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Unbiased Subsurface Flow and Transport Estimators  

Are Non-Darcian and Non-Fickian 

Shlomo P. Neuman, University of Arizona 
 

Subsurface solute flow and transport take place in a complex heterogeneous 
environment. Neither the underlying flow and transport phenomena nor their host 
environment can be observed or described with certainty at all scales and locations 
of relevance. It has thus become increasingly common to represent hydraulic and 
transport characteristics of geologic media by random functions of space and to 
model flow and transport in such media stochastically. One approach is to generate 
multiple random realizations of medium hydraulic and transport properties, 
primarily permeability and (less commonly) advective porosity, conditional on 
measured values of these quantities (when available) using geostatistical 
techniques; solving standard Darcian flow and Fickian transport equations in each 
conditionally generated random property field; and averaging the results. 
Quantities averaged in this manner constitute smooth but optimal estimates of 
their true but unknown counterparts. Significantly, fluid and solute fluxes 
estimated in this manner are respectively non-Darcian and non-Fickian. This is 
reflected unambiguously in the space-time nonlocal nature of equations governing 
(conditional) expectations (ensemble means) of flow and transport variables in 
which fluxes depend not only on current local but also on past and distant 
gradients of heads and concentrations. We present approximate computational 
solutions to these equations which illustrate non-Darcian mean flow and 
anomalous mean transport in two-dimensional domains as functions of flow 
regime, proximity to boundaries and extent of conditioning on measured 
parameter values. We also show approximate solutions of corresponding 
conditional second moment equations which provide measures of uncertainty 
associated with smooth estimates of concentration and flux. 
 

New Scaling Model for Variables and Increments  
with Heavy-Tailed Distributions 

Monica Riva, Politecnico di Milano 
 

Many earth, environmental, ecological, biological, physical, social, financial and 
other variables, Y, exhibit (i) asymmetry in sample frequency distributions, as well 

as (ii) symmetry in distributions of their spatial and/or temporal increments, ∆Y, 
at diverse separation distances (or lags), with sharp peaks and heavy tails which 
appear to decay asymptotically (often toward exponential tails of the Gaussian 
distribution) as lag increases. No model known to us captures all of these 
behaviors in a unique and consistent manner. We propose a new model that does 

so upon treating ( )Y x  as a random function of a coordinate x in the Euclidean 

(spatial) domain or time, forming a stationary random field (or process) with 

constant ensemble mean (expectation) Y . We express the zero-mean random 

fluctuation ( )Y x′  = ( )Y x − Y  in sub-Gaussian form. In the classical sub-Gaussian 



 

 

 

form, ( ) ( )'Y x UG x= , where ( )G x  is a zero-mean stationary Gaussian random field 

(or process) and the subordinator U  is an independent non-negative random 
variable (Samorodnitsky and Taqqu, 2014). We generalize this by writing 

( ) ( ) ( )'Y x U x G x=  in which U(x) is iid. This enables us to analyze, and 

synthetically generate, heavy-tailed non-Gaussian distributions of both Y and ∆Y in 
both probability space (across an infinite ensemble of random realizations) and 
real space (in a single realization). We derive analytical expressions for probability 
distribution functions (pdfs) of Y and ∆Y as well as their lead statistical moments. 
We show that when U  is lognormal Y follows the well-known normal-lognormal 
distribution (NLN, of which the Gaussian distribution is a particular case) with 
constant parameters. The NLN pdf has been successfully used to interpret 
financial (Clark, 1973) and environmental (Guadagnini et al., 2014) data. However, 

∆Y is not NLN and forcing the latter on the former gives a false and widely 

accepted impression that (a) parameters of the ∆Y pdf vary with lag and (b) the 

pdfs of Y and ∆Y are mutually inconsistent. Our new theory shows that both 
"observations" stem from a misconception. We eliminate these apparent 

inconsistencies by deriving analytically the pdf of ∆Y from that of Y, given that the 
latter is NLN. In our model the tail of the ∆Y pdf scales with the correlation 
coefficient of G and thereby with lag; all other parameters of the pdf remaining 
unaltered with lag.  
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Pore-scale Imaging and Modelling 

Martin J. Blunt, Imperial College London 
 

I will give an overview of our work on reservoir-condition imaging of rocks and 
fluid displacement, coupled with modelling approaches, including direct finite 
volume simulation and network modelling. I will show how the work has 
addressed some problems in porous media flow, such as the role of transport 
limitation in reactive transport, capillary trapping and Haines jumps in drainage. 
However, many challenges of major practical importance remain: I will touch on 
those and propose ideas to tackle them. 
 

 

 

 



 

 

 

Can Chaotic Advection Improve Emerging Pollutants Degradation 
during Managed Aquifer Recharge Activities? 

Xavier Sanchez-Vila, Universitat Politècnica de Catalunya 
 

The coupling of Managed Aquifer Recharge (MAR) with soil aquifer remediation 
(SAR) through a reactive layer placed at the bottom of the infiltration pond is a 
promising technology to improve the quality of both recharged water and 
groundwater. As the reactive layer is made up of organic matter, all the redox 
processes are enhanced, improving the degradation of emerging pollutants. The 
success of the MAR-SAR coupling is based on the assumption that recharged water 
and groundwater are well mixed. Nevertheless, it is well known that mixing 
process in aquifers are sometimes the limiting processes to redox reactions. 
Recently, it has been demonstrated that mixing can be improved by inducing 
chaotic advection through extraction-injection engineering (EIE). Although the 
emerging pollutant degradation is not well understood, it has been observed that 
some compounds are preferably degraded either in oxic or in reduced conditions, 
depending on the nature of each compound. Then, promoting different redox 
conditions will result in an enhancement in the actual degree of degradation 
expected for any given compound. Considering all of this, our work is aimed to 
evaluate how chaotic advection can improve mixing during MAR-SAR operations, 
and thus, capable of enhancing the spreading of redox conditions with the final 
aim of improving emerging pollutants degradation. To achieve this, we have 
developed a reactive transport model that describes how recharged water (rich in 
organic matter) is mixed with groundwater, and how this organic matter is 
oxidized by different electron acceptors. The model has been tested in different 
scenarios of recharge and injection-extraction sequences, both in homogenous and 
in heterogeneous media. The preliminary results show that EIE improves the 
mixing between the recharged water and groundwater and increase the spreading 
of the plume, and eventually facilitating emergent pollutants degradation. 
 
 


