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S1  –  Compilation of parameters and characteristics of major  regional groundwater systems

Table  S1:  Compilation  of  orders  of  magnitudes  of  the  geometric  characteristics  of  some  regional  groundwater  basins.  The 

presented figures aim to provide a  general  overview of the orders of magnitude of basin extension, thickness, and maximum flow

lengths. For detailed information about a specific basin, the reader is referred to the literature. 

Aquifer system 

Area 

 [103 km2] 
a, b 

Length 

[km] 
c * 

Maximum 

thickness [m] 
b 

Lithology 

aquifers 
b 

Modern 

recharge rates  

[mm yr-1] 
b, d, e 

Abstraction 

rates  

[km3 yr-1] 
b ** 

Abstractions/ 

Recharge [%] 
** 

Aquitaine Basin f 60 200 

Cenozoique 

sequence: 2000 
Mesozoic 

sequence: up to 

10000 

Unconsolidated 
sediments. 

Fractured and 

karstified 
limestones. 

Sandstones 

100 – 300 0.29 3 - 8 % 

Paris Basin g 190 
320 - 
420 

3200 Sandstone, chalk 100 - 300 2.7 5 - 14 % 

Great Artesian Basin 
i 

1700 
400 - 
1500 

3000 Sandstones 

Central region: 

0 – 20 

North-East 
region: 

20 -100 

Mean: 0.59 

0.55 54 % 

Guarani Aquifer j 1195 400 800 
Sandstones and 

basalts 
20 - 300 1 <1 - 5 % 

Amazon Basin k 2000 3000 7000 Sandstones >300 0.59 < 1 % 

Nubian Aquifer 

System l 
2199 750 3500 Sandstones 0 - 20 6.3 242 % 

Lower Kalahari 

Basin m 
350 780 10000 

Sandstones, 

basalts, sands 
2 - 100 0.04 2 % 

North-Western 

Sahara Aquifer 

System n 

1019 3000 
500 –  

1000 

Sandstones, 
carbonates and 

clastic sediments 

1 - 2 2.8 128 - 270 % 

Arabian Aquifer 

System o 
1485 - 6500 

Sandstones and 
limestones 

1.8 16 611 % 

Floridan Aquifer 

System p 
1150 - 9000 - 12000 

Sands and gravels, 

carbonate rocks 
130 - 200 30 13 - 20 % 

North China Plains 320 770 600 
Confined and 

unconfined alluvial 

deposits 

130 - 200 37 60 - 92 % 

Western Siberian 

Basin 
3200 1750 6000 

Sediments partly 

sub-permafrost 
100 - 300 1.3 < 1 % 
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  15 Table S2:  Compilation of orders of magnitudes of main hydraulic parameters of  main hydrogeological units in  some regional 

groundwater  basins.  The  presented  figures  aim  to  provide  a  global  overview  of  the  orders  of  magnitude  of  the  parameters  of

hydrogeological units. For detailed information about a specific basin, the reader is referred to the literature. 

Aquifer system 

Aquifer horizontal 

hydraulic conductivity 

[m s-1] 

Aquitard vertical 

hydraulic 

conductivity 

[m s-1] 

Specific yield 

(Unconfined 

areas) 

[-] 

Specific 

storage 

[m-1] * 

Layer thickness [m] 

Aquitaine Basin f 

Plioquaternary: 

1×10-4 – 1×10-2 

Miocene: 

1×10-5 – 1×10-2 

Oligocene: 
1×10-5 – 1×10-2 

Eocene: 

1×10-6 – 3×10-4 

Oligocene – Eocene 
aquitards: 

1×10-12 – 1×10-6 

Plioquaternary: 

0.05 – 0.34 
Miocene: 

0.01 – 0.1 

Oligocene: 
0.16 – 0.28 

Eocene: 

0.2 – 0.35 

Miocene: 
1×10-5 – 6×10-5 

Oligocene: 

1×10-6 – 1×10-4 
Eocene: 

1×10-6 – 3×10-6 

Plioquaternary: 

~10 - 100 
Miocene: 

50 - 120 

Oligocene: 
~200 

Eocene: 

50 - 250 
Oligocene – Eocene 

aquitards: 

~5 - 300 

Paris Basin g 

Dogger: 

1×10-8 – 1×10-5 

Albian: 

1×10-6 – 1×10-3 

Neocomian: 

~ 1×10-6 

1×10-12 – 1×10-9 

Dogger: 

0.15 - 0.2 

Albian: 

0.12 – 0.3 

Dogger: 

5×10-5 – 5×10-4 

Albian: 

1×10-4 – 5×10-4 

Dogger: 

~ 70 - 250 

Albian: 

30 – 180 

Neocomian: 

~60 

Great Artesian 

Basin i 
Cadna-owie – Hooray: 

2×10-7 – 9×10-4 

Westbourne – 

Birkhead aquitards: 
2.5×10-10 – 

5×10-10 

0.06 - 0.15 

Cadna-owie – Hooray: 
~5×10-6 

Westbourne – Birkhead 

aquitards: 
~6×10-7 

Cadna-owie – Hooray: 

73 - 824 
Westbourne aquitard: 

24 - 247 

Guarani Aquifer j 

Bauru group: 
1×10-6 – 1×10-5 

Serra Geral fractured 

basalts: 
~5×10-5 – 8×10-3 

Botucatu - Piramboia: 

2×10-6 – 2×10-3 

Serra Geral basalts: 
~5×10-7 

Passa Dois: 

8×10-8 

0.07 – 0.2 
Botucatu aquifer: 

4×10-7 – 1×10-5 

Bauru group: 

~200 

Botucatu - Piramboia: 
50 - 600 

Serra Geral basalts: 

~500 – 1000 
Passa Dois: 

~ 450 

Amazon Basin k 

Solimões/Alter do Chao 
group: 

1×10-5 – 1×10-4 

Tikuna Aquifer System: 
~ 3×10-6 

Solimões group 

clay layers: 

1×10-8 – 1×10-6 

0.1 – 0.25 
Solimões group: 
1×10-5 – 1×10-4 

Solimões group: 

~250 
Tikuna Aquifer System: 

250 – 700 

Solimões group clay 
layers: 

20 - 50 

Nubian Aquifer 

System l 

Nubian Sandstone 

Aquifer: 
1×10-6 – 1×10-3 

Clay layers: 

1×10-9 – 1×10-7 
0.01 – 0.365 

Nubian Sandstone 

Aquifer: 
1×10-6 – 1×10-4 

Nubian Sandstone 

Aquifer: 
260 - 2000 
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Lower Kalahari 

Basin m 

Kalahari - Lebung 

Aquifers: 
1×10-6 – 1.7×10-4 

Ecca Aquifer: 

1×10-5 – 1.7×10-4 

Stormberg basalt 

aquitard: 

~ 3.5×10-9 

Inter Karoo 
Aquitard: 

1×10-12 – 1.4×10-9 

0.21 – 0.35 
Stampriet Aquifer 

System: 

1×10-7 – 1×10-5 

Kalahari Aquifer: 

~6 – 200 
Stomberg basalt 

aquitard: 

~200 
Lebung Aquifer: 

~ 230 

Inter Karoo Aquitard: 
~250 

Ecca Aquifer: 

~290 

North-Western 

Sahara Aquifer 

System n 

Complexe Terminal: 
~1×10-3 

Continental Intercalaire: 

8×10-6 – 1.3×10-4 

1×10-13 – 1.4×10-10 0.01 – 0.1 
Continental Intercalaire: 

~1×10-5 - 1×10-4 

Complexe Terminal: 
~ 340 

Continental Intercalaire: 

~ 350 

 

a  (Margat and Gun, 2013) b  (Gun, 2022) c  (Rousseau-Gueutin et al., 2013) d (Richts et al., 2011) e (Döll and Flörke, 2005) f (Aissat et al., 2023; Biteau et al., 

2006; BRGM, 1994, 2003, 2005, 2016, 2026; Curnelle et al., 1997; Douez, 2007; Larroque et al., 2008, 2013; Ortiz et al., 2020; Pédron et al., 2006, 2008; 20 

Saltel et al., 2019; Thiéry et al., 2011) g (Amédro and Matrion, 2014; Bourgeois and Girard, 2010; Castro et al., 1998; Delmas et al., 2002; Gonçalvès, 2002; 

Gonçalvès et al., 2004b, a; Guillocheau et al., 2000; Humez et al., 2011; Jost, 2005; Jost et al., 2007; Mas et al., 2022; Seguin et al., 2015) h  i (Bethke et al., 

1999; Costelloe et al., 2020; Habermehl, 2020; Jiang, 2014; Smith and Welsh, 2011; Welsh, 2007) j (Aurelia et al., 1989; Bonotto, 2006; Gómez et al., 2010; 

Gonçalves et al., 2020; Hirata and Foster, 2021; Kirchheim et al., 2019; Rabelo and Wendland, 2009; Rodríguez et al., 2013; Sracek and Hirata, 2002; 

Wendland et al., 2006) k ((Henrichs de Azevedo and Guimarães Campos, 2021; Hu et al., 2017; Rosário et al., 2016; Souza et al., 2013) l (Geriesh et al., 2023; 25 

Hosseini et al., 2024; Sefelnasr, 2007; Voss and Soliman, 2014) m (Kinoti et al., 2024; Lekula et al., 2018; Mpuang et al., 2023; Stone and Edmunds, 2012; 

Wright and Hall, 1990) n (Gonçalvès et al., 2013, 2020; Ould Baba, 2005; Petersen et al., 2014; Rafaâ Trigui et al., 2021)   o(Schulz et al., 2017)  p (Johnston, 

1999; Williams and Kuniansky, 2015) 

* When storage properties are reported in the literature as storage coefficients, a specific storage is assumed to be two orders of magnitude lower. 

*  The lengths here presented are taken as the total confined and unconfined lengths compiled by Rousseau-Gueutin et al. (2013) for each basin. For the 30 

Amazon Basin, Lower Kalahari Basin, North Western Sahara Aquifer System, Floridan Aquifer System, and the Arabian Aquifer System, the length is provided 

as an approximation of the major regional flow path length and the spatial limits of the systems after Richts et al. (2011); Margat and Gun (2013); and Gun 

(2022). 

** Abstraction data representative of the year 2010 and mean annual recharge compiled by Gun (2022). For the Aquitaine Basin and the Pannonian Basin, 

additional references where used. The abstraction rates in km3/year are converted to mm/year over the approximated area of the basin for the calculation of 35 

abstraction to recharge ratios. 

S2 – Validation of the two-dimensional analytical formulation  

The proposed approach relies on the following considerations regarding boundary conditions: (i) In the horizontal direction, 

the system can be approximated as a one-dimensional flow domain of length L bounded by Dirichlet conditions, and (ii) in the 

vertical direction, the system can be approximated as a one-dimensional domain of thickness B bounded by a Dirichlet 40 

condition at the surface and a no-flow boundary at the base. This configuration implies a well-developed regional surface 

drainage system. Additionally, this implies the presence of a hard-rock basement or a low-permeability layer at the base of the 

system. 
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The transient perturbation is modelled through an instantaneous step-change boundary forcing, representing a regional 45 

recharge change that drives a rapid response in the unconfined areas. This formulation is valid when the shallow response of 

unconfined areas occurs on timescales much shorter than those associated with re-equilibration in the deeper parts of the 

groundwater basin. The transient problem is then simplified with a step-change boundary forcing and determined by the 

relaxation from the initial state. Additionally, the governing equation is linear and only considers compressible storage. These 

assumptions are valid for boundary-driven unconfined response regimes, provided that water table changes remain small 50 

relative to the total saturated thickness. When the system departs from this response regime in unconfined areas, such as in 

storage-driven regimes, the analytical formulation would require accounting for specific yield through a full time-dependent 

boundary forcing. 

 

Additionally, the magnitude of the hydrological change is relevant and must not alter or disrupt the surface boundaries at the 55 

regional scale over the long-term. Cuthbert et al. (2019) studied the mode of groundwater interactions with climate–surface 

systems and found that these interactions are relatively insensitive to a 50% change in recharge, which is considered important 

in the context of century-scale projections (Cuthbert et al., 2019; Döll et al., 2003). This does not mean that groundwater 

systems are unresponsive, instead it implies that the regime of surface-climate-groundwater interactions remains stable under 

such changes. Consequently, in many basins worldwide, the dominant regional response regime is unlikely to shift over the 60 

coming century. A shift in regime would require long-term interruption of surface–groundwater interactions, as discussed for 

the Nubian, North-Western Sahara, or Arabian aquifer systems during the Late Pleistocene–Early Holocene climatic transitions 

(Schulz et al., 2017). 

 

To assess the robustness of the proposed two-dimensional formulation for unit-scale and basin-scale response times, we use 65 

our synthetic numerical model to perform 500 simulations with randomly assigned parameter sets. Horizontal hydraulic 

conductivities of aquifer units were sampled from a log-normal distribution spanning from 1 × 10-7 to 1 × 10-3 m s⁻¹. For 

aquitard units, horizontal hydraulic conductivities were sampled from a log-normal distribution spanning from 1 × 10-13 to 1 × 

10-8 m s⁻¹. Anisotropy ratios for each layer (𝑘v/𝑘h) ranging between 0.1 and 1, were drawn from a normal distribution, 

ensuring that vertical hydraulic conductivity is lower than or equal to horizontal hydraulic conductivity in each unit. Specific 70 

storage for each layer was sampled from a log-normal distribution ranging from 10-6 to 10-4 m⁻¹, and specific yield in 

unconfined areas from a normal distribution between 0.1 and 0.3. This ensemble of simulations introduces varying degrees of 

heterogeneity and structural complexity into the multilayer system, relaxing the simplifying assumptions of the analytical 

formulation. 

 75 

For each parameter set, the 95th percentile of the simulated response time distribution within the deepest layer (Unit 5) was 

compared to the same analytical formulations discussed in the methods section, as shown in Fig. S1. The results show that the 

proposed two-dimensional unit-scale formulation provides the best agreement with the simulated response times for the 
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deepest confined aquifer in the multilayer system. The mean absolute error is approximately 0.24 log-years, corresponding to 

a deviation of about one-quarter of an order of magnitude from the simulated values. The one-dimensional confined-flow 80 

formulation still substantially overestimates response times in some cases, with a mean absolute error of 0.52 log-years, 

equivalent to approximately half an order of magnitude. The mixed-aquifer formulation consistently overestimates response 

times, by approximately two orders of magnitude on average. 

 

 85 

Figure S1. Scatter plot of unit-scale analytical formulations versus simulated 95th percentile response times for the deepest confined 

aquifer unit. R2: Coefficient of determination. MAE: Mean Absolute Error. RMSE: Root Mean Squared Error. KGE: Kling–Gupta 

efficiency. 

 

Similarly, the  95th percentile of the simulated response time distribution over the whole model domain was compared with the 90 

analytical basin-scale response time derived using the two-dimensional formulation. Performance was evaluated in terms of 

orders of magnitude, using the base-10 logarithm of response times, as shown in Fig. S2. The results show that the method 

provides robust order-of-magnitude estimates, with a mean absolute error of 0.2 log years, corresponding to an average 

deviation of approximately a factor of 1.5 from the simulations. Moreover, 98% of the estimates are within an order of 

magnitude from the simulations, supporting its usefulness as a scoping estimation. The observed dispersion likely reflects 95 

additional factors influencing system response, such as layer anisotropy and contrasts in diffusivity over unconfined areas. 

Additionally, the analytical formulation assumes a rectangular basin with uniform thickness and length. Real basins have 

varying thickness and potentially different flow lengths across units. In practice, the approximation remains a robust order-of-

magnitude estimate when representative flow lengths and basin thickness are used, as confirmed by numerical testing with our 

synthetic model. Overall, the largest uncertainties are expected to arise from the representative hydraulic parameters used, 100 

particularly hydraulic conductivities of low-permeability formations. 
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105 
Figure S2. Scatter plot of analytical versus simulated 95th percentile basin-scale response times. R2: Coefficient of determination. 

MAE: Mean Absolute Error. RMSE: Root Mean Squared Error. KGE: Kling–Gupta efficiency. 

Additionally, the proposed two-dimensional unit-scale and basin-scale analytical formulations were evaluated against different 

variations of the synthetic numerical model regarding number of layers, thickness, horizontal extension, and outcropping areas. 

Figure S3 presents cross-sections of each version of the numerical model used, and the scatter plots of unit-scale and basin-

scale response times. In general, the proposed formulation reproduces well the simulated response times both at the unit-scale 

for the deepest confined aquifer unit within the multilayer system, and at the basin scale. In all cases, the mean absolute error 110 

is lower than 0.2 log-years, which implies deviations from the simulations by less than a factor of 1.5. This supports the 

robustness of the method as an order-of-magnitude estimate of response times in regional multilayer systems, provided that 

the discussed analytical assumptions are satisfied.  
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 115 

Figure S3. Evaluation of the two-dimensional unit-scale and basin-scale formulations for the estimation of response times against 

different versions of the numerical model.  
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S3 – Example application 

The proposed two-dimensional analytical approach is  implemented for the Aquitaine Basin, France, where annual 

groundwater recharge is approximately 200–300 mm. The presence of a well-developed surface drainage network makes this 120 

basin a suitable case study for applying the proposed two-dimensional analytical approach, as the response of unconfined areas 

is expected to be relatively rapid and predominantly boundary-driven. To characterize the system, we compiled data on the 

hydrodynamic parameters, thicknesses, and lengths of the hydrogeological units comprising the Cenozoic sedimentary 

sequence of the basin. A simplified stratigraphic column and the relevant parameter ranges are presented in Fig. S4. 

 125 

 

Figure S4. Generalized stratigraphic column of the Cenozoic sequence in the Aquitaine Basin France and representative parameters 

used in the response time estimation. Stratigraphic units as defined in the North-Aquitaine Groundwater Model and other studies  

(Aissat et al., 2023; Saltel et al., 2019; Thiéry et al., 2011).  
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To account for parameter uncertainty, we used a Monte Carlo approach (50,000 realizations) to derive probability distributions 130 

of unit-scale response times for the confined Oligocene and Middle Eocene aquifers, which are important for local water 

supply. For this we analyse the multilayer system formed by the target aquifer and all overlying units. Each realization 

determines the degree of hydraulic coupling, r, and applies the two-dimensional formulation for coupled cases (𝑟 ≥ 1), and 

the one-dimensional confined aquifer formulation for uncoupled cases (𝑟 < 1).  

 135 

Representative ranges of horizontal hydraulic conductivity and specific storage for the aquifer layers were derived from the 

calibrated parameter fields obtained by Aissat et al. (2023), as well as the ranges of vertical hydraulic conductivity for the 

aquitard layers. For the specific storage of aquitard units, a range of 10-6 to 10-5 m-1 was taken as representative following the 

estimates of Larroque et al. (2013). For the specific yield of the unconfined aquifers, we used a conservative range of 0.1–0.3. 

Layer thicknesses were taken from maps and reports published by the French Geological Survey (BRGM, 1994, 2003, 2005, 140 

2016, 2026). Lengths for each unit were obtained from measurements over official geological maps (BRGM, 2026), with 80 

km for the Oligocene aquifer and 140 km for the Middle Eocene aquifer, with a log10-space standard deviation of 0.3 applied 

to represent the uncertainty.  

 

For every parameter defined by a reported range, that range was interpreted as the 5th and 95th percentiles of the corresponding 145 

fitted distribution. Hydraulic conductivities and specific storage were sampled from a lognormal distribution spanning the 

given ranges, specific yield was sampled from a normal distribution, and layer thicknesses were sampled from a uniform 

distribution over the reported range. Parameters were sampled independently within each layer and were treated as spatially 

uniform, layer-representative values.  

 150 

The results indicate that response times for the Oligocene aquifer are predominantly on the order of years, ranging from a few 

months to a few decades, with a median of 3 years. Around 99% of the Montecarlo estimations resulted in a well coupled 

system, (𝑟 ≥ 1), suggesting that vertical diffusion through aquitards dominates the response. For the Middle Eocene aquifer, 

estimated response times are more likely on decadal timescales, ranging from a few years to centennial timescales, with a 

median of 26 years. Similarly, around 90% of the realizations were classified as a well coupled system, implying that vertical 155 

diffusion through the aquitards remains relevant to the response, while localized uncoupling can occur in areas where aquitards 

are thicker and less diffusive. These estimates differ substantially from previous one-dimensional estimates for the Aquitaine 

Basin, which range from 103 to 106 years (Rousseau-Gueutin et al., 2013), as shown in Fig. S5. 

 

Our results are consistent with recent studies of the hydrodynamic behaviour of confined aquifers in France, which show that 160 

groundwater levels in confined aquifers within major sedimentary basins are strongly influenced by annual to decadal 

hydroclimatic variability (Chidepudi et al., 2025a, b). A system can only track forcing that varies on timescales comparable to 

or slower than its own response time; forcing that varies much faster is damped rather than transmitted. This demonstrated 
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sensitivity to annual and decadal climatic forcing is therefore difficult to reconcile with response times at multimillennial 

scales, as it would imply near-complete damping of the signal. Hydraulic response times are consequently likely to be 165 

substantially shorter than those previously estimated by one-dimensional formulations, consistent with the annual-to-decadal 

timescales obtained here.  

 

 

Figure S5. Unit-scale response time distributions from the Monte Carlo estimation for the Oligocene and Middle Eocene aquifers in 170 
the Aquitaine Basin, France.  

This implies that these systems can be influenced by present-day climatic conditions and may be more vulnerable to climate 

change over the coming century than previously assumed. Additionally, these findings have important implications for 

groundwater management. Response times ranging from a few years to a few decades make groundwater abstraction from 

these aquifers directly relevant to management over typical planning horizons, which generally span 5–50 years. These 175 

timescales are also relevant for defining long-term management objectives and assessing the acceptable impacts of 

groundwater abstraction over intergenerational timeframes of approximately 100 years (Currell et al., 2016; Cuthbert et al., 

2023; Gleeson et al., 2012). 
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