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Abstract: The study is concerned with the rate of evaporation from porous rock, including the second
stage of evaporation characterised by the existence of a dry surface layer separated from the wet
capillary zone by a sharp evaporation front. The main objective is to investigate the relationship
between the depth of evaporation front and the rate of evaporation as the drying process progresses,
and to compare measured evaporation rate with the corresponding calculated values. Sandstone
core samples saturated with water were allowed to dry naturally under room conditions, while the
changes in the evaporation rate and the depth of evaporation front, among other quantities, were
measured. We demonstrate that the evaporation rate can be very accurately determined from the
depth of the evaporation front and the ambient air temperature and relative humidity using Fick’s
law for water-vapor diffusion. During the second stage of evaporation, the diffusion flux through the
dry surface layer is computed using the water-vapor diffusion coefficient of the rock, determined
from a separate wet cup experiment. In order to cover the first stage of evaporation, an additional
parameter characterising the diffusion layer of air above the surface is required, either determined
by the best fit to the measured evaporation rates, or adopted from previous studies. The calculated
evaporation rate was in good agreement with measurements, with Pearson correlation coefficient 0.98
and relative error of the calculations averaging 15% over the evaporation front depths ranging from 0
to 29 mm. A workflow for determining the evaporation rate from sandstone outcrops is suggested,
along with possible applications in sandstone weathering research.

Keywords: evaporation; sandstone; uranine-probe; evaporation front; vaporization plane; weathering;
salt weathering; diffusion

1. Introduction

Evaporation plays an important role in many natural processes. It is a key member of a
water balance, being a major consideration in the design and management of water supply
reservoirs. The evaporation from porous materials is an intriguing and intensively studied
topic in natural and engineering sciences encompassing hydrology, agriculture, and soil
sciences. Its critical role in rock weathering deserves particular attention. Evaporation
affects the moisture content within the rock, its temporal changes, and spatial distribution,
all of which influence the intensity of frost weathering [1–3]. Along with other factors
(nature of salts, their resulting spatial distribution in the pore space, durability of the rock),
the rate of evaporation influences the intensity of salt weathering [4,5] via the amount of
salts crystallized. As a result, the areas with the highest evaporative loss coincide with
the most intense rock weathering, as the majority of salt crystallisation occurs in these
evaporation zones [6], leading to development of various weathering forms [7]. Cyclical
changes in moisture content due to evaporation can also contribute to rock disintegration by
causing variations in volumetric changes due to hygric or hydric dilatation [8,9]. Therefore,
to make at least a rough estimate of the evaporation rate should be considered as one of the
essential parts of rock weathering research.
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The rate of evaporation from porous materials, as evidenced from soil evaporation
studies [10], depends on the moisture characteristics of the material. When the liquid
water in the pores is hydraulically connected to the surface of the material via a network of
capillaries, the evaporation rate is relatively high, governed by the evaporative demand
at the surface. This phase is called stage 1 of evaporation [11,12]. As the material dries, a
dry zone develops within the material near the surface, and the evaporation rate is then
controlled by diffusion [10]. This phase of considerably lower evaporation rate is commonly
referred to as stage 2 of evaporation. It has been discussed in [13] that the formation of the
dry zone, marking the transition from the first to the second stage, depends mainly on the
width of the pore size distribution.

In contrast to soils, the process of evaporation from rocks is less well described in
the literature. We can mention the now classic studies on evaporation from bricks and
building materials [14,15], or the laboratory studies [16,17] which focused on monitoring
several parameters during evaporation from sandstone. Several recent works [7,18–20]
have considered the spatial distribution of moisture in determining the rate of evaporation
from porous rocks. The evaporation rate in these studies was not only measured, but also
calculated using Fick’s law of diffusion. Only four parameters were used in the calculation:
air temperature, air humidity, water-vapor permeability of the rock and depth of the
evaporation front. The first two can be easily obtained using standard equipment, while
the water-vapor permeability can be measured in the laboratory.

The evaporation front is a relatively recent concept in rock weathering research [5,7].
It refers to an apparently sharp interface in the rock outcrop, demarking the zone of distinct
liquid capillary water from the much drier zone near the surface [21–23]. During the
evaporation process, liquid water is brought from the greater depth to the evaporation
front through the capillary zone, as can be mathematically described by the Richards
equation [24]. In the dry surface layer on the other side, the connectivity of the capillaries is
diminished, and the moisture is transported predominantly in the form of water vapor by
diffusion. The position of the evaporation front, and its eventual movement, is the result of
two opposing processes: the loss of moisture by evaporation and the influx of moisture
from the rock [23]. If the rate of evaporation exceeds the rate of inflow, the evaporation front
moves deeper below the surface, and vice versa. Importantly, in both cases the evaporation
rate is limited by the rate of vapor diffusion through the dry surface layer and is thus
effectively governed by the actual depth of the evaporation front.

The applicability of the evaporation front concept to determine the evaporation rate in the
rock was supported by both laboratory and field measurements, and a novel microdestructive
method called uranine-probe has recently been developed, which uses a moisture-sensitive
dye to detect the depth of the front with high accuracy [22]. The evaporation front was found
to be positioned from the very surface up to decimeters below the rock surfaces [22,25,26],
a range that alters the evaporation rate over several orders of magnitude by theory, the
diffusive flux being inverse proportional to the front depth by the Fick’s law [27]. It was
suggested in [19] that the position of the evaporation front is a primary factor controlling the
evaporation rate from natural rock outcrops in various climates, including arid, semi-arid,
and humid environments. This highlights the need to know the depth of the evaporation
front when determining the evaporation rate from rock outcrops.

In previous studies, the evaporation rate values calculated using the known evap-
oration front depth were in good agreement with the measurements, but these studies
were limited to a static evaporation front that was artificially fixed at a certain constant
depth throughout the experiments. To our knowledge, only a few [16,17,23] evaporation
experiments have documented the progression of the moisture distribution within rock
from complete saturation to complete drying, cf. [10] for soils. The present study aims
to provide the first evidence that the concept of combining the knowledge of the natural
evaporation front depth with Fick’s law makes a reliable assessment of the evaporation
rate possible. This may allow for a quantification of moisture fluxes and hence the water
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balance in natural rock outcrops, which are important parameters in field studies of all
moisture-affected weathering processes.

Our study specifically deals with sandstone because it is one of the rocks most affected
by weathering. The primary objective is to investigate the relationship between the depth
of the evaporation front and the rate of evaporation as the drying process progresses.
We compare the directly measured evaporation rates with those calculated using the
combination of Fick’s law and the uranine-probe method. We discuss the accuracy of
the prediction, the relationship with the water content and the pore size distribution, the
methodology for determining the evaporation rate from sandstone outcrops and finally,
the implications for sandstone weathering research.

2. Materials and Methods

The experimental setup was designed as follows. The originally fully saturated
sandstone samples were allowed to evaporate under room conditions and the rate of
evaporation was obtained by weighing the samples. At the same time, the evolution of
the depth of the evaporation front below the surface of the samples was determined. The
relative surface moisture of the sandstone was also measured. The measurements were
accompanied by air humidity and air temperature recording. Material properties were
determined in the laboratory. The evaporation rate was calculated using Fick’s law and
then compared with the measurements.

2.1. Rock Used

We used a medium- to fine-grained Turonian quartz sandstone (JE sandstone, as labeled
after the municipality of Jestřebice) of the Bohemian Cretaceous Basin (Czech Republic,
Figure 1). The sandstone was sampled from the boulders of a collapsed sandstone pillar using
a hand-held drill with a diamond core bit. The samples were initially in the form of a core
8 cm in diameter and ∼4 cm thick, which was later slightly modified in size (see below).

Figure 1. Geological map [28] of the area where the JE sandstone samples were taken (sampling
location shown by the red dot and arrow). Top right is a photograph of the samples sealed in epoxy
and below is a scanning electron microscope image of the pore space of the JE sandstone.

The fundamental characteristics of porous materials that affect moisture flow and its
spatial distribution include total porosity and pore size distribution. To determine these
characteristics for the JE sandstone, we used two methods: (i) a conventional high-pressure
mercury intrusion porosimetry (MIP, see [29]) using an AutoPore IV 9520 instrument (Mi-
cromeritics); and (ii) a series of saturated flow experiments with non-Newtonian fluids
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following the methodology by Abou Najm and Atallah [30], called ANA method in the
remaining text. In contrast to MIP, the ANA method provides an approximated func-
tional pore size distribution of the porous media, defined by the equivalent idealized
representation of the saturated flow by bundles of parallel capillaries, see Appendix A.

The intensity of the water-vapor flow in stage 2 of evaporation depends on the water-
vapor permeability of the rock. In this study, we determined the water-vapor diffusion coeffi-
cient δ (s) of the JE sandstone using the following method adapted from EN ISO 12572:2001,
as described by [19]. The rock cores were reduced in size to fit into PVC tubes 75 mm in diam-
eter. The cores were then placed in the tubes and sealed with epoxy to prevent water-vapor
escape between the sandstone core and the tube wall. Another PVC tube, partially filled with
deionized water, was attached end-to-end to the first tube, and sealed with electrical tape to
limit water-vapor loss from the setup to less than 0.4 g per week [31]. The deionised water
maintained a relative humidity (RH) of 100% below the core but did not come into direct
contact with the core. This arrangement, referred to as a wet cup, is illustrated in Figure 2A.

Figure 2. Workflow of the measurements made during the evaporation experiment. (A) Scheme of
the measurement of the water-vapor diffusion coefficient in wet cups. (B–F) Successive steps in the
measurement of the evaporation rate and the evaporation front depth. Parts (D,F) adapted from [22].

Three wet cups were placed in a CTC 256 Memmert climatic test chamber (Memmert,
Germany) with 50% RH and a temperature T = 20 ◦C, which was homogenized by a fan.
The water vapor diffused through the sandstone core due to the water-vapor pressure
gradient, causing weight loss in the wet cup. The weight was recorded periodically,
determining the water-vapor mass flux j (kg/(m2s)) for each time interval ∆t (s) between
the measurements:

j =
∆m
S∆t

, (1)

where ∆m is the mass decrease (kg) over the time interval and S is the evaporating surface
area (m2). (Note that j is related to the evaporation rate E (m/s) through j = ρwE, denoting
by ρw the density of liquid water.) The water-vapor diffusion coefficient δ (s) was then
calculated from Fick’s law of diffusion:

j = δ
∆p
d

, (2)
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where d is the sample thickness (m) and ∆p is the difference in partial water-vapor pressure
within the core (Pa). Note that δ is related to the traditional mass diffusivity D through
δ/D = RT/MH2O

.
= 1.35 × 105 m2/s2 at room temperature. The partial water-vapor

pressure was calculated from the recorded values of ambient temperature T (◦C) and
relative humidity RH values by the classical Tetens formula [32] (cf. [33]):

p =
RH
100

610.78 exp
(

17.27T
T + 237.3

)
. (3)

The weight change was monitored for 28 days and checked for linearity. It’s worth not-
ing that the wet cups were not employed for the subsequent evaporation rate measurements
(as described below).

2.2. Evaporation Rate Measurements

Three JE sandstone cores were used for the evaporation rate measurements. The
surface of the cores, except for the upper base, was coated with epoxy. The cores were
modified by drilling a hole with a 2 mm drill from the top base to approximately three
quarters of the core thickness for evaporation front depth measurements. The evaporating
surface area of the cores was 26.6 to 29.9 cm2 and the thickness of the cores varied from
3.9 to 5.6 cm (Figure 2).

The sandstone cores were saturated with water and then allowed to dry out through
their upper base only under room conditions (with T∼17 ◦C and RH∼42%). As the cores
dried, their weight was recorded using a balance (P221, LESAK, resolution 0.1 g) and
the depth of the evaporation front was measured. In the early phase of the experiment,
when the evaporation rate was high, measurements were made at least three times a day.
As the experiment progressed and the evaporation rate decreased to <0.3 mm/day, the
measurement frequency was reduced to at least twice a day.

The uranine-probe method described in [22] was used to measure the depth of the
evaporation front. A stainless steel medical needle coated with red water-soluble uranine
powder (CAS number 518–47-8) was inserted into the drilled hole. After 5–10 min, the
depth of the boundary between the red and dark-orange to green part of the needle was
measured to determine the depth of the evaporation front with an accuracy of ±2 mm
(Figure 2, [22]). Between measurements, the hole was plugged with an approximately 3 mm
long plug made of a binding wire wrapped with Teflon tape. Framework of the workflow
is illustrated in Figure 2.

The evaporating surface area of the cores was determined by measuring it on millime-
ter paper. The weight change in grams per day was then converted to the evaporation rate
in millimeters per day using the area of the evaporating surface and the density of water.
The measurements of the evaporation rate were accompanied by the measurements of RH
and T of the air at 1-min intervals by a Voltcraft DL-121TH (RH + T sensor further) located
∼20 cm above the cores. The accuracy of the device is ±3% (RH) and ±1 ◦C (T). The
RH and T logs were used in subsequent calculations (see below). In addition, the surface
relative moisture of the cores was measured using a Protimeter GMR 110 (Greisinger),
which provides reference values of electrical resistivity (surface moisture further).

2.3. Evaporation Rate Calculations

During stage 1 of evaporation, the capillary (wet) zone reaches the very surface of
the porous material. With the depth of the evaporation front being effectively zero, the
evaporation rate is not hindered by the water-vapor diffusion within the rock, but it is only
limited by the vapor transport through a thin layer of air above the rock surface. As long as
the actual evaporation rate does not reach the potential evaporation, the corresponding
mass flux j (similarly to the previous section) meets the Fick’s law of diffusion j = C∆p,
representing a layer of unspecified thickness and diffusive coefficient. For a convenient
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correspondence with the later description of stage 2 evaporation, the parameter β has been
introduced [19] by the formula

j = δ
∆p
β

. (4)

Knowing the rock’s water-vapor diffusion coefficient δ, the parameter β can be de-
termined by the least squares fit that minimizes the difference between the measured
evaporation rate and the rate calculated using (4). Conceptually, the factor δ/β represents
the boundary layer of variably water-vapor saturated air created over an evaporating
surface [34] which limits the water-vapor flux from the evaporating surface further into the
atmosphere, thereby reducing the rate of evaporation. Note that the layer properties are
influenced by additional conditions such as local air movement and local surface geometry;
here it is represented as a virtual extension of the rock with its diffusion coefficient δ up
to the distance β from the actual rock surface. The parameter β should not be confused
with the thickness of a layer of air with elevated humidity near the surface, which may be
different. The parameter β has been shown to be a practical way to estimate the evapora-
tion rate when considering the evaporation front at the surface in [18], where the value
β = 0.80 mm was determined for the JE sandstone based on a one-year outdoor experiment.

The main focus of the present study is the stage 2 of evaporation, when the depth of
the evaporation front is non-zero and the evaporation rate is limited by the dry surface
layer. The evaporated mass flux j is then determined by the diffusion through the dry layer
of the rock as follows,

j = δ
∆p
L

. (5)

Here the parameter L denotes the depth of the evaporation front (m) as measured
by the uranine-probe method. The depth of the evaporation front changed during the
individual observation periods. Therefore, in our calculations, we use the arithmetic mean
of the depth of the evaporation front at the beginning and end of each observation period.

The actual evaporation rate is constrained by the smallest of the diffusive fluxes
considered above. Thus, while (4) governs the evaporation rate in stage 1, (5) is only valid
as soon as L is greater than β. For simplicity, we computed the evaporation rate during the
entire experiment, including the very first part of stage 2, by the united form

j = δ
∆p

min(L, β)
. (6)

Same as in Section 2.1, in Equations (4)–(6), ∆p is the difference in partial water-vapor
pressure between the evaporating surface and the evaporation front. The partial water-
vapor pressure was calculated from the values of temperature T and relative humidity
RH using (3). For the evaporating surface of the rock, T and RH values from RH + T
sensors were substituted. For the evaporation front, T values from RH + T sensors were
used, and the constant RH = 100% was substituted, assuming fully saturated water-vapor
at the evaporation front. This corresponds to the assumption that the evaporation rate
is controlled solely by the flux due to vapor diffusion through the surface layer. Lower
RH values at the evaporation front should be considered for suction pressures exceeding
2–3 MPa ([35], see also Section 4.2) or in the presence of salts (see Section 4.5), none of that
being assumed here.

3. Results

The results section is structured as follows. First, the characteristics of the studied
rock are presented, then the measured values of the evaporation rate, the depth of the
evaporation front, and the surface moisture during the evaporation experiment are given.
The calculated values of the evaporation rate are then provided, and they are compared
with the measurements.
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3.1. Sandstone Characteristics

The total porosity of the JE sandstone was 0.29 according to mercury intrusion
porosimetry, the porosity measured by comparing the weights of the saturated and dry sam-
ple was 0.283 for the sample measured by the ANA method. The pore size distribution of JE
sandstone determined using the mercury intrusion porosimetry is presented in Figure 3a.
The functional PSD approximation of JE sandstone obtained using the ANA method is
presented in Table 1 and Figure 3b. The experimental data used in the ANA method (the
material parameters of the non-Newtonian fluids and the corresponding volumetric fluxes
observed by the saturated flow experiments) are summarized in Appendix A, Table A1.
Both the mercury intrusion porosimetry and the ANA method show the pore radius of the
peak in the volumetric pore size distribution at 28 µm and 27 µm, respectively. The MIP
indicates a rather narrow pore size distribution, where 95% of the pore volumes are larger
than 4.5 µm and 99% are smaller than 48 µm. The functional PSD approximation is also
consistent with a narrow distribution, as shown in Figure 3.

Table 1. Functional pore size distribution approximation by ANA method.

Rj (µm) wj (–) vol(Rj)wj (–)
Pore Radii (Given) Relative Fluxes for Water Pore Volumes

10.0 0.001 0.003
13.9 0.001 0.001
19.3 0.001 0.001
26.8 0.485 0.180
37.3 0.508 0.098
51.8 0.001 0.000
72.0 0.001 0.000
100 0.001 0.000

Figure 3. (a) PSD measured by MIP. (b) Functional PSD computed by ANA.

The water-vapor diffusion coefficient δ of the JE sandstone varied from 3.07 × 10−11

to 3.17 × 10−11 s for the three wet cups. The average of these values, δ = 3.12 × 10−11 s,
is used to calculate the evaporation rate. This value is equivalent to mass diffusivity
D = 4.23 × 10−6 m2/s at room temperature.

3.2. Measured Values

During the 11.5-day campaign, a total of 32 individual measurement periods were
observed, lasting from 4 to 15 h each. The weight of the samples was recorded to determine
the evaporation rate, and the depth of the evaporation front was measured using the
uranine-probe method. Surface moisture values were also monitored. The experiment
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was carried out on an average T of 17.4 ◦C (16.9–18.8 ◦C) and an average RH of 42.3%
(38.4–44.8%).

Initially, the evaporation rate for all three samples ranged from 1.8 to 2.5 mm/day
and remained stable for approximately 2 days. From the second to the fourth day, the
evaporation rate increased slightly to 2.8, respectively 3.5 mm/day for individual samples,
the highest rate recorded throughout the experiment. Approximately 4 days after the
experiment started, the evaporation rate sharply declined. By the end of the experiment,
the evaporation rate reached approximately 0.1–0.2 mm/day, which is only ∼3% of the
highest value (Figure 4A). Note that the slight fluctuations in the evaporation rate in the
second half of the experiment (from about day 7) are due to the resolution of the scale used
to weigh the sandstone samples.

At the beginning of the experiment, the evaporation front was at the surface of the
sandstone and remained there for about 3 days for all samples as measured by the uranine-
probe. Then it moved below the surface, gradually retreating to a depth of 26–29 mm over
the next 8 days (Figure 4B). Surface moisture values started at 25–26 REF and gradually
decreased to 5–7 REF by the end of the experiment (Figure 4C).

In the following text, we refer to stage 1 when the evaporation front is measured to
be on the sandstone surface and to stage 2 when a nonzero evaporation front depth is
measured. Stage 1 persisted for approximately the first 3 days, characterized by a relatively
high evaporation rate and maximum surface moisture values. The transition from stage 1
to stage 2 was followed by a sudden decrease in the evaporation rate (Figure 4A), and
accompanied by a substantial decline in surface moisture levels (Figure 4C). Stage 2 was
characterized by an increasing depth of the evaporation front, much lower and decreasing
evaporation rates and lower and decreasing values of surface moisture. The thickness of
Sample 1 (5.6 cm) was larger compared to the other two samples (4.1 and 3.9 cm), obliging
the evaporation front depth to progress slower.

Figure 4. Evolution of (A) measured evaporation rate (vertical axis is logarithmic), (B) evaporation
front depth, (C) surface moisture values during the experiment. The transition from stage 1 to stage 2
for all the samples is indicated by the grey area.

3.3. Calculated Values

The evaporation rate was calculated using the Fick’s law embodied in (6) and the
measured evaporation front depth substituted for L. The parameter β, characterizing the
stage 1 of evaporation, was determined through an iterative least squares method to achieve
the best possible fit between the measurements and the calculations for all three samples.
The best-fit value, presented in further calculations, was determined as β = 1.38 mm.
Alternatively, evaporation rates calculated using β = 0.80 mm (the value determined
in [18], based on an outdoor experiment) are presented for comparison.

The evolution of the calculated evaporation rate aligns well with the measurements in
general (Figure 5). Initially, the evaporation rate was relatively high (2.2 mm/day) and then
even slightly increased (up to 2.4 mm/day) until the end of stage 1. Then, approximately
3.5–4 days after the start of the experiment, there was a sharp decrease in the evaporation
rate as the evaporation front retreated below the surface, marking stage 2. Subsequently, the
calculated evaporation rate gradually decreased to approximately 0.1–0.2 mm/day by the
end of the experiment. The timing of the transition from higher to lower evaporation rates
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was consistent between the calculations and measurements (Figure 5). The average relative
error (with respect to the measured values) was 15%, corresponding to the absolute differ-
ence of the calculated versus measured evaporation rates being 0.16 mm/day throughout
the experiment (Table 2). In stage 1, the difference between calculations and measurements
averaged to 0.21 mm/day for all samples (maximum difference was 0.50 mm/day), with
an average relative error of 9%. In stage 2, the difference averaged 0.15 mm/day, with an
average relative error of 17%.

Table 2. Average absolute difference and relative error between calculated and measured evaporation
rates for the three samples, and for all samples together.

Sample 1 Sample 2 Sample 3 All Samples

Average absolute difference (mm/day)
for stage 1 0.23 0.17 0.23 0.21
for stage 2 0.16 0.15 0.14 0.15

for the entire experiment 0.18 0.13 0.19 0.16

Average relative error (%)
for stage 1 9 7 12 9
for stage 2 14 17 20 17

for the entire experiment 13 14 18 15

Figure 5. Comparison of evaporation rate calculations and measurements for individual samples. The
grey curves show the calculated values for stage 1 if values of 0.80 mm and 1.38 mm are substituted
for the parameter β. Note the logarithmic vertical axis.

4. Discussion

In this section, we begin by examining our findings within the context of the existing
literature. Subsequently, we describe the relationship between the depth of the evaporation
front and the corresponding evaporation rate. We also address potential uncertainties associ-
ated with the calculation of evaporation rates from natural sandstone surfaces. In addition,
we present a workflow diagram, outlining the process for determining in situ evaporation
rates. Lastly, we assess the implications of our results for research on sandstone weathering.

4.1. Relationship between the Evaporation Front Depth and the Evaporation Rate

A general view of the evaporation process from our sandstone samples is consistent
with the knowledge gained from previous evaporation experiments conducted in soils [10].
At the beginning, with the liquid water reaching the surface, the evaporation took place
at the surface, indicating stage 1. This was evidenced by the maximum surface moisture
values as well as by the dissolution of the uranine-probe dye throughout the measured
vertical profile, including the top surface of the sandstone. The rate of evaporation was
relatively high because evaporation was not limited by the transport of liquid nor the water-
vapor flow through the rock, but was only controlled by evaporative demand (this term
usually pertains to all external factors such as air temperature, humidity, wind speed, solar
radiation), resulting in high values of evaporation rate close to potential evaporation [36].
The observed variations in the evaporation rate within the first 4 days may be attributed to
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undiscerned changes in the evaporative demand or in the overlying boundary diffusion
layer, as observed in previous studies [10,13].

The transition from stage 1 to stage 2 is attributed to the breakage of the capillary
connections between the liquid water region and the surface [13]. Likewise, in our experiment,
the interruption in hydraulic connectivity led to the retreat of the evaporation front below the
sandstone surface, forming a dry surface layer. The uranine-probe confirmed this, as the dye
was no longer dissolved near the surface of the sandstone, indicating that the liquid water
region was located deeper below the surface. The increasing distance between the liquid
water region and the sandstone surface resulted in lower measured surface moisture values.

Once the dry surface layer has formed and the evaporation front was below the surface,
we can speak of stage 2 of evaporation [10,11]. Unlike stage 1, stage 2 was characterized
by a gradual decrease in the evaporation rate to values close to the measurement error
given by the scale used. This is consistent with the evaporation rate in stage 2 being
controlled by water-vapor diffusion through the dry surface layer [37]. As the thickness of
the dry surface layer gradually increased (as observed from the uranine-probe), the liquid
water evaporated at greater depths. As a consequence, the water-vapor diffused over an
increasing distance between the evaporation front and the sandstone surface, resulting in
diminishing evaporation rates.

The measured data show a consistent inverse proportional relation between the evap-
oration front depth and the evaporation rate during stage 2, as depicted in Figure 6.
Moreover, the relation is consistent with the Fick’s law for diffusion over the distance given
by the measured evaporation front depth with the water-vapor diffusion coefficient of the
given rock, as determined a priori by the wet cup experiment.

Figure 6. (A) Relationship between measured evaporation rate and measured evaporation front
depth during stage 2 of evaporation. The theoretical relationship given by Fick’s law is shown for
comparison. (B) The same, expressed in log–log, with the effect on the calculated evaporation rate
due to potential measurement errors ±2 mm of evaporation front depth (grey dashed lines).

4.2. Water Content and Evaporation Front Advancement

In general, the water content is unevenly distributed across the sample as well as
across the wet capillary zone below the evaporation front in stage 2. Based on the observed
total mass of water, we computed the average volumetric water content in the sample (the
total volume of water divided by the volume of the sample) and similarly the average
water content in the wet capillary zone (the total water volume divided by the sample
volume excluding the dry surface layer above the evaporation front, as measured by the
uranine-probe). The evolution of both values is presented in Figure 7. Assuming that the
local water content is an increasing function of the depth, the latter average is guaranteed
to be greater than the local water content near the evaporation front. While the nearly
stagnating green line in Figure 7 for the first sample indicates that the evaporation front
stabilized at the water content ∼0.04, the decreasing values particularly pronounced for
the third sample demonstrate the contrary. However, that finding is in accordance with
the theory, since the mass flux due to evaporation equals both the diffusive water-vapor



Hydrology 2024, 11, 133 11 of 21

flux in the dry zone and the liquid water flux in the wet capillary zone. Therefore, the
lower the mass flux, the lower the hydraulic gradient and/or the unsaturated hydraulic
conductivity in the vicinity of the evaporation front, which is consistent with the lower
local water content (see also [23]).

For comparison, we calculated the “evaporation front yield” (dimensionless) defined
here as the evaporation rate (mm/day) divided by the velocity of the evaporation front
advancement (mm/day). In order to suppress oscillations and zero front velocities due
to low resolution of the uranine-probe measurements, we took a moving average of the
front depth over four successive measurements before computing the velocity. If the water
content was uniform and constant across the capillary zone and the evaporation front
was only descending along with its top layer being evaporated away, the “evaporation
front yield” would be equal to the capillary zone water content (minus the residual water
content in the dry surface layer, if any). The values presented in Figure 7 (black) are higher
than the upper estimates of the water content. This is particularly notable during the first
days of the experiment, where the plotted “yield” values exceed unity (in fact, they start
from plus infinity in earlier days, due to zero evaporation front velocity), but it remains so
throughout the experiment, as is again pronounced for the third sample. This is consistent
with the decreasing average water content in the capillary layer; the faster the decrease in
water content (the slope of the green line), the larger the “yield” with respect to the water
content (the distance between the black and green lines). This further demonstrates that
the entire capillary part of the sample is supplying the capillary water during the process,
the evaporation front merely marking the location where the dominant liquid-water flux
is replaced by the dominant water-vapor flux. The difference between the three samples
was due to differences in their dimensions and, consequently, the total amount of water
available for evaporation.

While the relation between the evaporation front depth and the evaporation rate is
simple and robust, as described in Section 4.1, it is not sufficient for predicting the evolution
of both quantities over time. The missing ingredient is the relation of the mass flux to the
water content at the position of the front, which is well known to be controlled by the
pore size distribution of the porous material [13,38]. As follows from Figure 7 (see also
Figure A1), the transition from stage 1 to stage 2 of evaporation was observed around the
water content (less than the average of) ∼0.07, later during stage 2 decreasing quickly to
∼0.04 and even lower values (∼0.02 for Sample 3) near the evaporation front. According
to the pore size distribution measured using MIP (see Figure 3), the water content 0.07
corresponds to the pores smaller than 18 µm in radius; according to the functional PSD
approximation using ANA (see Table 1), the same value corresponds to capillaries of the
radius smaller than some value in the range 19.3–26.8 µm (20.4 µm by linear interpolation).
The water content 0.04 corresponds to the pores smaller than the radius of 13 µm according
to MIP, and functional capillaries smaller than 13.9 µm in radius according to the ANA
method. Note, however, that the latter value, despite being strikingly consistent with MIP,
is of considerable uncertainty, since the ANA results are based on comparing saturated
fluxes through the capillaries, and the value corresponds to less than 0.2% of the total
saturated flux for water (see Table 1).

Let us mention that the water content observed near the evaporation front and the
corresponding pore sizes discussed above confirm that the vapor pressure near the evapora-
tion front is not lowered due to the suction pressure in the evaporated menisci. According
to Kelvin (or Ostwald–Freundlich) equation ([39]; Equations (3.23) and (3.33)), a relative
vapor pressure lowering of no more than 0.1% corresponds to the water–vapor interface
curvature of 1 µm radius. Since capillaries of size around 10 µm remain saturated at the
evaporation front, the corresponding decrease in vapor pressure is certainly negligible.
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Figure 7. Evolution of average volumetric water content in the sample (blue) and in the capillary
zone alone (green), “evaporation front yield” defined by evaporation rate divided by the evaporation
front depth velocity (black). Note the logarithmic scale of the vertical axis.

4.3. Accuracy of Calculations

We consider the observed relative error of the calculated compared to measured
evaporation rate of about 15% to be a relatively good and acceptable result, given the
wide range of evaporation rates observed during the experiment, spanning more than
one order of magnitude (0.1–3.5 mm/day). The Pearson correlation coefficient between
measurements and calculations was >0.95 for individual samples, which is comparable
to the findings in previous rock evaporation studies (average correlations of 0.81 and
0.91 in [18,19]. It is important to note that in the experiments presented, the evaporation
front dynamically (and freely) moved, mimicking natural conditions and processes in rock
outcrops. This is in contrast to previous studies where the evaporation front was carefully
maintained at a specific depth below the rock surface.

For stage 2, the calculated values exhibited a high degree of agreement with the
measurements, with the Pearson correlation coefficient of 0.98. For stage 1, the Pearson
correlation coefficient was 0.42. The lower correlation observed is attributed to the fact
that the measured evaporation rate exhibited a much greater degree of variability than the
calculated one (see Figures 5 and 8). This demonstrates that the evaporation rate in stage 1
is influenced by other factors than the difference in partial pressures alone.

In stage 1, the other factor that determines the accuracy of the calculated evaporation
rate is the parameter β. In the calculations presented so far, we used a value of β equal to
1.38 mm derived using the least squares method directly from the observed data. In the
previous evaporation study by the author [18] that was performed on the JE sandstone
in outdoor conditions in humid climate, the parameter β was determined to be equal
0.80 mm. When we apply β = 0.80 mm to our data, the difference between calculations
and measurements increases from 0.21 to 1.6 mm/day, and the relative error increases from
9 to 72% (Table 2, Figure 8).

This reflects the fact that the parameter β is not solely determined by the properties
of the porous material but is also influenced by the surrounding environment during
evaporation. The value of 0.80 mm, which was associated with outdoor conditions, likely
encompasses additional factors such as increased wind flow and solar radiation, which
are absent or less pronounced in the present indoor settings. Consequently, when using a
parameter β = 0.80 mm, the prediction strongly overestimates the evaporation rates under
indoor conditions.
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Figure 8. Goodness of fit between measured and calculated evaporation rate for Stage 1 (full circles,
two distinct values of parameter β are used) and Stage 2 (open circles).

Among the available methods for measuring the depth of the evaporation front, the
uranine-probe method stands out as the simplest, least expensive, and most accurate for
field application. According to [22], the reported accuracy of this method is at least 2 mm.
Since the evaporation rate is inversely proportional to the evaporation front depth L (for
L > β), both the relative and absolute error in evaporation rate prediction due to the error
in the measured front depth decreases significantly with increasing L. Assuming that the
correct value L is not more than 2 mm distant from the measured value L = Lm, the mass
flux jm derived from the measured Lm has a relative error ε with respect to the correct flux j
at most:

ε =
|j − jm|

j
=

2
Lm

.

Note that the prediction of the correct flux j based on the measured value is not
symmetric: knowing jm, the correct flux j should be in the interval

j ∈
(

1
1 + ε

,
1

1 − ε

)
jm. (7)

Overestimating the front depth therefore results in lower errors in the evaporation
rate compared to underestimating. At a depth of 6 mm below the surface, the error given
by 2 mm underestimation is reduced to 50%, and at 10 mm below the surface, the error
decreases further to 25% (Figure 6B). Concerning the part of the three experiments when
the evaporation front was no more than 6 mm below the sandstone surface in stage 2, the
difference between the calculations and the measurements was 13% on average (0–44%)
in our experiment. This corresponds to highly accurate measurements of the evaporation
front depth (error 0.2–0.5 mm on average). Therefore, it seems that the real inaccuracy of the
evaporation front depth measurements is lower than 2 mm in the laboratory practice. We
further note that the primary source of inaccuracy arises from the capillary rise of moisture
on the probe toward the surface, particularly when the tested sandstone is close to full
saturation [22]. In the natural sandstone massif, especially in arid areas, typical moisture
contents are far from full saturation [7,40] which also corresponds to higher depths of the
evaporation front. For both of these reasons, a small error in the calculated evaporation
rate can be anticipated.

4.4. Determining the Evaporation Rate from Natural Sandstone Outcrops

Our findings, together with previous studies, provide clear evidence that the position
of the evaporation front plays a crucial role in the evaporation rate, potentially leading to
variations of several orders of magnitude. The controlled indoor experiment simulates well
the behavior and processes occurring in a natural sandstone massif. This is particularly
applicable for situations where the evaporation front gradually recedes deeper below the
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surface due to none or insufficient water supply from the deeper subsurface. However, we
see no obstacles in applying the findings also for scenarios where the subsurface flow is
equal to the evaporation rate and the evaporation front remains stationary, or it slightly
exceeds the evaporation rate and the evaporation front approaches the surface.

The dynamic evolution of the position of the evaporation front allows the outcome of
the indoor experiment to be extrapolated to field conditions. While uncertainties related
to the diffusion layer effect (parameter β) and inaccuracies in measuring the evaporation
front depth may introduce some degree of error in calculating the evaporation rates from
natural rock surfaces, the following should be considered.

The measured depth of the evaporation front represents only a localized point on the
rock outcrop, and it is important to acknowledge the inherent variability within this small-
scale observation. Surface irregularities in microrelief can lead to significant variations in the
depth of the evaporation front over short distances, as much as centimeters over distances
of several centimeters [7,22]. Furthermore, the thickness of the diffusion layer above the
rock surface is likely to vary considerably over small areas, ranging from millimeters to
centimeters, due to surface protrusions that create variations in water-vapor distribution
and concentration gradients [41,42]. Therefore, in one place, evaporation may be limited
by a dry surface layer that extends several centimeters deep, as the evaporation front
recedes. However, in another nearby place, evaporation may be limited by a diffusion layer,
where the evaporation front is directly at the surface. These combined effects can result in
significant spatial variations in the evaporation rate.

Temporal variability is another important aspect to be considered. Previous field
measurements [22,43] have revealed that the evaporation front’s position can fluctuate up
to 40 mm per month at the same point on the rock outcrop. This variability corresponds
to changes in the evaporation rate of up to ∼1.5 orders of magnitude per month (!) for a
shallow-positioned evaporation front, regardless of atmospheric conditions. Furthermore,
the impact of the diffusion layer is expected to undergo changes over time due to vary-
ing climatic conditions such as wind [42] or solar radiation, which further influence the
evaporation rate during stage 1.

Considering the spatial and temporal variability described above, errors resulting
from inaccuracies in determining the depth of the evaporation front are overshadowed.
Currently, accurately predicting the dynamics of both the evaporation front depth and the
diffusion layer thickness in the field remains a challenge.

For stage 1, we propose to use the parameter β derived from previous long-term field
studies. In [19], recommended values for ten different lithologies are provided, falling
within a range of 1.9 ± 1.4 mm. It is important to note that evaporation is constrained by
the available heat and cannot exceed the potential evaporation. Therefore, the calculated
evaporation rates for stage 1 should always be compared with the estimates of potential
evaporation at the place (e.g., obtained from the method of [44]) and the lower value of the
two should be utilized.

In contrast, the second stage of evaporation does not involve the parameter β and
very reliable values of the evaporation rate are obtained from the Fick’s law as soon as the
evaporation front depth L is known, the only additional parameters required being the
difference in water-vapor partial pressure and the water-vapor diffusion coefficient of the
rock. It is worth noting that in hot arid and semi-arid regions, where salt weathering is
particularly pronounced [45], the position of the evaporation front can be expected mostly
below the surface (i.e., stage 2; Supplementary Data in [19,22]), making stage 1 occurrences
rather rare and the presented method a very powerful tool in such regions.

Another important consideration is the presence of hygroscopic salts in the pore water,
which limit the maximum water content in the air and establish an equilibrium relative
humidity in the pore space [46]. Consequently, the RH on the evaporation front may be
less than 100% [47], resulting in a reduced gradient of water-vapor partial pressure and
consequently a lower evaporation rate. Under specific conditions, particularly during wet
periods when the RH at the sandstone surface is higher than the salt-controlled RH in the
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rock massif, the direction of the diffusive flux can even be reversed, leading to moisture
absorption rather than evaporation. To enhance the accuracy of the calculated evaporation
rate, it is therefore beneficial to employ the equilibrium relative humidity value, specific
to the salt or salt mixture present, rather than assuming a RH of 100% on the evaporation
front. This approach aligns with a recent study [20], where the value of RH of 75% was
used for the evaporation rate calculations due to the presence of a halite solution. The
combined effect of vapor pressure lowering due to capillary suction in the presence of salts
should be investigated further ([48]).

4.5. Workflow Diagram of Determining the Evaporation Rate from Sandstone Outcrops

In this section, we provide a detailed suggested procedure (Figure 9) for determining
the evaporation rate from natural sandstone outcrops, utilizing the combination of Fick’s
law and the uranine-probe method.

(i) The initial step involves drilling a hole several millimeters wide and deep enough
to capture the depth of the evaporation front. This could be a few centimeters in
humid climates or even decimeters in arid regions. If significant salt accumulation
in the massif is expected, it is advantageous to collect the drilled dust for subse-
quent salt content analysis—studies [47,49] can serve as an example. To determine
the equilibrium relative humidity for given salts, ref. [50] can be consulted. Addi-
tionally, for the analysis of multi-salt mixtures, the ECOS/RUNSALT model (e.g.,
[51]), can be utilized.

(ii) The depth of the evaporation front L is then measured within the pre-drilled
hole using the uranine-probe method (for procedure details beyond the scope of
this paper, see [22]). The frequency of measurement depends on the purpose of
the research; for routine measurements we recommend a minimum frequency of
one month, if no sudden increase of water content is anticipated. However, it is
important to keep in mind that even a short period of time of the evaporation
being close to the surface may account for a major amount of evaporation.

(iii) At the study site, RH and T measuring devices, such as Voltcraft or iButton, should
be positioned. Based on our experience, it is advisable to place the device in a
drilled hole, with the measuring part facing outwards and aligned with the rock
surface, ensuring it is protected against rain. Recording every 60 min seems to be
sufficient [18].

(iv) The water-vapor diffusion coefficient δ must be known for the evaporation rate
calculation. It can either be measured directly for the particular rock being studied
(see Section 2.1) or obtained from existing literature. Values from 8.1 × 10−12 to
3.2 × 10−11 s can be expected for sandstones [18,52] and values from 2.7 × 10−12 to
2.1 × 10−11 s have been measured for several other lithologies including igneous
and metamorphic rocks (see [19]).

(v) The evaporation rate is then computed using (6), using the water-vapor diffusion
coefficient, the ambient partial water-vapor pressure determined from the RH and
T records using (3), and the measured evaporation front depth. For the case that
the evaporation front is at the surface or close to the surface, the parameter β is
required in (6). Recommended values for the parameter β for 10 lithologies are
provided in [19], along with the procedure for determining the parameter β directly
from measurements. If the evaporation front is at the surface, it is recommended to
verify that the calculated values do not surpass potential evaporation. See [44] for
a straightforward technique to do so, necessitating only air temperature measurement.
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Figure 9. Workflow diagram of how to obtain the evaporation rate from natural sandstone outcrops.

4.6. Implications for Sandstone Weathering Research

By addressing the absent parameter in the water balance of natural rock outcrops—which
was the evaporation rate—we acquire the capability to anticipate moisture content and its
variations within the outcrops. This is particularly important for moisture-related sandstone
weathering processes, including hydric and hygric weathering [53,54] and frost weathering,
which is known to increase in efficiency with increasing moisture content [1,55].

As the rate of evaporation affects the quantity of accumulated salts [4], the calculation
allows the determination of the relative rate of weathering and the identification of pre-
ferred weathering sites in the outcrops. Considering that the salt accumulates most at the
evaporation front [5] and subflorescence is more destructive compared to efflorescence [56],
the uranine-probe alone serves a straightforward yet potent benchmark for assessing the
place and intensity of salt weathering.

The versatility of the method extends beyond geomorphology and allows for its
application in cultural heritage studies. It can be utilized to identify areas of preferential
weathering on statues, historical buildings, and other monuments, providing valuable
insights into the preservation and conservation of these cultural treasures.

4.7. Suggested Future Research

The presented calculations of evaporation rate for the experiment in the indoor en-
vironment consider RH and T as the only climatic factors. In the outdoor conditions,
including authentic ruiniform relief microclimates, previous studies on rock evaporation
showed the accuracy of the estimates based only on RH and T [18,19], comparable to our
findings. The close agreement between the calculated and measured values suggests that
RH and T are the primary climatic factors influencing the evaporation rate, particularly in
stage 2. This is further supported by [19], who demonstrated that realistic combinations of
RH and T solely can lead to evaporation rate differences of up to an order of magnitude
across various climatic zones.

On the other hand, studies on loose materials show that wind can increase evaporation
rates by up to tens of percent under specific conditions [12,57,58]. Conversely, it has been
reported [59] that fast wind may decrease evaporation rates by pushing the evaporation
front deeper below the surface. It is important to accurately quantify the influence of other
climatic factors in future studies and determine whether they should be included in order
to enhance the evaporation rate estimate or whether they can be disregarded, considering
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the increased demands on field data collection. Another factor not considered in the present
study, but worthy of future investigation, is the transport of water vapor in response to
cyclic changes in atmospheric pressure, referred to as barometric pumping, which may
enhance evaporation rates [60].

In the present study, the measurements were conducted on a single type of material,
deliberately selected for its relatively high homogeneity in order to simplify the analysis.
To the best of our knowledge, the evaporation from different rock types has only been
studied in detail by [19], indicating that the discrepancy between calculated and measured
evaporation rate increases with materials’ heterogeneity. However, further investigation is
required before drawing any quantitative conclusions.

Furthermore, it would be valuable to examine the impact of fractures and their mor-
phology on the evaporation process from rock, as this area has not yet been thoroughly
investigated. Based on analogous studies with loose materials [61], it can be expected that
the presence of cracks may enhance evaporation rate. Additionally, it would be important
to explore how increased material permeability to water vapor and the resulting increased
evaporation rate due to cracks influence the spatial distribution of the evaporation front
within the rock.

5. Conclusions

Under controlled laboratory conditions, we examined the evaporation process from
sandstone samples during natural drying from complete saturation to residual moisture.
Throughout the experiment, we analyzed the spatial distribution of moisture in the sand-
stone using the uranine-probe method, which measures the depth of the evaporation front
underneath the surface, and we measured the evaporation rate from the samples. The
measured values of the rate of evaporation were compared to values calculated from the
measured evaporation front depth, based on Fick’s law. To the best of our knowledge, this
is the first time that Fick’s law has been used to calculate the evaporation rate from a rock
with a dynamically changing depth of the evaporation front, and the calculated values
were compared to direct measurements.

As expected, we observed relatively constant high evaporation rates as long as the
evaporation front remained at the surface (stage 1), and a rapidly decreasing evaporation
rate once the front fell below the surface (stage 2). The measured values confirmed not only
the inverse proportionality of the evaporation rate with the evaporation front depth during
stage 2, consistent with the Ficks’s law for water-vapor diffusion through the dry surface
layer of the rock. More importantly, the measured evaporation rates were consistent with
the prediction based on Fick’s law, using the water-vapor diffusion coefficient measured
independently of the evaporation experiment.

The calculated evaporation rate was in a good agreement with measurements over
various depths of the evaporation front below the surface (with the Pearson correlation
coefficient 0.98 and relative error of the calculations averaging 15%). For the case where
the evaporation front was at the surface, the prediction model required knowledge of an
additional parameter β, which characterises a thin diffusion layer of air above the surface.

The study clearly demonstrated the significant role of the depth of the evaporation
front in evaporation from sandstone. The findings’ transferability to field conditions is also
discussed. The conclusions presented underscore the importance of measuring the depth
of the evaporation front to determine in-situ evaporation rates from natural sandstone
surfaces. The results have relevant implications for geomorphological investigations,
particularly those pertaining to the impact of moisture-related weathering, encompassing
salt and frost weathering, as well as bioweathering.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/hydrology11090133/s1, spreadsheet with measured data.
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The following abbreviations are used in this manuscript:

RH Relative Humidity
PSD Pore Size Distribution
MIP Mercury Intrusion Porosimetry
ANA method by Abou Najm & Atallah

Appendix A. Porosimetry of the Sandstone Sample

In addition to MIP, we determined the approximated functional pore size distribution
of the rock core using the method introduced by Abou Najm and Atallah ([30], here referred
to as the ANA method). Assuming that saturated flow through a porous medium can be
represented equivalently by flow through bundles of cylindrical capillaries, the functional
pore size distribution is defined by the partial flux of water through capillaries of given
size. The ANA method requires N values of volumetric flux measured for water and
different non-Newtonian (shear-thinning) fluids. In this study, N = 8 with seven solutions
of different concentrations of xanthan gum in distilled water. The shear-thinning viscosity
η of each fluid was measured using a rotational viscometer (Anton Paar ViscoQC 300 L, for
shear rates γ̇ in the range ∼1.3–300 s) and characterized by the parameters µ and n of the
power-law model

η = µγ̇n−1, (A1)

as summarised in Table A1. The flux measurements were performed on a sample of JE
sandstone, which was first saturated with deionised degassed water under 95% vacuum.
The volumetric flux values listed in Table A1 were measured under the constant hydraulic
gradient of 3 for water and for all seven xanthan gum solutions.

Table A1. Saturated flow experiments with aqueous xanthan gum solutions.

c (g/L) µ (mPasn) n (–) v (m/s) for I = 3

0 (water) 1.00 1 2.35 × 10−4

0.3 10.7 0.705 5.03 × 10−5

0.5 26.7 0.602 2.90 × 10−5

0.7 106 0.442 5.92 × 10−6

0.9 166 0.417 2.25 × 10−6

1.1 158 0.412 8.88 × 10−7

1.3 324 0.337 1.32 × 10−7

1.7 616 0.272 1.76 × 10−8

We then implemented the numerical inverse problem discussed in detail in [30] as
“Problem Type 1”, which can be briefly summarized as follows. Each total flux vi for the
i-th fluid, is assumed to be the sum

vi =
M

∑
j=1

qi(Rj)wj, (A2)
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where the relative flux factors qi(R) are defined based on the Hagen–Poiseuille flow of i-th
(power law) fluid through the cylindrical capillary of radius R, considering the known
hydraulic gradient (I = 3) and the fixed tortuosity value 2, see the reference for more
details. The flux factors are defined such that (A2) reads 1 = w1 + . . . + wM for water.
For M = N = 8 we prescribed the eight discrete representative radii Rj as the geometric
sequence with endpoints 10 and 100 µm. The range of discrete radii was chosen by trial-
and-error such that the computed weights (see in what follows) are positive but small
at the endpoints. For given radii, the eight weights wj (the relative fluxes for water)
are determined by solving the constrained least squares problem of fitting the measured
volumetric flux data vi by (A2), subject to two additional constraints: (i) that all weights
are positive and (ii) that the porosity defined by the functional capillaries equals the
measured porosity value of 0.283, see the reference for details. The resulting functional
PSD approximation is presented in Table 1 and Figure 3b.

Appendix B. Evaporation Rate, “Evaporation Front Yield”, Average Water Content

We compare the measured evaporation rate and the “evaporation front yield” with
the average water content in the wet capillary zone, see Figure A1. Note that during most
of stage 2, the average water content values were in the range 0.04–0.07 and that during
the same period the “yield” values were well above the average water content values.
Moreover, both relations travelled quite consistently along the same path for the three
measured samples, up to the moment when the “yield” reached the water content values
and the three samples’ behavior diverged, most likely due to their different heights and the
correspondingly different remaining volume of the wet capillary zone.

Figure A1. (a) Evaporation rate; or (b) “evaporation front yield” values compared to the average
water content in the capillary zone. Note the logarithmic scale of all axes.
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