catalytic activity dic-
tated the use of a chrome steel barrel with an electro-polished
chromium oxide interior for the reactor. For safety, it was
built and tested to tolerate at least 400 atmospheres. It is
508.0 mm long and has an outer diameter of 25.4 mm and an
internal diameter of 19.1 mm. The feed to the reactor from
both the hydrothermal vessel and the ocean vessel is driven
by hydrogen overpressure and controlled by 3165S non-
return ball valves and high-pressure needle valves. A screw
connection is placed at the T-joint to allow retrieval of the
packing material and catalyst for analysis and also for the
cleaning of the barrel. Heating of the vessels and reactor is by
rheostatically controlled thermoelectric coils, and the tem-
perature is measured electronically by DT-670D-SD tem-
perature sensors. At this central location, the two fluids
may be alternately introduced to the reactor barrel that
stands slanted 10° from the vertical to simulate the hy-
drothermal conduit and the hydrothermal mound (Figs. 1
and 2).

Before operations, the reactor was flushed with 4% HCl1/
4% HNO; solution (15min) followed by three Milli-Q
(18.2MQ) water washes (15min each), and baked out at
300°C under helium. The reactor was then packed with ba-
saltic rock wool (or crysotile asbestos if health and safety
conditions allow), which acts as a crustal (or mantle) rock
analogue and support for crushed sulfide minerals or as a
substrate for freshly precipitated iron (nickel) sulfide cata-
lyst. Temperatures can be controlled up to 140°C over the
lower 258 mm—the remaining 254 mm simulates the natural
cooling of hydrothermal fluids as they interface colder Ha-
dean Ocean waters at the base of the mound. To relieve
pressure, the reactor feeds into 3 m long, 1.59 mm (1/16 inch)
316SS tubing and terminates in a three-way valve for sample
distribution through 1m of 0.075mm silica capillary lines.
The capillary lines are fed into helium-purged, acid-washed
20mL or 120mL crimp-top vials. The effluent delivery rate
approximates 3 uL/s.

2.2. Preparation of solutions

For the first hydrothermal vent experiment, 3.5L of both
ocean water simulant and the hydrothermal solution (de-
rived from the same ocean water simulant) were charged
with sodium chloride at 35g/L to mimic present-day ocean
and alkaline hydrothermal solutions. This value was chosen
on the assumption that the Hadean Ocean was largely
sourced from high-temperature springs exhaling from ul-
tramafic crust (Wetzel and Shock, 2000). It is noteworthy that
there is little contrast between the sodium content of hy-
drothermal fluids at Lost City and that of the ocean (Charlou
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FIG. 2. Top: CAD drawing of the reactor design with inset photograph of the reactor before lagging with thermoelectric
coil. Two-way or three-way valves are shown in green, and non-return ball valves are in red. Gasses are purged into solutions
through the bottom port to ensure adequate gas/solution interface time. The reactor on the right illustrates placement of
temperature sensors on the external reactor surface and the distribution inside the reactor of iron sulfide (FeS) and rock wool.
Bottom: the lagged system. PG, pressure gauge. Color images available online at www liebertonline.com/ast.

et al., 2010). In addition, 10mM/L of sodium bicarbonate
was introduced to the hydrothermal solution, which was
adjusted with ~1mL of dilute sodium hydroxide to pH
12.0—comparable to peak pH in submarine serpentinite pore
waters and the Lost City effluent (Macleod ef al., 1994; Sal-
isbury, 2002; Charlou et al., 2010). The ocean solution was
prepared at pH 5.3, and ammonium bicarbonate was added
to the level of 0.5mM/L. This solution was then readjusted

to pH 5.3 with ~1mL dilute hydrochloric acid to maintain a
final volume of 3.5L (Macleod et al., 1994).

The two electro-polished stainless steel cylinders, previ-
ously baked out and washed with deionized water, were
filled with 3.5L of each of the solutions. Prior to the exper-
imental run, helium was bubbled through the lower ports
into the filled cylinders at 100 psi and ambient temperatures
for a 15 min flush to remove any last vestiges of oxygen and
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nitrogen. Three consecutive flushings and head-space
pumping removed all air from fluids and in head space prior
to the introduction of hydrogen gas. Following the final
pumping sequence, hydrogen was introduced through the
bottom of both reservoirs at a pressure of 1500 psi (~ 100 bar)
equivalent to 160mM/L of hydrogen (Wiebe and Gaddy,
1934). The base of the reactor was packed with 50 mm of
basalt rock wool (Minwood 1200, Industrial Insulation
Group, Al, USA). In atomic percentage it comprises SiO,
51.7; CaO 17.2; MgO 16.2; AL,O; 9.0; FeO 2.5; Na,O 2.7; K,;O
<0.1; P05 0.5 (ESEM-EDAX), in the compositional range of
a calc-alkaline basalt. The next 180 mm of the reactor (above
the rock wool) were packed with reagent-grade iron mono-
sulfide (FeS) (Argos Organics, Geel, Belgium; crushed to
~1mm fragments to increase reactive surface area and
promote mineral/water interaction without clogging the ef-
fluent capillary lines). The remaining (upper) 280 mm was
also packed with basalt rock wool. (The calcium content of
the rock wool is high compared to mafic rock; however,
health and safety decreed that chrysotile, our preferred
crustal simulant but a carcinogen, not be used.) The reactor
barrel was heated to a maximum of 130°C, with temperature
cooling to near 30°C downstream to reproduce the kind of
gradient to be expected as off-ridge hydrothermal solutions
infuse the base of the mound. After 290 mL of the hydro-
thermal fluid (pH 12.0) was passed through the reactor barrel
for the first 24 hours, the mildly acidic ocean simulant (pH
5.3) was introduced in equal and alternating measure,
switching from vessel A to vessel B.

Almost immediately upon introduction of the hydrogen gas,
at the specified 100 bar pressure, the hydrothermal vent solu-
tion began flowing into the sample acquisition bottles previ-
ously purged with helium. For the first 48 hours, samples were
taken at 1-hour intervals. Over the remaining experimental
time, samples were taken at intervals of several hours. The
hydrothermal vent solution sample containers were stored at
4°C prior to processing. Approximately 3 uL/s of hydrother-
mal vent solution samples were acquired and subsequently
analyzed for pH and elemental composition by a Thermo Sci-
entific, iCAP 6300a inductively coupled plasma optical emis-
sion spectrometer (ICP-OES). The hydrothermal vent reactor
was disassembled at the end of the experiment, and layers of
rock wool and sulfides were immediately separated and stored
at 4°C in crimp-top vials purged with helium. The helium
minimizes alteration prior to imaging and analysis by envi-
ronmental scanning electron microscopy (ESEM).

2.3. Operation and experimental test

As a first test of the reactor as well as a test of one aspect of
the alkaline-hydrothermal hypothesis, we investigated
whether anionic hydrogen sulfide (HS™) could be dissolved
from iron monosulfide and transported in the hot alkaline
solution of the chemistry we predicted for such a system.
Thus, the reactor was used to simulate the effect of passing
the hydrothermal fluid through sulfides in veins or pods
under the seafloor with the expectation that the resulting
solution would contain dissolved sulfide (Fig. 1). We also
expected the FeS in the lower portion of the reactor to be
partly stripped of its sulfur, which would leave a patina of
ferrous hydroxide. Further up in the cooler portion of the
reactor, we expected white and green rust [ie,
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Fe(OH), or ~FellFel'(OH),,CO3(H,0),)] and metal sulfides
to precipitate on the rock wool where they might have a role
as potential catalysts (Russell and Hall, 2006).

FeS + H,O + OH~ — Fe(OH), + HS ™~

Here, we have assumed (and adopted) temperatures of up
to ~130°C based on (i) the hydrogen isotopic analyses of
Lost City effluent (Proskurowski et al., 2006), (ii) the absence
of evidence for higher temperatures in land-based alkaline
(pH <12.4) hydrothermal systems in ultramafic rocks (Fallick
et al., 1991; Zedef et al., 2000), and (iii) the highest tempera-
ture of fluids recorded at Lost City (94°C) and Eskjaldamur
(79°C). A pressure limited to 100 bars for reasons of safety
only corresponds to an overall hydrostatic depth of a kilo-
meter, so the reactor only has the capacity to reproduce
conditions to be expected where the most ancient ocean was
relatively shallow. It falls short of addressing the very high
pressures expected at the bottom of Europa’s ocean (Vance
et al., 2007).

2.4. Investigation of precipitates

To investigate the effects of injecting the effluent emanat-
ing from the hydrothermal reactor into a simulacrum of the
Hadean Ocean water, a batch collected after 5 hours was
introduced through a 0.5mm hole at the bottom of an in-
verted glass bottle into a mildly acidic solution that con-
tained 10mM /L ferrous iron (Russell and Hall, 2006). Two
injection rates were employed, the first at 7.2mL/hour and
the second at 0.04 mL/hour. The time from removal of the
precipitated structures from the aqueous solution to their
placement in the freeze-drier was about 2 min. A portion of
the precipitate was attached to a specimen stub by means of
a carbon tab. ESEM was used to investigate the resulting
structures precipitated during the experiments.

3. Results
3.1. Solution chemistry

An arresting result was the immediate conversion of the
acidic ocean water to a highly alkaline solution through the
dissolution of Ca from the pristine rock wool (Fig. 3). Also, a
surge of hydrogen sulfide ion (as HS™) began about 4 hours
after the beginning of operations and peaked at 460 ppm
(£14mM/L) at around 6 hours as measured by ICP-OES
(Fig. 3). Sulfide concentrations of 330 ppm (10mM/L) or
more were maintained for ~100min during interaction with
the hydrothermal solution before dropping to ~50ppm
(1.5mM/L) at 12 hours and oscillated around 25-50ppm
(~1mM/L) thereafter until the heaters were switched off
after 9 days. Calcium also surged with the sulfide, though to a
lesser degree. Calcium concentrations also then dropped,
perhaps as a result of calcite precipitation in the upper sec-
tion of the reactor where the fluids became more alkaline
(Figs. 3 and 4C). Silicon concentrations correlated inversely
with calcium and increased more slowly than sulfide to reach
a constant 50 ppm (2mM/L) after 2 days (Fig. 3). Iron, as
expected from its minimal solubility in alkaline solution, was
constantly below the detection limit of 0.1 ppm.

The delivery of calcium in the hydrothermal solution is
mirrored by the alteration of the basalt rock wool that is
shown prior to reaction (Fig. 4A) and after reaction (Fig. 4B).
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FIG. 3. Inductively coupled plasma optical emission spectrometry analysis of effluent for the time-dependent samples. Graph 3A
shows the results of 60 samples collected over the first 4000 min, and graph 3B shows the complete experimental time period (250
samples). The initial few samples contained over 50 ppm of sulfur determined to be sulfate ions that dropped to zero after 240 min.
Initially the pH of the hydrothermal solution dropped almost one unit before rising again after 10 hours to stabilize around pH 12.3.
The operating reactor temperature was reached within 120 min, whereas the maximum sulfur concentration (as HS™) was reached
at 360 min, indicating that major dissolution of sulfide occurs only after the operating temperature is reached. The hydrothermal
solution was open to the reactor for the first 1440 min followed by alternating ocean/hydrothermal solutions opened every 15min
for another 1440 min. For the remainder of the experiment both solutions were opened to the reactor. The heaters were shut off at
13,200 min, and the system was at ambient temperature by 14,000 min. At this time the concentrations of sulfur, calcium, silicon,
potassium, and magnesium were below the detection limits. Color images available online at www liebertonline.com/ast.
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FIG. 4.

(A) Environmental scanning electron microscope image of basalt rock wool prior to alteration; (B) the same rock

wool comprising Layer 1, the image revealing severe surface alteration and loss of calcium (cf. Fig. 5). (C) Calcite precipitate
on basalt rock wool from Layers 1-3. (D) Clumps of iron- and sulfide-rich minerals cover portions of the basalt rock wool of

Layer 15, demonstrating local mobility of these two elements

Figure 4C demonstrates the direct re-precipitation of cal-
cium as the carbonate upon rock wool in the hottest, lowest
section of the reactor. The dissolution of calcium from the
rock wool in the hottest section of the reactor as analyzed
by environmental scanning electron microscopy—energy
dispersive X-ray spectroscopy (ESEM-EDX) is particularly
notable (Fig. 5, 6).

3.2. Mineralogy

The basaltic rock wool and sulfides were investigated with
an environmental scanning electron microscope prior to, and
following, the experiment. Precipitates on the rock wool in
the lower layers in the reactor consisted of calcite, whereas
clumps of iron- and sulfide-rich minerals were seen to cover
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FIG. 5. The graph shows the ESEM-EDX analyses of several of the basalt rock wool layers and the basalt rock wool control
(n="50). The most drastic changes occurred in the amount of calcium dissolved from the surface material at the bottom of the
reactor (Layer 1, n =44) and in the hot zone above the iron sulfide layer (Layer 15, n = 67). Aluminum was also removed from
Layer 1. In contrast, the top, cool portion of the reactor (Layer 25, n =50) shows surface atomic ratio composition at levels
equivalent to the control basalt rock wool, except for a slight enrichment of silicon. However, some of the calcium now resides
in a carbonate phase in Layer 25. Color images available online at www. liebertonline.com/ast.
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FIG. 6. Sketch of hydrothermal reactor with range of atomic S:Fe ratios on the surface of altered FeS as analyzed by ESEM
(numbers of analyses in parentheses): Pristine FeS=1.07, 16 +0.17; Layer 3=0.50-0.21, 16 £0.17 (2); Layer 6 =0.71-0.21,
10 +£0.19 (3); Layer 9=0.42-0.33, 10 +0.21 (2); Layer 12=0.83-0.15, 16 +0.19 (5); Layer 14 =0.62-0.01, 16 0.18 (6). Color

images available online at www liebertonline.com/ast.

portions of the rock wool high up in the reactor (Layer 15)
(Figs. 4D and 7). ESEM-EDX analyses of the rock wool re-
vealed a significant loss of calcium from the rock wool sur-
face material at the bottom of the reactor (Layer 1, n=44) as
well as in the hot zone above the iron sulfide layer (Layer 15,
n=67) (Figs. 4B and 5). Aluminum was also lost from Layer
1. The rock wool comprising the highest, coolest level of the
reactor (Layer 25, n=50) was largely unaffected beyond a
slight enrichment of silicon. The main change here was in the
addition of calcium as calcite in Layer 25.

Iron-rich mineral overgrowth on the iron sulfide surface
exhibited low to very low S:Fe ratios; values decayed from
0.94 in the relatively unaltered sulfide to ~0.2, which reflects
the insolubility of the iron while sulfide was lost to the al-
kaline solution (Fig. 6). The overgrowths were probably a
form of green rust. Aluminosilicate crystals (possibly ver-
miculite) also occurred sparsely in the iron sulfide layers,
revealing minor aluminum transport.

3.3. Chimney and geodic growth

By taking the solution eluted from the hydrothermal
experiment, which contained several millimoles per liter of
sulfide, and injecting it from below and into inverted glass
bottles of simulated, mildly acidic ferric chloride-bearing
Hadean Ocean water (pH ~5.3 and 10mM FeCl,), we
found chimney morphology to be dependent on injection
rate. At a rate of 7.2mL/hour, a fibrous hollow chimney
morphology was produced that had affinities to chemical
garden structures (Russell and Hall, 2006) (Fig. 8A). Struc-
tures produced during low injection rates (0.04 mL/hour),
as illustrated in Figs. 8B and 9, were bulbous and contained
similar geodic structures within them at a much smaller
scale (Russell et al., 1994). The geodes and chimneys com-
prised an outer wall of iron hydroxide, silicate, carbonate
and sulfide, and a hollow interior containing a collection of
smaller well-defined geodes. One of these micro-geodes

FIG. 7. Photomicrographs demonstrating the iron-rich minerals (probably green rust) precipitated on the surfaces of the
iron sulfide. The S:Fe ratios of these minerals were invariably less than 1, and in many cases much less, as to be expected as
sulfide was lost to solution (Fig. 3). Images (A) and (B) are from Layer 3 and show various sizes of flakey ball structures.
There were other larger aluminosilicate crystals present in the iron sulfide layers (arrow) as shown in image (C). Image (D) is
from Layer 14 with similar characteristic morphologies but had the largest diversity and included phases with alumi-
num:silicon ratio close to ~2 (possibly vermiculite) and only minor iron content.
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FIG. 8.

Injection of the reactor effluent taken after 5 hours (Fig. 3) into the simulacrum of the Hadean Ocean containing

10 mM/L ferrous iron. When injection rate is rapid, a chimney grows to ~35 mm in 8 min before the top spalls off and settles
(white arrow) (A). Geodic growth is favored when injection rate is slow [pictured after 12 hours in (B) and detailed in Fig. 9].

Color images available online at www .liebertonline.com/ast.

was partly filled with iron-bearing nanocrysts (cf. Fig. 1 and
Larter ef al., 1981, plate 2).

4. Discussion

Conditions throughout the operation of the reactor were
easy to control, and the first experiment, apart from being a
technical success, delivered useful data on the likely evo-
lution of hydrothermal fluids in conditions we imagine for
early Earth. The delivery rate of effluent from the reactor
was limited to ~0.2mL/min. As might be expected, the

simulacrum of the acidic ocean water was rendered highly
alkaline as it traversed the basalt rock wool at temperatures
at or below 130°C (Macleod et al., 1994). In fact, the pH
oscillated between 11 and 12.3 as measured at standard
temperature and pressure regardless of the pH of the in-
troduced solution. This is the kind of pH met with in many
cool to warm springs operating in ultramafic oceanic rocks,
and pH values of up to 12.5 have been recorded in pore
waters in serpentinite seamounts at a depth of 4km in the
Southern Mariana Forearc (Salisbury, 2002). Nevertheless,
chrysotile asbestos wool would obviously furnish a more

FIG.9. Environmental scanning electron microscope images of a cross section near the base of the inflated geode figured in
8B shown to comprise an outer mixed iron hydroxide, silicate, carbonate, and sulfide wall (A and B) and a hollow interior
containing a collection of smaller well-defined geodes. One of these microgeodes is revealed as partly filled with fluffy

nanocrysts of iron-bearing minerals (C). Compare with Fig. 1.
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realistic substrate than the rock wool used in this experi-
ment, but it was precluded for reasons of health and safety.
Calcium, generally oscillating around 25ppm and partly
responsible for the high pH, appears to have been leached
out of the rock wool after 27 hours or was reprecipitating
higher in the reactor (Figs. 3 and 4).

At a peak of 14mM/L, sulfide concentrations ap-
proached the theoretical maxima calculated for alkaline
hydrothermal solutions (Macleod et al., 1994, p 36), before
falling back to around 1mM/L. Even at this level, the
concentration is quite enough to ensure some sulfide pre-
cipitation in a putative hydrothermal mound. The sulfur
values correlate positively with calcium and negatively
with pH and silicon. The concentration of silica approaches
2mM/L, which is to be expected in such alkaline hydro-
thermal solutions where there is a source of free silica
(Marteinsson et al., 2001). Thereafter, sulfur values oscillate
between 1 and 2mM /L and silica between 0.5 and 2mM/L.
Why there should be a peak concentration of 14 mmol/kg
of hydrogen sulfide ion around 6 hours is puzzling and
could be the result of the dissolution of free sulfur from the
commercial FeS used here. However, these results speak
against the possibility that the first compartments of life
consisted purely of sulfides (cf. Russell et al., 1994). Never-
theless, there would be enough sulfide to ensure a compo-
nent of (catalytic) iron-nickel-cobalt sulfide within the walls
of compartments that otherwise would be composed of
carbonate, green rust, silicates, or silica itself. Indeed, an
effluent solution sample taken from the reactor after 5 hours
was introduced through the base of inverted glass bottles
into a ferrous chloride solution that simulated the heavy
metal-rich Hadean Ocean, and a complex of chimneys and
geodes were produced as expected, which consisted mainly
of silica or silicate, ferrous hydroxide, and minor sulfide
(Fig. 9A, 9B). At the high pH conditions maintained by the
reacted fluid, a major stable phase for iron in the chimneys
was probably white or green rust [ ~Fe(OH),], as indicated
by the ESEM-EDX analysis, though with scattered ferrous
sulfide (Fig. 7A). Such transition-metal sulfide catalysts
would thereby be ripe for participation in the growing
network of reactions requisite for the onset of metabolism
(McGlynn et al., 2009; Berg et al., 2010; Haydon et al., 2010;
Say and Fuchs, 2010).

Both types of hollow structure may have been significant
in the emergence of life. The microgeodes may have har-
bored the simple organic molecules synthesized through the
hydrogenation of carbon dioxide as CO, seeped through
the inorganic walls to the chambers where it met H, on the
catalytic sulfides that comprised portions of the interior—a
focus for our future experiments. The energy to drive the
hydrogenation could have been supplied by an ambient
chemiosmotic gradient that acted across the inorganic
membrane via suitable variable valence metal catalysts
(Nitschke and Russell, 2009; Lane et al., 2010). At a more
advanced state of metabolic evolution, the thin cylindrical
structures might have supported a convective polymerase
chain reaction and a thermal diffusive concentration reaction
of charged polymers such as RNA (Baaske et al., 2007; Mast
and Braun, 2010). We suggest that it is in such inhibiting
circumstances that life would have emerged.

We envisage the next experimental step as using the re-
actor in an attempt to synthesize methane and other organic

MIELKE ET AL.

intermediates while an alkaline hydrothermal solution that
bears sulfide and hydrogen, as well as molybdenum and
tungsten ions, is introduced to a simulacrum of the early
ocean that bears carbon dioxide, ferrous iron, and minor
nickel in solution. In these future experiments, natural sul-
fide minerals will be introduced to, or precipitated in, the
reactor; and a safe protocol to use fibrous serpentinite min-
erals as packing and substrate will be developed. Carbon
dioxide will be introduced to the ocean simulacrum to in-
vestigate the power of the system to reduce this gas, as oc-
curs in the Lost City serpentinizing system (Proskurowski
et al., 2008; Konn ef al., 2009).
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