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ABSTRACT

Maximizing scientific return is critical to the success of space exploration. During the SUBSEA project,
which explored the Sea CIliff vent site aboard the E/V Nautilus as an analog for hydrothermal systems on
Ocean Worlds, we used forward geochemical modeling to guide decision-making during the process of
exploration. Before the expedition, we performed 1670 reaction-path calculations to simulate water-rock
interactions during hydrothermal circulation covering wide ranges of reaction conditions, to predict the
diversity of possible chemical compositions and energy available for chemosynthetic microorganisms at
the Sea Cliff vents. Calculation of the information entropy of predicted concentrations of major solutes
and pH allowed us to identify dissolved silica as the chemical species capable of yielding the most
information about reaction conditions, and so the measurement of this parameter was implemented aboard
ship for our field-program. Using telepresence, results of onboard chemical analyses of fluid samples
collected during seafloor Dive n were sent to our shore-based scientific team, who processed the data and
used the outcomes to inform the design of Dive n+2. Combining data processing with forward modeling
revealed, within just two dives, that all the observed fluids venting from 10 to 300°C most likely resulted
from simple conservative mixing between seawater and a common hydrothermal fluid end-member: the
result of reaction of seawater with basalt at >350°C. Identification of these reaction conditions early
within the cruise allowed additional calculations to be performed to quantify the energy available from
redox disequilibria as a function of vent-fluid temperatures as they exited the seafloor. These calculations
can help inform and optimize real-time microbiological sampling and culture experiments onboard ship
during field expedition. The success of our approach coupling forward modeling and onboard ship
analyses allowed improved efficiency in completing of process studies at the Sea Cliff vent site, providing
time for further exploration and sampling of an additional, newly discovered vent site: Apollo. This study
demonstrates a novel application of forward and real-time modeling for scientific exploration which
allows the time required for result-informed decision making to be reduced from years to hours — an

essential breakthrough for future space exploration missions.
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1. Introduction

Maximizing scientific return is critical when planning for space missions. The paradigm of scientific
exploration often involves an experimental cycle in which data collection and analysis leads to new
scientific insights, which fuel the design of new field investigations weeks to years to decades later. One
way of maximizing scientific return is to achieve more knowledgeable decision-making at the time of
exploration. This can be achieved by creating before exploration a framework of what to expect using
modeling tools and then to compare expectations with observations in real-time, thereby reducing the
time for result-informed decision making. Taking this approach is particularly promising for exploration
of remote areas such as Earth’s seafloor or extraterrestrial bodies, where the ‘time on target’ and the
ability to return to areas of interest are commonly limited by environmental and operational constraints. In
this context, telepresence, which consists of using telecommunications technology to simulate physical
presence at a site other than one’s true location (Minsky, 1980; Bell et al., 2015; Marlow et al., 2017),
offers the possibility for shore-based modelers to engage in exploration, without increasing logistical and

financial pressure unreasonably.

Among remote areas of astrobiological interests, seafloor hydrothermal systems have long-been
recognized as possible environments for the emergence of life (Jannasch and Mottl, 1985; Shock, 1996).
As part of the SUBSEA project (Lim et al., 2019, 2020), we visited in June 2019 the Sea CIiff
hydrothermal vent field on the Gorda Ridge (Von Damm et al., 2006; Clague et al., 2020). Using two
Remotely Operated Vehicle (ROVs), Hercules and Argus, that were operated by pilots on-board the E/V
Nautilus, our team exploited telepresence to allow a shore-based scientific team, including geochemical
modelers, to direct our seafloor investigations. Geochemical modeling enables the mapping of rock
alteration, fluid compositions, redox gradients and related microbial communities. In this study, we used
geochemical modeling to guide the exploration of the Sea Cliff vent site by using forward and real-time
predictions to inform decision making about the design of our dive plans. Our methodological approach

had three components:
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- Before exploration began, thousands of reaction paths for water-rock interactions were
calculated, providing a library of possible fluid compositions occurring at Sea Cliff. The
chemical energy available in the vent fluids from redox disequilibria predicted to arise that
could fuel 16 candidate microbial metabolisms were also calculated. The modeling results
were analyzed using information entropy and this was used to identify which parameters
would be the most valuable to measure onboard ship to constrain the reaction conditions and,
hence, inform further exploration-oriented decision making.

- As our exploration progressed, those onboard ship analyses were relayed to shore where they
could be compared with the geochemical predictions to further refine operational priorities in
the field. Specifically, the goal was to appreciate, in real-time, how to achieve better informed
sampling to address two key questions: (i) whether the high-temperature focused Sea CIliff
vents were all fed by a single source, or multiple sources, at depth and (ii) whether any low-
temperature diffuse fluids present resulted from sub-surface low-temperature water-rock
interactions or from mixing between high-temperature hydrothermal fluids and seawater.

- Once the reaction conditions at the source for each type of vent fluids were constrained,
geochemical modelling was used to quantify the chemical energy available in fluids venting
across a range of temperatures at Sea CIliff to prioritize which specific sites would be most

valuable for astrobiology-related microbial investigations.

In this paper, we describe each step of the implementation of this methodological approach and show how
forward geochemical modeling coupled to deliberately chosen in-the-field measurements improves result-

informed decision making during scientific exploration.
2. Geologic setting

The Gorda Ridge, ca. 200 kms off the coast of Oregon and California, is an intermediate spreading-rate
mid-ocean ridge comprised of five offset segments (Figure 1). The spreading rate is 5.5 cm-yr' at the

northernmost segment where the Sea CIiff site is located (Wilson, 1993) and decreases to the south
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(Chadwick et al., 1998). The northernmost segment displays steep axial walls that result from the
relatively high fraction of plate extension accommodated by normal faulting rather than magmatic
accretion (Shaw and Lin, 1993; Buck et al., 2005; Howell et al., 2016). The Sea CIiff vent field is located
2.6 km to the east of the axial rift-valley on the inward-facing wall at a depth of 2700-2750m (= 300m
shallower than the rift valley floor) and on ocean crust that is ca.100,000 years old (Clague et al, 2020).
The site is extensive in terms of accumulated mineral deposits (>100m in diameter) and is surrounded by
pillow basalts (Zierenberg et al., 1995; Clague et al., 2020). Most of the hydrothermal vents that are
currently active occur in a linear zone, striking perpendicular to the ridge axis, climbing up the east wall
toward a small ridge. The clarity of the 300°C fluids is unusual compared to more typical (>350°C) mid-
ocean ridge vents where polymetallic sulfide minerals give rise to buoyant plumes of “black smoke”,
making the origin of the fluids at Sea Cliff of particular interest (Von Damm et al., 2006). As described
previously (Von Damm et al., 2006), fluids sampled during our expedition were exiting from
hydrothermal chimneys that were typically 1-meter-high at most, made predominantly of anhydrite, and

extremely friable.
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Figure 1. (a) Regional map of the Gorda Ridge showing the location of the Sea CIiff vent site and
seafloor spreading rates (cm-yr') (modified from Von Damm et al. (2006)). (b, ¢ and d) Detailed location
of the Sea CIliff and Apollo vent fields showing topography (10m contour line), the location of samples

(open circles) and markers (closed circles). In map (a), spreading rates are in cm-yr'’. In map (c) and (d),

precision of the position of the sampling location is £10 m.

3. Material and methods

3.1. Geochemical modeling

Geochemical modeling was performed with the EQ3/6 software (Wolery, 2010) and included
thermodynamic data for minerals (Helgeson et al., 1978) and dissolved inorganic aqueous species (Shock
and Helgeson, 1988; Shock et al., 1989, 1992, 1997; Sverjensky et al., 1997). In order to investigate a
large range of possible reaction conditions at the origin of vent fluids at Sea Cliff, we used the
programming language Python to automate the multiple runs and data processing of reaction path
calculation following the approach of Ely (2020). Two reaction steps were considered in the reaction
paths as illustrated in Figure 2. In Step 1, the consequences of sea water reacting with basalt from North

Gorda Ridge (Table S 1) (Davis and Clague, 1987) were calculated in an open system along an increase
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of temperature from 2°C to a temperature maximum 7., varying between 50 and 400°C, at intervals of
50°C. Calculations were done at a constant pressure of 500 bars. The rock/water ratio R/W, i.e., the

amount of basalt in kg reacting with 1 kg of water, is defined by:
R/WStepll ?OJ;I (1)

As listed in Table S 2, the amount of reacting basalt relative to water increases as the temperature
increases. A rock/water ratio of 1 is achieved at 350°C consistent with the literature (Von Damm et al.,
1985). To account for the influence of magmatic gases, a mixture of CO,, SO, and H,O gas is injected

during Step 1. The injected amount of gas, m in mol-kg"' of basalt, is equal to:
mStepll R/WStepll *[Cl (2)

with C the gas content of average mid-ocean ridge basalt in mol-kg™', equal to 0.02, 0.03 and 0.05 mol-kg"
! for CO,, SO, and H,0, respectively (Table S 2) (Sakai et al., 1984; Gerlach, 1989; Holloway, 1998;

Wallace et al., 2015).

Decreasing mixing

Low T vent High T vent
Down to 20°C  Up to 400°C Rift-valley
wall

Seawater
Step 2
Mixing with seawater +
A: basalt alteration
B: A + calcite buffering
C: conservative mixing

N
N

Temperature max. %% Gas input\
(50-400°C) %¢ €O, SO,, H,0

Figure 2. Conceptual model of hydrothermal circulation at Sea CIliff. In Step I, seawater reacts

progressively with basalt and volcanic gas (CO;, SO; and H>0) in an open system along an increase of
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temperature from 2°C to a temperature maximum ranging from 50 to 400°C. In Step 2, the hydrothermal
fluid produced during Step 1 mixes with seawater in an open system from the temperature maximum to
20°C. The amounts of basalt and gas reacting during Step 2 are small fractions, F (0 to 10%), of those in
Step 1.Three regimes of chemical reactivity are considered during Step 2: equilibrium mixing (Model A),
equilibrium mixing while the fluid composition is buffered by calcite (Model B), conservative mixing in
which the speciation reactions proceed but the redox reactions, basalt dissolution and mineral

precipitation are suppressed (Model C).

During Step 2, mixing occurs between the hydrothermal fluid end-member and sea water in an
open system from the temperature maximum to 20°C (Figure 2). Quartz precipitation is suppressed from
the calculation across all temperatures as kinetic limitations are expected to prevent its formation at low
temperature (Rimstidt and Barnes, 1980; Von Damm et al., 1991; Arvidson, 1999; Tivey, 2007). The

rock/water ratio and gas inputs during Step 2 are equal to:

R/Wstepar  Flxl 350? (3)

and
mStele R/WStepzl*lCl (4)

with F equal to 0, 0.01, 0.02, 0.03, 0.05 or 0.1 as outlined in Table S 3. Thus, the amount of basalt and
gas reacting during Step 2 is a small fraction of those reacting during Step 1, which is meant to account
for rapid fluid flow and temperature decreases during upwelling and mixing. This study focuses on the
geochemical evolution of the fluids during Step 2 as those fluids are the ones eventually sampled at

seafloor.

Additional reaction conditions were investigated for Step 1, by adding multiplication coefficients

X; and X to Equations 1 and 2, respectively, which become:

R/Wstep1i ?OJ;*ZXIZ )
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and
Mstep1i R/ Wstepr1 *IC1x X5 (6)

where X; and X> can take independently the values of 0.5, 1, 2 and 4. This leads to a 4x4 matrix of sets of
reaction conditions for Step 1. Each of the 16 sets of reaction conditions contains 48 calculations (8
temperature maxima defining the rock/water ratio and the gas input of Step 1, and 6 F values for Step 2)

for a total of 768 reaction paths as summarized in Figure S 1.

The set of reaction paths described above were calculated for 3 regimes of chemical reactivity
during Step 2 summarized in Table S 4. In Model A and B, chemical equilibrium is considered. The
possibility that calcite influences the chemistry of the fluid during its upwelling toward surface, as
proposed by Von Damm et al. (2006), is investigated in Model B in which calcite buffers the fluid
composition throughout Step 2. In Model C, conservative mixing is considered during Step 2. Only the
speciation reactions proceed but the redox reactions, basalt dissolution and mineral precipitation are

suppressed. R/Ws:p2 equals O as it would lead to unrealistic solute concentrations.

When field data did not fit well with modeled results, additional calculations were performed
during exploration to explore reaction conditions not considered in Model A, B and C. Model B2 is a
refinement of Model B in which the influences of suppressing silicate mineral precipitation during Step 2
and removing the calcite buffer at various stages of Step 2 were investigated. Basalt dissolution is also
suppressed as it would lead to unrealistic solutes concentrations. For the sake of efficiency, the
temperature maximum, and the values of X;, X> and F were fixed to 400°C, 1, 1 and 0, respectively. Thus,
the real-time modeling performed during exploration represents only a small fraction of that performed

before the expedition.

The EQ6 calculations provide in situ pH values for the hydrothermal fluid whereas pH is
measured onboard ship at ambient temperature and pressure. The pH change induced by the change from

in situ to ambient temperature and pressure was calculated by re-speciating all fluid compositions
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throughout Step 2 to 25°C with charge balance on pH using EQ3. Mineral precipitation and redox
reactions were suppressed to account for the kinetic limitations expected during the quench of the fluid
samples. This calculation is opposite to what is commonly done for hydrothermal fluid samples, i.e. the
calculation of in situ pH using the fluid composition and pH measured at ambient temperature and

pressure (Reed and Spycher, 1984). The newly calculated pH is designated pH(25°C).

3.2. Information entropy

Information entropy was used to assess the chemical measurements that would best constrain the reaction
conditions. The information entropy is a quantification of the amount of information carried by the
occurrence of an event (Shannon, 1948). As the probability of an event to occur decreases, the
significance of its occurrence increases. Applied to thousands of modeled fluid compositions, the
information entropy of each chemical parameter reflects the diversity of values each parameter can take
as a response of the changing reaction conditions (Ely, 2020). For example, a given chemical parameter
whose value exhibits high diversity is greatly sensitive to changing reaction conditions. Its information
entropy is high, and its measurement would greatly inform about the reaction conditions. The information

entropy is written as:

HX)U =137, P (x)log,P(x))! (7

where H stands for the information entropy of a variable X with possible values {x;... x,} and P represents
the probability of the variable X to take the value x;. In the present study, X indicates a given chemical

parameter and {x;.. x,} the possible values it can take as a response of the changing reaction conditions.

The information entropy was calculated for the modeled values of pH, silica and major cations
(Na, Mg, K, Ca,) across Step 2 considering all reaction paths of Model A, B and C. Redox-sensitive
species were not considered because kinetic limitations may affect their behavior. The concentration of CI
was also disregarded as it is not involved in the modeled water-rock interactions. The procedure for the

calculation of the information entropy of each chemical parameter is described in Figure 3. The decrease

10
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in temperature during Step 2 from the temperature maximum (50-400°C) to 20°C is divided into 10°C
ranges and the information entropy is calculated for each. Inside a 10°C range, for each reaction path, the
value taken by the chemical parameter is considered every 1°C. A data set of all values across all reaction
paths for a given 10°C range is obtained. The range of values is then divided into bins. The probability of
each bin, or P(x;), is the ratio of the number of values contained in the bin over the total number of values
in the 10°C range. Calculation is done using a log scale to account for concentrations varying by orders of
magnitude. A bin width of 0.05 log unit was chosen. Decreasing the bin width results in a better
discretization of the probability of each value to occur but does not impact the relative value of the
information entropy between chemical parameters or between 10°C ranges. The information entropy is
normalized by the maximum value of information entropy obtained among all chemical parameters to

obtain the relative information entropy.

Reaction step 2
Mixing with seawater

< \ : bt 2130 2 unit bins
g £ J1B/50 8 range of
P s : ;. l0/30] 0 values/30
; e = 2 values
R oo |[6/30 6
<+ /- i
10°C range ;i : | bin probability (Px;)
1 L R
20 maximum

Temperature (°C)

Figure 3. Scheme describing the calculation of information entropy H for a chemical parameter X. The
decrease of temperature during Step 2 is divided into 10°C ranges (blue dotted vertical lines) and the
information entropy is calculated for each of them. Inside a 10°C range, for each reaction path (black
curve), the value taken by the parameter X is considered every 1°C (red dots). The range of values that

the parameter X takes across all reaction paths for a given 10°C range is divided into bins (black dotted

11
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horizontal lines). The probability of each bin, or P(x;), is the ratio of the number of values contained in

the bin over the total number of values in the 10°C range (red histogram).

3.3. Bioenergetics calculation

The chemical energy available in the fluids during Step 2 for Model C, for which conservative mixing
between seawater and the hydrothermal fluid end-member produces chemical disequilibria, was
calculated for 16 inorganic redox reactions shown in Table 1. Given the composition of seawater and
seafloor hydrothermal fluids, these redox reactions are expected to yield considerable amounts of energy
supporting microbial metabolisms in vent fluids (McCollom and Shock, 1997; Shock and Canovas, 2010;
Amend et al., 2011; Nakamura and Takai, 2014; Reveillaud et al., 2016). The chemical affinity of a

reaction (A,) is defined as
Arl RTln(Kr/Qr)l (8)

where K, stands for the equilibrium constant of reaction 7 in the standard conditions, R represents the gas

constant, T the temperature in Kelvin and Q. the reaction quotient given as
Virl
QL Ilua; )

where a; refers to the activity of the i reactant or product, and v;, stands for the stoichiometric reaction
coefficient of the i" component for the reaction r, with products being positive and reactants negative.
The extent to which reaction r can proceed and supply energy is determined by the concentration of the
limiting reactant [lim] divided by its stochiometric coefficient vs,. Thus, the total amount of energy

available for a given reaction is defined by:

[tim]l

Uzl

Erl Arl

(11)

Table 1. Redox reactions considered for the bioenergetics calculations.

H, oxidation Haag) + ¥2 O2aq) = H2O0
CO reduction 3Hz(qg) + COgg) = CHaag) + H20

12
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CO oxidation
water-gas shift
autotrophic methanogenesis
aerobic methanotrophy
H,S oxidation
SO4* reduction
SO4* methanotrophy
H,S denitrification
H, denitrification
NOj reduction
NOs™ methanotrophy
NH4* oxidation

COqg) + V2 Onaq) = CO2ag)
COqg) + H20 = CO2aq) + Haag)
COz(aq) + 4H2(aq) = CH4(aq) + 2H,0
CH4(aq) + 202(aq) = COz(aq) + 2H20
HaSaq) + 2020g = SO + 2H*

SO42’ + 4H2(aq) +2H* = H2S(aq) + 4H20
CH4(aq) + SO42' +2H* = COz(aq) + H,S + 2H,0
NO;5 + % HaS = % SO* + 2 N, + ¥4 HY + 2 H,O
NO3’ + 2.5H2 +H =% N> + 3H20
NOs™ + 4Ho ) + 2H" = NH4* + 3H,0
NOs + H + % CH4(aq) = 0.5N2(aq) +% COz(aq) +1.75 H,O
NH4* + 20239 = NOs™ + 2H* + H,0

N2 reduction
Fe?* oxidation

Nogg) + 3H2ag) = 2NH3(g)
4F62+ + Oz(aq) +4H* = 4Fe3+ + 2H,0

3.4. Exploration operation

Two scientific teams participated in the exploration, one team located on the ship, the other one involved
through telepresence form the University of Rhode Island. Seven dives of 8 hours each effectively spent
on seafloor were carried out. To simulate some type of planetary operations, the shore-based team was
only allowed to communicate once a day with the ship-based team through a report which included the
dive plan of Dive n+1. This operational constraint led to the following work sequence. Chemical analyses
of fluid samples were performed daily by the ship-based team. The analytical results of samples collected
during Dive n were sent to the shore-based team to be processed with Model A, B and C during Dive n+/
as illustrated in Figure S 2. The results were used by the shore-based team to inform the design of the dive
and sampling plan for Dive n+2, sent to ship for implementation. During exploration, discrepancy
between field data and model results motivated additional modeling efforts to investigate reaction
conditions not considered in the pre-cruise modeling. The first dive was a reconnaissance of the Sea Cliff
vent field and the subsequent dives were alternatively dedicated to the sampling of low-temperature
(<120°C) and high-temperature (>120°C) fluids to serve the microbiological and geochemical purposes,
respectively. In this work configuration, the sampling of a high-temperature dive (Dive n) influenced the

dive plan of the following high-temperature dive (Dive n+2) and similarly for low-temperature dives.

13
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Except for the reconnaissance dive, one sampling site was visited per dive for a total of 6 duplicate

samples and 4 result-informed dive plans.

3.5. Sampling and onboard ship measurements

At each site, a fluid sample and a duplicate were collected using an Isobaric Gas-Tight sampler (IGT)
(Seewald et al., 2002). The temperature was measured continuously during the 3 minutes that the IGT
sampling lasts, giving a way to directly monitor potential seawater contamination during sampling. The
pH value, and the CH4 and H» concentrations are time-sensitive analyses required to be measured daily
onboard ship. Gas chromatography equipped with a Thermal Conductivity Detector (TCD) and a Flame
Ionization Detector (FID) was used to measure H, and CHa, respectively, with detection limits of 3 uM
and 0.05 M. The measurement of the Si concentration was specially implemented onboard ship based on
the results of the pre-cruise geochemical modeling. The Si concentration was measured as total dissolved
silica by spectrophotometry using the silico-molybdate method and portable Hach spectrometers. The
protocol was adapted assuming a salt content close to that of seawater and total sulfide concentration
close to millimolal (Von Damm et al., 2006). Tests showed that the salt content has no influence on the
measurement but that the presence of dissolved sulfide produces a yellow precipitate when adding the
silico-molybdate reagents. In such cases, the samples were acidified to an HCI concentration of 0.01M. In
the process, the dissolved sulfides turn into H,S, which is then removed by purging the sample with N»
gas for 5 minutes. A volume of 10 mL was needed for the spectrophotometric measurement. As most
samples required a 10-fold dilution for the silica concentration to be in the optimal range of concentration
of the method (1-100 ppm), a sample volume of 1 mL was enough for the analysis. Values of pH at
ambient temperature, and concentrations of Si, CH4 and H, were measured on all 12 IGT samples. One
IGT sample leaked and six Si measurements did not work properly due to remaining sulfide interfering

with the silico-molybdate method and therefore these could not be included in the model comparisons.

4. Results

4.1. Information entropy

14
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The Na, Ca, K, Mg, Si and pH(25°C) values of modeled fluids during Step 2 and their relative
information entropies are presented for Model A in Figure 4. The variability between reaction paths
involving a same temperature maximum stems from different rock/water ratios and gas inputs; however,
the latter parameters are less influential on the fluid composition than the temperature maximum. As
mineral precipitation depends on temperature, so do the concentrations of cations removed from or

supplied to the fluid during hydrothermal circulation.

The precipitation of albite fixes Na during the interaction of seawater with basalt at high
temperature (Seyfried et al., 1988). Consistently, as shown in Figure 5a, albite is at equilibrium with the
fluid at the beginning of Step 2 and equilibrates back again at the end of Step 2 for reaction paths for
which high basalt alteration (high R/Ws.,. value) increases the Na, Si, and OH™ in solution. Despite the
formation of albite, the relative variation of Na concentration in response to the water-rock interaction is
low because of the high concentration of Na in seawater, resulting in a low information entropy (Figure

4a and g).

Ca and K have higher information entropies (Figure 4b, c, g and h). The effectiveness of Ca-
fixation by the precipitation of epidote and tremolite decreases with temperature (Seyfried et al., 1988,
1991; Berndt et al., 1989). Accordingly, at the beginning of Step 2, the modeled fluid compositions, at
equilibrium with epidote and tremolite (Figure 5b and c), have Ca concentration increasing with the
decrease of the temperature maximum, which results in relatively high information entropy of ca. 15%. K
is fixed naturally by the precipitation of muscovite at high-temperature and K-feldspar for advanced
oxidizing alteration at low-temperature (Alt, 1995). The modeled fluid compositions are at equilibrium
with muscovite at the beginning and during Step 2 and equilibrate with K-feldspar as the mixing
progresses, which results in an increase of the information entropy from <10 to 15% (Figure 5d, Figure

Se).

Mg uptake by mineral formation is most effective above 150°C (Seyfried and Bischoff, 1979), the

temperature at which clinochlore starts forming (Alt, 1995; Humphris and Klein, 2018). At the beginning
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and during Step 2, the precipitation of talc and clinochlore (Figure 5f and g) results in the fixation of Mg
and high information entropy, >17% (Figure 4d and h). The diversity of Mg concentrations decreases
during Step 2 due to mixing with seawater. The Si concentration shows a great diversity of values below
250°C. The information entropy mostly above 16% increases at low-temperature due to K-feldspar
precipitation (Figure 4e and g). The pH(25°C) values are expected to be strongly dependent on the
reaction conditions as H* is involved in all precipitation reactions. Acidity is generated by Mg- and Ca-
fixation in talc, epidote and amphibole, the formation of which greatly depends on temperature.
Accordingly, pH(25°C) has the highest information entropy over the whole range of temperature with

values mostly above 16% (Figure 4f and h).

Which species shows the highest diversity of concentration is a function of the mixing extent and
therefore, the vent temperature. Over the whole range of temperature from 20 to 400°C, pH(25°C) appears
as the most meaningful measurement; however, having to calculate the change of pH when bringing a
sample from in situ to ambient conditions creates a source of uncertainty, as assumptions must be made
on kinetic limitations hindering redox reactions and mineral precipitation during sample recovery. In light
of these uncertainties, the Si concentration appears to be the best parameter to constrain reaction
conditions of fluids venting below 250°C and was chosen to be measured on-board ship. Calculations of

the relative information entropies for Models B and C lead to similar conclusions (Figure S 3).
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Figure 4. Modeled Na (a), Ca (b), K (c), Mg (d), Si (e) and pH(25°C) values (f) and their information
entropies (g, h) as functions of temperature during Step 2 for Model A. In plots (a) to (f), the color
gradation from purple to red represents the temperature maxima of the reaction paths from 50 to 400°C,
respectively. Curves of the same color correspond to reaction paths with the same temperature maximum

but different rock/water ratios and gas inputs.
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Figure 5. Saturation state of (a) albite, (b) epidote, (c) tremolite, (d) muscovite, (e) K-feldspar, (f) talc
and (g) clinochlore during Step 2 for Model A. The color gradation from purple to red represents the
temperature maxima of the reaction paths from 50 to 400°C, respectively. Curves of the same color
correspond to reaction paths with the same temperature maximum but different rock/water ratios and gas

inputs.

4.2. Modeled fluid composition

In Figure 6 to Figure 10, only the modeled composition of the fluids for pH(25°C), Si, H> and CH4 are
presented and discussed as those were the chemical parameters measured onboard ship. The results of the
onboard ship analysis are discussed below in Section 4.4 to illustrate how comparing the onboard ship
analyses with the forward geochemical modeling influenced our understanding of the Sea Cliff vent site,
dive after dive. As shown in Figure 6, pH(25°C) values derived from Models A, B and C decrease with
increasing temperature maximum, due to the increasing uptake of Mg and Ca in minerals as the

temperature increases. Increases in rock/water ratio and gas input tend to increase and decrease the pH,
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respectively, but overall generate less variability than the temperature maximum. In Model A and B, the
pH(25°C) values decrease at the beginning of Step 2, before increasing and converging toward the
seawater value as mixing progresses. This initial decrease of pH stems from the production of H" by
minerals precipitating as response to the supply of cations by seawater. In reaction paths involving a
temperature maximum of 400°C in Model A, pH(25°C) decreases dramatically at the beginning of mixing
and low pH values are maintained until high mixing extents. This results from the retrograde solubility of
anhydrite, which is expected to form during mixing of hydrothermal fluid end-members with seawater,

creating acidity (Bischoff and Seyfried, 1978; Janecky and Seyfried, 1984).

In Model B, buffering by calcite increases the pH(25°C) values compared to Model A and
decreases the variability introduced by the rock/water ratio and gas inputs. The pH(25°C) values of Model

C are close to those of Model B, with values increasing almost linearly during conservative mixing.

(a) Model A (b) Model B (c) Model C
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8 S o
wE 1755 350°C
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Figure 6. Modeled pH(25°C) values as functions of temperature during Step 2 for Model A, B and C. The
color gradation from purple to red represents the temperature maximum of the reaction paths from 50 to
400°C, respectively. Curves of the same color correspond to reaction paths with the same temperature
maxima but different rock/water ratios and gas inputs. The open squares show the data of Von Damm et
al. (2006). The circles indicate samples in the present study, color-coded according to the dive during

which they were collected. The open star is the seawater value.

As in the case of pH(25°C), the temperature maximum has a more influential effect on Si than

rock/water ratio or gas inputs. The Si concentrations of Models A, B and C increase with the temperature
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maximum and decrease as mixing proceeds as shown in Figure 7. In Model A, the Si concentration is
controlled by mixing with seawater and the precipitation of muscovite and K-feldspar below 200°C,
which increases with the alteration of basalt during Step 2 (Figure 7a). The Si concentration of Model B
drops massively at the beginning of mixing (Figure 7b). The high pH values induced by the calcite buffer
lead to the precipitation of clinochlore, which fixes Si (Figure S 4). The alteration of basalt induces a
subsequent increase of the Si concentration before it decreases again to converge toward the seawater
value. In Model C, the Si concentration is controlled by a conservative mixing between the hydrothermal

fluid end-member and seawater (Figure 7c).
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Figure 7. Modeled Si concentrations as functions of temperature during Step 2 for Model A, B and C. The
color gradation from purple to red represents the temperature maximum of the reaction paths from 50 to
400°C, respectively. Curves of the same color correspond to reaction paths with the same temperature
maxima but different rock/water ratios and gas inputs. The open squares show the data of Von Damm et
al. (2006). The circles indicate the samples in this study, color-coded according to the dive during which

they were collected. The open star is the seawater value.

Building on Models A, B and C that were performed before exploration, Model B2 was
performed during the cruise in light of the results of the onboard ship analyses to investigate reaction
conditions not considered in the pre-cruise models. For the sake of efficiency, the temperature maximum
and values of X;, X; and F were fixed to 400°C, 1, 1 and 0, respectively, which were the most likely
reaction conditions inferred from field data at this time of the cruise. Thus, the reaction paths in Model B2

differ only by the mixing extent during which equilibrium with calcite is maintained. The suppression of
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the calcite buffer at low mixing extent decreases the pH(25°C) values at the end of Step 2 as shown in
Figure 8a. Conservative mixing controls the Si concentration as basalt dissolution and the precipitation of

Si-bearing minerals are suppressed (Figure 8b).
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Figure 8. Modeled values of pH(25°C) (a) and dissolved Si (b) as functions of temperature during Step 2
for Model B2. The colors spanning from red to purple represent mixing extent, in relative vol. %, during
which equilibrium with calcite is maintained. For instance, the blue curve corresponds to a reaction path
in which the fluid is maintained at equilibrium with calcite during the first 10 vol.% of mixing. The
temperature maximum and values of X1, X> and F were fixed to 400°C, 1, 1 and 0, respectively. The open
squares show the data of Von Damm et al. (2006). The circles indicate the samples in this study, color-

coded according to the dive during which they were collected. The open star is the seawater value.

The CH4 and H: concentrations at the beginning of Step 2 increase with the temperature
maximum as shown in Figure 9 and Figure 10, respectively. At high temperature, H» is produced by the
oxidation of Fez+—bearing minerals in basalt (Bischoff and Seyfried, 1978; Alt, 1995; Humphris and Klein,
2018). In our models, the seawater- and basalt-derived CO; is reduced by H, into CHs. The CHgy
concentration at the beginning of Step 2 represents a maximum as reduction of seawater-derived CO»
during hydrothermal circulation is known to be sluggish (McDermott et al., 2015). The correlation
between CH4 concentration and temperature maxima is no longer true for a temperature maximum of
>350°C as CO: becomes more stable than CHs and becomes the dominant carbon species. For reaction
paths with the same temperature maximum, higher rock/water ratios and lower gas inputs during Step 1

tend to produce higher H, concentrations in the hydrothermal fluid end-member. Increasing the gas input
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tends to increase the CHs concentration at the expense of H, as CO; is the limiting reactant in the
formation of CH4 from CO; reduction at high temperature. During mixing in Models A and B, the CH4
and H, concentrations decrease dramatically due to the oxidizing species supplied by seawater that react
with H, and CH4 to form H>O and CO,, respectively. For reaction paths with the same temperature
maximum, high R/Ws., values maintain the CHs and H» concentrations close to nanomolal because the
supply of Fe?* from basalt dissolution during fluid upwelling maintains relatively reduced conditions. The
H, and CH4 concentrations of Model B2 (not shown) are similar than those of Models A and B as Model
B2 also involves equilibrium mixing during Step 2. In Model C, the CH4 and H» concentrations are much

higher than in Model A, B and B2 as they are controlled by conservative mixing.
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Figure 9. Modeled CH4 concentrations as functions of temperature during Step 2 for Model A, B and C.
The color gradation from purple to red represents the temperature maxima of the reaction paths from 50
to 400°C, respectively. Curves of the same color correspond to reaction paths with the same temperature
maximum but different rock/water ratios and gas inputs. The dashed curve represents the evolution of the
CHy concentration assuming conservative mixing between the HI1754 sample and seawater. The open
squares show the data of (Von Damm et al., 2006). The circles indicate the samples in this study, color-

coded according to the dive during which they were collected. The open star is the seawater value.
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Figure 10. Modeled H> concentrations as functions of temperature during Step 2 for Model A, B and C.
The color gradation from purple to red represents the temperature maxima of the reaction paths from 50
to 400°C, respectively. Curves of the same color correspond to reaction paths with a same temperature
maximum but different rock/water ratios and gas inputs. The dashed curve represents the evolution of the
H> concentration assuming a conservative mixing between the HI1754 sample and seawater. The open
squares show the data of Von Damm et al. (2006). The circles indicate the samples in this study, color-

coded according to the dive during which they were collected. The open star is the seawater value.

4.3. Chemical energy

Chemosynthetic microbial communities in vent fluids thrive on the chemical energy that becomes
available when hydrothermal fluids mix with seawater. Bioenergetics modeling, which predicts the
amount of chemical energy available in fluids out of equilibrium for specific redox reactions, can be used
to estimate the likelihood of microbial metabolisms to occur in vent fluids. Chemical energy forms when
kinetic limitations prevent redox reactions to take place during mixing between a reduced hydrothermal
fluid end-member and oxidized seawater, as simulated in Model C. The hydrothermal fluid end-member
is enriched in H,, CHy4, CO and H»S produced by the reduction of seawater-derived sulfate (Figure S 5b)
while seawater is enriched in oxidizing species, among which O,, sulfate and nitrate. The chemical
energies available from disequilibria in fluids involving 16 inorganic redox reactions evaluated via Model
C are presented in Figure 11 and Figure 12. It should be noted that our calculations represent maximum

amounts of energy. If part of the redox reactions were to occur abiotically (McDermott et al., 2020), there
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would be less energy available compared to our calculations. In general, the available energy increases as
the temperature maxima and rock/water ratios increase and it increases as gas inputs decrease because of
increasing amounts of reducing species in the hydrothermal fluid end-member. For reactions involving
methane, and especially for anaerobic methanotrophy using SO.*, the correlation between temperature
maximum and chemical energy no longer holds once the temperature maximum reaches 400°C, as CO;

becomes more stable than CH4 in the hydrothermal fluid end-member.

During mixing of the hydrothermal fluid end-member with seawater, an energy maximum is
reached for each reaction at the transition from conditions where the seawater-supplied oxidized species is
the limiting reactant in the redox reaction to those where the reduced species carried by the hydrothermal
fluid end-member becomes the limiting reactant. This energy maximum is achieved at different extents of
mixing depending on the reaction conditions and the redox reactions considered, which allows us to
identify two groups of redox reactions. In Group 1 (Figure 11), energy maxima are reached at high
extents of mixing. Additionally, the mixing extent corresponding to the energy maximum typically
increases with the temperature maximum of the hydrothermal fluid end-member because of the increasing
content of reduced species. For some reaction paths with a temperature maximum >200°C, the energy
increases continuously throughout mixing with seawater. In these cases, the mixing extent at which the
reduced species becomes the limiting reactant is not reached over the range of mixing investigated. As
shown in Figure 11, the amounts of energy available from the redox reactions are relatively

homogeneous, ranging from 10 to 25 J-kg" and frequently reached at 20°C.

In contrast to Group 1, the redox reactions in Group 2 reached their energy maxima at lower
extents of mixing as illustrated in Figure 12. As a consequence, over the 0-130°C temperature range
suitable for life (Kashefi, 2003; Takai et al., 2008), these energy supplies mostly decrease from energy
maxima at 130°C. Another contrast from Group 1 is that the amounts of energy in Group 2 vary widely
depending on the reaction. As examples, the water-gas shift reaction provides less than 0.1 J-kg', the

energy available at 130°C from CO reduction, Fe** oxidation, and CO oxidation range from 5 to 10 J-kg™',
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and the maximum energy at 130°C varies from 80 to 150 J-kg' for N, reduction, autotrophic
methanogenesis, and SO4* reduction. The energy maximum for anaerobic methanotrophy using SO4* is
one order of magnitude higher, up to 1000 J-kg™ at 130°C. It should be noted that, because the reduction
of seawater-derived CO,, which is sluggish in natural systems (McDermott et al., 2015), occurs at
equilibrium in our models, the modeled CHs concentrations represent maximum values and, as
consequences, the bioenergetics calculation tends to maximize and minimize the energy supply from

redox reactions involving CHy as reactant and product, respectively.
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Figure 11. Chemosynthetic energy of Group 1 reactions during Step 2 for Model C. The color gradation
from purple to red represents the temperature maxima of the reaction paths from 50 to 400°C,
respectively. The curves of the same color correspond to reaction paths with the same temperature
maximum but different rock/water ratios and gas inputs. The vertical dashed line indicates an

approximate temperature limit for life of 130°C.
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Figure 12. Chemosynthetic energy of Group 2 reactions during Step 2 for Model C. The color gradation
from purple to red represents the temperature maxima of the reaction paths from 50 to 400°C,
respectively. The curves of the same color correspond to reaction paths with the same temperature
maximum but different rock/water ratios and gas inputs. The vertical dashed line indicates an
approximate temperature limit for life of 130°C. The y-axis ranges from 0 to 11, 310, and 1150 J-kg" for

plots (a, b, d, d), (e, f, g), and (h), respectively.
5. Evolution of the seafloor exploration campaign

In this section, we show how the interrogation of onboard ship analyses using our forward geochemical
modeling approach improved our understanding of the Sea CIiff vent site progressively, with each

sequential dive, and guided the course of our exploration.
5.1. Pre-exploration studies

The only constraints on the fluid chemistry that existed prior to our SUBSEA expedition dated from a
study of the same site in 2000 and 2002 (Von Damm et al., 2006). Those authors identified several fluid
vents with maximum reported temperatures of ~300°C and an apparently constant end-member
composition suggesting a single hydrothermal source at depth. Their pH(25°C) values and Si
concentrations could be explained by our Model A, based on a maximum temperature of 300°C (Figure

6a and Figure 7a); however, the low Cl concentrations measured by Von Damm et al. (2006) suggested
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that the fluids they sampled may have experienced liquid-vapor phase separation at depth, implying a
maximum temperature above 400°C at depth, beneath the seafloor. Considering reaction paths with
temperature maxima of 400°C, the pH(25°C) values of Model A are 2 to 3 pH units lower than those
measured by Von Damm et al. (2006), who had previously suggested that calcite veining within the old
ocean crust at the Sea CIiff site (perhaps inherited from a previous generation of hydrothermal activity
when the same crust was closer to the ridge-axis), could be buffering the chemistry of the modern-day
fluids during upwelling toward the seafloor. The reaction paths of Model B with a temperature maximum
of 400°C are, indeed, consistent with those measured pH values - but they cannot be reconciled so easily
with that team’s reported Si concentrations (Figure 6b and Figure 7b). Considering the dissolved gas data
reported by Von Damm et al (2006), the measured CH4 and H» concentrations are consistent with the
reaction paths of both Model A and Model B with a temperature maximum >350°C (Figure 9a and b,
Figure 10a and b). This indicates that CH4 and H» could be oxidized under low extents of mixing (dilution
factor <1.33) while fluid temperatures remain higher than 300°C. Model C allows the previously reported
values for pH, Si and CH4 concentrations to be reconciled with reaction paths involving a temperature
maximum of 400°C but it still cannot explain the observed H, concentrations (Figure 6c¢c, Figure 7c,

Figure 9c, Figure 10c).

Thus, none of the models were adequate to completely explain the fluid compositions that had
been reported 20 and 18 years prior to the start of our field program. This knowledge gave our SUBSEA
program the impetus to investigate the occurrence and diversity of hydrothermal vents and associated
diffuse flow sites at Sea CIliff, their chemical composition, and the reaction conditions involved. Our
specific geochemical goals were to determine whether low-temperature water-rock interactions were
occurring or whether all compositions that we observed could be explained by simple two-component
mixing between high-temperature end-member vent fluids and seawater. At the outset of our expedition,
all results of Models A, B and C were considered equally plausible for the Sea CIiff site as illustrated in

Figure 13a.
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5.2. Dive HI751

After an initial reconnaissance dive, Dive H1751 was dedicated to the sampling of a low-temperature
fluid (<120°C) and to a temperature probe survey to determine the diversity of high-temperature vents
available. The IGT sampling was performed on a fluid venting at 35-40°C on the eastern part of the ridge
formed by the hydrothermal vents at Marker A (Figure 1d). Sample temperatures are summarized in
Table 2. The temperature survey showed the presence of several sites where ~300°C fluid exits tens-of-

centimeters-high chimneys while diffusive fluid flow was observed at the bottom of the chimneys.

5.3. Dive HI752

Dive H1752 was dedicated to the sampling of a fluid with the highest available temperature to interrogate
how it compares with the high temperature fluids from Von Damm et al. (2006). The IGT sampling was
performed on a fluid venting out of a one-meter high chimney located in the western part of the vent field,
down the hydrothermal ridge at Marker C (Figure 1d). A temperature maximum of 298°C was recorded,

close to the temperature reported by Von Damm et al. (2006).

Meanwhile, the results of the H1751 sample analysis, shown in Table 2, were processed. No
matter which model is considered, the pH(25°C) value and the Si concentration of the 35-40°C fluid
sample are not consistent with reactions paths involving low-temperature maxima but rather suggest
mixing between a high-temperature fluid and seawater (Figure 6 and Figure 7). Considering Model A, the
pH(25°C) value and Si concentration are best explained by reaction paths with a temperature maximum of
400°C (Figure 6a and Figure 7a). If so, the H1751 sample and the fluids sampled by Von Damm et al.
(2006) could not be genetically related as the CI depletion and the pH values in the latter fluid cannot be
reconciled within Model A. At least two hydrothermal fluid end-members supplying the same vent field
would have to be involved to explain the two kinds of fluid, which has been observed in shallow-sea

venting (e.g., Price et al., 2015).
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None of the reaction conditions of Model B can explain the pH(25°C) and Si concentration of the
H1751 sample (Figure 6b and Figure 7b). Both Model A and B fail to explain the CH4 and H»
concentrations (Figure 9a and b, Figure 10a and b). In contrast, Model C, via reaction paths involving a
temperature maximum of 400°C, can explain the pH(25°C), Si and CH4 values of the H1751 sample, as
well as those of Von Damm et al. (2006) (Figure 6c¢, Figure 7c, Figure 9c). Only the H, concentration is
inconsistent (Figure 10c). Considering a temperature maximum of 400°C, lower and higher H»
concentrations would be expected in the H1751 sample and in the Von Damm et al. (2006) fluids,
respectively. Other processes would have to be invoked such as (1) H, oxidation during mixing down to
300°C as shown in Model A and B followed by conservative mixing from 300° to 20°C as shown in

Model C or (2) H; generation through bacterial fermentation of organic substrates at low temperature.

At this stage, relying mostly on the Si concentration and pH values which offer more confidence
than redox-sensitive species, we concluded that both Model A and C with reaction paths involving a
temperature maximum of 400°C could explain the H1751 fluid composition whereas Model B and the
involvement of low temperature hydrothermal fluid end-members were ruled out as summarized in Figure
13b. In the case of Model C, the H1751 sample and the fluids from Von Damm et al. (2006) can be

genetically related to a single hydrothermal fluid end-member which is not possible with Model A.

5.4. Dive HI753

Dive H1753 was dedicated to the sampling of a low-temperature fluid and to an exploratory transect in
the northern area of Sea Cliff for which new mapping data are available (Clague et al., 2020). A 11-14°C
fluid venting out of a tube-worm rich area was sampled (Figure 1d). The exploratory transect led to the
discovery of a new hydrothermal vent field, named Apollo, ~800 m further north, populated by several

chimneys tens of centimeters high and looking like those at Sea Cliff (Shields et al., 2019).

In parallel, the analytical results of the H1752 sample were processed (Table 2). The chemical

composition of the 298°C fluid sample is close to those reported by Von Damm et al. (2006) and
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consistent with either Model A or C considering a temperature maximum of 300°C and 400°C,
respectively (Figure 6 to Figure 10). At this stage, following Occam’s razor principle that the explanation
that requires the fewest assumptions is the most likely, Model C appeared more likely than Model A
which requires the involvement of multiple hydrothermal fluid end-members to explain the low- and
high-temperature fluid compositions as summarized in Figure 13c. The constancy of the high-temperature
fluid composition over 17 years and the observation of several ~300°C fluid vents are consistent with a
single hydrothermal fluid end-member suppling the Sea Cliff vent field, providing further support to
Model C. Model B offers an explanation for the pH(25°C) values but not for the Si concentration which
led us to refine Model B into Model B2 in which the precipitation of Si-bearing minerals and basalt
alteration are suppressed during Step 2 (Figure 8, purple ‘100%’ line). The hypothesis tested here was that
kinetic limitations prevent the dissolution and precipitation of silicate minerals during fluid upwelling but
not calcite from buffering the fluid composition. The Si concentrations of H1751 and H1752 samples and
of the Von Damm et al. (2006) fluids are consistent with Model B2 but the pH(25°C) value of the low

temperature sample remains overestimated and Model C is still the best fit.

A decision was made to focus the next high temperature dive on sampling a fluid in the 100-
200°C range, which should provide the most information on the reaction conditions as the information

entropies of Si and pH are maximized in this temperature range (Figure 4).

5.5. Dive H1754

Moderate-temperature fluids (100-200°C) were identified on a visual basis as a slight shimmering effect
coming out of the seafloor rather than out of tens-of-centimeters-high chimneys. Measured temperatures
varied from 20 to 280°C when moving the probe by only a couple of centimeters making it difficult to
sample a fluid with a stable temperature measurement in the 100-200°C range. Because of that, sampling
was eventually done on a 283°C fluid vent near Marker A as it combined focused flow with a trustworthy

temperature measurement different from the H1752 sample (i.e., 298°C) (Figure 1d).The observations of
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great gradients of temperature at the centimeter scale suggested that the low-temperature fluids (<120°C)

are the result of extremely shallow mixing, just centimeters below the seafloor.

The analytical results of the H1753 sample were processed (Table 2). Similar information is
retrieved from the analysis of the 11-14°C sample as from that of the H1751 sample (35-40°C) (Figure 6,
Figure 7). The fluid composition is consistent with Model A and C considering a temperature maximum
of 400°C, which implies, in the case of Model A, co-existence of multiple hydrothermal end-members to
reconcile low- and high-temperature vents. The CHs and H> concentrations, in good agreement with
Model C (Figure 9c, Figure 10c), suggest that no abiotic nor biologically driven oxidation occurs, which
is consistent with a rapid shallow mixing. Additional refinements of Model B2 were performed in which
the calcite buffer is removed at various stages of mixing (Figure 8, red to blue lines). At this stage of the
cruise, the observations suggested that the mixing between the ~300°C hydrothermal fluids and seawater
occurred just centimeters below the seafloor such that it is unlikely for calcite to buffer the fluid
composition during this mixing stage. Thus, the hypothesis tested with the refined Model B2 was that
calcite filling ancient hydrothermal veins is remobilized only when interacting at high temperature
(>300°C) with the hydrothermal fluid. Removing the calcite buffer at high mixing extent decreases the
pH(25°C) values at the end of Step 2, which fit the data better (Figure 8a), offering support for the

hypothesis.

The shallow mixing observed between seawater and the high temperature fluids is consistent with
Model C being able to reconcile both low- and high-temperature fluid chemistry. Model B2 is close to
Model C as it requires suppressing basalt alteration, the formation of silicate minerals, and calcite
buffering early during the fluid upwelling to offer consistency with the data. Thus, after the collection of
three fluid samples, the forward geochemical modeling coupled to the onboard ship analysis allowed us to
understand well the reaction conditions at Sea Cliff. In this context, we decided to focus the next high-

temperature dive on sampling fluids at the newly discovered vent site, Apollo (Shields et al., 2019).

5.6. Dive HI755
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Dive H1755 was dedicated to the sampling of a low-temperature fluid at the bottom of the hydrothermal
chimney at Marker C. The temperature probe survey showed again centimeters-thin fluid flows with
temperature varying from 50 to 280°C. Sampling was performed on the most stable fluid flow available.

A temperature maximum of 79°C was recorded (Figure 1d).

Processing the results of the H1754 sample was the last chance to influence the course of
exploration (Table 2). The pH(25°C), CH4 and H» values of the 283°C sample are close to the H1752
sample (298°C) and the data of Von Damm et al. (2006), confirming the presence of a single

hydrothermal fluid end-member stable for at least 17 years (Figure 6, Figure 9, Figure 10).

5.7. Dive HI756

The goal of the last dive was to sample the hydrothermal chimneys observed at the newly discovered
Apollo site (Figure 1c). The temperature probe survey showed several vigorous fluid flows coming out of
one-meter-high chimneys with temperature of ~290°C. A temperature maximum of 292°C was recorded

during sampling.

The analytical results of the H1755 sample were processed (Table 2). Consistent with previous
samples, the 79°C fluid sample is best explained by Models C or B2 (see Figure 6¢, Figure 7c, Figure 8,
Figure 9c, Figure 10c). Model B overestimates the pH(25°C) value, and the CH4 and H, concentrations by
orders of magnitude (Figure 6b, Figure 9b, Figure 10b) while Model A still requires multiple

hydrothermal fluid end-members to reconcile the low- and high-temperature fluid chemistry.

While the ship returned to port, the analytical results of the H1756 sample were processed. The
chemical composition of the Apollo fluid sample is close to that of the high-temperature fluids at Sea
Cliff, suggesting that a single hydrothermal fluid end-member supplies the two vent sites (Figure 6 to

Figure 10, Table 2).
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(a) Before exploration (b) After H1751 sample analysis (c) After H1752 sample analysis

N
Stepl\ v Step 2

N
T max| 100 | 200 | 300 | 400 |
Model ? | 2 [ 2 [ 2 |

Figure 13. Evolution of our understanding of the reaction conditions at the origin of the Sea Cliff vent
fluids as exploration progresses. Scheme (a), (b) and (c) summarize the hypotheses considered relevant
before exploration and after the chemical analysis of the first (H1751) and the second (H1752) fluid
sample, respectively. For clarity, the table at the bottom of each scheme represents a subset of the
temperature maxima considered. A question mark indicates an open hypothesis. A red cross indicates that
the sample analysis provides no evidence for the hypothesis. A, B or C indicates that the sample analysis
offers support for the combination of a given temperature maximum with a given model (A, B or C). This
marking is cumulative from scheme (b) to (c). Samples >H1753 are not represented as they just confirmed

the information provided by sample HI751 and HI1752.

Table 2. Onboard ship chemical analyses of fluid samples

Dive # Sample ID*  Temp. max (°C)*> pH(25°C) SiO2(mM)® CHs (uM)® Hz (uM)®
H1751-1GT2 40 5.97 24 10 127
171 H1751-1GT1 35 6.12 1.7 5 74
H1752-1GT8 298 445 10.1 68 62
1752 H1752-1GT7 sample leaked
H1753-1GT2 14 6.14 0.4 1 b.d.
1753 H1753-1GT1 11 6.35 0.6 1 b.d.
H1754-1GT7 283 447 inter. 62 98
1754 H1754-1GT8 283 4.37 inter. 71 113
H1755-1GT1 78 5.26 inter. 23 21
1733 H1755-1GT2 79 5.51 inter. 24 22
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H1756-1GT7 292 4.15 inter. 67 71
H1756-1GT8 286 4.30 15.3 61 65

1756

" The two samples collected during each dive are duplicates.

dtemperature maximum recorded during IGT sampling

bSi as SiO2 by spectrophotometry, CH4 and H2 by gas chromatography

“inter. stands for ‘interference’ and means that a yellow precipitate formed when adding the reagents of the silico-molybdate
method due to remaining H2S, which interfere with the measurement.

b.d. stands for below detection limits which are of 3 uM and 0.05 pM for H> and CHa4, respectively

6. Bioenergetics calculations as guiding tools

Bioenergetics calculations makes it possible to rank redox reactions based on the energy they can supply
to chemosynthetic microorganisms, which provides a prediction of the likelihood for microbial
metabolisms to occur in vent fluids and upon mixing with seawater (McCollom and Shock, 1997; Shock
and Canovas, 2010; Amend et al., 2011; Nakamura and Takai, 2014; Reveillaud et al., 2016). The better
the reaction conditions at the source of the vent fluids are understood, the more the reliability of the
bioenergetics calculations increases. After two dives, we were able to determine that the diffuse fluids
were most likely the result of conservative mixing between seawater and a >350°C hydrothermal fluid
end-member. From there, the maximum energy available from redox reactions in the low-temperature
fluids, and especially in the fluid samples, could be calculated by considering all relevant reaction paths
of Model C. Because that was not the initial intent for this project, those calculations, which make up a
subset of the results presented in Figure 11 and Figure 12, were only completed post-exploration;
however, they could have been performed during the cruise as soon as the reaction conditions were
identified. Figure 14 presents the results for samples H1751, H1753 and H1755, which correspond to
specific mixing extents and therefore specific vent temperatures. The energies supplied by reactions in
Group 2, namely N, reduction, autotrophic methanogenesis, SO reduction, and anaerobic
methanotrophy using SO,*, show a larger diversity of values over the range of possible reaction

conditions when compared to those for reactions in Group 1. The energy from anaerobic methanotrophy
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using SO4* is one to two orders of magnitude greater than that of any of the other reactions, which mostly
fall within the range 10-20 J-kg"'. With increasing temperature from sample H1753 to H1755 to H1751,
the energies from Group 2 reactions increase such that the reactions of N» reduction, autotrophic
methanogenesis, and SO,* reduction progressively yield more energy than the Group 1 reactions whose
energies simultaneously decrease slightly. Therefore, for low temperature vent fluids such as sample
H1753, redox reactions from Group 1 and anaerobic methanotrophy using SO4* are predicted to be the
most favorable metabolisms for microbes to exploit among the reactions considered. As the temperature
of vent fluids increases, the likelihood of these microbial metabolisms to supply energy decreases

whereas that of microbial metabolisms operating on the Group 2 reactions increases.

Our results are consistent with the study of Amend et al. (2011) in which the energy produced by
the mixing of seawater with representative hydrothermal fluids at vent fields hosted in various rock type
was calculated. As in our calculations, the energy yield from H,-, CHs-, and H»S-oxidation increases as
the temperature of the fluid mixture decreases from 120 to 3°C. Overall, for vent-fluid temperature <40°C,
H,, CHs4-, and H,S-oxidation are the redox reactions yielding the most energy. Above 40°C, although
significant variations exist depending on the host rocks, the energy produced from methanogenesis and
sulfate reduction tends to increase relative to other reactions. In contrast to our study, anaerobic
methanotrophy using SO4* in the study of Amend et al. (2011) yields low amounts of energy compared to
other reactions. This discrepancy may stem from the fact that, in our models, the production of CH4 from
the reduction of seawater-derived CO,, which is known to be sluggish in natural systems (McDermott et

al., 2015), leads to overestimates of the energy supply from redox reactions involving CHjy as a reactant.

Future chemical and microbial analyses of the SUBSEA samples will allow more accurate
depictions of the bioenergetic landscape at Sea Cliff; however, our study demonstrates that, despite scarce
information about the Sea CIiff vent field before exploration, forward geochemical modeling coupled to
bioenergetics calculations allow predictions about the most favorable metabolisms for microbes in the Sea

Cliff vent fluids, which provides (1) a guiding tool for real-time microbial sampling and culture
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experiments aboard ship, and (2) a testable hypothesis about microbial metabolisms in the Sea Cliff vent

fluids that will be returned to in an already planned study of microbial community structure and function

at the same site.
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Figure 14. Chemical energy (J-kg”) of samples H1753 (a), HI751 (b) and H1755 (c) from the redox

reactions of Group 1 (yellow violins) and Group 2 (blue violins), considering reactions paths of Model C

with temperature maxima > 350°C. Only redox reactions supplying more than 1 J-kg' are represented,

which excludes the water-gas shift reaction, CO reduction, F. ol

oxidation, and CO oxidation. The shapes

of the violins show the probability density functions of chemical energies among the reaction paths

considered. A temperature of 25°C £5°C is adopted for the HI753 sample as an approximation of the

measured temperature of 11-14°C because the models were set to stop once the fluid mixture reaches

20°C.

7. Exploration highlights

By the end of the cruise, our forward modeling coupled with onboard ship analyses had enabled us to

demonstrate that (1) a single >350°C hydrothermal fluid end-member provides the source for submarine

venting at both the Sea Cliff and Apollo sites, (2) this source has most likely remained stable over a
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timescale of ~20 years, (3) its conservative mixing with seawater in the shallow subsurface gives rise to

extensive diffuse flow emanating from the seafloor at temperatures as low as 10°C.

Applying information entropy to the outcomes of the forward geochemical modeling led us to
target exploration specifically for fluids in the 100-200°C range and to investigate co-located sites of
diffuse and high-temperature fluid flow just centimeters apart. The observations gained from that
fieldwork helped confirm geochemical evidence for shallow subsurface conservative mixing and
suggested that the hypothesized calcite buffering (Model B) was unlikely to occur. This led us to pursue
new data-driven modeling during the course of our exploration program. We showed that reaction paths
assuming partial equilibrium chemistry (no basalt dissolution nor Si-mineral precipitation) and dissolution
of calcite during part of the fluid upwelling, as proposed by Von Damm et al. (2006), could be consistent
with our pH and Si data, measured in the field, but that simple conservative mixing offered an alternative

explanation that better fits the measured vent-fluid H, and CH4 concentrations.

The sample analyses that allowed us to determine subseafloor reaction conditions at Sea CIliff
were acquired early during our exploration program. The chemical composition of the first low-
temperature sample collected during Dive H1751, together with the end-member vent-fluid compositions
reported previously by Von Damm et al. (2006), already pointed toward a conservative mixing model.
Models assuming equilibrium chemistry appeared less likely, by comparison, because they required the
co-existence of multiple hydrothermal end-members to explain all of the fluid composition data. If the
Von Damm et al. (2006) data had not been available prior to our expedition, a minimum of two dives, one
each to sample a low- and a high-temperature vent site, would have been required to achieve a similar

level of preliminary understanding.

From there, and although it has only been done post-exploration in our study, bioenergetic
calculations could have been used during the cruise to inform the design of microbial sampling. At Sea
Cliff, the likelihood of sampling microbes with metabolisms that were capable of exploiting reactions in

Group 1 and Group 2 decreased and increased, respectively, with increasing vent temperature. Following
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sample collection, bioenergetics calculations could also be used in the future to inform the choice of

chemical environments and settings for culture experiments aboard ship.

Once the analytical results are received by the geochemical modelers on shore, the computational
process of comparing onboard ship analyses with forward modeling outputs takes only a few seconds to
complete — a trivial proportion of the total time required to implement dive-planning protocols. Of
course, when scientific exploration is being undertaken, it is inevitable that new data-driven hypotheses
will also be constructed. But these, again, can be tested in just a matter of a few hours via additional
reaction path calculations (e.g., Model B2). Thus, the time needed for result-informed decision-making
ranges from a few seconds to a couple of hours between dives. Because of operational constraints that
were adopted to simulate those of planetary exploration, we were not able to influence exploration on
such a short time scale during our 2019 SUBSEA expedition. Analyses for samples collected during Dive
n were only reported to shore after we had finalized plans for Dive n+/ and, hence, could only be fed
forward to guide our investigations on Dive n+2. However, with the development of novel in situ sensors
that afford real-time data-visualization by the shore-based team, as is already possible for temperature and
a limited range of other parameters, result-informed decision-making will only become more powerful in

future using the pioneering methodological approach described here.

8. Concluding remarks

This study demonstrates the efficiency of forward and real-time geochemical modeling to maximize
scientific return during exploration of a hydrothermal vent site. In this first test-case, such an approach
allowed us to (1) identify the most meaningful measurements to be performed in the field, and (2)

accelerate our data processing to drastically reduce the time needed for result-informed decision making.

Applying information entropy to our model outputs allowed us to quantify the parameters that
would be the most informative to measure within the system under investigation. In this study, logistical

constraints meant that just one additional parameter could be implemented aboard ship and Si was
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identified to be the most meaningful. However, our model outputs also showed that the choice of
parameter for which the information entropy is maximum actually varies as a function of venting
temperature. Consequently, we anticipate that in the future use of information entropy will allow a new
approach for in situ field measurements to emerge — one in which an array of the most meaningful
parameters to be measured can be chosen as a function of measured temperatures, in real-time during the
course of field exploration. Telepresence, by releasing part of the technical and logistical pressure
available in situ in the field, provides the opportunity and the intellectual space within which to

implement this new approach.

Current scientific field exploration often involves a multiyear experimental cycle, starting with
data and sample collection followed by analysis and modeling which leads to findings that influence the
design of subsequent experimental efforts. In this study, we used telepresence to implement the use of
forward and real-time geochemical modeling during seafloor exploration. This allowed us to reduce the
time needed for result-informed decision making to a timescale of hours and provided us with a core
understanding of the functioning of the Sea Cliff vent site after just two dives, liberating field-time for the
exploration of the newly discovered vent site, Apollo. Our ability to conduct model runs in real time, in
response to new data-driven assumptions, is promising for the exploration of extraterrestrial systems, for
which any initial (Earth-biased) hypotheses about the functioning of a completely unknown system may

quickly prove inappropriate.

Forward modeling also allows any bias induced by pre-existing knowledge to be minimized.
When modeling is relegated to the final stage of any project, only a limited number of models are built
and incrementally refined to interrogate the observations already selected for and completed. Such an
approach dates from an earlier time when calculation was time-consuming and expensive. Under those
conditions the design of theoretical models can be distorted by access to only a limited range of data,
making it difficult to resolve between multiple possible combinations of processes that could give rise to

a specific observation. Modern forward and real-time modeling, by contrast, allows us to explore a much
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larger number of parameters, each varying over wide ranges of values thereby diminishing the influence

of bias inherited from pre-existing observations.

In the context of space exploration, the remoteness of extraterrestrial bodies, not least the ocean
worlds of the outer solar system, makes the maximization of scientific return an imperative. This study
shows that enabling real-time result-informed decision making can enable achieving that goal. In
addition, for all destinations where pre-existing data are scarce, we recommend the development of large
conceptual frameworks within which a wide range of reactions can be explored — an approach that will
simultaneously minimize any reliance upon Earth-based concepts to predict the conditions likely to be
encountered. In this context, forward and real-time geochemical modeling, coupled with information
entropy and implemented via telepresence appear highly promising for future missions to explore beyond

Earth, not least among other Ocean Worlds.
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