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Abstract

Cyanide plays a critical role in origin of life hypotheses that have received strong experimental support from cyanide-
driven synthesis of amino acids, nucleotides, and lipid precursors. However, relatively high cyanide concentrations are needed.
Such cyanide could have been supplied by reaction networks in which hydrogen cyanide in early Earth’s atmosphere reacted
with iron to form ferrocyanide salts, followed by thermal decomposition of ferrocyanide salts to cyanide. Using an aqueous
model supported by new experimental data, we show that sodium ferrocyanide salts precipitate in closed-basin, alkaline lakes
over a wide range of plausible early Earth conditions. Such lakes were likely common on the early Earth because of chemical
weathering of mafic or ultramafic rocks and evaporative concentration. Subsequent thermal decomposition of sedimentary
sodium ferrocyanide yields sodium cyanide (NaCN), which dissolves in water to form NaCN-rich solutions. Thus, geochem-
ical considerations newly identify a particular geological setting and NaCN feedstock nucleophile for prebiotic chemistry.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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1. INTRODUCTION

Cyanide is a key ingredient in organic synthesis experi-
ments seeking to understand prebiotic chemistry because
it is a strong nucleophile (i.e. a compound that donates elec-
tron pairs to build carbon-carbon chains and C-N groups)
that forms polymers, nitriles, and cyanohydrins (Sanchez
et al., 1967; Miller and Orgel, 1974; Ferris and Hagan,
1984). Recent origin of life research shows that many prebi-
otic organic compounds can be produced simultaneously
from cyanide in reaction networks involving copper, sulfur,
phosphorus, and UV light (Patel et al., 2015; Ritson et al.,
2018). Cyanide needed for these reactions was likely present
on the early Earth due to production of hydrogen cyanide
(HCN) from photochemistry (including in expected
COs-rich atmospheres) (Zahnle, 1986; Tian et al., 2011),
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high temperature reactions during asteroid impacts
(Fegley et al., 1986; Ferus et al., 2017; Parkos et al., 2018;
Shtyrlin et al., 2019), electrical discharges (Stribling and
Miller, 1987; Cleaves et al., 2008; Ferus et al., 2017), and
cometary inputs (Matthews and Minard, 2006). HCN gas
in the atmosphere dissolves in rainwater and so would have
been deposited onto the early Earth’s surface.

A major problem for cyanide origin of life hypotheses is
that relatively high cyanide concentrations are needed. At
least ~10mM HCN is required for polymerization
(Sanchez et al., 1967) and published prebiotic schemes com-
monly use 1 M HCN (Patel et al., 2015), which is much
higher than oceanic concentrations estimated from atmo-
spheric deposition rates (Stribling and Miller, 1987;
Miyakawa et al., 2002). Low oceanic cyanide is caused by
dilution of HCN inputs, followed by slow decay with water
to form formamide (Miyakawa et al., 2002) and reaction
with formaldehyde to form glyconitrile (Schlesinger and
Miller, 1973) (Supplementary Material, Appendix A).
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Hence, prebiotic cyanide chemistry requires an environ-
mental mechanism for concentrating and protecting cya-
nides from decay.

Some studies have qualitatively hypothesized that cya-
nides could have concentrated in surface environments on
the early Earth as aqueous and crystalline ferrocyanides
(Keefe and Miller, 1996; Patel et al., 2015). Aqueous ferro-
cyanide  forms  via  the  following  reaction:
Fe’* 4+ 6CN™ =Fe(CN);, log K°=3535 at 25°C
(Watt et al., 1965), where the large equilibrium constant
indicates a strong affinity to form the complex. At suffi-
ciently high concentrations, ferrocyanides precipitate from
solution as a variety of insoluble and highly soluble salts
(Williams, 1915). Ferrocyanides may release free cyanide
needed for prebiotic chemistry via UV light, thermal
decomposition, or reactions with hydrogen sulfide
(Arrhenius et al., 1994; Keefe and Miller, 1996; Patel
et al., 2015). In particular, highly soluble Na/K ferro-
cyanide salts thermally decompose to form copious Na/K
cyanide (Patel et al., 2015).

Keefe and Miller (1996) investigated ferrocyanide forma-
tion on the early Earth; however, their model is limited to
dilute solutions and low ferrocyanide concentrations, and
did not include solid phases or environmental factors, such
as carbonate chemistry, that would have influenced ferro-
cyanide formation. Consequently, it is unknown if soluble
ferrocyanides (e.g., Na/K/Ca/Mg ferrocyanides) could have
formed, and if so, in what specific depositional environments.
To address these issues, we develop a novel geochemical
model for ferrocyanide-rich brines using new experimental
data that includes environmental factors such as atmospheric
CO, and solution alkalinity, and accounts for solid phase
carbonate, chloride, and ferrocyanide salts (Supplementary
Material, Appendix B). We then use this model to explore
ferrocyanide formation on the early Earth and the implica-
tions for prebiotic cyanide chemistry (Sections 3 and 4).

2. METHODS
2.1. Geochemical model

We use the Pitzer model (Pitzer, 1991) to explore how
cyanides speciate and accumulate in plausible early Earth
environments and which salts should precipitate. The Pitzer
model accounts for ionic interactions and salt formation in
concentrated brines, and has proven useful for predicting
evaporating solution chemistry and salt precipitation
sequences. As the basis for our Pitzer model, we use FREZ-
CHEM (Marion and Kargel, 2008), which we implement
using the frezchem.dat database in the geochemical pro-
gram PHREEQC. PHREEQC is a freeware, user-friendly
model archived by the US Geological Survey that includes
aqueous equilibria (specifically, the Pitzer equations), as
well as gas-phase and mineral precipitation reactions
(Appelo and Postma, 2005). The frezchem.dat database in
PHREEQC includes FREZCHEM parameters up to ver-
sion 7.2, but does not contain Fe?" parameters. As a result,
we have supplemented frezchem.dat by adding Pitzer
parameters and solubility products for Fe* salts from
version 8.3 of FREZCHEM (Marion et al., 2003).

We also supplement frezchem.dat with parameters for
ferrocyanide salts and ferrocyanide mixtures determined
using experimental data we have gathered and literature
data (Supplementary Material, Appendix B). At a mini-
mum, parameterizing a Pitzer model requires measurements
of ion activity coefficients for the pure salt phases present.
Because data were not available even at 25 °C for NayFe
(CN)g, Mg,Fe(CN)g, and Ca,Fe(CN)g salts, we measured
water activities in these solutions using the isopiestic
method to near saturation (Platford, 1979). Ferrocyanide
solid phases in the model include NayFe(CN)g-10H,O0,
K4Fe(CN)-3H,0, CayFe(CN)g-11H,0, Fey[Fe(CN)gl,
CaK,Fe(CN)g, and MgK,Fe(CN)s. The resulting
PHREEQC program used in this study is given in Supple-
mentary Material, Appendix C.

2.2. Modeled environmental conditions

To constrain environmental conditions in our model, we
need estimates of atmospheric HCN and CO, concentra-
tions on the early Earth, as well as surface water tempera-
tures. For atmospheric CO, levels on the early Earth, we
use a range of values from 0.01 to 1bar CO, from
Krissansen-Totton et al. (2018), who simulated CO, by sys-
tematically varying data-constrained parameters for conti-
nental and seafloor weathering, internal heat flow and
outgassing history, and greenhouse gas levels. Similarly,
we use a temperature range of 0 to 25°C, which spans
the lower end of plausible surface temperatures from
Krissansen-Totton et al. (2018) (0—40 °C with land and 0-
50 °C without any land). We did not model temperatures
above 25 °C because ferrocyanide accumulation preferen-
tially occurs at lower temperatures (Keefe and Miller,
1996).

For the HCN gas concentrations, estimates from high-
temperature models of asteroid impacts range from 10~°
to 107> bar pHCN formed locally near impact sites, to
107° to 107'? bar pHCN distributed globally (Fegley
et al., 1986). HCN deposition rates following asteroid
impacts are several orders of magnitude lager than photo-
chemical production rates (Parkos et al., 2018). Predictions
of photochemical models have a similarly wide range, from
~107* bar pHCN in the case of high CH, concentrations,
to ~107% in the case of low CH, concentrations (Zahnle,
1986; Tian et al., 2011). We use a pHCN range of 107% to
107> bar in our model. We note that the photochemical
and asteroid impact studies referenced above show that
HCN production occurs in weakly reducing CO,/N,/
H,O-rich atmospheres, and does not require a highly
reduced atmosphere.

3. RESULTS
3.1. Ferrocyanide formation on the early Earth

Cyanide inputs to surface environments on the early
Earth would have been in the form of HCN gas, which
dissociates to free CN™ in aqueous solutions (pK, =9.2
at 25 °C). This CN~ then combines with Fe*>" to form fer-
rocyanide; consequently, ferrocyanide formation depends
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on aqueous Fe?*, CN~, and HCN® speciation. To see how
these species vary as a function of pH, we model Fe?"-rich
solutions in equilibrium with HCN gas (Fig. 1). We find
that insufficient cyanide is present as CN~ at low pH to
drive ferrocyanide formation forward. As the pH increases,
ferrocyanide rapidly forms over a narrow pH range as
HCN® dissociates to CN™. In particular, we find that the
pH at which Fe(CN)gf = Fe*" (the equivalence point) is
a useful threshold pH for evaluating the potential for ferro-
cyanide brines to form. Below this pH, ferrocyanide is
minor, whereas above this pH, high ferrocyanide concen-
trations are possible.

Fig. 1 is merely an example with a specific pHCN and
fixed total iron without considering Fe-containing minerals
that might precipitate, so we need to investigate a broader
range of plausible conditions to find the pH range in natu-
ral waters at which considerable ferrocyanide exists. To
determine how the pH of the F e(CN)g’ = Fe?* equivalence
point changes as a function of pCO,, pHCN, and tempera-
ture, we start with an initial solution of 0.1 mM Fe*" based
on modeled Archean surface waters (Hao et al., 2017), and
then titrate with Na,COj; alkalinity until the pH of the
Fe(CN)gf = Fe?t equivalence point is reached (Fig. 2).
The resulting pH values at the Fe(CN)g' = Fe?" equiva-
lence point are 6.9-9.3 (Fig. 2A and B), much higher than
the pH of unbuffered solutions (3.8-4.9 pH), and alkalini-
ties are 107°-2.4molkg™"' in the form of bicarbonate
(Fig. 2C and D).

In general, our results indicate that Fe(CN), is more
stable at lower pCO, and temperature, and higher pHCN.
In all modeled cases, the initial aqueous Fe?' precipitates
as sparingly soluble siderite (FeCO3) or Fe,[Fe(CN)g] (at
low temperatures only), which limits the concentration of
Fe?" to 107°-107° mol kg™~!. For some solutions with high
pCO, and low pHCN (the blank areas in Fig. 2), it is not
possible to reach the Fe(CN)gf = Fe?* equivalence point
because nahcolite (NaHCO3;) precipitates from solution,
which limits the maximum possible alkalinity. As a result,
such environments cannot form concentrated ferrocyanide
solutions.

The previous model results indicate the minimum pH/
alkalinity needed to form significant ferrocyanide in solu-
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tion. Even higher ferrocyanide concentrations occur at
higher pH/alkalinity, and the highest ferrocyanide concen-
trations occur in saturated carbonate or bicarbonate brines.
Consequently, we model the highest possible ferrocyanide
concentrations on the early Earth by saturating solutions
with respect to Na,COj alkalinity in the presence of excess
FeCOj5 (which supplies Fe?" to solution) at variable pHCN,
pCO,, and temperature (Fig. 3). Our model results indicate
that high ferrocyanide concentrations and ferrocyanide
salts occur over a wide range of early Earth conditions in
carbonate brines. At relatively low pCO, and high pHCN,
ferrocyanide concentrations up to 0.7 mol kg™" are possible
at 25°C; in contrast, at relatively high pCO, and low
pHCN, cyanide is present in pM concentrations due to
the relatively low pH and limited availability of HCN
(Fig. 3E and F). The alkalinity in all cases is dominated
by bicarbonate ions because the pH is buffered by acidity
from CO, and HCN gas (Fig. 3C and D).

High ferrocyanide concentrations cause NayFe(CN)g-
-10H,O and Fe,[Fe(CN)g] (Prussian White) to preferen-
tially form at low temperatures, low pCO,, and high
pHCN, shown as “Na-Cy” and “Fe-Cy”, respectively, in
Fig. 3. Solutions in the upper left regions of Fig. 3A-F
are saturated with respect to nahcolite (NaHCO3;) and side-
rite (FeCO3), but as pCO, decreases and pHCN increases,
NayFe(CN)g-10H,O precipitates instead of nahcolite. At
the lowest pCO, and highest pHCN conditions at 0 °C,
sparingly soluble Fe,[Fe(CN)g] precipitates in addition to
NagFe(CN)g-10H,O and siderite (Fig. 3B, D, and F). The
formation of Fe,[Fe(CN)¢] is caused by high HCN gas con-
centrations, which leads to higher CN™ concentrations and
increased iron concentrations from siderite dissolution. We
note that although the solubility of Fe,[Fe(CN)g] is poorly
characterized experimentally (Supplementary Material,
Appendix B), the geochemical rationale for its formation
is reasonable.

3.2. Ferrocyanide evaporites in closed-basin lakes

Our results in the previous section show that ferro-
cyanide salts could have concentrated and precipitated on
the early Earth in NaHCOj;-rich alkaline brines, which
points to closed-basin lakes as plausible environments for

Fig. 1. Speciation in ferrocyanide solutions. Modeled solutions contain 0.1 mM total Fe in equilibrium with pHCN = 10~ bar at 25 °C (A)
and 0 °C (B) at variable pH. The CN~ = HCN® equivalence point is indicated by black circles, and the Fe(CN)gf = Fe®" equivalence point by

4—

grey circles. These equivalence points indicate a turning point in the predominance of CN~ vs. HCN® and Fe(CN);~ vs. Fe*".
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Fig. 2. The pH (A, B) and alkalinity (Alk.) (C, D) needed to form solutions in which Fe*" = Fe(CN); ™ at 0 and 25 °C. Solutions in the white
regions are not possible (i.e., Fe(CN)f << Fe?*) because nahcolite (NaHCO;) precipitates, which limits the carbonate alkalinity and pH to
lower values than needed to reach the Fe?' = Fe(CN)z’ equivalence point. Regions where siderite and Fe[Fe(CN)y] (designated as
“(Fe-Cy)”) precipitate are delineated by dashed lines. The color scale is pH in A and B, and log alkalinity in C and D. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

ferrocyanide accumulation. Closed-basin lakes accumulate
dissolved ions from inflowing water, but have no outflow
except for water loss by evaporation. Consequently, evapo-
ration concentrates ions in lake waters to saturation, result-
ing in salt precipitation (Eugster and Jones, 1979). Closed-
basin lakes with elevated salt concentrations are common in
arid regions, and in many cases attain saturation with
respect to NaHCO3/Na,CO; salts (Kempe and
Kazmierczak, 2011; Pecoraino et al., 2015).

To determine if closed-basin evaporation of early Earth
surface water inputs could precipitate ferrocyanide salts, we
model surface water evaporation at 25 °C in equilibrium
with 10~ bar pHCN and 0.1 bar pCO, (Fig. 4). For the
surface water input to the closed-basin lake, we use the
Archean modeled composition from Hao et al. (2017),
and achieve charge balance by adjusting Cl™: Na®
0.187, K™ = 0.0331, Ca*" = 0.226, Mg*" = 0.191, Fe**
=0.112, CI” = 0.169, and Alk. = 1.109 mM. This surface
water composition does not include SO?{, but sulfate salts

will not significantly affect the evaporative concentration of
ferrocyanide because they accumulate at lower concentra-
tions relative to more soluble chloride salts and do not form
salts with ferrocyanide.

As evaporation of this surface water input proceeds, the
alkalinity increases, raising the pH and causing the precip-
itation of carbonate salts in the order siderite, calcite
(CaCO3;), and MgCO;. At the lowest residual water con-
tents, NayFe(CN)g-10H,O precipitates, followed by halite
(NaCl) and sylvite (KCI) as the final salt. The final brine
contains 0.07 mol kg™* Fe(CN)‘G‘*, which can be compared
to ferrocyanide concentrations of 0.68 molkg™' in pure
NayFe(CN)g solutions. The low solubility of NasFe(CN)g-
-10H,O in brine mixtures indicates a strong tendency to
precipitate ferrocyanide salts in saline lakes. Although we
present results for only one set of environmental conditions
here, the wider set of temperature, pHCN, and pCO, con-
ditions favorable for ferrocyanide salts in Fig. 3 also yield
ferrocyanide salts in evaporative models.
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Fig. 3. Ferrocyanide concentrations in NaHCO; brines. The modeled pH (A, B), alkalinity (C, D), and total cyanide (E, F) in solutions
saturated with Na,COj alkalinity at 0 and 25 °C. Regions where nahcolite, siderite, NayFe(CN)g 10H,O (Na-Cy), and Fe,[Fe(CN)g] (Fe-Cy)
precipitate are delineated by dashed lines. Color scales are pH in A and B, log(Alk.) in C and D, and log(total CN) in E and F. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

4. DISCUSSION low-temperature, NaHCOs-rich, closed-basin lakes. Closed-

basin lakes provide a mechanism for accumulating cyanides

4.1. Implications for the early Earth across hydrologic basins via inflowing waters and evapora-
tion. Furthermore, NaHCOs-rich lake waters would coun-

Our model results point to a specific environment for con- teract acidity from early Earth’s CO,-rich atmosphere,

centrating cyanide needed for prebiotic chemistry: relatively stabilizing aqueous cyanide as ferrocyanide in alkaline
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basin evaporation of Archean river water compositions in Hao et al. (2017). The initial water content of the solution is 1 kg, and the residual
water is the amount of water remaining as evaporation proceeds. The initial precipitation of salt phases is indicated by arrows at the top of the
graph. Evaporation proceeds from right to left, where a residual water content of 1 kg is an unevaporated solution.

solutions. Closed-basin lakes would also concentrate other
potential prebiotic reagents, such as abundant carbon in
the form of carbonate alkalinity, sulfur compounds, phos-
phates or phosphites, and trace metals (Jones et al., 1998).
Alkaline lakes typically form in volcanic closed-basins
due to chemical weathering by volcanogenic and atmo-
spheric CO,, which generates carbonate-rich solutions
(Garrels and Mackenzie, 1967; Kempe and Kazmierczak,
2011; Pecoraino et al., 2015; Lowenstein et al., 2017). The
chemistry of such lakes is determined by chemical divides
(Hardie and Eugster, 1970; Eugster and Jones, 1979) and
primarily depends on the relative concentrations of Ca*"
+ Mg?" + Fe*" and carbonate alkalinity in the inflowing
waters. Studies of present-day closed-basin lake evolution
do not typically include Fe®*, but in anoxic early Earth
waters, Fe?" would have been stable. When Ca®" + Mg?*
+ Fe?' is greater than carbonate alkalinity, most of the
alkalinity precipitates as insoluble carbonates, resulting in
relatively low alkalinity waters (Hardie and Eugster, 1970;
Eugster and Jones, 1979). In contrast, when Ca®' +
Mg?" + Fe®" is less than carbonate alkalinity, these cations
are removed from evaporating waters as their carbonates
and the residual lake water becomes enriched in NaHCOs.
Closed-basin alkaline lakes are commonly found in
mafic (e.g., basaltic) terrains. Experimental studies of
anoxic chemical weathering of basalts (Fabre et al., 2011)
in the presence of CO, indicate that H' is consumed
(increasing the pH), carbonate alkalinity increases, and
Na™ preferentially migrates into the aqueous phase relative
to Ca®*, Mg®*, and especially Fe**. Precipitation of sec-
ondary silicate minerals also consumes Mg>t, Fe?", and
K™ ions, leading to an overall condition of Ca®* + Mg>*
+ Fe®" < carbonate alkalinity. In addition, chemical weath-
ering of mafic minerals such as olivine and pyroxene, as

well as glass abundant in mafic rocks, is relatively rapid
(Gislason and Hans, 1987; Gudbrandsson et al., 2011),
leading to high fluxes of carbonate alkalinity to closed-
basin lakes. Upon evaporation, such inflow waters evolve
to NaHCOs-rich brines.

On the early Earth, mafic and ultramafic rocks were
common and fresh volcanic material would have been
abundant due to active early volcanism (Taylor and
McLennan, 1995). Furthermore, landmasses may have been
present as early as the Hadean based on evidence from zir-
cons (Harrison, 2009), possibly associated with hotspot vol-
canism (Bada and Korenaga, 2018), and there is strong
evidence for landmasses in the early Archean based on
~3.8 Ga sediments in Greenland (Nutman et al., 1997;
Viehmann, 2018). Chemical weathering of such landmasses
in Earth’s relatively high CO, environment (Zahnle et al.,
2010) would have released alkali cations and formed alka-
line waters, which upon evaporation in closed-basin settings
would have formed NaHCOs-rich lakes. Such alkaline lake
environments are inferred to have been preserved in the
Archean geologic record in the Ventersdorp and Tumbiana
formations (Karpeta, 1989; Stiicken et al., 2015), and may
have been abundant in the early Archean and Hadean
also.

A potential complication is that ultraviolet light (UV)
may decompose ferrocyanide in the lake through aqueous
photochemical dissociation (Broderius and Smith, 1980).
Ferrocyanide absorbs UV wavelengths less than 420 nm,
resulting in the rapid formation of an unstable

[Fe(CN)5H20]37 complex and free CN:

Fe(CN);™ + H,0 + hv (< 420 nm)
= [Fe(CN);H,0]" + CN~ (1)
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If ferrocyanide solutions were exposed on Earth’s sur-
face, this reaction would likely have been important
because of a greater flux of near-UV radiation caused by
the absence of a stratospheric ozone layer on the early
Earth (Catling and Kasting, 2017; p. 291).

Although photodecomposition of ferrocyanide via reac-
tion (13) is expected to produce free cyanide as HCN or
CN7, it can only form extremely low concentrations of free
cyanide because of a rapid back reaction. For example,
Asperger (1952) found that exposing 75 mM ferrocyanide
solutions (the concentration at which ferrocyanide precipi-
tates in our evaporative model in Fig. 4) to UV light from
a mercury lamp only decomposes ~0.005 % of the ferro-
cyanide after several hours of irradiation, and that decom-
position completely reverses in the dark. Furthermore,
reaction (13) increases the solution pH, which inhibits the
formation of HCN, resulting in negligible HCN losses to
the atmosphere (Asperger, 1952). Even if HCN were
released during the daytime, it would redissolve in aqueous
environments during the nighttime (Keefe and Miller, 1996).

Alkaline closed-basin lakes could have concentrated
atmospheric HCN as aqueous and solid phase ferro-
cyanides, but prebiotic synthesis schemes require free cya-
nide in the form of HCN® or CN~. Patel et al. (2015)
qualitatively hypothesized that free cyanide could have
been released in quantity by thermal decomposition of fer-
rocyanide salt evaporites, possibly via magmatic activity or
thermal shock from asteroid impact events. The cationic
form of the ferrocyanide salt is important because the ther-
mal decomposition products differ depending on the cation
(Patel et al., 2015). Na and K-ferrocyanides decompose to
NaCN and KCN respectively, and the iron is sequestered
as insoluble iron carbide, which does not recombine to form
ferrocyanide if water is added. Mg,Fe(CN)g decomposes to
magnesium nitride (MgzN,), and Ca,Fe(CN)g decomposes
to calcium cyanamide (CaNCN) and calcium carbide
(CaC,). Such thermal decomposition products can act as
key reagents in prebiotic organic synthesis schemes (Patel
et al., 2015; Ritson et al., 2018). The thermal decomposition
of Fey[Fe(CN)g] has not been studied, but the likely solid
phase decomposition products are iron carbide and carbon,
which have no special significance for organic synthesis.

Our model predicts the new finding that only NayFe
(CN)¢-10H,O and Fe,[Fe(CN)g] would have formed in
early Earth environments, which suggests that thermal
decomposition would have yielded only NaCN for prebi-
otic synthesis. Ca and Mg-ferrocyanides would not form
because concentrated ferrocyanides only accumulate in
highly alkaline brines, which precipitate Ca*" and Mg>"
ions as carbonates. K4Fe(CN)g-3H,O is also unlikely
because it is more soluble than NayFe(CN)g10H,O, and
granitoid continental rocks on the early Earth have low
K/Na ratios compared to modern granites (Condie,
1993), so the source rocks for weathering fluids and river
input should be relatively K-poor. Finally, our model does
not predict the formation of sparingly soluble ferrocyanide
compounds such as CaK,Fe(CN)s and MgK,Fe(CN)g.

Thermal decomposition would have acted on the other
phases in evaporite sequences, along with sedimentary
NayFe(CN)g-10H,O. Based on our closed-basin model

(Fig. 4), the other phases should be Ca/Mg/Fe carbonates,
nahcolite, halite, and sylvite, as well as possibly sulfates
(not modeled here). CaCO; decomposes to CaO at
~800 °C, whereas Mg and Fe carbonates decompose to
their oxides at 400-500 °C (Stern and Weise, 1969). In
contrast, Na/K chlorides and Na,CO; (the dehydration
product of NaHCO3) are stable to very high temperatures.
Although we consider decomposition of single phases here,
we note that decomposition may have occurred in salt mix-
tures, which could alter the decomposition temperatures
and products. The addition of water to likely thermal
decomposition compounds, via surface or groundwater
flows, would hydrate the oxides to hydroxides, and form
alkaline solutions due to Ca/Mg/Fe hydroxide and Na,CO;
dissolution. These decomposition products, although not
necessary for the formation of aqueous NaCN, are compat-
ible with alkaline NaCN solutions.

An alkaline NaCN-rich flow can also provide other
essential chemical species needed for prebiotic chemistry
(Patel et al., 2015). Reactions with pyrite, a common crustal
mineral, would release thiocyanate (SCN™) and bisulfide
(HS™), which can act as a reducing agent to build organic
molecules from cyanide derivatives in photoredox reac-
tions. Vivianite (Fe,(POy4);-8H,0) derived from weathered
meteoric material could dissolve to form ferrocyanide and
release phosphate, a key component of nucleotides (Patel
et al., 2015). Phosphate could also concentrate by evapora-
tion, driving its reactions. Copper (II) sulfides would react
to form bisulfide, as well as copper (I) cyanide (CuCN), a
potential catalyst for prebiotic chemistry, and cyanogen
gas (C,N,), a compound implicated in the formation of
cytosine (Shapiro, 1999). Hence, a variety of prebiotic
ingredients are possible via the interaction of aqueous
NaCN with crustal minerals.

Our model does not predict the formation of Ca,Fe
(CN)g, which thermally decomposes to CaNCN, a compo-
nent in the formation of pyrimidines in prebiotic synthesis
schemes (Ritson et al., 2018). In the evaporite model
(Fig. 4), calcium is removed from alkaline solutions by cal-
cite precipitation. Consequently, cyanamide would need to
form via a different geochemical pathway. Another possible
route for calcium cyanamide synthesis is by the reaction of
CaO (derived from thermal decomposition of CaCQj3) with
nitrogen compounds under reducing conditions (Giithner
and Mertschenk, 2006). For example, CaNCN could form
by post-impact heating of CaCOj if the atmosphere were
temporarily enriched in HCN, or in CO and NHj.

5. CONCLUSIONS

The results presented here show that high ferrocyanide
concentrations and NayFe(CN)e-10H,O and/or Fe,[Fe
(CN)g] salts were possible on the early Earth over a wide
and plausible range of temperature, pCO,, and pHCN. Fer-
rocyanide salts could have formed in closed-basin NaHCO;-
rich lakes, which would have been common on the early
Earth due to high atmospheric CO, and active mafic volcan-
ism. Evaporite salt assemblages containing ferrocyanides
could have thermally decomposed to NaCN, as well as Ca/
Mg/Fe oxides and Na,CO;, which dissolve in aqueous
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solution to form NaCN-rich solutions. This free cyanide
could then have participated in prebiotic reactions. These
results provide a rigorous geochemical pathway for the for-
mation of concentrated, free cyanide, and suggest a specific
environment in alkaline, closed-basin lakes. The results also
indicate a specific nucleophile, NaCN, for prebiotic synthe-
sis. Such a prebiotic lake environment may also be important
for consideration of life originating on other planets, such as
Mars.
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Supplementary Material

1. Appendix A: Potential competing reactions for HCN

There are several reactions not included in our model that can consume HCN produced on the
early Earth, which could limit the formation of ferrocyanide. We briefly consider three such
reactions here: (1) the reaction of formaldehyde (H.CO) with HCN to produce glyconitrile
(C2H3NO), (2) the hydrolysis of HCN to formamide (H3CNO), and (3) the irreversible reaction of
HCN with elemental sulfur or polysulfides to produce thiocyanate ions (SCN").

HCN reacts with formaldehyde to form glyconitrile as follows:
(1) H,CO + HCN = C,H NO

where the equilibrium constant for this reaction is 4.6 x 10°, indicating a strong preference for
glyconitrile formation (Schlesinger and Miller, 1973). This suggests that HCN accumulation in
surface environments requires a greater HCN production rate relative to formaldehyde; although,
formaldehyde could potentially be consumed by many other reactions (Cleaves II, 2008).
Photochemical models of early Earth’s atmosphere suggest that HCN production is greater than
formaldehyde only at relative high methane mixing ratios in the atmosphere (Zahnle, 1986). On
the other hand, asteroid impacts are predicted to produce orders of magnitude more HCN than
formadehyde (Fegley Jr et al., 1986), in which case excess HCN would remain after consumption
by formaldehyde.

Another pathway for HCN destruction is slow hydrolysis to formamide in aqueous solutions,
which then further hydrolyzes to formic acid (Miyakawa et al., 2002). The ocean could act as a
sink for HCN through dissolution and hydrolysis to formaldehyde, which may have limited the
atmospheric HCN concentration available to closed-basin lake environments. Using experimental
measurements of pH-dependent hydrolysis rates, Miyakawa et al. (2002) estimated that the steady
state concentration of HCN in the ocean would have been 2 x 10°® M at a temperature of 0°C,
ocean pH = 8, and assuming a HCN deposition rate of 2 x 10° molecules cm™ s°!. If the ocean is
in equilibrium with the atmosphere, this translates to pHCN = 10 bar using the Henry Law
constant, which is the lowest pHCN value that we consider in our model. However, asteroid
impacts can result in HCN production rates three orders of magnitude greater (Fegley Jr et al.,
1986; Parkos et al., 2018) than assumed in Miyakawa et al. (2002). Given that the steady state
HCN concentration in the ocean scales linearly with the production rate, an increase in the HCN
production rate by a factor of 103 results in pHCN = 107 bar, which is the highest value of pHCN
that we consider in our model.

Finally, we consider the irreversible and rapid reaction of HCN with elemental sulfur and
polysulfide species to form thiocyanates (Luthy and Bruce Jr, 1979). HCN accumulation on early
Earth would only be plausible if the HCN deposition flux to surface environments exceeded that
of sulfur species, with the exception of H>S, which does not react with cyanide. The photochemical
model of Zahnle et al. (2006) indicates that elemental sulfur is produced from volcanic gases, and
is enhanced at low O; and high CH4 mixing ratios. For favorable O, and CH4 mixing ratios, the
nominal flux of elemental sulfur is ~10° molecules cm™ s”'. Given that HCN production rates can



exceed this value, especially during asteroid impacts, we conclude that the accumulation of HCN
in surface environments is plausible.



2. Appendix B: Experimental methods, results, and model development

2.1. Materials

Ferrocyanide salt solutions were prepared by diluting NasFe(CN)s, MgoFe(CN)s, and CaxFe(CN)s
stock solutions. We used NacCl as the reference solution for the isopiestic method described in the
second section below. The NaCl and NasFe(CN)s salts were purchased from online supplies,
whereas we synthesized the MgoFe(CN)s and CaxFe(CN)s salts from BaFe(CN)s. BaxFe(CN)s
was prepared by mixing saturated solutions of NasFe(CN)s and BaCl,, which precipitates
BarFe(CN)g as a sparingly soluble salt. The Ba;Fe(CN)s was then washed with deionized water
until the supernatant was free of Ba?" or Cl salts. To prepare Ca,Fe(CN)g, we mixed an excess of
gypsum (CaSO4-2H,0) with Ba,Fe(CN)s. The Ba?" precipitates as insoluble BaSQs, leaving
behind the soluble calcium ferrocyanide salt. To prepare Mg>Fe(CN)s, we mixed a slight excess
of MgSO4 and BaCO3 with BaxFe(CN)s. The BaCOs addition combines with excess MgSOs to
precipitate insoluble BaSO4 and MgCOs salts. We separated the resulting slurries by centrifuging
and then filtering the supernatant at 0.45 pm. Finally, we purified all salts by (1) making saturated
salt solutions and (2) recrystallizing the solutions and discarding the supernatant. We then prepared
near-saturated stock solutions from the residual crystals.

We measured the concentration of the NaCl stock solution gravimetrically by dehydration in a
vacuum oven overnight at 250°C and 0.02 mbar. For the ferrocyanide solutions, dehydration leads
to partial decomposition on the salt and/or the salt retains water despite extensive drying (Vallance,
1927; Williams, 1915). As a result, we measured the concentration of these solutions
gravimetrically as Fe;Os; using the following procedure. First, we acidified aliquots of the
ferrocyanide solutions with concentrated H>SO4 under a fume hood, and heated the mixture on a
hot plate slowly until all the H>SO4 evaporated at ~300°C. This decomposes the ferrocyanide into
iron sulfate salts. Completeness of decomposition could be tested by adding water to cooled
samples. This precipitates Prussian blue if cyanide remains, in which case the decomposition
procedure was repeated. After decomposition, samples were acidified with HNO3 and heated to
boiling to oxidize Fe** to Fe’', and then neutralized with concentrated ammonia to ~7 pH to
precipitate iron hydroxides. We then filtered this precipitate and ignited the sample at 950°C to
yield Fe;Os. Triplicate analyses of the stock solutions gave results within £0.01 (Table 1).

2.2. Water activity measurements and results

The isopiestic method measures water activity by equilibrating an unknown solution with a
reference solution over the vapor phase. Water vapor will transfer between the two solutions until
the water vapor pressures over the reference and unknown solutions are equivalent, i.e. until their
water activities are equivalent. The final weights after equilibration determine the amount of water
transfer between the solutions, and their equilibrium concentrations. Because (1) the water activity
of the reference solution is known and (2) the water activity in the reference and sample solutions
are equal, this measurement determines the water activity of the sample solution as a function of
concentration.

We recently developed a set of ten glass isopiestic apparatus comprised of two ~10 ml glass flasks
(Toner and Catling, 2018), each containing a small magnetic stir-bar (2 x 7 mm) to agitate the
solutions, and connected to a glass manifold via ground-glass joints using hydrocarbon-based



grease. Briefly, the experimental procedure consists of weighing solutions of known concentration
into the vials, evacuating the apparatus down to 0.05 mbar, and equilibrating the samples at 25 +
0.01 °C in a water bath over a period of two to five days. Then, we weighed each solution. Platford
(1979) provides a detailed description of the isopiestic method. Results from the isopiestic
experiments are given in Table 2 and Fig. 1.

2.3. Geochemical model

To model concentrated ferrocyanide solutions, we use the Pitzer model (Pitzer, 1991). The Pitzer
equation for the excess Gibbs energy of solution (G**) in a mixed aqueous salt solution containing
cations ¢ and anions a is given by:

GEX = —4A¢ ln(1+bﬁ)é+zzmcma (2ﬂca +ZCca)+Zchmc' [2¢cc’ +mazl//“"“}+
szama’ (ZQM' +mczl/jaa’6j

In this equation, subscript M indicates a cation, subscript X indicates an anion, ¢’ is a cation
different from c, a'is an anion different from a, b is a constant (1.2 kg mol-"?), I is the ionic
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strength given by [ = EZm[zl.2 , zi is the ion charge, Z is given by Z = Zml. ‘Zi ,and 4, is the

Debye—Hiickel limiting law slope. Differentiation of G** with respect to moles of water ( 7, ) and
salt (n,) at molality m (mol-kg!) leads to expressions for the activity coefficients for water (ay)

and salt () respectively:
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Importantly, water activities are commonly reported as osmotic coefficients (¢ ), which are related
by the equation:
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where EHI.]. is a higher-order electrostatic terms that account for interactions between ions of the

same sign, but different charge (i.e. z, # z,), and g(x) is given by:

2[1—(1+x)e’x]

®  g)= =

These equations indicate that the Pitzer equations describe properties in mixed electrolyte solutions
using the empirical parameters 3, g, s® |, C?, 0, v, «,, and a,. For a more complete

description of the Pitzer model employed here, see Marion and Kargel (2008).

Ferrocyanides undergo extensive speciation in aqueous solutions because of the high negative
charge. Aqueous chemical models deal with speciation either by (1) explicitly including aqueous
complexes and their association constants in the model, or (2) treating the salt as free ions and
implicitly accounting for ion association effects. The first approach is generally used for relatively
dilute solutions, but for concentrated solutions relevant to the Pitzer approach (therefore relevant
to this study), the second approach is used. For example, MgSOs salts are well-known to form
aqueous MgS04° complexes, but Pitzer models including this salt treat it as fully dissociated Mg?*
and SO4* ions (Pitzer and Mayorga, 1974). The ion activity (i.e., the effective salt concentration
that controls reactions) modeled in this treatment is interpreted as a “mean ion activity” that
implicitly incorporates the effects of any MgSO4° complexes. When applied to mixtures, this
approach is able to accurately represent MgSOs solubilities in mixed, concentrated salt systems
(Harvie and Weare, 1980). Ferrocyanides also form ion pairs in solution, but as for the MgSO4
system, we treat the ferrocyanides as fully dissociated electrolytes, and implicitly account for ion
pairing effects in our ion activity model.

2.4. Model development

2.4.1. HCN parameters
The solubility of gaseous HCN in water is governed by its Henry Law constant ( K }}):

a a

HCN®

HCN® ~

) K=
fi HCN@ — PHoN)
where the gas fugacity ( /') is well approximated by partial pressures (p) at ~1 bar. For K|}, we use

the temperature dependent equation from Ma et al. (2010), which investigated HCN gas solubility
at low partial pressures relevant to Earth systems:

(10) logK; =-10.9978+3563.72/T

Here and subsequently, ‘log’ is to the base 10. Once dissolved in water, HCN? behaves as a weak
acid and dissociates into H" and CN". The dissociation constant for this reaction referenced to
infinite dilution (K., ) is given by:

HCN



a.a. ..
(11)  Kpe =15

HCN
HCN?

We use dissociation constants from the critical review of Kyle and Hefter (2015) (their equation
4b), and fit these values to a temperature dependent equation:

(12)  log K =—89.3669+1631.26/T +30.18291og T

2.4.2. Ferrocyanide parameters
Aqueous cyanide strongly reacts with Fe?" to form the Fe(CN); complex:

(13)  Fe** + 6CN” = Fe(CN)*

For the equilibrium constant in this reaction, we use logKfq = 35.35 at 25°C from Watt et al.

(1965). Values at lower temperatures are not available, so we extrapolate Kfq to lower

temperatures using the van’t Hoff relation:

olnk; 0
gy et
oT RT

where AH? is the enthalpy of reaction at 25°C from Watt et al. (1965) (-358.86 kJ mol ') and R
is the molar gas constant.

We determine binary Pitzer parameters for NasFe(CN)s, KsFe(CN)s, CaFe(CN)s, and
Mg Fe(CN)s solutions over a temperature range of 0 — 25°C using several data sources (Fig. 1,
Table 3): (1) isopiestic data at 25°C (this study, Table 2), (2) freezing-point depressions, and (3)
osmotic pressure data at ~0°C. Freezing point depressions give the solution water activity because
the solution is in equilibrium with ice, and the equilibrium constant for ice is equal to water activity
(Lewis et al., 1961), i.e. K2, = aw. Osmotic pressures (P,s) have been measured at 0°C for pure

ferrocyanide salt solutions (Hartley and Burton, 1908; Hartley and Stephenson, 1909), and are
related to water activities by the equation:

(15) a, :exp(—POSVORT)

where V) 1s the molar volume of pure water. Experimental water activities are related osmotic
coefficients via equation (4).

To fit experimental osmotic coefficient data, we assume a, = 2 and o, = 1 for the Na and K
ferrocyanides, and «, = 3.2 and «, = 1 for the Ca and Mg ferrocyanides. The ¢ and «,
parameters are used in equation (5) to calculate the . parameters (see Section 2.3). We choose
the values of ¢ and ¢, to accurately represent the experimental data, and as a matter of numerical

convenience. We assume a temperature dependence for Pitzer parameter (P) using the equation:



(16) P=a,+a,(T—-298.15)+a; (7" ~298.15)

where q; are fitted parameters. We do not constrain the temperature dependence of Mg>Fe(CN)s
solutions (Fig. 1D) because there is insufficient data for this salt below 25°C. Furthermore,
aqueous H4Fe(CN)s and Fe Fe(CN)s were not investigated in this study, so we assume their Pitzer
parameterization by analogy to other salts. For HsFe(CN)s, we assume the NasFe(CN)s
parameterization, and for FeoFe(CN)eg, we assume the CaxFe(CN)g parameterization. Overall, our
Pitzer model accurately represents osmotic coefficients up to saturation (Table 3, Fig. 1); however,
freezing-point depression measurements of Burrows (1923) and Fabris (1921) significantly differ
from both this study and other freezing-point depression studies.

2.4.3. NaCN and KCN parameters

To our knowledge, water activity measurements are not available for NaCN or KCN solutions,
probably because of the high toxicity of these solutions and experimental issues with the formation
of HCN gas by hydrolysis. To estimate Pitzer parameters for NaCN, we use experimental pK,
values for HCN in NaCl solutions up to 5 mol kg at 25°C (Verhoeven et al., 1990). NaCI-HCN
mixtures will be governed by binary Pitzer parameters ( 3", ", p*, and C?) for NaCl, NaCN,
HCIl, and HCN, and mixture parameters (6 and ), where the parameters involving cyanide
species are unknown. Mixture parameters involving cyanide will have a minor influence on
activity coefficients (Pitzer, 1991), as will binary HCN parameters, due to the relatively low
concentrations of both H" and CN". As a result, only the unknown binary NaCN parameters will
significantly influence ion activity coefficients. Binary NaCN parameters may be estimated as
follows.

The dissociation reaction HCN® = H" + CN- is given by Kucn:

[H'][CN"]

(A7) Ky = THCN']

where square brackets indicate molal concentrations. The equilibrium constant referenced to

infinite dilution (K}, ) for this reaction is related to Kucn through the equations:

(18) Koo = Gy b P [HT7o [CNT] Ko Vi Ven
0
aHCN" g HCN® [HCN ] g HCN®
(19) KI(—)ICN —Kyex LS =0
HCN?

To fit experimental Kucn values to our model, we apply a sum-least-squares fit to equation (19)
by varying the binary NaCN Pitzer parameters (which influence the activity coefficients), where
pK ey at 25°C is set equal to 9.21. The resulting fit accurately represents experimental pKucn

values (Fig. 2, Table 3). For KCN, we assume that the Pitzer parameters are the same as for NaCN.
We do not specify Pitzer parameters for Ca(CN), and Mg(CN); salts. As discussed in following



sections, Ca?*, Mg?*, and CN- concentrations in early Earth ferrocyanide brines are too low to
significantly influence modeled activity coefficients due to carbonate precipitation.

2.4.4. Solid phase equilibria
To fit solubilities in ferrocyanide solutions in our model, we use the temperature dependent
equation:

(20) logKeOq =a,+a,/T+a,T

where a; are fitted parameters. With the exception of K4Fe(CN)¢ solutions, solubilities in
ferrocyanide solutions are poorly characterized at low temperatures, and not at all for the
Mg Fe(CN)s system. There is some disagreement on the solubility of NasFe(CN)s-10H2O at low
temperatures, where Friend et al. (1929) predicts relatively high solubility. We choose to fit our
model to the lower concentration measurements of Conroy (1898) because they are consistent with
other studies at 25°C, whereas values in Friend et al. (1929) are significantly higher. For the
K4Fe(CN)g, NasFe(CN)s, and CarFe(CN)s systems, our model predicts eutectic temperatures
of -1.57, -1.19, and -10.1°C respectively, which are in good agreement with literature values
of -1.58 (Fabris, 1921), -1.4 (Farrow, 1927), and -10.1°C (Farrow, 1927) respectively.

We also include solubility data in mixtures containing ferrocyanide salts (Fig. 4, Fig. 5).
Ferrocyanide mixtures have a marked tendency to increase the total ferrocyanide solubility relative
to the single salts (Harkins and Pearce, 1916). For example, saturated NasFe(CN)s and K4Fe(CN)s
solutions at 25°C contain 0.68 and 0.85 mol kg™! Fe(CN);" respectively, whereas a Na-K-Fe(CN)s

mixture saturated with respect to the Na™ and K* salts contains 2.16 mol kg™ Fe(CN);". The high

mutual solubility of ferrocyanides is likely due to ion pairing. The Pitzer model has difficulty
fitting solubilites in mixed ferrocyanides because ionic strengths in the mixtures are extremely
high (22 mol kg™! in the case of Na-K-Fe(CN)¢ mixtures), and are far beyond ionic strengths in the
component binary solutions.

Experimental data on ferrocyanide solubility in chloride and carbonate mixtures is extremely
limited, and we are not aware of any solubility measurements in mixtures with bicarbonate. Conroy
(1898) presents solubility values for various mixtures saturated with one or more salts in carbonate
and chloride solutions, but does not indicate what phases are present, so the data is of questionable
use. Data is available in the Na-Cl-Fe(CN)s and Na-COs-Fe(CN)s systems from Fleisher and
Osokoreva (1935), and our model fits to this data are excellent (Fig. 4C, D). The general lack of
data in ferrocyanide mixtures points to a need for further experimental work.

We include solubility parameters here for several sparingly soluble mixed ferrocyanides, although
we note that the experimental data on these compounds is extremely limited and scattered. For
sparingly soluble CaK,Fe(CN)s and MgKoFe(CN)g salts, we estimate the solubility temperature
dependence by assuming a linear trend from ~20 to 100°C (Fig. 5). A Fex[Fe(CN)g] salt, Berlin
White, is also known to form, which is related to the compound Prussian Blue (Williams, 1915).
We are aware of only one literature value of 1.4 x 10 mol kg™ at pH 6 for the solubility of this
salt (Hendrickson and Daignault, 1973). This solubility is similar to other salts of the type
M:Fe(CN)s, where M is a transition metal cation (Tananaev et al., 1956).
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Table 1. Concentrations of stock solutions used in the isopiestic experiments.
Salt Stock Concentration (mol-kg™!)
NaCl 6.078 +0.002
NagFe(CN)s 0.524 + 0.001
CaFe(CN)s 1.560+0.010
MgyFe(CN)s  1.187 +£0.002

Table 2. Osmotic coefficients (¢) derived from isopiestic experiments using NaCl as the reference
solution and NasFe(CN)s, MgoFe(CN)s, and Ca2Fe(CN)s as the sample solutions. Here the m is the
molal concentration (mol kg™).

MNaCl TNa,Fe(CN)s ¢ MNaCl PMg.Fe(CN)e ¢ MNaCl TNCaFe(CN)s I
0.1092 0.0598 0.6800 0.1517 0.2143 0.4372  0.0933 0.1921 0.3022
0.1478 0.0830 0.6602  0.1881 0.2750 0.4213 0.1304 0.2721 0.2966
0.2031 0.1169 0.6419  0.2550 0.3772 0.4154 0.1706 0.3535 0.2977
0.2575 0.1509 0.6290  0.3022 0.4431 0.4187 0.2191 0.4519 0.2982
0.2587 0.1517 0.6286  0.3786 0.5213 0.4458 0.2686 0.5210 0.3167
0.3163 0.1900 0.6131 0.4086 0.5520 0.4544  0.3328 0.6125 0.3335
0.3688 0.2239 0.6066  0.4852 0.6143 0.4853 0.3876 0.6765 0.3517
0.3744 0.2277 0.6055  0.5252 0.6533 0.4942  0.4837 0.7732 0.3844
0.4176 0.2566 0.5994  0.6082 0.7123 0.5261 0.5371 0.8274 0.3992
0.4663 0.2888 0.5950  0.6530 0.7418 0.5431 0.6631 0.9179 0.4459
0.4701 0.2896 0.5982  0.7362 0.7981 0.5706  0.7305 0.9667 0.4674
0.5433 0.3392 0.5911  0.7827 0.8298 0.5844  0.9299 1.0703 0.5413
0.6129 0.3844 0.5895 0.8725 0.8751 0.6199 1.0112 1.1158 0.5666
0.6172 0.3874 0.5890  0.9320 0.9094 0.6386 1.2018 1.2172 0.6226
0.6720 0.4220 0.5898 1.0096 0.9494 0.6648 1.2890 1.2563 0.6497
0.7166 0.4535 0.5860 1.0793 0.9873 0.6854  1.4957 1.3490 0.7094
0.7212 0.4563 0.5864  1.2040 1.0428 0.7281 1.5815 1.3839 0.7346
0.7847 0.4963 0.5878 1.2855 1.0803 0.7534  1.8259 1.4793 0.8041
0.8335 0.5295 0.5863 - - - 1.9312 1.5178 0.8339
0.8391 0.5348 0.5845 - - - - - -
0.9083 0.5770 0.5880 - - - - - -
0.9525 0.6063 0.5878 - - - - - -
0.9598 0.6109 0.5881 - - - - - -
0.9639 0.6128 0.5888 - - - - - -
1.0789 0.6853 0.5922 - - - - - -




Table 3. Values for temperature dependent binary Pitzer parameters used in equation (16).
parameter ao a @

rcn,. 5.1895E-01  -7.1016E-03  —
B racr,© 9.5653E+00  -5.3788E-02 -

B e, - 1.3045E+00  7.8866E-02 -
Clorecn, " -9.6713E-02  3.7854E-03  —
Bivecr, 3.9931E-01  7.6200E-03  —
B e, 7.1211E+00  7.7346E-02 -
o, 1.5967E+00  -1.0196E-02
CE e, -7.7655E-02  -2.6467E-03  —
B raen,” T6812E-01  -4.7633E-01  8.4030E-04
B e, © 45582E+01  4.1868E+01  -7.2742E-02
B rien, . 1.2530E+01 - _

Clrac,®  25717E-02  -7.4208E-03  -2.1868E-04
B pec, 8.0940E-01  — _
Lo e, 6.4514E+01 - _
Biareicn, 13903E+01  — _
Clorec,  T-5225E-02 - ~

N -1.0350E-01 — N
I(\T{a)CN ¢ 7.3860E-01 — _
Cliox € 4.0660E-02  — _

2Parameters also assumed for HsFe(CN)e.
bParameters also assumed for FexFe(CN)s.

‘Parameters also assumed for KCN.



Table 4. Values for Pitzer mixing parameters.
ecr Fe(CN)* ) 4.6084E-01

0CO§,,F6(CN)2, 4.7093E-01
Vi k- ey 4. 7936E-02

Vi ot oyt 2-1145E-02
b

-4.0723E-02

Wcog' JFe(CN)¥ Na*
C
‘//C]’ ,Fe(CN);" ,Na+ ‘3 . 1 1 77E‘03

a
Parameter also assumed for chog FeCN

"Parameter also assumed for 0% Fo(CN)F K °
3 6 >

C
Parameter also assumed for 05 FeoNE Na* W HCO; FeaNt K

and

CI' Fe(CN)g K"~

Table 5. Solubility parameters for log K° used in equation (20).

Salt ao ai @
NasFe(CN)6.10H,O  10.723  -4437.72 -
K4Fe(CN)6.3H30 7.311 -3531 —

CaFe(CN)e.11H,O  -7.481  — 0.010516
CaKoFe(CN)g -2.163  -431.70  -0.00144

MgK:>Fe(CN)s 36.883 -6633.77 -0.06389
Fes[Fe(CN)s| -14.115 — —




3. Appendix C: Supplement to frezchem.dat in PHREEQC

The following PHREEQC input code may be used in conjunction with the frezchem.dat database.
For example, this code may be pasted into the interactive version of PHREEQC (available at
https://wwwbrr.cr.usgs.gov/projects’GWC coupled/phreeqc/). Note that the frezchem.dat
database needs to be selected independently from entering the input code below. If using the
interactive version of PHREEQC, the definitions of all input parameters given below are well-
described in the program. We have commented on the code primarily to specify the source
reference for specific parameters.

#The iron parameters in this supplementary phreeqc file are from:
#Marion, G. M., et al. (2003). Modeling aqueous ferrous iron chemistry at
#low temperatures with application to Mars.

#Geochimica et Cosmochimica Acta 67 (22): 4251-4266.

#
#The HCN Henry Law Constant is from:
#Ma, J., et al. (2010). Temperature dependence of Henry’s law constant

#for hydrogen cyanide. Generation of trace standard gaseous hydrogen cyanide.
#Environmental Science & Technology 44(8): 3028-3034.

#

#The ferrocyanide dissociation constant is from:

#Watt, G. D., et al. (1965). Thermodynamics of Metal Cyanide Coordination.
#III. AG°, AH®°, and AS° Values for Ferrocyanide and Ferricyanide Ion
#Formation in Aqueous Solution at 25°." Inorganic Chemistry 4(2): 220-222.
#

#The HCN dissociation constant is from:

# Kyle, J. H. and G. Hefter (2015). A critical review of the thermodynamics
#of hydrogen cyanide and copper (I)-cyanide complexes in aqueous solution.
#Hydrometallurgy 154: 78-87.

#This establishes Fe2+ and CN- as elements.
SOLUTION MASTER SPECIES

Fe Fe+2 0 Fe 55.847

Cn Cn- 1 26.02 26.02

#This defines aqueous species and speciation reactions.
SOLUTION SPECIES

Fet2 = Fe+t2

log k O

Cn- = Cn-

log k O

Fe+2 + H20 = FeOH+ + H+ #Marion et al. 2003

-analytical expression 0.170687263 0 -2883.370079 0 0 O
CO3-2 + Fe+2 = FeCO3 #Marion et al. 2003

-analytical expression 6.368491354 0 -592.8753207 0 0 O
6Cn- + Fe+2 = Fe(Cn)6-4 #Watt et al. 1965

log k 35.35284705

delta h -358.86168 kJ
Cn- + H+ = HCn #Kyle and Hefter 2015

-analytical expression 89.3669 0 -1631.26 -30.1829 0 0

#This defines solid and gas-phase reactions.



PHASES

FeCl2:4H20 #Marion et al. 2003

FeCl2:4H20 = 2Cl- + Fe+2 + 4H20

—analytical expression -1.995530577 0.063290169 0 0 0 -0.000150325
FeCl2:6H20 #Marion et al. 2003

FeCl2:6H20 = 2Cl- + Fet+2 + 6H20

—analytical expression -2666.89 -5.333 -0.11245 1532.3717 -0.000856 0.005274
FeS04:H20 #Marion et al. 2003

FeS04:H20 = Fe+2 + H20 + S04-2

-analytical expression 2.746622489 -0.01212333 0 0 0 O
FeS04:7H20 #Marion et al. 2003

FeS04:7H20 = Fe+2 + TH20 + S04-2

-analytical expression 9.10362447 -0.101770354 0 0 0 0.000214023
Siderite #Marion et al. 2003

FeCO3 = CO3-2 + Fe+2

-analytical expression -12.87856857 0 542.1949459 0 0 O
K4Fe (CN) 6:3H30 #This study

K4Fe (Cn) 6:3H20 = Fe(Cn)6-4 + 3H20 + 4K+

log k -4.53180813

-analytical expression 7.3112 0 -3530.993956 0 0 O
NadFe (CN) 6:10H20 #This study

Nad4Fe (Cn) 6:10H20 = Fe(Cn)6-4 + 10H20 + 4Na+

log k -4.160962139

-analytical expression 10.7232 0 -4437.719719 0 0 O
Ca2Fe (CN) 6:11H20 #This study

Ca2Fe (Cn) 6:11H20 = 2Ca+2 + Fe(Cn)6-4 + 11H20

log k -4.345811225

-analytical expression -7.4812 0.010516124 0 0 O O

CaK2Fe (CN) 6 #This study

CaK2Fe (Cn)6 = Cat+2 + Fe(Cn)6-4 + 2K+

log k -4.040936436

-analytical expression -6.70193 0.0144557 0 0 0 -1.85506e-05
MgK2Fe (CN) 6 #This study

MgK2Fe (Cn) 6 = Fe(Cn)6-4 + 2K+ + Mg+2

log k -4.416470875

-analytical expression -32.8085 0.180024 0 0 0 -0.000284432
Fe2Fe (CN) 6 #This study

Fe2Fe(Cn)6 = Fe(Cn)6-4 + 2Fe+2

log k -14.115

HCN (g) #Ma et al. 2010

HCn = HCn

—analytical expression -10.9978 0 3563.72 0 0 O

#This defines the temperature dependence of Pitzer parameters
PITZER

-MacInnes false

-use etheta true

-redox false

-BO

#The following are from Marion et al. 2003

Fe+2 Cl- 0.3359

Fe+2 HCO3- -0.009295803 -273406.17 -2607.1152 8.250840001 -0.00434
Fe+2 S04-2 0.256867423 -1389.639805 0 -0.038599989 3.91e-05



FeOH+ Cl1- -0.1

#The following are from this study

K+ Fe(Cn)6-4 0.399306384 0 0 0.007619972

Na+ Fe(Cn)6-4 0.518949868 0 0 -0.007101609

H+ Fe(Cn)6-4 0.518949868 0 0 -0.007101609

Mg+2 Fe(Cn)6-4 0.80939897

Ca+2 Fe(Cn)6-4 0.76812043 0 0 -0.476327898 0.000840304
Fe+2 Fe(Cn)6-4 0.76812043 0 0 -0.476327898 0.000840304
Na+ Cn- -0.107171

K+ Cn- -0.107171

-B1

#The following are from Marion et al. 2003

Fe+2 Cl- 1.53226 0 0 -0.1236

Fe+2 HCO3- 0.80280979 3203209.7 29927.152 -92.77793501 0.0477642
Fe+2 S04-2 3.08794218 0 0 -0.6383194 0.001190408

FeOH+ Cl- 1.658

#The following are from this study

K+ Fe(Cn)6-4 7.121131114 0 0 0.07734604

Na+ Fe(Cn)6-4 9.565313466 0 0 -0.053787617

H+ Fe(Cn)6-4 9.565313466 0 0 -0.053787617

Mg+2 Fe(Cn)6-4 64.51407273

Ca+2 Fe(Cn)6-4 45.58242694 0 0 41.86781959 -0.072742214
Fe+2 Fe(Cn)6-4 45.58242694 0 0 41.86781959 -0.072742214
Na+ Cn- 0.737849

K+ Cn- 0.737849

-B2

#The following are from Marion et al. 2003

Fe+2 S04-2 -42

#The following are from this study

K+ Fe(Cn)6-4 1.596664742 0 0 -0.010195586

Na+ Fe(Cn)6-4 1.304547634 0 0 0.07886574

H+ Fe(Cn)6-4 1.304547634 0 0 0.07886574

Mg+2 Fe(Cn)6-4 13.90341246

Ca+2 Fe(Cn)6-4 12.529785

Fe+2 Fe(Cn)6-4 12.529785

-CO

#The following are from Marion et al. 2003

Fe+2 Cl- -0.00861

Fe+2 HCO3- O

Fe+2 S04-2 0.0209
#The following are from this study

K+ Fe(Cn)6-4 -0.077655357 0 0 -0.00264668

Na+ Fe(Cn)6-4 -0.096712652 0 0 0.003785379

H+ Fe(Cn)6-4 -0.096712652 0 0 0.003785379

Mg+2 Fe(Cn)6-4 0.075224792

Ca+2 Fe(Cn)6-4 0.025716506 0 0 -0.007420783 -0.000218676
Fe+2 Fe(Cn)6-4 0.025716506 0 0 -0.007420783 -0.000218676
Na+ Cn- 0.041681

K+ Cn- 0.041681
-PST
#The following are from Marion et al. 2003

Nat+ Fet2 Cl- -0.014

Na+ Fe+2 S04-2 -0.0098 -0.00308 0.22885 -0.000294 -2.48404e-07 -6.49474e-05



K+ Fe+2 Cl- -0.049482781 -28.99088741 0 -8.75059e-06

K+ Fet2 S04-2 -0.124386 0.0066217 -0.4917308 0.0023847 -2.7475e-06 0.0001049
H+ Fe+2 Cl- 0.01197725 0 0 0.000515

Cat2 Fet2 Cl- -0.023810091 -981.6585215 -7.406198558 0.013037731

Ca+2 Fe+2 S04-2 0.024

Cl- S0O4-2 Fe+2 -0.0183068 -0.032188 0.3308 -0.0015546 1.15824e-06 -0.0011574
Cl- HCO3- Fe+2 -0.096

SO04-2 HCO3- Fe+2 -0.161

Fe+2 FeOH+ Cl- 0.028

#The following are from this study

Na+ K+ Fe(Cn)6-4 0.047935547

Na+ Ca+2 Fe(Cn)6-4 0.021145366

Fe (Cn) 6-4 CO3-2 Nat -0.040718389
Fe(Cn)6-4 CO3-2 K+ -0.040718389
Fe(Cn)6-4 Cl- Na+ -0.003117718
Fe(Cn)6-4 Cl- K+ -0.003117718

Fe (Cn) 6-4 HCO3 Na+ -0.003117718
Fe(Cn) 6-4 HCO3- K+ -0.003117718
-THETA

#The following are from Marion et al. 2003

Na+ Fe+2 0.08

K+ Fet+2 0.1167

Cat2 Fet+t2 0.124367406 -983.1138482 0 -0.006342425

#The following are from this study

Cl- Fe(Cn)6-4 0.460841574

HCO3- Fe(Cn)6-4 0.460841574

CO3-2 Fe(Cn)6-4 0.470926735

-LAMDA

#The following are from Marion et al. 2003

Fe+2 CO2 0.1447325 3589.5040984 104.345457 -0.5418434 0.0003881 -0.916659
-ETA

#The following are from Marion et al. 2003

CO2 Fe+2 Cl- -0.009846951 27726.80974 253.623194 -0.772286 0.000391603
CO2 Fe+2 S04-2 -0.041586353 143162.6076 1412.302898 -4.608331 0.002489207
-ALPHAS

#The following are from this study

K+ Fe(Cn)6-4 2 1

Na+ Fe(Cn)6-4 2 1

H+ Fe(Cn)6-4 2
Ca+2 Fe(Cn)6-4
Mg+2 Fe(Cn) 6-4
Fe+2 Fe(Cn)o6-4

w w w
N NN
o e
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