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or less equal velocity everywhere. Results demonstrate that the fluorescein
tracer images taken during and after the dissolution experiment (T1, T2, T3,
T4, T5) allow visualizing wormhole dissolution patterns because the tracer
preferentially flows through the wormholes.

We observe that solute transport is concentrated through few flow-paths
moving with greater velocities, which suggests locally higher permeability
and growth potential. We refer to these highly conductive flow channels as
dominant wormholes. However, we see that solute is carried also with a cer-
tain delay through minor secondary wormholes. The secondary wormholes
closest to the dominant ones seem to be more developed than their neighbors
(Figure 5.6). At the end of the dissolution process it seems that all wormholes
are still carrying flow (Figure 5.6).

We note that the tracer images show that the initial variability of the local
velocity field (heterogeneity) plays an important role in the location of the
flow channels that developed during the dissolution experiment. Dominant

Figure 5.6: Dissolution structures at the end of the dissolution experiment (on
the left), highlighted through image processing of the tracer test T5 (on the
right). Time-steps of fluorescein transport are highlighted by different colors.
All identified wormholes are drawn as black lines. Numbers correspond to
wormholes IDs.
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Figure 5.7: Wormhole growth rate: length evolution is plotted for each worm-
hole developed in the aquifer. Wormholes are grouped by color according
to the capture area they belong to. Moreover, we compare the solution for
growth evolution of an equivalent wormhole calculated applying equation
(5.18) (Li et al., 2019) (black line) and the the average of experimental worm-
hole growths estimated from image analysis (red line).

wormholes seem to develop in areas with initial higher velocities. This can be
seen as the instability front necessary for triggering wormhole development.

In order to better understand the competition between wormholes, we
analyzed the temporal evolution of wormhole lengths. Figure 5.7 shows the
wormhole length as a function of the injected pore volume of unsaturated
brine. Results show that all wormholes grow linearly over time but at differ-
ent rates. In general, the longer the wormhole length, the faster the growth
rate. Results present the first quantitative evidence of the amplifying factor
that characterizes the self-organization mechanism in wormhole growth, i.e.,
dissolution produces highly conductive channels that concentrate the flow
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and further enhance dissolution. Most wormholes exhibit a linear trend until
the end of the dissolution experiment, except some short wormholes that un-
dergo a decrease in their growth rate at late times, showing symptoms of flow
starvation: as the growth potential of dominant wormholes increases (higher
flow rate), secondary wormholes slowly die.

5.3.2 Changes in Hydraulic Properties

We now discuss the effect that the evolving wormhole dissolution pattern has
on the hydraulic properties of the porous medium. As shown in Figure 5.8,
both the experimental effective hydraulic conductivity Ke and porosity vary
linearly over time, as wormholes advance throughout the domain, up to the
end of the dissolution experiment when they stabilize. In this context, Li
et al. (2019) proposed an analytical solution that relates wormhole lengths
with differential pressures in a specimen characterized by preferential flow-
paths whose permeability is assumed infinite. They consider that the differ-
ential pressure between the specimen inlet and the outlet depends only on
the undissolved matrix that separates the wormhole tip from the outlet (zero
head loss in the wormhole itself). With this assumption, they directly relate
wormhole section length Lω and differential pressure ∆P as:

Lω

L
= 1− ∆P

∆P0
, (5.18)

where L is the specimen length and ∆P0 the initial differential pressure. In
other words, knowing the evolution of wormhole length it could be possible
to estimate the evolution of Ke.

Ke = K0

(
L

L− Lω

)
≈ K0

(
L

L− Li

)
. (5.19)

Thus, we compare experimental results with the analytical solution for
wormhole growth proposed by Li et al. (2019), as we independently measure
the evolution of wormhole lengths and that of ∆P. Knowing L, ∆P0 and ∆P
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Figure 5.8: Temporal evolution of aquifer hydraulic properties estimated from
experimental data. In particular, we compare the effective hydraulic conduc-
tivity Ke estimated from differential pressure data (black line) and the one
obtained applying equation (5.19), i.e. knowing the evolution of the averaged
wormholes lengths Li (black circles).

(continuously measured over time) we estimate wormhole growth from equa-
tion (5.18) (Figure 5.7). Since we are in a context of multiple paths, we com-
pare the result with the average of wormhole lengths (equivalent wormhole
length) calculated at each measurement time. We find that wormhole growth
calculated from equation (5.18) approximate the averaged wormhole growth
evaluated from image analysis, even if early times do not fit quite well. Still,
late times and the final estimation of the equivalent wormhole length repro-
duce quite well the experimental results. This suggests that one can estimate
the effective hydraulic conductivity of a karstified aquifer system from the
geometry of the wormhole dissolution pattern (Figure 5.8).
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5.3.3 Wormhole Competition

A direct consequence of different growth rates in wormhole competition is
the evolution of the distribution of wormholes over time and space. In fig-
ure 5.9A, we represent the evolution of wormholes density over space during
the dissolution experiment. Density is defined here as the ratio between the
number of wormholes n at a given distance x from the inlet and the initial
number of wormholes n0. At early times (T1), there is an abrupt decrease of
the number of wormholes over space, meaning that wormholes are almost

Figure 5.9: Analysis of the dissolution pattern: wormholes density. Fig-
ure 5.9A shows density evolution over space during the experiment. Time
is expressed in terms of tracer tests sequence (from T1 to T5). The normal-
ized distance is the ratio between the actual distance from the inlet (x) and
d = ω/(n0− 1), i.e. the interdistance between wormholes if they were equally
spaced. In figure 5.9B we plot the comparison between densities calculated
from experimental data (Detwiler et al. (2003) and present work) and the
power law trend (slope of -1) estimated from numerical models. Figure 5.9C
shows image analysis of the resultin pattern obtained by Detwiler et al. (2003)
(modified from Detwiler et al. (2003)).
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equally developed in the system. The reduction starts around x/d=1, be-
ing d = ω/(n0 − 1) the relative distance between wormholes if they were
equally distributed along the inlet section. In other words, the competition
starts when the length of the flow-paths is similar to their interdistance, con-
sidering wormholes equally spaced. Results are consistent with what already
described in literature by several authors (Hoefner and Fogler, 1988; Buijse
et al., 1997; Cabeza et al., 2020), i.e. the interaction between two adjacent
wormholes become important when their length is higher than their inter-
distance. With the evolution of the dissolution pattern (from T2 up to T5), the
density trend evolves: the rate of density reduction over space decreases and
converges to a linear reduction in T5. This trend evolution over time is jus-
tified by what has been previously observed: all wormholes grow over time
during the dissolution experiment. The direct consequence is that the number
of wormholes that exceed a selected distance x from the inlet increases over
time.

The linear trend to which density converges differs from what has been
numerically estimated by previous works (Szymczak and Ladd, 2006; Budek
and Szymczak, 2012; Upadhyay et al., 2015; Cabeza et al., 2020). The authors
estimate density to decay following a power law of slope close to -1. Still,
we compare density values with those estimated from the experiment carried
out by Detwiler et al. (2003). We select the image of the resulting dissolution
pattern for Pe = 54 and we calculate the density evolution over space (Figure
5.9C). In figure 5.9B we compare experimental results from both Detwiler et al.
(2003) and the present work, as well the linear and power law trends. The
experimental dissolution pattern (Detwiler et al., 2003) is characterized by a
linear trend of wormhole distribution, in agreement with results of the present
work. The difference lies in the rate of density decrease, which is lower in the
experiment carried out by Detwiler et al. (2003).
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5.3.4 Wormhole capture area

Lastly, we analyze the flow rate distribution along the dissolution pattern, as it
is directly related to the growth potential of each wormhole, i.e., related to the
competition among them. From image analysis we estimate capture areas ωi,
proportional to the flow rate carried by each flow-path. Results are consistent
with previous observations and estimates. Looking at the image sequence we
observe that almost all wormholes are still carrying flow during tracer test
T5 (Figure 5.10). It justifies both wormhole growth evolution (Figure 5.7) and
density evolution (Figure 5.9). Still, at the outlet of the aquifer we identify
eight capture areas.

Table 5.4: For each identified wormhole, we present its final length Li(T5)
and its normalized capture area calculated applying the analytical solution
proposed by Cabeza et al. (2020).

Wormhole ID Li (cm) ωi/ ∑ ωi
1 3.01 0
2 7.11 0.034
3 11.19 0.16
4 11.78 0.18
5 8.67 0.02
6 7.82 0.02
7 4.38 0
8 6.32 0.015
9 2.51 0
10 3.91 0
11 6.12 0.03
12 5.58 0.01
13 7.59 0.10
14 5.25 0.06
15 3.85 0.004
16 2.32 0
17 6.04 0.002
18 8.35 0.02
19 12.58 0.28
20 9.58 0.11
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Figure 5.10: Estimating capture areas through image analysis. Three time-
steps of solute transport through the undissolved matrix are shown, high-
lighting i) defined capture areas (grey line, Gi), ii) developed wormholes
(black line) and iii) time elapsed from the injection of tracer T5 (color se-
quence).

131



Chapter 5. Evaluation of wormhole formation dynamics in an
intermediate-scale dissolution experiment: Hydraulic and transport effects

Table 5.5: The table shows, for each group of channels, the normalized cap-
ture area ωi/ ∑ ωi calculated with the image analysis and from Cabeza et al.
(2020), jointly with the equivalent wormhole length Li, i.e. the average of the
lengths of wormholes belonging to the same group.

Wormhole group Li (cm)
ωi/ ∑ ωi

(Image analysis)
ωi/ ∑ ωi

(Cabeza et al., 2020)
G1 8.22 0.20 0.37
G2 8.67 0.06 0.02
G3 7.82 0.06 0.017
G4 4.40 0.06 0.015
G5 6.11 0.05 0.034
G6 6.14 0.18 0.129
G7 3.09 0.04 0.004
G8 9.14 0.35 0.411

Most of them are the result of solute transport through multiple flow-
paths. Thus, we define eight groups of wormholes (Gi) and calculate, for each
one, an averaged length Li of the "equivalent" wormhole (Table 5.5). As ex-
pected, there are three capture areas much wider than the the others (G1.G6,
and G8), which are the one traversed by flow rate carried by dominant worm-
holes (among others), i.e. the wormholes with the highest growth potential.

Figure 5.11: Comparison between capture areas ωi estimated through image
analysis and those estimated applying the analytical solution proposed by
Cabeza et al. (2020).
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We compare results of image analysis with those obtained estimating ωi ap-
plying the analytical solution proposed by Cabeza et al. (2020) and recalled in
section 5.2.5. For each wormhole, they consider the reduction of its capture
area due to the presence of all other flow-paths.

The reduction depends on their length and distance from the considered
wormhole. We estimate the capture area of each flow-path identified in the
system (Table 5.4). We add the capture areas belonging to the same group Gi

and we compare the results (Figure 5.11, table 5.5). The overall distribution of
the flow between main and secondary channels is similar. However, applying
the solution proposed by Cabeza et al. (2020) we underestimate the activity of
smaller channels.

5.3.5 Tracer Test Breakthrough Curves

The tracer breakthrough curves obtained during the T0 and T5 experiments
are shown in Figure 5.12 as a function of the injected pore volume. Given that
porosity changes were relatively small during the experiment, pore volumes
were estimated as Vp = Q(t− tT)/Vφ0, where V is the aquifer total volume,
Q the total injected fluid rate, tT is the time of tracer injection, and φ0 is the
initial porosity of the aquifer (before dissolution). The concentrations are nor-
malized by the injected concentration C0. The estimated concentrations at
the inlet reservoir are denoted as BC(Ti). The T0 tracer breakthrough curve
obtained before the start of dissolution exhibits a Fickian-like behavior even
though a relatively long tail is manifested as a result of slow flushing of the
tracer out of the inlet reservoir.

The reservoir flushing effect justifies the deviation of the mean arrival of
the breakthrough curve from Vp=1. We note a small inflection point at the
tail, which may suggest the presence of a secondary pathway, consistent with
the slight stratification detected from images. This Fickian-like behavior is
destroyed by dissolution. The presence of wormholes in the T5 experiment
produces a faster tracer arrival with two pronounced peaks and a longer tail.
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Figure 5.12: Experimental tracer breakthrough curves obtained during the
initial (T0) and final (T5) tracer tests, carried out before and after wormholes
development. Normalized concentrations are plotted as a function of the in-
jected pore volumes Vp in linear (left) and log-log (right) scale. In the former,
the final part of the T5 tail has been omitted to better visualizing main differ-
ences in arrival times and peaks.

The tail behaves as a power law with slopes (before and after an inflection
point) of about -2 and -4 (Figure 5.14, right).

Effective Solute Transport Modeling

The interpretation of the breakthrough curves with effective models provides
a quantitative assessment of the transport behavior. The best fit between
the tracer breakthrough curves and the effective multi-advection dispersion
model is shown in Figures 5.13 and 5.14 for the T0 and the T5 experiment,
respectively. The breakthrough curves are presented in actual values and in
double-log scale to better appreciate the details (early arrival, peaks, and tail).
We seek for the simplest conceptual model characterized by the minimum
number of equivalent pathways. Based on the number of peaks detected, we
considered that the system can be effectively represented by 1 or 2 pathways
in the T0 experiment and 2 or 3 pathways in the T5 experiment. The calibrated
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Figure 5.13: Best fit of the effective transport model resulting from the calibra-
tion of the T0 tracer test experiment. Normalized concentrations are plotted
as a function of the injected pore volumes Vp in double-log and real scale: (A)
single-advection dispersion model; (B) double-advection dispersion model.
The blue and green lines correspond to the contributing pathways (Pwi). The
pink dashed line corresponds to the inlet boundary concentrations (BC(T0)).

parameters are summarized in Table 5.6. All conceptual models seem to sat-
isfactorily reproduce the experimental breakthrough curves, with root mean
square errors (RMSE) that range between 1.10·10−3 and 4.22·10−2 mg/L. Fig-
ures 5.13A and 5.13B show the calibration of the T0 experiment with a single-
advection and a double-advection dispersion model, respectively. The simu-
lated breakthrough curve shown in Figure 5.13B is decomposed into the two
contributing pathways, Pw1 and Pw2. One can visually appreciate that, even
though the RMSE is slightly larger, the double-advection model better cap-
tures the early arrival and the late-time behavior of the breakthrough curve.
The second pathway Pw2 (with a contribution of about 10%) is half as fast as
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Figure 5.14: Normalized breakthrough curve concentrations resulting from
the calibration of tracer test T5. Concentrations are plotted over injected pore
volumes Vp. Above (A), linear and log-log plots show measured and cal-
culated BTC considering two-advective pathways (Pwi). Below (B), linear
and log-log plots show the experimental BTC calibrated considering three-
advective pathways. The pink dashed line correspond to inlet boundary con-
centrations (BC(T5)).

Pw1 and it is characterized by a much higher dispersivity (α=3.7 cm). This
pathway is key to reproducing the inflection point and the late-time concen-
trations. The high dispersivity of Pw2 suggests that this slow pathway rep-
resents a part of the porous media where larger variations in local velocities
occur due to the slight initial stratification.

Figure 5.14A shows the best fit between the T5 experimental breakthrough
curve and the double-advective dispersion model. The simulated breakthrough
curve reproduces satisfactorily the overall transport behavior, with a root
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mean square error of 4.22·10−2 mg/L. The model properly reproduces the
two peaks, each one corresponding to a different pathway. The contribution
of the fastest pathway is 40% with an estimated velocity of about 3.7 cm/min.
This velocity is almost four times larger than that of the secondary pathway,
which resembles the velocity of the initial porous medium obtained in the T0

experiment (primary velocity). However, the simulated breakthrough curve
cannot properly represent the tail and the early times. For this reason, we
further examined an effective transport model with 3 equivalent pathways.
Figure 5.14B shows the best fit of the breakthrough curve with a root mean
square error of 2.12·10−2 mg/L. The first peak of the breakthrough curve is
mostly described by the first pathway Pw1 with similar contribution as be-
fore (β1 changed from 40 to 42.4%). However, the previous second pathway
is decomposed now into two. A slightly faster path with a contribution of
β2 = 0.42, characterized by half of the previous dispersivity, and another one
with slower velocity but greater dispersivity. It is worth noting that trans-
port parameters and contribution of the latter resemble those of the second
pathway considered for the matrix system (when interpreted by the double-
advective dispersion model). A visual inspection of the fit suggest that the 3-
pathway model provides a more adequate description of the tail, even though

Table 5.6: Results of model calibration of both prior- (T0) and post-dissolution
(T5) tracer test interpretation.

T0 T5

Np 1 2 2 3
N. Parameters 2 5 5 8

vi (cm/min) 0.82 0.87 0.4 3.7 0.73 3.2 0.85 0.28
αi (cm) 0.89 0.71 3.7 0.9 2.63 1 1.33 3.7
βi 1 0.9 0.1 0.4 0.6 0.425 0.42 0.155

RMSE (mg/L) 1.1·10−3 1.3·10−3 4.22·10−2 2.12·10−2

Note.The table shows, for each calibrated model, the number of pathways that define the
transport model (Np), the number of effective parameters to calibrate (N.Parameters), cali-
brated values of flow velocity v, dispersivity α and contribution β for each pathway, as well
as the root mean square error (RMSE).
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still some errors in reproducing the early and late time behavior can be ob-
served.

Physical Interpretation of Effective Parameters

Results show so far that wormholes accentuate the differences between the
more mobile and less mobile flow paths. This effect is well captured by the
effective multi-advection dispersion model with few equivalent flow path-
ways. The nice fit with this model suggests that mass transfer processes be-
tween flow pathways were not relevant in this case, mostly like because the
residence time in the synthetic aquifer was small relative to the time-scales of
mass transfer. We now seek for a correspondence between equivalent model
pathways and groups of wormholes identified through image analysis. This
can give us further insights about the physical interpretation of the effective
parameters. To do this, we associate groups of wormholes with equivalent
flow pathways of the transport model by assuming that wormhole groups Gi

of similar length Li (Table 5.5) simultaneously contribute to the same model
pathway. Table 5.7 provides a summary of the adopted correspondence be-
tween model pathways and wormhole groups. Then, we estimate βi based on
physical grounds as the ratio between the sum of capture areas ωi (estimated
from image analysis) associated with the ith pathway and the total width of
the reservoir ω,

βi =
Qi

Q
≈ 1

ω ∑
ωi∈βi

ωi (5.20)

This estimation of βi matches quite well with the corresponding effec-
tive values (Table 5.7). This means that the fastest equivalent flow pathway
(green line in Figures 5.14A and B) represents solute transport through domi-
nant (longest) wormholes, associated in this case with groups G2 and G8. On
the contrary, the less important flow pathway seems to represent solute trans-
port through the matrix (porous media not affected by dissolution). This can
be seen for instance by the similarity between the estimated values of β2 and
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Table 5.7: Contribution βi of individual pathways to the composite BTC of
tracer test T5.

Np Parameter
From capture

areas ωi

Calibrated
model

Wormholes
Groups

BTC
Color Line

2
β1 0.41 0.4 G2, G8 —
β2 0.59 0.6 G1, G2-G7 —

3
β1 0.41 0.425 G2, G8 —
β2 0.49 0.420 G1, G3, G5, G6 —
β3 0.10 0.155 G4, G7 —

Note. We compare the contribution estimates obtained from BTCs calibration and those
obtained from capture areas previously calculated through image analysis. In column
5 we highlight the groups of wormholes associated to each pathway considered for the
calibration while the coloured lines help visualizing the correspondence with pathways
plotted in Figure 5.14.

α2 in the matrix system (T0 experiment) and β3 and α3 in the wormhole for-
mation (T5 experiment). Here a large scale triggering factor can be seen; the
more permeable matrix (β1(T0)) concentrates the majority of the dissolution
pattern development (β1−2(T5)) during dissolution experiment, whereas the
less permeable areas (β2 (T0)) remain almost undissolved (β3(T5)).

Discrete Wormhole Transport Modeling

Results shown in section 5.3.2 suggest that one can estimate the effective hy-
draulic conductivity of a karstified system from the geometry of the wormhole
channel patterns. In the same vein, in this section, we study if it is possible
to make a direct prediction of solute transport from the geometry of worm-
holes and the transport parameters of the undissolved matrix (v0 and α0). The
answer to this question is crucial for making long-term predictions of mobile
resources exploited in aquifers characterized by preferential-flow dissolution
structures. In this context, we carry out a blind prediction of the T5 tracer test
breakthrough curve using the discrete wormhole transport model defined in
equation (5.16). We consider 20 flow pathways which represent the 20 worm-
holes previously identified in section 5.3.1. The flow contribution of each
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Figure 5.15: Normalized breakthrough curve concentrations resulting from
two blind predictions of tracer test T5 (Eq. 5.16). Concentrations are plotted
over injected pore volumes Vp. The blu dashed BTC results from considering
transport parameters of Pw1(T0) while the red BTC is characterized by ad-
justed transport parameters.

pathway is determined by the wormhole capture areas calculated from equa-
tion (5.4) and summarized in Table 5.4 jointly with their length Li. We first
consider the matrix system as characterized by parameters v0 = 0.82 cm/min
and α0 = 0.89 cm, previously calibrated for reproducing transport behavior
in the undissolved matrix (T0, table 5.6). Nevertheless, we are aware that the
assumptions made for the discrete wormhole model are not fully fulfilled at
the experimental level. Thus, we carry out a further prediction adjusting v0

and α0.

In Figure 5.15 we compare the results with the measured BTC. The pro-
posed conceptual model (B) surprisingly captures the overall transport be-
havior in both predictions, with a RMSE of respectively 1.7·10−1 mg/L and
6.27·10−2 mg/L. Employing the parameters of the calibrated effective model
(T0), the mean velocity of the experimental breakthrough curve is well cap-
tured as well, although the model overestimates the maximum concentra-
tion and fails to properly reproduce the double-peak in the breakthrough
curve. The prediction notably improves applying a lower velocity (v0 = 0.52
cm/min) and a higher dispersivity (α0 = 3.7 cm). A possible explanation is
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that the experiment slightly departs from the assumptions we made, since i)
the wormholes do not grow in a straight line as described in the conceptual
model, ii) the flow does not enter into the matrix exclusively from the tip, and
iii) the flow dimension is not uniform throughout the aquifer, specially nearby
the wormhole tip. These features can reasonably explain the need for both a
higher dispersivity and lower mean velocity values. It is worth noting as well
that in this second prediction the RMSE is close to that of the effective multi-
advective model (Table 5.6). Anyway, despite the fact that we obtain simi-
lar results, we contend that the discrete wormhole model is more valuable.
This model not only describes the system but also can make physically-based
transport predictions in a karsified porous medium.

5.3.6 Joint discussion on experimental results

All experimental results (growth rate, wormhole density and flow distribu-
tion) are consistent with each other and suggest that the mechanism of worm-
hole competition is slower than that estimated numerically and analytically.
Wormhole starvation is manifested farther in time (and space). The statement
is true for the present and Detwiler et al. (2003)’s work. We might look for an
explanation in the choice of flow boundary conditions. However, the experi-
ments have been carried out under different conditions: Detwiler et al. (2003)
sets inlet and outlet constant heads, unlike the flow rate fixed in the current
experiment (section 5.2). Neither the "confinement effect" (Cohen et al., 2008)
plays an important role here, since we stop the dissolution process so that
the length of the largest wormhole is half the width of the aquifer. A possi-
ble explanation is that the dissolution regime reproduced during the experi-
ment tends to a ramified regime. We want to recall that the dissolution dia-
gram (Golfier et al., 2002) is only a guide in choosing the optimal conditions
for reproducing a dominant wormhole regime. Actually, the limits change
as the acid capacity number changes. A ramified regime is characterized by
a high injection rate (High Pe) and the fluid is usually forced into smaller
pores (Fredd and Fogler, 1998), leading to a more branched dissolution pat-
tern. Thus, experimental conditions at the limit with the ramified regime,
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i.e. high injection-rate conditions, would explain why the competition for the
flow is slower than what expected and secondary wormholes grow so long.
On the other hand, it could justify, jointly with features of competition, why
secondary wormholes closest to the dominant ones are larger than other sec-
ondary flow-paths. During the competition, an increasing amount of flow is
directed towards the dominant channels. At high injection rates, some of it
would be forced into neighboring flow paths and the farthest ones would be
the first to starve.

5.4 Conclusions

Wormhole formation during the dissolution of a soluble porous media con-
trols flow and transport dynamics in karst aquifers. Optimal conditions to
promote dissolution structures have been historically studied, mainly in the
oil and gas field, where hydrodynamic and geochemical conditions are usu-
ally under control. However, the mechanisms underlying the spatio-temporal
evolution of dissolution structures, the redistribution of flow among worm-
holes, and its effects on transport behavior are largely unknown. In this
context, we have presented a dissolution experiment in a two-dimensional
intermediate-scale synthetic aquifer that resembles an evaporitic system. Col-
ored tracer tests have been performed during the experiment to delineate
the dissolution structures and to explore transport modeling approaches. We
highlight here the most important results:

• Carrying out a sequence of colored tracer tests during the dissolution ex-
periment and recording tracer images through a digital camera allowed
visualizing the evolution of the morphology of the dissolution structure.

• Tracer transport before the start of dissolution showed a slight stratifica-
tion of the porous medium. This heterogeneity significantly influenced
wormhole formation acting as triggering factor (front instability).

• We were able to analyze some features of wormhole dynamics and com-
petition for flow. In particular, we observed that: i) preferential flow
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channels grow linearly over time until they start dying of starvation (de-
crease of their growth potential until death); and ii) the longer the flow
channel, the faster its growth rate (evidence of increasing growth po-
tential). This features are clear evidences of wormhole competition for
the flow. We observed as well that: iii) wormhole density evolution (i.e.
wormhole distribution in time and space) converges to a linear trend, in
agreement with others experimental results but not with what expected
from numerical analysis; and iv) with the evolution of the dissolution
pattern, most of the flow is redistributed towards the areas character-
ized by dominant wormholes. However, almost all channels are still
active at the end of the experiment, in disagreement with what is ex-
pected based on wormhole geometry and the redistribution of flow in
the aquifer. These features suggest that the competition is slower than
expected. A possible explanation could be that the experimental condi-
tions are bordering those necessary to reproduce a ramified dissolution
regime, characterized by high injection-rate.

• We could analyze the changes in the hydraulic properties of the porous
medium in the context of wormhole dynamics. Both the porosity and
the effective hydraulic conductivity increased linearly over time up to
the end of the dissolution experiment. Furthermore, the estimation of
the effective hydraulic conductivity of the karstified medium from worm-
holes lenght agrees with experimental values. It suggests that knowing
the geometry of a karstified aquifer system, it could be possible to esti-
mate its effective hydraulic conductivity.

• The choice of the number of tracer tests to be carried out during the
dissolution experiment was not easy. On the one hand, making a very
close sequence of tracer tests makes image analysis difficult. On the
other hand, the less number of tracer tests, the less the time resolution
of wormhole development one has for visualization.

In order to understand how flow and transport behavior changes with the
formation of wormholes during the dissolution of a soluble porous medium
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in a context of competition, we have sought for conceptual transport models
that can explain the integrated concentration breakthrough curves obtained
at the tank outlet during the first and last tracer test experiments carried out
under flow steady-state conditions (geochemical equilibrium). We have ex-
plored the suitability of the multi-advection dispersion model, which repre-
sents the wormhole-bearing porous media as a bundle of streamtubes with
different local velocities and dispersivities. We have considered two model-
ing approaches. The first approach provides the best fit of the breakthrough
curves with effective transport parameters. The other investigates the predic-
tive power of a discrete wormhole modeling approach. The latter constructs
the multi-advection dispersion model from the geometry of the wormhole
channel pattern. Results have shown that:

• Solute transport through a wormhole-bearing porous media, charac-
terized by highly conductive flow channels resulting from dissolution,
can be effectively described by a multi-advection dispersion model with
two or three streamtubes. The model is shown to properly capture the
double-peak distribution of the concentrations and the early and late-
time behavior of the breakthrough curves. The fastest streamtubes rep-
resent the dominant wormholes and the slowest streamtube the matrix
system. The contribution of each streamtube is shown to nicely corre-
late with the corresponding wormhole capture areas, which character-
izes the fraction of flow passing through the wormhole group. Mass
transfer processes between streamtubes were not seen relevant in this
case, mostly like because the residence time in the synthetic aquifer was
small relative to the time-scales of mass transfer.

• The discrete wormhole model explicitly represents the geometrical prop-
erties of each individual wormhole in a transport model. Each stream-
tube represents an actual wormhole. The transport model is constructed
from information about the longitudinal length of wormholes and the
transport properties of the matrix system. The flow contribution of each
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wormhole can be estimated from the wormhole competition model pre-
sented by Cabeza et al. (2020), which determines the capture area of
wormholes (proportional to the flow passing through each wormhole)
from their length. Results have shown that this model can be used
to provide a fairly accurate blind prediction of solute transport even
though the double-peak of the breakthrough curve is not properly cap-
tured.
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Chapter 6. Conclusions

6.1 Overall conclusions

In this thesis, the characterization of the Salar de Atacama aquifer system has
been the driving force that made us undertake different paths, through which
we have applied existing methodologies and developed new ones, through
which we have tried to understand, at different scales, processes and features
that are governing flow and transport in an evaporitic aquifer system, through
which we can now look more clearly at the SdA system as a whole, although
there is still a lot to do to fully understand its dynamics. Regarding this jour-
ney, below we report the main conclusions for each chapter:

• in Chapter 2 we emphasized the importance of characterizing an aquifer
system interpreting recovery data, as they are not only as quantitatively
and qualitatively valuable as pumping data, but also less influenced by
pumping perturbations. We validated Agarwal’s method, that result to
be a great choice for recovery data interpretation under ideal conditions
as well under non-ideal conditions in the case of fully radial regime de-
velopment. Otherwise, for non-radial regimes, as well for short pump-
ing periods (or far observation wells), the proposed method is shown to
overcome Agarwal’s limitations. Lastly, we showed up a new "equiva-
lent time" that allows interpreting recovery data accounting for pump-
ing rate variability, either in ideal nor non-ideal conditions.

• in Chapter 3 we proposed a filtering-corrective method that, jointly with
the inverse problem, allows filtering systematic errors in drawdown es-
timates (errors arising from the modelling and measuring process) dur-
ing the calibration of a groundwater model (synthetic scenario). We
demonstrated the capability of the method for obtaining very good es-
timates in terms of drawdowns and hydraulic properties, even when
absolute head data is strongly biased. Above all, we emphasized the
effectiveness of estimating natural heads by mean of a flow numerical
model and introducing a corrective term for a good drawdown estima-
tion and model calibration. Lastly, we showed that the use of biased
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absolute head data in the traditional inverse problem can also provide
good fittings but, in this case, the bias leads to an incorrect solution.

• in Chapter 4 we investigated the possibility of characterizing connectiv-
ity structures in an evaporitic aquifer of great extension (i.e. the Salar
de Atacama) by means of hydraulic testing and stochastic inversion. We
concluded that the applied methodology allowed to identify the pres-
ence of these connective structures that seem to govern the flow dynam-
ics of the system. Anyway, the location of preferential flow-paths could
not be defined from the applied method itself. Thus, we emphasized the
importance of dealing with independent information: the consistency
among results from different sets of information and methodologies in-
creased the reliability of results themselves and the knowledge of the
overall system.

• in Chapter 5 we investigated the features of wormhole dynamics and
the effects of dissolution pattern development on flow and transport
behavior by mean of an intermediate-scale dissolution experiment cou-
pled with several tracer tests. Above all, we emphasized the capability
of visualizing the spatio-temporal evolution of the dissolution structure,
which allowed analysing the main features of wormholes development.
We could observe some evidence of the triggering and amplifying fac-
tors involved in the self-organization mechanism that lead to the devel-
opment of preferential flow-paths. Furthermore, from the interpreta-
tion of the tracer tests we could determine the suitability of the multi-
advection dispersion model for reproducing the transport behavior in
the porous medium with wormholes. Finally, we emphasized the worth
of the discrete wormhole model that is shown to have a high predictive
power.
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Appendix A

Porosity Changes from Total
Mass Measurements

The total mass Mtot continuously recorded by the scale can be written as

Mtot = Vtρt + ViρB1 + VmφmρB1 + Vm(1− φm)ρs + VoφoρB1 + Vo(1− φo)ρB1,
(A.1)

where Vt and ρt are respectively volume and density of the tank skeleton itself.
Vi, Vm and Vo are the volumes of the inlet (i), main (m) and outlet (o) reservoirs
and φm, φo their porosity (φi = 1). ρB1 is the density of the brine and ρs the
one of the Halite. The mass of the tank skeleton, as well the mass of inlet
and outlet reservoir are assumed constant throughout the experiment. As the
kinetic is almost instantaneous, we assume the main reservoir to be filled with
saturated brine.

Thus, mass changes due to porosity changes can be written as

∆Mtot = Vm(φs1 − φs2)ρB1 + Vm(1− φs1)ρs −Vm(1− φs2)ρs, (A.2)

∆Mtot = Vm(φs1 − φs2)(ρB1 − ρs), (A.3)
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and,

∆φ =
∆Mtot

Vm∆ρ
(A.4)
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Abstract Pumping tests are performed during aquifer characterization to gain conceptual understanding
about the system through diagnostic plots and to estimate hydraulic properties. Recovery tests consist of
measuring head response in observation and/or pumping wells after pumping termination. They are
especially useful when the pumping rate cannot be accurately controlled. They have been traditionally
interpreted using Theis’ recovery method, which yields robust estimates of effective transmissivity but does
not provide information about the conceptual model. Agarwal proposed a method that has become
standard in the oil industry, to obtain both early and late time reservoir responses to pumping from recovery
data. However, the validity of the method has only been tested to a limited extent. In this work, we analyze
Agarwal’s method in terms of both drawdowns and log derivatives for non-ideal conditions: leaky aquifer,
presence of boundaries, and one-dimensional flow. Our results show that Agarwal’s method provides
excellent recovery plots (i.e., the drawdown curve that would be obtained during pumping) and parameter
estimates for nearly all aquifer conditions, provided that a constant pumping rate is used and the log
derivative at the end of pumping is constant, which is too limiting for groundwater hydrology practice, where
observation wells are usually monitored. We generalize Agarwal’s method by (1) deriving an improved
equivalent time for time-dependent pumping rate and (2) proposing to recover drawdown curves by
extrapolating the pumping phase drawdowns. These yield excellent diagnostic plots, thus facilitating the
conceptual model analysis for a broad range of conditions.

1. Introduction

Hydraulic testing is the most widely used technique for aquifer systems characterization and the only one
providing direct estimates of aquifer parameters through the interpretation of the aquifer response to
pumping or other hydraulic perturbations. Well testing results are a function of the range and the quality
of the drawdown and rate data available and of the approach used for their interpretation
(Gringarten, 2008).

Pumping test interpretation emerged largely from the Theis (1935) analytical solution for the drawdown
caused in an ideal homogeneous, infinite, and confined aquifer by pumping at a constant rate Q from a fully
penetrating well. A feature of this solution is that, when sufficient time has elapsed since the beginning of
pumping, the drawdown increases linearly with the logarithm of time. This feature prompted Cooper and
Jacob (1946; CJ in the following) to develop the straight line method for applying Theis’ method through a
manageable logarithmic approximation of the analytical solution, which works very well also for a broad
range of conditions, including heterogeneous formations (Halford et al., 2006; Meier et al., 1998).

Rereading the paper of Theis (1935) is joyful, because he himself identified the numerous limitations of
his solution (we suspect that his USGS colleagues and reviewers must have helped). In reality, aquifers
are rarely homogeneous or fully confined and they have boundaries. Storage release is not instantaneous
but delayed with respect to head variations. Wells do not fully penetrate the aquifer and may have sig-
nificant storage. Over the years, hydrologists and oil engineers developed numerous analytical solutions
to overcome these limitations (see, e.g., Kruseman & de Ridder, 1990). While the main purpose of these
methods was to estimate transmissivity T and storage coefficient S, they realized that drawdown curves
contain a wealth of information about the well and the aquifer beyond the actual value of hydraulic para-
meters. Unfortunately, the large number of solutions and the subtle variations among them made it dif-
ficult to identify which one is best.
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1.  Introduction
Hydraulic tests are typically used to characterize aquifers by analyzing the aquifer response to a known im-
posed stress. The term test is used here in a broad sense, including any perturbation to the normal function-
ing of the aquifer, such as pumping tests, stream-stage tests, or in general known water production periods. 
In any of these cases, the aquifer response to pumping or other hydraulic perturbations contains valuable 
information about the conceptual model and hydraulic properties (e.g., Domenico et al., 1998; Freeze & 
Cherry, 1979; Gringarten et al., 2008; Renard, 2006; Trabucchi et al., 2018). The response must be not only 
properly measured but also processed and interpreted to extract such information. The procedure usually 
involves fitting water level changes or drawdown to a mathematical model.

The definition of drawdown is well-known, simple and intuitive, but we want to briefly recall it to argue 
why modeling drawdowns, rather than heads, in the context of transient model calibration may be the best 
choice for aquifer test interpretation. Drawdown is defined as the difference between two heads: s = hn − h, 
where h is the actually observed head resulting from the hydraulic test, and hn is the natural head evolution 
(i.e., the head that would have been measured if the hydraulic test had not been performed). As a result, as 
we will show later, drawdown models enjoy homogeneous initial and boundary conditions (i.e., boundary 
and initial drawdowns are zero and boundary and internal sink/source terms are zero). This is advanta-
geous because it avoids the problem of defining initial and boundary conditions during groundwater mod-
eling (Renard, 2006). Only the stress that causes the drawdown, which should be well known, needs to be 
specified. At the same time, it allows one to avoid working with absolute heads, which are characterized 
by weak dependence on hydraulic properties and represent the solution to a differential equation with 
complex boundary and initial conditions (Renard, 2006). The downside of working with drawdowns lies on 
the fact that they do not inform directly about the functioning of the aquifer (i.e., where water comes from 

Abstract  The drawdown response to a hydraulic stress contains crucial information to characterize an 
aquifer. Modeling drawdowns is far easier than modeling heads because they are subject to homogeneous 
(zero) internal sink/sources, and boundary and initial conditions. The problem lies on the fact that 
drawdowns are not measured directly but derived from measurements of head fluctuations. Resulting 
drawdowns may suffer persistent inaccuracies in complex systems with uncertain long-acting external 
stresses, so that they are affected not only by errors in head measurements, but also in estimates of the 
natural head evolution. This hinders the use of drawdowns in groundwater models, and forces modelers 
to employ absolute heads and soft information. In this context, we present a method to filter systematic 
errors in drawdown data during the calibration of a groundwater model. To do this, we introduce a bias 
correction term in a composite inverse problem that combines a natural head model with a drawdown 
model. Since these two models share the same parameters, a two-stage iterative optimization algorithm 
is developed to jointly estimate the bias, natural trends, and parameters. The method is illustrated by 
a synthetic example in a heterogeneous aquifer. The example shows that the method converges to the 
best conditional estimate even when absolute head data is strongly biased. In the same example, we 
demonstrate that the use of biased absolute head data in the traditional inverse problem can also provide 
good fittings but, in this case, the bias leads to an incorrect estimation of the transmissivity field.
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