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Abstract. High temporal and spatial resolution water sampling of stream water or precipitation for subsequent water stable 

isotope analysis (Ꟙ2H and Ꟙ18O) is commonly conducted with self-made or commercial automated samplers. However, 

prolonged storage of water samples in open bottles inside autosamplers can lead to isotopic alterations caused by evaporative 

fractionation and diffusion driven by vapor pressure gradients. 

In this study, we tested the effectiveness of different evaporation barriers—tube-dip-in, ball valves, and siphons—under 20 

controlled laboratory conditions. Experiments were conducted using glass bottles with varying filling levels (50 mL to 250 

mL in 250 mL bottles) and exposure times of up to 52 days. Our results demonstrate that all tested barriers effectively reduce 

isotopic alterations. Among these, the tube-dip-in emerged as the simplest and most efficient solution, reliably preserving 

isotopic data even over extended storage durations. We also observed isotopic differences between the water in the tube-dip-

in and the main bottle. This phenomenon becomes particularly relevant when sample volumes are very low, as water from 25 

the tube-dip-in may influence the overall isotopic composition of the sample. This finding highlights the need for careful 

consideration of bottle design and sample handling, especially with low water volumes. 

These findings provide valuable insights for the design of cost-effective, automated water sampling systems for stable 

isotope applications, emphasizing the importance of evaporation barriers to ensure reliable and accurate isotopic analyses. 

Keywords: water stable isotopes, evaporation barriers, automated water sampling 30 
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1 Introduction 45 

Isotope analysis of water requires collecting and storing samples without long-term and large-scale interference to the gas 

phase to ensure results are as close as possible to true values. While this may sound straightforward, it presents significant 

challenges, as sampling often introduces the largest errors in analytical outcomes [1, 2]. Therefore, it is crucial to focus on 

refining sampling techniques. Numerous sampling systems for water collection are available, each suited to specific 

applications or climatic conditions. In the publication from [3] various collectors used in isotope hydrology are compared, 50 

while recent works [4-6] modifying existing samplers. 

Cavity Ring-Down Spectroscopy (CRDS) exemplifies how the growing accessibility and efficiency of laser spectrometry 

have significantly reduced the cost of isotopic measurements while providing a user-friendly, and relatively precise method 

in analyzing stable isotope ratios in water molecules [7]. This advancement allows for an increased number of samples to be 

analyzed rapidly, facilitating better understanding of the water cycle and associated processes. A critical prerequisite for 55 

successful rainwater sampling is the strict prevention of evaporation during the collection and storage period, as even 

minimal losses can lead to isotope fractionation and compromise data quality [8]. 

Extreme events often catch researchers unprepared, forcing them to use improvised sampling containers like empty soda 

bottles or honey jars [9]. Financial constraints may also limit access to commercial bottles or automated sampling devices. 

To address these challenges, do-it-yourself (DIY) instructions for constructing rainwater samplers have become increasingly 60 

common in the field of isotope hydrology (e.g. [4, 9-11]). They explored different low-tech, low-budget rainfall sampler for 

stable isotope analysis, assessing its effectiveness in maintaining sample quality. Such innovations highlight the continuous 

efforts to improve sampling systems, making them more efficient, reliable, and compatible with modern analytical 

requirements. 

Among commercially available systems, the widely used cumulative rain water sampler (RS1) for water isotope analysis 65 

first published by [12] and sold by Palmex Ltd. employs a 3-liter bottle with a long tube (15m polypropylene plastic hose 

with an inner diameter of 5mm) to prevent evaporation. This system forms the backbone of the International Atomic Energy 

Agencys’ Global Network of Isotopes in Precipitation (GNIP) [13], which continues to expand [14, 15] (Link website: 

https://nucleus.iaea.org/wiser/ accessed 17 January 2025). The International Atomic Energy Agency (IAEA) has also 

developed detailed technical guidelines for sampling procedures, ensuring consistency across its global network of stations 70 

[16]. 

Early solutions to evaporation challenges included the use of paraffin oil, which forms a protective layer over collected 

rainwater. In such designs, a 5 mm-thick oil layer prevents evaporation during the collection period [17, 18]. However, these 

systems present practical difficulties as it can be challenging to remove the oil from the water as it can form a gelatinous 

phase and leave behind residues that can contaminate laboratory equipment such as mass spectrometers [12, 19]. An 75 

alternative is described by [20] who created a cumulative rainfall sampler using a tennis ball and oil for water and chloride 
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isotope studies. Michelsen, van Geldern [3] compare precipitation collectors commonly used in isotope hydrology, providing 

an overview of various sampling systems and the challenges associated with their use.  

High-resolution sampling is essential for many scientific investigations, as monthly intervals are often inadequate for 

addressing research questions that require detailed temporal data. Numerous studies have shown that the isotopic 

composition of precipitation can vary significantly during individual rainfall events (e.g. [21-25]). Capturing these variations 90 

in stable isotope composition requires sequential sampling with high temporal resolution. Applications such as numerical 

models (e.g., transSAS from [26] and used in [27]) particularly benefit from high-resolution, volume-based sampling. 

Additionally, understanding water residence times demands monitoring multiple compartments, such as precipitation and 

surface water, across various locations within a catchment.  

Automatic samplers, essential for collecting high-frequency data, often cannot be emptied immediately after extreme events 95 

due to the inaccessibility of study areas. This limitation may lead to extended storage times, which can result detectable 

isotope enrichment [3, 28]. These challenges highlight the need for evaporation-proof sampling systems. 

All these sampling systems aim to minimize or prevent isotopic fractionation due to evaporation. For both scientific research 

and commercial applications, laboratory tests should be conducted prior to their use in scientific projects or before market 

release to validate the suitability and operational range of the devices. In response to the need of a low-cost, autonomous 100 

water sampler tailored for isotopic water analysis, we conducted this experimental approach, which is of significant interest 

to the scientific community. This study presents laboratory tests evaluating potential evaporation barriers, focusing on 

factors such as bottle filling and exposure time. Our goal is to create a robust and adaptable system that can be easily used by 

a large number of users. The findings provide valuable insights into sampling system design and identify potential challenges 

associated with long-term sampling systems over extended periods. 105 

2 Methods and Materials 

2.1 Design and Setup 

The experiments aimed to identify an effective evaporation barrier for water samples intended for isotopic analysis. 

Generally, SCHOTT glass bottles were used to store the water samples during the experiment. For the tubing, polypropylene 

hoses were used with an inner diameter of 5mm. As evaporation barrier, three inlet-methods were tested (Figure 2): (1) 110 

inserting a tube before the sampling bottle to act as a siphon; (2) using a tube-dip-in, which extends into the sampling bottle 

to minimize direct exposure to the atmosphere; and (3) employing a ball valve that opens when the bottle is filling and closes 

when the water flow stops, using a plastic ball to seal the opening. Due to the functionality of the ball valve, it can only be 

used in combination with a siphon because it needs to be filled from the bottom to allow the ball to float and open the valve.  

The experimental procedures were divided into two setups. In the first setup, all bottle inlets were equipped with siphons as 115 

evaporation barriers. In the second setup, no siphons were used. The designs and specific configurations of each method are 

explained in more detail below. 
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In the first experiment, we were testing different evaporation barriers at the filling site of a glass sampling bottle which were 145 

combined or isolated used from each other: we tested tube-dip-in, ball-valve and a siphon. The design of the test bottles (n = 

44) varied at the inlet, with some equipped with a tube-dip-in and/or a ball valve with siphon, while others had neither 

(Figure 1A). During filling, test bottles with siphon became water-filled. In bottles with a ball valve, the valve was 

positioned along the filling tube and after the siphon. The principle of the ball-valve is a plastic ball which starts to float as 

water entered the bottle and then sink back into place to seal the inlet after filling. To test only the effectiveness of the inlet 150 

system, the outlet vent of all bottles was sealed with a stopper, preventing any influence from evaporation through the outle t. 

The water volumes added to the bottles were 50, 100, 150, 200, or 250 mL, with exposure durations of 5, 7, 20, or 21 days at  

a room temperature of approximately 23°C. After the experiment, water from the bottle and the siphon was sampled for 

subsequent water isotope analysis. Additionally, reference bottles—both sealed (n = 38) and open (n = 14)—were subjected 

to the same variation in filling volume and exposure time and were also sampled for water isotope analysis.  155 

Based on the results of experiment 1, we selected the evaporation barrier that was easiest to handle and demonstrated the 

most reliable performance compared to the other tested evaporation barriers. The second experiment focused on a long-term 

assessment of this evaporation barrier. For this, we decided to use the tube-dip-in system combined with an extended tubing 

setup consisting of a 15 m long PP tube with an inner diameter of 5 mm (Figure 1B). This setup, first mentioned by Gröning, 

Lutz [12] allows for the release of air during the filling process but also serves as an effective evaporation barrier during 160 

storage. In Carton, Barbecot [11] calculations of the tubing length were performed based on temperature and pressure 

variations, applying the ideal gas law. The study concluded that a tubing length of 4 meters is sufficient for 125mL bottles in 

a monthly sampling. The tube-dip-in system is characterized by its simplicity, ease of application, and reliable performance 

that we could prove in the first experiment. It demonstrates low susceptibility to failure and eliminates the risk of siphon 

water contaminating the sample. These features make it particularly suitable for long-term evaporation experiments. All tests 165 

were conducted under controlled laboratory conditions, with a mean temperature of 23°C and a relative humidity of 50%. No 

variations in temperature or humidity were forced, which would have further increased evaporation. Sampling was 

performed on both tube-dip-in water and bottled water (BW), followed by water isotope analysis (n=19). The sampling of 

the tube-dip-in water was performed using a straw-like principle, where the water inside the tube was held by blocking one 

end of the tube and releasing the water by removing the finger from the other end.  The exposure times in this experiment 170 

were 12, 26, 39, or 52 days, and tests were conducted with two different sample volumes (50 mL or 250 mL). All data are 

summarised in Table S2 (Supporting Information). Open and closed reference bottles (n = 10 for each) were handled with 

similar variations in filling volume and exposure time.  
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 210 

Figure 1: (a) Shows the experimental set-up of the first experiment, which used siphon, ball-valve, and tube-dip-in as evaporation 

barriers. Light orange parts (ball-valve and tube-dip-in) could be removed or added. (b) Shows the experimental set-up of the 

second experiment, which used a tube-dip-in as evaporation barrier. Here the outlet was a 15m long open tube with an inner 

diameter of 5mm. The type of bottle (SCHOTT glass bottle) used remained unchanged throughout the experiment. 

 215 

 

Figure 2: (a) Tested evaporation barriers: Ball-valve which is consisting of a floating plastic ball inside a cone sealed with an O-

ring; (b) Siphon outside the bottle and a tube-dip-in, respectively, both are minimizing the atmospheric contact of the inflow. 
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2.2 Laboratory methods 

A water liquid isotope analyzer (Picarro L2120-i) was utilized to conduct duplicate measurements of stable isotopic 

signatures in water. For this purpose, 20 replicates of internal standards, which had been calibrated to Vienna Standard Mean 

Ocean Water (VSMOW) and Standard Light Antarctic Precipitation (SLAP) certified reference materials, were analyzed to 240 

normalize the samples to the VSMOW scale. The analytical uncertainties were determined to be ±0.15‰ for δ18O and 

±0.6‰ for δ2H. The isotopic ratios are reported in delta notation relative to VSMOW for both the oxygen and hydrogen 

isotope signatures of water. 

2.3 Statistics 

The statistical analysis was conducted with Python 3.9.7. Data were grouped by experimental setups:  experiment 1 (siphon) 245 

and experiment 2 (no siphon). The variables weight loss, δ²H, δ¹⁸O and deuterium excess were tested for variance 

homogeneity for each experiment using the Levene test, followed by a Shapiro-Wilks-Test to test for normal data 

distribution in the groups. Homogeneity of variance was not established, and normality was limited to only a few groups. 

Therefore, and due to the small sample size, the Kruskal-Wallis test was applied to assess differences between the groups, 

followed by Dunn's post hoc test with Bonferroni correction. The null hypothesis assumed no significant differences in 250 

weight loss or isotopic composition changes among the tested closure systems. 

3 Results and Discussion 

3.1 Weight loss due to evaporation 

No weight loss was observed in the closed bottles during the experiments, regardless of fill volume or exposure time (Mean 

= 0.03, n = 26, SD = 0.05) (Figure 3). The highest relative weight loss was observed in the open bottles, which served as a 255 

reference. Regarding the efficiency of the tested evaporation barriers, the lowest volume loss was recorded with the tube-dip-

in system and siphon (Mean = 0.12%, n = 4, SD = 0.09%). However, the sample size in the first experimental setup was 

limited. Consequently, the experiment only with a tube-dip-in system was intensified in the second setup, focusing 

exclusively on this method to further validate the results. Very low volume losses were observed when both the tube-dip-in 

system and a ball valve were used in combination with a siphon (Mean = 0.61%, n = 12, SD = 1.55%). When the setup 260 

included a ball valve in combination with a siphon but without a tube-dip-in, weight loss increased slightly (Mean = 1.14%, 

n = 8, SD = 1.78%). The siphon alone, without the ball valve or tube-dip-in, showed the highest evaporation loss compared 

to all tested barriers (Mean = 1.38%, n = 10, SD = 1.3%). This method also posed a risk of sample compromising, as 

temperature or pressure differences (even under laboratory conditions) caused water movement within the siphon. 

Significant weight loss was observed when the siphon emptied completely, rendering the barrier inactive. 265 

Deleted: 1

Deleted: VSMOW

Deleted:  

Deleted:  

Deleted: Vienna Standard Mean Ocean Water (270 

Deleted: )

Deleted: 1

Deleted:  and

Deleted:  

Deleted: weight loss275 

Formatted: Font: Not Bold

Deleted: No weight loss was observed during the experiments, 

regardless of the filling volume or exposure time, in bottles that were 

simply closed (Figure 3). This method provides the best preservation 

of samples but is challenging to implement in an automatic sampling 

system (Mean = 0.03, n = 26, SD = 0.05).¶280 

Deleted: T

Deleted: using only a

Deleted: dip-in

Deleted: as an evaporation barrier 

Deleted: dip-in285 

Deleted: dip-in

Deleted:  tube

Deleted: -

Deleted: dip-in

Deleted:  tube290 

Formatted: Font: (Default) Times New Roman, 10 pt

Deleted: contamination



7 

 

The duration of the experiment (comparing two groups: 5 & 7 days and 20 & 21 days) shows no significant impact on 

evaporation loss. However, the amount of sample in the bottle has a significant effect on percentage weight loss, as expected. 

Different significance levels (e.g., p<0.05, p<0.01, p<0.001) indicate the likelihood that an observed result is due to chance 

under the null hypothesis. Smaller p-values correspond to lower probabilities of random occurrence and provide stronger 295 

evidence against the null hypothesis. In Figure 3, the highest significance (p<0.001) is observed for the references (open vs. 

closed) as well as for the closed bottle compared to the siphon-only setup in the experiment. Statistical significance (p<0.05) 

for evaporation is still evident in the experimental setup where only a siphon and a ball valve were used. 

 

Figure 3: Weight difference between the start and end of experiment 1 in % was used as an indicator of evaporation on a 300 
logarithmic scale. The exposure time ranged from short-term (5 to 7 days) to long-term (20 to 21 days). The initial water volumes 

in the 250 mL SCHOTT glass bottles varied between 50, 100, 150, 200, and 250 mL. Various evaporation barriers were tested, with 

a closed and open bottle serving as the references. Significant differences between groups, determined via Dunn’s post-hoc test, are 

indicated by horizontal lines with corresponding significance levels p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 

 305 

3.2 Deuterium excess as indicator for evaporation efficiency 

Deuterium excess refers to the vertical deviation of water isotope data in permill from the GMWL in dual isotope space , as 

defined by the Dansgaard's equation: d-excess = δ2H – 8 ⋅ δ18O [29]. It provides valuable insights into the processes affecting 
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water's isotopic composition. This second-order isotope parameter is particularly useful for identifying the effects of 

evaporation and water fractionation. Deviations from the GMWL typically indicate isotopic fractionation caused by physical 315 

processes, such as evaporation. Isotope data plotting on the GMWL has a deuterium excess value of 10‰, suggesting no 

significant fractionation or evaporation, which reflects natural isotopic ratios typical of rainwater [29, 30]. The GMWL as 

reference for deuterium excess values is shown in Figure 4, along with the measurement accuracy (±1.34‰) in grey. 

Deuterium excess values from experiment 1 indicate the highest significance (p < 0.001) for the reference water compared to 

the siphon water. In general, the siphon water exhibits the lowest deuterium excess values, indicating the highest extent of 320 

evaporation (1s-7 = 3.62‰, see Table S1 in Supporting information). All other evaporation barriers (tube-dip-in, ball-valve 

in combination or alone) show variations within the measurement accuracy. The duration of storage and amount of sample, 

indicated by the colour and point size, respectively, do not have a significant impact in the experiment (Figure 4). 

 

 325 

Figure 4: Deuterium excess from experiment 1 as an indicator of isotope fractionation on H2O through different time steps within 

the evaporation experiment. Significant differences between groups, determined via Dunn’s post-hoc test, are indicated by 

horizontal lines with corresponding significance levels p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 
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3.3 Water isotopic signatures in evaporation experiments using various barriers 340 

Results of water isotope measurements from the first evaporation experiment using different evaporation barriers are shown 

in Figure 5. The closed reference bottle provides the water isotope signature used as the target reference (2H = -57.6 ± 

0.7‰ and 18O = -8.5 ± 0.1‰) and serves as a control throughout the experiment. The open reference bottle is clearly 

unsuitable and exhibits the highest water isotope shifts (mean 2H = -44.5 ± 16.7‰, mean 18O = -6.9 ± 1.8‰), which are 

significant. 345 

Throughout the duration of the experiment, all evaporation barriers yielded reliable results. The tube-dip-in system, ball 

valve, and siphon showed no significant differences among their results of water isotopes (Figure 5). However, when a 

siphon is used as a barrier, it must be ensured that the water standing in the siphon does not mix with the sample, as its 

isotopic signature shows significant enrichment. Notably, if the sample volume is large, the impact of potential 

contamination from siphon water becomes less pronounced. 350 
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Figure 5: δ²H (a) and δ¹⁸O (b) isotopic signature [‰] from experiment 1, indicating isotope fractionation of H₂O over different 

time steps in the evaporation experiment. Significant differences between groups, determined via Dunn's post-hoc test, are 355 
indicated by horizontal lines with corresponding significance levels, p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 

 

3.4 Long-Term experiments with tube-dip-in as evaporation barrier: Findings from weight loss and water isotope 

analysis 

In experiment 2, the weight loss was measured after four exposure periods (13, 26, 39, or 52 days) for two different filling 360 

volumes (50 mL or 250 mL). The efficiency of the tube dip-in system was tested under laboratory conditions. Closed and 

open bottles were used as references and ran throughout the entire experiment. Figure 6a clearly shows that open reference 
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bottles experienced a relative weight loss of up to 100%. The average relative weight loss was 40%. In general, the lower the 

filling volume and the longer the exposure time, the higher the percentage of relative weight loss. Figure 6b shows a close-up 

of the tube-dip-in system in comparison to closed bottles. The relative weight loss in closed bottles is negligibly small. The 400 

relative weight loss with the tube-dip-in system as the evaporation barrier averages 0.31%. The maximum relative weight 

loss is less than 1%. The greatest amount of relative weight loss occurs with lower filling volumes. 

 

 

Figure 6: The relative weight difference between the start and end of experiment 2, expressed as a percentage on a logarithmic 405 
scale, was used as an indicator of evaporation. The exposure time ranged from 13 to 52 days. The initial water volumes in the 250 

mL SCHOTT glass bottles varied between 50 and 250 mL. The tested evaporation barrier, the tube-dip-in system, is shown in 

relation to closed and open bottles serving as references. Significant differences between groups, determined via Dunn’s post-hoc 

test, are indicated by horizontal lines with corresponding significance levels p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 

 410 

Deuterium excess data are summarized in Figure 7. For the long-term experiment, we measured the isotopic signature of a 

standard water before, during, and after the experiment. The d-excess values remained within the measurement accuracy 

(mean 10.4 ± 0.5‰). The closed reference bottle exhibited a similar variation (10.1 ± 0.5‰), confirming the proper storage 

conditions of the standard water and the seal integrity of the bottles used. The lowest d-excess was observed in water from 

the tube-dip-in (min -11.8‰), with its isotopic signature significantly different from the closed system (p < 0.001). 415 

Throughout the experiment, the bottled water displayed d-excess values within the measurement error range (mean 9.43 ± 

0.53‰). Only d-excess values of samples with a standing time of 52 days deviated from the GMWL by more than the 

measurement uncertainty, showing evaporation effects (minimum d-excess of 8.4‰). The reason why the sample water in an 

open reference bottle plots along the GMWL remains unclear. A possible explanation could be fluctuations in relative 

humidity and temperature during the experiment, which may have induced interactions between evaporation and 420 

condensation processes. However, the highest variation in water isotope signatures (δ²H / δ¹⁸O – H₂O) was observed for the 
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open reference bottle (Figure 8), with mean values of -25.4 ± 27.5‰ for δ²H and -4.4 ± 3.4‰ for δ¹⁸O in the water. The 

fluctuations in water isotopes in the tube-dip-in were much smaller (mean δ²H = -51.6 ± 2.9‰, mean δ¹⁸O = -6.6 ± 1.1‰), 

yet still significantly different (p = 0.001) from the water sample stored in a closed bottle. The sample water in the bottle 

(BW) showed no evaporation effects throughout the experiment duration (max. 52 days). No significant differences in water 

isotope values were observed between BW and the closed reference bottle. Additionally, the sample volume appears to play 435 

a minor role. However, for the water in the tube-dip-in, differences between sample volumes were noticeable. The smaller 

the sample volume in the bottle, the greater the fractionations observed in the tube-dip-in water. 

 

 

Figure 7: Deuterium excess from experiment 2 as an indicator of isotope fractionation on H2O through different time steps within 440 
the evaporation experiment. Significant differences between groups, determined via Dunn’s post-hoc test, are indicated by 

horizontal lines with corresponding significance levels p < 0.05 (*), p < 0.01 (**), p < 0.001 (***). 
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 455 

Figure 8: δ²H (a) and δ¹⁸O (b) isotopic signature [‰] from experiment 2 as an indicator of isotope fractionation on H2O through 

different time steps within the evaporation experiment. Significant differences between groups, determined via Dunn’s post-hoc 

test, are indicated by horizontal lines with corresponding significance levels p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) 

 

3.5 Dual water isotope plots for different experimental investigations 460 

The following section evaluates the dual water isotope plots for both experiments. Figure 9 illustrates the results of the first 

experiment, which used multiple evaporation barriers. Both diagrams (a and b) display the same data, but Figure 9a provides 

an overview, while Figure 9b focuses on the details. The isotope values of the closed reference bottle plot along the Global 

Meteoric Water Line (GMWL) with minimal variability. In contrast, the isotope values of the water sample stored in the 

open reference bottle exhibit greater variability. The isotopic values of water sampled using the siphon (labeled with a star ) 465 

plot along an evaporation line with a lower slope than the GMWL. Here, exposure times appear to play a minor role. 
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Similarly, for water samples in bottles with different evaporation barriers, exposure time also seems to be of lesser 480 

importance. The dual isotope plot of the long-term experiment using the tube-dip-in is shown in Figure 10. Here, much more 

significant is the filling volume of the sample bottles, which is represented by label size (Fig. 9B). The smaller the filling 

volume, the larger the deviation from the GMWL, indicating greater fractionation in the water phase. Similar findings were 

reported by Carton, Barbecot [11] and Natali, Nigro [31]. This underscores that the choice of an appropriate bottle size is of 

high importance for maintaining the stability of a water isotope signature of water samples stored with a gas phase. The 485 

bottle size should align with the expected volume of collected water (e.g., rainfall), considering the funnel area and desired 

sample volume. Overflow should be avoided to prevent water loss, which could compromise subsequent analyses and 

hydrological interpretations. 

The isotopic signature of the water within the tube-dip-in exhibits significant isotopic fractionation. The results plot along an 

evaporation line (indicated by star-shaped labels). In the long-term experiment, fractionation effects become evident with 490 

prolonged exposure times, as reflected by the label sizes. 

For short exposure times (13, 26 days), the variation remains within the measurement accuracy (Figure 10B). As exposure 

time increases, a trend of enrichment in the water sample becomes apparent. However, the variation of all samples with 

certain evaporation barriers (mean δ²H = -53.5 ± 6.2‰, mean δ¹⁸O = -8.1 ± 0.1‰) remains minimal. A significant 

enrichment is observed in the tube-dip-in water (variation up to -44.8‰ for δ²H and -4.4‰ for δ¹⁸O).  Some experimental 495 

bottles show less pronounced enrichment compared to others. Generally, the trend of higher enrichment with longer 

exposure times is evident. 

 

 

Figure 9: Dual water isotope plot showing isotope fractionation during experiment 1 using different evaporation barriers (siphon, 500 
ball valve, and tube-dip-in). Both diagrams (a and b) display the same results on different scales. The label sizes correspond to the 

filled water volume, which varies between 50, 100, 150, 200, or 250 mL. Colors represent different exposure times, with blue 

indicating short exposure and red indicating long exposure. The equation of the local evaporation line (LEL) is δ²H = 3.4 · δ¹⁸O - 

28.6 with R² = 0.52 and p-value < 0.001  
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Figure 10: Dual water isotope plot showing isotope fractionation during experiment 2 using tube-dip-in as the evaporation barrier. 

Both diagrams (A and B) display the same results on different scales. Label sizes correspond to the exposure time, which varies 535 
between 13, 25, 39 or 52 days. Colors represent different water volumes (50 mL vs. 250 mL). The star labels indicate water samples 

from the tube-dip-in. The equation of the local evaporation line (LEL) is δ²H = 2.8 · δ¹⁸O - 32.6, R² = 0.52, p-value < 0.001 

4 Conclusion 

In this study, we investigated various evaporation barriers to reduce evaporative fractionation and diffusion driven by vapor 

pressure gradients in water samples collected for subsequent water stable isotope analysis. Laboratory experiments were 540 

conducted using different barrier setups, fillings, and exposure times. Our findings demonstrate that water samples with 

certain evaporation barriers show significantly less isotopic alteration due to evaporative fractionation and diffusion driven 

by vapor pressure gradients compared to samples stored in open bottles. The simplest and most effective setup tested was a 

combined tube-dip-in system and a long tubing to release air during filling. This configuration allowed gases to escape 

during filling while compensating pressure and temperature-induced volume changes during the observation period. This 545 

method proved to be a practical and efficient evaporation barrier, achieving isotopic fractionation levels comparable to those 

observed in closed systems. However, significant isotopic differences were noted between the water in the tube-dip-in and 

the water in the main bottle. These differences are likely to be more evident under variable temperature and humidity 

conditions. For small sample volumes, we recommend removing the tube-dip-in water by maintaining the pressure in the 

tube while opening the bottle (similar to the “straw principle”) and then discarding the tube-dip-in water. To ensure the 550 

effectiveness of this approach, it is essential to minimize evaporation and condensation within the bottle.  Minimizing 

temperature and humidity fluctuations within the sampler enclosure is essential during sample collection, as both factors 

significantly influence isotopic fractionation processes in water. In this study, temperature and relative humidity were kept 

constant to isolate the effects of the evaporation barriers. However, future experiments should systematically vary and 

control these parameters to better understand their role and interactions in driving isotopic changes.  555 
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Alternative evaporation barriers, such as ball-valves or siphons, can also be used. However, these methods come with higher 

maintenance requirements. Ball-valves may require regular cleaning or replacement and are prone to clogging, while siphons 580 

are susceptible to sample contamination if emptied due to large temperature or pressure fluctuations. Such incidents can 

create open conditions that accelerate fractionation. 

Overall, our results highlight the importance of selecting evaporation barriers that are tailored to specific sampling 

conditions and maintenance requirements. For the tested scenarios, the 'tube-dip-in only' setup proved to be the simplest and 

most effective solution for preserving the isotopic integrity of water samples. However, in cases where environmental 585 

conditions (temperature and humidity) fluctuate significantly, more complex systems, such as a combination with a siphon, 

may be considered. These methods provide additional control over evaporation but require higher maintenance and pose a 

risk of sample contamination under unstable conditions. If samples are collected over extended periods rather than as 

discrete events, siphon systems are not suitable. In such cases, siphon water may repeatedly mix with the sample, leading to 

potential contamination and altering the isotopic composition due to cumulative evaporation effects. 590 
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