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ARTICLE INFO ABSTRACT

The vaporization plane in porous media separates the region of capillary flow from the dry surface layer, where
the water transports only in its gas phase. Knowledge of the depth and geometry of the vaporization plane is
critical for estimating water flux in the soil-atmosphere interphase, for understanding evaporating processes in
general, and for prediction of locations of damaging salt crystallization, etc. However, detection of the vapor-
ization plane is a challenging task. This paper explores the use of sodium fluorescein dye (uranine), a popular
hydrological tracer, to visualize the vaporization plane in porous media. Uranine was used in the forms of
solution or powder on sand, sandstone, and autoclaved aerated concrete, in both laboratory and field experi-
ments. The property of uranine solution to change its color according to its concentration can be used to: i)
visualize the vaporization plane by forming a distinctive dark-orange zone where the pore water evaporates, and
ii) to distinguish the zone of vapor flow from the zone where capillary flow is present. Similarly, uranine powder,
when applied onto a porous material, clearly visualizes the dry surface layer and the capillary zone, divided by
the vaporization plane. This technique can also visualize a complex-shaped vaporization plane in hydrophobic
materials. In comparison with other techniques, such as sensible heat balance or heat pulse methods, the use of
uranine is accurate, cost-effective, and straightforward.
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1. Introduction

Evaporation is a key process in the land-atmosphere water balance;
additionally, the near-surface flow in porous media is an important
topic for natural and engineering sciences such as agriculture, soil sci-
ence, hydrology, or studies of rock weathering, building structures
decay, or endolithic biology. Evaporation from coarse porous media can
be conceptually divided into three stages (Idso et al., 1974; Hillel, 2004;
Or et al., 2013). In the third stage, a critical suction is reached in the
subsurface, and the so-called vaporization plane (VP) is formed, se-
parating the region of the capillary zone (CZ) with its capillary flow
from the dry surface layer (DSL), where water flows only in the gas
phase (Shokri et al., 2009; McAllister et al., 2016). In the CZ, where
saturation is above the critical suction, water flows via a network of
partly saturated pores due to the pressure head gradient, and its flow is
usually described by Richards (1931) equation. In the DSL, the water
vapor movement is conceptually given by Fick’s Law (Bittelli et al.,
2008). Knowledge of the DSL thickness and the geometry of the VP are
critical for estimating the water flux in the soil-atmosphere interface,
and thus for understanding evaporation processes in general (Shokri

and Or, 2011; Bruthans et al., 2018).

An understanding of moisture dynamics in porous media is also
crucial for the prediction of material decay for both building structures
and natural outcrops (Fidrikova et al., 2013; Mol and Viles, 2013).
Water represents one of the main degradation factors, capable of ser-
iously reducing the durability of materials (Falchi et al., 2015), as well
as being one of the most critical factors facilitating the growth of mold
and microbes that can pose health hazards to people (Viitanen et al.,
2010). Detection of the VP is particularly important in studying a ma-
terial's decay by salt weathering. As dissolved salts are transported by
the capillary water, and precipitated within the material, they form
crystals (Huinink et al., 2004), with the resulting increased pressure
caused by the crystallization leading to the material damage (Rijniers
et al., 2005). Therefore, the location of salt crystallization in the VP is
closely related to material decay. Detection of the VP could also po-
tentially be used in the soil science of (semi-)arid regions, where sali-
nization of the soil is an important issue, and an understanding of salt
accumulation can lead to better agriculture practices (Kurtzman et al.,
2016).

The VP can be located by several direct and indirect methods (see

Abbreviations: VP, vaporization plane; DSL, dry surface layer; CZ, capillary zone; BB, Brilliant Blue; AA, autoclaved aerated
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Table 1 in Suppl. mat.). As heat balance is an important factor con-
trolling evaporation (Gupta, 1974; Mikhailov, 1975), heat-pulse or
sensible heat balance methods can be used for its determination (Trautz
et al., 2014). These heat-based methods are limited by needle spacing,
and they are required to be installed at precisely defined depth intervals
(Xiao et al., 2012). The VP can also be found by measuring the water
content. These methods are easy-to-employ and inexpensive. The
electric- and magnetic-based methods are either not accurate enough
(time domain reflectometry method; Topp et al., 1982) or they are in-
fluenced by the amount of dissolved solids (protimeters; Mol and Viles,
2010). Identification of the VP is usually not possible by measuring the
pressure head with tensiometers, as the suction is out of measuring
limits. More demanding methods include nuclear magnetic resonance
imaging (Reis et al., 2003; Snéhota et al., 2010; Lehoux et al., 2016), X-
ray tomography (Rad et al., 2015), acoustic emission (Grapsas and
Shokri, 2014), neutron radiography (Deinert et al., 2004; Sacha et al.,
2015), confocal microscopy (Xu et al., 2008), gamma ray densitometry
(Shahidzadeh-Bonn et al., 2007), and electrical resistivity tomography
(Daily et al., 1992; Mol and Viles, 2010).

The techniques used for detection of the VP within porous media
require either special devices and/or have a low spatial resolution (for
details about the methods and their limits, see Table 1 in Suppl. mat.).
An easy-to-use and cost-effective method with good resolution has, to
date, been lacking in hydrological science. The use of dyes is an at-
tainable means to tackle the disadvantages of the methods mentioned
above. In several evaporation studies, Brilliant Blue FCF dye tracer has
been used to visualize the VP (Lehmann and Or, 2009; Shokri et al,
2009). However, this has been found unsuitable for tracing the travel
time of water, because of its sorption properties (Kasteel et al., 2002).
Concerning other uses of dyes, uranine (sodium fluorescein) dye has
recently been used to visualize the complex pattern of hydrophobicity
in the biologically-initiated rock crust on sandstones (Slavik et al.,
2017), and even the VP within sandstone (Bruthans et al., 2018).

The aim of this study was to test the use of uranine dye in solution
and powder forms to visualize the VP, CZ, and DSL in porous media.
The following steps were taken to reach the aim, that is, to test if this
new method is viable in different porous media and under various
boundary conditions:

o In the first step, we tested dissolved uranine dye to visualize the VP,
CZ, and DSL zones in sand, sandstone and autoclaved concrete as
examples of common natural and building materials. Correct dis-
tinction of the zones was verified by testing the material cohesion,
and by examining the presence of liquid water by a microscope. At
first, tests were done under semi-steady state of VP, CZ, and DSL
location, later under transient conditions (increased water supply
from below or increased potential evaporation resulting in migra-
tion of the zones). To test if the technique can trace former dis-
tribution of VP, CZ, and DSL in already dried material, specimens
with uranine solution were dried completely and subsequently cut
and inspected. Finally, the technique was tested on sandstone
samples with hydrophobic layer, i.e. in complex environment in
terms of capillary flow.

In the second step, we compared the uranine and Brilliant Blue dyes'
ability to visualize the VP, CZ, and DSL in sand.

In the third step, uranine in the form of powder was tested in lab and
field experiments to visualize the three zones in sandstone.
Finally, the applicability of the method using uranine solution or
powder, comparison with other methods, and the need for future
development of the proposed technique was discussed.
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2. Materials and methods
2.1. Materials

2.1.1. Dyes

In the experiments presented herein, we have used mainly uranine
dye (CyoH;0oNa,0s), and, in one experiment, Brilliant Blue FCF dye
(hereafter BB; both obtained from Sigma Aldrich in powder form).
Uranine is a dark red powder when dry, and the color of a uranine-
water solution changes (with decreasing concentration) from red to
orange to yellow and finally to light green (Késs, 1998; Fig. 1 in Suppl.
mat.). Uranine, unlike BB, has the ability to fluoresce (i.e., adsorb
shorter wavelength light and emit at a longer wavelength) at lower
concentrations. BB is always blue in color: dark blue in dry powder
form and lighter blue in water solution.

Uranine, discovered in 1871, is a manufactured organic compound
usually used as a dye, with numerous applications ranging from med-
icinal use (Can Med Assoc J, 1959; Mathew, 2014) to forensics
(Budowle et al., 2000), and cosmetics. In the natural sciences, uranine
is used in biochemical research as a common fluorophore in microscopy
(Lakowicz, 2006), and as a fluorescent probe in cytogenetic techniques
(Noga and Udomkusonsri, 2002). In the earth sciences, uranine is used
as a rather conservative tracer in tracer tests and for the visualization of
the preferential pathway(s) of groundwater flow for its relatively low-
reactive (low-sorbing) properties in comparison with other organic dyes
(Gaspar, 1987; Wilson et al., 2016), even though sorption was observed
to be significant on soils (Gerke et al., 2008). For a summary of the
available literature on uranine's main physical and chemical properties
see Gerke et al. (2013). BB is an organic compound, which besides
being a food coloring, is often used as a tracer in soil-profile scale
studies for the visualization of flow pathways in soils (e.g., Kasteel
et al., 2002). Of the non-fluorescent tracers, Flury and Fliihler (1995)
concluded BB to be the best tracer to use because of its mobility, visi-
bility, and low toxicity. For BB's main physical and chemical properties
see Flury and Fliihler (1995).

Sorption characteristics of the dyes are important for migration of
dye solutions in capillary form. There are several adsorption studies of
BB (e.g., Ketelsen and Meyer-Windel, 1999; German-Heins and Flury,
2000; Kasteel et al., 2002; Mon et al., 2006; Morris et al., 2008) and
uranine (e.g., Smart and Laidlaw, 1977; Sabatini and Austin, 1991;
Kasnavia et al., 1999; Sabatini, 2000; Gerke et al., 2008; Gerke et al.,
2015). However, as these studies were done for different types of soils
and under different settings, comparisons of these findings and pre-
dictions of a tracer's behavior in a particular experiment is difficult.
Even though there is a study comparing the two dyes in their ability to
stain preferential pathways (Vicek et al., 2017), to the best of our
knowledge, there has never been a study purposefully comparing
sorption under neutral pH of the two dyes in the same material.
Nevertheless, based on the literature reviewed, we expect BB to sorb
more than uranine. The basic properties of uranine and BB are shown in
Table 1.

Table 1
Selected physical and chemical properties of uranine and BB (Brilliant Blue
FCF).

Property Uranine Brilliant Blue FCF Reference
Chemical CyoH;0Nay0s C37H34N,Nay06S3 -
formula
CAS number 518-47-8 3844-45-9 -
Molar mass 378.28 792.85 -
(g/mol)
Color Index C. L. 45 350; Acid C. L. 42 090; Acid Blue 9,  (CI, 2001)
Yellow 73 Food Blue 2
Solubility in > 600 g/1 200g/1 (Késs, 1998;

water Marmion, 1991
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2.1.2. Porous materials

To test if the technique is applicable for various porous materials,
several common natural and building materials were used: sand,
sandstone, sandstone with natural hydrophobic layer, and autoclaved
aerated (AA) concrete. The sand and gravel (the later used as a drain in
a bottom of experimental setup only) used in the experiments were
from the Kaznejov quarry (Czech Rep.). Certified sieves were used to
determine the grain sizes of the loose materials (both dominating in
quartz): 0.2-2 mm for the sand, and 2-4 mm for the gravel. The sand-
stone used (both with and without the hydrophobic layer) was a
medium-fine grained quartz sandstone from the Bohemian Cretaceous
Basin (Czech Rep.) with grain sizes from 0.25 to 0.5 mm (for details see
Bruthans et al., 2018). We used AA concrete with the commercial name
Ytong P2-500, having a dry bulk density of 475 + 25kg/m® and pore
diameters < 3.5 mm. Field observations were done at the exposures of
fine to coarse grained quartz sandstone from the Bohemian Cretaceous
Basin (Czech Rep.), 60-70km NE from Prague. Further details about
the materials used are given in Table 2 in Suppl. mat.

2.2. Methods

Porosity of the compact materials used was measured by high-
pressure mercury porosimetry using an AutoPore IV 9520 instrument
(Micromeritics, USA) and the skeletal (true) density, pHe, was de-
termined by means of a gas pycnometer instrument. For more details
see Supplementary material by Slavik et al. (2017). Porosity of the sand
was calculated from the dry bulk density (dried in an oven at 105 °C for
24 hrs) of the sample with known volume.

Capillary water absorption (CWA) of cores of the compact materials
was measured using a Sauter FH 50 N tensiometer (d = 0.01 N, capacity
50 N). The bottom base of the core was put in contact with the water
surface, and the weight of the core was recorded at one second intervals
until the maximum moisture content was reached by capillary uptake.
Decrease of the water level during measurement was negligible
(< 1 mm). The CWA was calculated as the weight of water absorbed
per unit area per unit of time (gm~ 2%~ 1).

Potential evaporation was measured gravimetrically by evaporation
of water from PVC cups (diameter 103 mm, height 395 mm). There
were three cups in the laboratory environment, two of which had
controlled wind speed at the cup surface (2.5 = 0.5m/s and
1.0 = 0.3m/s), and the last was in the environment with ambient air
motion. The water table was kept between 5 and 15 mm from the top of
the cups.

A portable digital Levenhuk DTX 500 Mobi microscope (magnifi-
cation 20-200) was used to obtain detailed visualization of the uranine
solution in the pore space. The wind speeds were measured with
thermal anemometer - Model TA 410 XY Airflow by Greisinger elec-
tronic GmbH. All experiments were photo-documented.

2.3. Experimental setup

We carried out both laboratory and field experiments. The design of
the presented experiments and the solution concentrations used are
based on several preliminary experiments and here we show only the
final experimental setups which are demonstrating specific settings of
boundary (initial) conditions. The results of the preliminary experi-
ments nevertheless fully correspond to the results presented in this
paper. The uranine and BB dyes were applied in the form of water so-
lutions, which were prepared (in the lab) by dissolving the respective
dye powder in distilled water (concentrations are given below and in
Table 2 in Suppl. mat.). Uranine was also used in the form of a dry
powder (both in the lab and the field). In all the laboratory experi-
ments, ambient temperature and relative humidity of the air and/or
potential evaporation were measured. For overview on all tests and
further specifications concerning individual experiments, see Table 2
and Fig. 2 in Suppl. mat.
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2.3.1. Experiments with dye solutions

The porous material was first dried in the laboratory environment
(19-21 °C, 35-40% relative humidity) until no change in sample weight
occurred within a 24 hrs interval. There were three reasons for this
experimental setting: (i) For the samples to be in equilibrium with the
surrounding environment to eliminate any uncontrolled moisture up-
take from the water vapor in laboratory atmosphere, (ii) to reach more
or less the same moisture of all the samples, and (iii) because the or-
ganisms colonizing the sandstone core in exp. le (see further) would
not survive oven drying.

Unless stated otherwise, the experiments were carried out in the
same laboratory environment. To ensure homogenization of the sand
and its minimal compaction, the material was carefully placed into
glass containers while being continuously mixed with a metal rod.
Changes in the color of the samples resulting from the solution's
transport were photo-documented. The samples were saturated via the
entire bottom boundary with dye solutions. This approach was chosen
for four reasons: (i) in order to make the experiments more rapid (in
case of full saturation and subsequent drying, the experiment would
take longer time), (ii) it enables uniform absorption of solution via the
respected surface area and its more or less uniform movement
throughout the sample, and (iii) this setting helps in clear visual dis-
tinction of the three zones — if we first saturated the sample and let it
evaporate, there would be uranine precipitated in the DSL and thus the
VP would not be seen as a visually distinctive line, and (iv) saturation
via a bottom boundary and evaporation via upper boundary replicates
moisture distribution in many natural settings (e.g. Bruthans et al.,
2018).

Concerning the volumes of dye solutions injected, we used just en-
ough solution for the VP to form inside a sample, that is, to form the
three zones in a sample at the same time: DSL, VP, and CZ. By injecting
the limited volume of solution, we avoided CZ to rise by capillary forces
all the way up to the surface.

2.3.1.1. Experiment la. This experiment was conducted to test if
dissolved uranine dye correctly visualizes the VP, CZ, and DSL in
sand. A glass container (7 X 15 x 15 cm), sealed from all sides except
the top boundary where evaporation took place, was uniformly filled
with sand above a 1 cm thick basal layer of gravel serving as a drain
that helped to redistribute the injected solution. In the middle of the
container, a plastic tube was vertically placed to enable injection of the
solution into the gravel at the bottom. The experiment was carried out
under a constant wind speed condition (1.0 = 0.3 m/s) maintained by
an electrical fan at the top boundary. Uranine solution (2 g/l) was
injected through the plastic tube into the gravel (90 ml, one time only).
After the injection, the plastic tube was plugged with a plastic stopper
to avoid evaporation from the drain. After the experiment and
documentation of VP by wuranine’s color, the containers were
tilted > 45° to separate the dry (loose) sand from wet (capillary held)
sand to verify the VP position. For details see Fig. 2 in Suppl. mat.

2.3.1.2. Experiment 1b. This experiment was performed to test if
dissolved uranine dye visualizes the VP, CZ, and DSL in compact
materials. A sandstone core and an AA concrete core (~50 mm thick,
~70mm in diameter) were placed into two PVC cups closed all around
except the top boundaries to avoid evaporation from the cores' sides
and bottoms. Uranine solution (1.3-3g/1; 20-30ml; for details see
Table 2 in Suppl. mat.) was injected into the bottom (one time only) of
the cups making sure that it is absorbed by the sample through its
bottom boundary only.

2.3.1.3. Experiment 1c. To test if the zones are traceable under
transient conditions (increased water supply from below or increased
potential evaporation resulting in migration of the zones), experiment
1c was carried out using the same experimental settings as exp. 1a using
two glass containers (7 X 15 X 15cm). Wind speed conditions were
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controlled throughout the experiment maintained by electrical fans to
sustain the desired potential evaporation. In both containers under
wind speed of 1 * 0.3m/s, uranine solution (2g/1) was injected
through the plastic tubes into the gravel (90 ml), which were plugged
by stoppers after the injection. Once the solution stopped moving
upwards (7 days), the two containers were treated in different ways:

In the first container, windspeed of the fan was increased to
2.5 = 0.5m/s to push the VP down. After the documentation of the VP
by uranine’s color, the container was tilted > 45° to verify the VP po-
sition (see exp. 1a for reasoning).

In the second container, more uranine solution was injected to the
bottom (120ml, 2 g/1) to push the VP further up. After the solution
stopped moving upwards (after another XX days), it was photo-docu-
mented, and the container was tilted to verify the VP position.

2.3.1.4. Experiment 1d. To test if the technique can trace former
distribution of VP, CZ, and DSL in already dried material, a sandstone
core (~50mm thick, 70 mm in diameter) was placed into an open
plastic container (enabling evaporation from all the sides except the
bottom) filled with a 2 cm layer of uranine solution at its base (2.6 g/1).
The uranine solution moved upwards due to capillary uptake. The core
was periodically weighted (1-2 days), and after three weeks, when the
material had dried (no measurable change in sample weight during
24hrs occurred), the sample was cut in half, photo-documented, and
subsequently the cut surface was made wet by < 1 ml of distilled water
to partly remobilize the precipitated uranine and in 15min photo-
documented again.

2.3.1.5. Experiment le. To test the uranine solution on materials with
uneven capillary flow and complex VP geometry, a sandstone core was
used (~50 mm thick, ~70 mm in diameter) with naturally developed
biologically-initiated rock crust consisting of hydrophobic organic
matter (for details see Slavik et al., 2017 who studied the same
material) on its upper base of uneven surface. The core was placed
into a PVC cup like in exp. 1b and uranine was repeatedly added into
the bottom of the cup (1.3 g/, see Table 3 in Suppl. mat.). A sandstone
core of the same size and under the same experimental settings but
without crust was used for comparison. At the sandstone core's upper
base, a pit (20 mm deep and 30 mm in diameter) was hollowed out to
(i) enable comparison with the similar surface of the sample with the
crust, (ii) to observe dye precipitation once water reaches the surface,
(iii) to test whether the solution is moving uniformly throughout the
core. The weight of the cores was monitored.

2.3.1.6. Experiment 2. In experiment 2, we compared the effectiveness
of the uranine and BB dye solutions to visualize the VP, CZ, and DSL in
sand. BB dye had been already used in evaporation studies (e.g.
Lehmann and Or, 2009; Shokri et al., 2009). Two 400ml glass
beakers were uniformly packed with sand. Into one, 10 ml of 1.3 g/1
uranine solution was injected; 10 ml of 0.4 g/1 BB solution was injected
into the other beaker. Concentrations of both dyes were determined
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from preliminary tests to ensure ideal visibility. Both injections were
performed by a medical needle that run via the middle of the sample to
the very bottom. The samples were left in the laboratory environment
to evaporate for 18 hrs. After the experiment and documentation of VP
by uranine’s color, the containers were tilted > 45° to verify the VP
position (see exp. 1a for reasoning).

2.3.2. Experiments with uranine powder

2.3.2.1. Experiment 3a. The laboratory experiment 3a was testing
uranine powder to visualize the VP, CZ and DSL zones in sandstone.
A sandstone core (~50 mm thick, ~70 mm in diameter) was placed
into an open plastic container filled with 2 cm of water at its base. After
5min, the core was taken out of the water and uranine powder was
dusted onto the sandstone core's surface using a makeup brush; after
2 min it was photo-documented.

2.3.2.2. Experiment 3b. In the field, holes were drilled (80 mm
diameter, ~60mm depth) with a core drill bit into the natural
sandstone body perpendicular to the rock surface (in various
directions from vertical to horizontal). Drilling was done without the
use of water or air flushing to avoid wetting or drying of the
environment. Drilling took several tens of seconds and care was taken
not to heat the drill bit considerably (to avoid evaporation). Once the
drilling was finished, uranine powder was immediately applied onto the
sides of the drilled hole, and onto the surrounding surface of the
sandstone by dusting the powder using a makeup brush; after 5 min it
was photo-documented.

3. Results and discussion
3.1. Experiments with uranine dye solution

In the evaporation experiments, we injected uranine solution into
the bottom of both loose and compact materials, and let the solution
evaporate in porous media. In all cases, we observed (after several
hours-days) that the uranine solution forms two differently colored
zones in porous media: (1) a yellow color zone, and (2) a distinctive
dark-orange zone (Fig. 1). The yellow color zone (1) was colored by the
solution, and therefore represents the volume where uranine was car-
ried by liquid water. This flow is presumably due to capillary forces,
and hereafter we call (1) the capillary zone (CZ). On the contrary, the
dark-orange color (2) is a consequence of increased uranine con-
centration (Késs, 1998), which can only be explained by evaporation
within the media. If the solution in the CZ was adsorbed to the mate-
rial's particles, we would see a gradual color change, as adsorption
increases with solution concentration (Appelo and Postma, 2013).
Therefore, the increased uranine concentration clearly indicates eva-
poration within the porous material — the vaporization plane (VP), di-
viding the CZ below from the dry surface layer (DSL) above (Fig. 1). We
hence state that the yellow color zone represents the CZ, the dark-or-
ange zone stands for the VP, and the non-colored area points to the DSL

Fig. 1. Examples from experiments with a) loose
sand (exp. 1a), b) sandstone core (exp. 1b), and
c) AA concrete core (exp. 1b). In all experiments,
three differently colored zones were observed:
(1) a yellow colored zone of capillary flow (CZ),
(2) a distinctive dark-orange zone, visualizing
the plane of evaporation (VP), and (3) a dry area
not colored by uranine (DSL). (For interpretation
of the references to color in this figure legend,
the reader is referred to the web version of this
article.)
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a) = O
~ surface layer
(loose material

yaporization
plane

capillary
zone

(where water moves in the form of vapor only, and thus not trans-
porting any dye).

To further prove that the yellow zone is equivalent to the CZ, and
the non-colored zone equivalent to the DSL, we checked the presence of
water cohesion forces by tilting the glass container after experiment
(exp. 2) with sand at an angle of 45°. The particles above the VP were
loose and separated from the rest of the material (Fig. 2). This de-
monstrated the lack of cohesion forces in the DSL, as capillary menisci
were not present in the dry medium. Note that the described drying
process (change in VP location) is slow and that any measurable change
takes hours, therefore seconds-long tilting of the container does not
change the location of the VP. To further identify the differences be-
tween the three zones, we used a microscope. Below the VP, the par-
ticles appeared shiny, as water formed very thin films (Fig. 2b). At the
VP, one could distinguish some particles being covered with uranine
solution films of a dark-orange color (Fig. 2c). Above the VP, the sand
particles appeared dim and dry, partly covered with what appears to be
fines disintegrated from the particles (Fig. 2d).

The spatial distribution of the dark-orange zone and the yellow zone
can change over time, which could be due to e.g., an increased water
supply below the VP or an increased potential evaporation above the
VP. There are two basic scenarios: either the VP moves toward the
surface - progresses (Fig. 3a) or it retreats into the material (Fig. 3b). In
the first scenario, the observed color correctly reflects the current si-
tuation as the uranine solution moves to the previously dry (not co-
lored) portions, and the former dark-orange zone of the VP dissolves
into the advancing capillary solution. Still, remnants of the former VP
may be visible in the CZ, especially if the former VP was stabilized for a
longer time. In the second case, when the CZ shrinks, and the DSL ex-
pands into the region formerly occupied by CZ, the dark-orange zone
either thickens and/or several dark-orange strips are formed below the
former VP (Fig. 3b). In this case, the actual VP is represented by the
lowest dark-orange strip, while the other dark-orange strips are rem-
nants of the retreating VP (this was tested by tilting the samples). To
summarize, uranine can partly overprint previous stages of moisture
distribution; however, in the case of drying, it is necessary to interpret
the dark-orange zone in the context of its former positions and the
change of conditions. Uranine solution can thus reveal some informa-
tion about the evolution of the moisture system — whether the CZ was
retreating or progressing towards the surface.

In all the cases presented above, the CZ was observed while the
sample was still wet (see Table 2 in Suppl. mat.). In some cases, it can
be advantageous to observe the results of the experiment after a com-
plete drying of the sample, so that the CZ and VP are not present in the
sample anymore. The former spatial distributions of the CZ and VP can
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Fig. 2. Experiment 2 proving the presence of the
DSL zone. a) Uranine solution was moving up-
wards by capillary forces in the glass container,
and after 18 h, the VP was observed close to the
surface. After tilting the glass container by 45°,
the sand grains in the DSL, which were loose,
moved freely as no cohesive forces were present;
while the wet part (CZ) stayed intact due to co-
hesion by capillary forces. These two parts (DSL
and CZ) were divided by a thin VP. The sand
particles in the three zones were observed under
a microscope: b) for DSL, c) for VP, and d) for
CZ. Since the microscope camera automatically
adapts the color spectrum to the actual compo-
sition, the particles from the CZ (d) appeared
only slightly yellow in the photo, even though
the yellow color was clearly visible in the mi-
croscope before the automatic color spectrum
adjustment. (For interpretation of the references
to color in this figure legend, the reader is re-
ferred to the web version of this article.)

~ increased ‘increased
b Water - potential
supply evaporation

Fig. 3. Uranine visualization of changes of the spatial distribution of the CZ,
VP, and DSL in exp. 1c. a) The VP has moved upwards towards the surface
(progressed) due to increased capillary water supply from below. The former
VP is hardly visible as it has dissolved in the moving solution. b) The VP has
moved downwards (retreated) due to increased potential evaporation. The
current VP is represented by the lowermost of all the dark-orange strips. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

still be imprinted into the material. In particular, clear visualization of
the former CZ and VP occurs if the VP is present at a constant depth for
a relatively long time. This is the case documented in Fig. 4a, where the
entire sandstone core was initially wet through its bottom with uranine
solution; subsequently, it was allowed to evaporate in an open en-
vironment until it became completely dry (until the weight of the
sample was in steady state), and then was cut in half. Because of the
high initial saturation of the sample and the relatively fast evaporation,
the VP was thus at the very surface of the sample during most of the
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, orange

border

Fig. 4. Experiment 1d showing dry sample cut in
half after relatively fast evaporation. a) The
sandstone core sucked up the uranine solution
and evaporated via its entire surface. After some
time, the uranine solution supply stopped, and
since then, no additive capillary water has been
injected into the core and the core was drying.
After complete drying, the sandstone core was
cut in the middle. Visualization of the former
spatial distribution of the CZ and VP from the
time when the uranine supply stopped was im-
printed in the sandstone core. b) After complete
drying of the core, distilled water was injected
onto the cut dry surface. The distilled water was
spreading sideways, while dissolving the pre-
cipitated uranine, and the boundaries of the wet
zone continuously changed its color from yellow
to light orange. (For interpretation of the refer-
ences to color in this figure legend, the reader is

drying process, and hence the imprinting of the CZ (yellow zone), and
the VP (dark-orange zone) close to the surface. However, when the VP
changed its position relatively quickly, its imprinting into the material
was not apparent (the inside of the core in Fig. 4a) or was limited
(variously colored zone between the former and current VPs in Fig. 3b).

When using a material with some precipitated uranine already
present, the observations should also be interpreted with caution, as
this influences the resulting color. This is visible from Fig. 4b, where
after wetting the cut dry surface with drops of distilled water, a new
spatially limited area of capillary water was established. As the distilled
water was spreading sideways, and thus dissolving the precipitated
uranine in the material along the way, the boundaries of the wet zone
continuously changed its color from yellow to light orange. Therefore,
only the border of the area of this water spread was forming a dis-
tinctive light orange line, even though evaporation must have taken
place from the entire area wetted by the distilled water (see Fig. 4b).

We tested whether it is possible to visualize the VP in the special
case of a sandstone core with a hydrophobic layer. Uranine visualized
that the hydrophobic layer at the top of the core (a few mm thick, Slavik
et al., 2017) hindered the upward movement of the solution, so that the
capillary flow was not permitted to reach the very top of the core, re-
sulting in an uneven geometry of the VP (Fig. 5a). In comparison, in the
same sandstone material, except without the hydrophobic layer, the VP
was smooth and uniform (Fig. 5b). Thanks to the knowledge of the
current thickness of the CZ as indicated by the orange color, one can
calculate the water content of the wet part of the sample, which
otherwise would not be possible (Fig. 6; for further details see Tables 3
and 4 in Suppl. mat.). Therefore, uranine visualization of the VP is ef-
fective even in materials where the VP has an intricate geometry (e.g.,
heterogeneous materials, fractured zones, materials with hydrophobic
portions, etc.).

The concentration of uranine in all the previously described ex-
periments was between 1.3 and 3.0 g/], depending on the color of the
porous material used. Ideally, the concentration should be kept low,
because of the possible clogging of pores by precipitated dye. However,
it needs to be high enough so that its yellow color will be detectable on
the material.

3.2. Comparison of uranine and BB solutions

We injected BB solution into the bottom of the glass containers filled
with dry sand and allowed the material to become wet. At a certain
level, as the solution was moving upwards, it started to evaporate.
Subsequently, we compared BB’s behavior with the behavior of uranine.
Despite performed under the same conditions (the amounts of solutions
injected, the sand used, and the same experimental procedures
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referred to the web version of this article.)

including limited packing of the material), the height of the colored
zones was not identical: uranine colored the sand up to 8 cm in high,
while BB only up to 7.5cm high over the same time period (Fig. 7).
More importantly, we observed that BB does not exactly visualize the
wetting front, as wet parts were visually detectable above the BB line,
unlike with uranine. Similar behaviors have been reported by several
studies that used BB as a tracer where the dye patterns did not exactly
match the wetting front during infiltration (Flury and Fliihler, 1995;
Devitt and Smith, 2002; Kasteel et al., 2002). This can be explained by
stronger retardation of the BB. Therefore, even though BB can be suc-
cessfully used as a tracer in evaporation drying experiments (when the
material is saturated and let to dry, i.e. when the VP is receding), it is
not always able to indicate the current wetting front and VP.

3.3. Experiments with uranine powder

Uranine can be used in the form of a dry red powder to visualize the
DSL and CZ. After dusting it onto the surface of a porous material with
the DSL and CZ present, two different color zones can be recognized: (1)
a dark-orange zone, and (2) a red color zone (Fig. 8). The dark-orange
zone (1) is the result of dissolution of the originally dry red powder into
pore water; and the red color zone (2) indicates that no dissolution of
the dry red powder occurs, as the material remains dry in this area
(Fig. 8a, b). Therefore, the spatial distribution of the colors describes
the spatial distribution of moisture within the porous media: the dark-
orange zone represents the CZ, whereas the red color zone represents
the DSL.

Unlike the uranine solution application, dusting with uranine
powder does not explicitly highlight the VP. The VP can only be as-
sumed at the border between the two differently colored parts (Fig. 8a,
b), representing the CZ and DSL. Unlike with the use of uranine solu-
tion, the powder visualizes a single time frame, and therefore does not
allow one to study the moisture system's history. Thus, it is not possible
to distinguish whether the VP is retreating, or if it is progressing to-
wards the surface. In fact, there might be no VP at all in the case that
the wetting front is progressing, or when there is a lack of potential
evaporation at the surface.

The change in color due to dissolution took 2-5 min, according to
the moisture content and/or the thickness of the powder layer applied.
For the correct use of the uranine powder dusting method, the spread of
the powder must be uniform to reach quite a constant thickness;
otherwise, there is a risk that the powder will not dissolve uniformly,
and thus an apparent (but false) dry area will be observed (Fig. 8c).
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3.4. Method utilization and comparison with other methods

In the laboratory, the use of uranine is applicable in almost any
conceivable flow and evaporation experiments. The decision whether to
use it in the solution or powder form depends on the purpose of the
experiment. The advantage of using a solution is its ability to visualize
the flow history, as the dye is already present in the transported liquid

————
o= ~~.
~
-

Fig. 7. Capillary uptake of uranine and BB under identical conditions (exp. 2).
In the case of BB, unlike for uranine, a wet zone above the colored zone was
observed.

and zones’ locations changes can be photo-documented repeatedly for
long time periods. In addition to that, if the solution transport
throughout the media is well photo-documented, the water flow velo-
city is easily computable, and any possible preferential flow can be
detected. This utilization is based on the properties that uranine has in
common with other dyes used in the vadose zone (e.g., BB, Rhodamine
B, or Pyranine) (Flury and Wai, 2003; Gaspar, 1987; Wilson et al.,
2016). We would like to underscore the use of uranine dye solution for
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visualization of evaporation, and its ability to rapidly reflect the dy-
namics of the water system. However, there are cases when it is not
convenient or advisable to use uranine solution. Perhaps the most sig-
nificant disadvantage of the use of uranine solution is in the study of
evaporation in the field, which has limited applicability. As the solution
needs to be added to the environment, this changes the hydraulic field,
and is also demanding of time as the evaporation processes might be
relatively slow. Other drawbacks of using solution are the possible
clogging of the pores, and possible density changes due to different
concentrations of the original liquid in the pore space and injected into
the solution. Another disadvantage of uranine application is its property
to photodegrade (Kdss, 1998; Gaigalas et al., 2004); with a photo-
decomposition decay coefficient k = 9.5 x 102-3.9 X 107" under
sunny conditions (dimensionless, for details see review by Smart and
Laidlaw, 1977). Therefore, it is essential to prevent or minimize the
exposure of uranine to light during experiments.

The use of the powder can overcome some of the drawbacks of using
uranine solution, as it can be applied without altering the hydraulic
field, and its use is relatively quick. When the powder is used, it is
sufficient to dust it onto the surface, and within minutes the color zones
are displayed. The use of powder is especially practical in the field,
where it can effectively visualize the DSL and CZ. However, repeated
use of uranine powder is not possible in situ in drilled or burrowed holes
if the holes are not sealed by a material with similar properties between
readings, because the open hole affects the evaporation rate, and
therefore repeated readings of the VP depth would be different from
ambient conditions.

We suggest using uranine dye on all ranges of evaporation experi-
ments from the mm to m scale. Uranine solution can be especially
practical to use in wetting evaporation experiments, as it indicates the
current wetting front and forms a distinctive visualization of the VP.
The use of uranine solution to visualize preferential pathways in the
field is a well-known and widespread practice (Wilson et al., 2016).
However, we are not aware of any study using uranine to visualize sub-
surface evaporation from cracks or other preferential pathways. We
believe that the use of uranine offers a simple method for such studies,
and possibly enables differentiation between evaporation and tran-
spiration, as plant roots uptake the uranine solution (Palmquist, 1939),
and thus not causing a higher concentration of uranine in the soil. The
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Fig. 8. The red dry uranine powder was dusted at
the surface of a porous media. In couple of minutes
(2-5), the powder dissolved in wet parts of the en-
vironment. Examples: a) The sandstone core which
absorbed distilled water, was subsequently dusted
by red dry uranine powder (exp. 3a). The wet area
changed its color to dark-orange, but the dry part
remained red. b) Uranine powder dusted into a
freshly drilled hole in a sandstone surface (exp. 3b).
Clear zoning of DSL (in the shallow subsurface) and
CZ (in the deeper part of the body) is observable.
The VP creates a border between the DSL and CZ. ¢)
When the powder is not applied uniformly, apparent
dry areas are formed where the uranine dust is too
thick (in the picture highlighted by black dashed
delimited areas). (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the web version of this article.)

powder use can find applications in studies focused on near sub-surface
water movements in rock outcrops, buildings and sculptures made of
porous rocks.

When we compare the use of uranine to visualize sub-surface eva-
poration dynamics with other methods, we find that even though they
are often more precise, they are also more expensive and not so easily
accessible (for details see Table 1 in Suppl. mat.). This is the case for
nuclear magnetic resonance, X-ray tomography, neutron radiography,
confocal microscopy, and gamma-ray densitometry. These methods are
also not possible to use effectively in the field. Easily employable and
inexpensive methods such as the electrical resistivity tomography, the
heat-based methods, and tensiometry are less precise. Overall, in
comparison with other methods, the use of uranine dye is both an easy-
to-use and cost-effective (~140USD per kg) method, with a fair re-
solution. Note that the electrical resistivity tomography at this research
stage remains to be the only inexpensive and non-destructive method
which is relevant when working on heritage sites or protected areas of
rock outcrops (Mol and Viles, 2013).

3.5. Need for future development

When using uranine to visualize evaporation, one can only observe
a 2D view of the moisture distribution at the surface; in order to gain
knowledge about the insides of the material, destructive approach
(digging/drilling/excavation) is needed (for both the solution and the
powder methods; Figs. 4 and 8b, c). This hinders the wider use of ur-
anine in studying moisture at protected natural rock outcrops, or in
building structures and statues where any destructive approach is not
acceptable. Here, we presented the visualization of the VP in the 80 mm
wide burrowed/drilled holes, and so far, we are limited by the hole
being sufficiently wide to ensure a clear view of the line between the CZ
and DSL. Therefore, significant progress in miniaturization of this in-
vasive method is needed.

Concerning the use of uranine solution, we observed that if the VP is
fixed for a relatively long time, precipitation of uranine occurs. Even
though we did not observe any role of this clogging upon the eva-
poration rate, we believe that more research is needed to quantify this
in relationship to the water flow dynamics. Here, we have presented
experiments conducted in porous materials with the porosity of sand,
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and thus another area that requires further research is the use of ur-
anine in evaporation studies within materials of different pore sizes
such as clays or gravels. Additionally, we suggest conducting more re-
search on the role of uranine solution concentration on evaporation
rates, as well as a study comparing the use of uranine to other com-
monly used dyes not mentioned in this paper (such as Rhodamine B or
Pyranine).

4. Conclusion

This paper has presented several examples where uranine dye was
used to visualize the vaporization plane, capillary zone, and the dry
surface layer. The uranine solution visualizes the vaporization plane by
forming a distinctive dark-orange zone caused by evaporation of the
pore water, and hence increased uranine concentration. The use of
uranine also enables one to distinguish the zones of vapor and capillary
flow, thanks either to the visualization of the vaporization plane by the
uranine solution, or by application of the uranine powder on porous
materials. When compared to the Brilliant Blue dye, uranine solution
has lower retardation and better visualizes both the capillary zone and
the vaporization plane; thus, it should be the dye of choice for all kinds
of evaporation experiments. Uranine dye can find use in various la-
boratory evaporation experiments and field studies of sub-surface
evaporation, from both soil and rock outcrops. Even though this
method is destructive in compact materials, if miniaturized, it might be
used to detect the vaporization plane and the salt enriched zone in
cultural heritage sites. Overall, the presented technique is accurate,
cost-effective, and straightforward in its use.
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