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Abstract: Alkaline (pH > 8.5) lakes have been common features of Earth’s surface environments
throughout its history and are currently among the most biologically productive environments on
the planet. The chemistry of alkaline lakes favors the deposition of aluminum-poor magnesian clays
(e.g., sepiolite, stevensite, and kerolite) whose chemistry and mineralogy may provide a useful record
of the biogeochemistry of the lake waters from which they were precipitated. In this forward-looking
review, we present six data-driven, testable hypotheses devoted to furthering our understanding of
the biogeochemical conditions in paleolake waters based on the geochemical behavior of Mg and
SiO,. In the development of these hypotheses, we bring together a compilation of modern lake water
chemistry, recently published and new experimental data, and empirical, thermodynamic, and kinetic
relationships developed from these data. We subdivide the hypotheses and supporting evidence into
three categories: (1) interpreting paleolake chemistry from mineralogy; (2) interpreting the impact of
diatoms on alkaline lake sedimentation; and (3) interpreting depositional mineralogy based on water
chemistry. We demonstrate the need for further investigation by discussing evidence both for and
against each hypothesis, which, in turn, highlights the gaps in our knowledge and the importance of
furthering our understanding of the relevant geological and biological systems. The focused testing
of these hypotheses against modern occurrences and the geologic record of alkaline lakes can have
profound implications for the interpretation of the paleo-biogeochemistry and paleohabitability of
these systems on Earth and beyond.
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1. Introduction
1.1. Motivation and Direction of the Review

Alkaline lakes and their mineral deposits are present through much of Earth’s geologi-
cal record [1-3] and may have also occurred in the sedimentary record of other terrestrial
planets [4-6]. They are among the most biologically productive environments on the
planet [7-9] and have likely contributed to carbon cycling on a planetary scale over Earth’s
history [10-12]. Geochemical modeling even suggests that carbonate-rich lakes formed
early in Earth’s history could have given rise to its first organisms [6]. Recent work has also
implied that synthetic versions of these lakes can help combat global climate change by
assisting in the production of algal biofuels [13]. Meanwhile, the discovery of vast hydro-
carbon reservoirs in ancient alkaline lake deposits on the south Atlantic coastal margins has
prompted renewed interest in these systems from energy producers [14-22]. Altogether,
the diversity of researchers studying alkaline lakes and their deposits demonstrates that
these systems are dynamic, biogeochemical hotspots worthy of continued study.

The mineral assemblages produced by alkaline lake systems often feature some com-
bination of silicate clays, carbonates, and various evaporite minerals [1,23]. Over 40 years
ago, Eugster and colleagues [1,24,25] established a flow diagram, based on the concept of
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chemical divides, to map the evolution of lacustrine brine geochemistry as source waters
are evaporatively concentrated. Divides occur when specific chemical constituents (e.g.,
Ca and/or Mg) are diminished by mineral precipitation as waters evaporate, such that
further evaporation will lead to a different mineral assemblage than if that constituent
were not diminished. Using the chemical divides concept [1,24,25] the presence of these
mineral groups can provide important insight into the biogeochemistry of the lake that
deposited them. For example, the presence or absence of gypsum (CaSO4-2H,0O) can
provide insight into the lacustrine sulfur cycle [1]. Moreover, diagnostic morphologies
of carbonate minerals precipitated from alkaline lake waters can yield useful inferences
about lacustrine pH and SiO;(aq) concentrations [26]. In turn, these observations can be
complemented with studies of clay mineral geochemistry to yield more specific insight
into the lake water chemistry [23].

As pointed out by Eugster and Hardie [24], Mg-silicate clay precipitation is possible
for most paths through the chemical divide flow diagram. In this forward-looking review,
we present a series of testable hypotheses for using the mineralogy of alkaline lake deposits,
particularly the presence of various Al-poor Mg-silicate minerals, to make more granular
inferences about the paleochemistry of the water from which they were deposited than
would be permitted by the chemical divides concept alone. Although some hypotheses are
more controversial than others, we make every attempt to collect and present supporting
and opposing evidence for each hypothesis. In turn, we hope that these hypotheses will
help to direct the future of research into magnesian clays and alkaline lake deposits, and
their potential for interpreting the biogeochemical evolution of our planet and other bodies
in our solar system.

1.2. Geochemistry of Alkaline Lakes

Alkaline lakes are defined here as lacustrine systems with a pH of 8.5 or greater. These
environments develop through evaporative concentration of underfilled lakes with source
waters containing ratios of the concentration of Ca?* to alkalinity under 2 mol/mol, which
yields elevated pH following the nearly quantitative removal of Ca?* as solid CaCO3
during the early stages of evaporation [27]. This evaporation process yields elevated
concentrations of conservative tracers such as CI~ and Na* commensurate with the degree
of evaporation [24]. Concentrations of Mg?*, on the other hand, typically only yield
similar increases until the solubility of a Mg-bearing phase (e.g., Mg-bearing clays or
carbonates) is exceeded [28-30]. SiO,(aq) concentrations, in turn, often follow the trends
exhibited by Mg?* concentrations, but can also be controlled by other biogeochemical
processes (Figure 1). AI** concentrations in lake waters typically decrease as a result of
increasing evaporative concentration (AI** solubility is sensitive to elevated fluid pH
and typically conserved in a solid phase) [24]. In the advanced stages of evaporation,
alkaline lake chemistry is dominated by varying proportions of SiO,(aq), Ca%*, Mg?*,
Na*, K*, C1~, HCO3~, CO32~ and SO42~, which can be predicted and evaluated using
the “chemical divides” flow diagram of brine evolution [1,24,25]. Importantly, one of the
uniting characteristics of alkaline lakes is that they contain significantly more inorganic
carbon than natural waters with circumneutral pH (e.g., seawater [31]), which gives rise to
these uniquely productive, apparently non-carbon limited ecosystems [7-9].

Clay minerals deposited in lacustrine sediments can be dominantly aluminous (e.g.,
kaolinite), magnesian (e.g., talc), or both (e.g., saponite) [23]. In keeping with the goals of the
present study, we focus our introduction on Al-poor Mg-silicates, because aluminous clays
are unlikely to provide a directly interpretable record of the chemical conditions of lake
waters, given the minimal aqueous Al concentrations in alkaline lakes, which limits their
precipitation. Rather, aluminous clays in alkaline lake deposits likely reflect the process
of detrital clay input (i.e., freshening events [32]) and diagenetic transformations [33].
Since the properties and origin of Al-poor Mg-silicate minerals have been thoroughly and
extensively reviewed elsewhere [21,22], we only provide a brief summary here.
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Figure 1. Evolution of pH and Na and SiO;(aq) concentrations during evaporation of a water initially
containing 0.2 mmol/L Ca, 1 mmol/L Na, 1 mmol/L HCO3 ™. Partial pressure of CO,(g) is fixed
at 10—3.5 bars. Two values for the concentration of SiO,(aq) are plotted: (1) the concentration of
SiO;(aq) behaved conservatively during evaporation; (2) the concentration of SiO,(aq) limited by
the solubility of amorphous silica (5iO;(am)). Geochemical modeling methods are described in
Appendix A.

Talc (Mg3SisO10(OH),) and/or its hydrated equivalent, kerolite (Mg3Si4O19(OH)2-H,0),
sepiolite (MgSi3O7.5(OH)-6H,0), and stevensite (a poorly defined trioctahedral smectite
with the idealized formula (M*y -nH>0) (Mgs.y[y) SizO19(OH),, where M™ is an exchange-
able interlayer cation (monovalent in this case), [] represents y vacancies and # is variable)
are common in alkaline lake deposits [21,23]. The structural distinctions between these Mg-
silicate minerals yield variable ratios of Mg to Si. Each mineral has an ideal stoichiometric
Mg/Si ratio: 0.75 for talc/kerolite, 0.67 for sepiolite, and ~0.67-0.75 for stevensite [34],
although it has become clear that even apparently mineralogically pure phases can have
chemistry that deviates from this ideal ratio [22,35,36], and lake deposits often contain
mixtures or interlayers of multiple separate minerals [34,37-39]. Importantly, stevensite, as
a trioctahedral smectite, has a positive charge deficit and thus often contains additional
cations such as Na*. Moreover, loughlinite (Na,Mg3SigO14-8(H0)), the sodium analog of
sepiolite, has been observed in some locales [40].

While it has long been established that there is a relationship between Mg-rich silicate
clays and fluid pH [28,41-43], experimental studies of the past decade have begun to
uncover a correlation between other aspects of fluid chemistry (e.g., the Mg/Si ratio) and
the Mg-silicate mineral chemistry [35,44,45].

2. Data-Driven Hypotheses for Interpreting Paleolake Chemistry

In this section, we begin with a set of hypotheses specifically discussing the potential
for using Mg-silicate minerals in alkaline lake deposits to constrain chemical conditions of
the ancient lake systems that deposited them.

2.1. Hypothesis 1

Mg-silicates authigenically precipitated from alkaline lakes are thought to pass through
an initial, amorphous or gel-like stage before ultimately maturing to their crystalline coun-
terparts [14,15,23,30,42—47]. The rate of this conversion depends on the temperature and
chemical conditions accompanying the reaction [35,43,48], but often appears to go to
completion, since the presence of amorphous components has not been demonstrated in
mineralogical analyses of ancient lacustrine sediments [21,22,32]. That observation notwith-
standing, it is interesting to note that environmental conditions on Mars have conspired to
preserve amorphous materials over billions of years [49,50]. Together, these observations
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suggest that there is a role for the gel precursor in the potential pathways to Mg-silicate
crystallization. Yet, the most important question to answer for our current effort is: Do the
chemistry and mineralogy of the geologically preserved Mg-silicate phase(s) reflect the chemistry of
the lake from which the gel precipitated?

Due to the high reactivity of Mg-silicates in pore waters [35], it seems likely that
the gel-to-crystalline transformation often occurs during the earliest stages of diagenesis,
i.e., during shallow sediment burial. Indeed, experiments mimicking this process in low
water-to-rock ratio environments (i.e., pore waters occluded from overlying lake waters)
demonstrate significant progress toward the conversion of an almost completely x-ray
amorphous gel to a moderately crystallized phase after heating at 60 °C for just 356 days
(Figure 2). Importantly, in these experiments, which are described in Appendix B, the
crystallographic reflections characteristic of talc/kerolite, which are weakly visible or
absent in the initial analysis, dramatically increase in strength after heating. Similarly,
Tosca et al. [43] heated an amorphous gel with chemical and spectroscopic properties
representative of kerolite for 4 weeks at 180 °C and 4 days at 400 °C. In both cases, the
resultant mineral showed clear increases in crystallinity, with the sample heated to higher
temperature demonstrating more significant increases in crystallinity compared with the
one heated to lower temperature. The observation that the peaks do not shift (e.g., to
indicate crystallization of sepiolite from the initial kerolite-like gel) gives evidence in
support of Hypothesis 1. Additional experimental examples of this transformation from
amorphous to crystalline clay minerals abound in the literature [21,39,51-56], although the
context of each individual study and its applicability to testing Hypothesis 1 vary. One
salient feature gleaned from many of these is the utility of vibrational spectroscopy (most
typically Fourier-transform infrared spectroscopy, FTIR) for characterizing the chemical
bonding environments of the initial, amorphous phases [42-45].

80 mg gel, 2.2 mL H.0, 60°C b 160 mg gel, 2.2 mLH,0, 60°C
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Figure 2. X-ray diffraction analyses of Mg-silicate gel after heating at 60 °C for durations up to 356 days (see Appendix B

for experimental details). Values of d-spacing relevant to crystalline talc are indicated. (a) Heated material containing 80 mg

Mg-silicate gel per 2.2 mL H;O, (b) Heated material containing 160 mg Mg-silicate gel per 2.2 mL H,O.

Hypothesis 1. Mineralogy and Chemistry of Al-Poor Mg-Silicate Clays in the Sedimentary
Record of Alkaline Lakes Directly Reflect the Mineralogy and Chemistry of the Initially Precipitated
Material, Even If That Material Was Amorphous at the Time of Deposition.

Evidence in opposition to this hypothesis stems from the sheer complexity of fac-
tors contributing to potential mineral transformations during diagenesis [57]. Natural
diagenetic processes can be difficult to constrain and predict, and alkaline lake systems,
which are commonly located in tectonically active rift environments [58], can demon-
strate an uncommonly complex array of diagenetic reactions [15,17,59,60]. A particularly
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poignant example comes from the observation of loughlinite in the Green River Formation
of Wyoming. Fahey et al. [40] described this mineral as replacing the initial mineralogy of
the shale in which it is found, and also showed that it rapidly and completely transforms to
sepiolite when soaked in a Mg-rich solution. A second example is the apparently complete,
stoichiometric removal of Mg-silicate matrix material from shrub facies in the Barra Velha
Formation, which has been taken as evidence to suggest significant changes in fluid chem-
istry (e.g., pH decreases) during diagenesis [15,16,60]. These observations demonstrate
quite clearly that silicate-bearing sediments can, given the right conditions (e.g., dramatic
contrasts between depositional and diagenetic fluids), transform dramatically or even
disappear during diagenesis. In these cases, the observed phase or mineral assemblage
may be chemically distinct from that which was initially deposited and thus have very little
relation to the chemical composition of the paleolake waters. At the same time, these exam-
ples demonstrate that proper petrographic screening (e.g., the identification of overprinting
features in hand samples or thin sections) can allow for these issues to be identified and
avoided. Nevertheless, it is likely the textural complexity of multi-mineralic rocks derived
from alkaline lakes would tend to compound the difficulty in interpretation.

Based on the body of literature reviewed in this section, it seems that Hypothesis 1 is
potentially correct in some environments and incorrect in others. Regardless, these collected
results would caution against using “big data” evaluations of stratigraphic records (e.g.,
obtained through drilling or systematic sampling of outcrops) without the establishment of
strict petrographic screening criteria that would eliminate or at least minimize the chances
of significant diagenetic overprinting.

2.2. Hypothesis 2

Pozo and Galan [21] recently evaluated the role of pH (and partial pressure of CO,
Pcop); Mg, Si and Al concentrations; and salinity on Mg-silicate formation. We briefly
summarize their results here, with supplements based on works published in the inter-
vening time. Firstly, the pH of waters must rise above a certain pH (~8.3 [42] or ~8.6 [43])
to homogeneously nucleate Mg-silicate gel. Tosca et al. [43] identified that even elevated
Mg and Si concentrations in solution at pH less than the threshold are insufficient to cause
Mg-silicate precipitation, as pH above ~8.5 causes the dissociation of silicic acid, leading to
increased concentrations of a dissolved Mg-5iO, complex (MgH3SiO4*), which could pre-
cede the gel precipitate. Because lake water pH is linked to pcop, increases and decreases
in pcoy can yield decreases and increases, respectively, in pH [61,62], even potentially
leading to Mg-silicate dissolution if pH drops low enough [15]. Secondly, the relative
concentrations of Mg, Si, and Al have been shown to exert a control on the chemistry
of the precipitated phase [35,41,44,45,63,64]. As the Mg/Si ratio of the fluid increases
from low (<1) to high (>1) values, the stoichiometry of the precipitated phase increases
accordingly, such that kerolite-like and stevensite-like precipitates are increasingly favored
over sepiolite-like precipitates. Across this range, Na*™ concentrations can also play a role,
since the size of Na* ions is apparently compatible in the Mg?* site in Mg-clays, unlike
other common monovalent cations (e.g., K*), leading to the precipitation of loughlinite,
or loughlinite—sepiolite solid-solution [40,45]. Finally, studies of natural deposits supple-
mented by stable isotope stratigraphy [65,66], modern lake systems [28,67], high-salinity
experiments [44,45], and thermodynamic calculations [41] all suggest that elevated salinity
should favor precipitation of stevensite, rather than sepiolite or kerolite.

Considering these various controls on the potential mineralogy of alkaline lake de-
posits in the context of the present review leads to the question: What useful information
about the paleochemistry of an alkaline lake can be gleaned from the mineralogy observed in an
alkaline lake deposit? The experimental and field studies discussed in this section permit the
assertion that the presence of authigenic Mg-silicate clays in lacustrine deposits implies
precipitation from alkaline, potentially saline, lake waters. Given the preponderance of
recent experimental studies examining the role of dissolved Mg and Si in the character
of Mg-silicate precipitates, it may be possible to build this qualitative framework into a
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more quantitative, predictive model. To this end, we collected relevant experimental data
(described in Appendix C) to attempt to discern the relationship between Mg/Si of experi-
mental fluids and Mg/Si of experimentally precipitated solids at ambient temperatures
(Figure 3). Fitting the collected data to an equation of the form:

a

b
()
where 75 is the Mg/Si molar ratio in the precipitated solid, 775 is the Mg/Si molar ratio
in the fluid from which it was precipitated, and a, b, and c are fitting parameters, permits
incorporation of the knowledge that crystallographic constraints suggest the 75 should
approach some finite maximum value with increasing 7+ (i.e., 7s should not exponentially
or even linearly increase above some value of 77¢). Unweighted fitting of Equation (1) to
the collected data yields:

s = +c 1)

~0.16
s = —— 5 +0.90 @)

(1)

with 72 = 0.75 (when considering uncertainties on individual values of 7 ¢). This line
asymptotically approaches 7 ~ 0.8 as 77y approaches and exceeds 5, which is consistent
with talc (175 = 0.75) precipitation from ancient seawater with elevated Mg/Si [43].
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Figure 3. Values of the Mg/Si ratio of experimentally grown solids (#s) plotted as a function of the Mg/Si ratio of the fluid
from which they were precipitated (7s). A line fitted to the data Equation (2) is plotted, and ideal values of #s for sepiolite

and talc/kerolite are plotted for reference. Experimental precipitation was conducted in the pH range 9.2-10.2, as detailed

in Appendix C, well above the pH threshold for Mg-silicate precipitation [42,43].

As discussed by references [35] and [45], the precipitates represented by non-stoichiometric
values of 7, are likely either non-ideal or mixtures of mineral-like (e.g., loughlinite, kerolite,
stevensite, and sepiolite) precipitates. In this context, it is important to consider the nature
of salinity and Na* concentrations in alkaline lakes. Because the primary mechanism by
which these lakes become alkaline is through evaporative concentration, even in lakes with
minimal initial Na* concentrations in their source waters, Na* will drastically increase
with increasing pH, such that any alkaline lake with a pH > 9 is likely to have significant
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total dissolved solids (Figure 1). Thus, although salinity in alkaline lakes can be relatively
high or low (e.g., Lake Yoa has relatively high salinity with total dissolved solids (TDS) at
12,900 g/L compared to lakes of the Pastos Grandes with TDS 13-27 g /L [28,68]), even a
low salinity alkaline lake will contain significant salinity compared to other, fresher natural
waters. Accordingly, although elevated 7; can yield solids with 75 representative of kerolite
or stevensite, the threshold for favoring one or the other cannot be directly discerned
from the experimental studies we collected. Likewise, the potential for precipitating solids
with 75 representative of loughlinite-sepiolite mixtures at low values of 7 also suggests
a role for Na* and salinity, which would challenge the oft-cited assertion that stevensite
represents high salinity deposits.

Much of the literature reviewed in this section provides either qualitative or quanti-
tative support of Hypothesis 2, which is based on Figure 3 and the predictive capacity of
Equation (2). Nevertheless, the subset of these sources that provide quantitative support
for this hypothesis were used in the creation of Figure 3, and the argument in support of
Hypothesis 2 is thus somewhat circular. For this reason, it will be important to produce
quantitative observations of modern lake systems and/or renewed efforts into the types
of diagenetic experiments described in Section 2.2 to allow for a more rigorous test of
this hypothesis.

Hypothesis 2. Ratios of the Concentrations of Mg and Si in Paleolake Waters Can Be Estimated
from Observed Mg-Silicate Clay Mineralogy and Chemistry.

3. Data-Driven Hypotheses for Interpreting the Impact of Diatoms on Alkaline Lake
Sedimentation

In this section, we build upon the preceding chemical discussion to generate a set of
hypotheses specifically discussing the impact of diatoms on the mineralogical record of
alkaline lake deposits.

3.1. Hypothesis 3

Silica-secreting diatoms play a governing role in setting the concentrations of 5iO;(aq)
in Earth’s oceans [69-73] and many of its lakes [24,74,75]. The distribution of diatom species
in lake sediments is frequently used as a tool to place constraints on salinity of ancient
lake waters [76], and there is some evidence that the presence, absence, and/or diversity
of diatom species can be indicative of variations in pH [77,78]. Nevertheless, much of the
evidence correlating lake pH with diatom assemblages focuses on circumneutral and acidic
pH environments, and there are far fewer studies of diatoms inhabiting alkaline lakes.
Importantly, as the pH of alkaline lakes increases toward and above the dissociation pH for
silicic acid (pH ~ 9.9 [79]), silica solubility increases exponentially, thus presenting specific
challenges for the livelihood of silica-secreting diatoms.

Common marine phytoplankton species demonstrate highest growth rates at pH 7.5-8.0,
with growth either drastically slowing (by up to 90%) or terminating completely between
pH 8.8 and 9.6 [80-83]. While samples of alkaline lakes have demonstrated diatom existence
in lakes with pH as high as 10.5 [68,74,84], it is not clear how productive the organisms
are at the highest pH. In general, it seems that the upper pH limit of diatom growth is 9.5
or 10 [82]. Breakdown of the microbial and algal communities in Canadian alkaline lakes
indicates the presence of diatoms, but only as a minor proportion of the community [8].
Competition for vital resources rather than physiological factors may ultimately be limiting
for these organisms. Notably, the dissociation pH for ammonia is 9.2, and pH > 9.2
promotes ammonia volatility and nitrogen limitation [5], which would tend to compound
the struggles for diatoms in their competition with other alkaline lake-dwelling organisms
such as cyanobacteria.

Based on these combined observations, it seems likely that, as the pH of alkaline lake
waters approaches and exceeds ~9.5, diatoms are increasingly unlikely to be dominant
primary producers or dominant sinks for silica in alkaline lake systems. This conclusion
would tend to support Hypothesis 3. However, there are few published studies that allow
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this hypothesis to be tested in an unambiguous manner, and it may very well be that the
existing studies are limited in their applicability to high-pH alkaline lake systems. In any
case, the effective testing of this hypothesis in the context of the fluid Mg/Si ratio (175)
control on Mg-silicate mineralogy (Hypothesis 2) could facilitate inferences of alkaline lake
paleohabitability based on the mineralogy of the associated deposits.

Hypothesis 3. At pH 2, 9.5, Diatoms Are Rarely the Dominant Primary Producer in Alkaline
Lakes, and Are Consequently Not Responsible for Significant Undersaturation with Respect to
Amorphous Silica.

3.2. Hypothesis 4

The utility of uniformitarianism as a guide for interpreting Earth’s history is often dis-
rupted by biogeochemical innovations that suddenly and drastically change the processes
contributing to the construction of the rock record. In the case of alkaline lakes, a sudden
and extreme shift in the silica cycle may have dramatically changed the mineralogical
record of these environments. Although diatoms are common in many modern lacustrine
systems, they are fairly recent evolutionary additions. Geologic and molecular lines of
evidence suggest that lacustrine diatoms emerged in the early Miocene [85], 23 Ma or more
recently, descended from marine species that radiated throughout the marine environments
earlier in the Cenozoic [72,86].

Although land plants have been biomineralizing silica throughout Phanerozoic time [87],
it is unlikely that these organisms ever appreciably affected the silica concentrations of
alkaline lakes, which are often hostile to their growth (as evidenced by the lack of vegetation
near the shores of many alkaline lakes). As these organisms are not present in alkaline lakes,
Mg-silicates and amorphous silica precipitation remain as the probable silica sinks prior
to the Miocene. With limited silica removal from evaporative lakes, SiO; concentrations
would rise (Figure 1), and the resulting lower Mg/Si ratios (17¢) should have favored the
precipitation of sepiolite over kerolite and stevensite (Figure 3). Available mineral evolution
data aligns with this hypothesis—the mineral evolution database [88] suggests lacustrine
sepiolite appeared earlier in the geologic record (in a deposit as old as 105 Ma [89]) than
stevensite (in deposits with a maximum age of 56 Ma [90,91]). The mineral evolution
database could easily be missing earlier occurrences of both, and follow-up work can help
to clarify the history of occurrence of these minerals in alkaline lake deposits. Importantly,
the circa 2.7 Ga Rietgat Formation (South Africa), hypothesized to have been deposited
from an alkaline lake, contains bedded chert, which would be consistent with deposition
as amorphous silica during evaporative concentration of the ancient lake waters (Figure 1).
Nevertheless, testing Hypothesis 4 in the context of the geologic record of alkaline lake
deposits could ultimately assist in interpreting paleohabitability and paleochemistry of
alkaline lakes on Earth before silica-secreting diatoms began to inhabit alkaline lake systems,
as well as other planets where such complex organisms are unlikely to have evolved.

Hypothesis 4. Prior to the Expansion of Diatoms into Continental Settings, SiO, Concentrations
in Alkaline Lakes Could Only Have Been Limited by Amorphous Silica or Mg-Silicate Precipitation,
such that Mg/Si Ratios Were Low, and the Dominant Mg-Silicate Mineralogy Should Have
Been Sepiolite.

4. Data-Driven Hypotheses for Interpreting Depositional Mineralogy Based on Water
Chemistry (and Vice Versa)

Data from natural systems can help to contextualize the largely empirical discus-
sion above with active Earth surface processes. The wealth of alkaline lakes on Earth
today has made it possible to create a comprehensive database of lake water chemical
analyses. This data set (described in more detail in Appendix D) contains unpublished
analyses from Canadian lakes and published analyses from various authors over the past
100 years [8,28,29,62,67,68,75,76,92-101] detailing locations including Last Chance and
Goodenough Lakes (Canada), Lake Yoa waters and brines (Chad), Bolivian Salars (Bolivia),
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Lake Eyasi Basin (Tanzania), Lerai (Tanzania), Pastos Grandes (Bolivia), Lake Van (Turkey),
and Lake Neusiedl (Austria). Collected fluid samples include not only lake waters but
also fluid chemistry data for associated springs, groundwaters, porewaters, and inflowing
rivers and streams (which presumably represent source fluids). Samples were screened
to remove those with charge balance errors > +10%. Where multiple samples exist from
a single location, all values were included, since the nature of alkaline lakes can yield
chemical and mineralogical variation over modest spatial and temporal scales (e.g., [28]).

The compiled data set permits calculation of the activities of Mg?* and SiO,(aq) and
saturation indices of relevant phases for all compiled samples except those missing a vital
analysis (e.g., pH, Mg, or SiO;(aq) concentration). These calculations demonstrate that
all but a fraction of the samples are undersaturated or near equilibrium with respect to
amorphous silica (SiO;(am)) (Figure 4a) and fall below the critical supersaturation for
Mg-silicate nucleation (Figure 4b). There is no clear trend in the S5iO,(am) saturation state
as pH increases from source pH (~7) toward alkaline lake (>8.5) pH, but, over this same
progression, it approaches the Mg-silicate nucleation threshold (y-axis = 0 in Figure 4b)
and levels off (although it is worth noting the dramatic difference in the y-axis scales of
Figure 4a,b).
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Figure 4. Calculated values of solution saturation state with respect to: (a) Amorphous silica (5i0,(am)), and (b) the critical
supersaturation for Mg-silicate nucleation for all values in the alkaline lake database, including “source” waters such as

groundwaters and springs.

The lack of a correlation between pH and saturation state with respect to amorphous
silica (Figure 4a) suggests that a sink for SiO,(aq) other than amorphous silica leads to
significant amorphous silica undersaturation in the compiled samples. This, together
with the correlation between pH and the approach to Mg-silicate nucleation threshold,
suggests a role for silica-secreting organisms (i.e., diatoms) and/or Mg-silicate nucleation
and growth in controlling alkaline lake water chemistry.

Values of the ratio of the activities of Mg?* (a Mg2+) 10 S5i02(aq) (asi0, (aq)) calculated
from the collected alkaline (pH > 8.5) lake data generally follow the trend represented
by the theoretical ratio corresponding to amorphous silica saturation and the critical
supersaturation for Mg-silicate nucleation (Figure 5a). This ratio is roughly consistent
with 77 defined above, and thus could help to guide interpretations of ancient lake water
chemistry on the basis of observed mineralogy. However, it differs in one important
way: It accounts for variations in fluid chemistry (e.g., ionic strength) from sample to
sample through the calculation of speciation and activity coefficients. Notably, at the
elevated ionic strengths of some of the collected samples, the activity coefficient of Mg2*
drops far below unity and, thus, plotting activities rather than concentrations permits
a more proper comparison. Values of this ratio for the alkaline lake samples plot both
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above and below the theoretical line (Figure 5a), although fewer plot below, and even
those are mostly within an order of magnitude of the theoretical line. The vast majority
(149/161, or 93%) of collected samples are undersaturated with respect to amorphous
silica, and quite a significant proportion of these (132/149, or 82% of all samples) are both
undersaturated with respect to amorphous silica and fall below the critical threshold for
Mg-silicate nucleation (Figure 5b). These observations point toward potential mechanisms
that are promoting and/or inhibiting the growth of Mg-bearing minerals in modern alkaline
lakes, and these may be explored via the following two hypotheses.
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Figure 5. (a) Comparison between calculated values of the ratio of the activities of Mg2+ (a Mg2+) to SiOy(aq) (“Sioz(aq)) and
the theoretical ratio corresponding to amorphous silica saturation and the critical supersaturation for Mg-silicate nucleation
(solid black line), both of which are calculated according to equations and thermodynamic data presented by Refs. [35]
and [45]. One order of magnitude variation in the theoretical line is plotted for reference. (b) Cross-plot of saturation
state of 5iO,(am) and the critical supersaturation required for Mg-silicate nucleation, denoting the number of samples and
percentage of the overall data set falling in each quadrant. All values in b were calculated for solutions with pH > 8.5.

4.1. Hypothesis 5

When the collected alkaline lake samples plot above the theoretical baseline defined by
amorphous silica saturation and the critical supersaturation for Mg-silicate nucleation, their
elevated Mg/Si ratio generally corresponds to undersaturation with respect to amorphous
silica and a failure to exceed the threshold for Mg-silicate nucleation at that pH (Figure 5b).
As discussed in Section 1.2, even if un-evaporated alkaline lake source waters contain
modest concentrations of SiO,(aq), these concentrations will tend to approach and exceed
saturation with respect to amorphous silica after fairly insignificant degrees of evaporation
(Figure 1). The observation that many of the samples in Figure 4 are undersaturated with
respect to amorphous silica thus suggests that they must have deposited SiO; in another
form (e.g., as diatom frustules or as (Mg-silicate clays). If diatoms are the dominant silica
sink, the sedimentary record would also reflect deposition of diatom-rich sediments (i.e.,
diatomite e.g., [102]). Although diatom consumption of SiO;(aq) necessarily reduces the
thermodynamic drive for precipitation of authigenic Mg-silicate clays, there is evidence
that diatom frustules can lower the barrier for nucleation of Mg-silicates [67,103]. By
decreasing SiO»(aq) concentrations in lake waters, diatoms can effectively increase the
Mg/Si ratio in that water, which would potentially tend to favor talc/kerolite and/or
stevensite over sepiolite precipitation from lake water in authigenic minerals (Section 2).
In the absence of diatoms, potentially as a result of high pH (Section 3.1), or prior to the
radiation of lacustrine species (Section 3.2), SiO(aq) concentrations below amorphous
silica saturation would most likely be explainable by the precipitation of (Mg-)silicate clays.
In this case, the mineralogy and lake water chemistry could potentially co-vary, depending
on the initial Mg/Si ratio, the Mg/Si ratio of the precipitated phase, and the initial volume
of water in the lake, and thereby present variations in mineralogy along an evaporative
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sequence. In the case of either diatoms or Mg-silicate clays limiting the concentrations of
silica in alkaline lake waters, the Mg- and Si-bearing phases in alkaline lake sediments
could provide clues as to the Mg/Si ratio of the lake waters. Calculations of the type
presented in Figure 5 could help to guide these interpretations and the focused testing of
Hypothesis 5.

Hypothesis 5. Fluid Mg/Si Ratios Rising above a Theoretical Line Defined by Amorphous Silica
Saturation and the Critical Supersaturation for Mg-Silicate Nucleation Are Most Likely Caused by
Diatoms, or, in Their Absence, the Precipitation of Silicate Clays.

4.2. Hypothesis 6

When the compiled lake samples plot below the theoretical baseline defined by amor-
phous silica saturation and the critical supersaturation for Mg-silicate nucleation, their
Mg/Si ratio is potentially lower as a result of Mg precipitation in Si-free phases (i.e., a
(Ca-)Mg-carbonate). Magnesian carbonates have been identified in association with al-
kaline lake deposits (e.g., [45]), although the presence of magnesite and dolomite (which
are not known to precipitate at low temperatures) in ancient systems is most likely due to
original deposition of hydromagnesite (Mg5(COs3)4(OH),-4H,0), high-Mg calcite, or other
metastable hydrated Mg carbonate phases (e.g., nesquehonite) that have been found to pre-
cipitate in these natural systems and under experimental conditions [24,29,42,75,95,104,105].
Of particular note may be the modern day alkaline and ephemeral lakes associated with
the Coorong Lagoon that precipitate Mg carbonate phases, including dolomite, alongside
chert, and where seasonal fluctuations in pH, drying and wetting of shallow lake basins,
and biological processes may all play a role in the deposition of these phases [106].

The observation that somewhat fewer (50/137, or 37%) of the values of the Mg/Si
ratios for the lake samples plot below the theoretical line (Figure 4), and even those that
do are generally within an order of magnitude of the line and tend to follow the line’s
trend with increasing pH, suggests that this theoretically calculated line, or a modified
version thereof, could be an approximate lower threshold for 775 in alkaline lakes. If this
were the case, it would be generally consistent with the scarcity of precipitated clays with
exceptionally low 7, (Figure 3) in the rock record. Nonetheless, should Hypothesis 6 be
proven correct by study of lakes where magnesian carbonates are actively precipitating,
lacustrine Mg-carbonates in the rock record would indicate removal of Mg from solution
without a corresponding decrease in Si, with direct implications for the biogeochemical
processes that occurred in those ancient lake systems.

Hypothesis 6. Fluid Mg/Si Ratios Falling below a Theoretical Baseline Defined by Amorphous
Silica Saturation and the Critical Supersaturation for Mg-Silicate Nucleation Are Most Likely
Caused by the Precipitation of Mg-Carbonates.

5. Outlook

Alkaline lake environments occur at the intersection of biology and geology, requiring
an inherently multidisciplinary approach. The experimental, field, and theoretical data and
calculations we collected here, along with the six hypotheses we posed, are aimed to inspire
discussion and future studies across these disciplines and their relevant sub-disciplines.
Through the synthesis and presentation of these hypotheses we highlight the controlled
laboratory investigations and extensive field studies into Mg-silicates that are paving the
way for application of biogeochemical proxies to the interpretation of ancient alkaline
lakes. In each case, we used the collected evidence to generate the relevant hypotheses,
and this data may also be useful in testing the accuracy of the individual hypotheses.
The ambiguous, conflicting, and/or incomplete nature of the collected references (e.g.,
there are few studies with extensive reporting of both lake water chemistry and sediment
mineralogy) will manifest unique challenges for future researchers and perhaps serve as a
guide for designing future studies. There remain many promising avenues for research
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designed to refine our understanding of these complex, dynamic biogeochemical systems,
and we hope that this work will help to guide that research.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2075-163
X/11/2/106/s1, and all data plotted in Figures 4 and 5. Spreadsheet S1: Alkaline Lake Chemistry
Database; Dataset S1: Mg/Si Data plotted in Figure Al.
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Appendix A. Geochemical Modeling

The Geochemist’s Workbench, outfitted with the geochemical thermodynamic database
presented by Tutolo and Tosca [45], was used in reaction path modeling of the evaporative
evolution of the geochemistry of a simplified synthetic lake water. The water initially
contained 0.2 mmol/L Ca, 1 mmol/L Na, 0.1 mmol/kg SiO;/kg (in the “conservative”
model), 1 mmol/L HCO3™, and the partial pressure of CO,(g) was fixed throughout the
simulation at 1073 bars. The reaction path simulation was run twice: once where the
concentration of SiO,(aq) behaved conservatively during evaporation (i.e., the precipitation
of Si-bearing minerals was suppressed), and a second time where the concentration of
Si0O;(aq) concentration was limited by the solubility of amorphous silica (5iO,(am)). The
“theoretical” Mg/Si ratio, defined by saturation with respect to SiO,(am) and the nucleation
threshold for Mg-silicate clays was also calculated using this model. Specifically, the critical
supersaturation (K, sic,) for Mg-silicate precipitation was calculated according to:

”i/[gﬂ 1510, (aq) TH0 ”
K critical = 6 = 10™, (A1)
ags

and the solubility of SiO;(am) according to:

KSiOZ(am) = 4si0,(aq) = 10727, (A2)

Assuming ap,o ~ 1, Equation (A2) can be combined with Equation (A1) to yield an
equation relating a2+ to pH, which can then be used to calculate .2+ /dsi0,(aq) s a
function of pH, as plotted in Figure 5. All speciation calculations in this study employed the
extended Debye-Hiickel “B-dot” equation for calculating activity coefficients of charged
aqueous species and assumed a value of unity for the activity coefficients of neutral species.


https://www.mdpi.com/2075-163X/11/2/106/s1
https://www.mdpi.com/2075-163X/11/2/106/s1
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Appendix B. Mg-Silicate Gel Crystallization Experiments

Two sets of Mg-silicate gel crystallization experiments were performed (by B.M.T.)
at the University of Oxford. Each experimental series consisted of either 80 or 160 mg
of Mg-silicate gel and 2.2 mL of deionized water in five standard 2 mL micro-centrifuge
tubes. The Mg-silicate gel was prepared in a pH = 9.8 (buffered by boric acid [35]) solution
with 1.8 mmol/kg SiO,, 50 mmol/kg Mg, and 50 mmol/kg Ca, which, according to [43],
should yield a solid precipitate with talc or kerolite-like Mg/Si ratio. The experiments
were initialized by sinking the tightly sealed micro-centrifuge tubes into a water bath held
constant at 60 °C over the duration of the experiments. At fixed times over the course
of the experiments (after 0, 30, 61, 104, 295, and 356 days), individual micro-centrifuge
tubes were taken from the water bath, their fluid extracted via a needle-tipped syringe,
and then dried at 60 °C. After drying, all samples but the 104 day samples (which were
inadvertently destroyed prior to analysis) were analyzed via powder X-ray diffraction
using a Panalytical Empyrean Pro powder X-ray diffractometer outfitted with a Co X-ray
source at the University of Oxford, and the accompanying fluid was filtered through
a 0.2 um filter, acidified with nitric acid, and analyzed using a Perkin Elmer Optima
7300 DV Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) at the
Scottish Universities Environmental Research Centre (SUERC) in Glasgow, Scotland, United
Kingdom. Background-subtracted XRD analyses are presented in Figure 2 in the main text,
and Table A1 contains fluid chemistry for all analyzed samples. Ca and Si were below
the detection limit (1 mg/L) in all samples, but, notably, the Mg and Na concentrations
were elevated in the experiments with the lower water-to-mineral ratio (160 mg mineral:
2.2 mL H,0).

Table Al. Fluid chemistry data from Mg-silicate crystallization experiments.

Sample Elapsed Time (days) Mg (mmol/L) Na (mmol/L)
80 mg gel, 2.2 mL DI H,O
1L-1 30 13 49
1L-2 61 13 3.9
1L-3 104 14 3.8
1L-4 295 18 6.1
1L-5 356 19 6.4
160 mg gel, 2.2 mL DI H,O
2L-1 30 17 -
2L-2 61 21 15
2L-3 104 20 16
2L-4 295 31 23
2L-5 356 34 24

Appendix C. Precipitation Experiments Methodology

Data used in the creation of Figure 3 are plotted in Figure A1l. Two of these data
sets were acquired from previously published studies [35,45], and interested readers are
directed to those studies for a description of the experimental methodology. These data
were supplemented by an additional series of analyses performed for the present study
as well as data from two unpublished experiments performed by Zhengqgiang Che (Uni-
versity of Calgary). All data plotted in Figure Al are provided in a supplemental text
file. All new data plotted in Figure Al were acquired using methods similar to those
used by Arizaleta et al. [35]. The experiments plotted in Figure Alc,d utilized a 0.0125 M
NaBO;-4H,0 buffer solution, the pH of which was adjusted to the desired initial value
(10.2) and using 1 M HCl. Initial SiO, concentrations were achieved through addition
of Baker Analyzed sodium metasilicate nonahydrate (Na;SiO3-9H,0) directly to the so-
lution. Desired initial Mg concentrations were achieved by adding American Chemical
Society (ACS) reagent-grade magnesium chloride hexahydrate (MgCl,-6H,0) directly into
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solutions. In the experiment plotted in Figure Ald, sepiolite (0.5 g/125 mL of solution,
consistent with [35]) was used to facilitate growth. A MgCl, brine was prepared using ACS
reagent-grade MgCl,-6H;O and ultrapure (18 M()-cm) water, and added to the solutions
via pipette until nearly all SiO, in solution was reacted (Figure Ald). The solution was
mixed on an orbital shaker and kept in a climate-controlled (21.5 & 0.6 °C) laboratory.
Throughout the experiments, 3 mL samples were taken periodically using a syringe, fil-
tered, and acidified while awaiting analysis for Si, Mg, and Na using ICP-OES [35]. The
pH was measured on an aliquot of each sample using a Thermo Scientific PerpHecT Orion
ROSS (Thermo Fisher Scientific, Waltham, MA, USA) combination pH microelectrode,
which was calibrated at least daily using NIST-traceable pH 4, 7, and 10 buffers.

Arizaleta et al. (2020)
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Figure A1. Mg concentrations plotted as a function of Si concentrations in the room-temperature experiments collected and
analyzed in this study: (a) Arizaleta et al. [35]; (b) Tutolo and Tosca [45]; (c) Che et al. (unpublished); and (d) experiments
performed during the preparation of the present study. Labels indicate slopes of lines fitted to the data.

Experiments presented by [107] were considered but not included in Figure A1 or the
analysis in Figure 3 because they did not present fluid chemistry analyses, but rather the
initial Mg/Si of the solid added to their solution and the final Mg/Si of their solid product.
This likely led to the significant deviations between their data and those plotted in Figure 3
as 17 or initial Mg/Si increased above 1, potentially due to undissolved MgO limited by
the insolubility of Mg at high pH. Nevertheless, their experiments with initial Mg/Si of
0.4, 0.6, and 0.8 were consistent, within uncertainty, with the data plotted in Figure S2. We
also considered data from [108] but excluded it from our analyses due to its anomalously
high Mg /Si ratio and temperature at which the experiments were conducted (39 °C). We
do however note that data from reference [107] appeared to plot along a linear trend that
would pass close to the data from reference [108].

Lines were fit to the data sets plotted in Figure A1l using the York regression tech-
nique [107], which permitted uncertainties in both Mg and Si concentrations to be taken
into account. These were assumed to be +5% of the measured concentration, consistent
with typical uncertainties on ICP-OES analyses.

Appendix D. Collection, Compilation, and Formatting of the Alkaline Lake Database

The database (Spreadsheet S1) contains water chemistry data pertaining to alkaline
lakes and their surrounding areas. The collection of samples spans almost a century and
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thus contains an array of collection procedures, which can be found in the referenced
papers [8,28,29,62,67,68,75,76,92-101]. Ten previously unpublished samples were included
in the database. For these samples, sampling occurred at Last Chance and Goodenough
Lakes, British Columbia, Canada, and included one spring source. Analysis of water
chemistry was conducted at the University of Calgary. All data are reported in mmol/kg.
To achieve this, data originally reported in mg/L were converted assuming a solution
density of 1 kg per L.

The original data can be found in the “a” labeled tab of the spreadsheet,
from [8,29,67,75,76,95-100]. Where silica concentration was reported in Si (mg/L) it
was converted into SiO,. When available, alkalinity data were converted into meq/L units
according to:

AlK(TE) x |2

Alk(meq/L) = molecular weight’

(A3)

If the original units of mg/L were not given, our calculations assumed that values
were reported relative to the standard mg/L HCO3; ™ and were converted into meq/L on
that assumption. This applies to data from Mohamed et al. [98]. Charge balance error was
calculated for every sample and expressed as a percentage using:

|Y_ cation x valence| — |¥_ anion x valence|

CBE =
|Y- cation x valence| + |} anion x valence|

x 100%. (A4)

A magnitude of CBE < £5% is typically considered acceptable, but for the sake of
inclusion and acknowledging the challenging nature of analyzing alkaline lake samples,
we used all data with CBE < £10% in Figures 4 and 5. All data, even those with much
greater charge balance, were included in the spreadsheet for completeness. Data from
associated wetlands, wells, springs, and groundwater were included in the database and
are also plotted in Figure 4. Fields without available analyses are represented by 0 in
the compilation. Finally, in reference [97], Al and Fe are reported as a single value and
thus were not converted from ppm to mol-based units. Using the geochemical methods
described in Appendix A, activities of Mg** and SiO,(aq), and saturation indices for
amorphous silica (510, (am) and the critical supersaturation for Mg-silicate nucleation were
calculated. For all calculations, temperature was assumed to be 25 °C. Some analyses did
not report concentrations of Mg, SiO,(aq), or both. In these instances, we were unable to
calculate saturation indices or the relevant species’ activity.
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