
water

Article

Hydraulic Conductivity Estimation Using Low-Flow
Purging Data Elaboration in Contaminated Sites

Francesco Maria De Filippi , Silvia Iacurto , Flavia Ferranti and Giuseppe Sappa *

Department of Civil, Building and Environmental Engineering (DICEA), Sapienza University of Rome,
00185 Rome, Italy; francescomaria.defilippi@uniroma1.it (F.M.D.F.); silvia.iacurto@uniroma1.it (S.I.);
flavia.ferranti@uniroma1.it (F.F.)
* Correspondence: giuseppe.sappa@uniroma1.it or giuseppesappa@me.com; Tel.: +39-06-4458-5024

Received: 6 February 2020; Accepted: 18 March 2020; Published: 22 March 2020
����������
�������

Abstract: Hydrogeological characterization is required when investigating contaminated sites, and
hydraulic conductivity is an important parameter that needs to be estimated. Before groundwater
sampling, well water level values are measured during low-flow purging to check the correct driving
of the activity. However, these data are generally considered only as an indicator of an adequate well
purging. In this paper, water levels and purging flow rates were considered to estimate hydraulic
conductivity values in an alluvial aquifer, and the obtained results were compared with traditional
hydraulic conductivity test results carried on in the same area. To test the applicability of this
method, data coming from 59 wells located in the alluvial aquifer of Malagrotta waste disposal site,
a large area of 160 ha near Rome, were analyzed and processed. Hydraulic conductivity values
were estimated by applying the Dupuit’s hypothesis for steady-state radial flow in an unconfined
aquifer, as these are the hydraulic conditions in pumping wells for remediation purposes. This study
aims to show that low-flow purging procedures in monitoring wells—carried out before sampling
for groundwater characterization—represent an easy and inexpensive method for soil hydraulic
conductivity estimation with good feasibility, if correctly carried on.

Keywords: hydraulic conductivity; alluvial deposit; contaminated sites; low-flow purging;
groundwater; landfill

1. Introduction

Pumping tests are widely used to obtain the estimation of groundwater flow parameters, which
are necessary in planning or engineering applications to predict flow and design aquifer extraction or
recharge systems [1].

In the context of site contamination, both academically and in work practice, it is widely
accepted that well purging procedures are necessary to collect representative samples for groundwater
characterization [2–5].

The groundwater sampling procedure aims to collect water samples that represent the total mobile
organic and inorganic contaminants transported through the subsurface under ambient flow conditions,
with minimal physical and chemical alterations from sampling operations [4]. In this framework,
bailers often can’t achieve a correct well purging, whereas high-flow purging produces large volumes
of potentially contaminated water, resulting in depletion of quality groundwater samples with higher
associated costs in terms of transport and treatment.

Low-flow has been identified as the best well purging procedure due to documented, consistent
performance in diverse hydrogeological settings for virtually all analytes of interest [5]. In particular,
the reduction of water volumes purged overcomes problems related to its disposal, a theme that often
generates many difficulties during working activities [5].
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Low-flow rates are typically in the order of 0.1–0.5 L/min, even if some coarse-textured formations
have been successfully sampled in this manner at flow rates of 1 L/min [6]. To start the sampling, it
is necessary to use a multiparametric probe to verify the chemical–physical parameters stabilization
related to the drawdown stabilization.

Even in low-permeability wells where drawdown may be significant, collecting samples after
indicator parameters (and drawdown) have stabilized yields representative results. This proves that it
is not the degree of drawdown but rather the stabilization which matters when collecting representative
samples [2,4].

In particular, a recent numerical model used to optimize groundwater sampling showed that
dissolved oxygen (DO) stabilization is the best indicator of purging process completion and that higher
drawdown does not necessarily render lower sampling representativeness [7]. In fact, the above
mentioned indicator parameter is the factor which guarantees reaching of drawdown stabilization,
with hydraulic conditions which are very close to the natural ones. In these conditions, hydraulic
conductivity values could be the most reliable. It is therefore clear that low-flow technique is extremely
useful for water sample representativeness and the overall efficacy of monitoring activities.

As previously mentioned, the purge operation is a preparing activity that is required when
sampling groundwater in potentially contaminated sites, and is mandatory in these situations. At
the same time, in any ascertained contamination case, detailed knowledge of the aquifer hydraulic
conductivity is essential because of its relationship with contaminant diffusion and its key role in site
remediation planning and safety measures. This is especially true in terms of remediation timeframes,
due to the presence of contaminated low permeability layers and lenses in mixed soils [8]. On the
contrary, in common practice after sampling procedures, during a subsequent phase of deployment,
slug testing is usually performed to obtain hydraulic parameters estimation for groundwater flow
characterization [1,9].

In this research, low flow purging technique which can be used for environmental characterization
of a site, has also been considered for hydraulic conductivity estimation. Even if vertical flows are
reported in wells with screens between 3 and 10 m in length during low-flow purging and sampling
(which can also influence purge duration [10,11]), it is a common assumption that low pump rates
capture primarily lateral inflow (horizontal laminar flow) through the screened interval [2,12–14].
Hence, this paper aims to show the application of steady-state pumping flow and drawdown data,
obtained during low-flow purging procedures for environmental groundwater characterization, to
estimate hydraulic conductivity in the alluvial deposit of the Malagrotta waste disposal site in the
western part of Rome.

Hydraulic conductivity has been assessed using data from 59 monitoring wells and referred to
two different campaigns for a total amount of about 100 values. Results obtained in seven monitoring
well tests have been compared with slug test results and carried out in the same wells, despite slug
tests being extremely sensitive to altered well conditions. Failure to account for vertical anisotropy and
the effective screen length may introduce considerable error in the hydraulic conductivity estimation,
whereas pumping tests are unaffected by these uncertainties [15].

Such a proposed method could be helpful for site characterization and remediation avoiding,
where possible, additional slug testing and reducing effort with costs associated with conducting
enhanced site investigations and providing results that better represent the real hydraulic conditions.

2. Geological and Hydrogeological Framework of the Study Area

Rome’s municipal waste disposal site, Malagrotta, is located in the western part of Rome City,
outside of the “Grande Raccordo Anulare” (GRA), a ring-shaped orbital motorway encircling the city.
It is drained by the Galeria Streamlet tributary on the right bank of the Tiber River (Figure 1). It is a
hilly area, a few hundred meters wide, with tops reaching a maximum height of 65–70 m a.s.l. (meters
above sea level) and covering an area of about 160 ha.
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The thickness of the alluvial soils is variable and can be in the order of tens of meters, as shown 
in the available stratigraphy of the study area. The permeability property of alluvial soils allows for 
the presence of a large aquifer, in which groundwater flows above the clay bottom boundary.  

The static water level (SWL) measurements indicate that the water table ranges from 16 m a.s.l. 
and 25 m a.s.l. The main aquifer has a wide extension with general flow coming from northeast to 
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gravels and sands on the grey/blue clay layers with very low permeability. Interbedded clayey levels 
sometimes sustain perched aquifers [20]. 
  

Figure 1. Geological framework of the study area and monitoring wells location.

The geology is mostly related to the presence of sediments belonging to the Ponte Galeria
Formation (Middle Pleistocene Period). Local stratigraphy consists of an over-thickened basement
of Plio–Pleistocene compact grey/blue silty clays. In the area of the landfill, overtly rusted clays and
intercalated layers of sands, gravels, and silts are generally present [16,17].

Human activities have had a remarkable impact on this area, and they have produced remarkable
changes on its original morphology. One example of the impact of human activities is the mining of
gravel and sand related to construction works since 1950 [18,19].

More specifically, the stratigraphy from top to bottom is as follows:

• Gravelly soils: Marine and delta deposits, mainly coarse-grained (gravels and sands), with
intercalating fine-grained materials layers and lenses (silts and clays);

• basement clays: Fine-grained marine deposits formed by clays with hydraulic conductivity in the
order of 10−9 m/s.

On top of the reliefs, above the marine deposits, volcanic soils (muddy tuffs and tuffs) outcrop.
The contact surface between gravelly soils and the underlying clays basement is furrowed by

depressions engraved by an ancient hydrographic network. The bottom of depressions created in the
quarries is partially filled by heterogeneous non-thickened materials coming from the excavation sites
and from the residues of the extraction activities.

The thickness of the alluvial soils is variable and can be in the order of tens of meters, as shown in
the available stratigraphy of the study area. The permeability property of alluvial soils allows for the
presence of a large aquifer, in which groundwater flows above the clay bottom boundary.

The static water level (SWL) measurements indicate that the water table ranges from 16 m a.s.l.
and 25 m a.s.l. The main aquifer has a wide extension with general flow coming from northeast
to southwest. The hydrogeological properties of the area are related to the stratigraphic overlap of
gravels and sands on the grey/blue clay layers with very low permeability. Interbedded clayey levels
sometimes sustain perched aquifers [20].
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3. Materials and Methods

Low-flow purging procedure aims to collect groundwater samples which can be representative of
the total mobile organic and inorganic loads transported through groundwater flow, with minimum
physical and chemical alterations from sampling operations [4]. The aim of a low-flow purging process
is to remove enough water from the well screen zone, in order to collect a sample that is representative
of the aquifer conditions nearby the well.

According to this procedure, in the environmental monitoring network of Malagrotta landfill, the
low-flow purging technique involved 59 monitoring wells, spread over the landfill area (Figure 1),
along two groundwater sampling campaigns and was carried out in spring 2018 and summer 2018
(Table S1). Depth to water was measured before purging started and was then continuously recorded
during the procedure using a heron water level meter instrument.

Monitoring well purging was carried out using a Grundfos Redi-Flo 2 submersible pump, with a
flow rate ranging from 0.4 to 1 L/min. There was an exception for one well, where a rate of 1.4 L/min
was set for operational needs. This low flow rate range was applied to minimize drawdown within the
well with formation and mobilization of solids. The stabilization of groundwater chemical–physical
parameters was done using a probe HI7629829/4-Hanna instrument. This allowed for the end of purging
activities and the beginning of water sampling. A flow cell enclosed the probe during sample collection
and field monitoring, preventing air from contacting the sample prior to the reading (Figure 2).
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4. Theory

During low-flow purging, flow rates are low enough (<1 L/min) to minimize disturbance of
well hydraulics (e.g., mixing, excessive screen intake velocity, screen dewatering, and turbidity) [2].
Moreover, all the monitoring wells taken into account in this study were fully penetrating and the
water sample collection occurred after drawdown stabilization.

In such conditions, the vertical flow component is negligible compared to the horizontal one
(vertical equipotential lines) and water is assumed to move horizontally through the well screen length
(Figure 3). These conditions allow the application of the Dupuit’s hypothesis for steady-state radial
flow in an unconfined aquifer [21] according to the formula:

Q = π×K×
H2
− h2

w

ln
(

R
rw

) (1)
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where:

Q = low-flow pumping rate (m3/s);
K = aquifer hydraulic conductivity (m/s);
R = influence radius (m);
rw = radius of the monitoring well (m);
H = undisturbed water column in the monitoring well (m);
hw = steady-state water column in the monitoring well (m).
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Figure 3. Steady-state radial flow in an unconfined aquifer induced by low-flow pumping in a well
(modified from Dupuit, 1863). Q is the purging flowrate, H is the static water column (undisturbed),
hw is the steady state water column in the well, rw is the well radius, R is the radius of influence, and hi

is a water column at distance ri from the well during low-flow purging.

Solving Equation (1) for K gives:

K =
Q× ln

(
R
rw

)
π×

(
H2
− h2

w

) (2)

Q and rw are previously known, whereas H and hw are measured respectively before and during
the purging and sampling procedure. All monitoring wells penetrate the entire saturated thickness of
the aquifer, according to Dupuit’s assumptions (1863).

The influence radius R, defined in Dupuit’s hypothesis as the distance from the well where
drawdown is negligible, is considered steady after drawdown stabilization is achieved [22]. R depends
on the aquifer hydraulic conductivity, and it increases as K increases. There are many empirical
formulas that provide an estimation of the influence radius R. Among them, one of the most used is
the Sichardt formula [23]:

R = 3000× (H− hw) ×
√

K (3)

Figure 4 is the graphical representation of Sichardt’s formula and shows the variability of R with
drawdown (H − hw) for different values of hydraulic conductivity (K).
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Figure 4. Log–log graphical representation of Sichardt’s formula. Influence radius (R) variations with
hydraulic conductivity (K) and drawdown (∆H) (modified from Fileccia, 2005). Rmax and Rmin define
the range in this specific application (low-flow purging).

Sichardt’s formula applied with too much high drawdown values can lead to unreasonable results.
R values lower than 30 m and higher than 5000 m should also be considered with caution. The value
3000 is a constant used when pumping is carried out in a single well. This constant ranges from 1500
to 3000 relating to the pumping system (single or multi-well) [23,24]. However, this parameter is
irrelevant when estimating K, as results affect its variability (1500–3000 m) only by 1%–2%.

Nevertheless, considering the different case of low-flow purging and according to drawdowns
observed during the monitoring campaigns, R values lower than 30 m have also been considered.

Considering that in an alluvial deposit the hydraulic conductivity K ranges from 10−7–10−6 m/s to
10−3–10−2 m/s and that drawdown values for low-flow purging are usually lower than the normal
pumping rate for groundwater exploitation, an iterative procedure was set up in order to obtain the
hydraulic conductivity value K.

In this research, for all the wells of the monitoring network rw is a constant and equal to 0.04 m.
Considering Equations (2) and (3), K is a function of R, which is a function of K again:

K = f(H, hw, Q, R(K)) (4)

where H and hw are measured and Q and R have been fixed.
For this reason, the following iterative procedure has been imposed for the resolution of the

Equation (4): {
Ki+1 = f (Ri+1(Ki))∣∣∣Ri+1 −Ri

∣∣∣ = 0
(5)

More specifically, Equation (5) is equal to:
Ki+1 =

Q×ln
(

Ri+1
rw

)
π×(H2

−h2
w)

Ri+1 = 5rw + 3000× (H− hw) ×
√

Ki

ε =
∣∣∣Ri+1 −Ri

∣∣∣→ 0

(6)
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According to previous studies [23,24], 30 m has been adopted as the first value (R = R0) in the
iterative procedure (Figure 4).

In Equation (6), Sichardt’s formula has been properly modified considering a minimum threshold
of R = 5 × rw in the case of very low drawdowns. In the procedure set, this change was necessary
in order to obtain consistent values of R, which should take into account both well diameter and
well losses.

Moreover, according to Yihdego’s experience (2017), the well radius rw may be large in comparison
to R. In such cases, rw should be added to the Equation (3) for the determination of R [25].

In addition, a sensitivity analysis of this parameter was carried out showing that the variability of
hydraulic conductivity (K), due to the influence radius R, was very low if compared to the variation
related to the term (H2

− hw
2), as represented in Figure 5. The term H2

− hw
2, which may be also

written as (2H − ∆h)∆h, is related both to the water column H, both to the drawdown ∆h.
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Figure 5. (H2
− hw

2) term vs. hydraulic conductivity (K) scatter plot with different influence radius
R values (Dupuit’s Theory). H is the static water column (undisturbed) and hw is the steady state
water column.

In this study, applying the abovementioned procedure, Ri and Ki values were obtained for data
coming from the Malagrotta landfill area purging activities. The observed convergence of the iterative
procedure was very rapid, requiring few iterations (up to 5 or 6) to reach an error ε < 0.01.

Results are presented further in the results section.

5. Results and Discussion

Low-flow purging data was used to calculate the hydraulic conductivity (K) using the water
table measurements. All the monitoring wells penetrated the entire saturated thickness of the aquifer
according to Dupuit assumptions [21]. In Figure 6 hydraulic conductivity values (m/s) come from the
elaboration of low-flow purging data which was collected during two different campaigns, and refers
to the 59 monitoring wells located in the study area. For further information about low-flow purging
that was carried out, see the supplementary material (Table S1 and Table S2 show the following for
each well: Depth of well, flowrates imposed, drawdowns measured, radius of influence and hydraulic
conductivity obtained).
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Figure 6. Hydraulic conductivity (K) values estimated by low-flow purging in the Malagrotta landfill.
KC1 and KC2 are the hydraulic conductivity values estimated for monitoring campaign 1 and 2,
respectively. Q is the flow-rate imposed and H-hw the drawdown measured.

The hydraulic conductivity values coming from the first campaign dataset (spring 2018) were
validated and were compared to those obtained in the second campaign (summer 2018) for each well.
A single dataset, although useful, does not allow the identification of possible outliers due to errors
that may occur during monitoring activities carried out in situ.

The term (H2
− hw

2) in Equation (2) is related to the drawdown and to the thickness of the
saturated layer (static water column H). When the measured drawdown is null the method cannot be
applied because K would be infinite. This simply highlights that specific local hydraulic conductivity
does not allow for the detection of appreciable drawdown in the application range of low-flow purging
techniques. In these instances, a higher flow rate should be set. For this reason, in all cases where the
drawdown was equal to zero, the hydraulic conductivity was estimated as higher than a threshold
(>1.00 × 10−4 m/s).

The threshold was chosen to be equal to the same order of magnitude related to the maximum
value estimated for a drawdown (~1 cm) which is close to the operator accuracy. The comparison
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between the two estimated values obtained for the PL04 well shows the soundness of this choice (see
Table S1). In fact, the estimated value in the first campaign (H = hw), was confirmed by the second
campaign, in which lowering of the water table with the same flow rate (0.8 L/min) was recorded. In the
same way, the method has a lower limit (1.00 × 10−8 m/s) for the hydraulic conductivity estimation as
shown in Figure 7. As the flow rate varies in the range of low-flow conditions, the estimated hydraulic
conductivity related to the variation of the term H2-hw

2 remains within the range previously defined
(1.00 × 10−8 m/s–1.00 × 10−4 m/s).

Water 2020, 12, x FOR PEER REVIEW 9 of 16 

 

between the two estimated values obtained for the PL04 well shows the soundness of this choice (see 
Table S1). In fact, the estimated value in the first campaign (H = hw), was confirmed by the second 
campaign, in which lowering of the water table with the same flow rate (0.8 L/min) was recorded. In 
the same way, the method has a lower limit (1.00 × 10−8 m/s) for the hydraulic conductivity estimation 
as shown in Figure 7. As the flow rate varies in the range of low-flow conditions, the estimated 
hydraulic conductivity related to the variation of the term H2-hw2 remains within the range previously 
defined (1.00 × 10−8 m/s–1.00 × 10−4 m/s). 

For estimated values within the range of 1.00 × 10−8 m/s–1.00 × 10−7 m/s, drawdowns observed 
are remarkable and higher than 2 m. This suggests that the lower limit of the methodology might be 
higher (1.00 × 10−7 m/s). Hopefully further site investigations will allow for a better definition of this 
aspect. 

 
Figure 7. (H2 − hw2) vs K scatter plot at different flow rate values Q. H is the static water column 
(undisturbed), hw is the steady state water column, and K is the hydraulic conductivity. 

As shown in Figure 8, the monitoring wells of the Malagrotta landfill are distributed along the 
polder perimeter. Orange squared points represent wells where slug tests have been performed. 
Hydraulic conductivity values obtained with the proposed method generally matched between 
spring 2018 (first campaign) and summer 2018 (second campaign).  

Hydraulic conductivity in the area ranged from a minimum of 2.5 × 10−8 m/s (Z04) to a maximum 
of 1.00 × 10−4 m/s. These values, shown in Table S1 and Figure 6, are strongly representative of the 
soil type characterizing the site under study. In fact, for alluvial deposits, various literature data 
confirmed K values ranging from 10−7 m/s to 10−2 m/s [26]. Results show the high soil heterogeneity 
of the study area which is typical of waste disposal sites because in Italy they are usually designed in 
previous quarry mining areas. Some areas present very different hydraulic conductivity values even 
if the monitoring wells are very close to each other.  

The accuracy of the results is highlighted by the comparison between the values obtained from 
both purging campaigns for each monitoring well.  

Values are strongly correlated, generally showing the same order of magnitude. In this regard, 
a scatter plot of estimated K values is shown in Figure 9. This figure shows wells with values obtained 
for both campaigns, i.e., for 52 monitoring wells, excluding those out of range (>1.0 × 10−4 m/s).  

To assess the reliability of the proposed method, the Pearson index calculated for the two 
datasets is equal to 0.86, confirming a good correlation between the results obtained in the two 
purging campaigns (KC1 and KC2). 
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2) vs K scatter plot at different flow rate values Q. H is the static water column
(undisturbed), hw is the steady state water column, and K is the hydraulic conductivity.

For estimated values within the range of 1.00 × 10−8 m/s–1.00 × 10−7 m/s, drawdowns observed
are remarkable and higher than 2 m. This suggests that the lower limit of the methodology might
be higher (1.00 × 10−7 m/s). Hopefully further site investigations will allow for a better definition of
this aspect.

As shown in Figure 8, the monitoring wells of the Malagrotta landfill are distributed along the
polder perimeter. Orange squared points represent wells where slug tests have been performed.
Hydraulic conductivity values obtained with the proposed method generally matched between spring
2018 (first campaign) and summer 2018 (second campaign).
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cross sections reconstructed.

Hydraulic conductivity in the area ranged from a minimum of 2.5 × 10−8 m/s (Z04) to a maximum
of 1.00 × 10−4 m/s. These values, shown in Table S1 and Figure 6, are strongly representative of the soil
type characterizing the site under study. In fact, for alluvial deposits, various literature data confirmed
K values ranging from 10−7 m/s to 10−2 m/s [26]. Results show the high soil heterogeneity of the study
area which is typical of waste disposal sites because in Italy they are usually designed in previous
quarry mining areas. Some areas present very different hydraulic conductivity values even if the
monitoring wells are very close to each other.

The accuracy of the results is highlighted by the comparison between the values obtained from
both purging campaigns for each monitoring well.

Values are strongly correlated, generally showing the same order of magnitude. In this regard, a
scatter plot of estimated K values is shown in Figure 9. This figure shows wells with values obtained
for both campaigns, i.e., for 52 monitoring wells, excluding those out of range (>1.0 × 10−4 m/s).
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Figure 9. Scatter plot of estimated hydraulic conductivity values from the two purge campaigns (a)
and correlation degree statistics (b). KC1 and KC2 are the hydraulic conductivity values estimated
for monitoring campaign 1 and 2, respectively. ρxy is the Pearson correlation index calculated for the
two datasets.

To assess the reliability of the proposed method, the Pearson index calculated for the two datasets
is equal to 0.86, confirming a good correlation between the results obtained in the two purging
campaigns (KC1 and KC2).

ρXY is a measure of the linear correlation between two variables X and Y, expressed as the
covariance of the two variables divided by the product of their standard deviations (ρXY = σXY/σXσY).

Four classes related to different correlation degrees have been defined in order to quantify the
number of wells in which K values have high correlation. Classes are as follows:

• Low correlation for |KC1 − KC2| > 1 order of magnitude (o.m.);
• Medium correlation for 0.5 < |KC1 − KC2| < 1 o.m;
• High correlation for 0.25 < |KC1 − KC2| < 0.5 o.m;
• Very high correlation for |KC1 − KC2| < 0.25 o.m.

About 65% of the wells showed a high correlation between the two datasets, whereas only about
2% showed a low correlation.

Comparison between the hydraulic conductivity estimated values and soil texture properties
from stratigraphic reports referred to some of these wells and confirms the soundness of results
from application of our proposed method. Starting from the available stratigraphy, two geological
cross-sections were set up which are represented in the map (Figure 8). These cross sections (CS_01
and CS_02) are shown in Figures 10 and 11 shows a comparison between the estimated K values for the
two campaigns in the wells present in the geological sections. Each well crosses the entire saturated
thickness of the aquifer. With regard to CS_01 in the NP08 well, it had the lowest hydraulic conductivity
value (2.8 × 10−7 m/s) because of the presence of a significant thickness of Havana plio-pleistocene silty
clay formation along the well screen. In the NP01 well, the presence of the alternation of silty sands
and gravel—a more permeable soil—lead to different hydraulic conductivity values. For the NP09 well,
with data related only to the second purging campaign, the highest hydraulic conductivity value was
estimated (1.7 × 10−5 m/s). This result is in agreement with the soil type found (green sands with gravel
and pebbles includes), which is more permeable than the others. Furthermore, from the comparison
between stratigraphy info in CS_02 and the estimated hydraulic conductivity values obtained for wells
NP08, V01bis, and NP01, similar considerations came out, confirming positive representativeness of
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the results. In fact, in V01bis, a value of intermediate hydraulic conductivity was estimated according
to the type of soil found in this point (called alternation of sandy and clay silts).
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The obtained K is a weighted average value of the different layers along the well screen as the
horizontal hydraulic conductivity of the aquifer is expressed by the following equation:

KH =

∑
i ki × hi

Ht
(7)

Ht is the total thickness whereas hi is each layer’s thickness.
Slug test results referred to seven monitoring wells were compared with hydraulic conductivity

values from the application of the proposed method (Figure 12). As previously described [27] slug
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tests consist of a single-well test carried out in a transitory regime, whose purpose is to determine the
hydraulic conductivity of the aquifer in the immediate vicinity of the well. In fact, response to the
abrupt variation of the water level introduced and the consequent value of hydraulic conductivity
were strongly influenced by local hydraulic conditions.
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Moreover, the slug test is meant to overestimate conductivity, particularly in an unconfined
aquifer [15].

Tests were carried out on February 21–22, 2013 in wells V02, V03, V07 and NP09 inside the polder
and in wells Z02, Z03, and Z23 outside the perimeter of the landfill using the Kansas Geological
Survey (KGS) model for data analysis. The KGS model is a semi analytical solution for slug tests
performed in confined and unconfined aquifers [28]. Examined results (Figure 12) show that in V03,
V07, NP09, Z03, V02, and Z23 wells, K values estimated by the proposed method and slug test results
were slightly lower, except in well Z02 where they differ more than one order of magnitude. Z02 is a
well largely screened across the water table, whereas the KGS model was developed mainly for wells
screened below the water table, accounting for elastic storability, anisotropy, partial penetration, and
skin effects [29]. Skin effects of wells can influence the magnitude of hydraulic conductivity values
calculated from slug tests, which refers to a disturbed zone around the well due to well drilling and
installation or emplacement of a filter pack around the well [30]. Although the KGS model solution
cited in this case study [27] takes into account several correctional factors such as skin effect, the general
insensitivity of slug tests in wells screened across the water table to elastic storage mechanisms limits
its use in this setting.

Thus, the recognition that a test is affected by a low K well skin effect can often only be based on a
K estimate that is deemed too low for the interpreted stratigraphy [31]. Moreover, the KGS method is
more rigorous and requires a large number of data on the construction parameters of the well which
are often difficult to find [32]. This was the case for the Z wells in this study, as they are the oldest ones
in the area.

On the contrary, if the steady-state, low-flow drawdown can be accurately measured, one can
avoid complex analysis [9] related to slug test transient state. Low-flow purging data can provide a
base for the estimation of hydraulic conductivity, especially for alluvial soil in contaminated sites.
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6. Conclusions

This study aimed to propose an effective and reliable method for aquifer hydraulic conductivity
(K) estimation using data coming from low-flow purging activities inside environmental monitoring
procedures. The study area is located in the alluvial deposit of the ex-waste disposal site in Malagrotta
(municipality of Rome), where there is a large monitoring network for environmental groundwater
characterization (59 wells). Two low-flow purging campaigns were carried out in spring and
summer 2018 to collect representative water samples. Collected data provided about 100 hydraulic
conductivity estimations.

The method, based on the Dupuit’s Theory for steady-state radial flow in an unconfined aquifer,
was applied to obtain hydraulic conductivity estimated values for all the monitoring wells, starting
from the following assumptions:

• The chemical-physical parameters stabilization is coincident with the drawdown stabilization;
• During low-flow purging, flow rates are low enough (<1 L/min) to minimize disturbance of well

hydraulics [2] and water is assumed to move horizontally through the well screen length.

Previous studies [23] suggest that values of the influence radius (R) lower than 30 m need
to be considered with caution, but a sensitivity analysis carried out on this parameter showed its
limited influence on final results. Moreover, considering the different case of low-flow purging and
according to drawdowns observed during the monitoring campaigns, R values lower than 30 m were
also considered.

An iterative procedure has been set up in order to obtain the hydraulic conductivity value K.
The observed convergence of the iterative procedure was very rapid, requiring just a few iterations
(up to five or six) to reach an error ε < 0.01. Hydraulic conductivity values, obtained for the study
area, ranged from 3.95 × 10−8 m/s to 1.00 × 10−4 m/s. This latter value is a threshold, chosen when
no drawdown has been measured during the purging procedures. In these cases, the specific high
soil hydraulic conductivity did not allow for the application range of low-flow purging technique to
detect a sensitive drawdown. For this reason, the proposed method turned out to be valid for a range
of hydraulic conductivity from 1.00 × 10−8 m/s to 1.00 × 10−4 m/s. The range is very consistent with
sandy texture of the alluvial deposits, highlighting the effectiveness of the method’s applicability for
this type of hydrogeological settings.

Estimated K values in each well generally showed the same order of magnitude for both
campaigns. In particular, the Pearson index calculated for the two monitoring campaigns was equal to
0.86, showing a high reliability of the estimations obtained. Hydraulic conductivity values, obtained
with the proposed method, have been compared with slug test results obtained by the KGS model [28]
and conducted in 2014 on seven monitoring wells. Results show that in V03, V07, NP09, Z03, V02, and
Z23 wells, K values estimated by the proposed method and slug test results are similar even if slightly
underestimated, except to Z02 well where they differ to almost two orders of magnitude. For this well,
screened across the water table, the KGS model may have led to a misleading hydraulic conductivity
estimation. On the contrary, as stated by Robbins et al. [9], if the steady-state, low-flow drawdown can
be accurately measured one can avoid complex analysis related to slug test transient state. Moreover,
the slug test is supposed to overestimate the conductivity, particularly in an unconfined aquifer [15].

These results show that low-flow purging data can provide a sound hydraulic conductivity
estimation methodology for alluvial deposit, as groundwater monitoring activities with low-flow
purging and sampling procedures are necessary in any potential site contamination case. The procedure
proposed in this study can provide important groundwater flow information at a very low cost. In
comparison with other kinds of hydraulic conductivity field estimation, this method allows one
to obtain a better spatial representation of K parameter distribution, giving reliable knowledge of
hydrogeological settings in very hydrogeological heterogeneous soils. In spite of their more detailed
punctual characterization, other methods are usually more expensive but not as representative at
the scale of potentially contaminated areas of interest. The best recommendation is to ensure that a
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steady state has been achieved in the well to control the chemical-physical stabilization and to measure
flowrates and drawdowns. With these conditions respected, the proposed method can be very helpful
by reducing operative timeframes, effort, and costs associated with additional site investigations such
as slug tests.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/12/3/898/s1,
Table S1: Low-flow hydraulic conductivity values K estimated in Malagrotta landfill during monitoring campaign 1
(KC1) and monitoring campaign 2 (KC2), Table S2: Low-flow Radius of Influence values R estimated in Malagrotta
landfill during monitoring campaign 1 (RC1) and monitoring campaign 2 (RC2).
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