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24 Abstract. The dissolved organic carbon (DOC) reservoir holds a critical role in the C cycle of marine and fresh
25 water environments because of its large size and involvement in many biogeochemical reactions. Despite poor
26  constraints, its importance in ancient Earth’s C cycles is also commonly invoked. However, DOC remains rarely
27 quantified and characterized in modern stratified analogs. Here, we investigated the DOC reservoirs of four redox-
28 stratified alkaline crater lakes from Mexico. To achieve this, we analyzed the concentrations and isotopic
29 compositions of DOC throughout the four water columns and compared them with existing data on dissolved
30 inorganic and particulate organic C reservoirs (DIC and POC). The four lakes have high DOC concentrations with
31 important variability between and within the lakes (averaging 2 + 4 mM; 1SD, n=28; representing from ~ 15 to
32 160 times the amount of POC). 8"*Cpoc signatures also span a broad range of values from -29.3 to -8.7 %o (with
33 as much as 12.5 %o variation within a single lake). The prominent DOC peaks (up to 21 mM), together with their
34 associated isotopic variability, are interpreted to reflect oxygenic and/or anoxygenic primary productivity through
35 the release of excess fixed-carbon in three of the lakes (Atexcac, La Preciosa and La Alberca de los Espinos). By
36  contrast, the variability of [DOC] and 8"*Cpoc in Lake Alchichica was mainly explained by partial degradation of
37 organic matter and accumulation of DOC in anoxic waters. Overall, DOC records detailed metabolic functioning
38 such as active DIC-uptake and DIC-concentrating mechanism that cannot be inferred from DIC and POC analyses
39 alone but that are critical to understand carbon fluxes from the environment to the biomass. Extrapolating our
40 results to the geological record, we suggest that anaerobic oxidation of DOC may have caused the very negative
41 C isotope excursions in the Neoproterozoic, but it is unlikely that a large oceanic DOC reservoir overweight the
42 associated DIC reservoir. Overall, this study shows how the analysis of DOC in modern lakes deepens our
43 understanding of the C cycle in stratified environments and how it can help to size boundary conditions to the
44 Earth’s past oceans.
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48 1. INTRODUCTION

49 Dissolved organic carbon (DOC) is a major constituent of today’s marine and fresh water environments (e.g.
50 Ridgwell and Arndt, 2015; Brailsford, 2019). It generally represents the majority of freshwater organic matter
51 (Kaplan et al., 2008; Brailsford, 2019), while the size of oceanic DOC equals the total amount of atmospheric
52 carbon (Jiao et al., 2010; Thornton, 2014). DOC is (i) at the base of many trophic chains (Bade et al., 2007; Hessen
53 and Anderson, 2008; Jiao et al., 2010; Thornton, 2014), (ii) key in physiological and ecological equilibria (Hessen
54 and Anderson, 2008) and (iii) as a long-term C storage reservoir, it has a critical role for climate change (Jiao et
55 al., 2010; Hansell, 2013; Thornton, 2014; Ridgwell and Arndt, 2015). The DOC reservoir has also been invoked
56 to play a significant role in geological times, potentially reaching a much higher size and impacting various
57  phenomena. These include the Neoproterozoic’s climate and glaciations regulation (e.g. Peltier et al., 2007), the
58 paleoecology of Ediacarian Biota and its early complex life forms (e.g. Sperling et al., 2011), the oxygenation of
59 the ocean through innovations of eukaryotic life near the Neoproterozoic-Cambrian transition (e.g. Lenton and
60 Daines, 2018) or some perturbations of the C cycle recorded in the 8°C sedimentary archives from the
61 Neoproterozoic to the Phanerozoic (e.g. Rothman et al., 2003; Fike et al., 2006; Sexton et al., 2011; Ridgwell and
62  Arndt, 2015).

63  Nonetheless, the contribution of DOC reservoirs to the past and modern Earth’s global climate and biogeochemical
64 cycles remains poorly constrained (Jiao et al., 2010; Sperling et al., 2011; Dittmar, 2015; Fakhraee et al., 2021)
65 and the existence and consequences of a large ancient oceanic DOC remain controverted (e.g. Jiang et al., 2010,
66 2012; Ridgwell and Arndt, 2015; Li et al., 2017; Fakhraee et al., 2021). Thus, in addition to modeling approaches
67 (e.g. Shi et al., 2017; Fakhraee et al., 2021), the understanding of DOC-related processes in the past anoxic and
68 redox-stratified oceans (Lyons et al., 2014; Havig et al., 2015; Satkoski et al., 2015) should rely on the
69 characterization of DOC dynamics in comparable modern analogs (Sperling et al., 2011). Yet, although many
70 studies explored the C cycle of modern redox-stratified environments (e.g. Crowe et al., 2011; Kuntz et al., 2015;
71 Camacho et al., 2017; Posth et al., 2017; Schiff et al., 2017; Havig et al., 2018; Cadeau et al., 2020; Saini et al.,
72 2021; Petrash et al., 2022), very few included the analysis of DOC and even fewer measured its stable isotope
73 signature (Havig et al., 2018).

74 Here, we characterize the DOC reservoir of four modern redox-stratified alkaline crater lakes from the trans-
75 Mexican volcanic belt (Ferrari et al., 2012) and its role within the C cycle of these environments. We report
76 concentrations and isotopic compositions of DOC at multiple depths in the four water columns and discuss them
77 together with physico-chemical characteristics (e.g. Vilaclara et al., 1993; Zeyen et al., 2021) and isotopic
78 compositions of dissolved inorganic and particulate organic carbon (DIC, POC) measured in the same lakes (Havas
79 et al, submitted). The four lakes exhibit distinct water chemistries aligning along an alkalinity/salinity gradient
80 (Zeyen et al., 2021) and diverse planktonic microbial communities (Iniesto et al., 2022; Havas et al., submitted).
81 This allows us to examine the effect of specific environmental and ecological constraints on the DOC reservoir,

82 and how this latter influences the overall C cycle in redox-stratified environments.

83
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87 2. SITE DESCRIPTION

88 Here, the main characteristics of the geological, climatic and limnological context of the lakes under study are

89 presented. A more detailed description is available in Havas et al. (submitted).

90 The four lakes are volcanic maars formed after phreatic, magmatic and phreatomagmatic explosions, and are
91 located in the Trans-Mexican-Volcanic Belt (TMVB, Fig. 1). Three of them (Alchichica, Atexcac and La Preciosa)
92 are located in a restricted area (~ 50 km?) of the Serdan-Oriental Basin (SOB), in the easternmost part of the TMVB
93 (Fig. 1). By contrast, La Alberca de los Espinos is located at the margin of the Zacapu tectonic lacustrine basin in
94 the Michoacan-Guanajuato Volcanic Field (MGVF), in the western-central part of the TMVB (Fig. 1). Lakes from
95 the SOB experience temperate subhumid to temperate arid climates as reflected by much higher evaporation than
96 precipitation fluxes in Alchichica for example (Silva-Aguilera et al.,, 2022). They overlie calcareous and
97 basaltic/andesitic basement rocks (Carrasco-Nuifiez et al., 2007; Chako Tchamabé et al., 2020). La Alberca’s

98 climate is temperate to semi-humid and is underlain mostly by andesitic rocks (Siebe et al., 2012, 2014).

99 These geological contexts and hydrological processes generate a gradient of water chemical compositions, where
100 alkalinity and salinity, notably, increase in the following order: (i) Lake La Alberca, (ii) La Preciosa, (iii) Atexcac
101 and finally (iv) Alchichica (Zeyen et al., 2021). Nonetheless, the four lakes are alkaline with pH values around 9.
102 This fosters the precipitation of microbialites deposits, which are found in the four systems but with an abundance

103 increasing with alkalinity (Zeyen et al., 2021).

104 The four lakes are warm monomictic (one mixing period per year, during winter) with anoxic conditions prevailing
105 in the bottom waters most of the year (Armienta et al., 2008; Macek et al., 2020; Havas et al., submitted).
106  Importantly, they are all “closed lakes” with no inflow or outflow of surficial waters and thus receive water from

107 rain and groundwaters only.

108  Finally, the trophic status of the lakes under study has only been assessed for the three SOB lakes, with Lake
109 Atexcac being the most oligotrophic and La Preciosa and Alchichica being more or less oligotrophic than each
110 other depending on the year of sampling (Lugo et al., 1993; Vilaclara et al., 1993; Sigala et al., 2017). Chlorophyll
111 a data in May 2019 (Fig. 2) suggest, based on mean and maximum value categories (OECD, 1982), ultra-
112 oligotrophic conditions in Atexcac (< | and 2 pg/L, respectively), oligotrophic conditions in Alchichica (< 2 and
113 6 pg/L, respectively), intermediate between oligo- and mesotrophic conditions in La Alberca (< 3 and 4.5 pg/L,
114 respectively) and “low” mesotrophic conditions in La Preciosa (< 3 and 9 pg/L, respectively). Moreover, we note
115 that total dissolved P concentrations in May 2019 show similar values for the three SOB lakes close to their surface
116 (increasing in Alchichica anoxic zone) but much higher values in La Alberca (Havas et al., submitted). This same
117 pattern has been observed during previous sampling campaigns (Zeyen et al., 2021). Thus, La Preciosa and Alberca
118 appear overall as the least oligotrophic of the four lakes. Besides, La Alberca’s is noticeably surrounded by more

119 vegetation which could favor the input of nutrients to this lake.
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Alberca de los Espinos La Preciosa Atexcac Alchichica

120 Figure 1. Geographical location and photographs of the studied crater lakes from Havas et al. (submitted). (a)
121 Geological map from Ferrari et al. (2012) representing the location of the four lakes in the trans-Mexican volcanic
122 belt (TMVB). (b), (c) Close up © Google Earth views of lake Alberca de los Espinos and the Serdan-Oriental Basin
123 (SOB), respectively. (d-g) Pictures of the four lakes (d from © Google Image [‘enamoratedemexicowebsite’], e
124 from © Google Earth street view, and g from © ‘Agencia Es Imagen’).

125
126

127 3. METHOD
128 3.1. Sample Collection

129 All samples were collected in May 2019. Samples of DOC analyses were collected at different depths from the
130 surface to the bottom of the water columns with specific interests where the physico-chemical parameters showed
131 peculiar variations (e.g. at the chemocline, turbidity peaks; Figure 2 and Table 1). The main physico-chemical
132 vertical profiles are shown in Fig. 2. Water samples were collected with a Niskin bottle. For comparison with DIC
133 and POC data, the DOC analyses were carried out from the same Niskin sampling as in Havas et al. (submitted),
134 except when indicated (Fig. 4; Tables 1 and 2). Analyses of DOC, major, minor and trace ions were carried out
135 after water filtration at 0.22 um directly on the field with Filtropur S filters that were pre-rinsed with the lake
136  water. Details about the sampling procedure and analysis of the physico-chemical parameters as well as DIC/POC

137 measurements are reported in Havas et al. (submitted).
138

139 3.2. Dissolved organic carbon (DOC) concentration and isotope measurements

140 Filtered solutions were first acidified to a pH of about 1-2 to degas all the DIC. DOC concentrations were measured
141 with a Vario TOC at the Laboratoire Biogéosciences (Dijon), calibrated with a range of potassium hydrogen
142 phthalate (Acros®) solutions. Before isotopic analyses, DOC concentrations of the samples were adjusted to match

143 our international standards at 5 ppm (USGS 40 glutamic acid and USGS 62 caffeine). Isotopic compositions were
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155

measured at the Laboratoire Biogéosciences using an IsoTOC (running under He-continuous flow) coupled with
an IsoPrime stable isotope ratio mass spectrometer (IRMS; Isoprime, Manchester, UK). Samples were stirred with
a magnetic bar and flushed with He before injection of 1 mL sample aliquots (repeated 3 times). DOC was then
converted into gaseous CO, by combustion at about 850 °C, quantitatively oxidized by copper oxides and separated
from other combustion products in a reduction column and water condensers. Finally, it was transferred to the
IRMS via an open split device. In order to avoid a significant memory effect between consecutive analyses, each
sample (injected and measured three times) were separated by six injections of deionized water and the first sample
measurement was discarded from the isotopic calculations. Average reproducibility of 8*Cpoc was 1 and 0.5 %o
(1SD) for standards and samples, respectively. The average reproducibility for sample [DOC] measurements was

0.3 mM and blank tests were below the detection limit.
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Figure 2. Main physico-chemical parameters depth profiles of Alchichica, Atexcac, La Preciosa and Alberca de los
Espinos including: dissolved oxygen concentrations (mg/L), water temperature (°C), phycocyanin and chlorophyll
a pigments (ug/L). Absolute values for phycocyanin concentrations were not determined; only relative variations
are represented (with increasing concentrations to the right). Epi-, meta- and hypo-limnion layers are
represented for each lake according to temperature profiles (and mostly correspond to oxygen-rich, -poor and
intermediate zones). Original data from Havas et al. (submitted).
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156 4. RESULTS

157 The water columns of the four lakes were clearly stratified in May 2019 (Fig. 2; Havas et al., submitted). The epi-
158 , meta- and hypo-limnion layers of each lake (underlined by a light grey color gradient in the figures) were

159 identified based on the thermocline depths.
160 4.1. Lake Alchichica

161 DOC had a concentration around 0.5 mM throughout the water column except in the hypolimnion, where it reached
162 up to 5.4 mM. Its isotopic composition varied from -29.3 to -25.1 %o, with maximum values found in the

163 hypolimnion (Fig. 3).

164 The sum and weighted average of total carbon concentrations and isotopic compositions were calculated
165 (considering the DIC and POC reservoirs). The DOC represented on average about 5 % of the total carbon and
166 93 % of the organic carbon present in the water column. The total carbon concentration depth profile roughly
167 followed that of DOC, while 8"°C o was roughly comprised between 0 and 2 %o through the water column, except
168 in the lower part of the hypolimnion, where it decreased to -2.3 %o (Table 1). The isotopic difference between
169 DOC and DIC (A"”Cpoc.pic) was slightly smaller in the hypolimnion and was overall comprised between -26.7
170 and -30.9 %o. DOC isotopic compositions were more negative than those of POC with A"*Cpoc.poc values between
171 -0.7 and -3.5 %o (Fig. 4; Table 2).

172
173 4.2. Lake Atexcac

174 DOC had a concentration of around 1.1 mM throughout the water column except at 16 and 23 m, where it reached
175 7.7 and 20.8 mM, respectively. Its isotopic composition showed values increasing from -20 to -9 %o between 5 and
176 23 m and decreasing to -11 %o at 30 m. On average, it represented about 16% of the total carbon and 98 % of the
177 organic carbon present in the water column. Total C concentrations and 8"3C o are centered around 27.7 mM and
178 -0.6 %o with a clear increase to 38.9 mM and decrease to -2.7 %o at 23 m, respectively. The APCpoc.pic values
179 significantly increased from the surface (-20 %o) to the hypolimnion (~ -11 %o). DOC isotopic compositions were
180 strictly and significantly less negative than POC (i.e. enriched in heavy '*C) reaching A"*Cpoc.poc values as high

181 as +18 %o at the depth of 23 m (Fig. 4; Table 2).

182
183 4.3. Lake La Preciosa

184 DOC had a concentration around 0.5 mM throughout the water column except at 15 m, where it peaked at 1.6 mM.
185 8"Cpoc was mostly around -26 %o except between 10 and 12.5 m, where it reached up to -20 %o (Fig. 3). It
186 represented on average about 3% of the total carbon and 91% of the organic carbon present in the water column.
187 The total C concentration was relatively stable at ~13.8 mM, while 8"°Cyot Was centered around -1 %o with a
188 decrease down to -2.8 %o at 12.5 m (Table 1). The A13CDOC_DIC values were very stable with depth around -26 %o
189 but markedly increased at 12.5 m up to -20 %o. The ABCpoc.roc values were centered around 0 %o at all depths but

190 12.5 m where it increased to +7 %o (Fig. 4; Table 2).

191
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4.4. Lake La Alberca de los Espinos

EGUsphere\

DOC had a concentration of around 0.4 mM throughout the water column except at 7 and 17 m, where DOC

peaked at 1 and 1.7 mM, respectively (Fig. 3). Its isotopic composition was mostly comprised between -27 and -

25 %o except at 7 m, where it reached -15 %o (Fig. 3). It represented about 8% of the total carbon and 93% of the

organic carbon present in the water column. Total C concentration increased downward from about 7 to 9 mM.

8"C ot decreased from -3.9 to -7.9 %o between 5 and 17 m and then increased up to -3.2 %o at 25 m (Table 1). The

ABCpoc.pic values were between -21 and -25 %o except at 7 m depth where it increased up to -12 %o. The APCpoc.

poc values were comprised between -1 and +3 %o except at the same depth of 7 m where DOC was "*C-enriched

by ~12 %o.
Total 13 13
Lake  Sample DOC  Carbon 9 Cooc 8 Crow
mmol.L
AL 5m 0.7 35.8 ND ND
AL 10m 0.4 335 -28.3 1.6
AL 20m 0.4 35.0 -29.3 1.3
AL 30m 0.4 35.1 -28.3 1.2
.. AL 35m 2.3 37.2 -26.8 -0.2
Alehichica - jom 22 37.0 258 0.1
AL 50m 5.0 39.8 -25.1 -1.8
AL 55m 0.5 353 -27.6 1.1
AL 58m 5.4 40.2 -27.7 -2.3
AL 60m 0.7 353 -26.1 1.0
ATX 5m 0.92 27.4 -20.0 -0.4
ATX 10m 1.8 28.1 -15.5 -0.7
Atexcac ATX 16m 7.8 34.7 ND ND
ATX 23m 21.0 452 -8.7 -3.6
ATX 30m 0.7 26.4 -11.2 -0.1
LP 5m 0.5 14.0 -25.4 -0.9
LP 8m 0.9 ND ND ND
LP 10m 0.3 13.7 -25.7 -0.4
La Preciosa LP 12.5m 1.6 13.2 -20.0 -2.8
LP 15m 0.5 13.9 -24.0 -1.3
LP 20m 0.3 13.6 -26.2 -1.0
LP31m 0.3 13.6 -26.2 -0.9
Albesp Sm 0.4 7.2 -26.7 -3.9
Albesp 7m 1.0 8.1 -14.7 -39
Lad‘glﬁ’zgca Albesp 10m 0.4 7.6 252 51
Espinos Albesp 17m 1.7 9.0 -26.3 -7.9
Albesp 20m 0.4 8.4 -25.1 -4.5
Albesp 25m 0.4 9.2 -27.2 -3.2
Table 1

Concentrations and isotopic compositions of dissolved organic carbon (DOC). Total carbon concentration is the
sum of DOC, DIC and POC reservoirs. For LP 8m, [DIC] was not measured, and therefore the total carbon
concentration was not calculated. The latter two were determined by Havas et al. (submitted). 613Cma| is the

weighted average of the three 5"C. ND: non-determined.
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Figure 3. Vertical profiles of concentration and isotopic composition of dissolved organic carbon (DOC)
throughout the water columns of the studied lakes: La Alberca de los Espinos, La Preciosa, Atexcac and
Alchichica. Concentrations are in mmol.L* (mM) and isotopic compositions in %o vs. VPDB. Brown boxes
represent the sediments at the bottom of the lakes, while boxes from white to dark grey color represent
the water column layers from oxygen-rich to oxygen-poor conditions.

5. DISCUSSION

In all four Mexican lakes studied here, the DOC reservoir occupies a predominant role, but showed quite diverse
dynamics and characteristics between the lakes. Indeed, the four lakes have a high DOC content but very different
[DOC] or 8" *Cpoc profiles and signatures. In contrast, they show quite similar profiles and signatures for the DIC
and POC reservoirs (Fig. 3; Havas et al., submitted). Evaporation may be one process that increases DOC
concentrations (Anderson and Stedmon, 2007; Zeyen et al., 2021). However, it is likely marginal here because on
the contrary to what was observed for DIC, there is no correlation between the average [DOC] in the Mexican

lakes and their salinity. Moreover, evaporation would not explain the significant intra-lake DOC depth variability.

In the following, we explore the different patterns of DOC production and fate, which depend on slight
environmental and biological variations between the Mexican lakes. Moreover, we describe how the analysis of
DOC provides insights into microbial processes and overall C cycle dynamics in stratified water columns. Finally,
we extrapolate our results to discuss the possible roles of DOC onto paleoclimate and sedimentary C isotopes

variations at the geological scale.
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256 5.1 Sources and fate of DOC

257 Dissolved organic carbon is an operationally defined fraction of aqueous organic carbon (here separated from
258 particulate organic carbon by filtration at 0.22 pm) within a continuum of organic molecules spanning a large
259 range of sizes, compositions, degrees of reactivity and bioavailability (Kaplan et al., 2008; Hansell, 2013; Beaupré¢,
260 2015; Carlson and Hansell, 2015; Brailsford, 2019). Importantly, the four lakes receive relatively little input of
261 allochthonous OM due to their endorheic nature (Alcocer et al., 2014b; Havas et al., submitted). This allows to
262 specifically focus on DOC-related processes occurring within the water columns, and notably on autochthonous
263 DOC primary production. Autochthonous DOC can form through multiple processes, including: higher-rank OM
264 degradation processes such as sloppy feeding by predators, UV photolysis or bacterial and viral cell lysis (Lampert,
265 1978; Hessen, 1992; Bade et al., 2007; Thornton, 2014; Brailsford, 2019) as well as passive (leakage) or active
266 (exudation) release by healthy cells (e.g. Baines and Pace, 1991; Hessen and Anderson, 2008; Thornton, 2014;
267 Ivanovsky et al., 2020). Generally, this C release (either “active” or “passive”) tends to be enhanced in nutrient-
268 limited conditions because some recently fixed C is in excess compared with other essential nutrients such as N or
269 P (Hessen and Anderson, 2008; Morana et al., 2014; Ivanovsky et al., 2020) and that especially in high oxygenic
270  photosynthesis contexts, where photorespiration bolsters the excretion of DOC (Renstrom-Kellner and Bergman,
271 1989). Moreover, oligotrophic conditions tend to limit the heterotrophic bacterial activity and thus preserve the
272 DOC stocks (Thornton, 2014; Dittmar, 2015). This may partly explain the trend of increasing DOC concentrations
273 from the less oligotrophic La Alberca and La Preciosa’s (0.7 mM on average) to the more oligotrophic Alchichica

274 (1.8 mM) and Atexcac’s waters (6.5 mM).
275
276 5.1.1 DOC release by autotrophs

277 In the four Mexican lakes, [DOC] depth profiles exhibit one or several peaks standing out from low background
278 values and occurring both in oxic and anoxic waters (Fig. 3). In La Alberca and La Preciosa, they correlate with
279 chlorophyll a peaks. In the two other lakes, they do not match the chlorophyll increase. However, in Atexcac, a
280 remarkable DOC peak (over 10-fold increase, Fig. 3) occurs at the same depth as a peak of anoxygenic
281 photosynthesis (Havas et al., submitted). These co-occurrences support that a large portion of DOC in these three
282 lakes (at least at these depths) arise from the release of photosynthetic C fixed in excess. While it remains to be
283 shown for anoxygenic organisms, phytoplankton in aerobic conditions generally releases dissolved organic matter
284 by (i) an active “overflow mechanism” (DOM exudation) or (ii) passive diffusion throughout the cell membranes.
285  In the first case, DOM is actively released out of the cells as a result of C fixation rates higher than growth and
286 molecular synthesis rates (e.g. Baines and Pace, 1991). Hence, DOM exudation depends not only on the nature pf
287 primary producers (different taxa may display very different growth rate, photosynthetic efficiency or exudation
288 mechanisms), but also on environmental factors such as irradiance and nutrient availability (e.g. Morana et al.,
289 2014). Besides, it may serve “fitness-promoting purposes” such as storage, defense, or mutualistic goals (Bateson
290 and Ward, 1988; Hessen and Anderson, 2008). In the second case (passive diffusion), DOM release also depends
291 on cell permeability and the outward DOC gradient, and is more directly connected to the amount of phytoplankton
292 biomass (e.g. Marafion et al., 2004). Thus, any new photosynthate production drives a steady DOM release rate,
293 which is, to some extent, independent of the environmental conditions (Marafion et al., 2004; Morana et al., 2014).

294 The fact that lakes La Preciosa and Alberca have lower DOC but overall chlorophyll a concentrations higher than
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295 Atexcac and Alchichica suggests that DOC production does not directly relate to phytoplankton biomass and is
296 not passively released. Alternatively, DOC isotopic signatures suggest an active DOC release (see below).
297 Furthermore, these Mexican lakes precisely correspond to environmental contexts (high irradiance and
298 oligotrophic freshwater bodies) where DOC exudation has been observed and is predicted (e.g. Baines and Pace,

299 1991; Morana et al., 2014; Thornton, 2014).

300 Release of DOC by primary producers can be characterized by the percentage of extracellular release (PER), which
301 corresponds to the fraction of DOC over total (dissolved and particulate) OM primary production (e.g. Thornton
302 etal., 2014). PER is highly variable and averages about 13% of C biomass over a wide range of environments (e.g.
303 Baines and Pace, 1991; Thornton, 2014). But values as high as 99% have been reported (see Bertilsson and Jones,
304 2003). At depths where oxygenic photosynthesis occurs, the DOC over total OC ratio averages approximately 85,
305 99, 94, and 95% for lakes Alchichica, Atexcac, La Preciosa and La Alberca, respectively. Thus, although these
306 ratios are likely higher than the actual PER (as some of the DOC measured in the Mexican lakes may correspond
307 to an older long-term DOC reservoir), these DOC fractions are consistent with extremely high phytoplankton-

308 release rates.

309 An interesting feature is that DOC peaks associated with primary production (mainly photosynthesis) are
310 characterized by very positive ARCpoc.roc (from +3 to +18 %o, Fig. 4). It should be noticed that a switch from
311 COyaq) to HCO3™ as an inorganic C source (and their 10%o isotopic difference, e.g. Mook et al., 1974) could not
312 explain alone the isotopic difference between POC and DOC. The isotopic enrichment of DOC molecules
313 compared to POC could have different origins. First, it supports that DOC may correspond to new photosynthate
314 release instead of a product of cell lysis or zooplankton sloppy feeding since the latter would likely produce 8"*Cpoc
315 close to 8" Cpoc values. Second, this heavy DOC could originate from photosynthetic organisms using a different
316 C-fixation pathway, inducing smaller isotopic fractionation (provided that these organisms contributed mostly to
317 the DOC but not to the POC fraction). In lakes Atexcac and La Alberca, anoxygenic phototrophic bacteria could
318 release important amounts of DOC, especially under nutrient-limiting conditions (Ivanovsky et al., 2020). By
319 contrast to cyanobacteria or purple sulfur bacteria (PSB), which use the CCB pathway, green sulfur bacteria (GSB;
320 another group of anoxygenic phototrophs belonging to the Chlorobi) use the reductive citric acid cycle or reverse
321 tricarboxylic-TCA cycle, which tends to induce smaller isotopic fractionations (between ~ 3—13 %o, Hayes, 2001).
322 However, only the DOC isotopic signatures recorded in the hypolimnion of Lake La Alberca (epoc.co2 = -13.5
323 2 %o) agree well with fractionations found for this type of organism in laboratory cultures and other stratified water
324 bodies (Posth et al., 2017), whereas epoc.coz in the hypolimnion of Lake Atexcac are slightly higher (epoc.cox =
325 0 %o). Moreover, GSB were identified in La Alberca only (Havas et al., submitted). Third, phytoplankton blooms
326 may specifically release isotopically heavy organic molecules. For example, carbohydrates could be preferentially
327 released under nutrient-limiting conditions as they are devoid of N and P (Bertilsson and Jones, 2003; Wetz and
328 Wheeler, 2007; Thornton, 2014). Carbohydrates typically have a *C-enriched (heavy) isotopic composition (Blair
329 et al., 1985; Jiao et al., 2010; Close and Henderson, 2020). Yet, this molecular hypothesis would barely explain
330 the full range of ABCpoc.roc variations measured in Atexcac and La Alberca according to isotopic mass balance
331 of cell specific organic compounds (Hayes, 2001). At last, such enrichments require otherwise that DOC and DIC
332 first accumulate in the cells. Indeed, if DOC molecules were released as soon as they were produced, their isotopic

333 composition should approach that of the biomass (i.e. 813Cp0(‘$ within the range of molecules-specific isotopic
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compositions), which is not the case. If DIC could freely exchange between inner and outer cell media, maximum

“carboxylation-limited” fractionation (mostly between ~ 18 and 30 %o depending on RuBisCO form, Thomas et

al., 2019) would be expressed in all synthesized organic molecules as represented in Fig. 5a (e.g. O’Leary, 1988;

Descolas-Gros and Fontungne, 1990; Fry, 1996), which is also inconsistent with the DOC records (see €poc.coz

in Table. 2).
13 13
Lake Sample A“Cpocpic A Cpocroc  €poc-coz

%o %o

Alchichica AL 5m ND -1.6 ND
AL 10m -30.3 -20.1
AL 20m -30.9 -20.5
AL 30m -30.0 -2.0 -19.5
AL 35m -28.4 -1.0 -17.9
AL 40m 273 -0.7 -16.8
AL 50m -26.7 -16.2
AL 55m -29.1 -3.5 -18.7
AL 58m -29.3 -18.8

AL 60m -27.6 -17.1
Atexcac ATX 5m 204 8.4 -10.6
ATX 10m -16.0 12.6 -6.1
ATX 16m ND

ATX 23m -9.7 17.9 0.6

ATX 30m -11.4 15.2 -1.2
LP 10m -25.9 1.7 -16.0

LP 12.5m -19.8 7.1 -9.8

LP 15m -23.6 -0.4 -13.5
LP 20m -25.8 0.1 -15.7
LP31m -25.8 -1.0 -15.7

de Los Albesp 7m -12.4 11.5 -3.0
Espi Albesp 10m -21.2 3.1 -11.6
SpInos Albesp 17m 22.9 2.7 -13.1
Albesp 20m -21.8 1.5 -12.2
Albesp 25m -25.2 -1.5 -15.9
Table 2

Isotopic fractionations between DOC and DIC and POC where ABCX_y =8¢, - (513Cy is the apparent fractionation
and € is computed as the actual metabolic isotopic discrimination between CO, and DOC. In Alchichica, slSCDOC
was not measured at 5 m and its value at 10 m was used in this calculation of A13CDoc,poc‘ The full chemistry at
depths 35 and 58 m was also not determined, thus, the calculation of 613Cc02 for these samples is based on the
composition of samples above and beneath. Isotopic data for DIC, POC and CO, are from Havas et al. (submitted).

Under the environmental conditions of the studied lakes, i.e., (i) low CO, quantities relative to HCOj5’, (ii) local

planktonic competition for CO, and (iii) low nutrient availability, the activation of intracellular a DIC-

concentrating mechanism (DIC-CM) is expected (Beardall et al., 1982; Burns and Beardall, 1987; Fogel and

Cifuentes, 1993; Badger et al., 1998; Ifiguez et al., 2020). This mechanism is particularly relevant in oligotrophic
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380 aqueous media (Beardall et al., 1982), where CO, diffusion is slower than in the air (O’Leary, 1988; Fogel and
381 Cifuentes, 1993; Iiiguez et al., 2020). A DIC-CM has been proposed to reduce the efflux of DIC from the cells
382  back to the extracellular solution. This internal DIC is eventually converted into organic biomass, thereby drawing
383 the cell isotopic composition closer to that of 8" Cpic (Fig. 5; Beardall et al., 1982; Fogel and Cifuentes, 1993;
384 Werne and Hollander, 2004). However, we suggest that the activation of a DIC-CM could preserve a large A" Cpoc.
385 pic while generating an apparent fractionation between the DOC and POC molecules instead. Indeed, initially fixed
386 OC would be discriminated against the heavy C isotopes and incorporated into the cellular biomass (Fig. 5c, ‘#”).
387 Further, following the overflow mechanism scenario, high photosynthetic rates (due to high irradiance,
388 temperature and high DIC despite low CO,) coupled with low population growth rates and organic molecule
389 synthesis (due to limited abundances of P, N, Fe) would result in the exudation of excess organic molecules with
390 heavy 5"°Cpoc as they are synthesized from residual internal DIC, which progressively becomes *C-enriched
391 (Fig. 5¢, ‘t;"). This process could explain the formation of DOC with §"*C very close to DIC/CO, signatures as
392 observed in Lake Atexcac. This suggests that oligotrophic conditions could be a determinant factor in the
393 generation of significantly heavy 8'*Cpoc, and even more if they are coupled to high irradiance. It also underlines

394 that significant isotopic variability can exist between the different organic C reservoirs.
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395

Figure 4. Vertical profiles of isotopic fractionations between the DOC and DIC (top) as well as between DOC and POC
(bottom) throughout the water columns of the four lakes (all expressed in %o vs. VPDB). In Alchichica, 613CDOC was not
measured at 5 m and its value at 10 m was used in this calculation of ABCDOC,poQ Brown boxes represent the sediments
at the bottom of the lakes, while boxes from white to dark grey color represent the water column layers from oxygen-
rich to oxygen-poor conditions.
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Figure 5. Schematic view of phytoplankton cells during autotrophic C fixation through different C supply
strategies and associated apparent isotopic fractionation between DIC and POC/DOC and between DOC and POC.
(a) Case where [COyaq)] is high enough to allow for a DIC supply by passive CO,q diffusion through the cell
membrane and COy,q) is at equilibrium with other DIC species. There, isotopic fractionation is maximum
(minimum 613C0c) because C fixation is limited by the carboxylation step. DOC is released following an in- to
outward cell concentration gradient and has a similar composition to POC. (b) “Classic” view of C isotopic cycling
resulting from active DIC transport within the cell because of low ambient [COy(,q)] (through a DIC-CM). Carbonic
anhydrase (CA) catalyzes the conversion between HCO; and CO,,q inside or outside the cell with an isotopic
fractionation close to equilibrium fractionation (~ 10 %o0). While inward passive CO,,q) diffusion can still occur

the DIC-CM activation reduces the reverse diffusion, resulting in internal COy,q isotopic composition

approaching that of the incoming DIC (depending on the fraction of internal CO, ) leaving the cell). Acting as a
closed-system”, most of internal DIC is fixed as OC and minimum isotopic fractionation is expressed for both
POC and DOC. (c) Proposed model for C isotopic fractionation with active DIC transport including an isotopic
discrimination between POC and DOC. (t;) Initially fixed C is isotopically depleted and incorporates the cell’s
biomass as long as there are sufficient nutrients to enable “complex” organic molecules synthesis. (t;) In low
nutrient conditions, but high photosynthetic activity — fixed OC is released out of the cell as DOC following the
‘overflow” hypothesis and inherits heavier isotopic compositions from the residual internal DIC. This leads to
distinct POC and DOC isotopic signatures, with small fractionation between DOC and DIC, the amplitude of which
will depend notably on the rate of CO, backward diffusion and ratio of biomass C (POC) and released C (DOC).
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398 5.1.2 DOC accumulation in (the bottom water of) Lake Alchichica

399 From the previous discussion, it appears that environmental conditions of the Mexican lakes might favor an
400 important phytoplanktonic production of DOC. Alcocer et al. (2014a) also proposed that an early spring
401 cyanobacterial bloom in Lake Alchichica favored the production of DOC in the epilimnion. However, at the time
402 of sampling, the DOC reservoir in this lake was not correlated with any sizeable autotrophic activity at any depth.
403 Indeed, the large epilimnetic chlorophyll a peak did not correlate with any changes of [DOC] or 8"Cpoc (F ig. 3).
404 Compared with the other lakes, the geochemical conditions at which chlorophyll a is produced in Alchichica could
405 have been incompatible with the activation of a DIC-CM and significant DOC exudation. For example, Alchichica
406 had similar [COxq)] as La Preciosa, but higher P and NH," concentrations (Havas et al., submitted); Lake La
407 Alberca had higher P concentrations, but presented similar [NH,"] and lower [COsig)]- In contrast with
408 measurements from 2013 (Alcocer et al., 2014a), we find a large DOC increase in the middle of the anoxic
409 hypolimnion of Lake Alchichica, but it did not correspond to any change in the DIC reservoir as observed for lakes
410 La Preciosa (at 12.5 m) or Atexcac (at 23 m) (Havas et al., submitted). Moreover, at these depths, photosynthetic
411 active radiation (PAR) is below 0.1% in Alchichica during the stratified season (Macek et al., 2020), which might
412 not be sufficient to trigger important anoxygenic phytoplankton DOC release.

413 The DOC reservoir in Alchichica is characterized by a 8" Cpoc (and AB Cpoc.pic) lower than in the other lakes and
414 systematically showing 13C-depleted signatures relative to POC (i.e. 8"Cpoc < 8"Cpoc; Fig. 4). Thus, if the DOC
415 increase in Alchichica’s hypolimnion resulted from the release of photosynthetic OC as in some of the other lakes,
416 it was not associated with the same C isotopes fractionation (e.g. if anoxygenic phototrophs did not concentrate
417 intracellular DIC, ¢f Fig. S5a). Some purple sulfur bacteria (anoxygenic phototrophs belonging to the
418 Proteobacteria) have been identified but they become significant towards the end of the stratification (from

419 July/August to December/January; Alcantara-Hernandez et al., 2022; Iniesto et al., 2022).

420 Alternatively, this hypolimnetic DOC increase in Lake Alchichica may reflect the preservation and accumulation
421 of DOM over the years, consistently with higher [DOC] measured in 2019 than in the previous years (Alcocer et
422 al., 2014a). While alteration of the DOC reservoir by UV-photolysis would induce a positive isotopic fractionation
423 (Chomicki, 2009), the slightly negative A" Cpoc.poc signatures support the possibility of DOC being mainly a
424 recalcitrant residue of primary OM degradation by heterotrophic organisms (Alcocer et al., 2014a). Indeed, the
425 preferential consumption of labile '*C-enriched molecules by heterotrophic bacteria would leave the residual OM
426 with more negative isotopic signatures (Havas et al., submitted). The DIC and POM data were also consistent with
427 heterotrophic activity from the surface to the hypolimnion of Alchichica (Havas et al., submitted). Moreover,
428 degradation by heterotrophic bacteria leaves more recalcitrant DOM in the water column, which tends to
429 accumulate over longer periods of time (Ogawa et al., 2001; Jiao et al., 2010; Kawasaki et al., 2013). DOM content
430 is a balance between its production by autotrophs and consumption by heterotrophs, especially in environments
431 where both types of organisms compete for low-concentration nutrients (Dittmar, 2015). If Alchichica’s DOC
432 actually represents a long-term reservoir, its presence might favor the development of bacterial populations
433 growing on it. A shift of the cyanobacterial DOC toward the hypolimnion of Lake Alchichica was described at the
434 end of the spring (Alcocer et al., 2014a; 2022). Thus, deeper and darker anoxic waters in Alchichica could better

435 preserve DOC from intense microbial and light degradation, hence allowing its accumulation over time.
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436 In conclusion, Alchichica’s DOC reservoir (notably in the hypolimnion) more likely represents an older and
437 evolved DOM pool. The time required for its accumulation and stability over the years remains to be evaluated.
438  Nevertheless, we cannot fully rule out that part of it this DOC was produced by anoxygenic photosynthetic
439 plankton. If so, the reasons why it did not bear the same isotopic enrichment as in the other lakes remain to be

440 elucidated.

441
442 5.2 DOC analysis provides deeper insights into planktonic cell functioning and water column C cycle
443 dynamics than POC or DIC analyses

444 Additional insights on the C cycles of the lakes can be provided by DOC analysis compared with the more classical
445 DIC and POC data described in Havas et al. (submitted). With concentrations ranging from 0.6 to 6.5 mM on
446 average, DOC amounts between 14 and 160 times the POC concentrations. It represents from about 5 to 16% of
447 the total C measured in the four lakes. In comparison, although DOC is the main organic pool in the ocean, its
448 concentration hardly exceeds 0.08 mM (Hansell, 2013) while in large-scale anoxic basins such as the Black Sea,
449 it remains under 0.3 mM (Ducklow et al., 2007). Hence, DOC is a major C reservoir in these Mexican lakes, by
450 its size.

451 The depth profiles of DOC concentration and isotopic composition differ significantly from those of POC. Notably
452 in Lake La Preciosa, the photosynthetic DOC production (+1.5 mM) at the Chl. a peak depth matches the decrease
453 of DIC (- 2 mM), while there is no change in [POC] or §"*Cpoc (Fig. 3; Havas et al., submitted). Just below, at a
454 15 m depth, the marked increase of 55Cpoc interpreted to reflect heterotrophic activity is better evidenced when
455 considering the heavier DOC isotopes compositions as a C source between 12.5 and 15 m depth (Fig. 3; Havas et
456 al., submitted). Similarly, in Lake La Alberca, only a small portion of C is transferred from the inorganic to the
457 POC by primary productivity, while the DIC reservoir is largely influenced by methanotrophy, sediment-
458 associated methanogenesis and possible volcanic degassing in the bottom of the lake (Havas et al., submitted). In
459 Lake Atexcac, anoxygenic photosynthesis clearly stands out based on [DOC] and 8"*Cpoc data, but is not recorded
460 by the POC reservoir and only slightly by the DIC reservoir (Havas et al., submitted). Overall, it implies that
461 recently fixed OC is quickly released out of the cells as DOC, thereby transferring most C from DIC to DOC,
462 rather than POC. Therefore, POC is an incomplete archive of the biogeochemical reactions occurring in water
463 columns. Furthermore, this shows that the isotopic analysis of DIC and by extension authigenic carbonates,
464 especially in alkaline-buffered waters, might not be sensitive enough to faithfully record environmental and

465 biological changes.

466 The heavy 8"*Cpoc recorded in lakes La Preciosa, La Alberca and Atexcac provide important constraints on the
467 way planktonic cells deal with and cycle C: it may arise from the activation of a DIC-CM or from a specific
468 metabolism or C-fixation pathway. By contrast, the use of a DIC-CM is poorly captured by 8'"*Cpoc analyses,
469 although recognition of active DIC uptake has often been based on this signal (by reduced isotopic fractionation
470 with DIC; e.g. Beardall et al., 1982; Erez et al., 1998; Riebesell et al., 2000). Most interestingly, intra-cellular
471 amorphous Ca-carbonates (1IACC) are formed in some of the cyanobacteria from Alchichica microbialites, possibly

472 due to supersaturated intra-cell media following active DIC uptake through a DIC-CM (Couradeau et al., 2012;
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473 Benzerara et al., 2014). While the link between DIC-CM and iACC still needs to be demonstrated (Benzerara et
474 al., 2014), the active use of DIC-CM:s in Mexican lakes is independently supported by the DOC isotopic signature.

475

476 5.3 Implications for the hypothesis of a “big DOC” reservoir controlling past carbon cycling
477

478 5.3.1 Phanerozoic carbon isotope excursions (CIEs)

479 The studied Mexican lakes have large DOC pools, allowing to draw comparisons with studies that have invoked
480 past occurrences of oceanic carbon cycles dominated by big DOC reservoirs (e.g. Rothman et al., 2003; Sexton et
481 al., 2011). Ventilation/oxidation cycles of a large deep ocean DOC reservoir have been inferred to explain
482 carbonate isotopic records of successive warming events through the Eocene (Sexton et al., 2011). Accordingly,
483 the release of carbon dioxide into the ocean/atmosphere system following DOC oxidation is suggested to trigger
484 both the precipitation of low §"°C carbonates and an increase of the atmospheric greenhouse gas content. It was
485 assessed that the size of this DOC reservoir should have been at least 1600 PgC (about twice the size of the modern
486 ocean DOC reservoir) to account for a 2-4°C increase of deep ocean temperatures (Sexton et al., 2011). However,
487 the main counter argument to this hypothesis is that the buildup of such a DOC reservoir at modern DOC
488 production rates implies a sustained deep ocean anoxia over hundreds of thousand years, while independent
489 geochemical proxies do not support such a sustained anoxia during this time period (Rigwell and Arndt, 2015).
490 However, our study suggests, albeit at a different scale, that this kinetic argument may be weak. Indeed, in the
491 studied Mexican lakes, the lowest recorded [DOC] is 260 uM (Table 1), i.e., about 6 times the deep modern ocean
492 concentrations (~ 45 uM; Hansell, 2013). Yet, the entire water columns of these lakes down to the surficial
493 sediments are seasonally mixed with di-oxygen, showing that high [DOC] (notably in Alchichica, which likely
494 harbors a “long-term” DOC reservoir) can be achieved despite frequent oxidative (oxygen-rich) conditions.
495 Besides, the oxidation of only half of the DOC in the lakes would generate average 8"*Cpyc deviations between -

496 0.6 and -1 %o, corresponding to the C isotopes excursion magnitudes described by Sexton et al. (2011).

497 Similarly, Black Sea’s deep anoxic waters hold about 3 times the amount of DOC found in the modern deep open
498 ocean (Ducklow et al., 2007; Sexton et al., 2011; Dittmar, 2015). In the Black Sea and Mexican lakes, the low
499 nutrient availability may limit sulfate-reduction despite high sulfate and labile organic matter concentrations,
500 thence favoring DOM preservation and accumulation (Dittmar, 2015 and references therein). Margolin et al.
501 (2016) argued that important DOM was sustained by important terrigenous inputs only. Our study attests the
502  possibility for “autochthonous systems” to reach DOC concentrations well above what is found in the Black Sea
503 and that terrigenous inputs are not needed for that. Therefore, it can be argued that the buildup of a large DOC
504 reservoir, which may have influenced the carbonates isotopic record of Eocene warming events is plausible.
505 Nonetheless, it remains to be proven how this can apply to larger oceanic-type basins, which notably harbor more
506 variable environmental conditions (e.g. tropical vs. polar latitudes), greater diversity of eukaryotic heterotrophs (in
507 Phanerozoic oceans) or yet, more active water currents and ventilation processes. In that regard, a better
508 characterization of the molecular composition of DOM in the Mexican lakes will help to understand how it can
509 accumulate over time. Furthermore, investigating the paleo-ecology and -geography of the CIE time period will

510 also help to constrain the potential applicability of a “big DOC” hypothesis (Sexton et al., 2011).
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511
512 5.3.2 Neoproterozoic carbon isotope excursions (CIEs)

513 The presence of a large oceanic DOC reservoir has also been used to account for the Neoproterozoic C isotopic
514 record, where carbonates show 8'°C negative excursions of more than 10%o over tens of Ma, while the paired
515 sedimentary organic carbon isotope signal remains stable (Rothman et al., 2003; Fike et al., 2006; Swanson-Hysell
516 etal., 2010; Tziperman et al., 2011). However, once again, this hypothesis has been questioned because of (i) the
517  too high DOC reservoir’s size (10 times the contemporaneous DIC, i.e., 10* to 10° times that of modern DOC) and
518 (ii) the amount of oxidants required to generate such a sustained DOC oxidation process (see Ridgwell and Arndt,
519 2015). Recent studies offered potential explanations for this latter issue showing that pulses of continental
520 weathering and an associated increase of sulfate supply would have provided sufficient oxidant material (Shields
521 et al., 2019; Chen et al., 2022) while lateral heterogeneity of the carbonate geochemical signatures — with a
522 restricted record of the CIEs on the continental shelves — would require lower amounts of oxidant (Li et al., 2017;

523 Shi et al., 2017).

524 Critically though, direct evidence for the existence of such high oceanic DOC levels in the past or present days
525 remains scarce (Li et al., 2017), although multiple studies have built on the Neoproterozoic big DOC scenario (e.g.
526 Sperling et al., 2011; Cafiadas et al., 2022). Purported high oceanic DOC concentrations during the Ediacarian
527 period have been estimated from the Ge/Si ratio of diagenetic chert nodules (Xing et al., 2022) but they reflect the
528 sediments porewater geochemistry and remain difficult to directly relate to the ocean water itself. Besides, some
529 modeling approaches suggested that DOC abundance in the past Earth’s oceans could not have significantly
530 departed from today’s values (Fakhraee et al., 2021).

531 Modern analogous systems such as the Black Sea or Mexican lakes studied here support the possibility of important
532 DOC accumulation in anoxic waters (Ducklow et al., 2007) but those remain substantially lower than the levels
533 required to account for the Neoproterozoic events (minimum concentrations estimated between 25 and 100 mM;
534 Ridgwell and Arndt, 2015). One could argue that the development of larger DOC pools in the three Mexican lakes
535 from the SOB is hindered by relatively large sulfate reservoirs (especially in Alchichica ~10 mM). However, we
536 notice that Lake La Alberca does not show a larger DOC reservoir despite having the lowest availability of oxidant
537 (both oxygen- and sulfate-free at depth and the only one to present isotopic signatures associated with
538 methanogenesis or methanotrophy, Havas et al., submitted). It could also be argued that large OM particles in
539 Alchichica for example (Ardiles et al., 2012) favor the sedimentation of OC rather than DOC production, thereby
540 favoring the oxygenation of deep waters as suggested for the beginning of the Phanerozoic period with advent of
541 eukaryotic plankton (Lenton and Daines, 2018; Fakhraee et al., 2021). Yet, plankton of the studied Mexican lakes
542 is overall dominated by prokaryotic communities and not large organisms (Iniesto et al., 2022). Besides, rapid
543 sinking of OM particles in modern oceans does not necessarily preclude important fluxes of benthic DOC from
544 the sediments (around ~ 100 PgC.yr" in today’s ocean; Burdige and Komada, 2015) and especially in anoxic
545 bottom waters (Dadi et al., 2017). Thus, even if the “oxidant paradox” may have found satisfactory explanations
546 (see above), the origin of the massive DOC reservoir required to generate these excursion remains to be elucidated

547 (Jiang et al., 2010; Li et al., 2017).

548
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551 In the studied alkaline lakes, oxidation of the DOC reservoir would generate a maximum 8"Cpjc deviation of -
552 2 %o, in La Alberca de los Espinos, which has the lowest alkalinity. The other lakes 8"Cpyc are less impacted,
553 notably because they are largely buffered by high DIC content (Havas et al., submitted). Bade et al. (2004) showed
554 that modern low alkalinity/low pH lakes generally show more negative 5"*Cp;c (down to ~ -30 %), partly due to a
555 higher response to remineralization of OM and especially DOC. Compiling our data with those of Bade et al.
556 (2004), we consistently show a clear negative trend of 8"*Cpyc with increasing DOC:DIC ratio over a broad range
557 of lacustrine DOC and DIC concentrations (Fig. 6). This trend also matches modern ocean values (Fig. 6). These
558 observations are consistent with the inference that systems where DOC:DIC >> 1 should drive 5Cprc to very

559 negative values (Rothman et al., 2003). However, in modern environments, the biomass is largely influenced by
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560 aerobic heterotrophs and high DOC:DIC waters usually lean toward acidic pHs (Fig. 6; Bade et al., 2004), at which
561 carbonate precipitation is prevented. But in anoxic waters, remineralization of OM through sulfate- or iron-
562 reduction generates alkalinity instead (e.g. Tziperman et al., 2011). Hence, environmental conditions where
563 DOC:DIC >> 1 might be inconsistent with large carbonate deposits unless they are associated with anaerobic
564 remineralization. Besides, from the above discussion, increased terrigenous DOC inputs may be necessary to
565 generate sufficiently high DOC:DIC conditions and initiate the Neoproterozoic CIEs. Thus, this supports the
566 hypothesis that negative 8'*Ccan, excursions of the Ediacarian were triggered by continental sulfate addition to the
567 ocean (Li et al., 2017; Shields et al., 2019; Chen et al., 2022), but following the oxidation of DOC by anaerobic
568 (e.g. sulfate reduction) rather than aerobic (e.g. by free oxygen) pathways. The inferences from Fig. 6 also foster
569 the scenario proposed by Tziperman et al. (2011) where anaerobic respiration of a large DOM production leads to
570 the sequestration of newly produced C in carbonates — with very negative §'°C — and thereby to the drawdown of
571 atmospheric pCO; and initiation of Cryogenian glaciations. Accordingly, we suggest that the climatic feedbacks
572 associated with the negative Neoproterozoic CIEs have been controlled by the total amount and balance between

573 terrigenous vs. marine DOC being oxidized and the nature of the oxidant (e.g. O, vs. SO4%).

574 Therefore, Neoproterozoic carbonate carbon isotope excursions seem to require that DOC and DIC pools are
575 spatially decoupled (e.g. through terrestrial DOM inputs) and thus suggest that DOC was not necessarily larger
576 than DIC in the entire ocean. Moreover, the record of these excursions in carbonate deposits supports that the
577 oxidation of DOC should have occurred through anaerobic instead of aerobic pathways. Further characterization
578 of the nature and potential continental overprinting of the OM signatures in these sedimentary successions could

579 provide important insights into the triggers of these events.
580
581 6. CONCLUSIONS AND SUMMARY

582 The nature and role of DOC within the C cycle of four stratified alkaline crater lakes were characterized and
583 extensively compared, based on the concentration and isotopic signatures of this DOC reservoir, with previously
584 described DIC and POC data from these lakes. Despite similar contexts, the DOC reservoirs of the four lakes

585 exhibit important variability driven by environmental and ecological changes, as summarized below:

586 - DOC is the largest OC reservoir in the water column of the studied lakes (> 90%). Its concentrations and
587 isotopic compositions bring precious, new and complementary information about the C cycle of these
588 stratified water bodies. Depending on environmental factors such as nutrients and DIC availability,
589 diverse photosynthetic planktonic communities appear to release more or less important amounts of DOC
590 depending on the lake, transferring most of the inorganic C to DOC rather than POC.

5901 - This process is marked by very heavy and distinct isotopic signatures of DOC compared with POC. They
592 reflect different metabolism/C fixation pathways and/or the activity of a DIC-CM coupled with an
593 overflow mechanism (i.e. DOM exudation) which could be active for both oxygenic and anoxygenic
594 phototrophs, and for which we propose a novel isotopic model of cell carbon cycling including the DOC.
595 - Our results bring further constraints on the environmental conditions under which autochthonous DOM
596 can accumulate in anoxic water bodies and provides boundary conditions to the “big DOC reservoir”
597 scenarios. Specifically, our study of modern redox-stratified analogs supports the idea that a large oceanic
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598 DOC reservoir may have generated the small Eocene C isotope excursions. However, while important
599 DOC oxidation could have favored locally — near the continental shelves — the precipitation of isotopically
600 light C carbonates, the existence of a globally very large oceanic DOC reservoir seems unlikely.
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