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Uncertain Predictions of Flow and Transport in Random Porous Media: The
Implications for Process Planning and Control

Shlomo Orr, MRDS, Inc.

Traditional predictions of flow and transport in
porous media are based on mass balance
equations in the form of partial differential
equations (PDEs), where the flux at every point
is defined by Darcy’s law, q = -K∇h, i.e., the
flux is proportional to hydraulic head gradient,
where K is the hydraulic conductivity of the
medium (a tensor or a scalar; essentially, a
material property); it is further assumed that
Darcy’s law applies to transient multiphase flow
in three dimensions [14,26,36,55]. The solutions
of these PDEs constitute groundwater models,
oil reservoir simulators, geothermal models, and
models of flow and transport in soils/vadose-
zone. Due to the similarity between the linear
Darcy’s law and Ohm’s law in electricity,
Fourier law in heat conduction, and Hooke’s law
in elasticity, such models (or PDE solutions) are
similar and commonly interchangeable between
these fields.

Natural porous formations are heterogeneous,
and display spatial variability of their geometric
and hydraulic properties. This variability is of
irregular and complex nature. It generally defies a
precise quantitative description because of
insufficient information on all relevant scales
[9,18,26, 29,30,32,33,86,91]. In practice, only
sparse measurements are available (limited by cost
of drilling and monitoring). Under lack of
exhaustive information, the higher the variability,
the higher is the uncertainty. Geostatistics is
commonly used to analyze and interpolate
between measurements in mining and oil
explorations, as well as hydrology and soil
sciences, using methods such as “kriging”, where
the uncertainties in “krigged” values are also
quantified [33,35,36,42,56-58,76,77,81,83,84,87,
104,105]. Frequently, these data are collected on
different scales that may differ from the required
scale of predictions. The task of quantitatively
relating measurements and properties on different
scales is difficult and intriguing [4,5,7,13,27,29,
30,38-40,46,59,78,86,91,101,108,109]. Lack of
information in both observed results (output) and
measured material properties (parameters) causes
uncertain predictions. Spatial variability and
uncertainty have lead engineers and geologists to
use probabilistic theories that translate the
uncertainty to a random space function (RSF) or a

random field, consisting of an ensemble of
(infinite number of) equally probable
“realizations” of parameter values, all having the
same spatial statistics, particularly correlation
structure [107,76,77,23,33,35,36,42,56,58,83,84,
85,87,91]. Imbedded in this approach is a
geostatistical model of an assumed joint pdf. In
practice, only the first two moments are
considered, with an underlying assumption of
multivariate normal distribution; in particular, the
theoretical semi-variogram (or simply,
“variogram”) - the reciprocal of the covariance
function, and the mean and variance of the pdf.
Since these joint moments are inferred from
spatial data, the assumption of ergodicity (i.e.,
assuming that the ensemble and spatial statistics
are identical – a theorem that cannot be proven on
real data) must be invoked, which, in turn, implies
some kind of stationarity (or statistical
homogeneity) [33,35,36,49]. Further, in order to
determine the variogram model from available
spatial data, an inverse method has to be used to
estimate the parameters of this variogram;
sensitivity to data errors on one hand, and
identifiability problems (of model parameters) on
the other hand [81,87,104,105] lead to uncertainty
in the geostatistical model itself, which is usually
ignored (in fact, the common practice is to fit the
variogram model to the experimental variogram
by eye and by subjective judgement of model
type, degree of stationarity (drift), and statistical
anisotropy). Another ignored uncertainty is in the
“measured” hydraulic conductivity value that are
actually inferred from hydraulic tests interpreted
by simplistic models that assume local
homogeneity, which is somewhat inconsistent
with the RSF approach.

The use of RSF to predict behavior of
uncertain systems is not limited to flow in porous
media; great efforts have been devoted in all
science and engineering fields to (a) estimate or
predict mean behavior of the system under
different stresses, and (b) compute the uncertainty
associated with these predictions (expressed by the
variance-covariance of the solution), i.e., the first
two statistical moments of system output
[4,5,7,10-12,15,16-22,25,28,31-33-35,44,47-51,
57,62,63,68-71,73-78,82-93,97,99-101,103,106,
107,110,111,112,114]. The resulted approximate
solutions are usually limited to simple geometry
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and boundary conditions, and to moderate to low
variability, as they mostly rely on variations of
small-perturbation methods. Recently developed
approximations for higher variability in material
properties using integro-differential
representations have been limited to simple 2D
geometry and simple boundary conditions
[91,114], with little use, yet.

With respect to mean behavior, it is especially
desired to define effective properties of
heterogeneous media [1-3,7,8,25,33,37-41,43,45,
52,54,60,61,64-66,71-73,75,77,78,91,93,97,98,
102,108,109,114]. With the two statistical
moments of system output, one hopes to
optimize and control systems such as oil
production, groundwater remediation, irrigation,
leaching, etc. However, approximating the
statistical behavior of a complex system of flow
in random porous media based on the statistics of
the hydraulic parameters is a formidable task, at
best [46,114, 91-93], because this implies
solving the stochastic flow and transport
equations (analogous to the Heat/Diffusion
Equation) or other stochastic PDEs in other
fields (ibid). Since a direct, explicit (closed-
formed) solution to the problem of random
parameters (or coefficients) is practically
impossible1 [74,93,112,114], only approximate
solutions have been reported in the literature for
relatively simple cases [ibid,28,31-33,49-50,83-
93,100-101]. Interest in this class of stochastic
differential equations has its origins in quantum
mechanics, wave propagation, turbulence theory,
random eigenvalues, and functional integration
[8,20,51,48,62,63,68-71,74,78,99,103,111]. Due
to the limited types of problems that can be
tackled by stochastic theories (closure
approximations), in practice, numerical
approximations in the form of high-resolution
                                                
1 A solution to a stochastic PDE consists of
specifying the (joint) probability density function
(pdf) of the response, h(x), given those of K(x)
(and forcing functions and boundary conditions).
Unfortunately, one cannot obtain the joint
cumulative distribution function (CDF) of the
random response at all (infinite number of)
points. Even for a finite set of points, one cannot
obtain closed-form equations for a finite number
of moments. This problem can be circumvented
by either approximations (e.g., perturbation
methods, Neumann series) or by numerical
approximations, i.e., Monte Carlo simulations
(MCS).

Monte Carlo simulations (MCS) are used;
however, MCS require ample computer power
and CPU time [46,114,88-89] Orr [114]
describes and analyzes other difficulties and non-
quantifiable uncertainty associated with MCS,
particularly the generation of correlated random
fields that are faithful to the geostatistical model,
and simulations of flow in highly
heterogeneous/erratic media.

The geostatistical model provides the statistics
of the parameters, particularly the permeability; in
MCS, it provides the spatial distribution of
parameter values for each realization. Based on
these values and assumed model structure (i.e., the
conceptual model of flow and transport, including
large geologic features, boundary- and initial-
conditions, sources and sinks), stochastic solutions
are approximated (analytically or numerically).
Since the model structure itself is frequently
uncertain due to (a) unknown boundary and initial
conditions, (b) extent of large-scale geologic
features, and (c) information pertaining to
geochemical reactions and phase transition, such
sets of 500-1000 MCS need to be repeated for
several, if not many alternative conceptual models
or equally probable model structures [116].
Subsequent optimization requires many repetitions
of each Monte Carlo simulation in order to build
the search space (i.e., generate sufficient number
of scenarios or trajectories); hence, rigorous
optimization under uncertainty is prohibitive in
terms of computer power and time for most
practical applications. In an attempt to optimize
best new well placement in an oil reservoir,
Guyaguler and Horne [53] were forced to perform
optimization on only 23 randomly selected,
“history matched” realizations in order to
overcome the obstacle of prohibitive computer
power and time, while continuously verifying their
results against a “truth” model (apparently based
on extensive calibration and some “effective”
properties). Indeed, the authors concluded that “a
decision based on a single realization (though with
perfect history match) may differ substantially
from the true optimum”[53, p.4]. As was shown
theoretically by Neuman and Orr [91], unique
effective properties (of random media) that are
data independent do not generally exist except for
a few special cases. This explains why parameter
estimates obtained by traditional inverse methods
tend to vary as one modifies the database and/or
the imposed stress  [113,115]; consequently,
calibration of deterministic models may be
meaningless in term of predictive power.

Thus, on the way to optimal solutions using
stochastic predictions we already encounter
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significant theoretical and practical barriers,
particularly, uncertain interpretations, model
limitations, prohibitive computer power, and non-
existing effective parameters – all of which render
these predictions highly uncertain, while only part
of this uncertainty is being quantified. Our
presentation will discuss these barriers, and will
bring two examples where traditional stochastic
approximations (i.e., approximate solutions of the

governing stochastic PDEs) are unable to provide
reliable practical solutions. One example deals
with the difficult problem of finding the best
location of the next well in an oil reservoir [53].).
The following simplified block diagram describes
the work flow as described by Guyaguler and
Horne [53]. Note that “data” are inferred values
from field tests. Note also that at each step, there
are inherent errors, inconsistencies, and
unaccounted (as well as counted) uncertainty.
Another example involves optimal control of
heap leaching in the mining industry [94,95].

In both cases:
1. Rigorous MCS is already prohibitive in

terms of computing resources
2. Models cannot capture the full complexity;

hence, predictions are unreliable
3. Rigorous optimization is impossible due to

time and computer limitations

In each of these cases, decisions have been made
at every step of the solution. Many of these
decisions are made subjectively, based on
experience, knowledge, thoroughness,
understanding (or conceptual models of the
process), computer resources, and time limitation,
possessed by the modeler. These factors affect and

are being affected by the degree of belief (by the
modelers) in each decision made.

Initially, sampling (network) design
decisions have to be made re sampling locations
(an optimization procedure on its own that
depends on the end results as well, i.e., a feedback
mechanism with the goal of minimizing prediction
uncertainty [119]). Then, the following decisions
(and sub-decisions) have to be made: (a) type of

model and/or curve fitting to use to determine the
hydraulic conductivity or permeability (a mini-
inverse model that could be ill-posed); in the case
of two-phase flow (e.g., oil-water in a reservoir,
water-air in a heap), several other decisions (or
assumptions) have to be made, and an ill-posed
inverse procedure must take place [117-121, and
author’s personal experience]; (b) determining and
eliminating outliers; (c) determining optimal lag
distance for the experimental variogram; (d)
determining the pdf, variogram model, and model
parameters; particularly, choosing between
Gaussian and Indicator models, judging between
drift and/or anisotropy, and determining the drift
(requires a complex inverse procedure, with
typical ill-posed cases; see [36,81,104,105]); (e)
determining dimensionality, domain size, and
mesh resolution with respect to correlation scales,
measurement scales, and property/parameter
representation scales; (f) determining conceptual
model (or model structure) of flow and transport,
including the parameters to be treated as random,

Collect “data”
and construct
a geostatistical
model

Generate a random
field with many
realizations, and
run MCS

Select several calibrated
simulations/realizations
and perform optimization
on each (for max NPV)

Compare
w/”truth”
model

Collect historical
data on heap
construction, and
construct a
geostatistical model

Generate a random
field with many
realizations, run
MCS, and compute
“ensemble” statistics

I. Perform optimization on
the ensemble mean output
(predicted production) for
max NPV

II. Perform optimization
on selected realizations
that resemble production
behavior (for max NPV)
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the governing equations (PDEs, including reactive
transport and multiphase flow), and uncertain
boundary- and initial-conditions, boundary
locations, zones of specific character/features
(based on geologic and hydraulic information) –
i.e., the simulator (these decisions should be made
first, and re-evaluated as more information is
being analyzed); (g) for MCS: random number
generator (RNG; portable or not; RNG type; seed,
etc.); (h) random field generator (RFG), including
type and RFG parameters (in addition to the
variogram model and pdf); (i) number of
simulations (should be based on the behavior of
point output variance as a function of the number
of simulations, i.e., a trial & error procedure which
usually is not being done, including in the above
two cases), given the limited computer power); (j)
number of realizations required for optimization;
ideally, all (hundreds of) realizations are used; one
compromise may be reducing the number of
realizations [53]; another compromise would
consider mean system behavior (using the
resulting ensemble mean results, and optimize that
mean behavior (a major uncertain decision); (k)
type of optimization/search algorithms (l) number
of simulations (per realization) for constructing a
sufficiently dense search state-space; (m)
objective function and cost variables. The last
three decisions have to be made by all
optimization procedures.

In the well placement problem [53], due to
limited computer power, a decision was made to use
only 23 realizations (while 500-1000 simulations
are typically needed to provide meaningful
ensemble statistics [114,46]), and a decision was
made to calibrate randomly selected random
realizations, individually, which contradicts the
concept of random fields (or RSF), but may have
served a practical purpose (i.e., to find the
maximum NPV). Similar prohibitive computer
power problem prevails in the heap leaching
simulations. While unstable oil-water fronts in the
well placement case cannot be captured by the
simulator, unstable wetting fronts during heap
leaching cannot be captured even by high-resolution
two-phase models (like the one used by Orr and
Vesselinov [95]). In the latter case, lack of
information on essential reactive transport
properties, and unmonitored dynamic changes in
heap structure (particularly sealing of pore space by
clays and erosion products) cannot be determined
and modeled. Consequently, the simulators are
weak, missing on mean system behavior (or
predictions) with unaccounted uncertainty, resulting
in weak optimization and control.

We see that along the track of approximate

solutions and partial optimization of oil reservoirs
and heap leaching operations based on
predetermined stochastic PDEs, the confidence of
modelers and decision-makers is being eroded
with each decision being made, depending on their
knowledge and degree of belief at each decision
point. By the end of this process, decision-makers
find themselves with very little confidence and
very little decision power. Commonly, in this
stochastic approach, the degree of belief is not
quantified, though it contributes to the total
uncertainty. Alternative fuzzy logic techniques do
quantify the uncertainty associated with the degree
of belief.

We therefore propose to replace these
formidable stochastic approaches by a simpler
yet intelligent stochastic control, particularly, the
multiresolution decision support system (MRDS,
which includes fuzzy logic as one of its
components) in order to reach more reliable and
efficient optimal solutions, with reduced,
accountable uncertainty, in real time, with
minimal computer resources. Moreover, unlike
the rigid stochastic PDEs, MRDS can be
naturally extended to optimal control of linked
processes. In the oil field case, this includes
exploration, all surface installations and
operations, delivery system, and distribution. In
the heap leaching case, this includes subsequent
solvent extraction and electrowinning, as well as
all antecedent processes – from exploration and
blasting to transportation, crushing,
agglomeration, conveying, placement, and
design of the irrigation systems.

REFERENCES

1. Ababou, R., Identification of effective conductivity tensor
in randomly heterogeneous and stratified aquifers, 5th
Canadian-American Conference on Hydrogeology,
Sept. 18-20, Calgary, Alberta, Canada, 1990.

2. Ababou, R. and E.F. Wood, Comment on ``Effective
groundwater model parameter values: Influence of
spatial variability of hydraulic conductivity, leakance,
and recharge"  by J.J. Gomez-Hernandez  and  S.M.
Gorelick, Water Resour. Res.} 26(8), 1843-1846,
1990a.

3. Ababou, R. and L.W. Gelhar, Self-similar randomness and
spectral conditioning: analysis of scale effects in
subsurface hydrology, Dynamics of fluids in
hierarchical porous media, edited by J.H. Cushman,
Academic Press, 393-428, 1990.

4. Adomian, G., Stochastic Systems, Academic Press, New
York, 1983.

5. Ahmed, N.U., Semigroup Theory with Applications to
Systems and Control, Longman Scientific & Technical
with John Wiley & Sons, New York, 1991.

6. Albus, J., A. Meystel, S. Uzzaman, “Nested Motion
Planning for an Autonomous Robot”, Proc. IEEE
Conference on Aerospace Systems, May 25-27,
Westlake Village, CA, 1993



5

7. Auriault, J.L., Heterogeneous medium. Is an equivalent
macroscopic description possible?  Int. J. Engng. sci.
29(7), 785-795, 1991.

8. Avellanda M., and A.J. Majda, Mathematical models with
exact renormalization for turbulent transport, Comm.
Math. Phys., 131, 381- 429, 1990.

9. Bachu, S., and D. Cuthiell, Effects of core-scale
heterogeneity on steady-state and transient fluid flow in
porous media: Numerical analysis, Water Resour. Res.
26(5), 863-874, 1990.

10. Bakr, A.A., Effect of Spatial Variations of Hydraulic
Conductivity on Groundwater Flow, Ph.D. dissertation,
N.M. Inst. of Min. and Technol., Socorro, 1976.

11. Bakr, A.A., L.W. Gelhar, A.L. Gutjahr, and J.R.
MacMillan, Stochastic analysis of spatial variability in
subsurface flows 1. Comparison of one- and three
dimensional flows, Water Resour. Res., 14(2), 263-271,
1978.

12. Batchelor, G.K., Transport properties of two phase
materials with random structure, Annual Reviews of
Fluid Mechanics, 6, 227-254, 1974.

13. Baveye, P. and G. Sposito, Macroscopic balance equations
in soils and aquifers: The case of space- and time-
dependent instrumental response, Water Resour. Res.,
21(8), 1116-1120, 1985.

14. Bear, J., Dynamics of Fluids in Porous Media, American
Elsevier, 1972.

15. Bellman, R.E., Stochastic transformations and functional
equations. In Stochastic Processes in Mathematical
Physics and Engineering, edited by R.E. Bellman,
Vol.XVI, 171-177, Amer. Math.     Soc., 1963.

16. Benaroya, H. and Rehak, M., The Neumann series/born
approximation applied to parametrically excited
stochastic systems. Probabilistic Engineering
Mechanics, 2(2), 1987.

17. Benaroya, H. and Rehak, M., Finite element methods in
probabilistic structural analysis: A selective review,
Applied Mechanics Reviews, 41(5), 201-213, 1988

18. Beran, M.J., Statistical Continuum Theories, Interscience,
New York, 1968.

19. Bharucha-Reid, A.T., Random Integral Equations,
Mathematics in Science and Engineering, Vol.96,
Academic Press, 1972.

20. Brenner, H., A general theory of Taylor dispersion
phenomena, II, An extension. PCH, Physicochem.
Hydrodyn., 3(2), 139-157, 1982.

21. Cheng, A.H.-D. and O.E. Lafe, Boundary element solution
for stochastic groundwater flow: Random boundary
condition and recharge, Water Resour. Res., 27(2),
231-242, 1991.

22. Christakos, G., Random Field Models in Earth Sciences,
Academic Press, 1992.

23. Clifton, P.M. and S.P. Neuman, Effects of Kriging and
inverse modeling on conditional simulation of the Avra
Valley aquifer in Southern Arizona, Water Resour.
Res., 18(4), 1215-1234, 1982.

24. Corson, C., A. Meystel, F. Otsu, S. Uzzaman, “Semiotic
Multiresolutional Analysis of a Power Plant”, in
Architectures for Semiotic Modeling and Situation
Analysis in Large Complex Systems, Proc. of the 1995
ISIC Workshop, Monterey, CA, pp. 401-405

25. Cushman, J. H., Volume averaging, probabilistic
averaging, and ergodicity, Adv. Water Resour., 6, 182-
184, 1983.

26. Cushman, J.H.,  On unifying the concepts of scale,
instrumentation, and stochastics in the development of
multiphase transport theory, Water Resour. Res.,
20(11), 1668-1676, 1984.

27. Cushman, J.H.,  On measurement, scale, and scaling,
Water Resour. Res., 22(2), 129-134, 1986.

28. Cushman, J.H., Development of stochastic partial
differential equations for subsurface hydrology,
Stochastic Hydrology and Hydraulics, 1(4), 241-262,
1987.

29. Cushman, J.H., An introduction to hierarchial porous
media, Dynamics of fluids in hierarchical porous
media , edited by J.H. Cushman,  Academic Press, 1-5,
1990.

30. Cushman, J.H., On the inseparability of the measurement
process  from theories of transport in heterogeneous
materials, in Concise Encyclopedia of Environmental
Systems, edited by P. Young, in press, 1991.

31. Dagan, G., Models of groundwater flow in statistically
homogeneous porous formations, Water Resour. Res.,
15(1), 47-63, 1979.

32. Dagan, G., Statistical theory of groundwater flow and
transport: Pore to laboratory, laboratory to formation,
and formation to regional scale, Water Resour. Res. ,
22(9), 120S-134S, 1986.

33. Dagan, G., Flow and Transport in Porous Formations,
Springer-Verlag, New York, 1989.

34. Dederichs, P.H., and R. Zeller, Variational treatment of
elastic constants of disordered materials, Z. Phys., 259,
103-116, 1973.

35. Delhomme, J.P., Spatial variability and uncertainty in
groundwater flow parameters: A geostatistical
approach, Water Resour. Res., 15(2), 269-280, 1979.

36. de Marsily, G., Quantitative Hydrogeology, Academic
Press, 1986.

37. Desbarats, A.J., Numerical estimation of effective
permeability in sand-shale formations, Water Resour.
Res., 23(2), 273-286, 1987.

38. Desbarats, A.J., Spatial averaging of hydraulic
conductivity in three-dimensional heterogeneous
porous media, Math. Geol.}, Vol. 24(3), 249-267,
1992a.

39. Desbarats, A.J., Spatial averaging of transmissivity in
heterogeneous fields with flow toward a well, Water
Resour. Res., 28(3), 757-767, 1992b.

40. Desbarats, A.J. and R. Dimitrakopoulos, Geostatistical
modeling of transmissibility for 2D reservoir studies,
SPE Formation Evaluation ,5(4), 437-443, 1990.

41. Deutsch, C., Calculating effective absolute permeability in
sandstone/shale sequences, SPE Form. Eval., Sept.
343-348, 1989.

42. Deutsch, C.V., and A.G. Journel, GSLIB: Geostatistical
Software Library and User Guide, Oxford University
Press, 1992.

43. Dykaar, B.B. and P.K. Kitanidis, Determination of the
effective hydraulic conductivity for heterogenous
porous media using a numerical spectral approach 1.
Method, Water Resour. Res., 28(4), 1155-1166, 1992a.

44. Elishakoff, L., Probabilistic Methods in the Theory of
Structures,  John Wiley \& Sons, New York, 1983.

45. El-Kadi, A.I. and W. Brutsaert, Applicability of effective
parameters  for unsteady flow in nonuniform aquifers,
Water Resour. Res., 21(2), 183-198, 1985.

46. Follin, S., Numerical Calculations on Heterogeneity of
Groundwater Flow, Ph.D. dissertation, The Royal Inst.
of Technol., Stockholm, 1992.

47. Freeze, R.A.,  A stochastic-conceptual analysis of one-
dimensional    groundwater   flow in nonuniform
homogeneous media, Water Resour. Res., 11(5), 725-
741, 1975.

48. Frisch, U., Wave propagation in random media, in
Probabilistic Methods in Applied Mathematics, edited
by A.T. Bharucha-Reid, 1, 75-198, Academic Press,
New York, 1968.

49. Gelhar, L.W., Stochastic subsurface hydrology. From
theory to applications, Water Resour. Res., 22(9),



6

135S-145S, 1986.
50. Gelhar, L. W., Stochastic analysis of solute transport in

saturated and unsaturated porous media, in Advances in
Transport Phenomena in Porous Media , NATO ASI
Ser., edited by J. Bear and M. Y. Corapcioglu, 657-
700, Martinus Nijhoff, Dordrecht, Netherlands, 1987.

51. Ghanem, R.G., and P.D. Spanos, Stochastic Finite
Elements: A spectral Approach. Springer-Verlag, New
York, 1991.

52. Gomez-Hernandez, J.J. and  S.M. Gorelick, Effective
groundwater model parameter values: Influence of
spatial variability of hydraulic conductivity, leakance,
and recharge, Water Resour. Res., 25(3), 405-419,
1989.

53. Guyaguler, B. and R.N. Horne, Uncertainty Assessment of
Well Placement Optimization, SPE 71625, 2001.

54. Hashin, Z., and S. Shtrikman, A variational approach to the
theory of effective magnetic permeability of multiphase
materials, Jour. Of Appl. Physics, 33, 3125-3131, 1962.

55. Hassanizadeh, M. and W.G. Gray, General conservation
equations for multi-phase systems, 1, Averaging
procedure, Adv. Water Resour., 2,  131-144, 1979.

56. Isaaks, E.H. and  R.M. Srivastava, An Introduction to
Applied Geostatistics}, Oxford University Press, 1989.

57. Johnson, M.E., Multivariate Statistical Simulation,  John
Wiley & Sons, New York, 1987.

58. Journel, A.G. and  Ch.J. Huijbregts, Mining Geostatistics,
Academic Press, 1978.

59. Kadanoff, L.P., Scaling and Universality in statistical
physics, Phisica A, 163, 1-14, 1990.

60. Kasap, E., and L.W. Lake, An analytical method to
calculate the effective permeability tensor of a grid
block and its application in an outcrop study, paper
presented at the SPE Symp. on Reser. Sim., Soc. of Pet.
Eng. Houston, 1989.

61. Kasap, E., and L.W. Lake, Calculating the effective
permeability tensor of a grid block, SPE Form. Eval.,
June, 192-200, 1990.

62. Keller, J.B., Wave propagation in random media, Proc.
Symp. Appl. Math ., 13, 227-246, Amer. Math. Soc.,
Providence, Rhode Island, 1962.

63. Keller, J.B., Stochastic equations and wave propagation in
random media, Proc. Symp. Appl. Math ., 16, 145-170,
Amer. Math. Soc., Providence, Rhode Island, 1964.

64. Keller, J.B., Effective conductivity of reciprocal media, in
Random Media, edited by G. Papanicolaou, The IMA
Vol. in Math. and its Appl., Vol.7, Springer-Verlag,
New York, 1987.

65. King, P.R., The use of renormalization for calculating
effective permeability, Transport in Porous Media , 4,
37-58, 1989.

66. Kitanidis, P.K., Effective hydraulic conductivity for
gradually varying flow, Water Resour. Res., 26(6),
1197-1208, 1990.

67. Kohler, W.E., and G. Papanicolaou, Bounds for the
effective conductivity of random media, in
Macroscopic properties of Disordered Media , edited
by R. Burridge, S. Childress, and G. Papanicolaou,
Lecture Notes in Physics, 154, Springer-Verlag, New
York, 1982. 111-130

68. Kraichnan, R.H., Dynamics of nonlinear stochastic
systems, J. Mathematical Phys., 2, 124-148, 1961.

69. Kraichnan, R.H., The closure problem of turbulence
theory, Proc. Symp. Appl. Math ., 13, 199-225, Amer.
Math. Soc., Providence, Rhode Island, 1962.

70. Kraichnan, R.H., Eddy viscosity and diffusivity: exact
formulas and approximations, Complex Systems, 1,
805-820, 1987.

71. Kröner, E., Bounds on effective elastic moduli of
disordered materials, J. Mech. Phys. Solids, 25, 137-

155, 1977.
72. Landau, L.D. and E.M. Lifshitz, Electrodynamics of

Continuous Media , Pergamon Press, Oxford, England,
1960.

73. Landauer, R., Electrical conductivity in inhomogeneous
media, in Electrical Transport and Optical Properties
of Inhomogeneous Media , edited by J.C. Garland and
D.B. Tanner, AIP Conference Proceedings, No.~40,
American Institute of Physics, 1978.

74. Lumely, J., and A. Panofski, The Structure of Atmospheric
Turbulence. John Wiley \& Sons, New York, 1964.

75. Markov, K.Z., Application of Volterra-Wiener series for
bounding the overall conductivity of heterogeneous
media. I. General procedure, SIAM J. of Appl. Math., 4,
831-849.

76. Matheron, G., The intrinsic random functions and their
applications, Advan. Appl. Prob., 5, 439-468, 1973.

77. Matheron, G., The Theory of Regionalized Variables and
its Applications, Les cahiers du contre de morphologie
mathematique de Fontainbleau, No.5, 1971.

78. Mei, C.C. and J.-L. Auriault, Mechanics of heterogeneous
porous media with several spatial scales, Proc. R. Soc.
London, Ser. A , 426, 391-423, 1989.

79. Meystel, A. and S. Uzzaman, “Multiresolutional Decision
Support System”, US Patent, No. 6102958 of August
2000

80. Meystel, A. and  J. Albus, Intelligent Systems:
Architectures, Design, Control, Wiley, NY 2001

81. Myers, D.E., A series of lecture notes on conditional
simulations, in Advanced Geostatistics course,
University of Arizona, 1990.

82. Nashed, M.Z., and H.W. Engle, Random generalized
inverse and approximate solutions of random operator
equations, in Approximate Solutions of Random
Equations, edited by A.T. Bharucha-Reid, North
Holland, New York, 1978.

83. Neuman, S.P., Statistical characterization of aquifer
heterogeneities: an overview. In Recent trends in
hydrology, edited by T.N. Narasimhan, Special Paper
189, 81-102, Geol. Soc. Am. Spec. Pap. 1982.

84. Neuman, S.P., Role of geostatistics in subsurface
hydrology, in NATO ASI Series, Geostatistics for
Natural Resources Characterization, edited by G.
Verly, M. David, A.G. Journel, and A. Marechal, D.
Reidel, Hingham, Mass., 2, 127-140, 1984.

85. Neuman, S.P., Stochastic continuum representation of
fractured rock perrmeability as an alternative to the
REV and fracture network concepts, 28th US
Symposium on Rock Mechanics, edited by I.W. Farmer,
J.J.K. Daemen, C.S. Desai, C.E. Glass, and S.P.
Neuman, Balkema, Rotterdam, The Netherlands, 533-
561, 1987.

86. Neuman, S. P., Universal scaling of hydraulic
conductivities and dispersivities in geologic        media,
Water Resour. Res., 26(8), 1749-1758, 1990.

87. Neuman, S.P. and E.A. Jacobson, Analysis of nonintrinsic
spatial variability by residual kriging with application
to regional groundwater levels, Math. Geol., 16(5),
499-521, 1984.

88. Neuman, S.P., S. Orr, O. Levin, and E. Paleologos, Theory
and high-resolution finite element analysis of 2-D and
3-D effective permeabilities in strongly heterogeneous
porous media, in Computational Methods in Water
Resources IX, edited by T.F. Russell, R.E. Ewing, C.A.
Brebbia, W.G. Gray, and G.F. Pinder, Elsevier Applied
Science, New York, 1992.

89. Neuman, S.P., O. Levin, S. Orr, E. Paleologos, D. Zhang,
and Y.~-K. Zhang Nonlocal representations of
subsurface flow and transport by conditional moments,
Computational Stochastic Mechanics, edited by A.H.D.



7

Cheng, and C.Y. Young, Computational Mechanics
Publications, 1992.

90. Neuman, S.P., Eulerian-Lgrangian theory of transport in
space-time nonstationary velocity fields: 1. Exact
nonlocal formalism by conditional moments and weak
approximation, Water Resour. Res., 1993.

91. Neuman, S. P., & Orr S., Prediction of steady state flow in
non uniform geologic media by conditional moments:
Exact non local formalism, effective conductivities,
and weak approximations, Water. Resour. Res. , 29 (2),
341-364, 1993.

92. Neuman, S. P., Tartakovsky, D. M., Wallstrom, T. C. &
Winter, C. L., Correction to “Prediction of steady state
flow in nonuniform geologic media by conditional
moments: Exact nonlocal formalism, effective
conductivities, and weak approximation”, Water
Resour. Res., 32(5), 1479-1480, 1996.

93. Orr, S. and S.P. Neuman, "Operator and Integro-
Differential Representations of Conditional and
Unconditional Stochastic Subsurface Flow". An invited
paper, Journal of Stochastic Hydrology and Hydraulics,
Vol 8(2), pp. 157-172, 1994.

94. Orr, S. "Enhanced Heap Leaching - I. Insights”, ME/SME
Journal Vol. 54, No. 8, 2002.

95. Orr, S. and V. Vesselinov, "Enhanced Heap Leaching – II.
Applications", ME/SME Journal, Vol. 54, No. 8,  2002.

96. Papoulis, A., Probability, Random Variables, and
Stochastic Processes,  McGraw-Hill, 1984.

97. Paleologos, E., Effective Hydraulic Conductivity of
Bounded, Strongly Heterogeneous Porous Media,
Ph.D. dissertation, University of Arizona, 1993.

98. Poley, A.D., Effective permeability and dispersion in
locally heterogeneous aquifers, Water Resour. Res., 24,
1921--1926, 1988.

99. Roberts, P.H., Analytical theory of turbulent diffusion,
Jour. Fluid. Mech ., 11, 257-283, 1961.

100. Rubin, Y. and G. Dagan, Stochastic analysis of
boundaries effects on head spatial variability in
heterogeneous aquifers 1. Constant head boundary,
Water Resour. Res., 24(10), 1689-1697, 1988.

101. Rubin, Y., and Gomez-Hernandez, J.J., A stochastic
approach to the problem of upscaling of conductivity in
disordered media: theory and unconditional numerical
simulations, Water Resour. Res., 26(4), 691-701, 1990.

102. Saez, A.E., C.J. Otero, and I. Rusinek, The effective
homogeneous behavior of heterogeneous porous media,
Transport in Porous Media , 4, 213-238, 1989.

103. Saffman, P.G., On the boundary condition at the surface
of a porous medium, Studies in Applied Math ., L(2),
93-101, 1971.

104. Samper, F.J. and S.P. Neuman, Estimation of spatial
covariance structures by adjoint state maximum
likelihood cross validation, 1. Theory, Water Resour.
Res., 25(3), 351-362, 1989a.

105. Samper, F.J. and S.P. Neuman, Estimation of spatial
covariance structures by adjoint state maximum
likelihood cross validation, 3. Application to
hydrochemical and isotopic data, Water Resour. Res.,
25(3), 373-384, 1989b.

106. Schetzen, The Volterra and Wiener Theories of Nonlinear
Systems, John Wiley \& Sons, New York, 1980.

107. Shvidler, M.I., Filtration Flows in Heterogeneous Media
(in Russian), Izv. Akad. Nauk SSSR Mech., 3, 185-190,
1962.

108. Tartar, L., Remarks on homogenization, Homogenization
and Effective Moduli in Materials and Media , edited by
J.L. Ericksen, D. Kinderlehrer, R. Kohn, and J.L.
Lions, The IMA Vol. in Math. and its Appl., Vol.7,
228-246, Springer-Verlag, New York, 1986.

109. Tartar, L., Nonlocal effects induced by homogenization,

in Partial differential equations and the calculus of
variations, Vol. 2, Essays in honor of Ennio De Giorg i,
edited by F. Colombini, A. Marino, L. Modica, and S.
Spagnolo, Progress in nonlinear differential equations
and their applications, 925-938, Birkhauser, Boston,
1989.

110. Tsokos C.P., and W.J. Padgett, Random Integral
Equations with Applications to Life Sciences and
Engineering, Mathematics in Science and Engineering,
108, Academic Press, New York, 1974.

111. Van Kampen, N. G., Stochastic Processes in Physics and
Chemistry, North-Holland, Amsterdam, 1981.

112. Vanmarcke, E.H., Random Fields: Analysis and
Synthesis, MIT Press, Cambridge, Mass., 1983.

113. Carrera, J., J. Heredia, S. Vomvoris, and P. Hufschmied,
Fracture flow modelling: Application of automatic
calibration techniques to a small fractured monzonitic
gneiss block, in Hydrogeology of Low Permeability
Environments, edited by S.P. Neuman and I.
Neretnieks, Hydrogeology, Selected Papers, Intern.
Assoc. Hydrogeol., Verlag Heinz Heise, Hannover,
Germany, 2, 115-167, 1990.

114. Orr, S., Stochastic Approach to Steady State Flow in
Nonuniform Geologic Media, Ph.D. dissertation,
University of Arizona, 1993.

115.  Neuman, S.P., and A. Guadagnini, A new look at
traditional deterministic flow models and their
calibration in the context of randomly heterogeneous
media. MODELCARE –1999.

116. James, A.L., and C.M. Oldenburg, Linear and Monte
Carlo uncertainty analysis for subsurface contaminant
transport simulation. Water Resources Research, Vol.
33, No. 11. pp. 2595-2508. 1997.

 117. Carrera, J., Neuman, S.P, Estimation of aquifer
parameter under transient and steady state conditions :
1. Maximum likelihood method incorporating prior
information. Water Resources Research, v. 22, 2, p.
199-210, 1986a.

118. Carrera, J., Neuman, S.P., Estimation of aquifer
parameter under transient and steady state conditions :
2. Uniqueness, stability, and solution algorithms.
Water Resources Research, v. 22, 2, p. 211-227,
1986b.

119. Carrera, J., Neuman, S.P., Estimation of aquifer
parameter under transient and steady state conditions :
3. Application to synthetic and field data. Water
Resources Research, v. 22, 2, p. 228-242, 1986c.

120. Carrera, J., State of the art of inverse problem applied to
the flow and solute transport equations. Groundwater
Flow and Quality Modeling, Custodio, E. et al., eds.,
NATA ASI Series, Serie C : Mathematical and
Physical Sciences, v. 224, D. Reidel Pub. Co.
Dordrecht, The Netherlands, p. 549-583, 1987.

121. Gh. de Marsily, J.P. Delhomme, A. Coudrain-Ribstein,
A.M. Lavenue, Four Decades of Inverse Problems in
Hydrogeology, in celebration of S.P. Neuman’s 60th

Birthday, 30 pp., 1998.


