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ABSTRACT 
Two pumping tests were performed in the unconfined Motril-Salobreña detrital aquifer in a 
250 metre-deep well 300 m from the coastline containing both freshwater and saltwater and 
the well lithological columns reveal high vertical heterogeneity in the aquifer. The Theis and 
Cooper-Jacob approaches give average transmissivity (T) and storage coefficient (S) values 
of 1,700 m2/d and 0.006, respectively. Numerical modelling in a synthetic model was 
applied to analyse the sensitivity of the Theis and Cooper-Jacob approaches to these  
conditions. The T and S values calculated from the numerical modelling drawdowns indicate 
that fluids of different density (freshwater and saltwater) cause an error of 20% in estimating 
T and of over 100% in calculating S. The factor most affecting T and S results in the 
pumping test interpretation is vertical heterogeneity in sediments, which can produce errors 
of over 100% in both parameters. 

INTRODUCTION 
Pumping tests are the most widely used method for estimating hydrogeological parameters 
such as transmissivity and storage coefficient in aquifers. The first analytical solutions for 
the equation of groundwater flow in aquifers subjected to pumping provided by Thiem 
(1906) for a steady state, and by Theis (1935) and Cooper and Jacob (1946) for a transient 
state, consider very restrictive conditions that limit their application to aquifers that are 
porous, uniform, homogeneous, infinite, of constant thickness and isotropic, and in which 
pumping occurs in a completely penetrating well with a constant volume of discharge. 
 
The interpretation of pumping tests in coastal aquifers is highly complex since a number of 
specific conditions can influence the results. For instance, the co-existence of freshwater and 
saltwater produces changes in density, and tide-induced head fluctuations can complicate the 
interpretation of drawdown data from pumping tests (Trefry and Johnston, 1998; Sakr, 
2001). Sakr (2001) proposes type-specific curves for aquifers with freshwater and saltwater.  
 
Detrital coastal aquifers are also often stratified sediments with alternating layers of 
extremely different hydraulic conductivity. The influence of vertical heterogeneity in the 
interpretation of pumping tests has concerned experts for some time. As noted by Hemker 
(1999), most analytical solutions for vertical heterogeneity consider the case of multiaquifer 
systems (Hemker 1985; Hemker and Maas 1987; Maas 1987b; Streltsova 1988). However, 
few analytical solutions allow for some sort of vertical heterogeneity within the aquifer. 
Maas (1987a) developed an analytical solution for vertical heterogeneity in steady-state 
conditions. Moench (1995; 1996) uses analytical transient well flow solutions that include 
vertical flow components based on the numerical inversion technique of the Laplace 
transform solution. Hemker (1999) provides a solution of the general issue of computing 
well flow in vertically heterogeneous aquifers by integrating both analytical and numerical 
techniques. Alam and Olsthoorn (2014) use numerical and analytical approaches to assess 
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the benefits of using multidepth pumping tests in the analysis of deep layered and anisotropic 
aquifers. In most cases, a pumping test in aquifers with some vertical heterogeneity is 
resolved with numerical modelling (Hemker 1999; Riva et al. 2001; Kollet and Zlotnik 2005; 
Chen et al. 2014). 
 
This study presents the case of two pumping tests carried out in a deep well penetrating the 
Motril-Salobreña coastal aquifer (southern Spain), which intersects the freshwater-saltwater 
mixing zone and the aquifer has a layered series having different hydraulic conductivity. The 
main objective of this paper is to determine the error of the T and S values obtained applying 
the classic methods of Theis and of Cooper-Jacob due to these specific characteristics. This 
objective is approached with numerical modelling, which allows a quantification of the 
impact on the theoretical results. 

STUDY AREA AND HYDROGEOLOGICAL SETTING 
The unconfined detrital Motril-Salobreña aquifer, located on the Mediterranean coast in 
southern Spain, covers a surface area of 42 km2. At 300 m from the coastline, three wells 
were drilled clustered within a few metres of each other (Calvache et al. 2009). The three are 
flowing artesian wells (Calvache et al. 2011). The deepest (S250) is 250 m deep with 12 
screens (3 m each) distributed along its length, supplying an average flow of 18 L/s. The 
other two wellbores are piezometers (4.7 and 9.6 m from the first well) with respective 
depths of 40 m (S40) and 135 m (S135). The average flow of these two monitoring wells is 
0.10 and 0.13 L/s, respectively. Electrical conductivity logs from well S250 indicate that the 
saltwater-freshwater interface is approximately 135–200 m deep. 
 
The lithological column in this sector of the aquifer can be roughly grouped into three units. 
From the surface down to 65 m, the dominant lithology is fine sand with silty and scarce 
gravel layers. From 65 m down to 140 m, there are centimetre-sized gravels mixed with 
coarse sand. From 140 m to the bottom (250 m), there are abundant clays with intercalating 
thin gravel layers (Duque et al. 2008).  

METHODS 
Two pumping tests were performed on artesian well S250 by keeping the well open and 
continuously measuring the drawdowns and recoveries in piezometers S40 and S135 
(Calvache et al. 2016). With these data, T and S were estimated by applying Theis and 
Cooper-Jacob methods. Afterwards, it was evaluated the reliability of the Theis and Cooper-
Jacob analytical models using a synthetic numerical model. Specifically, the factors 
determined are the effect of the variable fluid density and the vertical heterogeneity of the 
hydraulic conductivity. The conceptual model considered is a simplification of the real study 
case since the objective is to determine the margin of error that the T and S values obtained 
with the classic methods can have when the boundary conditions considered by Theis and 
Cooper-Jacob are not met (case 1). To do so, the T and S values (Ti, Si) are estimated from 
the drawdowns for each simulated scenario, and the error with regard to case 1 (Ti, Si) is 
calculated as 
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RESULTS 
The fit of the drawdowns to the theoretical curves was more satisfactory for well S40, with a 
standard error of 1.6% compared to 4% in the fit for S135. This difference is probably due to 
tidal fluctuations, which are much more evident in S135 and make the data difficult to fit 
(Fig. 1). The T data estimated for S40 and S135 range from 1,598 to 1,977 m2/d and 3,192 to 
4,383 m2/d, respectively. The S data range from 0.003 to 0.009 for S40 and 1.2 10-4 and 
0.009 for S130 (Table 1). 
 

 
Figure 1. Heads measured in S40 and S135 during pumping tests. 

 
Table 1. T and S results obtained from classic methods. 

 
PT1 PT2

Cooper-Jacob Theis 
Cooper-

Jacob 
Theis 

T (m2/d) 
S40 1602 1598 1977 1971 

S130 4381 4383 3192 3192 

S (-) 
S40 0.009 0.009 0.003 0.003 

S130 1.5 10-4 1.2 10-4 0.009 0.008 

 
A finite-difference 3D model (SEAWAT) has been developed simulating a theoretical 
pumping test where the boundary conditions were modified in a total of three different cases: 
(1) Theis and Cooper-Jacob conditions, (2) with vertical heterogeneity, and (3) with fluids of 
different density (freshwater and saltwater). The size of the model is large enough to ensure 
a completely theoretical pumping, in which there is no border impact on the shape of the 
drawdown cones. Accordingly, the model dimension (Fig. 2) was set to 5 km long (X 
dimension) by 5 km wide (Y dimension) by 200 m deep (Z dimension), considering the 
ground surface at 3 m above sea level. Cells are 50 m X 50 m and of variable depth in 
accordance with the two main situations: one layer (cases 1 and 3) as a homogeneous aquifer 
and three layers (case 2) to include heterogeneity in the aquifer (Fig. 2).  
 
Table 5 presents the data for T and S calculated from the drawdown data obtained by 
numerical modelling after one day of pumping in the different scenarios considered. The T 
values calculated in scenario 3 are quite similar to those obtained with the Theis and Cooper-
Jacob methods (case 1). The error tends to be below 10%, and only in the case of s measured 
at the points farthest from the pumping point (R2) does it reach an error of 20%.   
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Figure 2. Conceptual model scheme. 2-D cross-section along a row in homogeneous 
(cases 1 and 3) and heterogeneous case (cases 2). 
 
Vertical heterogeneity is the most important factor impacting the applicability of classic 
methods in interpreting pumping tests. In that scenario (case 2), the T values obtained show 
a higher error percentage, although there is a great difference between the values calculated 
at the points located in layer 1 (R1), with errors of around 30%, and the values in layer 2 
(R2), with errors of over 100%.  
 
Table 2. T and S values for each of the cases modelled from each one of the drawdown 
records from the two observation points of the numerical model and estimation errors 
regarding case 1. R1 is 50 m away from the pumping well and 40 m deep. R2 is 100 m 
away from the pumping well and 135 m deep. 

 
The S is much more sensitive to changes with respect to the reference case. The S values are 
much higher than the value calculated in case 1, with errors of around 100–300%.  

CONCLUSIONS 
Synthetic numerical modelling has shown that the presence of a saltwater-freshwater 
interface in the pumping well can cause an error of 20% in the transmissivity and of over 
100% in the storage coefficient results calculated by Theis and Cooper-Jacob.  
 
Vertical heterogeneity causes the greatest errors in the T and S results using Theis and 
Cooper-Jacob methods. Layers with variations in hydraulic conductivity of 1–30 m/d 
produce errors in both parameters of over 100%. 
 
The Theis and Cooper-Jacob methods can be applied in coastal aquifers to interpret pumping 
tests and obtain T and S values as long as the aquifers are uniform, without significant 

Cases 

TRANSMISSIVITY  STORAGE COEFFICIENT 

R1 R2 R1 R2 

Theis Jacob Theis Jacob Theis Jacob Theis Jacob 

Value 
m2/d 

Err. % 
Value 
m2/d 

Err. % 
Value
m2/d 

Err.
% 

Value
m2/d

Err.
% 

Value
m2/d 

Err.
% 

Value
m2/d 

Err.
% 

Value 
m2/d 

Err. 
% 

Value 
m2/d 

Err.
% 

1 
Ideal 

1958 - 2014 - 1994 - 2133 - 0.029 - 0.026 - 0.029 - 0.024 - 

2 
V. Heterog. 

2517 28 2639 31 8806 342 5295 148 0.097 232 0.084 220 2 10-4 -99 0.004 -82 

3 
V. Density 

1810 -7 1945 -3 1583 -21 2170 2 0.066 127 0.056 112 0.071 145 0.049 108 
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vertical heterogeneity, and in a sector without variable density (saline wedge). If the Theis or 
Cooper-Jacob methods are used in stratified aquifers with variable vertical hydraulic 
conductivity or in which pumping is carried out in the saline wedge, the S data cannot be 
considered valid and the T values should be viewed as approximate and over-estimated.  
 
In the specific case of the Motril-Salobreña aquifer, in fact, the T value (1,460 m2/d) 
obtained from applying the Theis and Cooper-Jacob methods on the pumping tests is 
probably overestimated as well. The storage coefficient value is uncertain and other methods 
will need to be used to determine it. 
 
KEYWORDS: pumping test, Theis solution, Cooper-Jacob solution, vertical heterogeneity, 
variable density, numeriacl modeling 
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