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Abstract

Saline-alkaline lakes of the East African Rift &mown to have an extremely high primary
production supporting a potent carbon cycle. Te datfull description of carbon pools in these
lakes is still missing. More specifically, there nst detailed information on the quality of
dissolved organic matter (DOM), the main carborrgnasource for heterotrophs prokaryotes.
We report the first exhaustive description of DOMIletular properties in the water column of
a meromictic saline-alkaline lake of the East AdricRift. DOM availability, fate and origin
were studied either quantitatively, in terms ofsdised organic carbon (DOC) and nitrogen
(DON) or qualitatively, in terms of optical proped (absorbance) and molecular
characterization of solid-phase extracted DOM (&KEM) through negative electrospray
ionization Fourier Transform lon Cyclotron Resorandass Spectrometry (FT-ICR-MS).
DOM availability was high (DOQI8.1 mM in surface waters) and meromixis impringed
severe quantitative and qualitative change on DQidl.pAt the surface, DOM was rich in
aliphatic and moderately in aromatic molecules #ng mirroring autochthonous microbial
production together to photodegradation. At theédmtchanges were extreme: DOC increased
up to 5 times (up to 50 mM) and, molecular sigratdrifted to saturated, reduced and non-
aromatic DOM suggesting intense microbial activitgthin organic sediments. At the
chemocline, DOC was retained indicating that thierface is a highly reactive layer in terms
of DOM processing. These findings underline théineaalkaline lakes of the East African Rift
are carbon processing hot spots and their invegtiganay broaden our understanding of

carbon cycling in inland waters at large.

Key words: Dissolved organic carbon, African soda lake, Meros)iFT-ICR-MS, CDOM
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1. Introduction

Endorheic saline-alkaline lakes are known fromcalhtinents. In terms of water volume and
surface, they represent 40% and 20% of total lalespectively (Meybeck, 1995; Dodds and
Whiles, 2002; Wurtsbaugh et al., 2017). The saditkadine lakes of the East African Rift
(thereafter SLARS) are among the most distinctivéhe world. SLARs contribute up t@5%

of total lake area in this region and cover a taf@a of(113000 knf with single lake areas
ranging from 8800 ki(Lake Turkana) down to tens of crater lakes sméien 0.5 ki

Their pH and alkalinity are typically in excess®6 and 50 meqt, respectively (Hecky and
Kilham, 1973). A striking feature is a daily pelagirimary production of over than 10 g &
(Melack, 1982; Oduor and Schagerl, 2007), whickigwificantly higher than that recorded in
freshwater ecosystems (Lewis, 2011). This high pectdity is sustained by planktonic
cyanobacteria (up to 1A0° cells mi*, Zinabu and Taylor, 1997) that proliferate owirg t
constant high water temperatures (>°2) the “endless summer” according to Kilham and
Kilham, 1989), intense and almost constant soldraten throughout the year at Equator
(173 W m% Odongo et al., 2016), and very high availabitifydissolved inorganic carbon
(Talling et al., 1973).

Overall, SLARs showed a very dynamic carbon cypét,a clear picture of carbon availability
and fluxes is still lacking. In particular, infortn@n about dissolved organic matter (DOM) and
its qualitative properties is largely disregarded ancompletely understood (Jirsa et al., 2013).
DOM is a complex mixture of highly diverse moleauikhat differ in composition, structure,
origin, residence time and bioavailability (Dittmand Stubbins, 2014). Besides being the
indispensable source of carbon and energy fordhatac microbiota, DOM interacts with light
by attenuating and modifying the underwater radratspectra (Thrane et al.,, 2014) and is
adsorbed to minerals or desorbed after reductigsotlition of iron minerals (Elkins and

Nelson, 2002).
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The objective of this study is to provide a firghaustive description of the DOM quantity and
molecular properties in a SLAR. Having in mind thettthe Equator, the seasonal changes are
reduced (Odongo et al., 2016), this study spedifi¢acused on a meromictic lake with severe
biogeochemical gradients along the water column Igbke Kilham and Fisher, 1982;
Macintyre and Melack, 1982). In particular we aintegrovide a better understanding of the
impact of (i) water stratification, (ii) pelagiciprary production and photodegradation. DOM
was analyzed to (a) quantify it in terms of dissolwrganic carbon (DOC) and nitrogen (DON)
(b) describe its spectroscopic properties throdzgoebance, and (c) characterize its molecular
property through Fourier Transform- lon Cyclotroed@nance Mass Spectroscopy (FT-ICR-
MS).

High primary production together with high potehtevaporation is expected to determine
large DOC concentrations in the water column. Highsity of pelagic cyanobacteria and high
and constant incident solar radiation are likely stoongly affect DOM quality as well.
Cyanobacteria release aliphatic compounds (Bittaal.e 2015) as a consequence, saturated
(H/C>1.5) and relative oxygen-poor (O/C<0.5) molesunight be significant. Simultaneously,
aromatic compounds are expected to be low as coaseq of photodegradation induced by

elevated incident radiation.

2. Material and methods

2.1. Study site and sampling strategy

Lake Sonachi (90 km NW of Nairobi at 1,884 m g.8146'57.68"S; 36°16"E) is a small (0.18
km?) meromictic saline-alkaline lake located in a ‘aslic crater (0.84 kf) surrounded by
riparian vegetation (mainlywachellia xanthophloga (Macintyre and Melack, 1982) and

adjacent to the larger freshwater Lake Naivasta (50 km) (Figure SI 1). Climate is warm
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and semiarid, with annual potential evaporation (00 mm/year Olaka, 2011) exceeding
annual precipitation (ca. 640 mm/year www.climatadzu).

Groundwater seepage from Naivasha is likely tohgenbain water input, whereas evaporation
is the outflow (Gaudet and Melack, 1981). A stergier rim protects the lake from winds and
the water column mixing is limited (Macintyre ancelck, 1982).

Water column depth varied from 3 m to 18 m with gyaly stable meromictic conditions.
Holomixis episodes were reported only during lowtevdevel periods (Macintyre and Melack,
1982; Verschuren, 1999). Primary production ranffeth 2.2 to 56 mM @ m> h* and
chlorophyll concentration in the euphotic zone heat peaks of 80 ugL(Melack, 1982;
Melack et al., 1982).

Pelagic biomass (wet weight) reached up to 3'gduring a bloom ofArthrospira fusiformis
(Ballot et al., 2005). Nutrient concentrations (SR, +NHs, NO,” and NQ) are typically
lower than 0.4u4M in the mixolimnion, but can rise up at the sediisurface (up to 13QM
and 4000uM for SRP and NE +NHs respectively) (Melack et al., 1982). Chemocline and
monimolimnion are anoxic and euxinic, with concations of hydrogen sulfide ¢3) up to
1.2 mM (Mcintyre and Melack, 1982).

Verschuren (1999) reported that the uppermost sadirfayer, in the 30-50%, consists of
highly porous gelatinous organic aggregates ofesetiecomposing algae and cyanobacteria
and that organic carbon represents the 10% of $etiiment dry weight (unpublished data from
authors).

Sampling was performed on June 18, 2017, in thellmidf the lake, at the deepest site. One
litre of water was sampled at midday from sevenlie, -0.5, -1, -2, -3, -4 and -4.5 m with a
Rilsarf® tube connected to a syringe with a three-way Teflalve (Tassi et al., 2004). Sample

at 4.5 m depth was collected at the bottom lakkeainterface between sediments and water.
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2.2. Lake characterization and underwater light attenuation

Water temperature, electrical conductivity, oxidatreduction potential (ORP), pH and
dissolved oxygen profiles were recorded betweemd® & p.m. at every 0.5 m, using a YSI
Multiparameter probe. ORP was converted into regiatential at 2%C (Eys'c)) according to
Wolkersdorfe (2008).

Adsorption spectra between 280 and 1000 nm of terdifl samples were used to estimate
underwater light attenuation spectra at differeaytds. Underwater light spectra were obtained
according to the Beer-Lambert law:

I = Iypye *™ (1)

Where b is the input solar intensity at ground level atvelangthA. 1) is optical depth at
wavelengthA (1) =In(10) Abs). Abs, is the absorbance values at wavelengtispectra were
performed with a UV1700 Pharma Spec (Shimadzu)tsg@wotometer using a 1-cm quartz
cell varyingA between 280 and 1000 nm. The ASTM G173-03 Referevas used as input

solar spectrum_(http://rredc.nrel.gov/solar/spgctra

2.3. Nutrients, bulk DOM and chromophoric DOM

Water samples (100 mL) were filtered (0.45-um poee- nylon filters) and acidified with
ultrapure HCI for dissolved inorganic nitrogen (BdNH; +NH3z+NO,+NO3). NO, and NQ
were analyzed with colorimetric method with an amayzer Bran+Luebbe after nitrate
reduction with a copper-cadmium column. JHNHz concentrations were estimated with the
salicylate method of Reardon (1969). To removeaid interference, the pH of solution was
set to 1. To reduce the interference of salts alffites all samples were previously diluted to
1/10 -1/30.

Dissolved organic carbon (DOC) and total dissolvettogen (TDN) were measured by

oxidative combustion and infrared analysis usin§ramadzu 5000 A total organic carbon
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analyzer coupled to a Total Nitrogen unit. Dissdleeganic nitrogen (DON) was calculated as
the difference between TDN and DIN.

For DOM quality analysis, water samples (200 mLyevitered (combusted GFF Whatman
filters), acidified with ultrapure HCI (pH =2), arstiored in pre-combusted glass bottles.
Samples for spectroscopy were filtered just befiier analysis with 0.2Zm-pore nylon
membranes to remove particle interferences and: aealyzed at room temperature. Prior any
analysis, samples were diluted to 1/25-1/60 (tcagimal DOC concentration of 2-4 mg')Lto
attenuate the interference of salinity. Two spestopic descriptors were assessed to provide
gualitative information about the chromophoric DGRIDOM), according adsorption spectra
of filtered and diluted samples from 200 nm to 8@® with a UV1700 Pharma Spec
(Shimadzuspectrophotometer using a 1-cm quartz. cEle ultraviolet absorbance SUY#,
related to the DOM aromaticity level, was calculbds the absorbance at 254 nmjalivided

by the DOC concentration and by the cuvette patgtle (Weishaar et al., 2003). Absorbance
spectral slope between 275 and 295 nm was estimatead indicator of CDOM molecular size,
with high values indicating low molecular size ande versa (Helms et al., 2008). Data were

collected in double beam mode using deionized wasehe blank.

2.5. Fourier Transform lon Cyclotron Resonance Mass Spectrometry (FT-ICR-MS).

Filtered acidified water samples (20 mL) were psseel through 100 mg styrene-divinyl-
polymere type (PPL) solid-phase cartridges (AgileMaldbronn, Germany) to desalt the
extract (Dittmar et al., 2008) for subsequent etsgray ionization (ESI) mass spectrometry.
The solid-phase extracted DOM (SPE-DOM) was eldtade with 2 mL of methanol. The
extracts were diluted with methanol to 5 mL and evkept frozen until analysis (for further
details see Raeke et al., 2016). Recovery rategedafrom 30 to 85% being the lowest

efficiencies correspond to samples at deepestdgyeaind 4.6 m depth, SI2).
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SPE extracts were diluted 1:1 (v/v) with ultrapuvater and analyzed with an FT-ICR-MS
equipped with a dynamically harmonized analyzet ¢®blari XR, Bruker Daltonics Inc.,
Billerica, MA) and a 12 T refrigerated actively shied superconducting magnet (Bruker
Biospin, Wissembourg, France). The instrument ¢ated at the ProVIS Centre for Chemical
Microscopy within the Helmholtz Centre for Enviroantal Research. Samples were infused
by an autosampler at a flow rate of 10 pL thifFor each spectrum, 256 scans (ion
accumulation time=15 ms) were co-added in the maisge 150-3000 m/z with a 4 MWord
time domain. Mass spectra were internally calilotatéth a list of peaks (m/z 250-550, n >
110) commonly present in natural organic mattee thass accuracy after internal linear
calibration was better than 0.1 ppm. Peaks wersidered if the signal/noise (S/N) ratio was
greater than four.

Formulae were assigned to peaks in the mass raB@e’0 m/z allowing for elemental
compositions €eoH1- 12001-40N0-2S0-1 With an error range of £0.5 ppm according to Leaolfld

et al. (2014). Relative peak intensities were dated based on the summed intensities of all
assigned peaks in each sample. As data set detdictib a relative signal intensity of 0.01%
was chosen to compensate for variability in sengitibetween different measurements. A
molecular formula of a mass peak is referred tdnaslecule” in this article although one
molecular formula can represent several differamicgural isomers.

Only formulas with -10< DBE - O< +10 (DBE: double bound equivalents) were considlere
for further data evaluation (Herzsprung et al. 2014

The following descriptors were estimated after molar formula identification: number of
detected molecules (richness) and, molecular md&s, O/C, N/C, S/C, DBE, modified
aromaticity index (Almod, Koch and Dittmar, 2016)danominal oxidation state of carbon
(NOSC, LaRowe and Van Cappellen, 2011) weightedaas. C, H, O, N and S refer to the

number of atoms of carbon, hydrogen, oxygen, nénognd sulfur in each assigned molecule.
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The ratio H/C, DBE and Ag provide information about the degree of saturatiba molecule
(i.,e. number of C-C double bounds) whereas O/Gratid NOSC are descriptors of the
(average) carbon oxidation state. According touvhlees of the different DOM indicators, the
DOM molecular classes were split into, Carboxyhrialicyclic like molecules (CRAM),
Aliphatics, Aromatics and Condensed&Aromatic (CAplectular categories constrains are
detailed at Table Sl 1). Be aware that each fornuala describe numerous isomers this
classification suggests the most likely structurRegsel et al., 2017). CRAM, aliphatic and
aromatic molecule are subdivided into O-poor oriéb-molecules if O/C is <0.5 or0.5

respectively.

2.6. Statistics and data analysis

Hierarchical cluster analysis (HCA) of FT-ICR-MSmriental formula data was performed to
test differences among samples. HCA included ti882®mponents that were common in all
samples after ranking the SPE-DOM mass peak irtesdior each of the seven samples
separately. Squared Euclidean distance with Waldtje method was applied (Murtagh and
Legendre, 2014) by assigning first rank to thealalg with the highest intensity.

Inter Sample Rankings Analysis (ISRA) allowed tligualization of DOM quality differences
in van Krevelen diagrammes (Herzsprung et al. 2017)

For each SPE-DOM molecular class and descripterwibighted average was estimated from
relative intensity of the peak of each assignedemde.

At Sonachi, the water column showed a meromictratifitation with a chemocline that
separate two main water masses: mixolimnion andimammnion (details in the results
section).

A simple end-member mixing model was used to qbiarthe magnitude of mixing at

chemocline, according to the following mass balance



276 y=M ) (2

Cmon—Cmix
227 y+x=1
228
229  x andy are the relative contributions of mixolimnion amdnimolimnion. Cg,, Crmix andCron
230 are the measured tracer concentrations (conseevatilute) at chemocline, mixolimnion and
231 monimolimnion respectivelyCx represented the average value of the tracer ctratiens
232 between surface (0 m) and 3 m depth (n=5). Speeifictrical conductivity at 2C was
233 adopted as conservative tracer (Leibundgut e2@l.]).
234  Calculation of the magnitude of mixing (i.e.andy in eq. 2) allowed the estimation of the
235 expected concentration of a reactive solute attigenocline (R&xp:cn):
236 RSexpich™X RS(mix+Y RS(mon) 3)
237 where RSmixy and R&mon) are the measured concentrations of a reactiveéesatumixolimnion
238 and monimolimnion respectively.
239 Differences between expected and observed valuegded a quantitative information;)

240 about net retention or release of a reactive salutke chemocline:

241
RS .ch)—RS .
242 T] — ( (obs;ch) (exp,ch) % 100 (4)
RS(exp;ch)
243

244 If >0 (or n<0) the reactive solute was released (or retaiaédhemocline (Butturini et al.,
245  2016). Mass balance was performed for DOC and DON.

246

247 3. Results

248  3.1. Limnologic characterization

10
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Temperature and oxygen in the water column rangégeden 20.5 and 22@, and <1G and
0.1 mM (0-43% of saturation), respectively. A shaifpange denoted the presence of a
thermocline and an oxycline at 1.5 m depth. pH alasost steady at 9.6 from surface down to
3 m depth, but decreased slightly to 9.5 below 4Specific electrical conductivity was
homogeneouscé. 9.8 mS crit) from the surface to 3 m depth and increased kapdL1.5 and
16.2 mS crtat 4 m and at the bottom (i.e. sediment-waterfate). The vertical profile of
redox potential (&zsc)) showed a complex pattern: its value was stea@@&mmV in the first
1.5 m, then it gradually decreased to 140 mV at 8epth, and finally decreased abruptly to
less than -64 mV below 4 m. Overall, vertical pexiof pH, specific electrical conductivity
and Bpsc), revealed the presence of a chemocline at abowt# 35depth that separated a
mixolimnion from a monimolimnion (Figures la-e). &ceding to the mixing model, 74.2% of
the water at chemocline came from mixolimnion alnel test from the monimolimnion. DIN

concentration averaged 82 uM N and did not show any clear vertical trend (EaBI3).

3.2. Light regimein water column.
According to the adsorption spectra measured iitergd samples, 99% of the total radiation
was absorbed within the oxycline; at chemoclinekdess was totalFjgure SI2). UVA and

UVB radiation disappeared within the first 25 cnig(ie 1f).

3.3. DOC, DON and CDOM

Dissolved organic carbon (DOC) averagedt8.8 mM in the mixolimnion and increased to
48.8 mM in the monimolimnion (Figure 1g). Total stidved organic nitrogen (DON) averaged
800t90 uM in the mixolimnion and increased in the monimalion (Figure 1h). DOC and
DOM showed similar vertical profiles. However DO@N ratio was not steady and showed

an abrupt decline from 8.8 at mixolimnion, to 1t&he chemocline. The mass balance revealed

11
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that the chemocline was a highly reactive siteD@M; while DOC was retainedhE-47%),
DON was releasedn€105%; Figures 1g-h). SUVA, was almost constant in mixolimnion
(4.5£0.3 mgC L/m) but it dropped to <1 mgC L™nat monimolimnion (Figure 1i). On the
other hand, spectral Slope;S$,95 oscillated widely, without a clear vertical greni with a
subtle accumulation of relatively larger molecuégschemocline and smaller ones at 0,5 m

depth respectively.

3.4. SPE-DOM

FT-ICR-MS detected 6221 elemental formulae. A stabtof 2338 formulae were shared
between all seven samples. Number of identifiechtdae in each sample oscillated between
3449 and 4344 (Table SI1).

The most abundant compositional group (39-49% latixe peak intensity) was represented by
O-poor CRAM-like molecules, structurally similar sterols and hopanoids (Hertkorn et al.,
2006). Aromatics and Condensed&Aromatics (CA, rasyl from vascular plant
leaching/degradation, Kellerman et al., 2015) warteh lower and comprised between 1.5 to
4.2% of the total signal. Aromatic O-poor molecwesre slightly more abundant than the O-
rich fraction. Aliphatic molecules were also reletjacontributing 12.3-19.6% of the total peak
intensity with the O-poor fraction being four tim@®re intense (Table 2).

HCA of SPE-DOM data highlighted the impact of wadgmatification on DOM; the sample at
chemocline resulted the most dissimilar one (Fig)re

Van Krevelen space visually illustrated how SPE-D@ifered across samples (Figure 2). The
chemocline sample showed relatively high peak sitess (ranks 1 and 2) in the region H/C>1
and O/C<0.6. In contrast, the weakest peaks (rénksd 7) were preferentially located at

0O/C>0.5.
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In the monimolimnion, the most intense peaks werainmp located at H/C>1.2 and
0.2<0/C<0.8. Meanwhile the weakest ones were foleoutes with 1< H/C < 1.5 and 0.2 <
O/C < 0.6.

In the mixolimnion, at depths 0.5, 1, 2 and 3 ng thost intense signal was related to
molecules with H/C<1.4 and O/C>0.4. In surface wattee distribution of ranks in the van
Krevelen diagram differed a little from that at timéolimnion and the most intense peaks shift
slightly to the region H/C<1.5 and 0.2<0/C<0.5.

At the chemocline and the bottom, the 30 and 380f%ases with rank 1 and 2 (i.e. the
relatively high peak intensities) were locatedhe tegion H/C>1.5 and 0.2<0/C<0.53 of the
van Krevelen diagram. This percentage droppeds®tiegan 3.8% in the mixolimnion samples.
Within the mixolimnion, the 80-86% of cases witmkal and 2 were located in the region
0.65<H/C<1.5 and 0.25<0/C<0.67. This percentageredsed to less than 63% at the
chemocline and within the monimolimnion.

At the lake bottom, under permanent darkness, anamd reduced conditions, organic rich
sediments released a large amount (DB mM) of DOM enriched in highly reduced
(NOSC<-0.38, Figure 3a) and saturated (DBE<6.8uedg3b), O-poor aliphatic and CRAM
molecules (Figure 3c-d), and strongly depleted-ametic ones (Figure 3e).

HCA (Figure 2) also suggested that SPE-DOM at thiéase (0 m) differed slightly from the
rest of samples of the mixolimniom. More specifigaht surface, the relative intensity of SPE-
DOM molecules that were slightly more aliphatic gfer H/C, Mann Whitney U test,
p<0.0001) and more reduced (lower O/C and lower @0O8Mann Whitney test, p<0.0001;
Figure SI7 increased

Non-oxygen heteroatom molecules (CfIN CHNO, CHOS, and CHNOS) represented 51.3 -
53.4% of the total of the molecules identified (lEalsl2 and Figure Sl 3-6). N-bearing

molecules were especially relevant representing04%0 of SPE-DOM molecules with a

13
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relative signal intensity averaging 18152%. On the other hand, S-bearing molecules were
less relevant (7#8.6% of SPE-DOM molecules and 8067% of relative intensity). CHNO

and CHOS were smaller (lower molecular mass), naxidized (higher NOSC) and less

aromatic (lower Almod) than CHO molecules (Figui8)S

4. Discussion

Vertical profiles of chemical and physical propestiof lake water (Electrical conductivity,
Oxygen, pH and light extinction rate) reported e tpresent study were similar to those
reported in previous studies (Melack et al., 1988lack and Macintyre, 2016) evidencing that
meromixis is common at Sonachi. The high radiatextinction rate could reflect the
abundance of pelagic algal biomass (e.g. cyanotact®allot et al., 2005) and the large
amount of DOM suggesting that its photo-degradattoeffective only within the first few
centimeters of the water column.

DOC concentrations within the water column were dr@ers of magnitude higher than those
typically reported for freshwaters (Sobek et @002, Chen et al., 2015) and even slight higher
than those reported for endorheic saline watensratdhe world (Song et al., 2019; Osburn et
al., 2011; Mariot et al, 2007).

SPE-DOM showed marked differences with in respecivihat is usually reported in inland
waters. Contributions of CRAM and aromatics weraagkably lower respect to (Riedel et al.,
2016; Stubbins et al., 2006), while aliphatics wsignificantly higher (Figure 4). Higher and
comparable aliphatic relative contributions wengoréed only in a coastal Antarctic pond (i.e.
Pony lake, Kellerman et al., 2018) and in a tropreaervoir during a cyanobacterial bloom
(Bittar et al., 2015), respectively. Overall, SPBMId at Sonachi was more reduced, less
aromatic and more saturated than typical SPE-DQivhfmland waters (Raeke et al., 2017;

Dadi et al., 2017; Kellerman et al., 2018).
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The relative low contribution of aromatics and Céirged to the presence of highly degraded
and processed DOM, altered by intense photodegoadéStubbins et al., 2006; Bittar et al.,
2015). The relatively high abundance of aliphatiught reflect DOM release from pelagic
cyanobacteria (Welker and Von Dohren, 2006; Bideal., 2015). Aliphatics are considered to
be unaffected by photodegradation (Stubbins e2@0D6; Timko et al., 2015) and their relative
relevance might have been additionally amplifiedhmy photodegradation of aromatics.

At mixolimniom, SPE-DOM properties were homogenetiuss evidencing a rapid mixing
between the most superficial and oxic layer andutigerneath anoxic mixolimnion. A subtle
change was detected at surface with a slight velatccumulation of O-poor CRAM and O-
poor aliphatic compounds together to a relativaesse of O-rich aromatics (Figure 3). These
small molecular shifts, in comparison to the resthe mixolimnion, might be attributable to
photo decarboxylation of O-rich aromatic moleculgsy et al., 2017), suggesting that
photodegradation might be limited to thet first fe@ntimeters of the water column as
suggested by underwater UVA and UVB vertical pedi(Figure 1e).

Interestingly, most SPE-DOM descriptors (i.e. NQS®ass,, Aliphatic,, Aromatig,, O/G,,
H/C,; Table 1 and Figures 3) showed abrupt changdseahacline. This finding, together with
DOM mass balance estimates, evidenced that the adie® was a site of remarkable
readjustment of DOM concentration and of the SPEVD@olecular signature.

At the bottom and at the chemocline, the additianatease in the relative contribution of
saturated O-poor aliphatics was interpreted taeceflhe release of microbially derived DOM
(Lechtenfeld et al., 2015) and the degradationyainobacteria/algae detritus accumulated at
the sediments-water interface (Verschuren, 1999¢. dbundance of aliphatic substances at the
lake bottom might be even larger than that detebted=T-ICR-MS analyses. Raeke et al.
(2016) reported that PPL sorbents are less effioreretaining O-poor (O/C<0.4) and saturated

(i.e. H/C>1.5) molecules. DOM recovery rates of SEactions in samples collected at the
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bottom and at the chemocline (appendix Table SHewower compared to the samples from
the mixolimnion. Consequently, a large fractionatiphatic compounds might be missing in
the MS analysis of bottom waters. Additionally, Hlig reduced conditions at the bottom
together with high pH probably boosted DOM relebseause of the deprotonation of mineral
sediments with subsequent reduction of their DOBbggtion potential (Grybos et al., 2009).
Organic rich sediment of SLAR host a highly compéed unique consortium of alkaliphilic
prokaryotes (Grant and Jones, 2016). Almost notlsrngown about the magnitude of their in-
situ activities but a rough idea can be deduceth feeiling (1996) who reported values of
5*CDIC signatures higher than +10%. in interstitialtevapointing to the occurrence of high
microbial activities. Therefore, the high contrilout of O-poor saturated aliphatic substances in
out the bottom samples is likely a signature ohhigicrobial activity at the sediment-water
interface.

FT-ICR-MS has been extensively used to explore B4 chemodiversity across lakes at
regional scale (Kellerman et al., 2015), but theast of lake stratification on DOM molecular
signatures is almost overlooked . Dadi et al. (20&p@orted that in a reservoir, with a DOC/Fe
molar ratio of around 40, the unsaturated and ®-8E-DOM components were adsorbed
onto ferric iron minerals under epilimnetic oxicnelitions and were released under anoxic and
reduced conditions at the sediments following rédacof solid ferric iron to soluble ferrous
iron. At Lake Sonachi the DOM absorption/desorpiwacesses related to iron redox cycling
appeared to be less relevant because the oxictmorgdpersisted only in the first meter of the
water column. Further, total dissolved iron concaiin in water was below 0.7 puM
(unpublished data from authors) and the DOC/Fe mw&o was higher than 10000. In
consequence the influence of adsorption/desorgtionesses of unsaturated and O-rich DOM

bound to ferric iron minerals can be consideredigixge.
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397  Regarding to non-oxygen heteroatomic moleculestelagive intensity of N-bearing molecules
398  was about 3-4 times higher than that reportedrgelaivers and it was in the same range of that
399 measured in ancient ocean waters (Riedel et al§)2@nd in submarine hydrothermal fluids
400 (Gomez-Saez et al., 2016). On the other side, ¢heeptage of CHOS molecules was similar to
401 that reported in freshwaters (Riedel et al., 2Kdé|ermann et al., 2018) but much lower than
402  in hydrothermal fluids with evidence of abiotic uization by BS (Gomez-Saez et al., 2016)
403  or in sewage sludge waters (Lv et al., 2017). Furt@HOS molecules tend to be slightly
404 smaller and more oxidized that CHO molecules sugggshat abiotic sulfurisation of CHO

405  molecules seemed to be unimportant (Melendez-Rtralz, 2018).

406

407 5. Conclusionsand implications

408 DOM is a fundamental component of the study ofdadon cycle in the hydrosphere (Dittmar
409 and Stubbins, 2014; McCallister et al., 2018). Apaom few remarkable exceptions (Waiser
410 and Robarts, 2000; Mariot et al, 2007, Osburn e8l11, Song et al., 2019), DOM in saline-
411 alkaline endorheic systems has attracted littlenéittn and these ecosystems are missing in
412 reviews focused on DOM quantity and quality in ndavaters worldwide (Sobek et al., 2007;
413  Alvarez-Cobelas et al., 2012; Chen et al., 2013lekman et al., 2018). Thus, the SLARS, the
414  most productive waterbodies worldwide (Lewis, 2Q14ne not taken into account in these
415  global assessments.

416  In conclusion our study reveals that:

417 « SLARs provide unique reservoirs of microbially ded, photodegraded, little aromatic
418 and saturated O-poor DOM suggesting that a fulleustdnding of the processes
419 governing DOM availability and properties in inlawaters (Sobek et al., 2007; Chen et
420 al., 2015; Kellermann et al., 2015) needs to ineladecognition of the processes taking
421 place in endorheic saline-alkaline lakes charazerby a high productivity.

422
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* The DOM molecular signature in endorheic salinesltle Lake Sonachi reflected the
pressure exerted by photodegradation acting asdhee time as microbial production
and degradation. Photodegradation might be at wwittkn the first few centimeters of
the water surface, while the greatest changes antgy, reactivity and molecular

signature were located at the chemocline undep gfeechemical gradients.

« These findings emphasize that, next to regiondksdanatic and hydrological drivers,
small-scale internal discontinuities create stgkichanges in the DOM molecular

signatures of lentic waters.
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647

648  Table 1. SPE-DOM molecular characterization at Sbihnavolecular class criteria and SPE-DOM descriptare defined at table SlI1. All values are signal
649  intensity weighted. CA: Condensed and aromatic.

650

Depth CRAM Aliphatic Aromatic
(m) Opoor Orich Opoor Orich Opoor Orich
0 4185 18.15 10.05 2.21 247 152 0.90
05 3954 1936 9.25 2.11 242 172 085

40.40 18.80 955 2.18 235 167 0.88

40.02 19.05 950 2.19 238 168 0.87

40.02 1879  9.47 2.38 236 159 0.87

49.13 979 16.81 2.82 1.23 023 0.16

45 3959 16.15 12.60 2.94 159 063 0.29

CA

A WNBE

651

Depth # of M ass,
(m) molecules (Da)

0 4207 356.6 -0.336 0.227 7.092 17.16.24 0.03 0.46 1.31 0.0019 0.0155
0.5 3701 3556 -0.310 0.225 7.117 16.98.26 0.04 0.47 1.30 0.0036 0.0172
3809 355.7 -0.318 0.227 7.105 17.08.25 0.04 0.46 1.30 0.0032 0.0163
4208 357.1 -0.314 0.225 7.122 17.00.25 0.04 047 1.30 0.0030 0.0165
4344 357.4 -0.317 0.225 7.114 17.10.25 0.03 0.47 1.30 0.0025 0.0165
3948 365.0 -0.499 0.194 6.758 18.0R.21 0.04 0.42 1.38 0.0034 0.0132
4.5 3449 3544 -0.379 0.200 6.724 17.08.25 0.03 0.46 1.35 0.0023 0.0163

NOSC, Almod, DBE, C, N, S, o/C, HI/IC, SC, NIC,

A WN PR

28



652  Figures

653
E -----------------
= |
=}
o
QU
= |
20 21 22 23 0 0.04 008 0.12 8 13 18 945 955 9.65-100 0 100200300
T (°C) O, (mM) EC 300¢) (HS/cm) pH Eg@soc) (MV)
R/
0 U/VB’A___ i g . h - 1
} Visib.
L] S e g b, SRR St | PO
i
-
) 3 r = - -
o A \
1 1~ 1 -—od) - K
0 50 100 @ 25 50 0 2 4 6 8 0 2 4 e 002 0025 0.03
Light - DOC (mM)  DOM (mM) SUVA,., I
attenuation (%) B
654
655

656  Figure 1. Vertical profiles of water temperaturssdlved oxygen, Electrical conductivity (EC),
657  pH, E;, underwater light attenuation, DOC, DON, SW#y and $7s-205) Dashed curves in the

658 lower portion of panelg andh show expected trends assuming conservative solikmg
659 between mixolimnion and monimolimnion. Horizontalinds indicate depths of
660 thermocline/oxycline (dashed) and chemocline (3olid
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Figure 2. HCA of all SPE-DOM components detectethvidT-ICR-MS and van Krevelen

diagrams showing the inter sample rankings and catde composition of SPE-DOM in the
water column. Samples at 0, 0.5, 1, 2 and 3 m da@lwithin the mixolimnion. See appendix
Sl 3-6 for specific Van Krevelen diagrams of CH®NLLS, CHN20O and CHOS molecules
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Figure 3. Vertical profiles of two SPE-DOM molecutescriptors (NOSC and DBE) and four
molecular classes (CRAM, aliphatic, aromatic angtides) and molecular size (Mass). All

values are weighed averages of peak intensitieshé@hand solid lines in profiles of CRAM,

Aliphatic and Aromatic indicate O-rich and O-pooolecules respectively. The two horizontal
lines describe the approximate depth of oxyclireftiocline (dashed line) and chemocline
(solid line).
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Figure 4. Bubble plot describing the relationshigtivieen saturation degree (Almod) and
Carbon oxidation state (NOSC) in rivers (blue bekbllakes and reservoirs (orange bubbles)
and Sonachi (gray bubbles). Bubbles size is prapwt to the relative abundance of aliphatic
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Highlights

» First detailed description of DOM in atropical meromictic saline-alkaline lake.

* High amount of autochthonous DOM was found in water column.

» Solid-phase extracted DOM is microbially derived, photodegraded and aliphatic.
Changesin DOM quantity and quality were located at the chemocline.



