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Abstract

The determination of dissolved gases (02, CO,, CHa4, N2O, N») in surface waters allows to estimate
biological processes and greenhouse gas fluxes in aquatic ecosystems. Mercuric chloride (HgCl,) has
been widely used to preserve water samples prior to gas analysis. However, alternates are needed
because of the environmental impacts and prohibition of mercury. HgCl, is a weak acid and interferes
with dissolved organic carbon (DOC). Hence, we tested the effect of HgCl, and two substitutes
(copper (1) chloride — CuCl; and silver nitrate — AgNOs), as well as storage time (24h to 3 months)
on the determination of dissolved gases in low ionic strength and high DOC water from a typical
boreal lake. Furthermore, we investigated and predicted the effect of HgCl, on CO; concentrations in
periodic samples from another lake experiencing pH variations (5.4-7.3) related to in situ
photosynthesis. Samples fixed with inhibitors generally showed negligible O, consumption. However,
effective preservation of dissolved CO,, CH4 and N,O for up to three months prior to dissolved gas
analysis, was only achieved with AgNOs. In contrast, HgCl, and CuCl; caused an initial increase in
CO; and N,O from 24h to 3 weeks followed by a decrease from 3 weeks to 3 months. The CO»
overestimation, caused by HgCl,-acidification and shift in the carbonate equilibrium, can be
calculated from predictions of chemical speciation. Errors due to CO, overestimation in HgCl,-
preserved water, sampled from low ionic strength and high DOC freshwater that are common in the
northern hemisphere, could lead to an overestimation of the CO, diffusion efflux by a factor of >20
over a month, or a factor of 2 over the ice-free season. The use of HgCl, and CuCl; for freshwater
preservation should therefore be discontinued. Further testing of AgNOs preservation should be

performed under a large range of freshwater chemical characteristics.
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1 Introduction

The determination of dissolved gases by gas chromatography from water samples collected in the
field allows the estimation of biological processes in aquatic ecosystems such as photosynthesis and
oxic respiration (O, CO»), denitrification (N2, N,O) and methanogenesis (CHs). This technique is also
useful to test the calibration of in-sifu sensors in long term deployment. However, the accuracy of this
approach largely depends on the effectiveness of sample fixation. In fact, the partial pressure of the
dissolved gases will continue to evolve in the water sample from the time of collection to the time of
analysis unless biological activity is prevented. This is an issue when field sites are far from
laboratory facilities, and when samples need to be stored until the end of the field season for more
efficient processing in large batches. Hence, before using a given biocide to preserve water samples, it
must be ensured that it is efficient in inhibiting biological activity without changing the sample’s

chemistry.

Mercuric (II) chloride (HgCl,) has been widely used as an inhibitor of the above-mentioned biological
processes to preserve water samples for the determination of dissolved CO, in seawaters (e.g.
Dickson, Sabine & Christian, 2007) and several dissolved gases in natural and artificial freshwater
bodies (e.g. O, CO2, CHa4, N> and/or N>O; Guérin et al., 2006; Hessen et al., 2017; Hilgert et al.,
2019; Okuku et al., 2019; Schubert et al., 2012; Xiao et al., 2014; Yan et al., 2018; Yang et al., 2015)
because it is extremely toxic at very low concentrations compared to other reagents (e.g. Horvati¢ &
Persi¢, 2007; Hassen ef al., 1998). Worldwide efforts have sought to reduce the use of mercury
because it is considered toxic to the environment and exposure can severely affect human health
(Chen et al., 2018). Therefore, alternative preservation techniques to HgCl, amendment have been
tested for dissolved inorganic carbon (DIC) and §"*C-DIC such as acidification with phosphoric acid
(Taipale & Sonninen, 2009) or a combination of filtration and exposure to benzalkonium chloride or
sodium chloride (Takahashi et al., 2019). At least two studies, one also including dissolved organic
carbon (DOC) and §'°C-DOC, showed that simple filtration (and cooling), fixation (precipitation) or
acidification were effective in preserving water samples (Wilson, Munizzi & Erhardt, 2020). Another
solution is to sample the headspace out in the field, and bring back gas samples (e.g., Cole et al.,
1994; Karlsson et al., 2013; Kling et al., 1991). However, these techniques were not tested for the
simultaneous determination of several dissolved gases, including CH4 which is subject to rapid
degassing during handling or storage if samples are not preserved because of its low solubility in
water (Duan & Mao, 2006). In addition, some of the existing alternatives, such as filtration or field
headspace equilibration, are difficult to operate in remote areas in the field under harsh weather
conditions and prone to potential ambient air contamination. Solutions for water sample preservation
should therefore involve a minimum of manipulation steps in the field to avoid gas exchange with

ambient air. Biocide amendments into sealed water bottles appears as one of the most efficient
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methods. Copper(Il) chloride (CuCl,) and silver nitrate (AgNO3), the most toxic form of silver, are
relevant alternatives to HgCl, given their known toxicity (e.g., Ratte 2009; Amorim and Scott-
Fordsmand 2012) and wide application in water treatments and water purification (Larrafiaga et al.,
2016; Nowack et al., 2011; NPIRS, 2023; Ullmann et al., 1985). Nevertheless, the efficiency of these

alternative biocides has never been tested for dissolved gas samples preservation.

The addition of HgCl, to water is known to produce hydrochloric acid through hydrolysis (Ciavatta &
Grimaldi, 1968) and to form complexes with many environmental ligands, both inorganic (Powell et
al., 2004) and organic (Tipping, 2007; Foti et al., 2009; Liang et al., 2019; Chen et al., 2017). The
complexation of Hg" with the carboxyl or thiol groups of DOC in oxic environments could further
increase the concentration of H" (Khwaja et al., 2006; Skyllberg, 2008). This acidification can be an
issue in poorly buffered water (low ionic strength) with high concentration of DOC where a shift in
the pH and carbonate equilibrium can be induced. In that case, the estimated CO, concentration would
be higher after HgCl, fixation than the in sifu concentration, and if the shift in pH is not accounted for,
can result in an overestimation of dissolved CO; and bicarbonate concentrations. A similar
acidification effect is also expected with CuCl, amendments (Rippner et al., 2021), but not for AgNO3
amendments. Such effects would not be expected in marine water due to the high ionic strength of the
water (Chou et al., 2016) or freshwater with low pH (<5.5) under which conditions nearly all
dissolved inorganic carbon is CO; (Stumm & Morgan, 1981). Thus, there are clear limits of the
application of HgCl, and possibly CuCl,, for freshwater sample preservation given its risk of leading
to overestimation of CO- and bicarbonate concentrations, in addition to exposing field workers to the

risks of its high toxicity.

Here we combine data from laboratory experiments (i) and field work (ii) to illustrate risks of mis-
estimation of dissolved gas concentrations in freshwaters with some preservatives and provide
recommendation for best practices in the field. First, we (i) performed some short-term and long-term
incubations of water from a typical heterotrophic unproductive boreal lake with circumneutral pH,
low ionic strength (poor buffering capacity) and high DOC concentration to test the effect of storage
time and different preservative amendments on the determination of five dissolved gases (O, CO»,
CHa, N, and N,0) by headspace equilibration and gas chromatography. The preservatives were
mercuric chloride (HgCl,) and two alternative inhibitors, chosen for their wide and effective
application in water treatments and water purification (copper (II) chloride — CuCl, and silver nitrate —
AgNO;; Xu & Imlay, 2012; Rai, Gaur & Kumar, 1981). Unamended water samples, where only
ultrapure water was added, were also included for comparison. In addition, we (ii) analysed dissolved
CO; concentration data obtained from a typical productive boreal lake using two independent

methods, one by gas chromatography following HgCl, fixation, and one through dissolved inorganic
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110 carbon determination without fixation. We show that the overestimation of dissolved CO,

111  concentrations caused by HgCl, fixation can be predicted based on chemical equilibria.
112

113 2. Methods

114  2.1. Effects of storage time and inhibitors on the quantification of dissolved gases

115  Study site and sampling

116  Surface water was collected from Lake Svartkulp (59.9761313 N, 10.7363544 E; Southeast Norway)
117 north of Oslo, Norway, on the 4™ of September 2019. A 5 L plastic bottle was gently pushed into the
118  water and progressively tilted to let the water flow into the bottles without bubbling. The bottle

119  aperture was covered with a 90 um plankton net to avoid sampling large particles. This procedure was
120  repeated five times to yield a total water volume of 25 L. The 5 L water bottles were immediately
121 brought back to the lab. Upon arrival at the laboratory, after temperature equilibration, water from the
122 5 L bottles was slowly poured, to limit gas exchange with the ambient air, into a 25 L tank to provide
123 asingle bulk sample to start the incubation experiment. Filtration, e.g., with 0.45 or 0.2 um filters,
124  was avoided to minimize changes in dissolved gas concentrations (e.g., Magen et al., 2014). The

125  mixed water sample (25 L) was sub-sampled (0.5 L) for the determination of alkalinity (127 pwmol L
126 '), pH (6.73), ammonium (3 pg N L"), nitrate (5 pg N L), total N (230 ug N L"), phosphate (1 pg P
127 L"), total P (9 ug P L") and TOC (8.9 mg C L) all analysed by standard methods at the accredited
128  Norwegian Institute for Water Research (NIVA) lab (see Tab. S1). In situ temperature of the lake

129  water was measured with a handheld thermometer and was 18.5 °C. Note that particulate organic

130  carbon is a negligible fraction of TOC in Norwegian lake waters, representing on average less than

131 3% (de Witet al., 2023).

132 Lake Svartkulp was selected for this experiment because it is representative of low ionic strength
133 Northern Hemisphere lakes, typically found in granitic bedrock regions in North-East America and
134 Scandinavia. It is a typical low-productivity, heterotrophic, slightly acidic to neutral, moderately
135  humic lake. Similar lakes are found in Southern Norway (de Wit et al., 2023), large parts of Sweden
136  (Valina et al. 2014), Finland, Atlantic Canada (Houle et al., 2022), Ontario, Québec, and North-East
137  USA (Skjelkvéle and de Wit 2011; Weyhenmeyer et al., 2019).

138  Laboratory incubation experiment with different preservatives and storage times

139  The experimental design involved to incubate 72 borosilicate glass bottles (120 mL) filled with lake
140  water from our 25 L bulk sample and submitted to four different treatments: addition of 240uL of a
141  preservative solution of (i) HgCl,, (ii) CuCl; or a (iii) AgNOs, or addition of 240 pL of (iv) MilliQ

142  water. The bottles amended with MilliQ water are hereafter referred to as “unfixed”. The 72 bottles
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were divided into three groups which were incubated cold (+4°C) and dark for 24h, three weeks or
three months respectively, before being processed for dissolved gas analysis by gas chromatography.
These incubation times were selected to represent situations where samples are processed directly
upon return to the laboratory (24h), or after medium (3 weeks) to long (3 months) -term storage,
respectively. At each time point and for each treatment, a group of 6 bottles were further processed for
dissolved gas analysis. Concentrations of O,, N>, N,O, CO, and CH4 were determined by gas
chromatography (see below) using the headspace technique following Yang et al. (2015). pH was not

measured at the end of the storage period.

In details, within 3h of lake water sampling, the 120mL bottles were gently filled with water from the
mixed sample (25 L). Each 120mL bottle was slowly lowered into the water and progressively tilted
to let the water flow into the bottle without bubbling. The bottle was then capped under water with a
gas tight butyl rubber stopper after ensuring that there were no air bubbles in the bottle. The bottles
were randomized prior to preservative or MilliQ amendment. The preservative solution or MilliQ
amendment was pushed in each bottle with a syringe and needle through the rubber septum. To avoid
overpressure, another needle was placed through septum at the same time, at least 2 cm above the

other needle, to allow an equivalent volume of clean water to be released.

Stock solutions of HgCl,, CuCl, and AgNOs were prepared according to Tab. 1 using high accuracy
chemical equipment (e.g., high accuracy scale, volumetric flasks). The Ag (Silver nitrate EMSURE®
ACS; Merck KGaA, Germany) Cu (Copper(II) chloride dihydrate; Merck Life Science ApS, Norway)
and Hg (Mercury(Il) chloride; undetermined) salts were dissolved in MilliQ ultrapure water (>18 MQ
cm). For measurement of CO, in seawater samples, the standard method involves poisoning the
samples by adding a saturated HgCl, solution in a volume equal to 0.05-0.02% of the total volume
(Dickson 2007). We used this as a starting point and added 0.02 % saturated HgCl, solution to 18
bottles (240 puL of HgCl, 10x diluted saturated solution), resulting in a sample concentration of 14 pg
HgCl, mL™" (51.6 uM; Tab. 1). Based on estimated toxicity relative to Hg (Deheyn et al., 2004; Halmi
et al., 2019), the silver and copper salts were added in molar concentrations equal to two and three
times the molar concentration of HgCl, respectively (Tab. 1), although it varies between species of

microorganisms and environmental matrices (Hassen ef al., 1998; Rai, Gaur & Kumar, 1981).

Table 1. Stock and sample concentrations of HgCl,, CuCl; and AgNOs.

Salt Stock solution Sample concentration Rationale

HgCl, 70 g/L (saturated) 14.0 pg/mL (51.6 uM) Dickson, Sabine & Christian,
2007

CuCl, 1319 g/L 26.4 ng/mL (154.7 uM) 3 x Hg

AgNO; 87.6 g/L 17.5 pg/mL (103.1 uM) 2 x Hg
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Additional 24h incubation experiment with different preservatives for pH measurements

Since pH was not measured at the end of the first incubation experiment, we performed an additional
experiment to document any potential rapid (within 24h) impacts of preservative on pH. A total of 48
borosilicate glass bottles (120 mL) filled with lake water were submitted to the same four different
treatments as the first experiment described above: HgCl,, CuCl,, AgNO; or MilliQ water
amendments. To this end, a 20L water tank was filled with surface water from Lake Svartkulp on the
14™ of December 2023. The water tank was immediately returned to the laboratory and left for 24h to
equilibrate to the room temperature. On December 15", 120mL bottles were gently filled with water
from the bulk 20L sample, as described above. The bottles were randomized prior to preservative or
MilliQ amendment performed as described above. The bottles were then incubated at room
temperature for 2h or 24h. pH was measured in the initial unamended lake water, in 24 bottles opened
after 2h incubation, and in 24 bottles opened after 24h incubation. pH measurements were performed
with a WTW Multi 3620 pH meter calibrated using a two-point calibration at pH =4 and pH =7. All
pH measures were corrected for temperature. Water temperature of the water samples during pH

measurements ranged between 19.1 and 21.2°C.

2.2. Effects of HgCl, on dissolved CO; analyses over a range of pH values
Study site and sampling

Water samples were collected from Lake Lundebyvannet located southeast of Oslo (59.54911 N,
11.47843 E, Southeast Norway). Two sets of samples were taken from 1, 1.5, 2 and 2.5 m depth
using a water sampler once or twice a week between April 2020 and January 2021 for the
determination of (i) dissolved CO; by GC analysis following fixation with HgCl, and (ii) DIC
analysis with a TOC analyser. Samples for GC analysis were filled into 120 mL glass bottles (as
described above for the 72 incubation bottles), which were sealed with rubber septa under water
without air bubbles. Samples for GC analysis were preserved in the field by adding a half-saturated (at
20°C) solution of HgCl, (150 uL) through the rubber seal of each bottle using a syringe, as described
above the 72 incubation bottles, resulting in a concentration of 161 uM similar to previous studies
(Clayer et al., 2021; Hessen et al., 2017; Yang et al., 2015). Samples for DIC analysis were filled
without bubbles in 100 ml Winkler glass bottles that were sealed airtight directly after sampling.
These samples were not fixed in any way and were analysed by a TOC analyzer within two hours.
Lake water temperature and pH were measured in-situ using HOBO pH data loggers placed at 1, 1.5,

2 and 2.5 m (Elit, Gjerdrum, Norway).

Lake Lundebyvannet has a surface area of 0.4 km? and a maximum depth of 5.5 m. It often

experiences large blooms of G. semen over the summer between May and September (Hagman et al.,
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2015; Rohrlack, 2020). The lake water is characterised by high and fluctuating concentrations of
humic substances (with DOC concentrations ranging from 8 to 28 mg C L), ammonium (5 to 100 pg
N L), nitrate (20 to 700 ug N L), total N (average of 612 ug N L"), phosphate (2 to 4 ug P L"),
total P (average of 28 pg P L™'; Rohrlack et al., 2020; Hagman et al., 2015), a fluctuating pH (from 5.5
to 7.3), weak ionic strength with alkalinity ranging between 30 and 150 umol L™, and electric

conductivity varying from 40 to 70 uS cm™. For more details, see Rohrlack et al. (2020).

Lake Lundebyvannet was selected for this experiment because it is representative of productive, low-
ionic strength Northern Hemisphere lakes typically found in the southern part of granitic bedrock

regions in North-East America and Scandinavia.
2.3. Analytical chemistry
Gas chromatography

Headspace was prepared by gently backfilling sample bottles with 20-30 mL helium (He; 99,9999%)
into the closed bottle while removing a corresponding volume of water. Care was taken to control the
headspace pressure within 5% of ambient and a slight He overpressure was released before
equilibration. The bottles were shaken horizontally at 150 rpm for 1 h to equilibrate gases between
sample and headspace. The temperature during shaking was recorded by a data logger. Immediately
after shaking, the bottles were placed in an autosampler (GC-Pal, CTC, Switzerland) coupled to a gas
chromatograph (GC) with He back-flushing (Model 7890A, Agilent, Santa Clara, CA, US).
Headspace gas was sampled (approx. 2 mL) by a hypodermic needle connected to a peristaltic pump
(Gilson Minipuls 3), which connected the autosampler with the 250 pL heated sampling loop of the
GC.

The GC was equipped with a 20-m wide-bore (0.53 mm) Poraplot Q column for separation of CHa,
CO; and N>O and a 60 m wide-bore Molsieve SA PLOT column for separation of O, and N>, both
operated at 38°C and with He as carrier gas. N>O and CH4 were measured with an electron capture
detector run at 375°C with Ar/CH4 (80/20) as makeup gas, and a flame ionization detector,
respectively. CO,, O, and N, were measured with a thermal conductivity detector (TCD). Certified
standards of CO», N»O, and CH4 in He were used for calibration (AGA, Germany), whereas air was
used for calibrating O» and N,. The analytical error for all gases was lower than 2%. For the Lake
Lundebyvannet time series, CO, was separated from other gases using the 20 m wide-bore (0.53 mm)

Poraplot Q column while the other gases were not measured.

The results from gas chromatography give the relative concentration of dissolved gases (in ppm) in
the headspace in equilibrium with the water. For the lab experiment with Svartkulp samples (section
2.1), the concentration of dissolved gases in the water at equilibrium with the headspace were

calculated from the temperature corrected Henry constant in water using Carroll, Slupsky and Mather
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(1991) for CO,, Weiss and Price (1980) for N,O, Yamamoto, Alcauskas and Crozier (1976) for CHy,
Millero, Huang and Laferiere (2002) for O,, Hamme and Emerson (2004) for N». For the Lake
Lundebyvannet time series (section 2.2), the concentration of CO; in the water samples were
determined using temperature-dependent Henry’s law constants given by Wilhelm, Battino and
Wilcock (1977). The quantities of gases in the headspace and water were summed to find the

concentrations and partial pressures of dissolved gases from the water collected in the field as follows:

PgasVheadspace
pgasHVwater"'T

[gas] = (Eq. 1)

Vwater

where [gas] is the gas aqueous concentration, g is the gas partial pressure, H is the Henry constant,
Vwater 18 the volume of water sample during headspace equilibration, Vieqaspace is the headspace gas

volume during equilibration, R is the gas constant and T the temperature during headspace

equilibration (recorded during shaking). The calculations were similar to Yang ef al. (2015).

DIC analyses

DIC analysis was performed for the Lake Lundebyvannet time series using a Shimadzu TOC-V CPN
(Oslo, Norway) instrument equipped with a non-dispersive infrared (NDIR) detector with O; as a
carrier gas at a flow rate of 100 mL min™'. Two to three replicate measurements were run per sample.
The system was calibrated using a freshly prepared solution containing different concentrations of
NaHCO; and Na,COs. CO; concentrations in water samples ([C 0,]) were calculated on the bases of

temperature, pH and DIC concentrations as follows (Rohrlack et al., 2020):

_ [H*]2¢r

[co,] =11 (Eq.2)

where [H™] is the proton concentration (107PH), C; is the dissolved inorganic carbon concentration

and Z is given by:
Z =[H*]?> + K, [H*] + KK, (Eq. 3)

where K; and K, are the first and second carbonic acid dissociation constant adjusted for temperature

(pKi =6.41 and pK> = 10.33 at 25°C; Stumm & Morgan, 1996).

2.4. Data analysis
pCO: and saturation deficit

Lake Lundebyvannet CO; concentrations provided by GC and DIC analyses were converted to pCO»

(in patm) as follows:
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[COz]

0y =———
pt 0.987xKy Patm

(Eq. 4)

where K is Henry constant for CO; adjusted for in-situ water temperature (Stumm & Morgan, 1996)

and P, is the atmospheric pressure in bar approximated by:
Pyitm = (1013 — 0.1 X altitude) x 0.001 (Eq. 5)

where altitude is the altitude above sea level of Lake Lundebyvannet (158 m). Finally, the CO,

saturation deficit (Satc, in patm) was given by
Satco, =pCO; — [COs]qir (Eq. 6)

where [CO,] 4 is the pCO: in the air (416 patm for 2020 in Southern Norway retrieved from EBAS
database; NILU, 2022; Terseth et al., 2012). Sat¢(, gives the direction of CO; flux at the water-
atmopshere interface, and its product with gas transfer velocity determine the CO, flux at the water-
atmosphere interface, i.e., whether lake ecosystems are sink (Sat¢o, < 0) or source (Satco, > 0) of

atmospheric CO;.

Statistical analyses

The effect of storage time and treatment on five dissolved gases (O, N2, CO,, CHs, N>O) from the
Lake Svartkulp samples was tested with a two-way ANOVA at an alpha level adapted using the
Bonferroni correction for multiple testing, i.e., 0=0.05/5=0.01. To evaluate the impact of Hg fixation
on Lake Lundebyvannet samples, [CO,] values determined by headspace equilibration and GC
analysis of HgCl,-fixed samples were compared with those calculated from DIC measurements of

unfixed samples with a paired t-test.

A regression analysis was performed to describe the overestimation of CO, concentrations caused by
HgCl, fixation in Lake Lundebyvannet samples as a function of pH. The total CO, concentration in

the HgClo-fixed samples ([C O3]y g¢1,) can be expressed as:

[CO2]ngct, = [CO2]; + [COz]ex (Eq.7)

where [C0,]; is the initial CO, concentration prior to HgCl, fixation, i.e., CO, concentration in the
unfixed samples, and [C0,],, is the excess CO, concentration caused by a decrease in pH following
HgCl, fixation. The relative CO; overestimation (E in %) is given by:

E = [COZ]HgClz_[COZ]i — [COz]ex
[co,]; [CO:];

(Eq. 8)

10
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The impact of pH (or [H*]) on E was mathematically described by running a regression analysis
using MATLAB®. The fininsearch MATLAB function from the Optimization toolbox was used to
find the minimum sum of squared residuals (SSR) for functions of the form of: E = A/[H*] or E =
A x 1078*PH _For each optimal solution, the root-mean-square error (RMSE) and coefficient of
determination (R?) were calculated against observed values of E, i.e., values of E determined

empirically from observed [CO,]; and [CO;] .

Chemical speciation, saturation-index calculations, and prediction of CO, overestimation

The speciation of solutes and saturation index values (SI) of selected minerals were calculated with
the program PHREEQC developed by the USGS (Parkhurst & Appelo, 2013), neglecting the effect of
dissolved organic matter. This was used to assess the impact of the addition of preservative on shifting
the carbonate equilibrium as well as dissolved inorganic carbon losses due to carbonate mineral
precipitation. For each PHREEQC simulation, two files, respectively the database (with input
reactions) and input files, were used to define the thermodynamic model and the type of calculations
to perform. The database of MINTEQAZ2 (e.g., minteq.dat, Allison et al., 1991) was used to describe
the chemical system because it includes, inter alia, reactions and constants for Ag, Cu and Hg
complexation with CI, NOs and carbonates. In total, three simulations were run representing the
addition of each preservative solution to sample water from Lake Svartkulp. The input files described
the composition of two aqueous solutions: (i) the preservative solution assumed to contain only the
preservative and (ii) sample water from Lake Svartkulp with observed major element concentrations
(pH, Al, Ca, Cl, Cu, Fe, Mg, Mn, N as nitrate, K, Na, S as sulfate, Zn; Tab. S1) and Hg and Ag
concentration assumed to be 10 mg/L. The output file provided the activities of the various solutes in
the preserved samples, i.e., simulating the mixing of 120 mL of lake water with 240 uL of the AgNOs,
CuCl, and HgCl, preservative solutions, as described in section 2.1. This procedure allows to estimate
the pH of the preserved samples as well as SI for various mineral phases. The SI is calculated by
PHREEQC comparing the chemical activities of the dissolved ions of a mineral (ion activity product,
IAP) with their solubility product (Ks). When SI > 1, precipitation is thermodynamically favourable.

However, PHREEQC does not give information about precipitation kinetics.

PHREEQC was also used to estimate the decrease in pH caused by adding 150 puL of a half-saturated
HgCl; solution to Lake Lundebyvannet samples prior to GC analyses, as described in section 2.2. In
absence of data on the chemical composition of Lake Lundebyvannet, we assumed that it had the
same composition as Lake Svartkulp water samples. This assumption is supported by the fact that
waters from both lakes have circumneutral pH, low ionic strength (poor buffering capacity) and high
DOC concentration and would therefore behave similarly in presence of acids. Briefly, for each 0.1

pH value between pH of 5.4 and 7.3, the carbonate alkalinity was first adjusted by increasing HCO3
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concentrations in the input files for PHREEQC to confirm that the water was at equilibrium at the
given pH value. Then, the effect of adding 150uL of a half-saturated HgCl, solution was simulated as
described above for Lake Svartkulp. Knowing the new equilibrated pH, after addition of HgCl,, the
overestimation of CO; concentration in Hg-fixed samples relative to unfixed samples (E, described in

Eq. 8 above) can be predicted as described below.
Adapting Eq. (2), we obtain:

2
_ [H+]chlz CT

[COZ]HgClz = (Eq.9)

ZHgcl,
and

[H*]?Cr

[Coz]i = 7

(Eq. 10)

where [H™]; is the proton concentration measured in the initial water samples prior to HgCl, fixation,
and [H* ]y 4¢y, is the proton concentration estimated by PHREEQC following HgCl, fixation, and

similarly for Z; and Zy 4¢;, from Eq. (3). Combining Egs. (7), (9) and (10) we obtain:

H*)? +]2
[COz]ex _ CT ([ a ]HgClz _ [HZ']l) (Eq 11)
HgCl; i
Hence:
(lH*lZgaz _[Hﬂ?)
ZHgcl, Zi
E = E02lex _ (Eq. 12)

o [colli (H+]?

Zi

Alternatively, E can also simply be predicted based on the carbonic acid dissociation:

K
€O, + H,0 & HCO3 + H* (Reaction 1)
At equilibrium, we have:

_ [Hcoz[H*]
K= (Eq. 13)

When pH is decreased upon addition of HgCl,, a fraction (&) of the initial bicarbonate concentration
[HC O3 ]; is turned into CO,. This fraction, expressed as [C0,],, in Eq. (7) above, can be estimated
with Eq. 13 as follows:

aKy[CO,];

[COZ]QX = a[HCO3_]l = [H+]i

(Eq. 14)
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Introducing the expression of [CO,],, from Eq. 14 into Eq. 8 yields:

[Coz]ex _ _ akKq
oo~ E T (Eq. 15)

When the decrease in pH, or acidification, is greater than the buffering capacity of the water: @ = 1.
The value of a cannot exceed 1 because the amount of CO; produced by a decrease in pH cannot
exceed the amount of HCO5 initially present. In all the other cases, we have: ¢ < 1. For both
predictions of E, i.e., with Egs. 12 and 15, the root-mean-square error (RMSE) and coefficient of

determination (R?) were calculated.

Finally, additional sources of C