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Abstract. Nitrogen fixation by cyanobacteria plays an im-
portant role in the eutrophication of the Baltic Sea, since it
promotes biomass production in the absence of dissolved in-
organic nitrogen (DIN). However, the estimates of the contri-
bution of N fixation to the N budget show a wide range. This
is due to interannual variability and significant uncertainties
in the various techniques used to determine N, fixation and
in extrapolating local studies to entire basins. To overcome
some of the limitations, we introduce a new approach us-
ing a Gas Equilibrium — Membrane-Inlet Mass Spectrometer
(GE-MIMS). A membrane contactor (Liqui-Cel) is utilized
to establish gas-phase equilibrium for atmospheric gases dis-
solved in seawater. The mole fractions for N», Ar and O,
in the gas phase are determined continuously by mass spec-
trometry and yield the concentrations of these gases by mul-
tiplication by the total pressure and the respective solubility
constants. The results from laboratory tests show that the ac-
curacies (deviations from expected values) of N> (0.20 %),
Ar (0.03 %) and O3 (0.20 %) and the precisions (2 times the
absolute standard deviation) of N; (0.05 %), Ar (0.14 %) and
03 (0.11 %) are sufficient enough to quantify the surface wa-
ter N depletion caused by N» fixation and to account for the
interfering gas exchange on the basis of changes in the Ar
concentration. The e-folding equilibration times are 4.8 min
for N>, 3.0 min for Ar and 3.2 min for O,. Our GE-MIMS
approach is designed for long-term observations on various
platforms such as voluntary observing ships (VOSs). The lat-
ter are particularly suited to achieving the temporal and spa-
tial resolutions necessary for studying large-scale N, fixation
in regions such as the Baltic Sea.

1 Introduction

Measuring the levels of dissolved gases such as CO,, O, and
N, in seawater is an established approach to investigating
the biogeochemical processes associated with the production
or decomposition of organic matter (OM). It is particularly
well suited to monitoring coastal waters and semi-enclosed
seas such as the Baltic Sea, where excessive nutrient inputs
from river water and atmospheric deposition often lead to in-
creased OM production (eutrophication). In the Baltic Sea,
nitrogen fixation by cyanobacteria utilizing molecular nitro-
gen dissolved in surface water in the absence of dissolved in-
organic nitrogen (DIN) can further amplify OM production.

These biogeochemical processes are linked to changes
in the concentrations of dissolved atmospheric gases, and
specifically the consumption and production of CO; and O»,
respectively, during net community production (NCP) and
N> depletion through nitrogen fixation. An increase in NCP
can in turn lead to O, depletion and the formation of H»S in
deeper water layers due to the microbial oxidation of OM.
Denitrification at the sedimentary or pelagic oxic—anoxic in-
terface can promote N> production. The efficiencies of the
latter processes in the Baltic Sea are favored by the years
of stagnation in the deeper water layers of its central basins
(Schneider et al., 2017).

The concentrations of gases dissolved in seawater are of-
ten determined based on the analysis of air at equilibrium
with the seawater, a state reached using various equilibrators
and with frequent direct contact between the gas and wa-
ter phases. Measurements of discrete samples can be made
using the conventional headspace method, whereas bubble-
or shower-type equilibrators or membrane equilibrators are
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used for continuous measurements. For an indirect estimate
of the N, fixation, bubble-type equilibrators in combination
with infrared spectroscopy have been used for continuous
large-scale surface water pCO, (partial pressure of COj)
records in the Baltic Sea (Schneider et al., 2009; Schnei-
der et al., 2014a). The pCO, data were obtained using a
fully automated measurement system deployed on a volun-
tary observing ship (VOS) traveling four to five times per
week over a distance of > 1000 km across the entire central
Baltic Sea. Changes in the total CO; (Ct) were determined
from the pCO; measurements. This method takes into ac-
count CO; gas exchange with the atmosphere and formation
of dissolved organic carbon in order to calculate seasonal Ct
depletion, in turn facilitating estimates of the net production
of particulate organic matter (POM) and thus NCP. The pres-
ence of NCP during mid-summer, when no DIN is available,
implies the occurrence of N, fixation, which can be quan-
tified on the basis of the mean C /N ratio of POM in mid-
summer in the central Baltic Sea (Schneider et al., 2014a).

However, as this estimate of N» fixation is indirect, with
many associated uncertainties, Schmale et al. (2019) devel-
oped an alternative approach in which a spray-type equi-
librator is coupled to a mass spectrometer to obtain direct
and continuous measurements of the N, concentration. The
application of this method during a research cruise in mid-
summer in the Baltic Sea revealed a distinct N, depletion in
the surface water, attributed to N fixation since it coincided
with a clear drawdown of Ct in the absence of DIN. These
findings demonstrated that mass spectrometry is sufficiently
sensitive for detecting the surface water N depletion caused
by N fixation. However, since the measurements were per-
formed at different times in different regions, it was not pos-
sible to derive N, fixation rates.

Also, other established methods for quantifying N, fix-
ation which are based on excess phosphorus consumption
(PO4 approach; Rahm et al., 2000), on the total nitrogen in-
crease in surface water (TN approach; Larsson et al., 2001;
Eggert and Schneider, 2015) or on 3N incubation (N ap-
proach; Montoya et al., 1996) have their limitations. The
most significant shortcoming common to all three is related
to their reliance on the analysis of discrete samples. Due
to the patchiness of cyanobacterial blooms, measurements
based on discrete samples can introduce significant uncer-
tainties when extrapolating or interpolating the data in space
and time. These shortcomings together with the interannual
variability are reflected in the wide range of N, fixation es-
timates (310-792ktN yr_l, Wasmund et al., 2005; Rolff et
al., 2007) for the Baltic Proper. Still, this indicates that the
magnitude of the N» fixation is comparable to the combined
waterborne (~250ktyr~'; HELCOM, 2023) and airborne
(~ 105kt yr‘l; HELCOM, 2023) inputs. To overcome the
methodological limitations, high-resolution continuous mea-
surements are required, e.g., by the use of VOSs. These may
provide continuous data with the necessary temporal and
spatial resolutions along repeated fixed routes. Additionally,
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this approach captures transient N; fixation events more re-
liably than investigations during temporally limited research
cruises.

A mass spectrometry technique for the analysis of gases
dissolved in seawater was introduced in the early 1960s by
Hoch and Kok (1963). Membrane-inlet mass spectrometry
(MIMS) uses a gas-permeable membrane to separate a con-
tinuous flow of water from a gas phase (headspace), which
has a direct connection to a mass spectrometer (MS). Due to
the continuous pumping of the gas into the MS, low pres-
sure on the gas side of the membrane equilibrator leads to a
flow of the dissolved gases across the membrane into the gas
side. As a result, a steady state is generated on the gas side of
the equilibrator through the balance between the MS pump-
ing rate (outflow) and the diffusion of the dissolved gases
across the membrane (inflow). A requirement of this tech-
nique is the calibration of the system with seawater contain-
ing defined concentrations of the gases of interest. Due to the
short response time, MIMS facilitates the detection of fast
changes in the dissolved gas concentrations by reducing the
ratio between the volume of the headspace and the gas flow
into the MS. MIMS has been employed in the determination
of NCP on the basis of the O, / Ar ratio, through which the
physically shaped O, background concentration was sepa-
rated from biogenic O, effects (Kaiser et al., 2005; Nemcek
et al., 2008; Tortell et al., 2015).

The present study uses a modification of MIMS, the
Gas Equilibrium — Membrane-Inlet Mass Spectrometer (GE-
MIMS), which has been developed over the years through
extensive work by different research groups. The most sig-
nificant difference from MIMS is the establishment of a gas-
phase equilibrium, which is maintained by the removal of
only minor amounts of gas from the gas side of the mem-
brane equilibrator. The mass spectrometric analysis of gases
dissolved in water by the use of a membrane equilibrator
was first suggested by Cassar et al. (2009) and Manning et
al. (2016). Michler et al. (2012) introduced the term “GE-
MIMS” and made the first attempt at semiquantitative analy-
sis of equilibrium partial pressures of dissolved gases, which
were then related to the concentrations in the dissolved phase
through the corresponding solubility constants. Since then,
the GE-MIMS technique has been refined further for the
quantitative determination of dissolved gas concentrations,
as documented in various studies (Brennwald et al., 2016;
Chatton et al., 2017; Weber et al., 2018) and Patent EP 4 109
092 A1 (Brennwald and Kipfer, 2022).

Our newly developed measurement system builds upon the
established GE-MIMS approach, introducing a different cali-
bration method and adapting it specifically for long-term ob-
servations (e.g., on a VOS) of the surface concentration of Nj
in order to detect and quantify N» fixation. The results will be
supported by concurrent measurements of the O, concentra-
tion, which may provide complementary information about
NCP, while determinations of the Ar concentration facilitate
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a reconstruction of abiotic conditions and allow for the deter-
mination of the gas exchange of N, and O5.
The specific aims of this study were the following:

1. determination of the completeness of the equilibra-
tion process and the equilibration (response) time using
commercially available membrane contactors;

2. determination of the precision or accuracy of the gas
analysis by mass spectrometry and estimates of the lim-
its of detection for biogenic changes in N, concentra-
tions; and

3. prospective deployment of the GE-MIMS system on a
VOS to better capture the importance of the N» fixation
for the Baltic Sea nitrogen budget.

2 Measuring device
2.1 The membrane equilibrator

The principle of the GE-MIMS is based on the establish-
ment of an equilibrium between the partial pressures of a
gas dissolved in water and the gas phase. In the membrane
equilibrator the water side and the gas side (comparable to a
headspace) are separated by a gas-permeable membrane.

To ensure that the measurement system is appropriate for
use at sea, it was tested in a laboratory setup designed as fol-
lows (see Fig. 1): a continuous flow of water was generated
with the help of a peristaltic pump. Seawater samples should
be filtered prior to their contact with the membrane to prevent
clogging of the pores through particles. This can be accom-
plished by installing a 10in. (25.4cm) polypropylene filter
cartridge with a 5 um pore size (sediment filter, Micro Rain
Systems). A pressure gauge (P2) installed ahead of the fil-
ter indicates when the filter must be changed. For our setup,
the filter cartridge had to be replaced at 1 bar overpressure
to ensure system safety and reliability. Air trapped in the fil-
ter cartridge (particularly when the system is started) can be
removed with the help of two valves (V5 and V6) and a de-
gassing cylinder directly behind it. If laboratory experiments
are conducted with distilled or tap water, filtration and the
associated air removal are unnecessary.

The membrane equilibrator used in this study was the
Liqui-Cel mini-module cartridge (1.8 x 8.75, model G541),
containing porous hollow fibers made of gas-permeable hy-
drophobic polypropylene. The fibers are compactly arranged
in a polycarbonate housing and provide a total membrane
surface area of 0.9 m> exposed to a water volume of 70 mL.
Due to the relatively large gas room (140 mL), the continu-
ous flow of gas into the MS (6 uL min~!) caused a pressure
drop on the gas side of only 0.2 %o and thus had almost no
effect on the establishment of the equilibration process (see
Appendix A).

In addition to the Liqui-Cel membrane, we tested a mem-
brane equilibrator produced by PermSelect (PDMSXA-1.0),
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in which the gas exchange between the water and gas phases
is mediated by dense, non-porous hollow fibers consisting of
polydimethylsiloxane (PDMS). Since the gas exchange does
not take place across pores, clogging by particles that may
hamper the gas flux is avoided by these membranes. How-
ever, testing with the PermSelect membrane revealed that it
is unsuitable for our application. For reasons that remain un-
clear, water accumulates on the gas side of the membrane,
which could potentially be sucked into the inlet of the MS
and block gas flow into it. Furthermore, it affects vacuum sta-
bility and interferes with accurate mass spectrometric mea-
surements.

Water temperature in the GE-MIMS system is measured
by a temperature probe (T1, PT100; accuracy 0.01 °C) lo-
cated at the inlet of the membrane. The total gas tension is
recorded by connecting a pressure sensor (P1) (SEN 3276,
Kobold; precision 2 mbar) to the gas side of the membrane
cartridge. A capillary connects the gas side of the equilibra-
tor to the MS via V1.

A crucial aspect of the water flow system is ensuring that
the water outlet is not positioned below the water level in
the membrane equilibrator. Tests have shown that otherwise
a suction effect occurs on the water side, which reduces the
total gas pressure in the equilibrator and thus disturbs the
gas-phase equilibrium.

Another aspect to be considered when using GE-MIMS for
field studies is the effect of biofouling on membrane proper-
ties. Here, we suggest regularly cleaning or even replacing
the membrane to maintain its performance. For field studies
where there is a significant temperature difference between
the water body under investigation and the laboratory, we
recommend insulating the equilibrator to prevent the forma-
tion of water vapor condensate on the gas side of the mem-
brane.

2.2 Mass spectrometry for N, Ar and O;

A commercially available quadrupole mass spectrometer
(QMS, GAM2000, InProcess Instruments) was used to an-
alyze the gas composition on the gas side of the membrane
equilibrator. A high vacuum (10~® mbar) is generated within
the MS through the combined use of a membrane pump and a
turbomolecular pump. The sample gas is introduced into the
ion source through a deactivated fused silica capillary (length
3 m and internal diameter 50 um) connected to a two-position
valve (V1; see Fig. 1). To enhance MS signal stability, these
parts are housed within a heated enclosure maintained at a
constant temperature of 60 °C.

Using V1, either the gas side of the equilibrator or the cali-
bration gas is connected to the MS by a capillary. It is crucial
that the two capillaries have identical properties (length 1.5 m
and internal diameter 50 um) in order to maintain a constant
internal pressure within the MS. The capillaries’ dimensions
limit the gas flow rate to approximately 6 uL min~—! accord-
ing to the modified Hagen—Poiseuille equation (Cassar et al.,
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Figure 1. Schematic diagram of the Gas Equilibrium — Membrane-Inlet Mass Spectrometer (GE-MIMS) system. V1: two-position valve
(computer-controlled). V2, V3 and V4: solenoid valves (computer-controlled). V5 and V6: valves. T1: temperature probe. P1 and P2: pressure

sensors. PP: peristaltic pump. FM: flow meter. DG: degassing cylinder.

Table 1. Performance parameters of the GAM 2000-MS obtained
by repeated measurements of the gases in ambient air. x4: mole
fraction deviation between the measured and target values. aSD:
absolute standard deviation. SEM: secondary electron multiplier.

Detector Gas  xq[Xx 1073 %] aSD [x 10-3 %]
Faraday cup 28N, 3.68 5.49
320, 3.44 531
40Ar 0.25 0.34
SEM 28N, 5.58 9.44
320, 5.41 9.06
40Ar 0.18 0.44

2009). This rate corresponds to a measured transfer time of
approximately 80 s from the capillary inlet to detection.

During calibration, V3 connects the MS to the calibration
gas, while V2 is opened to ambient air in order to prevent
overpressure at V1. After calibration, V2 is closed in order
to avoid contamination of the calibration line by ambient air
through diffusion and to minimize its consumption.

Within the ion source of the MS, the sample molecules
and atoms are ionized by electron impact ionization (70 eV).
They are then separated in the quadrupole analyzer based on
their mass-to-charge ratio (m/z) and ultimately detected and
quantified using a Faraday cup. Alternatively, a secondary
electron multiplier (SEM) can be used for both detection and
quantification. However, systematic measurements (see be-
low) have shown that for N, and O, the standard deviation
is twice as large and the accuracy decreases when using the
SEM (Table 1), which may be due to its greater temperature
sensitivity (Hoffmann et al., 2005; Khan et al., 2018).

For the quantification of Ny, O, and Ar, the respective ion
currents can be extracted from the peaks of the nominal m/z
ratios in the mass spectra (Np: m/z =28, O2: m/z = 32 and
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Ar: m/z =40). During a 1 s measurement cycle, an ion cur-
rent is detected for each gas species, which requires a mea-
surement time of 340 ms per m/z ratio. Interferences with
CO, fragments (CO™, m/z=28) can be ignored, as dis-
cussed in Appendix B. For our laboratory tests, baseline cor-
rection was performed weekly using values at m /z = 3. How-
ever, baseline stability may vary depending on the location or
platform where the GE-MIMS is used. We recommend con-
ducting additional tests during field operations in order to use
field-specific conditions.

We used a standard gas to calibrate the MS regu-
larly (gas compositions x(N»): 78.1 %, x(02): 20.9 % and
x(Ar): 1.0%), which we had previously recalibrated with
clean, dry air. Calibration using such a standard gas is par-
ticularly important in areas where the standard composition
of air is affected by exhaust gases, e.g., on a VOS. In envi-
ronments where air pollution can be ruled out, the ambient
air can also be used as the standard (e.g., Cassar et al., 2009;
Michler et al., 2012; Manning et al., 2016). We used Ar as
an internal standard in order to reduce the effect of temper-
ature or pressure fluctuations within the MS. The calibration
factors are given by the ratio Ix/Ia; (ratio of the currents
for gases X and Ar) divided by the ratio ny/na; (ratio of
the molar amounts of X and Ar in the standard gas). From
this calibration procedure it follows that the elemental ratios
X / Ar for the analyzed gases (N2 / Ar, O / Ar and N / O3)
are the primary outcomes of our MS measurements. The el-
emental ratios then yield mole fractions for Ny, Oy and Ar
with respect to the sum of N», O, and Ar. These mole frac-
tions are called “incomplete” mole fractions or, if only water
vapor effects the composition of the air, “dry” mole fractions
(the calculations are presented in Appendix B).

Regarding the performance of the MS, it is important to
take into account the fact that the ionization process within
the mass spectrometer is inherently pressure-dependent, re-
sulting in variations in the ionization ratios of gases under
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different pressure conditions. To mitigate this, we effectively
reduced the electron and ion densities in the ion formation
region by adjusting the emission current. This resulted in en-
hanced linearity in ion yield and fragmentation at different
pressures. Indeed, our observations indicate that, at pressures
of 200 mbar above the calibration conditions (atmospheric
pressure), the relative change in the molar fraction of Ny
was 0.4 %. However, a total equilibrium pressure (total gas
tension) of gases dissolved in surface seawater of more than
200 mbar above the atmospheric pressure, e.g., by biological
or temperature effects, can be excluded. The performance of
the GAM 2000-MS was evaluated by conducting 60 replicate
measurements of ambient air over a period of 6 h, with am-
bient air calibration of the system being carried out between
measurements throughout the entire period. The average of
the 60 measurements was used to calculate the performance
parameters of the MS (Table 1).

3 Performance of the concentration measurements
3.1 Accuracy and precision

The partial pressures of N, O, and Ar in the gas room of the
membrane equilibrator (p;) can be calculated by a modifica-
tion of Dalton’s law (Eq. 1). Since incomplete mole fractions,
which refer only to the total moles of the three considered
gases (x/; see Appendix A), are used, the total pressure in
the headspace (p;) must be corrected for gases that were not
measured, such as water vapor. However, the MS-based de-
termination of water vapor is challenging due to the lack of
a suitable calibration medium and the potential for overlap-
ping m/z ratios, leading to imprecise measurements. Thus,
water vapor is instead determined by assuming saturation at
the given temperature and salinity (Ambrose and Lawrenson,
1972). The contribution of other gases, e.g., CO», to the total
pressure is assumed to be very minor and is neglected. The
partial pressure of the considered gases is therefore calcu-
lated as shown in Eq. (1):

pi = x; - (p.— pH20). ey

Finally, the concentration of dissolved gases (c;) in the wa-
ter phase of the membrane equilibrator is calculated using
the solubility constants obtained from Hamme and Emer-
son (2004) for N» and Ar and from Weiss (1970) for Oy,
as shown in Eq. (2):

Ci =Si- i, )

with s the solubility constant [mol m~3 atm~'] and p the par-
tial pressure [atm™1].

High instrument precision and accuracy are critical for
measuring biogenic changes in N and O, concentrations.
This is particularly important in determinations of Nj fixa-
tion in the Baltic Sea, as concentration deficits of only about
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5umol N L™ (derived from the depth-integrated N, fixa-
tion in Schneider et al., 2014a) with a background concen-
tration of about 500 umol N> L~! (at 20 °C) can be expected
during moderate N fixation activity in the central Baltic Sea.

The accuracy and precision of the concentration measure-
ments were assessed by coupling the GE-MIMS system to a
temperature-controlled bath (Huber CC-K15) filled with dis-
tilled water. The thermostat was set to a constant temperature
(T =18.5 £ 0.02 °C) and was open to the atmosphere in or-
der to generate an equilibrium with atmospheric gases. The
water was continuously recirculated through the membrane
equilibrator at a flow rate of 2L min~!. Following calibra-
tion of the GE-MIMS system, the mole fractions x’ of Nj, O,
and Ar and the total pressure of the gas phase were contin-
uously measured for 1h. After an initial adjustment period,
the measured values were averaged (At ~ 20-60 min, Fig. 2)
and used to determine the concentration (cpeas) and the ab-
solute and relative standard deviations (aSD and rSD) of the
concentrations of N, O, and Ar (Table 2).

The measured concentrations are presented together with
the expected saturation concentrations (Hamme and Emer-
son, 2004; Weiss, 1970) in Fig. 2 and Table 2. The absolute
standard deviation was very similar for N> and O3, ranging
from 0.15 to 0.16 umol L™!. The measured concentration of
Ar had an aSD that was 1 order of magnitude smaller. Ad-
ditionally, the data indicated a 0.2 % offset for both N, and
O, measurements. For Ar, the averaged offset was 0.03 %, an
order of magnitude smaller than for the other gases (Table 2).
The accuracy is given by the concentration difference (Ac)
between the measured value (cmeas) and the saturation value
(csar) of Np, O7 and Ar, as presented in Table 2. The precision
is reported as the 2-fold aSD.

The deviation of the measured N; concentration (Ac
(N2)=1.1 umol L~!, Table 2) from the theoretical saturation
values indicates that a moderately strong N fixation episode
of 5 umol-Nj L~! (derived from Schneider et al., 2014a) can
be determined with an accuracy of about 20 %. This uncer-
tainty also refers to the NCP associated with the N, fixa-
tion, which under average conditions contributes 20 %—26 %
to the total annual NCP (Schneider and Miiller, 2018).

3.2 Equilibration kinetics
3.2.1 Theory

The fundamental principle of a membrane equilibrator is that
an equilibration process takes place between the partial pres-
sures (p) of the water side (subscript “w”) and the gas side
(subscript “g”) when they are separated by a gas-permeable
membrane. To derive a mathematical expression for the de-
pendence of the equilibration time (t) on the water flow rate
(Qw), we first consider the continuous flow to be a step-wise
renewal of the water, where each time step corresponds to
the mean residence time of the water in the equilibrator (wa-
ter volume divided by water flow). It is then assumed that an
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Table 2. Results of a laboratory experiment in order to assess the accuracy and precision (2-fold aSD) of the GE-MIMS. rSD: relative

standard deviation.

Gas aSD rSD Precision  Precision Cmeas Csat Ac Ac
[umolL™']  [%] [umolL~!] [%] [umolL™'] [umoIL~!] [umolL™1] [%]
28N, 0.15 0.03 0.30 0.05 552.3 551.2 .1 02
320, 0.16 0.05 0.32 0.11 292.1 291.5 06 02
40Ar 0.01 0.07 0.02 0.14 14.351 14.346 0.005 0.03
554 297 - 14,50
Cmeas Csat
553 296 L 14,48
5527 WA ey I ' ™ } Ac(Ny) [25 L4
g - [ o
=} 550 293 =} [ J
g g [1442 2
= 549 T WWW WVWWWW 292 = =
RN P e e e e e — e — - -— } 4c (02) [ F1440 ©
Z 548 -291 © <
© © L1438 ©
547 - - 290
546 L ogg [ 1436
Ac (Ar)
545 - I 288 - 14,34
544 T T T T T T T T T 287 - 14132
20 25 30 35 40 45 50 55 60 65 70
t [min]

Figure 2. Concentration measurements of Ny (black), O, (blue) and Ar (green) in distilled water equilibrated with ambient air during a
laboratory experiment. While the measured values (cmeas) are indicated by the solid lines, the saturation values (csat) are indicated by the

dotted lines.

equilibrium between the “stagnant” water and the gas phase
is established during each time step. This is a plausible as-
sumption in view of the dimensions of the membrane equi-
librator (3M data sheet, 2021). The average thicknesses of
the gas and water layers in the equilibrator are only 140 and
70 um, respectively, and allow almost spontaneous equilibra-
tion. However, interpretations of the equilibrium must take
into account the fact that gas exchange during the equili-
bration process affects both the gas phase and the dissolved
phase. The partial pressure distribution after the first time
step is given by Eq. (3), according to which, at equilibrium,
the initial pg o altered by Ap, must be equal to the initial
Pw,0 altered by A py (Apy, ¢ Tefers to absolute changes):

Pg,0— APg = pw.0 + Apw. 3)

The initial A pg can thus be expressed as shown in Eq. (4):

Apo=Apg+ Apy. 4

Apg and Apy, can be expressed by the flux of moles (An)
across the membrane, as shown in Egs. (5) and (6):

An-R-T

v, &)

Apg =
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An
Vw s

Apw = 2 (6)
with R the universal gas constant [m3 atmmol~! K—11, T the
absolute temperature [K] and V the volume [m3].

Combining Egs. (5) and (6) describes A py, as a function
of Ap, and yields Eq. (7):

Apg - Vg
Apy = ———————=—, 7
Pw Vo s - R-T @)
which together with Eq. (4) yields Eq. (8):
Apg - Vg
Apo=A _ 8
Po pg+Vw-s~R-T (8

The ratio of A p, to the original A py is described by Eq. (9):

Apg 1
_ > 7

APo I+ gy

®)

which shows that, after equilibration, the change in A p, in
relation to the initial Apy depends on the ratio of the gas
and water volumes and the solubility of the considered gas.
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For our Liqui-Cel membrane, the volume ratio Vi / Vg is 0.5
(3M data sheet, 2021) and results in a 0.8 % change in A p,
for N, with respect to the initial A po, whereas, conversely,
A py, changes by 99.2 % of the initial A pg. This means that,
at equilibrium, the partial pressure of the dissolved phase
is close to that of the initial gas phase. However, our ap-
proach is based on a gas-phase partial pressure that is at
equilibrium with water widely unaffected by gas exchange:
Apg/Apo~1or Apy/Apo~0. Even a 100-fold increase
in the ratio to Vi, /Vg = 50 would only yield a value of 0.45
for A pg/A po. These calculations indicate that the water vol-
ume must approach infinity to achieve a 100 % adjustment of
Dg,0 to the initial py o. The latter condition can be approxi-
mated by repeated renewal of the water through continuous
pumping.

Equation (9) was derived for the first time step, but it is of
course valid for any time step (i) and the corresponding par-
tial pressure difference Ap. Furthermore, the change in pg
may be interpreted as a reduction in the partial pressure dif-
ference after each water renewal. This may be approximated
by the differential Eq. (10) using i as a variable:

d(A —1
oD SN (10)
! 1+ Vw-s~gR-T

This leads to Eq. (11):

—di
— (11)

1+ Vw-s-R-T

d(In Ap) =

Integrating Eq. (11) yields Eq. (12):

—I
Ve
I+ yv—=%7

Ap = App -exp (12)

Since i is given by the elapsed time, ¢, divided by the resi-
dence time, f., Eq. (12) can be expressed by Eq. (13):

—t
V 9
tr'(l“'va-gR-T)

which describes the exponential development of the partial
pressure difference towards equilibrium (Ap = 0).

Introducing the residence time under water flow condi-
tions, 7, gives

Ap = Apg - exp (13)

—t
Ap= Ap0~exp|:7:|, (14)

where 7 is given as shown in Eq. (15):

Vg
=My TR T (1>
s R-

Equation (14) indicates that, after a time # = 7, only 1/e of
the original difference in the partial pressure remains. This
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implies that the equilibrium state has already reached approx-
imately 63 %. Consequently, after 4 times the equilibration
time has elapsed, equilibrium has reached 99 %.

Since the residence time is given by the water volume di-
vided by the water flow rate Q,

Vi
= —. (16)
" Oy
Eq. (17) is obtained:
v,
Vi - (H‘ Vw-s~gR-T)

Ow

An example is provided as follows: for the Liqui-Cel con-
tactor used in our study and at a flow rate of 2L min~!, 7 is
4.3 min for N», 2.2 min for O; and 2.0 min for Ar. The depen-
dence of the equilibration time on water flow as well as on
the solubility of the considered gas and the gas volume can
be seen in Fig. 3a, b, which depicts the hyperbolically shaped
functions described by Eq. (17); a significant increase in t
occurs at a water flow rate of <500 mL min~!. The max-
imum flow of the membrane used in our study, according
to the manufacturer’s specification, is 3000 mL min~!. Fig-
ure 3a shows that, due to the solubilities of O, and Ar, their ©
values are very similar, while the t value of N is about twice
as high. A reduction in the gas volume of the membrane equi-
librator leads to a corresponding decrease in 7 (Fig. 3b).

The values for the different variables used in the previous
calculations and figures are as follows:

R-T =239x10"2m3atmmol ! (T = 18 °C);
Ve = 0.7 x 107*m3 (3M data sheet, 2021);
Ve =14x 1074 m3 (3M data sheet, 2021);

s(N2) =0.695molm—3 atm~! (Hamme and Emerson,
2004: T = 18 °C, salinity =7 PSU);

s(Ar)=1.519 mol m~3 atm™! (Hamme and Emerson,
2004: T = 18 °C, salinity =7 PSU); and

$(02)=1.379molm—3 atm™! (Weiss, 1970: T = 18°C,
salinity =7 PSU).

3.2.2 Measurement of T

The equilibration time () of the membrane equilibrator used
in this study (Liqui-Cel 1.7 x 8.75) was also determined ex-
perimentally under flow-through conditions. For this pur-
pose, 100L containers were filled with tap water and al-
lowed to rest for at least 1d to allow for the development
of a homogeneous water mass in approximate equilibrium
with the atmosphere. A transmembrane partial pressure dif-
ference was generated by initially flushing the gas side of
the membrane equilibrator with N;. Subsequently, the wa-
ter (T ~ 18 °C) from the container was pumped through the
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Figure 3. Theoretically determined dependence of the equilibration time t on the water flow rate Qv using the Liqui-Cel 1.8 x 8.75 contactor
for (a) different gas solubilities (N, O, and Ar) and (b) N and different gas side volumes of the membrane equilibrator (Vg of the Liqui-Cel
contactor: 140 mL). The insets show the typical flow rate ranges at higher resolution.

water side at a flow rate of 2L min~! using the peristaltic

pump. Adjustments of the N, O, and Ar partial pressures in
the gas room to match those of these gases dissolved in water
were recorded by MS determination of the mole fractions and
measurement of the total pressure, as described in Sect. 3.1.
Figure 4a shows an increase in the Ny partial pressure after
the gas side was flushed with Ny, followed by a decline due to
equilibration with the partial pressure of Ny dissolved in the
water. The resulting plateau after approximately 30 min was
considered to indicate equilibrium with atmospheric gases.
The temporal evolution of the partial pressure difference on
the gas side between the value at time ¢, p, (¢), and the equi-
librium value indicated by the plateaued partial pressure at
30min, p, (eq), can be described by the exponential function
shown in Eq. (18), which corresponds to Eq. (14):

Pe (1) — pa(eq) = [ pe (t0) — pe (eq)] - (7). (18)

Linearization of Eq. (18) yields an equation where In[p,
(t) — pg (eq)] is a linear function of ¢ with a slope that corre-
sponds to the reciprocal equilibration time; see Eq. (19):

1
In[pg (1) — pg(eq)] = ——-t+In [pe (t0) — peleq)]. (19)

The equilibration time t was then determined from a re-
gression line for In[ps () — pg(eq)] as a function of ¢
(Fig. 4b). The experiment described above was conducted
three times, resulting in average e-fold equilibration times
+aSD of t (Np) =4.84+0.1 min, 7 (Oy) =3.240.1 min and
T(Ar) =3.0£ 0.2 min. These values differ from those deter-
mined theoretically using Eq. (17) but show the same order
of magnitude. The deviations are attributed to the simplified
assumptions inherent in the model. Critical points are that the
model does not consider continuous water flow but the trans-
port of discrete water parcels through the equilibrator and
that the assumption of perfect equilibrium was generated re-
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peatedly after each renewal (residence time) of the water in
the membrane equilibrator.

The different equilibration times for the considered gases
can be attributed to their different solubility constants, ac-
cording to Eq. (17), with those of O, and Ar being simi-
lar and significantly below that of N;. Compared with the
7 (N2 / Ar) = 12 min achieved by coupling a MS to a spray-
type equilibrator (Schmale et al., 2019), GE-MIMS is nearly
3 times faster. Compared with other membrane equilibra-
tor setups, where t (Ar) =4 min (Manning et al., 2016) or
7 (O2 / Ar) =7.75 min (Cassar et al., 2009), our system pro-
vides slightly better temporal resolution.

If the GE-MIMS system is installed on a VOS, the spatial
resolution (footprint) is given by the equilibration time and
the ship’s speed. Assuming an almost perfect equilibration
after 4 T and a typical ferry speed of about 20 kn results in
a spatial resolution of approximately 12 km for N5, which is
considered the minimum scale for regional averaging of field
data.

4 Quantification of biogeochemical process rates

The determination of biogeochemical process rates requires
measurements of the respective variables as a function of
time. The use of a VOS traveling across successive transects
as a platform for GE-MIMS would enable the generation of
a concentration time series over large areas such as the Baltic
Proper (Schneider et al., 2007; Giilzow et al., 2011).

Any change in the N> concentration can be described as
the effect of Ny fixation and N, gas exchange with the at-
mosphere (Eq. 20) if vertical mixing across the thermocline
is ignored. The latter is justified since N, fixation typically
takes place at low wind speeds (<5ms~!) that lead to a
rising thermocline and warming of the surface layer (up to
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Figure 4. Results of an experiment to determine the equilibration time for Nj. (a) pg (N3) as a function of time. (b) The logarithmic
presentation of the difference between the partial pressure of Ny at any time ¢ and after equilibrium is reached, as a function of time. The
reciprocal slope of the regression line represents the e-fold equilibration time (7).

22 °C) (Miiller et al., 2021):
AN; = ANp fix + AN2 g4s. (20)

The concentration change due to gas exchange (AN2 gas)
during At (e.g., the time between two transects) within the
mixed-layer depth, znix, is expressed by Eq. (21):

S CN»

—-0.5 - _ A
) (Mo —No)- =L @1

Zmix

AN gas = k660 - (

where Sc is the Schmidt number (Wanninkhof, 1992) and
Ng,sat and N; represent the values of the saturation concen-
tration, averaged over a period of time (e.g., between two
consecutive transects) and calculated based on the respective
averaged temperature and salinity, and the measured concen-
tration. The transfer velocity of gas exchange (kegp) varies
with wind speed and can be estimated using parameteriza-
tions such as that suggested by Wanninkhof et al. (2009).
However, especially at low wind speeds and during periods
of increased OM production, this method is subject to con-
siderable uncertainties. For example, the presence of organic
surface films can significantly reduce gas exchange, a phe-
nomenon that current transfer velocity parameterizations do
not adequately address. Therefore, concurrent Ar measure-
ments are included to circumvent the uncertainties in us-
ing parameterizations of the transfer velocity. This approach
is based on the observation that N, fixation events usually
coincide with a significant increase in surface temperature
(Schneider et al., 2014b; Schmale et al., 2019), such that the
partial pressure of Ar in the surface water increases, which in
turn leads to an Ar flux into the atmosphere. The change in
the Ar concentration due to gas exchange at the water surface
can be calculated using Eq. (22), which is similar to Eq. (21):

Scar -0 At
AArgas = ko0 - | —~ - (Argat — Ar) - : (22)

Zmix
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Nitrogen gas exchange can then be quantified without ex-
plicitly calculating kge0, since combining Egs. (21) and (22)
yields Eq. (23):

Sena\ % Ny — N
CNZ) - Nojga 2 (23)

AN o5 = AAT- ( - —.
8 Scar Argy — Ar

Finally, the difference in the nitrogen concentration due to
N fixation for a certain time interval can be obtained using
Eq. (24):

= (24

SCN2 )_0'5 ) N2,sat - NZ
Esat — Ar

ANj fix = ANy — AAr- (

Because of the low wind speed and the surface accumula-
tion of OM during a cyanobacterial bloom, it is assumed that
gas exchange is of minor importance and that the temporal
change in the measured nitrogen concentration AN is the
main term (Wasmund, 1997; Lips and Lips, 2008; Schmale
et al., 2019).

Equation (24) includes implicitly the calculation of kgg,
which can be determined explicitly from the Ar measurement
by the use of Eq. (22):

_ AAT - Zmix
(Scar/660) 703 - (Argy — Ar) - At

k60 (25)

Therefore, continuous measurements with our newly devel-
oped GE-MIMS system can also be used to determine kgg,
provided the mixed-layer depth (znmix) can be estimated, e.g.,
by modeling the surface water temperature and salinity pro-
files (Grawe et al., 2019).

5 Conclusions

The results from our laboratory tests demonstrated that
the GE-MIMS system is capable of directly determining
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cyanobacterial N> consumption and potentially also the as-
sociated O, production resulting from photosynthesis trig-
gered by N fixation. Ar concentrations for both the param-
eterization of air—sea gas exchange and the reconstruction of
abiotic background concentrations of biogeochemically ac-
tive gases such as Ny and O, could be measured with high
precision and accuracy. Our measurement system is based
on the same principle as that of Schmale et al. (2019), but
it uses a membrane equilibrator, which in contrast to bub-
ble or shower-type equilibrators does not require ventilation
and therefore constitutes a closed system. This ensures that
the partial pressures in the gas phase are truly in equilibrium
with the dissolved gases rather than merely in a steady state
(Schneider et al., 2007).

The individual components are designed to allow au-
tonomous long-term operation of the measurement system,
particularly when installed on a VOS, such as that currently
used for continuous pCO;, measurements in the Baltic Sea
(Giilzow et al., 2011; Schneider et al., 2014b; Jacobs et al.,
2021). The resulting N, O, and Ar concentration time series
will facilitate determinations of N, fixation rates and poten-
tially NCP in selected regions of the Baltic Sea. The temporal
dynamics of the abovementioned biogeochemical processes
can also be investigated. Furthermore, synchronous measure-
ments of surface N2(Ar) and pCO, take advantage of both
the direct determination of N consumption by fixation and
the high sensitivity of the CO; approach to production events
(Schneider and Miiller, 2018). The main limitations of exist-
ing approaches to quantifying N» fixation, which result from
the analysis of discrete samples and the use of the elemental
composition of POM, are thus circumvented. Furthermore,
the possibility of averaging over larger spatial scales due to
the operation of the GE-MIMS system on a VOS enhances its
compatibility with process-based model results, which typi-
cally have a spatial resolution of several kilometers.

Appendix A: Pressure effect of the gas flow into the
mass spectrometer

To estimate the effect of the continuous flow of gas into the
MS (6 uL min~") on the pressure in the gas room (pg), the
development of a steady state in the gas room is considered.
The latter is based on a balance between the gas flow into the
MS (Fums) and the flux of dissolved gases into the gas room
(Fg), which are given by Egs. (A1) and (A2):

Fits = Qv+ 7. [mols™'], (A1)
Fo=kn-A-(pam — pg), [mols™'], (A2)

with Qy the volume flow into the MS 1x 10~ m3 s~ k,, the
transfer coefficient 2.21 x 107> mols ™! m~2 atm™! (derived
from the experimentally determined equilibration time; see
Appendix C), A the membrane area 0.92 m?, R-T =239 x
1072 m3 atmmol~! (T = 18°C), Dg the pressure in the gas
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room [atm] and py, the total pressure of the dissolved gases
(approximately 1 atm).

Equations (Al) and (A2) lead to the mass balance de-
scribed in Eq. (A3) for the steady state:

p
Qv—g

Lk A (pam— ). (A3)

Rearranging Eq. (A3) yields an expression that describes the
effect of the gas flow into the MS through the ratio between
the pressure in the gas room (p,) and the “true” equilibrium
pressure (pym) that was assumed to be 1 atm, as shown in
Eq. (A4):

pe _ 1 (A4)

Patm_l—l-RTQw

Using the values for the variables in Eq. (A4), as given above,
results in a ratio pg/pam = 0.9998, which means that the
pressure in the gas room deviated by 0.2 %o from the equi-
librium total pressure.

Appendix B: Evaluation of mass spectrometric data

In the initial step, ion currents corresponding to the specific
mass-to-charge ratios of the following gases are measured
using the mass spectrometer: Na: m/z =28, Op: m/z =32
and Ar: m/z =40. We are aware that the m/z ratio for ni-
trogen may include interferences with other fragment ions,
such as from carbon dioxide (CO™). However, based on the
paper of Burlacot et al. (2020), only 9.81 % of the primary
CO; signal at m/z =44 is fragmented into the CO™ ion at
m/z = 28. Assuming a CO, concentration close to atmo-
spheric equilibrium concentrations, this would correspond to
around 40 ppm of CO, which interferes with the N, quantifi-
cation (at atmospheric N; concentrations of 78 %). This level
of interference is negligible. Furthermore, regarding envis-
aged measurements on a VOS in the Baltic Sea, the risk of
interference becomes even lower because CO; in the surface
waters of the Baltic Sea is strongly undersaturated with re-
spect to atmospheric CO; during periods of N, fixation due
to concurrent biological production (Schneider et al., 2007).

For calibration, a gas mixture characterized by precisely
defined molar ratios (n/n) of N», O and Ar is used to trans-
form the ion currents (/) into mole fractions (x). Therefore,
calibration factors are determined which are based on the ion
currents of N» and O3 normalized to the ion current of Ar as
an internal standard. The calibration factors are then obtained
by relating the normalized ion currents to the corresponding
molar ratios between the considered gas and Ar, as shown in
Egs. (B1) and (B2):

Fcal,Nz = ng; (Bl)
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lo,
Iar
Fcal,Oz = %- (BZ)

NAr

Once the calibration factors are determined, measurements
of the ion currents for Np, O, and Ar yield the molar ra-
tios no,/nAr, nN,/RAr and, consequently, no,/nn,. These
can be used to calculate the mole fractions (x’) of N3, Oy
and Ar with respect to the sum of N, O, and Ar, resulting in
Egs. (B3) to (BS):

1
200 TN o (B3)
nAr  NAr XAr

n n 1

0 g DA (B4)
N, NN, N,

n n 1

o A = (BS)
no, no, X0,

Since the analyzed gas, e.g., ambient air, may contain gases
other than Nj, O, and Ar, x’ is considered an incomplete
mole fraction. In cases where only water vapor is taken into
account, the incomplete mole fraction is also called the dry
mole fraction. Consequently, the x” of Ny, O and Ar must
be multiplied by the incomplete total pressure in order to
calculate the corresponding partial pressures. In analogy to
the incomplete mole fraction, the incomplete total pressure
is given by the total pressure (p;) minus the partial pressures
of gases (py) such as water vapor that were not included in
the definition of the partial mole fraction, x’, e.g., as shown
for the partial pressure of Nj in Eq. (B6):

PN, = XY, - (Pt — PH0 — ZPx) . (B6)

Appendix C: Calculation of the transfer coefficient k,

To calculate the transfer coefficient, k,, we first derive an
equation for the equilibration time, 7y, for the hypothetical
case in which there is no water flow (see Sect. 3.2.1). The
flux across the membrane is driven by the partial pressure
difference according to the general flux Eq. (C1):

ong
ot - A

= —k, - Ap, (ChH

with 7 the change with time in the moles of a gas on the gas
side of the equilibrator [mol s711, A the membrane area [m?],
k, the mass (mole) transfer coefficient [mol s~ Zatm™!7,
Ap the partial pressure difference pgy — pw [atm] subscript
“g” the gas side of the membrane equilibrator and “w” the
water side.

Using the ideal gas law, dng is replaced with 9 pg accord-

ing to Eq. (C2):

0ps  —ky-A-R-T

= Ap, C2
» v, P (C2)
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with dp the change in the partial pressure of a gas [atm], R
the universal gas constant [m3 atmmol~! K~1], T the abso-
lute temperature [K] and V the volume [m3].

To describe Ap only as a function of pg, the total moles
(gas side + water side) of the considered gas, n;, which is
constant at zero flow, are introduced as shown in Eq. (C3):

p
=Vg'RgT+Vw'pw'sv (C3)

with s the solubility constant [mol m~3atm™1]. Ppw 1s thus

given as shown in Eq. (C4):

- v,
pw:”t (z°7) - g (C4)
Vw - s

Ap is expressed using Eq. (C5):

Ap=pg - ETE, 1(/55 ) Y (3)

The differentiation of Eq. (C5) yields Eq. (C6):

d(Ap) = <1 + L) dps. (C6)
R-T -Vy-s

Replacing 9 p, in Eq. (C2) then yields Eq. (C7):

d(ip) — kA (R‘}gT +S .lvw)'A”' €

The integration provides the exponential Eq. (C8):

R-T 1
Ap=Apo-exp|—k, -A - + -t|, (C8)
Vg s - Vy

with a time constant [s~!] that equals the reciprocal equili-
bration time _— - (no water flow), resulting in Eqs. (C9) and

(C10):
—t

Ap = Apo-exp (-) , (C9)
Tnf
1

Tof = (C10)

k, - A - ( +sz)

In add1t10n to the geometric dimensions (Vg = 1.40 x
10~*m? and A = 0.92m?) of the membrane equilibrator and
the thermodynamic properties, the gas exchange and thus the
equilibration time are controlled by the transfer coefficient
k,. The latter can be calculated using the experimentally de-
termined equilibration times (tr (N;) = 288s; Sect. 3.2.2).
Since these were determined with a water flow, we assume
that Vy, is infinitely large, thereby modifying Eq. (C10) to
yield Eq. (C11) and thus k,, for Nj:

Ve

ky=——% .
"T T A-R-T

(C11)
k, =221 x 109 molm=2s atm™!.
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