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Understanding transport in rough fractures from non-Fickian to Fickian regimes and the prediction of non-
Fickian transport is critical for the development of new transport theories and many practical applications.
Through computational experiments that fall within the macrodispersion regime, we first simulated and ana-
lyzed solute transport through synthetic rough fractures with stationary geometrical properties (i.e., fracture
roughness σb/〈b〉 and correlation length λ, where b refers to aperture with its standard deviation σb and arith-
meticmean〈b〉) across increasing fracture longitudinal transport domain length L, with L/λ ranging from2.5 to
50. The results were used to determine how solute transport behavior evolves with increasing scale in the longi-
tudinal direction. Moreover, a set of correlated fractures with aperture fields following normal and log-normal
distributionswas created to further identify and quantify the dependence of non-Fickian transport on roughness.
We found that althoughpersistent intermittent velocity structureswere present, the breakthrough curves (BTCs)
and residence time distributions showed diminishing early arrival and tailing, features of non-Fickian transport,
with increasing longitudinal L/λ, ultimately converging to a Fickian transport regime given σb/〈b〉 remained
constant. Inverse analysis of the experimental BTCswith the advection-dispersion equation (ADE)model showed
that the dispersion coefficient (D) was non-trivially scale-dependent. Simulation results for rough fractures with
varying σb/〈b〉 and L/λ indicated that the ratio of fluid velocity to transport velocity fitted to the ADE model
depends on σb/〈b〉 and L/λ. The continuous time random walk (CTRW) performed much better across all
transport scales, and resulted in scale-independent fitted parameters, i.e., β in the memory function. The fitted
β is proportional to σb/〈b〉but is insensitive to L/λ. Therefore, bulk longitudinal solute transport across the
pre-asymptotic and asymptotic regimes can be estimated based on the CTRWmodel parameterized by measur-
able fracture physical properties.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Solute transport through fractured media is subject to complex
physical and chemical processes, characterized by preferential flow in
fractures and slow, stagnant flow in the porous matrix or eddies, flow
and solute exchange between the fracture and matrix (Roubinet et al.,
2012), and fluid-rock interactions (Mukhopadhyay et al., 2013). The
broad variations of velocity and chemical reactions consequently lead
to non-Fickian transport across all scales of fractured media
(Berkowitz, 2002). Unfortunately, accurate prediction of complex non-
Fickian transport processes remains a challenge due to limitations in de-
tailed description of single fractures, let alonediscrete fracture networks
and dual-porositymedia (Neuman, 2005). As a result, numerous studies
have focused on non-Fickian transport through single fractures (Bauget

and Fourar, 2008; James and Chrysikopoulos, 2000; James et al., 2005;
Nowamooz et al., 2013; Wang and Cardenas, 2014).

Non-Fickian transport is due to two underlying mechanisms, both
due to local heterogeneity in the flow field. First, the transport observa-
tion occurs at spatial and temporal scales that are too short or small, and
therefore the solute fails to experience or sample the complete hetero-
geneity of the medium after where or when transport reaches the
Fickian (Taylor) regime (e.g., Bolster et al., 2014; Bouquain et al.,
2012; Koch andBrady, 1987;Majdalani et al., 2015). Second, incomplete
local mixing resulting from a complex flow field takes place (Koch and
Brady, 1987), including for example a growing eddy (Cardenas et al.,
2007; Cardenas et al., 2009; Sund et al., 2015). Even though the effect
of heterogeneity (e.g., variance and correlation length) on the flow
field has been documented extensively for decades, recent studies con-
tinue to quantify the impact of micro-scale heterogeneity on non-
Fickian transport (Aubeneau et al., 2014; Heidari and Li, 2014; Kang et
al., 2014).

Numerous studies have shown that fracture roughness (another in-
dicator of heterogeneity for fractures) has a remarkable impact on the
non-Fickian transport through single fractures (e.g., Bauget and
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Fourar, 2008; Cardenas et al., 2007; Keller et al., 1999). Fracture rough-
ness typically refers to the roughness of fracture surfaces (Brown, 1987;
Candela et al., 2012), but in this study, we define roughness (σb/〈b〉)
as the variation of aperture field, where σb and〈b〉 are standard devi-
ation and arithmetic mean of aperture b, respectively. The non-Fickian
transport behavior can be approximated based on the physical proper-
ties (σb/〈b〉) of two-dimensional (2-D) rough fractures (Wang and
Cardenas, 2014). However, transport through 2-D fractures does not
allow for channelization which could occur in 3-D rough fractures,
thus adding amechanism for non-Fickian behavior. Therefore, the infor-
mation needed for predicting non-Fickian transport through three-di-
mensional (3-D) rough fractures remains mostly unknown,
particularly with increasing fracture scales.

Although simulations of flow and transport through simple pores at
increasing scales have shown that the transport transitions from non-
Fickian to Fickian regimes (Cardenas, 2009; Zhang and Lv, 2007), the ef-
fect of scale on non-Fickian transport through fractures needs to be fur-
ther studied in terms of identifying transition time and length scales,
such that transport transition can be properly predicted (Bolster et al.,
2014). Moreover, the determination of transition scales can help in
the design of observation networks for experimental sampling or even
field monitoring (Majdalani et al., 2015).

To capture transport behavior, the classical advection-dispersion
equation (ADE) with constant velocity and dispersion coefficient D is
widely used, even though its shortcomings for capturing non-Fickian
behavior are widely recognized. Therefore a suite of nonlocal repre-
sentations of advective and dispersive solute transport has emerged
that more accurately describes non-Fickian transport (Bauget and
Fourar, 2008; Berkowitz et al., 2006; Neuman and Tartakovsky,
2009). The continuous time random walk (CTRW) framework is
one such approach for modeling non-Fickian transport which has
been applied extensively to fractures and fracture networks
(Berkowitz et al., 2006; Cortis et al., 2004; Dentz et al., 2004; Le
Borgne et al., 2008). Moreover, the inclusion of the truncated
power law (TPL) in time within the CTRW framework led to im-
proved agreement between theoretical breakthrough curves and ob-
servations for systems with a finite scale (Cortis and Berkowitz,
2004). Although the theoretical prediction of transport across non-
Fickian to Fickian transition is possible by using the CTRW-TPL,
there are few physical and even computational experiments that
quantify such a transitional transport phenomenon across increasing
scales. Only a few studies have directly assessed and directly con-
nected the parameters of the CTRW-TPL to measurable physical
properties (McInnis et al., 2014; Wang and Cardenas, 2014).

The CTRW-TPL, whose ability to represent macroscopic non-Fickian
transport has been verified several times (Berkowitz, 2002; Berkowitz
et al., 2006; Dentz et al., 2004; Kang et al., 2011), assumes that the tem-
poral and spatial transitions are decoupled. This decoupled partial dif-
ferential equation form of CTRW performs well regardless of whether
the velocity field is correlated or not, as long as the spatial transitions
are compact (Berkowitz and Scher, 2010). Recent studies integrated in-
formation about velocity correlation via a spatial Markov method into
the classic CTRW; this framework is sometimes called correlated
CTRW (Bolster et al., 2014; Kang et al., 2011; Kang et al., 2014; Le
Borgne et al., 2008). The correlated CTRW, for some cases with appro-
priate discretization of transition path, can accurately capture the
early arrival and long tailing features (de Anna et al., 2013; Kang et al.,
2011; Le Borgne et al., 2008). However, the correlated CTRW requires
prior knowledge of particle distribution, which is normally unknown a
priori, thus limiting its practical application. Therefore, instead of
using the correlated CTRW, we investigated whether the classic
CTRW-TPL framework is able to predict solute transport transitioning
from non-Fickian to Fickian when velocity field is correlated; this was
achieved by identifying an appropriate truncated time and other rele-
vant parameters, and then relating the model parameters to the physi-
cal properties of 3-D rough fractures. We also compared the analysis

with the CTRW-TPL framework to more conventional inversemodeling
with the ADE.

In this study, we first investigated solute transport through single
rough-walled fractures with increasing scales (fracture length) in
order to quantify the effect of scale in potentially transforming transport
from non-Fickian to Fickian regimes, and to further assess the useful-
ness and appropriateness of the CTRW-TPL framework for prediction
across transitional transport phenomenon but confined within the
macrodisperison regime (Detwiler et al., 2000). Then, we attempted to
establish a relationship between the parameter β in the CTRW-TPL
model and physical properties of 3-D rough fractures by changing frac-
ture roughness and correlation length; β represents the nature of the
transport, i.e., the degree of deviation fromFickian transport, and encap-
sulates the degree of heterogeneity. We addressed the following ques-
tions: How do the ADE and CTRW parameters change with fracture
scale across, presumably, the pre-asymptotic to asymptotic regimes in
rough fractures?What is the asymptotic longitudinal scale for transport
through rough fractures, if any? How robust is CTRW-TPL for modeling
the transport transition across scales? Is the relationship between β in
the CTRW-TPL model and fracture roughness as established for the 2-
D cases applicable for the 3-D cases? To this end, we first created syn-
thetic fractures with aperture fields following typical distributions as
observed in natural fractures. Then we simulated solute transport
through the fractures using a computationally efficient quasi-3-D parti-
cle tracking random walk (PTRW) algorithm which uses a 2-D velocity
field computed through a modified Local Cubic Law. The resultant ‘ex-
perimental’ breakthrough curves were then analyzed with the classical
one-dimensional (1-D) ADE and the CTRW-TPL. The statistical details of
the heterogeneous flow fields were examined in order to interpret the
transport observations.

2. Theoretical background

2.1. Advection dispersion equation

The solute transport in shear flow through fractures can be upscaled
to a 1-D advective-dispersive process by using a bulk velocity and an ef-
fective dispersion coefficient, which reads as:

∂C
∂t

¼ −UADE∇C þ DADE∇
2C ð1Þ

where C is upscaled solute concentration, t is time, UADE is constant
mean velocity, and DADE is constant hydrodynamic dispersion coeffi-
cient. The inherent assumption behind the ADE is the applicability of
the Taylor (Fickian) dispersion theory (Taylor, 1953). That is, the travel
time of the solute is long enough so that the transverse gradients in sol-
ute concentration become negligible; this threshold time is often called
the “asymptotic time” (Koch and Brady, 1987). For an idealized fracture
with perfectly smooth surfaces (i.e., parallel plates), the asymptotic time
can be calculated from the aperture (Wang et al., 2012). However, frac-
ture roughness or heterogeneity may significantly lengthen the asymp-
totic time because it takes longer for the transverse mixing to smooth
out the longitudinal concentration gradients (Wang and Cardenas,
2014).

2.2. Continuous time random walk theory

TheCTRW is fundamentally derived from theMaster equation of sta-
tistical mechanics with appropriate memory functions to represent
non-Fickian behavior (Berkowitz et al., 2006; Cortis and Berkowitz,
2004). In 1-D Laplace space, the CTRW model reads as:

pC� x;pð Þ−C0 xð Þ ¼ −M� pð Þ

� UCTRW
∂
∂x

C� x; pð Þ−DCTRW
∂2

∂x2
C� x;pð Þ

" #
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