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ABSTRACT: One way in which we can attempt to relate chemical | &
pathways to geochemical environments is by studying the kinetics -+ o .
of a given sequence of reactions and identifying the conditions ol ,
under which this chemistry is the most productive. Many prebiotic = @;"!}ea“ P s ealy s |
reactions rely on a source of fixed carbon; therefore, chemical SO, Ky ~2.87x 102 MOE 1 H SO, ke ~102x102 MO8yt H
pathways that suggest prebiotically plausible ways of fixing carbon co, o-’l\o 1l co, A
are of significant interest. One such pathway is the carboxysulfitic e —
reaction network, which uses solvated electrons, produced as a || s0, ky~134x10 MosSyrt H . |
result of electron photodetachment from sulfite, to reduce carbon. | co, pH O o-gor
In this work, we explore carboxysulfitic chemistry at three different === — ;
pH values: 6, 9, and 12. We utilize a new light source, that matches ’[Soz ko~ 1.72 x 102 Me& yr /L ] [302 Ko ~ 742 x 10" MO8 yrt /'L ]
the broadband spectral shape of the young Sun, to irradiate a || ©0: pH 12 o “o} | €O pH 12 0" o)
mixture of bicarbonate and sulfite. We determine the rate equation ’ T

for the production of formate from these compounds and find the

order to be 0.71 + 0.12 with respect to bicarbonate and —0.60 + 0.10 with respect to sulfite. Following this, we determine rate
constants for the production of formate considering two different mechanisms. We find this chemistry to be feasible at all three of
the pH values tested, with the magnitude of the rate constants being highly dependent on the assumed mechanism. We suggest that
these results may have implications for Mars Sample Return owing to Jezero Crater having had lakes similar to those in which we
propose carboxysulfitic chemistry to have been the most productive. Due to Mars’ relatively unaltered surface, we propose that Mars
Sample Return missions could look for preserved tracers of this chemistry, shedding light on Mars’ past conditions and its potential
for having hosted life.
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B INTRODUCTION thermal vents.”’”* One parameter that can be used to
compare these environments is pH. The pH of any given
system has a role in driving key reactions by facilitating redox
processes and determining the speciation of chemical
components.”*>® Thus, by studying the pH of a system, we
can make deductions regarding the chemical landscape of a
given environment. Table 1 shows the pH range across
different environments.

One universal feature of all these environments is their
access to a source of energy.’' There are multiple sources of
energy thought to have been relevant to prebiotic chemistry on
the early Earth.””™*7 In particular, ultraviolet (UV) radiation
can drive aqueous photochemistry and has been found to be
prebiotically productive in both theory’® and experiment,”
making scenarios that utilize UV radiation very promising.*’
One application of UV radiation is the generation of highly

The question of how life began has traditionally been
considered a matter within the realm of chemistry,' > however,
there is increasing evidence that a more interdisciplinary
approach is required.””” Despite this evidence, many
laboratory experiments aimed at synthesizing life’s building
blocks have not yet been attempted under prebiotically
plausible conditions. This makes it challenging to draw
conclusions regarding the feasibility of these mechanisms.
Being able to place these complex reactions within the
narrative of origin of life research requires knowledge of the
environments in which this chemistry is most efficient,” as well
as how it behaves under less optimal conditions. By utilizing
geochemical conditions to inform laboratory experiments and
vice versa, we can attempt to identify promising areas of the
parameter space and better focus our research efforts.”

In order to better determine the interplay between prebiotic
chemistry and the geochemical environment, we must take a
closer look at the physiochemical properties of plausible
environments. Included in these environments are pumice
rafts,"”'! subaerial geysers,12 impact craters, volcanic pools,14
alkaline lakes,">'® mudflats,'” deep seated fault zones'® and
hydrothermal vents,'” including shallow and surface hydro-
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Table 1. Environments Proposed as Potential Sites for the
Origin of Life and Their pH Ranges

environment pH range reference

Alkaline Lakes 6.5-9.0 Toner et al.'®

Marine Hydrothermal Vents 3.8—-6.3 Deamer et al.”’
(Black Smokers)”

Marine Hydrothermal Vents 9.0-9.8 Deamer et al.”’

(White Smokers)“

Glaciovolcanic (Surface) Hydrothermal — 2.0-7.5 Cousins et al.*®
Vents”

Archean Sea water 6.5-7.0 Halevy & Bachan®

Mudflats” 1.4-5.8 Johnson et al.*’

“Based on a series of measurements from collected samples.

reactive solvated electrons.”' ™" The generation of solvated
electrons via UV radiation has featured in several prebiotic
scenarios.”*™*" The plausibility of these scenarios has been
investigated, both in terms of the flux of ultraviolet light48_50
and the availability of anions in solution whose electrons can
be photodetached.’* Sulfite is a notably plausible anion
owing to UV photodetachment of its electron being efficient in
prebiotic environments.*”* In particular, sulfite has been
shown to serve as a source of solvated electrons for the
reduction of carbon dioxide (CO,) in what has been called the
carboxysulfitic scenario.”® A network of the reactions involved
in this scenario has been mapped highl'§hting a critical
pathway involving glycolate production.”” This pathway
proceeds through carboxysulfitic chemistry, yielding essential
compounds crucial for central carbon metabolism.” Carbo-
nate-rich alkaline lakes exposed to UV radiation and fed by
redox-neutral volcanic gases are likely to contain carbonate and

sulfite making these environments ideal for the carboxysulfitic
scenario. A schematic of the mechanism for the reduction of
CO,, and the environment in which we propose this chemistry
to occur, can be seen in Figure 1.

The exploration of prebiotically plausible CO, reduction
reactions, and how they adapt in response to the acquisition or
synthesis of simple organic molecules, has emerged as a key
area of research,’® with the reduction of CO, being of
considerable interest to the wider chemistry community.”>*
In order to relate these chemical pathways discovered in the
lab to prebiotically relevant environments, we need to know
the rates at which these reactions occur. This approach, which
relies on a better understanding of chemical kinetics, has
proven invaluable, as evidenced by several studies.*>*¥*"*~¢!
The plausibility of a prebiotic scenario within a specific
geochemical environment will depend on whether the
approximate time scale required for a reaction to occur in
that environment exceeds the time scales for other reactions or
processes responsible for removing a reactant. Ultimately,
balancing these reactions will require navigating a complex
network of time scales which can only be done by measuring
the rate constants associated with each reaction involved in a
chemical pathway. Therefore, by determining rate constants we
should be able to predict the outcome of our proposed
chemistry within a given environmental context.

In this work, we measure the rate constant for the
production of formate from the UV photodetachment of
electrons from sulfite, followed by their subsequent reaction
with carbon species. This represents the first step of the
carboxysulfitic scenario.”® In order to investigate this photo-
chemical reaction, we use a broadband light source designed to

Figure 1. The Carboxysulfitic Scenario. A conceptual diagram linking the carboxysulfitic reaction network and a geochemical environment.
Volcanic outgassing supplies SO, and CO, to the atmosphere which can then dissolve in mildly alkaline lakes. Dissolution leads to the formation of
bicarbonate (HCO;~) and sulfite (SO;*7). Photochemical reactions involving UV photons and SO;*~ can lead to the production of solvated
electrons. These solvated electrons can then be used to reduce CO,. The effective rate constant for this multistep reaction is denoted as k.
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1. Energetiq: EQ-77 Laser Driven Light Source with an opening angle of 60°
2. THORLABS: 2 x plano-convex lenses with a focal length of 90.3 mm, a center thickness of 26.9 mm and a diameter of 75.0 mm
3. Quartz cuvette and cuvette holder

Figure 2. The Broadband Laser Driven Light Source Setup. The light source (EQ-77 LDLS) has a wavelength range from 170—2100 nm with the
source windows blocking UV light below 200 nm. The lenses used to focus the light on the sample, which was held in a 2 mL quartz cuvette, are
shown.
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mimic the spectral properties of the young Sun’s light as it
would have reached the surface of either the Archean Earth or
early Mars. This light source is used to irradiate a mixture of
sulfite and bicarbonate. We determine the order of this
reaction with respect to each reactant and measure the rate
constant for the production of formate at three different pH
values: 6, 9, and 12, based on two different mechanisms. We
discuss our results in the context of analogous environments,
such as Jezero Crater on Mars, which could potentially host
preserved tracers of this chemistry. We also propose avenues
for future research in anticipation of Mars Sample Return
missions.
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—— Maximum intensity of the LDLS

spectral irradiance (uW cm=2 nm~1)

= Young Sun at Earth (scaled by a factor of 76)

B METHODS Young Sun at Mars (scaled by a factor of 176)
10! T T T T T T T T
Experimental Setup for Sample Irradiation. In all 210 220 230 240 250 260 270 280 290 300

experiments a broadband Laser Driven Light Source (LDLS), wavelength (nm)
the Energetiq EQ-77, was used to irradiate the reaction

Figure 3. Comparative Spectral Irradiance of the LDLS versus the

mixture. This source has a wavelength range from 170-2100 Young Sun. The measured spectral irradiance (4W cm™ nm™") as a
nm, with windows designed to transmit light between 200— function of wavelength (nm) of the LDLS EQ-77 at the center of the
800 nm, blocking much of the infrared (IR) light above 800 focus to the edge of the cuvette (see Figure 2) is shown in gray, with
nm and virtually all of the UV light below 200 nm. A schematic the maximum measured irradiance shown in black. We determine
for the setup of this light source can be seen in Figure 2. scaling factors to place our light source in the context of the young

The spectral irradiance of the light source was measured Sun on early Mars and on the Archean Earth. The predicted spectral

irradiance for the young Sun at a distance of 1.52 AU, scaled by a

spectrometer was calibrated at a waveleneth rance from 210— factor of 176, is shown in light blue. The predicted spectral irradiance
8%0 . DH-3P-CAL Radi ‘gall C gl'b d Lich for the young Sun at a distance of 1.00 AU, scaled by a factor of 76, is
nm using a el tometrically Calibrated Light shown in dark blue. Both lines match the spectral irradiance of the

Source. The calibration protocol does not extend below 210 LDLS as a function of wavelength.
nm. The spectral irradiance (#W cm™ nm™) can be compared
to the spectral irradiance from the young Sun at 1.52 AU, the

using a calibrated Oceanlnsight Flare-S Spectrometer. The

distance from the Sun to Mars, and at 1.00 AU, the distance labeled NaHCOj; was then dissolved into the degassed solution
from the Sun to Earth. To make these comparisons scaling to create a 2.5 mL solution of known concentrations of
factors were approximated using a predicted solar spec- Na,SO; and NaHCO;. The pH of the resultant mixture was
trum.*>%? Scaling factors were determined by matching the tested using an Orion VestaStar Pro Advanced Electro-
spectral irradiance of the LDLS to the solar irradiance from the chemistry Meter from Thermo Scientific. For experiments
predicted solar spectrum. Scaling to the Sun on the Archean conducted at pH 6 and 12, a 150 mM phosphate buffer was
Earth was done by multiplying the LDLS flux by a factor of 76. used. A phosphate buffer stock solution (150 mM phosphate)

Scaling to early Mars required adjusting the solar spectrum to was prepared by dissolving NaH,PO, (1039.8 mg) and
account for the distance from the Sun to Mars and then Na,HPO, (485.1 mg) in a degassed D,O/H,0 (1:4, 80 mL)

multiplying the LDLS flux by a factor of 176. The full spectra solution. To prepare the stock solution for experiments
for the light source and the young Sun can be seen in Figure 3. conducted at pH 6, the pH was adjusted to 2.28 by adding a
General Experimental Procedure. A solution of D,0O/ degassed HCI (6 M) solution. Similarly, to prepare the stock
H,0 (1:4) was degassed by bubbling through argon for 30 solution for experiments conducted at pH 12, the pH was
min. A given mass of Na,SO; and either *C-labeled or non- adjusted to 12.17 by adding a degassed NaOH (3 M) solution.
2135 https://doi.org/10.1021/acsearthspacechem.4c00083
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After checking the pH of the resultant mixture, an aliquot of
2.0 mL was transferred to a quartz cuvette and irradiated for a
given amount of time using the LDLS setup (see Figure 2).

Determination of a Rate Equation. The rate equation
for the production of formate from the initial reactants,
Na,SO; and NaHCO;, can be described as follows:

d[HCO, ]
dt (1)

where d[HCO,~]/dt (mM s™") refers to the rate of production
of formate, ki (mM'™™" s7') is the effective rate constant for
this reaction, fNaZSO3] and [NaHCO;] are the concentrations
of sodium sulfite and sodium bicarbonate respectively (mM),
and m and n refer to the order with respect to each reactant.

To calculate rate constants, the order of reaction with
respect to each reactant was determined. This was done by
varying the concentrations of Na,SO; and NaHCO;, and
measuring d[HCO,~]/dt. Initial concentrations of 100 and 10
mM were chosen for Na,SO; and NaHCO; respectively in line
with the works of Liu et al.”® These concentrations were then
changed by up to a factor of 4. The total irradiation time was
also varied to ensure the reaction network did not progress
past the production of formate (see Table 2).

= k,4[Na,SO,]"[NaHCO;]"

Table 2. Experimental Parameters for Determining the
Reaction Order

[Na,S0;] (mM) [NaHCO;] (mM) irradiation time (min)

25.0 10.0 120
50.0 10.0 90
100.0 10.0 10S
200.0 10.0 90
400.0 10.0 45
100.0 2.5 120
100.0 5.0 120
100.0 20.0 75
100.0 40.0 60

By keeping the concentration of Na,SO; constant and
varying the concentration of NaHCOj, eq 1 can be rewritten as
follows

( d[HCO, ]
In| ———2-
(2)

dt
This equation can then be used to determine the order of
reaction with respect to NaHCO;. This process was repeated,
holding the concentration of NaHCO; constant and varying
the concentration of Na,SO;, to determine the order of
reaction with respect to Na,SO;.

NMR Spectroscopy. For each of these experiments, rates
of formate production could be determined by extracting
concentrations of formate from analysis of *C and '"H Nuclear
Magnetic Resonance (NMR) spectra. Concentrations of
formate were determined by taking 0.8 mL of the irradiated
sample and spiking it with 15 uL of a S0 mM pentaerythritol
standard.

NMR spectroscopy measurements were conducted using a
high-field NMR spectrometer. For most of the experiments the
AVIII 500 MHz Spectrometer was used, equipped with a
BC/'H “Dual” helium-cooled cryoprobe, and operated under
the Microsoft Windows operating system running Topspin 3.7.
The temperature of the probe was consistently set to 298 K for

) = In(k,s) + m In([NaHCO;])

2136

each measurement. Relative integration shows the integral of
the standard peak to be directly proportional to the
concentration of the standard in solution. This enabled
comparison of the intensity of the standard’s signal with its
known concentration, and the establishment of a proportion-
ality constant denoted as x (mM). Once determined, this
constant was used to calculate the concentration of any
products indicated by the '"H NMR spectrum. The relationship
between the integration and concentration, C (mM), can be
defined as follows:

C= Ki

n (3)
where I is the integral of the peak of interest and # is the
number of protons in the species of interest, which in this case
is the pentaerythritol standard. Both 'H and *C NMR
spectroscopy were performed. Further details of these
techniques and subsequent analysis of NMR spectra can be
found in the Supporting Information.

Determination of Rate Constants. After obtaining the
order of reaction with respect to each reactant, the rate
constant for the production of formate, k., could be
calculated. A stock solution of NaHCO,; (100 mM) was
prepared by dissolving NaHCO; (235.2 mg) in a degassed
solution of D,O/H,0 (1:4, 28 mL). The reactant solution (2.5
mL) was then prepared by diluting the NaHCO; stock
solution (10 mM) and adding Na,SO; (31.5 mg, 100 mM).
The pH of this solution was naturally buffered at a pH of ~9.
The general procedure, as outlined previously, was then
followed, irradiating for up to 135 min starting from 30 min
and gathering data points every 30 min. These measurements
were then used to determine the rate of formate production.
To confirm formate as the sole product of this reaction *C
NMR spectra were analyzed (see Figures S22, S31 and S40 in
the Supporting Information). These rates were then applied to
the previously determined rate equation, along with the
measured orders of reaction, to determine the value of k¢ This
procedure was carried out for pH values of 6, 9, and 12. When
discussing rate constants units are converted from mM'™"™"
s7! to M yr! to better contextualize these numbers
within this work.

Error Estimation. Most experiments were carried out in
triplicate to minimize random error. In all figures the average
of these runs was plotted. Error bars represent the standard
deviation of each data set. When performing linear regression
analysis, all of the acquired data was included with a fixed
intercept of zero. To determine the reaction order, the slope of
a plot of the natural logarithm of the rate against the natural
logarithm of the reactant concentration was used. The standard
error of the slope provided the error associated with the
reaction order in each case. For the calculation of the rate of
formate production, the slope determined from a plot of
formate concentration versus time was used. The error in the
rate was taken as the standard error of the slope. This method
for estimating the standard error of the slope relies on several
assumptions: a linear relationship between variables, inde-
pendence of observations, constant variance of residuals across
all values of x, and normally distributed residuals. While these
assumptions are typically met in such analyses, any deviations
could influence the estimated errors.

The rate constants calculated in this work were reported
along with a range, representing the absolute minimum and
maximum value for each rate constant. This range was

https://doi.org/10.1021/acsearthspacechem.4c00083
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Figure 4. The Order of Reaction with Respect to Sodium Bicarbonate and Sodium Sulfite. (a) the order of reaction with respect to NaHCO;,
determined from the slope of the line of best fit to the data. (b) the order of reaction with respect to Na,SO;, determined from the slope of the line
of best fit to the data. Axes are shown as the natural logarithm of the rate of production of formate (mM s™") against the natural logarithm of the
concentration of the reactant (mM). All data points are plotted as an average of the runs with error bars representing the standard deviation of the
data set. The best fit is shown by the orange dashed line with a corresponding equation in the top right corner of each plot.
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Figure 5. The Rate of Formate Production as a Function of pH. (a) experiments carried out at pH 6. (b) experiments carried out at pH 9. (c)
experiments carried out at pH 12. (d) all 3 sets of experiments for comparison with green denoting pH 6, teal denoting pH 9, and blue denoting pH
12. All data points are plotted as an average of the triplicate runs with error bars representing the standard deviation of the data set. Fits for this data
are shown as dashed lines with corresponding equations where [formate] is the concentration of formate (mM), t is time (minutes), and the slope is
the rate of formate production (mM min™"). We calculate the standard error of the slope in each case. The rate at pH 6 is 4.4777 X 107> + 1.5217
X 107% the rate at pH 9 is 8.7903 X 107> + 5.9528 X 107* and the rate at pH 12 is 8.6151 X 10™° + 8.5511 X 107,

determined by assuming that each variable in the rate law
could have been erroneous in a manner that maximized the

deviation from the true value. The errors associated with the
concentration of each reactant in the rate law were not
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Table 3. Rate Laws Derived Based on Different Mechanisms for the Production of Formate

mechanism reactions

empirical N/A
SO, + hv — °SO; + e~

mechanism 1 CO, + e — °CO;

*CO; + HSO,” —» HCO,™ + °SO,~

8O, + hv —> *SO;” + e~

mechanism 2 HCO; +e — HC0327

rate law
d[HCO, ] —0.60 0.71
TZ = k4[Na,SO;] [NaHCO;]
d[HCO,™] 2—1-0.60 0.71
Tz = keg[SO;™] [CO,]
d[HCO, ]

- — keff[so32—]—0A60 [HCOS—]O.H

HCO,*™ + HSO,” — HCO,™ + OH™ + *SO,”

Table 4. Rate Constants for the Production of Formate Scaled for the Young Sun on both the Archean Earth and Early Mars”

Cc

rate constant (M®* yr™')

scaled for the young Sun

LDLS on the Archean Earth on early Mars
pH range” ke range ke range ke range
Empirical Rate Constants (M** yr™')
6.02—6.06 7.27(0) [3.37(0), 1.57(1)] 9.57(-2) [4.43(-2), 2.06(-1)] 4.13(-2) [1.91(-2), 8.91(-2)]
8.92-9.24 1.43(1) [6.38(0), 3.18(1)] 1.88(—1) [8.40(=2), 4.19(-1)] 1.84(-3) [7.95(—4), 422(=3)]
11.92-11.93 1.40(-1) [6.04(-2), 3.21(-1)] 8.11(-2) [3.63(-2), 1.81(-1)] 7.95(—4) [3.43(—4), 1.82(-3)]
Rate Constants Assuming the Reduction of CO, (M®* yr™')
6.02—6.06 1.80(0) [1.16(0), 2.80(0)] 2.37(-2) [1.52(-2), 3.69(-2)] 1.02(=2) [6.57(=3), 1.59(=2)]
8.92-9.24 1.02(3) [3.87(2), 2.67(3)] 1.34(1) [5.09(0), 3.52(1)] 5.79(0) [2.20(0), 1.52(1)]
11.92—-11.93 1.31(4) [1.48(3), 1.15(5)] 1.72(2) [1.94(1), 1.51(3)] 7.42(1) [8.38(0), 6.51(2)]
Rate Constants Assuming the Reduction of HCO;™ (M®®* yr™')
6.02—6.06 3.09(0) [2.17(0), 3.36(0)] 4.07(=2) [2.86(—2), 4.43(=2)] 1.76(-2) [1.23(-2), 1.91(-2)]
8.92-9.24 1.46(1) [6.56(0), 3.22(1)] 1.92(—1) [8.63(—2), 4.24(~1)] 8.28(-2) [3.73(-2), 1.83(~1)]
11.92—11.93 2.11(0) [1.00(0), 4.42(0)] 2.78(=2) [1.32(=2), 5.82(=2)] 1.20(=2) [5.77(=3), 2.51(=2)]

“Average starting and ending pH of triplicate runs. YThe format w.xy(z) is used to denote w.xy X 10° “The range denotes the absolute minimum

and maximum value of the rate constant when maximizing the error.

propagated as their impact was assumed to be minimal
compared to other sources of error. This method for
estimating error allows for the impact of skew and non-
Gaussian errors in linear space to be accounted for, however, it
significantly overestimates the error, as the probability of each
variable varying in a way that causes the rate constant to lie at
either end of the range is low. This method also ignores any
expected codependencies between variables, such as the order
with respect to each reactant. This approach highlights the
need for research into more accurate methods for uncertainty
estimation in this context.

The errors associated with NMR spectroscopy are not
quantified, however, three water suppression techniques are
employed that are suggested to be sufficient in minimizing
errors (see the Supporting Information). It is noted that there
may be other errors associated with NMR spectroscopy that
are not accounted for, however, the accuracy of the
quantitative NMR spectroscopy procedure is high as long as
the concentrations of the species of interest are sufficiently
high (>0.1 mM). It is noted that for experiments producing
low quantities of detectable products, there will be an increase
in the error due to the detection limits associated with NMR
spectroscopy.
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B RESULTS

The Rate Equation. First, we determine the rate equation
by elucidating the order of reaction with respect to both
Na,SO; and NaHCOj. The results of these experiments can be
seen in Figure 4.

A linear relationship, consistent with the data shown in
Figure 4, is adopted here. By performing linear regression
analysis, we determine the order of reaction with respect to
NaHCO; to be 0.71 + 0.12. Looking at the dependence of the
rate on Na,SO; concentration we see a negative correlation,
with increasing concentrations of Na,SOj; leading to decreased
rates of reaction. Using the concentrations of Na,SO; shown in
Figure 4, we determine the order with respect to Na,SOj; to be
—0.60 = 0.10.

Based on these results we define our rate equation as follows

d[HCO,"]

= k [Na,SO,] *°[NaHCO,]*"}
% [(Na,SO; ][ N

(4)
where k. will have units of mM®® 57!, We use variations of
this rate equation to determine the rate constants for formate
production at three pH values: 6, 9, and 12.

Rate Constants as a Function of pH. We measure the
rate of production of formate using constant concentrations of
Na,SO; (100 mM) and NaHCOj; (10 mM). We measure rates
in intervals of 15 min, starting from 30 min and irradiating up
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to 135 min. We do not irradiate past this time point so as to
avoid further reaction of formate which would propagate the
chemical network and thus alter the previously derived rate
equation. The results of these experiments can be seen in
Figure S.

We perform linear regression analysis at each pH and
determine that the fastest rate of production of formate is at
pH 9. We utilize the results shown here to determine rate
constants. We calculate rate constants using three versions of
the rate equation: one based on an empirical rate constant, and
two based on potential mechanisms for the production of
formate. The rate laws can be seen in Table 3. Further
description of the reactions involved in each mechanism, and
the derivation of each rate equation, can be found in the
Supporting Information.

To calculate rate constants we apply the rate laws from
Table 3. For the empirical rate law we use concentrations of
100 mM and 10 mM for Na,SO; and NaHCOj;, respectively.
For Mechanism 1 and 2 we use equilibrium concentrations of
CO,, HCO;™, and SO;>". These are calculated based on the
initial concentrations of NaHCO; and Na,SO; and the pH of
the solution. This was done using a simple model that accounts
for the dissociation constants of carbonic and sulfurous acids.
Table 4 shows the pH range across which rate constants were
measured using the average starting and ending pH of triplicate
runs for pH 6, 9, and 12. Rate constants are shown scaled for
the young Sun on the Archean Earth and early Mars. For the
Archean Earth, the rate constants are divided by 76, and for
early Mars, they are divided by 176. This scaling is based on
the scale factors determined from Figure 3. Rate constants are
shown at each pH, with the range representing the absolute
minimum and maximum values calculated by assuming that
each variable in the rate law could deviate in a way that
maximizes the potential error.

B DISCUSSION

Sulfite Self-Shielding and the Production of Formate.
The orders of reaction were —0.60 + 0.10 and 0.71 + 0.12
with respect to Na,SO; and NaHCO;, respectively. The
negative order with respect to Na,SO; implies that sulfite, at
the concentrations used in this work, may inhibit the reaction
rather than promote it. We suggest this may be due to self-
shielding effects supported by the fact that, at the
concentrations used here, the optical depth of sulfite at
<270 nm is >>1. We cannot explain the order of the reaction
completely, however, investigation of the mechanism based on
the prior work of Deister & Warneck®" allows us to predict
what this order should be if it were due to self-shielding. We
predict the order to be —0.50, which is within error of —0.60 +
0.10. For the derivation of this order from the reaction
mechanism see the Supporting Information.

Based on these findings, we postulate that at lower
concentrations the sulfite will cease to effectively self-shield
leading to a transition threshold, where at some concentration
of sulfite, the trend will switch from negative to positive.
Therefore, we suggest that exploring carboxysulfitic chemistry
at lower sulfite concentrations should be a productive direction
for future work. We also highlight the importance of validating
our rate law by examining the order with respect to each
reactant over a wider range of concentrations. This work could
demonstrate the accuracy and reliability of our calculated rate
constants across a broad range of conditions.
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After determining the order of reaction, we calculate the rate
of production of formate as a function of pH. Figure 5 shows
that the highest rate is at pH 9, with the rate at pH 6 being
~50% lower and the rate at pH 12 being an order of
magnitude lower. The error associated with each rate is
determined to be within 10% of the true value in each case. We
note that the largest error is for the rate determined at pH 12.
We attribute this to the low concentrations of formate present
in our solutions at this pH. This is likely a result of the low
concentrations of both CO, and HCO;™ as would be expected
from the speciation of bicarbonate in a high pH system.”® At
such low concentrations of formate, the accuracy of
quantitative "H NMR spectroscopy is greatly reduced leading
to larger uncertainties and a contribution from systematic
error. While the scatter around our fits at pH 6, 9, and 12 is
generally consistent with random error, there may be a
contribution from systematic error in each case, as is likely for
the results at pH 12. Further investigation into potential
systematic errors in these experiments would be important for
improving the accuracy of the rate measurements, however, it
is unlikely to affect our overall results or conclusions.

After establishing both the order of reaction with respect to
each reactant and the rate of production of formate, we
calculate rate constants as can be seen in Table 4. In our results
we include three rate constants, reflecting the complexity in
fully describing the mechanism for formate production. Two of
these constants are based on distinct mechanisms for formate
production, while the third is an empirical rate constant. Prior
work by Liu et al.>” described the production of formate from
CO, by the direct reduction of CO, to a radical species
following electron photodetachment from SO,>". This radical
species then combines with a proton forming formate.
Although we propose this to be the most likely mechanism,
we also suggest that formate could be formed directly through
the reduction for HCO;~.°*%® Based on this, we posit that the
production of formate might have a contribution from both of
these reaction pathways. Differentiating between these two
mechanisms presents a particular challenge that is beyond the
scope of this paper, however, we suggest that future studies
might be able to distinguish between these reaction schemes
using refined experimental analysis techniques. Thus, we
provide individual rate constants under the assumption that
formate production arises from the reduction of either CO, or
HCO;™.

Impact of pH and Mechanism on the Rate Constant
for the Production of Formate. Table 4 presents rate
constants as a function of pH and the proposed mechanism of
formate production, along with a range of absolute values for
each rate constant. Based on the empirical rate law, the highest
rate constant is found at pH 9. The rate constant at pH 6 is
lower, however it overlaps with the lower end of the range
determined at pH 9. In contrast, the rate constant at pH 12 is
significantly reduced. Regardless of the mechanism used, we
observe an increase in the rate constant going from pH 6 to 9.
For Mechanism 1 we see a general trend of increasing rate
constant with increasing pH, whereas for Mechanism 2 we
observe an increase in the rate constant going from pH 6 to pH
9 and a subsequent decrease in the rate constant at pH 12.
Overall, these observations show the rate constant to increase
from pH 6 to 9, with the mechanism influencing whether the
peak is at pH 9 or 12. This highlights the significant impact the
mechanism has on the productivity of the reaction. Based on
these observations we suggest that future experiments could
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better constrain a general trend by measuring the rate constant
at more pH values, and emphasize the importance of future
work to determine the exact mechanism by which formate is
produced.

We note that in this work we have not determined the order
of reaction as a function of pH. While the rate laws derived for
Mechanism 1 and Mechanism 2 do not explicitly depend on
pH, we observe that the rate constants calculated using
equilibrium concentrations of reactants do vary with pH
suggesting an indirect impact of pH on the reaction. Thus, our
rate constants appear to be pH dependent. As in Zhang &
Millero,” we cannot say whether this inconsistency in rate
constants across different pH levels is due to unaccounted for
pH dependent changes in the mechanism or the influence of a
chemical species whose concentration varies with pH.

Using Kinetics to Inform the Geochemical Environ-
ment. We suggest these findings to have implications for
bridging the gap between chemical processes and the
geochemical environments in which they occur. In order for
formate to be produced via carboxysulfitic chemistry we can
begin to establish a set of criteria to define the environments
that could be the most favorable for the progression of this
reaction network.

One prerequisite for this chemistry is an aqueous environ-
ment containing dissolved CO, and SO,. In much of our work,
we use concentrations of 100 and 10 mM for SO;*~ and
COy(,q), respectively. While it is challenging to find reliable
constraints for environmental conditions on the early Earth or
pre-Noachian Mars, the concentrations we use in this study are
significantly higher than the expected global average
abundances of these substances in natural waters.”' However,
while the global average provides some context, it is not
generally an accurate proxy for local environments, where
variations are important.”” Notably, several local environments
on early Mars are expected to reach or exceed the
concentrations used in our experiments; see our discussion
below. CO, and SO, are typically sourced through volcanic
outgassing, where significant quantities of CO, and SO, can
condense out of the atmosphere and dissolve in aqueous
solutions. Alternatively, high concentrations of dissolved SO,
can be found in hydrothermal waters, where SO, is directly
pumped from below. Alongside the composition of these
aqueous solutions, our findings suggest that the solution
should be relatively alkaline. We base this suggestion on pH 9
providing the highest rate of production of formate at 8.7903 X
107 + 5.9528 X 107* mM min~" as well as the highest rate
constant when considering an empirical rate law.

In accordance with this criteria, we suggest that the
previously proposed high carbonate alkalinity lakes may act
as an ideal setting.'> These lakes not only provide the relatively
alkaline pH for carboxysulfitic chemistry but have also been
proposed to provide many other favorable conditions making
them prime candidates for prebiotic chemistry.'>"°

The final requirement for the progression of this reaction
network is UV radiation. As shown in our methods, the LDLS
we use in this study has a spectral irradiance 76 times higher
than the young Sun on the Archean Earth. Taking this into
account we can predict that, at a spectral irradiance equivalent
to the predicted young Sun,’>** and at a pH of ~9, assuming
Mechanism 1, we would expect to make ~1.34 x 10" M*®
yr~ ! of formate. Similarly, scaling for the young Sun on an early
Mars would result in ~5.79 X 10° M** yr™! of formate being
produced. This method of scaling assumes that all the UV
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radiation from the Sun would penetrate the water and be able
to interact with sulfite to generate highly reactive solvated
electrons. This approach also assumes a linear dependence on
photon flux. We suggest this assumption to be reasonable
based on other sulfite based UV chemistry having been
assumed, or measured, to be linear.*”** It is important to note
that should the scaling not be linear it will be crucial to identify
the functional dependence of the rate constant on the flux in
order to correctly relate these results to alternative environ-
ments. Thus, we stress the importance of this type of work in
the future.

It was previously proposed that prebiotic waters would be
largely transparent to UV radiation, however, more recent
works have suggested that aqueous-phase UV absorbers may
have existed in high concentrations and can block key
wavelengths.”””" For example, prebiotic freshwater environ-
ments have been proposed to be largely transparent to UV
radiation up to tens of meters, however, high salinity waters
such as carbonate lakes may be deficient in shortwave UV flux
(220-260 nm).*° In addition, prebiotic waters that contain
high levels of ferrous iron (Fe?*) can be strongly UV shielded
due to the speciation of iron as ferrocyanide. Although we only
account for the potential shielding effect of sulfite in this work,
we emphasize the importance of considering other such
aqueous-phase UV absorbers and suggest that future work be
done to determine the impact such species may have on rate
constants associated with UV-driven reactions. Further to this,
if our proposed mechanism dominates and the absorption
cross sections of the other species are known, our rate
constants can be scaled accordingly, and can therefore be
incorporated into kinetics models for natural waters of
arbitrary composition.

In addition, other properties of these lakes can severely
impact the chemistry occurring. For example, in all of our
experiments we use a phosphate buffer to control the pH of
our solution. We chose phosphate based on it is prebiotic
plausibility. Recent work by Toner & Catling'® and Haas et
al.”” has demonstrated that alkaline lakes might have provided
conditions relatively rich in phosphate, which we and many
others®'® show is effective in buffering the pH, underscoring
the capability of such water bodies to aid in CO, reduction
reactions. Despite these findings, we recommend investigating
the impact of buffers by examining how various buffer
solutions affect the rate constants determined at different pH
levels. As well as the addition of the phosphate buffer, we pH
control our solutions using both HCI and NaOH. The addition
of these species will have changed the ionic strength of our
solutions. This change could potentially impact the chemistry,
as our original assumption was that the activity coeflicients of
each species would be unity. This assumption neglects the
potential decrease in reactivity that may accompany high ionic
strengths.73 Therefore, we suggest that future work should be
done to determine the impact of ionic strength on this
scenario. Alongside the impact of buffers and non-zero ionic
strength, we suggest other factors such as temperature and
oxygen levels should be explored. These future studies,
combined with ours and others,***”*® will further narrow
down the parameter space and help to place better constraints
on relevant geochemical environments.

We emphasize that while our results do not definitively
suggest that this chemistry is the most productive at pH 9, they
demonstrate that the rate of production of formate is the
highest at pH 9 and that the rate constants determined at pH 9
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are higher than those measured at pH 6 and 12 when
considering an empirical rate law. Further to this, our results
indicate that any environment with a pH between 6 and 12,
such as those shown in Table 1, should be able to host this
chemistry provided the aforementioned criteria are met.
Therefore, we suggest that searching for tracers of this
chemistry in these environments could be a productive avenue
for future work.

The Search for Analogous Environments and
Implications for Mars Sample Return Missions. Following
these conclusions, we look to find analogous environments that
may be conducive to the formation of formate via the
carboxysulfitic scenario. We suggest the optimal environment
in which we would expect this chemistry to occur to be an
aqueous system, open to the atmosphere, and in the photic
zone, with a relatively alkaline pH, and access to a source of
electrons from dissolved SO,. We suggest that, based on this
criteria, we may be able to introduce one further constraint
relating to the alkalinity of the system. In an open system,
under high partial pressures of CO,, it has been shown that
increasing the pH above 7 is difficult due to the speciation of
dissolved CO, as carbonic acid.”*”> One way to overcome this
problem is to have waters with high alkalinity which can act as
a reservoir of buffering capacity. To get such high alkalinities
requires extreme evaporation of solutions that were already
relatively alkaline.”® As water evaporates, the system becomes
highly saline, leading to the formation of high concentrations
of carbonate minerals.”® Therefore, we suggest that the
environment of interest should also have high alkalinity.

Finding environments on Earth that might preserve
signatures of this prebiotic chemistry has previously proved
challenging due to the alteration of Earth’s rock record.”” One
potential environment that might avoid this issue is that of
Mars. Jezero Crater is of particular interest owing to it
previously having hosted paleolakes where carbonates were
deposited, thus this provides an environment analogous to one
where we might expect the carboxysulfitic scenario to have
taken place.”® This environment exhibits various geological
features associated with ancient river delta deposits, which
suggest the presence of a sustained water system in the past.”’
Unlike on Earth, the sedimentary rocks on Mars present a
distinct chance to investigate relatively unaltered deposits that
might have retained organic compounds and potential
signatures of prebiotic chemical processes. This is due to the
cold temperatures, the loss of surface water, and the absence of
tectonics.”” Due to this, we suggest that Mars Sample Return
should focus on looking for traces of carboxysulfitic chemistry
in the rock record. More specifically, we suggest that Mars
Sample Return missions should focus on environments that
have evidence of carbonate formation, as this would be
indicative of relatively alkaline pH which we suggest is the pH
at which the rate of production of formate is highest. These
environments should also be host to sulfite or sulfate minerals
which would imply high concentrations of sulfite in the past.
We note that NASA’s Perseverance Rover has, in fact, already
discovered a blend of crystalline and amorphous hydrated Mg-
sulfate minerals alongside anhydrous Ca-sulfate minerals.*’ In
addition, there has been the discovery of both Mg- and Fe-rich
carbonates in the Nili Fossae region at Jezero Crater.”"*
Together, these facts imply that Jezero Crater could provide
optimal conditions for facilitating carboxysulfitic chemistry.
Should the Mars Sample Return mission discover lake
sediments, deposited within the photic zone, with carbonate
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and sulfur-rich minerals; we suggest that these minerals should
be investigated further to search for inclusions of formate
alongside other stable intermediates, such as acetate and
oxalate,® that are formed as a result of carboxysulfitic
chemistry.

Despite Mars offering a higher preservation potential than
Earth, it is important to note that compounds on the Martian
surface will have been altered by atmospheric chemistry and
radiative processes.”” This problem is compounded by the fact
that the environments proposed for this chemistry would have
required wet conditions, and hydrological activity poses further
challenges for preservation. Moreover, even if these signals had
been preserved, there is the possibility of false positives.**
Despite this, we suggest that the work presented here adds
important paleoenvironmental constraints that must be fulfilled
for this chemistry to operate.

Before Mars Sample Return, the scientific community
should prioritize experiments that focus on making predictions
about what might be expected in terms of “pre-biosigna-
tures”.*> This work should involve wet lab experiments
alongside modeling studies. Rate constants obtained from
experiments, which account for varied geochemical conditions,
should be utilized to model the steady state concentrations of
prebiotically relevant compounds. Using these results we can
aim to come up with a list of compounds we might predict to
be preserved in the Martian rock record as well as their ratios
relative to one another.

Bl CONCLUSIONS

Having explored the production of formate from carbox-
ysulfitic chemistry, we suggest the optimal pH for the
production of formate to be at pH 9 owing to the high rate
of reaction and the comparatively high rate constant when
assuming an empirical rate law. These findings imply that,
should this chemistry have been important in the origin of life,
it may have been the most productive in relatively alkaline
environments such as high carbonate alkalinity lakes which
have previously been suggested to be important for the
formation of other prebiotically relevant molecules. However,
we show that rate constants at pH 6, 9, and 12 indicate
carboxysulfitic chemistry to be feasible across a wide range of
environments.

Should further studies prove carboxysulfitic chemistry not to
be directly relevant to prebiotic chemical synthesis, it could still
serve to trace environmental conditions and verify the
occurrence of broader chemical processes, such as UV-induced
electron photodetachment and the reduction of carbon. These
chemical tracers may be accessible by future Mars Sample
Return missions, however, more work is required to bring this
chemistry further into the geological context of Jezero Crater,
and to carry this chemistry from its ancient origins, through
geological time scales, to the present day. In these future
endeavors, kinetics will continue to lead the way.
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