
 1 

Technical note: Water vapor sampling for stable isotope analysis: systematic testing of 1 

sampling conditions and development of a robust protocolWater vapor sampling for the 2 

analysis of water stable isotopes in trees and soils – optimizing sampling protocols 3 

 4 

Alberto Iraheta1*, Elise Malsch-Fröhlich1, Malkin Gerchow1 and Matthias Beyer1 5 

*Correspondence to: Alberto Iraheta (a.iraheta@tu-braunschweig.de) 6 

1Institute of Geoecology, Technical University of Braunschweig, Braunschweig, Germany 7 
*Correspondence to: Alberto Iraheta (a.iraheta@tu-braunschweig.de) 8 

 9 

Abstract.  10 

Water isotopes are fundamental to ecohydrology, tracing water fluxes across the continuum 11 

from soil to plants and the atmosphere. Most Ecohydrological water isotope methods studies 12 

often rely on destructive sampling of water in soils and plants material. In recent years Recently, 13 

techniques for collecting equilibrated water vapor have beenwere  developed as a semi-in situ 14 

alternative. Here, we present a systematic evaluation of water vapor sampling methods to with 15 

the goal of identifying how storage time, flow rate, container type, and temperaturekey 16 

parameters  influence the isotopic stability of δ¹⁸O and δ²H values. CIn controlled laboratory 17 

experiments we first tested the isotopic stability of three container type: 250 mL infusion glass 18 

bottles, 1 L FlexFoil bags, and 500 mL Aluminum bags. The most suitable container was 19 

subsequently tested tested for different storage times of 6, 24, 72, and 168 hours(6 hours to 7 20 

days), storage; temperatures of (4 °C, to  20–25 °C, and 40 °C) and; sampling flow rates of (35, 21 

75, 100, and to 125 mL l/min-1); and three container types: 250 ml infusion glass bottles 22 

(ND32), 1 L FlexFoil® sample bags, and 500 ml Aluminum-Zip bags. Glass bottles showed 23 

the  highest isotopic stabilitybest performance, with deviations withinwith deviations to 24 

reference standards of ±0.5 ‰ for δ¹⁸O and ±1 ‰ for δ²H during the first 24 hoursfollowed by 25 

. In contrast, FlexFoil® bags exhibited (variabilitydeviations of ±1 ‰ for δ¹⁸O and −3 to +2 ‰ 26 

for δ²H). , while aAluminum-zip bags showed the largest offsetsdeviations (−2.5 to −3 ‰ for 27 

δ¹⁸O and −12 to −25 ‰ for δ²H). Mean In the detailed testing of the most suitable container 28 

type – the infusion glass bottles – Mean Absolute Error (MAE) absolute error (MAE) analysis 29 

confirmed that for δ¹⁸O remained stable under all tested conditions (<0.6 ‰), whereas δ²H was 30 

more sensitive to storage duration, temperature, and flow rate. For δ²H Optimal best results 31 

were obtained using 250 ml glass bottles, using flow rates of 100–125 mL min-1ml/min, and 32 

storage times of ≤24 hours1 day under ambient conditions (20–25 °C), (achieving MAE = ±0.5 33 

for δ¹⁸O andvalues of ±1.5 ‰ for δ²H); hence, our recommendation is using these settings. 34 

Prolonged storage (>24 hours) increased isotopic variability, particularly for δ²H. Although 35 

vapor sampling cannot match the analytical precision of conventional liquid-water methods, it 36 

offers a practical, inexpensive , and non-destructive alternative frameworkfor isotope-based 37 

ecohydrological research. The validated protocol presented here enables reliable water vapor 38 

isotope measurements in both laboratory and field settings and is especially advantageous in 39 

remote areas or locations with limited infrastructure. Therefore, it has great potentialThis 40 
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optimized method provides an accessible and robust tool for investigating plant water uptake 41 

and soil–atmosphere interactionsecohydrological processes in a customizable spatiotemporal 42 

resolution without the need of repeated destructive sampling or full in situ setups. 43 

Keywords 44 

Water vapor, stable isotopes of water, isotopes δ18 O, δ2 H, storage time, storage 45 

temperature, flow rate, tightness, container 46 

31 Introduction 47 

The water stable isotopes oxygen-18 (δ18O) and deuterium (δ2H) are fundamental to advances 48 

in modern ecohydrology (Sprenger et al., 2016) crucial for studying the complex 49 

ecohydrological processes in different environments (Zhang et al., 2022), as they allow the 50 

tracing of water through precipitation, soil, plants, surface water and groundwater, thus 51 

allowing the analysis of variations in response to climatic events in different environments  52 

(Zhang et al., 2022; Tetzlaff et al., 2023). The use of isotopes has been fundamental to advances 53 

in modern ecohydrology (Sprenger et al., 2016). Therefore, they have been used as tools to 54 

understand hydrological fluxes  processes in ecological and agricultural systems (Haberstroh et 55 

al., 2024), especially in the context of climate change, water stress and studies of exchanges 56 

between water, plants and the atmosphere (Dubbert and Werner, 2019; Allen and Kirchner, 57 

2022; Liebhard, 2022). In addition, isotopes allow the, tracing of water sources and their 58 

redistribution in ecosystems (Beyer et al., 2020; Rothfuss et al., 2021; Penna et al., (2018) and 59 

provide unique information on transpiration, evaporation and water use strategies of vegetation 60 

(Liebhard., 2022).  61 

Isotope analysis has become an important tool in ecohydrology as it is able to directly identify 62 

water sources and track water movements along the soil-plant-atmosphere continuum (Beyer et 63 

al., 2020; Rothfuss et al., 2021). However, there is a The need to generate continuous data sets 64 

has been identified repeatedly, as high-resolution time series are essential to capture the natural 65 

dynamics of ecohydrological and physiological processes (Simonin et al., 2013; Gaj et al., 66 

2016; Seeger and Weiler, 2023). The Established methods used so far provide only incomplete  67 

limited temporal information and often rely on destructive sampling of soil and plant xylem, 68 

which requires the extraction of material from forests and the combination of different 69 

techniques such as cryogenic vacuum extraction, centrifugation or others (Orlowski et al., 2018; 70 

Kübert et al., 2020). This technique has been questioned due to its impact on effects on the 71 

isotope composition of soil and plant water, particularly for deuterium (Chen et al., 2020; Allen 72 

and Kirchner, 2022; De Deurwaerder et al., 2020; Wen et al., 2022; Ceperley et al., 2024). 73 

Despite these limitations, it continues to be widely used in studies to monitor hydrological 74 

processes in ecosystems (Barbeta et al., 2022; Koeniger et al., 2011). 75 

To obtain continuous measurements, the scientific community has relied ondeveloped in situ 76 

instruments such as Cavity Ring-Down Spectroscopy (CRDS)approaches using laser 77 

spectroscopy, which to enable enable direct measurements of water stable isotopes in soils and 78 

plants under real field conditions (Kühnhammer et al., 2022; Mennekes et al., 2021). Although 79 

highly valuable for ecohydrological research, this approach involves logistical, technical, and 80 
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financial limitations that constrain its deployment in challenging environments (Rothfuss and 81 

Javaux, 2017; Volkmann et al., 2016). Moreover, the desired spatiotemporal resolution for 82 

isotopic analysis of water is not always achievable, as many techniques remain confined to the 83 

laboratory or are impractical in certain settings. In this context, field-equilibrated water vapor 84 

sampling emerges as a valuable crucial alternative for obtaining temporally higher-resolution 85 

water isotope datagenerating reliable isotopic information, with broader applicability across 86 

natural, agricultural, and experimental environments, and without the need for destructive 87 

extractions (Magh et al,. 2022; Gralher et al., 2021; Kübert et al., 2020; Galewsky et al., 2016). 88 

Water vapor sampling refers to the collection of isotopically equilibrated water vapor and 89 

subsequent analysis in the laboratory. In simple term, instead of using s true in situ water isotope 90 

setup, the water vapor is stored in suitable smapling vessels instead of being sent to the laser 91 

spectrometer. In practical terms, Wwater vapor sampling is more flexible (not limited to a small 92 

number of trees compared to true in situ), more cost-effective (not isotope analizer required in 93 

the field), and better suited to remote sites (less equipment required); it allows repeated 94 

sampling of soils and trees at the desired frequency without destructive extractionsampling, 95 

avoids liquid water extraction in the laboratory, and does not require an isotope analyzer in the 96 

field (Havranek et al., 2020). 97 

In this way, Rrecent studies have explored innovative methods for water vapor sampling and, 98 

developeding strategies that allow the collection and storage of water vapor without significant 99 

changes in while conserving its isotopic signature (Diekmann et al., 2025). In this context, 100 

Magh et al., (2022) developed the Vapor Storage Vial System (VSVS), the system was 101 

evaluated by storing samples between 0 to 14 days, which does not rely on direct field 102 

measurements but allows the equilibration, collection and storage of water vapor in vials for 103 

subsequent laboratory analysis. However, they reported  with variations of 0.6 to 4.4 ‰ for δ²H 104 

and 0.6 to 0.8 ‰ for δ¹⁸O after a storage. period. In addition, Havranek et al., (2023) 105 

implemented and evaluated an automated method, the Soil Water Isotope Storage System 106 

(SWISS), which combines several components such as permeable probes, glass flasks, stainless 107 

steel tubes and switching valves. This system allows automated sampling and storage of 108 

equilibrated vapor for later laboratory analysis. The authors reported a precision of ±0.9 ‰ for 109 

δ¹⁸O and ±3.7 ‰ for δ²H after up to 14 days of storage. 110 

Innovations in water vapor sampling and storage methods have reduced spatial and temporal 111 

demands, enabling approaches that are more practical, easier to implement, more reproducible, 112 

and that improve data reliability. These advances help narrow existing uncertainty gaps and 113 

provide a robust, complementary alternative to established methods, including direct 114 

measurement. In this context, Herbstritt et al., (2023) developed a sampling technique based on 115 

inflatable bags with diffusion-tight seals and validated it with results showing variations of 0.4 116 

‰ for δ¹⁸O and 1.9 ‰ for δ²H, which was a significant improvement compared to previous 117 

studies. However, methodological development has continued with new alternatives and 118 

increasing complexity. In this sense., Dahlmann et al., (2025) implemented a established system 119 

for water vapor extraction using permeable membranes and special gas bags (Multi-Layer Foil 120 

Bags with stainless steel fitting, Sense Trading B.V., Netherlands) for storage. They also tested 121 
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the possibility of reusing containers and reported relatively small variations after 24 hours of 122 

storage, with values between 0.7 and ±2.3 ‰ for δ²H and 0.2 to 0.9 ‰ for δ¹⁸O. 123 

Although these studies represent important methodological advances, none of them provides a 124 

technical, practical and comprehensive sampling protocol with optimal sampling and 125 

measurement conditions identifying ideal sampling materials and procedures as well as storage 126 

and analysis conditions. For instance, Dahlmann etal., (2025) and Herbstritt et al., (2023) use 127 

bags for collecting water vapor; Magh et al., (2022) and Hvranek et al., (2023) utilize glass 128 

vials. The differences in the employment, reusability and performance under equal condition 129 

have never benn studied; neither the practical implications have. 130 

In this study, we carry out a systematic test of sampling vessels for water vapor storage and 131 

analysis as well as an investigation of crucial parameters of the entire sampling-to-analysis 132 

workflow (e.g. sampling flow rate to ensure isotopic equilibrium, storage temperatures, 133 

maximum storage times). With our work, we attempt to overcome this challenge by identifying 134 

the most suitable vessel among several options investigated and establishing parameters such 135 

as flow rate, temperature and storage time that ensure isotopic stability. Nevertheless, some 136 

research questions remain unanswered: How can practical, reliable, cost-effective and 137 

repeatable water vapor protocols be developed for different natural environments; How do 138 

extreme conditions affect the isotopic signal, especially when no defined measurement time, 139 

temperature control or suitable vessel is available; and to what extent can water vapor sampling 140 

generate continuous data sets that capture ecohydrological dynamics?  141 

To overcome these limitations, we propose a practical, reliable and minimal-invasive method 142 

for water vapor extraction, developed and validated under controlled laboratory conditions 143 

before it can be applied in the natural environment. The method consists of collecting water 144 

vapor in a container under defined flow rates and storage temperature conditions and then 145 

analyzing it in the laboratory using laser spectroscopy (CRDS). With this approach, we aim to 146 

achieve precise results within defined time periods while enabling the creation of continuous 147 

and comparable data sets across time and space. 148 

The objectives of this research are therefore:clearly and concisely stated, emphasizing the 149 

importance of the practicality, non-invasiveness and efficiency of the proposed method, as well 150 

as its potential application both in the laboratory and in the field: 151 

i.) To carry out a systematic laboratory experiments to evaluate the effects of storage 152 

time, temperature, and container type on the stability water isotope values. 153 

ii.) To dDevelop and validate test a practical, minimally invasive, and efficient method 154 

for collecting water vapor samples for application in various environments.  155 

i.iii.) To identify optimal conditions for water vapor sampling, storage and analysis. 156 

ii. Conduct laboratory tests to evaluate the effects of storage time, temperature, and 157 

container type on the stability and precision of the method.  158 

iii. Identify the optimal conditions for water vapor storage. 159 

Innovation. The novelty of this method  contribution lies not only in proposing practical and 160 

low-cost solutions for collecting and storing water vapor in the laboratory, but also in the 161 

integrated evaluation of factors that directly affect its isotopic composition. The systematic 162 
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analysis provided herein will enable a wider, more unified and tailor-made application of water 163 

vapor sampling methods to the specific research environment and objectives. Rather than 164 

analyzing isolated effects, we adopt a comprehensive multifactor approach that simultaneously 165 

considers the type of container, sampling flow rate, temperature, and storage duration. This 166 

framework identifies operational conditions and decision criteria, facilitates application in 167 

natural environments, and maximizes data quality after laboratory analysis. 168 

42 Materials and methods 169 

This section describes the experimental procedures and the tests carried out. The detailed list 170 

of materials, instruments and equipment used in the experiments can be found in S1. 171 

4.1 Formal testing of sampling materials and methods  172 

4.1.22.1 Experimental design Overview of the systematic experimental testing 173 

To select the optimal sampling method for analyzing isotopes in water vapor, several different 174 

experiments were carried out in the laboratory, as shown in Fig. 1With the aim of validating a 175 

new semi-in-situ method for measuring stable water isotopes from water vapor samples by 176 

experimental tests, four main experiments were performed in the laboratory. These are detailed 177 

in Fig. 1. The study was conducted in two consecutive phases. In phase 1 we tested different 178 

storage containers in to different experiments (subsequently referred to as experiments 1 and 179 

2). We evaluated three different samples storage containers: 250 mL glass bottles, 500 mL 180 

Aluminum-zip bags, and 1 L FlexFoil bags. In experiment 1 we simply filled these with dry 181 

synthetic air at three different storage temperatures (4, 20–25, and 40 °C) and three durations 182 

before measurement (6 hours, 1 day, and 3 days) in order to evaluate hermeticity (i.e., the 183 

container's airtightness). In experiment 2 we used isotopic references (standards) and filled the 184 

sampling containers with equilibrated water vapor. For the final decision on the most suitable 185 

sampling container for water vapor analysis, we defined six decision criteria (Fig. 1). 186 

Using the most suitable container, we carried out two more experiments (experiments 3 and 4) 187 

in phase 2. Here, we expanded the parameters parameters to include 7-day storage, two syringe 188 

sizes, four flow rates (35, 75, 100, and 125 mL min-1), using three isotopic standards. 189 

Experiment 3 examined whether sealing integrity was affected by puncture diameter or septum 190 

properties, while experiment 4 determined the optimal flow rate for maximizing isotopic 191 

precision and assurance of isotopic equilibrium. The technical details are provided in the 192 

following sections. 193 

 194 
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195 

 196 

Figure 1. Illustration of the experimental design for evaluating water vapor storage and 197 

sampling. Phase 1 (red box) was dedicated to testing storage containers, and Phase 2 198 

(green box), focused on optimizing the sampling procedure. Gray hexagons indicate the 199 

four experiments carried out: [1] dry air airtightness test; [2] isotopic stability test for 200 

container selection; [3] dry air leakage test for syringe-septum interaction; and [4] flow 201 

rate performance test using three isotopic references. The decision on the ideal container 202 

was made by a multi-criteria decision analysis (orange box)Figure 1. .Experimental scheme 203 

for the evaluation of the water vapor storage containers and optimization of the sampling 204 

method. The blue box represents the tests performed to evaluate the tightness and isotopic 205 

stability of the containers. The boxes connected by green arrows illustrate the decision-making 206 
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process to determine the most suitable container. The box with the green lines represents the 207 

optimization of the sampling method performed with the most optimal container. Some 208 

parameters such as syringe sizes, flow rates, and isotope references were tested. 209 

The methodological framework outlined in Figure. 1 was implemented using specific setups 210 

designed for water vapor sampling and analysis with a CRDS isotope analyzer, as detailed in 211 

Fig. 2. 212 

 213 

Figure 2. Technical implementation of the experiments. The schemes show the technical 214 

components used throughout the experimental stages: (A) setup for continuous generation 215 

of reference water vapor from a liquid isotopic standard and direct analysis via laser 216 

spectroscopy (Picarro L2130-i); (B) configuration for filling 1 L FlexFoil gas valve bags 217 

and 500 mL Aluminum-zip storage bags with reference vapor; (C) system for 218 

simultaneous filling of three 250 mL glass bottle replicates to ensure consistent water 219 

vapor isotopic composition for flow rate experiments; and (D) measurement 220 

configurations for stored samples, including a dry air push system with a T-junction open 221 

split for 250 mL glass bottles and bags (left), and a direct inlet connection for gas bag 222 

analysis (right). In all configurations, gas flow rates were precisely controlled using a 223 

pressure regulator and an electronic mass flow controller (MFC). 224 

We carried out a sequence of experiments in order to develop the most suitable sampling 225 

protocol. First and foremost, it was crucial to test different storage containers (Tests 1 and 2, 226 

see Fig. 1) under different storage conditions and temperatures. Based on this first stage 227 

(subsequently referred to as storage container testing, see Fig. 1), the best-performing sampling 228 

container was identified. The subsequent testing was designed in order to find the ideal 229 

sampling setup and parameters (Tests 3 and 4, Fig. 1) and was performed only using the most 230 

suitable storage containers. This second stage of testing is subsequently referred to as sampling 231 

procedure testing (see Fig. 1). 232 
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The parameters under which the experiments were conducted were precisely defined. These 233 

included specific procedures for evaluating the most important variables such as storage time, 234 

storage temperature and flow rate. 235 

4.1.52.2 Storage container testing 236 

The first phase of the experiments focused on evaluating different storage containers to assess 237 

their tightness and their ability to maintain the isotopic stability of water vapor (Fig. 1). To this 238 

end, two tests were carried out: one with dry air (experiment 1) and the other with a reference 239 

with known isotope values (experinent 2). 240 

The dry air and water vapor samples were subjected to three temperature conditions. Two of 241 

these were controlled and maintained constant temperatures: a Fridge at 4°C and an Oven at 242 

40°C. The third condition, – in the Room temperature –, where the temperature fluctuated 243 

between 20 and 25 °C, was uncontrolled as it corresponded  and corresponded to the normal 244 

ambient temperature of the our laboratory. Three storage times were tested for each temperature 245 

condition: 6 hours, 24 1 and 72 3 hours days.(0, 1 and 3 days). 246 

The following experiments were conducted in this phase: 247 

4. The tightness of different types of containers was evaluated under different temperature 248 

conditions and storage times with the objective to determine the container with the least 249 

increase in H2O concentration due to intrusion of atmospheric air. 250 

4. The same containers and conditions as in the first experiment, but with water vapor 251 

samples of a known isotopic reference. The stability of the isotopic composition was 252 

evaluated to determine the container with the smallest deviation in isotopic 253 

concentration with respect to the reference or target value. 254 

These tests were essential for the selection of the optimal container. Decision criteria were 255 

defined for this purpose (Figure 1). These criteria enabled an objective evaluation of the 256 

containers and thus ensured the isotopic stability of the vapor samples during transport and 257 

storage until the time of measurement. 258 

4.1.102.2.1 Experiment 1 - Tightness of the containers Sampling procedure testing 259 

Before the experiment began, several preparatory measures were taken. The 250 mL glass 260 

bottles were dried overnight in an oven at 60 °C to remove residues, then sealed with a butyl 261 

stopper and an aluminum cap secured with a 32 mm aluminum cap closure clip. The glass 262 

bottles were rinsed with dry air for 5 minutes before sampling. After measuring the samples, 263 

the bottles were cleaned and dried again for 24 hours at 60-80 °C for reuse. For the 500 mL 264 

Aluminum-zip bags with zippers (these bags were not reused because reusing sampling bags is 265 

impractical, it requires through and repeated preparation to remove isotopic memory effects 266 

and maintain accurate measurements, a process tha is too labor-intensive for routine field or 267 

laboratory use (Herbstritt et al., 2023)), silicone was applied as a septum for the syringes and 268 

dried at Room temperature for three days. The bags were then heated overnight at 50 °C to 269 

remove organic residues. The bags were tightly sealed by folding the top opening and securing 270 

it with folding clips, without using heat sealing, to prevent the emission of volatile organic 271 
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compounds. The 1 L FlexFoil sample bags were purged three times with dry air through the 272 

valves prior to sampling to minimize memory effects and allow reuse. 273 

After the preparatory measures, the containers were filled with dry air from a cylinder regulated 274 

by a pressure regulator connected to a mass flow controller. The air was passed through PTFE 275 

tubing (outer diameter: 1/8") connected to a special syringe via a Luer adapter. 276 

Fine syringes (0.80 x 40 mm) were used for sampling to minimize the size of the perforations 277 

in the septa. Consequently, the 250 mL glass bottles were purged with the sample for 12 minutes 278 

at a flow rate of 100 mL min-1, with equilibrium between the inlet and outlet of dry air 279 

established by an additional connection to the CRDS isotope analyzer. An open split was used 280 

to avoid overpressure, in the analyzer (was prepared in five replicates). 281 

The 500 mL Aluminum-zip bags were filled in six minutes under the same flow conditions by 282 

inserting the syringe directly into the silicone septum of the bag. For the 1 L FlexFoil bags, a 283 

1/4" PTFE tube was attached. This tube was connected via a Swagelok connector to a second 284 

1/8" tube, which carried the dry air until the bag was filled(was prepared in five replicates)The 285 

second phase of the experiment was carried out with the container that proved to be the most 286 

suitable. The main objective was to optimize the process of water vapor sampling and to 287 

determine the optimal conditions for the method developed in this study. In addition, this 288 

experimental phase included a longer storage period, with samples being kept for up to 7 days 289 

(168 hours) after the first day of sampling. This allowed a more accurate assessment of whether 290 

the isotopic composition of the vapor exhibited the same variation observed after 3 days or 291 

whether it increased. In other words. This phase aimed to confirm the importance of avoiding 292 

too long intervals between sampling and measurement of the samples. 293 

Summary of the experiments carried out: 294 

3. The tightness test was repeated only with the container selected as the most optimal 295 

container. Dry air was used and the effect of syringe size on the sampling results was 296 

evaluated. 297 

4. The optimum flow rate for the water vapor sample was determined. Three isotopic 298 

references were used to evaluate the isotopic behavior under different temperature 299 

conditions and storage times.  300 

In test 3, which was conducted with dry air and using two syringe sizes, the samples were 301 

exposed to three temperature conditions: 40 °C, 20–25 °C and 4 °C (Oven, Room and Fridge) 302 

and four storage times: 6, 24, 72 and 168 hours (6 hours, 1, 3 and 7 days). In Test 4, the 303 

experimental conditions included four sampling flow rates (35, 75, 100 and 125 ml/min) and 304 

three isotope references. The series started at 35 ml/min, which corresponds to the operating 305 

capacity of the CDRS isotope analyzer. For each temperature condition (Oven, Room, and 306 

Fridge), water vapor samples were collected from the three isotope references at the four flow 307 

rates and stored for 6 hours, 1, 3, and 7 days (see Fig. 1).  308 

The purpose of this phase was to determine the most reliable combination of syringe size and 309 

sampling flow rate that would ensure isotopic precision under the experimental conditions of 310 

temperature and storage time. 311 
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2.2.2 2.1.4 Experiment 2 – isotopic reference testPreparation of the containers prior to 312 

the experiments. 313 

The same sampling configuration and container types were used as described above. In this 314 

experiment, the key difference was the use of saturated water vapor from a known isotopic 315 

reference to rinse the containers. Each container type (250 mL glass bottle, 1 L FlexFoil bag 316 

and 500 mL Aluminum-Zip bag) was prepared in five replicates and stored for 6 hours, 1 day, 317 

and 3 days at different temperatures: Fridge, Room, and Oven (4, 20-25, and 40 °C). 318 

An initial measurement was performed by directly measuring the isotopic water vapor with the 319 

CRDS analyzer; these values were used as comparison values for the evaluation. The vapor 320 

flow was chosen at 100 mL min-1 for all containers. The sampling time was 12 minutes for glass 321 

bottles and 6 minutes for bags. The vapor was generated in a closed system (headspace) where 322 

dry air flowed through a glass bottle containing the known isotopic reference. This system 323 

included connections with syringes and PTFE tubing regulated by an electronic mass flow 324 

controller, and an open T-shaped split before entering the analyzer to prevent overpressure (Fig. 325 

2 A and B) 326 

Before we started the experiment, several preparatory measures were carried out. The 250 ml 327 

infusion glass bottles ND 32 were dried overnight in an oven at 60 °C to remove residues and 328 

then sealed with a butyl stopper and an aluminum cap secured with a 32 mm aluminum cap 329 

closure clip. The glass bottles were rinsed with dry air for 5 minutes before sampling. After 330 

measuring the samples, they were cleaned and dried again for 24 hours at 60-80 °C for reuse. 331 

For the 500 ml Aluminum-Zip bags with zippers, silicone was applied as a septum for the 332 

syringes and dried at Room temperature for three days. They were then baked overnight at 50 333 

°C to remove organic residues. The bags were tightly sealed by folding the top opening and 334 

securing with folding clips without using heat sealing to prevent the emission of volatile organic 335 

compounds. These bags were not reused. The 1 l FlexFoil sample bags were purged three times 336 

with dry air through the valves prior to sampling to minimize memory effects and allow reuse.  337 

2.2.3 2.1.5 Decision criteria for the selection of the optimal containerTightness of the 338 

containers 339 

Experiments 1 and 2 were essential for selecting the optimal container. Decision criteria (Fig. 340 

1) to ensure objectively, in total six evaluation criteria were defined. These were divided into 341 

critical (criteria 1-3) and non-critical (criteria 4-6) categories.  342 

The critical decision criteria were: (1) isotopic stability; the capability of the sampling container 343 

to maintain the isotopic signature without significant changes; (2) tightness; the prevention of 344 

exchange with atmospheric air; and (3) time until analysis; the storage time of a particular water 345 

vapor sample. Non-critical criteria were: (4) reusability of the storage container; a measure to 346 

sustainability and long-term cost reduction; (5) portability and transport resistance; a handling 347 

criteria including weight, volume, and risk of damage or loss of tightness during transport; and 348 

(6) cost, based on supplier prices in the European market. 349 
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Each criterion was rated on a scale from 1 to 5 (1 = poor, 5 = excellent) and assigned a relative 350 

importance which we defined as follows: isotope stability (70%), tightness (10%), time to 351 

analysis (5%), reusability (5%), portability and transport (5%), and cost (5%). 352 

The sum of the weighted scores allowed for an objective comparison among the evaluated 353 

containers. The container with the highest total score from the combined decision criteria was 354 

considered the optimal choice and used in the detailed testing in phase 2After the preparatory 355 

measures, the containers were filled with dry air from a cylinder regulated by a pressure 356 

regulator connected to an electronic mass flow controller. The air was passed through PTFE 357 

tubing (outer diameter: 1/8") connected to a special syringe depending on the phase of the 358 

procedure. 359 

Fine syringes (0.80 x 40 mm) were used for sampling to minimize the size of the perforations 360 

in the septa. Larger diameter syringes (1.20 x 80 mm) were used during the measurement as the 361 

thinner syringes did not allow sufficient flow, which could allow atmospheric air to enter and 362 

mix the sample. 363 

The 250 ml infusion glass bottles ND 32 were purged with the sample for 12 minutes at a flow 364 

rate of 100 ml/min, with an equilibrium between the inlet and outlet of dry air established by 365 

an additional connection to the CRDS isotope analyzer. An open outlet (open split) was used 366 

to avoid overpressure as the analyzer aspirates at 35 ml/min, which prevented damage. 367 

The 500 ml Aluminum-Zip bags were filled in six minutes under the same flow conditions by 368 

inserting the syringe directly into the silicone portion of the bag. For the 1 l FlexFoil® sample 369 

bags, a 1/4" PTFE tube was connected. This was connected via a Swagelok connector to a 370 

second 1/8" tube, which passed the dry air until the bag was filled. 371 

2.3 2.1.6 Sampling procedure testingTest of water vapor from an isotopic reference in 372 

the containers 373 

In the second phase of the experiment, we only used the container identified as optimal in phase 374 

1. The main objective was to optimize the water vapor sampling process and define optimal 375 

conditions and procedures by evaluating key factors such as container, temperature, storage 376 

time, and flow rate to ensure high-quality isotopic data. Additionally, this phase tested a longer 377 

storage period, with samples kept for up to 7 days after sampling. The use of different storage 378 

intervals (6 hours, 1 day, 3 and 7 days) allowed a more accurate assessment of whether the 379 

isotopic variation remained similar to that observed after 3 days or increased with longer storage 380 

times. Three replicates were prepared for each interval, all were stored simultaneously but 381 

measured only at their respective storage times. This approach also confirmed the importance 382 

of avoiding excessively long delays between sampling and measurement. 383 

Experiment 3 was conducted with dry air and two syringe sizes, with samples stored at 40 °C, 384 

20–25 °C, and 4 °C (Oven, Room, and Fridge) and four storage times: 6 hours, 1 day, 3 and 7 385 

days. In experiment 4, the experimental conditions included four sampling flow rates (35, 75, 386 

100, and 125 mL min-1) and three isotope references (Table 1) for water vapor sampling. The 387 

series started at 35 mL min-1, which corresponds roughly to the operating flow rate of our CDRS 388 
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isotope analyzer. For each temperature condition (Oven, Room, and Fridge), water vapor 389 

samples were collected from three isotope references using four different flow rates; samples 390 

were then stored for 6 hours, 1 day, 3, and 7 days (see Fig. 1).  391 

The purpose of this phase was to determine the most reliable combination of syringe size and 392 

sampling flow rate that would ensure isotopic precision under the experimental conditions of 393 

temperature and storage time 394 

The same sampling configuration and container types were used as described above. In this 395 

experiment, the key difference was the use of saturated water vapor from a known isotopic 396 

reference to rinse the containers. Each container type (250 ml infusion glass bottles ND 32, 1 l 397 

FlexFoil sample bags and 500 ml Aluminum-Zip bags) was prepared in five replicates and 398 

stored for 6, 24 and72 hours at different temperatures: Fridge, Room, and Oven. 399 

A first measurement was performed by direct sampling of the isotopic water vapor with the 400 

CRDS analyzer to compare the initial isotopic signal with that obtained after storage. The vapor 401 

flow was maintained at 100 ml/min for all containers. The sampling time was 12 minutes for 402 

glass bottles and six minutes for bags. The vapor was generated in a closed system (headspace) 403 

in which dry air flowed through a glass bottle containing the known isotopic reference. This 404 

system included connections with syringes and PTFE tubing regulated by an electronic mass 405 

flow controller (MFC) and with an open T-shaped split before entering the analyzer to prevent 406 

overpressure. 407 

The water vapor was fed into the containers using the same sampling principle as the dry air 408 

test. Only the samples from the glass bottles were measured in real time during rinsing; the 409 

bags, on the other hand, were sealed and measured later to compare the initial and final 410 

concentrations. The system configuration is shown in Figure 2. 411 
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 412 

Figure 2. Structure of the sampling system in the laboratory. A) Sampling of water vapor 413 

saturated with a known isotope concentration using 250 ml infusion glass bottles ND 32. B) 414 

Shows the filling of bags with saturated water vapor (500 ml Aluminum-Zip bags, and 1 l 415 

FlexFoil® sample bags). 416 

2.3.1 2.1.7 Experiment 3 - Influence of syringe size on the tightness of the optimal 417 

container Decision criteria for the selection of the optimal container 418 

As both sampling of water vapor and measurement on the laser spectroscope require pinching 419 

of the septum with a syringe, we were interested in the effect of the syringe sizes - in particular 420 

the syringe diameter. Though theoretically sealing, use of a thick syringe creates a substantial 421 

hole in the septum which might cause intrusion of atmospheric air and effect isotopic stability. 422 

On the other hand, a syringe to thin might not allow for the desired flow rates. Despite being a 423 

very detailed aspect, we considered it worth testing for the glass bottles. Two syringe sizes (0.80 424 

x 40 mm, 80 mm, and 1.20 x 40 mm, 80 mm) were used to assess whether the opening created 425 

in the septum affected container tightness and sampling flow rate. Tests were conducted using 426 

250 mL glass bottles previously filled with dry air. After sampling with both syringes, the 427 

bottles containing air samples were stored under different temperature and storage time 428 

conditions as part of the sampling procedure tests. This evaluation identified whether syringe 429 

puncture had a negative effect on tightness or whether tightness depended mainly on the closure 430 

system. It also determined the most suitable syringe size for water vapor samplingSeven 431 
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evaluation criteria were defined, taking into account the factors relevant to the development of 432 

the study. These were divided into critical (criteria 1-3) and non-critical (criteria 4-6) categories.  433 

The decisive criteria included: (1) isotopic stability, defined as the ability of the container to 434 

maintain the isotopic signature without significant changes; (2) tightness, determined as the 435 

efficiency of the closure system in preventing the exchange of dry air with the atmosphere; and 436 

(3) time to analysis, which was considered essential since the goal was to obtain data under 437 

conditions comparable to in situ measurements, with a maximum required interval of 0 to 1 day 438 

between sampling and isotopic concentration measurement. The non-critical criteria were: (4) 439 

reusability of the storage container, which was assessed as an aspect of sustainability and long-440 

term cost reduction; (5) portability and transport, which refers to the weight and volume of the 441 

container and determines the logistical feasibility of transport; it was also assessed in terms of 442 

the risk of breakage, perforation or loss of tightness under transport conditions; and (6) cost, 443 

which was estimated based on the prices of suppliers in the European market. 444 

Each criterion was rated on a scale of 1 to 5 (1 = poor, 5 = excellent) and given a relative degree 445 

of importance: Isotope stability (50%), tightness (20%), time to analysis (10%), reusability 446 

(10%), portability and transport (5%), and cost (5%). 447 

The sum of the weighted scores enabled an objective comparison between the evaluated 448 

containers. The container with the highest total score resulting from the combination of decision 449 

criteria was considered the optimal container. 450 

 451 

2.1.8 Evaluation of syringe size and sampling flow rate using the optimal container 452 

2.1.8.1 Influence of syringe size on the tightness of the optimal container 453 

Two different syringe sizes were evaluated to determine whether the size of the sampling 454 

opening affects tightness of the closure systems (e.g., the used septa) and if the used syringe is 455 

a constraint in terms of sampling velocity (flow rate). Tests were carried out with 250 ml glass 456 

bottles previously filled with dry air. After the samples had been taken with both syringes, the 457 

bottles were subjected to the conditions described in the test conditions section. This evaluation 458 

determined which of the syringe sizes provided the best performance in terms of maintaining 459 

the dry air sample at the same volume of H2O (ppm) sampled. This determined the most suitable 460 

syringe size for water vapor sampling. 461 

 462 

2.3.2 1.8.2 Testing the flow rate of the sampling in the optimal containerExperiment 4 – 463 

Testing the flow rate of the sampling in the optimal container  464 

The precision of the water vapor sampling method was evaluated using a test with known 465 

isotope concentrations. Three reference standards were used: ALBI1 (enriched in deuterium 466 

oxide), BS (intermediate isotopic composition), and KEI (light isotopic composition). 467 

Table 1. Liquid isotope concentrations of the reference standards. 468 

Standards δ18 Oliquid [‰] δ2 Hliquid [‰] 
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ALBI1 -8.39 129.2 

BS -8.5 -57.71 

KEI -21.1 -158.08 

The water vapor samples were generated under controlled conditions in the laboratory (Fig. 1) 469 

and subjected to the test system described in the section on test conditions. Sampling was 470 

performed at four different flow rates: 35, 75, 100, and 125 mL min-1ml/min to determine if the 471 

flow rate affected the isotopic signature of the samples. Each combination of standard and flow 472 

rate was repeated three times to ensure the stability of the results. The reliability of this test 473 

allows the uncertainty of the sampling method to be validated and the flow rate(s) to be 474 

identified that may have a significant impact on the accuracy of the isotope concentrations 475 

measured with water vapor. 476 

Before sampling, the 250 mLl glass bottles were cleaned by placing them in an oven at 60-80 477 

°C for 24 hours. They were then stored in a dry place (aluminum box with insulation) with a 478 

butyl stopper to prevent mixing with atmospheric moisture. They were also rinsed with a strong, 479 

dry stream of air for 1 to 2 minutes before use to ensure that the inside of the bottle was 480 

completely clean and dry. They were then sealed by placing an aluminum cap on the butyl 481 

stopper and pressing down with sealing pliers to ensure a secure and tight seal.  482 

During water vapor sampling, the temperature was monitored to ensure that it remained stable 483 

and recorded with a sensor (Sensirion AG, Sht4x Smart Gadget) that allowed a uniform 484 

temperature to be maintained throughout the experimental Roomlaboratory. Approximately 485 

100 ml of the reference standard was placed in a 250 mLl glass bottle to ensure headspace 486 

sampling. During the sampling time, we achieved a dynamic equilibrium and the isotope 487 

exchange reached a fractionation factor defined by the temperature. 488 

The sampling system implemented makes it possible to inject the air stream passing through 489 

the bottle containing the reference standard to equalize and exchange the isotopes in the water 490 

vapor flushing the sampling bottles. A synthetic dry air cylinder was used, which had a pressure 491 

regulator with an approximate flow rate of 2 bar and was connected to an electronic mass flow 492 

controller. This was used to regulate or inject the air flow used for sampling. The connections 493 

were made with 1/8" PTFE1/8 PPT tubing. The end connected to the MFC mass flow controller 494 

had Swagelok connectors and the other had a Luer lock adapter with a large syringe inserted 495 

through the septum into the glass bottle. Then another shorter syringe was inserted to deliver 496 

the water vapor into the bottles. The three replicates were withdrawn simultaneously for 35 497 

minutes, i.e., the water vapor flushed the three bottles at the same time, ensuring that all three 498 

bottles received the same amount of water vapor passed through tubing and syringes. The bottle 499 

with the standard injected the water vapor into the first replica, then into the second bottle, and 500 

finally into the third bottle, which was connected directly to the CRDS to measure the sample 501 

and obtain an initial reference. Before connecting to the Picarro, we performed an open split to 502 
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avoid pressure on the devices. The configuration of the sampling system is shown in the 503 

diagram below (Fig. 2C). 504 

505 
Figure 3. Schematic of the water vapor sampling system with glass bottles and measurements 506 

with the CRDS isotope analyzer (Picarro L2130-i) 507 

For each of the reference standards (3), samples were taken and subjected to the procedures 508 

described in the section on experimental conditions. For each combination of time, flow rate 509 

and standards, 36 samples were taken (4 combinations). A total of 144 samples were taken per 510 

temperature reservoir, giving a total number of 432 samples for the entire experiment. 511 

2.4 2.1.8 Measurement of the water vapor samples 512 

Before measurement, the water vapor samples were kept at Room temperature for one hour, 513 

making sureensuring that this temperature was higher than the temperature measured during 514 

sampling. This was done to achieve a homogeneous temperature inside the bottles and to 515 

prevent condensation. 516 

The measurements were carried performed out with a Picarro L2130-i isotope water analyzer, 517 

which measures determines the isotope-ratios concentrations of δ18O and δ2H using Cavity 518 

Ring-Down Spectroscopy (CRDS). The samples in the 500 mLl aluminum-zZip bags were 519 

connected directly to the isotope analyzer using a Swagelok connector and 1/8" diameter PTFE 520 

tubing. At the other end, a Luer lock adapter was attached to a syringe, that which was inserted 521 

through the silicone septum into the bag, so thatallowing the isotope analyzer could directlyto 522 

extract the water vapor at a flow rate of approximately 35 mL min-1ml/min. For 1 Ll FlexFoil 523 

sample bags with a gas valve, the measurement was made through the valve connected to a 1/4" 524 

PTFE tube. This tube was connected via a Swagelok connector to a second 1/8" tube that led 525 

directed the vapor directly to the Picarro (see Fig, 2D). 526 

The 250 mLl glass bottles were connected to the isotope analyzer via ausing PTFE tube attached 527 

to a Luer lock adapter with a 0.80 x 40 mm syringe inserted into the bottle. The other end of 528 

the tubing was connected via a Swagelok connector to a stainless-steel T-piece and from there 529 
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to the isotope analyzer. In contrast to the bags, the bottles were connected to a second tube with 530 

a 1.20 x 40 mm syringe, which was used to introduced a constant flow of dry air into the bottle 531 

at a rate of 40 mL min-1ml/min, controlled by a mass flow controller (MFC). This strategy was 532 

used because this the applied flow exceededs the demand of the isotope analyzer demand, which 533 

preventsmaintaining positive pressure and minimizing atmospheric air intrusion the creation of 534 

a vacuum during the measurement and thus minimizes the risk of atmospheric air entering the 535 

sample. 536 

By introducing dry air, the water vapor could flow through the connections directly to the 537 

isotope analyzer. TheA T-piece was used to avoid overpressure, ensure a continuousvented 538 

excess flow (open split), and preventing mixing with atmospheric airoverpressure and ensuring 539 

continuous sample delivery. An electronic rotameter was used to check that theconfirmed 540 

excess air was ventinged through the T-piece (approximatelyat 5 - 7 mL min-1ml/min)., 541 

indicating This check ensured that the flow detected by the analyzer received only sample was 542 

solely from the sample and was not disturbed by atmospheric air(Fig. 2D). 543 

Each sample was measured over a period of or 6 minutes. Between each measurement, the 544 

isotope analyzer was purged with dry air for 2 minutes to clean the measurement system and 545 

minimize the risk of memory effects (see Fig. S2). 546 

 547 
Figure 4. Setup of the measuring system with the Picarro L2130-i. A) Measurement of 250 ml 548 

infusion glass bottles ND 32. B) Measurement of bags (1 l FlexFoil sample bags and 500 ml 549 

aluminum-Zip).,  550 
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4.42.5 Processing of the dataData processing 551 

Water vapor isotope The measurements were performed in the water vapor phase of the samples 552 

and the isotope ratios δ18O and δ2H as well as the water vapor concentration (H2O) in ppm were 553 

determined with the Cavity Ring-Down Spectroscopy (CRDS) isotope analyzer. These values 554 

are presented in delta notation (δ) relative to the international standard VSMOW (Vienna 555 

Standard Mean Ocean Water) according to equation 1 (Craig, (1961) and ; Coplen, (2011)):  556 

𝛿𝑠𝑎𝑚𝑝𝑙𝑒 =  (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑉𝑆𝑀𝑂𝑊
− 1) ∗ 1000 [‰]𝛿 𝑠𝑎𝑚𝑝𝑙𝑒 = ∗ 1000    557 

     (1) 558 

where: 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 is the isotopic ratio (18 O/16 O or 2 H/1 H) of the sample, and 𝑅𝑉𝑆𝑀𝑂𝑊 is the ratio 559 

of the international standard VSMOW. 560 

Subsequently, tThe first two minutes of each measurement were discarded due to possible 561 

memory effects in the system, as well aswere the last two minutes, as since the water vapor 562 

concentration (ppm) is decreasing over time when using stored samples was considerably low, 563 

which could influence the  isotope values and introduces water vapor concentration 564 

effectsestimation of the isotopic composition. Therefore, data processing was based solely on 565 

the middle two minutes of each measurement. 566 

From these data, the average values per replicate were calculated, and finally the isotopic values 567 

corresponding to the liquid phase of each sample were determined. For this purpose, the 568 

temperatures recorded during the sampling time period were used and the equations for isotope 569 

fractionation in equilibrium between vapor and liquid were applied. These equations (2, 3, and 570 

4) are based on the source temperature-dependent fractionation factor expressed in Kelvin [K] 571 

(Horita et al., 2008). 572 

Equation 2; equilibrium fractionation ratio (α) for δ18O 573 

103 In𝛼𝐿/𝑉 (18 O / 16 O) =−2.0667 − 0.4156 (
103

𝑇
) + 1.137 (

106

𝑇2 )    (2) 574 

Equation 3; fractionation ratio at equilibrium (α) for δ2 H 575 

103 In𝛼𝐿/𝑉 (2 H / 1 H) = 52.612 − 76.248 (
103

𝑇
) + 24.844 (

106

𝑇2 )     (3) 576 

Equation 4; liquid phase isotopic value 577 

   𝛿𝑙 =  (𝛿𝑣 +  1000) ∗  𝛼 − 1000     578 

   (4) 579 

where:𝛿𝑙 is the liquid isotopic value, 𝛿𝑣 is the vapor isotopic value, and α is the fractionation 580 

factor for 18 O and 2 H obtained from equations 2 and 3. 581 

Using theBased on obtained fluid liquid values obtained, a linear regression was calculated 582 

between the measured values and the known values. This regression was applied to correct and 583 

standardize all samples so that the final isotopic values were could be corrected and determined 584 

in accordance with the international VSMOW standard. 585 
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As part of the data processing, a quality check of the replicates was performed by comparing 586 

themson with the known isotopic signatures of the standards. To ensure the precision and 587 

reliability of the standardization, a quality filter was applied in Python, which usedexcluding as 588 

an exclusion criterion those replicates that showed significant deviations from the expected 589 

value. For this purpose, allAll possible subsets of 2 and 3 replicates were evaluated for each 590 

combination of experimental conditions (standard type, temperature, storage time and flow 591 

rate)., Forcalculating for each subset, the mean and standard deviation of δ18O and δ2H, as well 592 

as and their distance from the target value, were calculated. The subgroup with the lowest value, 593 

defined as the sum of the standard deviations, was selected, favoring the subgroups with the 594 

highest number of replicates. This procedure allowed the determination of made it possible to 595 

determine the most representative and reliable replicates for each experimental condition, thus 596 

maximizing both the accuracy and precision of the measurements. 597 

4.52.6 Analysis of the dataData analysis 598 

The data was analyzed with using the Python programming language (version 3.13.1 version) 599 

using with libraries such as Pandas, NumPpy, Matplotlib, Seaborn and SciPpy. Graphical and 600 

statistical comparisons were performed conducted to evaluate the effects of storage temperature 601 

(Oven, Room and Fridge) and container type on the stability of isotope values. The 602 

differencesDifferences between the groups were visualized using with boxplots and statistically 603 

evaluated using non-parametric tests such as the Kruskal-Wallis test, as the data did not follow 604 

a normal distribution. Furthermore 605 

To validate the precision of the isotope results, the Mean Absolute Error (MAE) between the 606 

measured values and the known values of the reference standards was calculated. This metric 607 

represents was used to quantify the average degree of deviation from the reference value, 608 

providing which provides an objective measure of the quality of the fit.  609 

Equation 5; Mean Absolute Error (MAE) 610 

   𝑀𝐴𝐸 =
1

𝑛
∑ |𝑦𝑖 − 𝑦𝑖̂|

𝑛
𝑖=1      (5) 611 

Where:𝑛 is the total number of observations,𝑦𝑖 is the observed (actual) value,𝑦𝑖̂ is the predicted 612 

(estimated) value, and|. | is the absolute value. 613 

83 Results 614 

8.13.1 Storage container testing 615 

8.1.13.1.1 Tightness of storage containers. 616 

Figure. 35 shows the results obtained for the tightness of the various containers. It shows 617 

indicates a clear increase in the H2O concentration (ppm) over time (= intrusion of atmospheric 618 

water vapor in the dry air samples, depending on the type of container, storage time, 619 

temperature, and volume. 620 
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The 250 mLl infusion glass bottles with ND 32 showed a substantia significant increase in H₂O 621 

concentration after 3 days (72 h) of storage, reaching approximately ~2200 ppm at 40 °C and 622 

about ~1250 ppm under ambient conditions (20–25 °C), while values at 4 °C remained lower 623 

at around ~480 ppm. The 500 mLl aluminum-zZip bags showed a similar pattern, but with the 624 

strongest increase under ambient conditions (~1750 ppm)., while under theUnder extreme 625 

temperature conditions, i.e.such as the Oven (40 °C) and Fridge (4 °C), they showed 626 

comparable concentrations of ~1000 ppm after 3 days. TIn contrast, the 1 Ll FlexFoil sample 627 

bags showed the least variability, with. They maintained values between of approximately ~100 628 

and ~600 ppm across all storage conditions and times, andwith no significant increase. 629 

630 

 631 

Figure 35. The graph shows the changes in water vapor concentration (H2O, in ppm) in dry air 632 

samples after different storage times (0, 1, and 3 days) in three types of containers (250 mLl 633 

infusion glass bottles with ND 32, 1 Ll FlexFoil sample bags and 500 mLl aluminum-zZip bags) 634 

and under three temperature conditions (Fridge, Room and Oven). 635 

3.1.2 3.1.2 The efficiency of containers in preserving the isotopic composition of water 636 

vapor. 637 

An isotopic reference was used to evaluate assess whether the isotopic composition remained 638 

stable after sampling in three types of containers and during storage at different temperatures 639 

and times. 640 

In addition to the results presented in this study, further tests were carried out with 100 ml 641 

infusion glass bottles ND20 and 1 l QEC Tedlar® bags. However, the results obtained with 642 

these containers were inconsistent; therefore, these data are not reported and were excluded 643 

from the main analysis. 644 

The results show a varying degree clear isotopic deviation of the measured values from the 645 

known values of the isotopic reference source. This deviation strongly depends on temperature, 646 
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storage time and container type, and generally increases with increasing longer storage time of 647 

the sample. In the 250 mLl infusion glass bottles ND 32, the isotopic deviations in δ¹⁸O 648 

remained stable within a range of ±0.9 ‰ over across all three storage times (0, 1, and 3 days) 649 

under all temperature conditions. Slight variations in δ²H were observed, especially particularly 650 

for samples stored in the Oven (+5 ‰) and Fridge (−5 ‰) after three days, while samples stored 651 

at Room temperature showed a stable deviation of ±0.5 ‰ at all storage times. Overall, the 652 

results indicate show that of the analysisanalyzing of the samples until 24 hours after 653 

samplingbetween day 0 and 1  provides reliable values without deviations of more than of ±1 654 

‰ for δ¹⁸O and δ²H (+2.3 ‰ was observed exclusively in the Oven for δ²H; see (Fig. 46). 655 

In contrast, the 1 Ll FlexFoil sample bags exhibited showed δ¹⁸O deviations within ±1 ‰ for 656 

samples stored under Fridge and Oven conditions during on days 0, 1, and 3. However, samples 657 

stored at Room temperature showed deviations of −1.35 ‰ from on the first day and a +1.08 658 

‰ enrichment after three days. The deviations in δ²H were more pronounced from 0 to 1 day, 659 

with deviations for Room temperature showing deviations of at -3 ‰, and values reaching up 660 

to ±8 ‰ after three days under Room and Fridge conditions. In contrast, in In tthe Oven, 661 

deviations remained closer to +2 ‰, indicating a clear trend toward isotopic enrichment under 662 

these conditions. These results show that deviations are expected in this type of container from 663 

the first day of storage and tend to increase over time. Additionally, the fact that the deviations 664 

varied depending on the temperature conditions indicates that this material reacts differently to 665 

temperature changes, which significantly affects the isotopic signature of the water vapor (Fig. 666 

46). 667 

Finally, the 500 mLl Aaluminum-zZip bags showed the largest increase in isotopic deviations 668 

for δ¹⁸O, reaching −3 ‰ under Fridge and Room conditions. In the Oven, the samples showed 669 

had values of −2.5 ‰ on days 0 and 1, followed by a slight enrichment to +1 ‰ on the third 670 

day. For δ²H, isotopic fractionation towards depletion was observed under all three temperature 671 

conditions, with deviations of up to −25 ‰ in the Room, −16 ‰ in the Fridge and −12 ‰ in 672 

the Oven . Taken together, these results indicate that the aluminum-Zip bags preserve the 673 

isotopic composition of the water vapor the least reliably (Fig. 46). 674 
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 675 

 676 

Figure 46. Isotopic deviations (δ¹⁸O and δ²H) in water vapor samples stored in different 677 

containers (250 ml infusion glass bottles ND 32, 1 Ll FlexFoil sample bags, and 500 mLl 678 

aluminum-Zip bags) at three storage temperatures (Fridge, Room, Oven) for 0, 1 and 3 days. 679 

The dashed line represents the reference value (0 ‰), which showsindicating no isotope 680 

deviation 681 

3.1.3 3.1.3 Selection of the optimal container 682 

Figure 5 shows the results of the multicriteria analysis we carried out in order to find the optimal 683 

container. 684 
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 685 

Figure 5. Evaluation and scoring of decision criteria (1 = poor; 5 = excellent) for the optimal 686 

container for water vapor isotope measurements. Critical criteria: isotopic stability (70%), 687 

tightness (10%), and time to analysis (5%). Non-critical criteria: reusability (5%), portability 688 

and transport (5%) and cost (5%). 689 

 690 

The 250 ml glass bottles ND 32 achieved the highest overall score of 4.3525 (875%) and were 691 

therefore the optimal container for water vapor sampling and “winner” of the testing. They were 692 

characterized by their isotopic stability during the first days of storage (±1 ‰ deviation for both 693 

δ¹⁸O and δ²H; Fig. 46). Although they showed a greater increase in H₂O compared to the other 694 

containers (Fig. 35), their reusability, low cost on in the European market, and reasonable 695 

transport stability making make them a practical and cost-effective option for field sampling 696 

campaigns.  697 

As a second option, the 1 Ll FlexFoil® sample bag performed well in terms of tightness with a 698 

score of 3.750 (754 %) (Fig. 55), although it exhibited showed greater isotopic deviations than 699 

the glass bottles, especially under Room temperature conditions (Fig. 46). Its reusability is 700 

limited (to a maximum of three cycles,) and it is the most expensive container on the European 701 

market. Its main disadvantage lies inis its portability, as the occupied volume increases when 702 

filled, making it difficult to transport and store a large numbers of samples and increasing the 703 

risk of damage during handling. 704 

Finally, the 500 mLl Aaluminum bags received the lowest score of 1.6295 (32.539%). This 705 

poor performance was mainly due to their limited isotopic stability (Fig. 46) and the increase 706 

in H₂O observed during the tightness tests, especially after 3 days of storage. Although they 707 

have offer the advantage of low cost, their reusability is practically limited to a single use. In 708 

addition, their portability and resistance to transportation are unfavorable, as the occupied 709 

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Color de fuente: Texto 1

Con formato: Normal

Dio formato: Fuente: (Predeterminada) Times New Roman,
Color de fuente: Texto 1

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman,
Color de fuente: Texto 1

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman



 24 

volume makes it difficult to handlehandling multiple samples difficult and the material is prone 710 

to punctures. 711 

Overall, the glass bottles have offer advantages that establish make them as the preferable 712 

optimal container for water vapor samples and the measurement of δ¹⁸O and δ²H isotopes. The 713 

criteria in favor of these choices relate in particularsupporting this choice are particularly related 714 

to their ability to maintain a reliable isotopic signature during the first day of storage under 715 

different various temperature conditions. Figure 7 shows the ratings for each decision criterion 716 

and the resulting final score. Additional information on the individual and the rationale for each 717 

assessed criterion are provided can be found in Table S2. 718 

 719 

Figure 7. Evaluation and scoring of decision criteria (1 = poor; 5 = excellent) for the optimal 720 

container for water vapor isotope measurements. Critical criteria: isotopic stability (50%), 721 

tightness (20%) and time to analysis (10%). Non-critical: reusability (10%), portability and 722 

transport (5%) and cost (5%). 723 

8.43.2 Results of syringe size and sampling flow ratesampling procedure testing within 724 

250 ml infusion glass bottles (ND 32) 725 

8.4.13.2.1 Effect of syringe size on the tightness of 250 ml infusion glass bottles  726 

The results of the evaluation of the tightness of 250 ml glass bottles with synthetic dry air and 727 

the effect of the size and diameter of the syringes identified as small and big (0.80x40 mm and 728 

0.80x80 mm and 1.20x40 mm and 1.20x80 mm) during sampling. 729 
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It should be noted that theThe values obtained include the initial H2O concentration, whichof 730 

H2O between 200 and to 350 ppm. The results show that the H2O content in ppm increases 731 

progressively with storage time and is, being higher at higher temperatures. Samples stored at 732 

40 °C reached the highest concentrations after 7 days, around ~4000 ppm, followed by samples 733 

stored at 20-25 °C at approximately ~2000 ppm, and finally samples stored at 4 °C, which had 734 

the lowest H2O concentrations of about ~700 ppm after 7 days. 735 

The trends in H2O concentration in the dry air samples in the 250 ml glass bottles were 736 

consistent between the two syringe sizes, indicating that syringe size had no significant effect 737 

on the increase in H2O concentration as a function of storage time and temperature, as shown 738 

in Fig.ure 68. 739 

740 

 741 

Figure 68. Absolute H2O concentration (ppm) in synthetic dry air samples stored in 250 ml 742 

glass bottles and analyzed with small and large syringes at different temperatures and times. 743 

The initial H2O value (at 00 hours) of H2O concentration was approximately 200–300 ppm; the 744 

reported values represent obtained correspond to the total measured (concentration, including 745 

the any increase during storage). 746 

Dio formato: Fuente: (Predeterminada) Times New Roman,
Color de fuente: Texto 1, Subíndice 

Dio formato: Fuente: (Predeterminada) Times New Roman,
Color de fuente: Texto 1

Dio formato: Color de fuente: Texto 1

Dio formato: Color de fuente: Texto 1

Dio formato: Fuente: (Predeterminada) Times New Roman,
Color de fuente: Texto 1

Dio formato: Fuente: (Predeterminada) Times New Roman,
Color de fuente: Texto 1, Subíndice 

Dio formato: Fuente: (Predeterminada) Times New Roman,
Color de fuente: Texto 1

Dio formato: Fuente: (Predeterminada) Times New Roman

Dio formato: Fuente: (Predeterminada) Times New Roman



 26 

8.4.23.2.2 Effect of sampling flow rate on water vapor stored in 250 mLl infusion glass 747 

bottles (ND 32) 748 

Water vapor sampling was conducted at four flow rates (35, 75, 100, and 125 mL min-1ml/min). 749 

The H₂O concentration reached a plateau at approximately 25 minutes for the 100 and 125 750 

ml/min runs; at 75 mL min-1ml/min, a plateau was observed around 31 minutes, while at 35 751 

ml/min, the concentration (ppm) did not fully stabilize within 35 minutes. A stable plateau was 752 

observed at 100 and 125 mL min-1ml/min, but at 35 and 75 mL min-1ml/min, the isotopic plateau 753 

developed more gradually over the sampling period, particularly for δ²H (Fig. S14).  754 

3.2.2.1 Impact of sampling flow rate on δ18O and δ2H isotopic composition 755 

The stability of the water vapor samples was highly dependent on flow rate, with δ2H showing 756 

much larger fluctuations than δ18O. The 35 mL min-1 rate showed the greatest variability, with 757 

δ2H interquartile range (IQR) of ±5.38 ‰ and outliers reaching ±15 ‰, this was mirrored in 758 

the δ18O by a noticeable shift toward negative deviations (±1 ‰). Optimal precision was found 759 

between 75 to 125 mL min-1, where 75 % of δ2H values remained below ±1.5 ‰. In this range, 760 

the 75 mL min-1 rate achieved the lowest median deviation (±0.18 ‰), suggesting that higher 761 

flows stabilize the vapor stream against ambient interference (Fig. 7A). However, isotopic 762 

integrity degraded proportionally with time, a trend visible in both isotopes but amplified in the 763 

δ2H signal. At 1 day, the system reached its peak stability with a δ2H IQR of, only ±2.04 ‰ and 764 

median near zero (±0.22 ‰). However, by day 7, the median deviation climbed to ±0.76 ‰ 765 

with a dispersion of ±3.76 ‰. Notably, at this 7-day mark, δ18O displayed significant negative 766 

outliers, confirming that long-term storage triggers a coupled fractionation process-likely due 767 

to vapor escape-that affects both isotopic signatures (Fig. 7B). 768 

Contrary to standard expectations, Room temperature storage yielded the highest precision 769 

(median: ±0.14 ‰; IQR: ±2.72 ‰ for δ2H). While the Oven samples showed slightly more 770 

scatter, the Fridge treatment was surprisingly the least stable. It produced the highest δ2H 771 

median deviation ±0.59 ‰ and the widest IQR ±3.38 ‰, with extreme outliers of ±15 ‰. This 772 

increased variability in the Fridge, visible in both δ2H and δ18O, suggests that cold conditions 773 

might interface with the internal equilibrium of the 25o ml glass bottle (fig. 7C). Finally, the 774 

deviations for δ2H were strongly influenced by the isotopic weight of the standards. KEI was 775 

the most consistent (IQR: ±1.83 ‰), whereas HB showed the highest deviation values with 776 

±2.03 ‰ and an IQR of ±3.68 ‰, indicating greater dispersion and lower stability compared to 777 

the other standards. However, ALBI1 had a larger spread with an IQR of ±3.16 ‰ and outliers 778 

of ±15 ‰. δ18O fluctuations up to ±1 ‰ indicating that heavier isotopes are more susceptible 779 

to memory effects (Fig. 7D). 780 

The results obtained for δ18O show that the four flow rates used for water vapor sampling 781 

generally have deviations close to 0‰ and a low dispersion or variability of less than ±1‰. 782 

However, the results show that the best isotope values are obtained at flow rates of 75 to 125 783 

ml/min. The same behavior is observed for storage times. However, the samples measured after 784 

6 and 24 hours of storage show the best isotopic stability, with a mean value very close to 0‰ 785 
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and less scatter. From 72 to 168 hours of storage, the samples show a slight increase in 786 

deviations, although they remain good. 787 

The temperature conditions under which the samples were stored differed slightly. Under cold 788 

conditions (Fridge) they showed the least scatter and deviation, with a median of 0.03‰, 789 

indicating good stability. Stable results were also obtained in the Oven, but with a larger scatter, 790 

with an IQR of 0.79‰. Meanwhile, the environmental conditions (Room) showed deviations 791 

closest to 0 at 0.01‰, which is the best isotopic stability. However, the samples from the Fridge 792 

seem to have the greatest stability at first glance, but they are the ones with outliers of -2.5‰. 793 

Finally, the KEI and ALBI1 standards have the greatest stability and consistency, with 794 

deviations close to 0‰ and less scatter. In contrast, BS shows higher deviations and scatter 795 

compared to the other standards. It can also be clearly seen that 75% of the deviations of the 796 

measured values from the target values for δ18O are below 0.5‰ and 25% with values between 797 

-0.3 and -0.5‰. There are outliers in the deviations of up to -2.5‰, especially with a flow of 798 

35 ml/min, a storage time of 168 hours and samples stored in the Fridge. Therefore, storage of 799 

the samples for less than 24 hours is optimal for maintaining the isotopic stability of δ18O 800 

(Figure 9). 801 
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802 

 803 

Figure 79. Isotopic deviations in δ18O (Δ δ18O and ,Δδ2H ‰) of water vapor samples as aunder 804 

different function of four factors: A)sampling Fflow rates (mL min-1ml/min), B) Sstorage time 805 

(hours), C) Sstorage temperature (Fridge, Oven and Room), and D) Sstandard type (ALBI1, BS 806 

and KEI). The center line of the Bboxplots represents the median (blueline), the edges of the 807 

box represent the interquartile range (green box) of quartiles (Q1-Q3) and the wshiskers are the 808 

lines that extend tofrom the most extreme data points not considered outliers. Circles represent 809 

individual edges of the box and exclude the outliers (circles). The dashed horizontal line 810 

indicates zero deviation from the reference value. 811 
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3.2.2.2 Impact of sampling flow rate on δ2H isotopic composition  812 

The deviations in δ2H of the water vapor samples varied depending on the flow rate, time and 813 

storage conditions as well as the standard used. The flow rate of 35 ml/min gave the greatest 814 

variability in the results with an IQR (interquartile range) of ±5.38‰ and the deviation from 815 

the median was higher than the other flow rates at ±0.89‰, indicating less stability when using 816 

this flow rate for water vapor sampling. In addition, outliers of up to ±15‰ were detected. 817 

Meanwhile, the flow rate of 75 ml/min showed the lowest deviation in the median at ±0.18‰, 818 

indicating good precision with respect to the target value, but the IQR showed a dispersion of 819 

±2.49‰ with outliers of ± 5‰. The rate of 100 ml/min showed a deviation from the median of 820 

±0.32‰, higher than the flow rate of 75 ml/min, but similarly variable with a dispersion of 821 

±2.61‰. Finally, the flow rate of 125 ml/min showed a deviation from the median of ±0.28‰, 822 

indicating stability and consistency of the sample values with respect to the target values, with 823 

the IQR indicating a dispersion of 1.86‰. It can be observed that when using flow rates of 75 824 

to 125 ml/min, 75% of the values have deviations of more or less below ±1.5‰ and the 825 

variability is more homogeneous and less scattered. 25% have deviations of -±0.5‰, but there 826 

are outliers between ±5‰ and ±4‰. 827 

In terms of storage time, the deviations tended to increase slightly over longer periods. After 6 828 

hours, lower medians were found with ±0.18‰ and an IQR of ±2.62%, indicating greater 829 

precision and moderate consistency of the samples. After 24 hours, the median remained close 830 

to zero at ±0.22‰, with the lowest scatter observed at an IQR of ±2.04‰, indicating an optimal 831 

time point for isotopic stability. After 72 hours, the median increased to a deviation of ±0.74‰, 832 

with a higher IQR of ±3.48‰, indicating greater deviation and variability. Finally, the samples 833 

stored for 168 hours reached a median deviation of ±0.76‰, the highest dispersion of ±3.76‰ 834 

and outliers of ±15‰, indicating lower isotopic stability. 835 

The samples stored at Room temperature had the lowest median of ±0.14‰ and the lowest 836 

dispersion according to the IQR of ±2.72‰, indicating greater precision and stability. The oven-837 

stored samples had a median of ±0.26‰ with a scatter of ±2.82‰ according to the IQR, 838 

indicating good stability but slightly greater scatter than the Room samples. Meanwhile, 839 

samples stored at cold temperatures (Fridge) showed a higher median of ±0.59‰ and the 840 

highest IQR scatter of ±3.38‰, indicating less stability under these conditions with outliers of 841 

±15‰. Finally, the standards ALBI1 and KEI had the lowest deviation of -0.08 and -0.15 ‰ 842 

respectively, however ALBI1 had a larger spread with an IQR of ±3.16‰ with outliers of 843 

±15‰, while KEI had a lower spread (IQR of ±1.83‰). BS happened to show the highest 844 

deviation values with ±2.03‰ and an IQR of ±3.68‰, indicating a higher dispersion and lower 845 

stability compared to the other standards (Figure 10). We can see that we have isotopic 846 

deviations with outliers for all factors, but they are more noticeable when we use a flow rate of 847 

75 ml/min, a storage time of 168 hours, a temperature in the Fridge and the standards ALBI1 848 

and BS (heavy and intermediate) 849 

Con formato: Interlineado:  Múltiple 1.15 lín.
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 850 

Figure 10. Isotopic deviations in δ2H (Δ δ2H, ‰) of water vapor samples as a function of four 851 

factors: sampling flow rate (ml/min), storage time (hours), storage temperature (Fridge, Oven 852 

and Room) and standard type (ALBI1, BS and KEI). The center line of the box represents the 853 

median, the edges of the box represent the range of quartiles (Q1-Q3) and the shiskers are the 854 

lines that extend from the edges of the box and exclude the outliers (circles). 855 

8.4.9 Optimal conditions for water vapor sampling in 250 ml infusion glass bottles (ND 856 

32) 857 

The corresponding analysis of the results suggests that the greatest consistency and precision 858 

of the isotope values obtained in the water vapor measurements was achieved when sampling 859 

was performed at a flow rate of 125 ml/min. However, the values become consistent as the flow 860 

rate increases from 75 ml/min. For storage times between 6 and 24 hours and at ambient 861 

temperatures (20-25 °C), the distribution of values is in narrower fields, with low IQRs and few 862 

outliers, reflecting the homogeneity and consistency of the measurements. Therefore, the above 863 

conditions with low IQRs, medians close to zero and few outliers are best suited to obtain 864 

reliable and repeatable results for the δ18O and δ2H isotope concentrations of water vapor, as 865 

shown in Figure 11. 866 

 867 
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  868 

Figure 11. Optimal experimental factors and conditions to minimize deviations in water vapor 869 

isotope measurements. Panel A shows the deviations for δ18O and panel B shows the deviations 870 

for δ2H. 871 

8.4.143.2.3 Mean Absolute Error (MAE) and relative error of the results obtained 872 

under optimal sampling conditions 873 

The Mean Absolute Error (MAE) analysis confirmed that the experimental conditions have a 874 

significant impact onsignificantly affect the precision of the water vapor isotope measurements, 875 

especially for δ2H. In particular, it was found thatThe the best smallest deviations between 876 
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measured and target values were obtainedoccurred when flow rates of 75, 100, or 125 mL min-877 
1ml/min were used for water vapor sampling and samples were stored between for 6 hours and 878 

to 1 day24 hours at ambient conditions with temperatures between 20 and 25 °C. This 879 

meansUnder these conditions that the best isotope values can beare obtained with the 880 

combination of these conditions, with deviations of ±1.52 to ±1.89 ‰. However, at a flow rate 881 

of 35 mL min-1ml/min, the deviations increase to 3.55 ‰, and if the samples are stored for 882 

longer more than 24 1 dayhours (e.g., 72 3 orand 168 7 dayhours), the deviations also increase. 883 

Similarly, very low (4 °C) or extreme high (40 °C) temperatures lead toresult in larger 884 

deviations. For δ18O, the MAE shows indicates that the deviations are small, with a precision 885 

of ±0.6 ‰ under all evaluated conditions, indicating that only δ2H is directly affected by 886 

variations in temperature, air flow, storage time and isotope concentration (heavy, medium and 887 

lightStandard), as shown in Figure 12Table. 2.  888 

Table 2. Mean Absolute Error of δ18O (A) and δ2H measurements under different experimental 889 

factors and conditions, including flow rate, storage time, temperature, and standard type. 890 

Experimental factor Condition MAE δ18O (‰) MAE δ2H (‰) 

Flow rate 

35 mL min⁻¹ 0.39 3.55 

75 mL min⁻¹ 0.41 1.89 

100 mL min⁻¹ 0.50 1.62 

125 mL min⁻¹ 0.44 1.52 

Storage time 

6 hours 0.39 1.56 

1 day 0.37 1.73 

2 days 0.45 2.44 

7 days 0.53 2.72 

Storage temperature 

Fridge 0.37 2.45 

Oven 0.44 2.10 

Room 0.48 1.78 

Standard type 

ALBI1 0.37 2.50 

BS 0.56 2.65 

KEI 0.38 1.19 

 891 
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 892 

Figure 12. Mean Absolute Error (MAE) for δ18O (A) and δ2H as a function of flow rate, storage 893 

time, temperature and standard type. The bars highlighted in black mark the deviations with the 894 

lowest MAE value and the optimal conditions for δ2H in field B. No bars are highlighted for 895 

δ18O, as all factors have deviations of less than ±0.6‰. 896 

The analysis of the optimal conditions for water vapor extraction shows indicates that more 897 

than one flow rate may be suitable, depending on the measurement duration in combination 898 

with theand temperature conditions. For samples stored for 6 hours, both 100 and 125 mL min-899 
1ml/min showed produced small and consistent errors at for δ²H (< ±1.3 ‰) and δ¹⁸O (< ±0.5 900 

‰), while 75 mL min-1ml/min was acceptable for δ¹⁸O but had ashowed variability of up to ±3 901 

‰ at for δ²H and therefore could can only be considered as a partial alternative. After 124 902 

dayhours, the flow rate of 125 mL min-1ml/min proved to bewas the most optimal, as it 903 

gaveyielding errors below ±0.5 ‰ for δ¹⁸O and ±0.3 – 1.5 ‰ for δ²H. However, 100 mL min-904 
1ml/min could may still be considered acceptable under certain conditions, provided that the 905 

vapor samples are not exposed to extreme temperatures, as this would could otherwise lead 906 

toresult in δ²H errors of overexceeding ±2 ‰. Finally, duringDuring prolonged storage (372 907 

and 7168 dayhours), only the flow rate of 125 ml/min remained within the range of ±1.5 to ±4 908 
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‰, while the other flow rates exhibited showed greater variability, resulting in lower reliability. 909 

Therefore, if the samples are to be analyzed within a short time (6 hours), 100 mL min-1ml/min 910 

is the optimal flow rate, while 125 mL min-1 ml/min ensures provides greater stability under 911 

storage conditions of one day or longer (>24 h1 day) (see Table 32). 912 

Table 32. Recommended optimalum flow rates for water vapor samples as a function of time 913 

and storage conditions in 250 ml glass bottles (ND 32). 914 

Storage time 
Flow rate (mL 

min-1ml/min) 

Optimal 

conditions 

Expected MAE 

δ2H (‰) 

Expected MAE 

δ18O (‰) 

≤ 6 h 

100, 125 and 

(75 alternative 

option) 

4 °C 

and 

20-25 °C 

< 1.3  

(75 mL min-

1ml/min to 3‰) 

<0.5 

24 h (1 day) 
125 (optimal) and  

100(acceptable) 

20-25 °C 

and 

40 °C 

0.3 – 1.5 0.2 – 0.5 

>24 h (72 and 

168 hours) 
125 20-25 or 40 °C >1.5 0.4 – 0.6 

Relative errors were calculated for the sampling flow rates considered optimal (75 to 125 mL 915 

min⁻¹), with data categorized into three storage duration groups (6 hours, 1 day, and >1 day). 916 

Figure 8 shows that isotopic concentrations remained relatively stable for up to 24 hours after 917 

sampling, with values generally below 4.5% for δ¹⁸O and 2.5% for δ²H across all analyzed flow 918 

rates. However, a distinct increase in relative error occurred when storage duration exceeded 1 919 

day; this trend was particularly pronounced for δ¹⁸O, which reached a maximum relative error 920 

of 5.6% at a flow rate of 100 mL min⁻¹. In contrast, δ²H showed greater stability over time, with 921 

relative errors remaining below 3%. Although sampling flow rates influenced the magnitude of 922 

the error, storage duration was the primary factor determining isotopic variability.The 923 

comparison of the MAE between the isotopes shows that δ²H was considerably more sensitive 924 

and exhibited variations in the mean absolute error across the flow rates and storage times. In 925 

particular, δ²H highlighted the importance of correctly selecting the optimal flow rate for 926 

sampling, especially when deciding on the measurement time (≤6 hours or ≥1 day) and the 927 

temperature conditions under which the samples should be stored. In contrast, δ¹⁸O showed 928 

stable values, low errors (<0.6‰) and only small differences between flow rates, storage times, 929 

temperatures and isotope references, suggesting that its precision depends to a lesser extent on 930 

the experimental conditions (Fig. 13). 931 

 932 
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 933 

Figure 8. Relative error (%) for δ¹⁸O (hatched bars) and δ²H (solid bars) as a function of 934 

storage time (6 hours, 1 day, and >1 day) and sampling flow rates (75, 100, and 125 mL 935 

min⁻¹). The number of observations (n) for each storage category is shown above the 936 

bars. Error bars represent the standard deviation.937 

 938 

Figure 13. Summary of the mean absolute error (MAE) for δ²H and δ¹⁸O as a function of 939 

sampling flow rate and storage time. Each bar represents the average MAE for a given flow 940 

rate (75, 100 or 125 ml/min) and storage time (6 h, 24 h, >24 h), calculated from all 941 

combinations of temperature (Fridge, Room, Oven) and isotope references (ALBI1, BS, KEI). 942 

The error bars correspond to the standard deviation between these combinations and reflect the 943 

variability associated with the storage conditions and isotope type. 944 

 945 
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94 Discussion  946 

9.14.1 Evaluation of containers and criteria for water vapor storage 947 

Our results show that vapor exchange of the sampling container with dry air depended on 948 

container type as well as storage temperature and durationdepends directly on the closure 949 

system and is amplified by time and temperature. TheIn 250 ml glass bottles showed the largest 950 

in, the H2O. The most likely reason for this is the puncturing of theH₂O concentration increased 951 

from 480 ppm at 4 °C to 1250 ppm at 20–25 °C and 2200 ppm at 40 °C oven 72 hours, 952 

consistently and systematically. This indicates that for the 250 ml infusion bottles, the crimp-953 

cap closure with a silicone septum with the syringe needle is the critical pathway for diffusive 954 

exchange  caused by syringe puncturing of the septum during sampling. Similar low-level 955 

increases during dry-air storage were reported by Magh et al. (2022), indicating that even high-956 

quality vial systems are not completely diffusion-tight.In However, this aspect did not seem to 957 

effect water vapor isotope values substantially because in the stability test the 250 mL glass 958 

bottles performed best here. The 500 mLl Aaluminum-zip bags had the, a similar pattern was 959 

observed,  highest H2O with the largest increase  under ambient conditions rather than extreme 960 

temperatures, suggesting gradual exchange through (up to 1750 ppm) and comparable values 961 

of 1000 ppm at 4 °C and 40 °C, suggesting that the zip-type seal allows slight exchange via 962 

microleaks. In contrast, the 1 Ll FlexFoil® bags remained the most stable system, with low 963 

variability and showed lower variability, with values between 100 and 600 ppm and no 964 

significant increase across storage treatments. in the water vapor concentration over time and 965 

with temperature. Comparing our results with those reported by Magh et al. (2022), who 966 

evaluated a Vapor Sample Vial Storage System (VSVS) using a dry air diffusion test during 967 

storage in 50 ml crimp-neck vials sealed with double-layer PTFE/butyl caps, they recorded 968 

increases from 600 ppm to 1300 ppm after 14 days, despite the use of high-quality materials. 969 

Although glass is a stable material, the observed increase in the 250 ml infusion bottles does 970 

not depend on container volume but on the quality of the closure and seal. This is demonstrated 971 

by the valve system of the FlexFoil® bags, which showed the greatest stability, with no 972 

significant increases. In contrast, the material composition and/or the zip-type sealing 973 

mechanism of the aluminum bags exhibits a non-linear response to thermal conditions, 974 

suggesting that material permeability may be temperature dependent and display extrema under 975 

thermal extremes. This differs from the pattern observed in glass bottles, where a pronounced 976 

thermal dependence of diffusion or permeability associated with septum puncturing is apparent, 977 

with increases as temperature rises (4 °C < 20–25 °C < 40 °C), a feature not detailed in the 978 

study by Magh and colleagues. 979 

To evaluate whether this small diffusive exchange affects the isotopic compositionthe isotope 980 

values, we assessed tested how well an isotopic reference could be reproduced. The 250 mL 981 

glass bottles provided the most stable values, particularly for δ¹⁸O; noticeable δ²H deviations 982 

occurred only after 3 days of storage. While the performance of each storage system. Although 983 

FlexFoil® bags effectively limited provide an excellent barrier against exchange, deviations 984 

from the reference water with the atmosphere, thereby limiting increases in internal H₂O 985 
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concentration, they exhibited temperature-dependent isotopic deviations: (especially in δ²H) 986 

were detectable after 1 day, this indicates that low vapor leakage does not necessarily ensure 987 

isotopic stability.for δ¹⁸O, deviations remained within ±1‰ under cold conditions (4 °C) and at 988 

40 °C up to 72 h; however, under ambient (20–25 °C) and refrigerated (4 °C) conditions, δ²H 989 

was more sensitive, with deviations up to ±8‰. In contrast, the 500 mL Aluminum-zZip bags 990 

showed the largest isotopic deviations under the (up to −3‰ for δ¹⁸O and −25‰ for δ²H), 991 

making them the least reliable container for storing water vapor under different storage 992 

conditions.procedures used in this study.  In contrast, 250 ml glass bottles maintained δ¹⁸O 993 

deviations within ±0.9‰ across all conditions and storage durations, although δ²H varied at 72 994 

h, particularly at 40 °C (+5‰) and at 4 °C (−5‰); even so, they provided the best performance 995 

between 0 and 24 h of storage. 996 

In summary, the glass bottle storage system is highly stable for δ¹⁸O, with no substantial 997 

changes, whereas δ²H shows a temperature-dependent drift attributable to diffusive exchange, 998 

enrichment at high temperatures, and depletion at low temperatures. This These patterns 999 

indicate that δ²H is more sensitive than δ¹⁸O toeffects only become relevant after three days of 1000 

storage-related effects, consistent with previous evaluations of the methodstorage assessments 1001 

(e.g., Magh et al., 2022). The bag variants (1 l FlexFoil® and 500 ml Aluminum-Zip bags) 1002 

exhibited greater isotopic instability, which was more pronounced in the aluminum bags due to 1003 

temperature changes that promotinge condensation, and evaporation, and and incomplete  1004 

internal equilibration, along with potential isotope exchange with the bag material (Hebstritt et 1005 

al., 2023)., particularly affecting δ²H (±8 to -25‰). 1006 

The combined evaluation of containers using tightness, tests and vapor storage 1007 

performancetrials, along with operationaland practical criteria such as analysis time, reusability, 1008 

cost, portability, and transport, enabled the establishment of decision rules and the selection of 1009 

the most suitable container for storing water vapor sampling. Although secondary cCriteria with 1010 

lower weights were not criticalless decisive (see Fig.ure 57), they supported the final ranking. 1011 

The 250 mL but were useful for the final decision. Regarding time to analysis, the glass bottles 1012 

preserved the isotope values  best when they are analyzed rather fast after samplingfor , could 1013 

be reused after drying24 hours and were reusable after 24 hours in an oven at 60–80 °C, and 1014 

were practical for field campaigns because large numbers could be transported in insulated 1015 

cases. For portability and transport, more than 100 bottles could be easily transported in an 1016 

insulated aluminum case to help maintain a stable temperature. If longer storage times are 1017 

required - for instance when sampling at a remote site - we recommend to seal the needle 1018 

pinches after sampling. Although this was not tested here, it is something that will much likely 1019 

improve the performance of the glass bottles further.  1020 

In terms of cost, aluminum bags were the least expensive but essentially single-use; however, 1021 

Herbstritt et al. (2023) recommend preconditioning them with repeated fillings of isotopically 1022 

homogeneous vapor to reduce memory effects and potentially improve measurement precision. 1023 

However, the procedure is laborious and must be repeated to be effective (Herbstritt et al. 2023). 1024 

The one-liter FlexFoil bags were more expensive and reusable but require a rigorous flushing 1025 

procedure, as described by Dahlmann et al. (2025). Overall, glass bottles offer the best balance 1026 
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between price in the European context and high reusability (Table S1). Our most important 1027 

criterion was the Ppreservation of the original vapor’s isotopic signature was the most important 1028 

criterion.. Accordingly, the In this context, 250 ml glass bottles achieved the highest overall 1029 

score (85%) and the greatest short-term isotopic stability. Despite higher increases in internal 1030 

among all evaluated containers, making them the optimal choice for water vapor sampling. 1031 

Their isotopic stability during the first days was ±0.9‰ for δ¹⁸O and ±1‰ for δ²H (see Figure 1032 

6), although they showed a larger increase in H₂O vapor concentration during storage, isotope 1033 

values remained stablethan the other tested containers. This indicates that the early increase in 1034 

concentration (ppm) during storage does not significantly affect isotopic composition in the 1035 

first 24h, indicating that early concentration changes did not substantially affect the vapor 1036 

signal. Significant δ²H shifts became evident only after 3 days, of storage. From the third day 1037 

onward, significant shifts in δ²H are observedmainly under cold and warm storage conditions, 1038 

whereas ambient storage remained comparatively stable. Because the stored vapor originated 1039 

from a fully saturated source , particularly at 4 °C and 40 °C, while at ambient temperature the 1040 

isotopic composition remains stable (see Figure 6). Moreover, the stored vapor originates from 1041 

a 100% water-saturated source, and the (>20000 ppm H₂O), limited early diffusive exchange 1042 

likely had little influence on isotopic  composition, consistent with concentration in the vapor 1043 

exceeds 20000 ppm; therefore, during the first days, potential diffusive exchange with the 1044 

atmosphere does not appreciably affect the isotopic signal, an effect that becomes evident only 1045 

from the third day onward, as shown by our results. These findings are consistent with those 1046 

reported by Magh et al. (2022). In contrast, both the two types of bags showed greater isotopic 1047 

variability under the filling and storage conditions applied in this studytested show significant 1048 

variations in the isotope values.  1049 

We provide potentialoffer the following possible explanations for the observed differences in 1050 

isotope values between the bag-type containers and the glass bottles:  1051 

i. Differences in the sampling of water vapor. 1052 

When sampling water vapor in bottles, two syringes are entered inserted through the 1053 

septum, serving as an inlet and an outlet for the equilibrated water vapor. Once the sampling 1054 

time is achievedreached, both syringes are disconnectedremoved. In contrast, both types of 1055 

bags are simply filled with equilibrated air through oneusing a single syringe. It might be 1056 

that the throughflow-sampling providesThe throughflow sampling may provide a more 1057 

stable isotope signature, because the time for throughflowthroughflow duration is longer 1058 

than compared to the filling time of for the bags (12 minutes per sample vs. 6 minutes per 1059 

sample).   1060 

ii. Isotopic exchange with container material. 1061 

As previously shown (Herbstritt, 2023), dsorptive an isotope exchange between the A 1062 

material of the aluminum bags material with and the sample air may account for their poorer 1063 

performance (Herbstrit et al., 2023). w Thies effect is absent in glass bottles and appears 1064 

lessas observed. The worse performance of the bags might be due to this effect, which 1065 

arguably does not occur for  pronounced in the 250 ml glass bottles. The effect also seems 1066 
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to be less pronounced for the FlexFoil bags. HenceTherefore, the production of the 1067 

aluminum bags might have an influence, if they are not pre-treated.  1068 

In our study, 1 Ll FlexFoil® bags were the second-best option, with a score of 754% (see 1069 

Fig.ure 57). They performed well in leak-tightness tests but showed larger greater isotopic 1070 

deviations than glass bottles, especially at ambient temperature. Additionally, their higher cost 1071 

and larger volume hinder transport logistics and durability when many samples are needed. 1072 

Another important aspect is reuse, which requires labor-intensive cleaning to reduce memory 1073 

effects. 1074 

For example, Dahlmann et al., (2025) used affordable multilayer 1 Ll gas bags with modified 1075 

valves and reported to store water vapor and obtained good performance when newresults with 1076 

new bags. However, upon reuse, they recommended rinsing each bag 10 times with dry air and 1077 

restricting each bag to isotopic signatures similar to those from its first use. They also identified 1078 

a storage time–dependent memory effect, that can be mitigatedindicating that reuse may be 1079 

problematic when broad by rinsing but limits bag uses to relatively narrow isotopic ranges or 1080 

consecutive samplings are involved. This is particularly relevant With broad signatures and 1081 

consecutive sampling, reliability is not guaranteed, and further testing is advised. This supports 1082 

the view that, in field campaigns involving isotopic labeling (tracer experiments), where cross-1083 

contamination between samples may compromise data quality reusing bags can induce a strong 1084 

memory effect, while using new bags improves performance but may be unsustainable due to 1085 

cost. 1086 

Finally, 500 mLl Aluminum-zZip bags showed the largest isotopic deviations in stored 1087 

vaporour study and only moderate tightness after prolonged storage. , only moderate leak-1088 

tightness with more pronounced increases after three days, and dDespite their low cost, they 1089 

are effectively single-use with aand more vulnerable to handling damage high risk of puncture 1090 

during transport. Under the filling and storage conditions applied here, their use tTherefore 1091 

appears less suitable when accurate isotope preservation is required, using this container type 1092 

compromises data quality. 1093 

The contrasting differential performance among the tested systems indicates that both leak-1094 

tightness and the isotopic stability composition of water vapor depend on mechanisms related 1095 

tointeractions among container material, closure designand sealing system, internal headspace 1096 

conditions headspace state, and temperature sensitivity. For short-term sampling under variable 1097 

field temperatures, Therefore, to ensure a reliable isotopic signature during the first day under 1098 

variable temperature conditions,the 250 mLl glass bottles remained the the referencemost 1099 

robust optionoption due to reusability, economic proficiency, practical transport capacity, and 1100 

comparatively stable . Their reusability, low cost, reasonable isotopeic fluctuationstability, and 1101 

suitability for transporting large sample numbers make them a practical and effective solution 1102 

for field sampling campaigns. 1103 
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9.24.2 Protocol and optimal container for water vapor sampling and storage 1104 

Methods for measuring the stable isotopes of water are complex and constantly being improved. 1105 

Water vapor sampling is a new way to overcome reported limitations and potential biases of  1106 

extraction-based methods (Kübert et al., 2020; Mennekes et al., 2021). However, it requires 1107 

proper implementation and rigorous, efficient sampling procedures. To reduce uncertainties in 1108 

water vapor measurementssampling and analysis, we propose a refined method and protocol 1109 

that control the factors most affecting the isotopic signature and ensure data quality. According 1110 

to our results, it is essential to consider container type, flow rate, storage time, and temperature 1111 

conditions; this priority has also been highlighted by other authors (Van Duren, 2004; Magh et 1112 

al., 2022; Herbstritt et al., 2023; Bagheri et al., 2021; Benetti et al., 2017). Our data show that 1113 

experimental conditions substantially influence the precision of water vapor isotope 1114 

measurements, especially for δ²H, whereas δ¹⁸O remains relatively stable. Therefore, we 1115 

emphasize the importance of maintaining controlled temperature conditions to minimize 1116 

measurement errors, particularly for δ²H, due to its greater sensitivity to kinetic and diffusive 1117 

processes (Horita and Wesolowski, 1994; Lamb et al., 2017; Wei et al., 2022; Weng et al., 1118 

2024; Wen et al., 2008). 1119 

Our study presents a protocol for sampling and storing water vapor that specifies the container 1120 

type, storage time, sampling flow rate, and temperature conditions. We identified optimal 1121 

sampling conditions using 250 ml glass bottles, with flow rates between 75 and 125 ml/min 1122 

(100 and 125 ml/min performed best), storage times of up to 24 hours, and storage temperatures 1123 

of 20–25 °C (see Figures 11–13 and Table 2 for details). The results enabled identification of 1124 

the optimal sampling system configuration. Glass bottles showed the best performance; 1125 

however, tightness tests with dry air revealed a time-dependent increase in water vapor 1126 

concentration in ppm. Therefore, the test was repeated using syringes with different diameters, 1127 

as piercing the septum of 250 ml bottles was suspected to facilitate water vapor intrusion. The 1128 

results confirmed a progressive increase in H2O vapor concentration;, the septum perforation 1129 

diameter does not but diameter and size did not appear toappear to be the cause, assince both 1130 

syringe sizes showed options behaved similar patternsly. The most plausible explanation is 1131 

diffusive exchange with ambient air initiated immediately after septum perforation during 1132 

sampling and measurement, although this mechanism which warrants further investigation. 1133 

Thise observed pattern wasindicates that the increase in ppm is consistent with 1134 

deviationsstronger, in δ²H deviations that become more pronounced after 72 hoursprolonged,. 1135 

indicatingIsotopic stability depends on the combination of flow rate, temperature, and storage 1136 

that short storage time are important to duration; certain configurations extend the effective 1137 

exposure of the sample and amplify the deviations, for example, 35 ml/min, extreme 1138 

temperatures of 4 and 40 °C, and storage longer than three days. Consequently, it is essential 1139 

not to prolong storage and to operate under controlled parameters that minimize isotopic drift 1140 

deviations in δ²H; see (see Table 3)2. 1141 

Our results regarding the time window for high-quality measurements are consistent with other 1142 

studies. : Dahlmann et al., (2025) and Herbstritt et al., (2023) reported acceptable results for 1143 

samples stored up to 24 hours (±0.7 and ±2.3 ‰ for δ²H and ±0.2 to ±0.9 ‰ for δ¹⁸O); Magh 1144 
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et al., (2022) indicate that measurements can be made up to 3 days later, emphasizing stability 1145 

over short periods and noting an increasing bias at 7 days, consistent with our observations. 1146 

Taken together, both our method and previous ones highlight the importance of measuring the 1147 

obtained samples within the first 24 hours. This might represent a constraint for obtaining 1148 

reliable water vapor isotope values using this method.  Opposed to thisIn contrast, Havranek et 1149 

al., (2023) implemented an automated vapor storage system (sSoil wWater iIsotope sStorage 1150 

sSystem) based on 650 ml flasks, designed that maintained reliable isotope values (±0.9 ‰ for 1151 

δ¹⁸O and ±3.7 ‰ for δ²H) for substantially longer periods-term storage, with reliable results 1152 

(±0.9‰ for δ¹⁸O and ±3.7‰ for δ²H) for 14 days in theunder laboratory and up to 32 days in 1153 

the field conditions., This extended stability may be related to the larger bottle volume, although 1154 

such systems may be less practical for handling and rapid field sampling. recommending not 1155 

exceeding 40 days. The longer storage times reported there might be a result of the larger bottles 1156 

used in their study. For handling, transport and in terms of sampling time, however, these large 1157 

bottles might be a disadvantage. Regardless, analysis within the first day should be considered 1158 

the most robust and conservative time window, although storage up to 3 days may still provide 1159 

reliable results under controlled conditions.  1160 

ThisMore prolonged storage, according to our findings, may lead to isotopic deviations, 1161 

particularly under  temporal limitation may result from diffusive exchange detected in leak-1162 

tightness tests with dry air in 250 ml glass bottles, which promotes vapor loss and isotopic 1163 

fractionation, especially at storage temperatures variationsfrom (4 to 40 °C), suggesting 1164 

progressive vapor exchange and fractionation over time. where larger isotopic deviations were 1165 

observed. Therefore, vapor should be measured over short periods (<24 h), Therefore, whereas 1166 

the system developed by method of Havranek et al., (2023) was specificallyand collaborators 1167 

prioritized optimized foran autonomous, leak-resistant system to ensure long-term storage. 1168 

Storing water vapor under ambient conditions can preserves the vapor isotopic signal without 1169 

refrigeration, leorting supporting the feasibility of this method for samplingfield campaigns in 1170 

remote regions or areas or regions with limited infrastructure. Our The studyresult further 1171 

showss that δ¹⁸O was consistentlyis substantially more stable (deviations < ±1‰ under all 1172 

evaluated conditions) and can therefore be used reliably for ecohydrological component 1173 

analysis, whereasthan δ²H andis can more sensitive to experimental conditions. therefore be 1174 

used more reliably for ecohydrological applications. Accordingly, precise measurements 1175 

require control of sampling flow rate, storage time, and temperature, with the best performance 1176 

obtained under moderate to high flow rate, storage within 1 day, and stable conditions. 1177 

Prolonged storage or extreme temperatures increased deviations, particularly for δ²H, and may 1178 

These findings confirm the effectiveness of the sampling system, which used reusable 250 ml 1179 

glass bottles with appropriate cleaning as described in the Methods section, and a setup 1180 

constructed from readily available materials (PTFE tubing, adapters, connectors, syringes, 1181 

compressed dry air from diving cylinders, and mass-flow controllers). However, prolonged 1182 

storage and extreme temperatures promote isotopic exchange with ambient air and internal 1183 

vessel surfaces (Sturm and Knohl, 2010; Wei et al., 2022). This effect is particularly 1184 

pronounced for δ²H, while δ¹⁸O maintains greater precision (Dahlmann et al., 2025; Wen et al., 1185 

2008), a pattern demonstrated by our results. Accordingly, we emphasize the need to strictly 1186 
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control sampling flow rate, duration, and storage temperature. Operationally, optimal 1187 

conditions – moderate to high flow rates, storage less than 24 hours, and stable temperature – 1188 

enable procedural standardization and improve precision, especially for δ²H. However, under 1189 

extreme temperatures or when samples cannot be processed within 24 hours, deviations can 1190 

increase and compromise data interpretation (Bagheri Dastgerdi et al., 2021; Magh et al., 2022). 1191 

Finally, selecting materials to mMinimize isotopic memory through remains aappropriate 1192 

material selection therefore remains an important practical challenge logistical and technical 1193 

challenge that must be addressed to ensure data quality (Weng et al., 2024). 1194 

9.35 Conclusion and implicationsFuture prospects 1195 

We optimized a practical sampling and storage protocol for water vapor isotope analysis by 1196 

systematically evaluating multiple parameters, including container type, temperature, storage 1197 

time, and sampling flow rate. Detailed experiments demonstrated that 250 ml glass were the 1198 

most reliable system for collecting and storing vapor samples for isotope analysis, 1199 

outperforming 1 L FlexFoil bags and 500 mL Aluminum-zip bags. Our findings show that the 1200 

isotopic stability of water vapor is influenced by container type, temperature storage time, and 1201 

flow rate. The optimal sampling configuration was achieved at flow rates of 100 – 125 ml min-1202 
1 and temperature of 20 – 25 °C. Storage for up to 3 days can still provide reliable results under 1203 

controlled conditions; however, δ¹⁸O remained highly stable under nearly all tested conditions, 1204 

whereas δ²H was more sensitive to storage time and thermal variation. This indicates that faster 1205 

sample processing, preferably within 1 day, in the most robust strategy to minimize isotopic 1206 

deviations. Overall, our systematic testing and developed protocol provides a framework for 1207 

sampling water vapor for stable isotope analysis, which has great potential for ecohydrological 1208 

research. In particular, it could serve as semi- in situ alternative for measuring soil and plant 1209 

water isotopes when true in situ measurements are not feasible. It could be further used for 1210 

sampling of atmospheric water (e.g., for studies on ET portioning). 1211 

One aspect identified inA potential source of error identified in our our studysampling 1212 

configuration was that a potential source of error in the configuration of the sampling method 1213 

could beis leakage in through the septum after syringe perforation, which may allow . Although 1214 

seemingly insignificant, this effect could cause vapor loss or infiltration of ambient air, promo 1215 

tingintrusion and thereby  isotopic fractionation and contributeing to the observed 1216 

variabilityisotopic fractionation of δ²H, as this value is more sensitive to evaporation processes 1217 

during storage. This mechanism could explain part of the deviations observed in the longer-1218 

term storage experiments. 1219 

This semi-in situ approach offers an innovative alternative for stable isotope analysis of water, 1220 

serving as a robust complement to direct field measurements (e.g., CRDS/Picarro).. Increasing 1221 

replicate number and modestly extending sampling time can reduce variability and improve 1222 

quality control.It enables the capture of water vapor in equilibrium with soil and xylem, 1223 

generating isotopic data comparable to in situ measurements and, when used as a substitute, 1224 

reduces logistical and operational risks. Unlike traditional methods, it avoids destructive 1225 

procedures on trees and soil (e.g., cryogenic extraction) and allows sampling at remote sites 1226 

without compromising the ecohydrological utility of the data. Increasing the number of 1227 
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replicates and modestly extending sampling time substantially reduces isotopic variability and 1228 

facilitates quality control by enabling the identification and exclusion of unstable replicates 1229 

while retaining only those with consistent values and similar means. The use of 250 ml glass 1230 

bottles provides a parallel line of control and validation that can substitute for in situ instruments 1231 

when they are unavailable and enhance them when they are available. 1232 

To mitigate this effect in Ffuture applications may benefit from improved sealing systems of 1233 

this water vapor sampling method using 250 ml infusion glass bottles (ND 32), it is 1234 

recommended to use more ( e.g., resistant septa, integrated valves, or secondary seals) (e.g., 1235 

PTFE-coated), integrated valve systems, or a secondary seal after perforation (adhesivo 1236 

termofusible) to maintain tightness. In addition, including and experimental controls to better 1237 

quantify leakage effects, thereby enhancing (perforated vs. non-perforated bottles) will allow 1238 

more accurate quantification of this source of error. Implementing these improvements would 1239 

enhance reproducibility under variable field conditionsand extend the applicability of the 1240 

method in field campaigns under variable storage and temperature conditions. Specifically for 1241 

sampling campaigns in remote locations, we recommend sealing the syringe puncture points 1242 

immediately after collection. Although not explicitly tested in this study, this measure is 1243 

expected to further enhance the long-term integrity and performance of the 250 mL glass bottles 1244 

by minimizing potential diffusive exchange. 1245 

10 Conclusion 1246 

The isotopic stability of water vapor is determined by the combined effects of the container, 1247 

closure system, sampling flow rate, and storage time and temperature. Based on our results, the 1248 

optimal configuration for water vapor sampling is 250 ml infusion glass bottles (ND 32). This 1249 

container showed the greatest isotopic stability, outperforming 1 l FlexFoil sample bags and 1250 

500 ml Aluminum-Zip bags. Optimal performance is achieved at flow rates of 100 to 125 1251 

ml/min under ambient conditions (20 to 25 °C). This setup minimizes error and ensures reliable, 1252 

repeatable δ¹⁸O and δ²H values. For storage, the time-to-analysis should ideally not exceed 24 1253 

hours, as storage longer than 24 hours increases isotopic variability, particularly for δ²H, 1254 

underscoring the need to minimize the interval between sampling and analysis. If longer storage 1255 

times are required, the bottles recommended by Havranek et al. (2023) might be an alternative, 1256 

despite more difficult handling and longer sampling times required. Although δ¹⁸O remains 1257 

stable under nearly all conditions with deviations below 0.6‰, δ²H variations greater than 1258 

±2.5‰ can occur from the third day onward, emphasizing the importance of limiting storage 1259 

time to preserve the isotopic signature. While 24 hours is optimal, prolonged storage times of 1260 

up to 72 hours (3 days) are possible without substantial loss of precision. In this case, a flow 1261 

rate of 125 ml/min is acceptable to achieve δ²H precision of ±1.5 to ±4‰ at 20 to 25 °C or 40 1262 

°C. 1263 

The proposed protocol might be a valuable addition to the existing approaches for water vapor 1264 

sampling and water isotope analysis from soils and plants without the need for extracting water 1265 

from the substrates. As such, it provides the opportunity analyze the water isotope values of 1266 

trees and soils in a high temporal resolution without the need for extensive destructive sampling. 1267 
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Therefore, the method is somewhere in between in situ water vapor measurements and 1268 

destructive sampling; ideally combining the advantages of both approaches. 1269 
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