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Biogeochemical explanations for the world's most

phosphate-rich lake, an origin-of-life analog

Sebastian Haas® "™, Kimberly Poppy Sinclair® ' & David C. Catling® '

Environmental phosphate concentrations are typically much lower (<10~ M) than needed for
prebiotic phosphorylation of nucleosides, critical for the origin of life. Here, we tested
hypotheses explaining highly concentrated dissolved phosphate in carbonate-rich “soda”
lakes by examining phosphorus and nitrogen cycling in Last Chance Lake and Goodenough
Lake, Canada. We find a lack of geochemical phosphorus precipitation, that sedimentary
calcium is in dolomite rather than apatite, and that N,-fixation rates, probably suppressed by
high salinity, are too low to create significant biological phosphate demand. Thus, nitrogen-
limitation of biological production and precipitation of calcium-rich carbonate instead of
apatite combine to allow unimpeded evaporative phosphate buildup in Last Chance Lake to
the highest known natural levels (37 mM) due to small biological and geochemical phos-
phorus sinks. Forming on basaltic rock, which was likely common on early Earth, evaporative
soda lakes were consequently plausible origin-of-life settings with sufficient phosphate for
prebiotic synthesis.
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for the origin of life on Earth during the Hadean (4.6-4.0 Ga

BP) because they can concentrate the major biogenic ele-
ments (C, H, N, O, P, S) as NO,~ or NH,T, sulfite or sulfide,
cyanide, and phosphate! 4. Their concentration is crucial for
enabling the prebiotic synthesis of nucleotides, amino acids,
sugars, and lipid precursors. “Soda lakes”, which are alkaline and
saline water bodies dominated by sodium, (bi)carbonate, and
chloride ions, are often rich in phosphate?%-8 and may therefore
resolve the “phosphate problem of the origin of life”2%10—a
discrepancy between the typically low environmental phosphate
concentrations (~107°M!112) and the high levels (~0.1-1M)
used in prebiotic nucleotide-forming  phosphorylation
experiments!3-16,

The phosphorylation reaction binding phosphate to a nucleo-
side is a crucial step toward prebiotic production of RNA, widely
considered a key molecule for the origin of life!”. Nucleosides can
form in geochemically plausible reaction networks from hydrogen
cyanide!$, which would have been created in abundant amounts
in the atmosphere after inevitable large impacts on the early
Earth!%20. Cyanide could have been concentrated and stockpiled
as ferrocyanide in evaporative lakes!»>. Nucleoside phosphoryla-
tion is a condensation reaction, so the dry phase of wet-dry cycles
in evaporative lakes may have provided the physical environment
to drive this reaction in addition to concentrating reactants!4. The
ability for phosphate to stay in solution to very high concentra-
tions during dehydration is crucial for yielding the large
nucleotide concentrations (tens of mM?!) necessary for non-
enzymatic RNA primer extension enabling abiogenesis. Prebiotic
nucleoside phosphorylation has been demonstrated at sodium
phosphate concentrations ranging from 40 mM prior to further
concentration from the dry down initiating the reaction!® and up
to 1 M in solution!3. Additionally, phosphate at mM to tens of
mM concentration acts as a catalyst for the prebiotic synthesis of
nucleoside precursors2,

Environmental dissolved phosphate concentrations, however,
are normally orders of magnitude lower (in the low pM or sub-
uM range) because of (i) loss into insoluble calcium phosphate
(apatite), and (ii) biological uptake with eventual sediment burial
of part of the resulting biomass, which constitutes the largest
(~50%) and second largest (~25%) oceanic phosphorus (P) sinks,
respectively?>24. Yet, in soda lakes, the apatite sink has been
hypothesized to be abated because calcium carbonate precipita-
tion causes low calcium concentrations that prevent apatite from
reaching saturation®2>26. This might explain phosphate con-
centrations 21 mM in some soda lakes (Supplementary Table 1).
However, the hypothesis, which is supported by a correlation
between dissolved inorganic carbon and dissolved phosphate in
soda lakes?, has not been proven by examining sedimentary
calcium phases and demonstrating that phosphate concentrates
with a degree of evaporation in the environment. Also, the role of
biological phosphate uptake in this hypothesized predicament in
modern settings has not been assessed either.

Understanding the biological phosphate sink, while obviously
absent at the origin of life, is key to interpreting P cycling in
modern soda lakes if they are to serve as effective analogs to the
origin-of-life environment and for more accurate inference of
phosphate levels in prebiotic soda lakes. P and inorganic nitrogen
(mainly nitrate and ammonium) are the two macronutrients
sustaining biological production. Following uptake into biomass,
both nutrients can be recycled within the biosphere by reminer-
alization or lost to sediment burial. But whereas diazotrophic (N,-
fixing) microbes can make atmospheric N, bioavailable, physical
and geochemical factors (e.g., transport and mixing, solubility)
largely determine the sources of dissolved P available to the
biosphere. Thus, P is often considered the ultimate limiting

Evaporative lakes have been identified as promising settings

nutrient because ecological selection for biological N,-fixation
(BNF) can overcome nitrogen (N) limitation and balance P and
fixed N (=all N except N,) over sufficient temporal and spatial
scales by negative feedback!2. Indeed, experiments often find that
low fixed N concentrations favor BNF, while many empirical
challenges to the notion that BNF rates scale with fixed N and P
concentrations remain®’. Unlike the ocean’s “Redfield ratio” of
N:P = 16:128, N:P ratios in lakes tend to be higher and more
variable because of smaller volumes and more influential source
water chemistry2?30, BNF was shown to balance a lake’s N:P ratio
following experimental phosphate addition3! but did not balance
high agricultural phosphate input in some other lakes2.

Primary productivity in different soda lakes has been reported
to be limited by a variety of factors, including light33-34,
nitrogen3>3%, and phosphorus®’. While this clearly suggests
inconsistent control by localized factors, N loss due to NHj;
volatilization at alkaline pH is likely a common factor affecting
nutrient ratios in soda lakes¢-383%, BNF rate measurements in
soda lakes are rare with almost none in their water columns*0.
Steward et al.#! found no detectable BNF rates in the water col-
umn of Mono Lake (California) despite phosphate (~0.1 mM)
exceeding fixed N concentrations, whereas BNF by phototrophic
mats was observed in Mono Lake’s littoral benthos*>*3 and in
hypersaline soda lakes in the Kulunda Steppe (Russia)*44>, To
our knowledge, no BNF rate measurements have been reported
from any lake with phosphate concentrations =1 mM (Supple-
mentary Table 1). Yet, such measurements are crucial for
understanding the extent of biological control on phosphate
concentrations in modern soda lakes and, by inference, phosphate
concentrations in prebiotic soda lakes that are potentially higher
than in inhabited modern analogs.

Here, we present new field data from Last Chance Lake (LCL),
which has the highest reported natural phosphate concentrations
on Earth?7. We compare LCL to Goodenough Lake (GL), which
is only ~100 m from LCL, with the goal of understanding why it
has substantially lower phosphate concentrations. We suspected
that a key difference may lie in GL’s thick cyanobacterial mats
(absent from LCL), which could create biological phosphate
demand by N,-fixation. Combining geochemical measurements
and biogeochemical approaches to measure BNF rates and
identify N as a limiting nutrient to primary productivity, we field-
tested the hypothesis that soda lakes can concentrate phosphate
to extreme levels because of reduced apatite precipitation in the
presence of high carbonate concentrations>2>26 and showed why
high accumulation of the macronutrient phosphate in LCL occurs
despite biology’s presence.

Results and discussion

The physical and biological context of Last Chance and
Goodenough soda lakes. LCL and GL sit on a thin layer (1-5m)
of glacial till overlying flood basalts of the Cariboo Plateau, British
Columbia?®47 and have various physical and biogeochemical
similarities and differences. These adjacent but unconnected
closed-basin (=no outflow) lakes (Fig. 1) are predominantly fed
by direct precipitation and groundwater discharge#s, which
therefore are also the likely main inputs of P to the lakes (water
and sediments). We sampled the lakes in November 2021, June
2022, and September 2022 (Supplementary Fig. 1). In June, the
lakes reached maximum depths of ~25cm (LCL) and ~110 cm
(GL), with evaporites mostly absent. LCL’s water column was
opaque (Supplementary Table 2; Supplementary Fig. 2a), prob-
ably because of wind-stirred sediments rather than abundant
phototrophs given that chlorophyll (Chl) a was about as low as
the much less turbid GL (Supplementary Table 2). By September,
LCL had dried up while GL’s water depth had fallen by some
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Fig. 1 Location and satellite image of Last Chance and Goodenough lakes. Markers indicate the location of the lakes (51°19'44N, 121°3818W) and

sampling stations GL1-GL5 and LC1-LC10. © Mapbox, © OpenStreetMap.

Table 1 Chemical composition of the lake waters.

Goodenough Last Chance

Jun Sep Nov Jun Sep Nov
Ca 0.055 0.039 0.061 0.45 0.080
cr 36 73 65 100 970 285
Fe 0.013 0.0M 0.0040 0.022 0.18 0.14
K 14 15 16 18 100 21
Mg 0.59 2.6 2.2 0.88 1.2 1.5
Mo 0.0055 0.00M 0.023 0.010
Na 540 770 910 1500 3400 1700
DIN 0.0084 0.0018 0.0028 0.0089 0.0046 0.001
PO,3~ 0.092 0.12 0.034 3.06 16 6.2
SO,2~ 29 6.2 49 43 100 59
DIC 150 230 160 710 100 550
Salinity  39.6 50.7 4.7 133 256 105
Density 1.04 1.04 1.04 112 1.26 1.09
Seasonal means of selected ion concentrations (mM), total salinity (g/L) and density (kg/L) in
Last Chance and Goodenough lake waters (excluding spring water). See Supplementary Fig. 3
for variability underlying seasonal means.
DIC dissolved inorganic carbon, DIN dissolved inorganic
nitrogen = NH,+ + NH3 + NO,~ + NO3 ™.

decimeters. LCL water samples in September were dense brines
enclosed between salt crusts (>300 g/L; Supplementary Fig. 2d) or
less saline (~120g/L) rainwater-brine mixtures sampled after
strong rainfall (Supplementary Fig. 1b, c). The latter includes the
samples used to determine September’s BNF rates. In November,
GL’s near-shore was covered by thin ice, while LCL’s con-
centrated brine and partially frozen salt crust underwent daily
freeze-thaw cycles, which expanded the water volume enough
during the daytime to cover most of the mudflat.

The biology of LCL and GL differs. We observed thin, green
microbial mats only at the fringes of LCL during the wet season
(Supplementary Fig. 2a). These mats are dominated by photo-
autotrophic eukaryotes incapable of N,-fixation** and may be
confined near-shore because water turbidity blocks sunlight at
depth (Supplementary Table 2). In GL, thick perennial microbial
mats (~10 cm) cover most of the benthos and are dominated
near-surface by photo-diazotrophic cyanobacteria*®->0.

The geochemistry underlying extreme phosphate concentra-
tion in the soda lakes. Sodium (Na), dissolved inorganic carbon
(DIC) and chloride (Cl) were dominant ions in both lakes with
higher concentrations in LCL (Table 1, Supplementary Fig. 3).
These are typical major ions of soda lakes developed on basaltic
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Fig. 2 The relationship of phosphate and chloride. Linear regression of
phosphate vs. chloride across seasons and sampling sites in Last Chance
Lake (LCL) and Goodenough Lake (GL) water column (crosses: gray = LCL;
pink = GL) and sediment porewater (inverted triangles: black = LCL;

red = GL). The inset shows the much lower levels of phosphate and a lack
of correlation with chloride in GL.
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rock#6>1, Sulfate (SO,27), potassium (K), phosphate (PO,37),
and magnesium (Mg) were also abundant, whereas calcium (Ca),
iron (Fe), and dissolved inorganic nitrogen
(DIN=NO;~ +NO,~ + NH; + NH, ™) were present at very
low concentrations. LCL salinity (total dissolved solids) had
stronger seasonal variations and was generally higher than in GL
(Table 1), reaching up to 462 g/L (=13 x seawater salinity). Both
lakes had pH = 9.9 and perennially oxic water columns (Supple-
mentary Table 2).

Across sampling stations (Fig. 1) and seasons (June, September,
November), phosphate in LCL varied linearly with chloride (Fig. 2),
which behaves conservatively during soda lake evaporation and can
therefore be used as a salinity proxy (Supplementary Fig, 4f)7->2. The
highest total dissolved phosphorus (tdP), phosphate, and chloride
concentrations were measured in LCL’s concentrated brines in
September 2022 (tdP=37+9.0mM, PO~ =37+0.37mM,
Cl~ =2.5£0.0041 M), while spring water feeding LCL had much
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lower concentrations (tdP =21+ 15uM, PO3~ =5.7 £ 0.057 uM,
Cl~ =4.5+32mM). Phosphate concentrations in Table 1 are
seasonal averages. Mean PO,3:Cl~ ratios in LCL water and sediment
porewater (GL water: 0.002 +0.001; GL sediment: 0.006 + 0.005;
LCL water: 0.02 + 0.006; LCL sediment: 0.03 + 0.009) were an order
of magnitude higher than in GL suggesting that LCL’s higher
phosphate concentrations are not simply because it is more
evaporated (ie., more saline and so more Cl -rich) than GL.
Instead, GL’s lower PO,3—:Cl™ ratios and lack of correlation between
chloride and phosphate (Fig. 2) or tdP (Supplementary Fig. 4a)
suggest stronger P sinks, ie., biological uptake (supported by
findings described below) and/or P mineral precipitation, in GL
compared to LCL.

In both lakes, chloride correlated with monovalent cations (Na,
K) but not with divalent (Ca, Mg) ones (Supplementary Fig. 4),
suggesting that the latter precipitated at comparatively low
salinities. Furthermore, bulk sediment Ca substantially exceeded
dissolved Ca concentrations, especially in LCL, showing early Ca
precipitation into the sediments (Supplementary Figs. 5 and 6).
Authigenic calcium carbonate formation was substantiated by
X-ray diffraction (XRD), showing dolomites (22.3 +8.21%)
predominating in the non-clay phase of LCL sediments after
plagioclase (38.5+13.4% anorthite and 31.5+20.3% albite;
Supplementary ~ Table  3), consistent with  previous
measurements0, Plagioclase weathering produces
Na-HCO;-CO; dominated water chemistry from which calcite
precipitates early and completely upon evaporation3.

Unlike sediments, evaporites from the surface or shores of LCL
(Supplementary Table 3; ref. 4°) did not contain detectable
dolomites or other authigenic calcium minerals and consisted of a

predominantly thermonatrite (Na,CO;-H,0; 66.1+20.5%),
which likely represented natron (Na,CO;10H,0O) that dehy-
drated after sampling. GL’s sediment and evaporite mineralogy
only differed marginally from LCL’s, apart from thermonatrite,
which occurred abundantly in GL sediments (Supplementary
Table 3). Evaporite minerals containing phosphorus or authigenic
iron were not found with XRD and their low abundance in LCL
evaporites was confirmed by ICP-MS (P: 0.13+0.08%; Fe:
0.11 +0.19%; Ca: 0.10 £0.17%) (Supplementary Fig. 6). Consis-
tent with Toner and Catling’s hypothesis?, these data suggest that
early calcium carbonate precipitation into the sediments depletes
dissolved Ca in both lakes (Table 1), causing negligible P
precipitation that allows for extreme phosphate accumulation
in LCL.

Low N,-fixation limits biological phosphate uptake in Last
Chance Lake. To address why biology does not deplete phosphate
in LCL, we tested a hypothesis that primary production could be
N-limited. DIN was several orders of magnitude lower than
phosphate in LCL (Table 1) with DIN:PO,3~ ratios far below the
Redfield ratio ([16N:1P]; In(16) =2.77; Fig. 3b). By contrast,
DIN:PO,3~ ratios in GL approximated the Redfield ratio
(Fig. 3a). Accordingly, particulate N:P ratios in GL were close to
the Redfield ratio and within the typical range of lakes?%30, but
LCL ratios were far lower (Fig. 3¢, d).

We further demonstrated N-limitation in LCL by the addition
of an ammonijum-nitrate mixture to bottles filled with lake water.
For LCL, this N-fertilization led to doubled Chl a concentration
within ~48 h of incubation in natural sunlight, while controls that
were untreated or amended with sodium-phosphate showed no

distinct set of mostly sodium (bi)carbonate minerals, jncrease (Fig. 4b). By contrast, the ammonium-nitrate fertilization
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Fig. 3 Nitrogen and phosphorus concentrations, ratios, and stable isotope compositions in lake water and sediment. Data from different seasons are
shown for Goodenough (top row) and Last Chance (bottom row) lake water (blue shading) and sediment (brown shading), excluding data from Last
Chance Lake's spring. a, b Dissolved inorganic N:P ratios (DIN:PO,3~ in water, [NH,+ + NH31:PO43~ in sediment). ¢, d N:P ratios in suspended water
particles and bulk sediment. e, f 8'°N in suspended water particles and bulk sediment. Different marker symbols and line types indicate different sampling
stations across each lake as specified in Fig. 1 (see Supplementary Fig. 5 for legend). Vertical dotted lines indicate the arithmetic mean of water and
sediment measurements, respectively. DIN = dissolved inorganic nitrogen = NH4 + NHs + NO,~ + NO3~.
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Fig. 4 Fertilization experiment. Time series of chlorophyll a concentration
during incubation in natural light following experimental amendment of

a Goodenough Lake, and b Last Chance Lake water with no fertilizer
(“control”), 100 umol N L= of a 1:1 (NH,),SO,4 + NaNO3 mixed solution
(“+nitrate + ammonium”), or a 100 umol P L~ of a NasPO, solution
("4phosphate”). Error bars indicate the standard deviation from replicate
chlorophyll a analyses.

did not stimulate growth in GL (Fig. 4a), suggesting N-limitation
in LCL but not GL.

Next, we examined why N-limitation in LCL was not overcome
by biological N,-fixation (BNF). The stable isotope composition
of particulate organic nitrogen, 8!°Npoy;, ranged from 6.9%o to
16.4%o in LCL (Fig. 3f) and 2.0-12.4%o in GL (Fig. 3e). The high
values in LCL and much of GL can be explained by ammonium
being a nitrogen source for primary producers that was enriched
in PN from NHj-volatilization at high pH3°. N,-fixing
diazotrophs produce biomass with §1°Npoy < 1.2%0°4, which
was only approximated in the surface stratum of GL’s microbial
mats (=2.0%o), suggesting BNF as the locally predominant
N-assimilation pathway there (Fig. 3e). Indeed, GL sediments
(including microbial mats) showed a negative correlation
(R? = 0.48) between bulk N:P (Fig. 3c) and §"Npoy (Fig. 3e),
which is consistent with BNF causing both lower §!°Npgy values
and higher (more balanced) N:P ratios.

To quantify BNF rates, we experimentally enriched lake water
with 1°N,. Measured rates were similar between the two lakes
with higher values in June versus September (Table 2). Rates fell
within a range typical of surface waters of large lakes>> and the
ocean’’*8. However, much higher BNF rates (>1pumol
NL~1d~1) are possible in small to medium-sized, low-N:P, or
mesotrophic to eutrophic lakes32°%0, Thus, water-column rates
from our two lakes fell into the low- to mid-range of BNF rates in
aquatic systems.

Because the 8§!°Npoy minimum in GL identified the photo-
diazotrophic cyanobacteria dominated4®>0 surface stratum of the
microbial mats rather than the water column as the BNF hotspot,
we additionally incubated slurries from the surface of GL’s
microbial mats under elevated 1°N,, comparing to incubations of
slurries from LCL’s sediment surface (n=4 per lake). These
experiments allowed us to calculate areal rates and then estimate
the effect of biological phosphate demand created by BNF. The
15N, was incorporated into biomass at much higher rates in GL
than LCL: 1674.3+263.9nmol N gdry_slurry*l d-!  versus
2.7+1.4nmol N g4y gurry ' d71. Conversion into volumetric

Table 2 N,-fixation rates in wet (June) and dry (September)
seasons in Goodenough and Last Chance lake water.

Lake Month N,-fix. rate [nmol n
NL'd 1]

Goodenough June 24.0£11.7 4

September 0.2+ (NA) 1

Last Chance June 24.4£10.2 4

September 9.7+17 2

n is the number of rate measurements per season and lake. The uncertainty (£) is the
propagated error (standard deviation of replicate measurements per season and lake) based on
Eq. (2).

rates using the slurries’ measured wet densities yielded average
rates of 1153 umol NL~1d~! (GL) and 0.8 pmol NL~1d~!
(LCL), i.e, 4-5 (GL) and 1.5 (LCL) orders of magnitude higher
than water-column based rates (Table 2). In LCL, the higher
slurry-based rates may be because diazotrophs concentrated onto
the sediment surface during the dry season (Supplementary
Fig. 2b) or because BNF rates by heterotrophic sediment bacteria
exceeded those by pelagic phototrophs*>#4, In GL slurries, the
much higher rates compared to the water column are readily
explained by cyanobacterial photo-diazotrophs dominating these
mats?®>0, Converted to an areal rate by integration of the
volumetric rate over the surface 1-cm of the mat (48.1 pmol
Nm~2h1), GL slurry rates were similar to rates in cyanobacter-
ial mats from a salt marsh (19-636 umol N m—2h—1)61, littoral
zone sediments of Mono Lake covered by algal aggregates
(11 pmol N m—2 h~1)43, and littoral, phototrophic microbial mats
from Mono Lake (46 umol N m—2h~1)%2,

Assuming that mat-based cyanobacteria are GL’s predominant
diazotrophs*® and that they are confined to a photic zone
comprising the top 1-cm of the mat®2, how does the measured
volumetric rate of 1153umol NL-!d-! (=42.1 umol
Ncm3yr—1) relate to the P pool of the entire lake? Further
assuming 0.5 m mean water depth in GL and that the top 0.5 m of
GL sediments (including microbial mats) are affected by exchange
with the surface microbial mats, we take the sum of the mean tdP
measured cross-seasonally in GL water (0.122 umol cm—3) and
porewater (0.854 umol cm—3) and integrate over 1 m depth. This
yields an inventory of 98 umol P cm™2, which is the same order of
magnitude as the estimated 42.1 pumol N cm 3 yr~! fixed by the top
centimeter of the mats. This similarity suggests a significant role for
BNF in lowering phosphate in GL by creating biological
P-demand®3. In LCL, however, both the sediment-associated slurry
rates (0.8 pumol NL~! d~!1 =0.30 mmol N L~! yr~!) and the even
lower pelagic rates (Table 2) are orders of magnitude smaller than
the lake’s mM-level phosphate pool (Table 1), suggesting that BNF
does not create significant biological P demand. High BNF rates on
the order of ~10 mM N L~! yr~! as encountered in microbial mats
from GL (this study), Mono Lake*>%3, or some eutrophic lakes®”
would allow microbes to decrease phosphate concentrations on the
order of mM. Therefore, the limitation of biological productivity by
low BNF (see also Supplementary Note 1) likely contributes
significantly to the world record phosphate concentrations in LCL.

What inhibits BNF in LCL? One plausible factor is limited
availability of iron or molybdenum, which are needed for the
nitrogenase enzyme®* but, with the caveat that our data were
not produced using strictly trace-metal free protocols, concentra-
tions of both metals were higher in LCL compared to GL (Table 1),
which is inconsistent with trace metal limitation of BNF in LCL but
not GL. Instead, the most parsimonious explanation for low BNF
rates in LCL is high salinity, which is known to repress nitrogenase
synthesis and divert energy away from N,-fixation®. Moreover, the
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Mono Lake#42 and the Kulunda Steppe (Russia) lakes Bitter-144/45, Cock Soda Lake, Bitter—3, Tanatar VI, Picturesque Lake, and Crooked Lake#4. Except
for the present study and the Mono Lake water column rates?!, plotted rates are based on the acetylene assay, which measures nitrogenase activity via
acetylene reduction to ethylene. The conversion factor relating acetylene reduction to actual N,-fixation rates is typically (including in this figure) assumed
to be 4 on theoretical grounds'©0, but in reality can vary by at least one order of magnitude®4101. None of the cited studies determined the locally
applicable acetylene-N, conversion factors, so the plotted rates should be taken with caution, especially when comparing rates from different studies.

negative effect of high salinity on N,-solubility®® plausibly lowers
BNF efficiency in LCL. Across all seasons (Table 1) and within the
specific samples incubated for BNF rates, salinity in LCL was
>100-150 g/L, the range above which BNF inhibition is consis-
tently indicated by a lack of the high BNF rates observed at lower
salinities in soda lake sediments and phototrophic mats
(Fig. 5)4>4445, However, more research is needed to identify why
BNF is inhibited in LCL. An alternative or additional inhibitor
could be sulfide, given that sediments of LCL compared to GL
contain much higher dissolved sulfur concentrations (Supplemen-
tary Fig. 4i). Under the reducing sediment conditions some of this
dissolved S likely represents hydrogen sulfide produced by sulfate
reduction. Sulfide is toxic to many organisms, but its effect on BNF
is ambiguous, depending on microbial species, sulfide concentra-
tion, and pH®7-%8,

Extremely low N:P ratios in the water column of LCL or Mono
Lake#? show that BNF cannot balance N:P ratios in lakes if
geochemical (this study) or anthropogenic®? P input is high.
Thus, LCL is an extreme example of a lake in which large P excess
remains unbalanced by BNF, whereas balanced particulate N:P
ratios in neighboring GL are associated with strong BNF. The
difference may lie in a single, localized BNF-inhibiting environ-
mental factor, probably high salinity, implying the absence of a
general rule governing the ability of BNF to balance N:P ratios
across different environments.

Implications for the origin of life. The up to 37 mM phosphate
found in LCL water and sediment porewaters far exceeds P
concentrations in other natural waters and reaches a minimal
tens of mM phosphate that is sufficient for non-enzymatic
phosphorylation  reactions!®. This implies that shallow,
carbonate-rich lakes on early Earth could have provided suffi-
ciently phosphate-rich conditions for the origin of life, adding to
an ability of such waterbodies to concentrate carbon, nitrogen,
and sulfur feedstocks!:3* and facilitate CO, reduction in the

presence of ultraviolet light and volcanic SO, as sulfite to organic
compounds that are important in central carbon metabolism®.
High carbonate concentrations and resulting low calcium con-
centrations appear to be the key requirements for extreme
phosphate accumulation®2%26, which also apply to the subsurface
ocean of Saturn’s moon, Enceladus’%7!. On Earth, soda lakes are
commonly created by evaporative concentration within closed-
basin lakes fed by carbonate-rich (ground)water leaching cations
from basaltic rock where the divalent cations are removed into
carbonates and clays®!. Lakes geochemically similar to LCL
probably occurred on Hadean Earth, because there was likely
some basaltic land”? and relatively carbon-rich air’3. For similar
reasons, such lakes may have also occurred on early Mars’4,

One key geochemical difference between LCL and a prebiotic
soda lake is LCL’s oxic water. Minor levels of P were found in
LCL sediments (0.10 +0.01% [w/w]; Supplementary Fig. 6) but
more detailed analysis is required to determine how much of this
would represent a P sink also under anoxic early-Earth
conditions. Calcite-adsorbed P would represent a potentially
relevant sink also under prebiotic conditions and so would P
bound as vivianite (Fe(II)-phosphate) due to higher Fe*t
solubility under anoxic conditions. By contrast, P bound to
organics (from biological production), or ferric iron (due to oxic
conditions in water and surface sediment) would only represent a
P sink under modern-day (biotic and oxic) conditions and
detrital P (e.g., non-authigenic apatite from surrounding rock)
would not represent a P sink under any conditions.

Another potential difference between LCL and a prebiotic lake
is sulfide content. Sulfide was likely rare in Hadean ponds? but is
biologically produced from sulfate (Table 1) in the anoxic
sediments of modern soda lakes®. High sulfide concentrations can
suppress vivianite precipitation by forming insoluble FeS,”>.
However, vivianite was probably not a significant phosphate sink
in anoxic Hadean soda lakes because high carbonate concentra-
tions favor siderite  (Fe(Il)-carbonate) over vivianite
precipitation’%. Moreover, vivianite solubility in Hadean seawater
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at equilibrium with a 0.1-bar pCO, atmosphere may have been in
the mM-range’’ and this solubility should only increase with
carbonate concentration in more concentrated lake waters.
Hence, because calcite solubility exceeds that of siderite,
phosphate concentrations were likely controlled by Ca?* rather
than Fe* even in anoxic soda lakes?.

Even higher phosphate concentrations than observed in LCL
are plausible under anoxic and prebiotic conditions. Lower
Hadean ferric iron concentrations’® could increase phosphate
concentrations relative to modern LCL because phosphate can be
adsorbed onto iron oxides in modern lakes”®80. Additionally,
some biological production in modern LCL is evident from the
presence of chlorophyll and near-shore biofilms. Even slow
biological production could create a constant biological P
demand, decreasing dissolved P concentrations (and lowering
the CI-PO,3~ slope; Fig. 2) over long (century to millennia) time
scales as a portion of organic-bound P sinks and is buried in the
sediment®3. Biological production in excess of that enabled by the
small BNF rates could be fueled by ammonium (from organic
matter mineralization) diffusing into modern LCL from sedi-
ments. Depending on the size of such fluxes and the rate of
organic P burial, future studies using LCL as a Hadean analog
system would be expected to show that phosphate concentrations
in a prebiotic analog lake could be even higher than those in LCL.

Finally, soda lakes on early Earth may have received higher
influxes of P than modern ones. A more CO,-rich atmosphere
would have enabled faster weathering of apatite in igneous
rocks®!. Additional P may have been added to individual soda
lakes during impact bombardment in the Hadean and early
Archean8? by meteorites containing the P-rich mineral schrei-
bersite (FesP)83. Schreibersite corrosion could have added
phosphate as well as reduced and reactive P compounds favoring
prebiotic chemistry in early-Earth soda lakes348°. Plausible
photo-geochemistry can oxidize reduced P compounds derived
from  schreibersite to  phosphate favoring  prebiotic
phosphorylation®¢ and soda lakes could have provided the
calcium-poor conditions for this phosphate to stay in solution.

By examining the world’s most phosphate-rich lake, we
demonstrated with new field data from sediments and from the
water column the previously hypothesized? lack of P precipitation
in natural carbonate-rich, calcium-depleted waters. In LCL,
phosphate accumulates to concentrations of tens of mM instead
of precipitating as apatite or being biologically consumed. Low
BNF rates and N-limitation are essential for also decreasing the
biological P sink, which distinguishes LCL from the less
phosphate-rich GL and other soda lakes with high benthic BNF
rates, such as Mono Lake (<1 mM PO,37) or Bitter-1424445 Ag
BNF was absent on prebiotic Earth, LCL is a remarkably
promising analog to a “Hadean soda pond” that can be used to
understand plausible environments for prebiotic synthesis more
deeply.

Methods

Collection and treatment of lake water, sediment and evaporite
samples. Evaporites were collected at multiple locations around
Last Chance and Goodenough lakes using vinyl gloves and stored
in plastic bags and small plastic vials at freezing temperatures
until characterization. Water and sediment samples were taken
from geographically fixed stations distributed over Goodenough
and Last Chance lakes (Fig. 1) during three field campaigns in
mid-November 2021, mid-June 2022, and mid-September 2022.
Care was taken to avoid contamination of sampled water with
disturbed sediments by using either Niskin bottles from a small
boat or a several-meter-long pole with clean (sample-flushed
several times) vinyl-tubing that allowed sampling pristine water

while wading in the lake. Upon sampling, water samples for
dissolved geochemical concentration analyses were filtered using
0.2-um syringe filters (cellulose-acetate, Puradisc, Whatman)
after flushing with a few milliliters of sample. Filtered water was
filled into clean Falcon tubes that were first rinsed with a few
milliliters of sample. For analysis of the particulate phase (POC,
PON, POP, chlorophyll), water was collected, stored cool and
dark until vacuum filtration (described below) within several
hours of sampling.

Sediment cores were taken in PVC pipes (10-cm diameter) that
were pushed into the sediment manually and sealed air-tight
upon retrieval. Within several hours of sampling, sediment cores
were subsampled vertically by slicing and the subsamples were
then stored inside centrifuge tubes. Prior to slicing, porewater was
extracted from some cores taken in PVC pipes with pre-drilled
holes using rhizons (5cm porous length, 0.15um pore size,
19.21.23F, Rhizosphere). For other cores, porewater was later
extracted from thawed subsamples using centrifugation and
syringe-filtration (0.2-pum, as above) of the supernatant. All
samples (porewater, bulk sediment slices, filtered water, filtered
particulates) were stored at —20 °C until laboratory treatment or
analysis within minutes (especially all filtered particulates) to
hours of (sub)sampling. Acid-washed (10% HCI, 24 h) plastic or
glassware was used for transfer and storage of samples.

Dissolved geochemical concentrations. Dissolved O,, pH, and
turbidity were measured using ProDSS sensors (YSI). Total sali-
nity was determined by drying filtered lake water at 60 °C and
subtracting dry weight from wet weight standardized to water
volume. Water density was measured by weighing a specified
volume of filtered water at 22 °C. Ionic (SO,2~, Cl—; detection
limits not relevant) and elemental (Ca, Fe, K, Mg, Mo, Na, P, and
S) concentrations in filtered lake and sediment porewater were
analyzed using ion chromatography and ion-coupled plasma
mass spectrometry (ICP-MS, ICP 61E, Thermo Scientific),
respectively. Dilution-dependent detection limits for ICP-MS
were  0.0014-0.84 mM  (Ca), 0.00016-0.097 mM  (Fe),
0.0045-2.7 mM (Mg), 0.0015-0.87 mM (P), 0.00019-0.11 mM
(Mo), or not relevant given high concentrations in all samples.
Total dissolved inorganic carbon (DIC) was analyzed on a Shi-
madzu TOC/TN-V CSH by the difference between total dissolved
carbon before and after acidification and sparging®’. Phosphate
concentrations in water and sediment porewater were analyzed
using the standard spectrophotometric “molybdate blue” method
with a precision of <1%83. Lake water samples were additionally
analyzed with a nutrient autoanalyzer (Seal Analytical AA3),
using  standard  methods to  quantify ammonium
([NH4T + NH;]), nitrite, and nitrate concentrations following
Gordon et al3 at dilution-dependent detection limits
0.09-0.9 uM (ammonium), 0.01-0.1 uM (nitrite) and 0.18-1.8 uM
(nitrate). Ammonium concentrations in sediment porewaters
were analyzed by the indophenol blue method$®0, Nutrient
ratios are presented after logarithmic transformation®!.

Particulate biogeochemical concentrations and stable isotope
analysis. Water column particulates were concentrated onto 0.7-
pm, 0.47-mm glass-fiber filters (pre-combusted for 4.5h at
450°C) using vacuum filtration. Chl a concentrations were
determined after acetone extraction of filtered particulates on a
fluorometer (TD-700, Turner Designs). Other filters containing
particulates were oven-heated (50-60 °C) to dryness, exposed to a
fuming hydrochloric acid atmosphere for 8 h to remove carbo-
nates, oven-dried again, and finally stored in a desiccator until
analysis. Particulate phosphorus was acid-extracted from some of
these filters and measured as described below for dried sediments.

COMMUNICATIONS EARTH & ENVIRONMENT | (2024)5:28 | https://doi.org/10.1038/s43247-023-01192-8 | www.nature.com/commsenv 7


www.nature.com/commsenv
www.nature.com/commsenv

ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-01192-8

Filters for PON concentrations and stable isotopes were packed in
tin cups and analyzed by elemental-analysis/mass-spectrometry
(EA-MS; Finnigan MAT253) as previously described2. For
standardization to the commonly used stable isotope reference
air-N, (1°N/14N, = 0.0036765), we used an international stan-
dard (USGS41: 81°N = +47.57) as well as in-house glutamic-acid
or salmon-biomass standard materials (§!°N = —4.6%o; —5.7%o;
11.3%o), which were calibrated against the international standards
USGS40 (815N = —4.52%0) and USGS41. The § notation was
used to express natural abundance stable isotope signatures,
where R is the stable isotope ratio (1°N/4N):

&p}e> - 1) x 1000 (1)

R
15 _
07 N[%] = <<R

standard

All 815N values were blank-corrected. Additionally, samples
with N amounts below an empirically determined linear range,
which is the threshold below which a size effect was observed on
the post-calibration 8!°N of standards, were linearity-corrected
proportionally for this empirically determined offset.

Frozen bulk sediment subsamples were briefly thawed and
centrifuged to measure wet-volume and wet-weight, then frozen
again for freeze-drying. Upon drying, dry-weight was measured
to calculate dry density [gary-weight Lyet-volume 1], which was later
used to convert dry-weight-based bulk sediment concentrations
to volumetric units. Dried sediments were sieved through a 2-mm
mesh to remove any granules and pebbles and then ground to
<125 um grain size. This sediment was then further processed for
X-ray diffraction (see below), weighed into tin cups for EA-MS
(as above), or weighed in for acid-digestion for total phosphorus
extraction according to EPA-3050B°>°* followed by ICP-MS
analysis of the extract. The elemental composition of evaporites
was determined by dissolving a weighed amount of the
homogenized salt in a known volume of deionized water and
subsequent ICP-MS analysis of this solution.

X-ray diffraction (XRD) of evaporite salts and sediments.
Evaporites were prepared for analysis by isolating visually pure
salt phases from the samples and drying them in a fume hood
for multiple days, then grinding with quartz mortar and pestle
to a grain size <200 pm. Ground sediment samples (see above)
were processed to remove clays prior to XRD analysis. This
involved suspending ~1 g of the powdered sample per 30 mL
deionized water in a 50 mL Falcon tube and disaggregating the
sample for 10—20 min at ~200 W using an ultrasonic probe.
The sediment was then allowed to gravitationally settle for
47 min per centimeter water depth (~5h), after which the
supernatant, containing the majority of the <2 pum fraction®,
was decanted. The clay-reduced sediment pellet was then dried
at 60 °C.

The mineralogy of the lakeshore evaporites and lake sediments
from various sediment depths (0-55cm) was analyzed on a
Bruker D8 X-ray diffractometer with a high-efficiency Cu anode
microfocus x-ray source and Pilatus 100 K large-area 2D detector
(Molecular Engineering and Sciences Institute, University of
Washington). Diffractograms were acquired at 50 KV acceleration
voltage and 1000 pA current, with 20 scans ranging from 16° to
91° with a 20 step of 5° at 30 s each. The samples were analyzed
by either (i) dissolving the ground sample in a small amount of
ethanol, dropping it onto a silicon wafer, and allowing it to dry, or
(ii) loading them onto a Si crystal zero diffraction plate sample
holder with a 5 x 0.2 mm diameter well and using a blade to level.
Bruker EVA software (V4.2.1) and the ICCD PDF-4+ (2023)
database were used for phase identification and exporting CIF
files for refinement.

GSAS-2% was used to perform the Rietveld refinements on the
XRD patterns. The analytic Hessian method was used for least-
squares curve fitting (Levenberg-Marquardt singular value
decomposition algorithm), and a Chebyschev function with three
coefficients was used to fit the background, with individual
background peaks added as needed for sediment samples with
potential amorphous content. Means and standard deviations are
presented here with sediment and evaporite samples from the
same lakes regarded as replicates, respectively.

Fertilization experiment. Lake water for the fertilization
experiment was sampled on September 13, 2022, from Good-
enough and Last Chance Lake, respectively, and sample volumes
of 200 mL were filled into clear glass bottles with a headspace of
65 mL filled with ambient air. Three treatments were made with
n = 3 bottles (=time points) per treatment and lake: (1) a Na;PO,
solution was added to a total surplus concentration of 100 pmol
PO~ L~ ! to the “+phosphate” treatment bottles. (2) a
(NH,),SO,4 + NaNOj; mixed solution (1:1 N-molar mixing ratio)
was added to a total surplus concentration of 100 pumol N L™ to
the “+-ammonium-nitrate” treatment bottles. (3) No additions
were made to the “control” bottles. Each treatment was subse-
quently incubated under natural light in an unshaded location
near the lakes and at the bottom of a ~30 cm deep water column
inside a plastic box. The water bath was used to avoid unnaturally
large temperature variations inside the incubation bottles from
solar radiation and recreate the light conditions in the shallow
lake water columns. During the incubation, the weather was
mostly sunny. Approximately 0 h, 1 day, and 2 days after treat-
ment, the experiment was terminated in one bottle per treatment
by vacuum-filtering its content as described above. The filters
were then treated and analyzed for Chl a as described above.

I5N, and stable isotope labeling experiment. Lake water as well
as slurries of microbial mat and sediment were incubated in the
presence of !°N-enriched N, to quantify rates of N,-fixation in
each lake, following the premise of previously described
experiments®”7%8, Samples for these experiments were taken in
mid-June (water samples only) and mid-September 2022 from two
stations in each lake. Water samples were taken manually as
described above. Slurries were sampled by manually scooping up
surface sediment or microbial mat directly into the incubation bottle
and filling the rest of the bottle with in-situ water. For each station
and type (water and slurry), duplicate samples were incubated inside
clear glass bottles with septum lids, while a third sample (natural-
abundance reference) was immediately preserved (water by vacuum
filtration and freezing, slurries by freezing) for EA-MS analysis.

A fourth parallel sample from each lake (September experi-
ment) or water from each lake sampled in November and frozen
in the meantime (June experiment) was used to prepare 1°N,
enriched lake water. This water was first vacuum-filtered (0.7 um)
and the filtrate was then moved into pre-combusted glass bottles
that were subsequently crimp-shut gastight. Next, the water was
stripped of dissolved N, by helium-bubbling, degassed using a
vacuum, and amended with pure 1N, gas (298% 1°N, Cambridge
Isotope Laboratories Inc., lot number 1-25854/X732957) using a
gastight syringe: 0.075% (v/v) mL in June and 0.101% (v/v) or
0.052% (v/v) in September for Goodenough and Last Chance,
respectively. Equilibration of the added 1°N, gas was enhanced by
21h of shaking.

Marking the start of the incubation, the >N, enriched lake
water was then added to the closed incubation bottles, which
were completely filled with sample water (20-125 mL in June,
45- 315mL in September) or slurry (6-42mL in June,
18-125 mL in September). The differences in the exact amounts
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of added >N served the purpose of achieving a final labeling
percent of 1-10% !°N, in incubation bottles containing water of
different salinity and temperature and, therefore, N, solubility.
Incubation took place under natural sunlight and daylight
length inside a water bath as described above for the
fertilization experiment (weather: cloudy in June, sunny in
September). After approximately 48 h, incubation was termi-
nated by vacuum-filtration (water incubations) or freezing
(slurries). Immediately prior to termination, subsamples for the
determination of !°N% of dissolved N, were taken by
subsampling the incubation bottles, using needles and cut-off
1-mL syringes to fill 12-mL exetainers (Labco) with minimal
gas-intrusion and headspace-free. These N, subsamples were
poisoned with 100 pL concentrated HgCl,. A 5-mL helium
headspace was created and allowed to equilibrate for 24 h prior
to analysis using a Delta-XP and a gas-bench II (Thermo
Finnigan, Germany). The main samples (filters or frozen
slurries) were analyzed for PON and §!°N-PON by EA-MS as
described above following drying and acid-fumigation of the
water-incubation-derived filters and freeze-drying, weighing,
and homogenization of the slurries. Additionally, prior to
freeze-drying, slurries and their natural abundance references
were briefly centrifuged to remove excess water. This super-
natant was also used to measure salinity after filtration (as
described above).

N,-fixation rates were calculated from the stable isotope
composition in the filtered particulates or slurries as follows>”-?%:

a'torn%ﬁ:)osFincubation - atom%natfabfref
Uptake rate =

atom%substrate (2)
[Particulate]
. rarticuiate]

At

where atom%jost-incubation is the atom-percent 1°N of particulate
matter after incubation, atom%,(_ap-ref i the atom-percent 1°N of
the particulate matter prior to incubation (natural abundance
reference), atom%spstrate 1S the atom percent 1°N (measured) of
the process substrate (N,) at the end of the incubation,
[Particulate] is the particulate nitrogen concentration in units
[umol L~1] for water samples or [pmol gdry,slurry_l] for slurries at
the end of the incubation period (At [days]). Therefore, the units
of Eq. (2) are [umol L=1d~!] for water-incubations and [pmol
dry-slurry + d 1] for slurry-incubations.

Rate detection limits were defined as an increase in atom% °N
of the particulate matter equal to the three-fold standard
deviation of parallel reference material measurements®’, which
were determined to be 3x0.000044 15N% (slurries) or
3x0.000032 1°N% (water). Minimum detectable uptake rates
calculated based on [Particulate], At and atom%gpsirate Values in a
given incubation bottle, ranged from 0.16 to 3.18 nmol
NLyaer 'd™! and 0.3-106.4nmol N gury gy d~!  Rate
uncertainties (shown in Table 2) were calculated by propagating
the uncertainties associated with [Particulate] and atom%
measurements according to Fonseca-Batista et al.>”.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
All data are available in the main text or supplementary information, or in the figshare
repository (https://doi.org/10.6084/m9.figshare.23907951).
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