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Summary Connectivity of high permeability paths is recognized as important but has not been
properly quantified in the groundwater literature. In fact, it has been shown that the concept is
process dependent and difficult to define so that it applies both to water flow and solute trans-
port phenomena. Field and numerical evidence from hydraulic tests suggest that the apparent
hydraulic diffusivity, D,, could potentially inform about the phenomena. In order to test this
conjecture, we present a Monte Carlo analysis based on series of fields that display varying
degrees of connectivity. Our results confirm that D, does indeed indicate the presence of con-
nectivity. D, is found to correlate well with early tracer arrival time, and also with the product
of a flow connectivity indicator, CF, and a transport connectivity indicator, CT. This indicates
that D, accounts both for connectivity effects controlling the average plume movement
(through CF) and for connectivity effects not linked to the effective medium properties that
control the progression of the solute front (through CT). Analysis of seven binary fields suggests
that flow connectivity hinges more on the continuity of fast paths, whereas transport connec-
tivity seems to be more dependent on the width of connected features forming, possibly discon-
tinuous, fast paths. In conjunction with previous studies, our results suggest that hydraulic
response arrival times and early arrival times of tracer can be expected to correlate well in
most types of hydrogeologic systems.

© 2006 Elsevier B.V. All rights reserved.

Introduction

Considerable attention has been devoted to the character-
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ization and representation of the complex heterogeneity
found in most geologic media. Connected features have re-
ceived part of this attention due to their substantial impact
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connectivity — how to define it, how to measure it, and un-
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hydrological response — is still being debated (e.g. Western
et al., 2001; Grayson et al., 2002; Bruderer-Weng et al.,
2004; Knudby and Carrera, 2005). In hydrogeology, ‘‘con-
nectivity’’ is most often used as a reference to the physical
presence of connected zones of either high or low conduc-
tivities. The closely related concepts of ‘‘channeling’’,
‘‘preferential flow paths’’, and ‘‘early solute arrival’’ are
in general used as references to the effect that connectivity
has on hydrological response. In this paper we use ‘‘flow
connectivity’’ as a reference to a flux increase caused by
connected features. Similarly, we use *‘transport connectiv-
ity’’ to refer to the early solute arrival as compared to the
average arrival time. It is important to realize that these ef-
fects, expressed through the hydrologic response of a geo-
logical medium, may be observed even in the absence of
continuous high permeability structures transversing the do-
main. Continuous structures are in general sufficient, but
not strictly necessary for concentrated flow and early solute
arrival (e.g. Sanchez-Vila et al., 1996; Fogg et al., 2000;
Lee, 2004).

In a recent paper (Knudby and Carrera, 2005), we pre-
sented and analyzed indicators of statistical, flow and
transport connectivity. No significant correlation was found
between the three types of indicators. In other words, the
assumption that a statistical measure captures the rele-
vant aspects of connectivity should be verified before it
is employed. Our results furthermore suggested that the
presence of connected features can influence flow and
transport differently. This points at the usefulness of
treating connectivity as a process-dependent concept.
Scheibe and Yabusaki (1998) present results which illus-
trate the potential benefits of such an approach. In short,
it seems relevant to investigate the character of the rela-
tionship between flow and transport connectivity, and
more specifically what role connected features play in this
context.

The magnitude and spatial distribution of properties
which control groundwater flow and transport are com-
monly estimated using pumping and tracer tests (e.g. Wal-
ton, 1987; Fetter, 2000; Meier et al., 2001; Ptak et al.,
2004). Classical analytical interpretation of pumping and
tracer tests is usually based on simplifying assumptions such
as homogeneity, perfect layering, statistical stationarity,
etc. Such assumptions facilitate interpretation, but may
lead to biased parameter estimates (e.g. Gomez-Hernandez
et al., 1995; Meier et al., 1999; Beckie and Harvey, 2002;
Sanchez-Vila and Carrera, 2004). More importantly, they
do not allow extraction of all the information contained in
the test results. However, if interpreted jointly or with spe-
cific attention to connectivity (e.g. Alabert et al., 1992;
Herweijer, 1996a,b; Gomez-Hernandez et al., 1997; Meier
et al., 1998; Butler et al., 1999; Guimera and Carrera,
2000; Fernandez-Garcia et al., 2002; Martinez-Landa and
Carrera, 2005; Illman and Tartakovsky, 2005), pumping
and tracer tests can improve the precision of estimates of
effective flow and transport parameters and at the same
time provide valuable information on heterogeneity (Van-
denbohede and Lebbe, 2003). Hydraulic tomography, which
consists of the joint inversion of multiple hydraulic tests
while assuming the permeability to be a random function,
illustrates the role of connectivity on effective parameters
(Vasco et al., 2000; Yeh and Liu, 2000; Meier et al., 2001;

Vesselinov et al., 2001; Bohling et al., 2002; Brauchler
et al., 2003).

Sanchez-Vila et al. (1996) showed that for two-dimen-
sional univariate log-Gaussian fields for which the high-
transmissivity (T) zones are better connected than the
low-T zones, the large scale effective transmissivity, Tesr,
is consistently larger than the geometric average of the
point values, Tg, which is the expected value for two-
dimensional isotropic multilog-Gaussian fields (Matheron,
1967). Meier et al. (1999), Sanchez-Vila et al. (1999) illus-
trated that even in the presence of connected features,
estimates of T based on interpretation of pumping tests
of long duration in heterogeneous media using Jacob’s
method (Cooper and Jacob, 1946) compare well with esti-
mates of T based on an assumption of mean uniform
flow. In other words it is possible to get good estimates
of Tesr from pumping tests even in the presence of signif-
icant connectivity. In this aspect, Te¢ stands in contrast to
the other parameter commonly estimated from pumping
tests, the storativity, S. Schad and Teutsch (1994) used
three-phased transient pumping test response to estimate
the length of high-permeable lenses. They found that esti-
mates of S obtained from Theis type curve fitting were
lower for observation wells located in high-T zones than
for observation wells in low-T zones. Subsequently, Her-
weijer and Young (1991), Herweijer (1996a,b), Meier
et al. (1998) found that estimates of S obtained from Ja-
cob’s method contain information not only on near-well
materials, but also on the degree of hydraulic intercon-
nectedness between the pumping and the observation
well.

All of the above studies employ an undefined and visual
notion of connectivity (e.g. Grayson et al., 2002). Despite
the lack of quantification, there is nevertheless substantial
evidence that the storativity, S, and therefore also the
hydraulic diffusivity, D (D=T/S), as interpreted from Ja-
cob’s method are related to connectivity, and that the
relationship has to do with the presence of connected
features.

In short, Jacob’s method consists of plotting drawdown
vs. time on a semi-logarithmic paper. Estimates of Tefs
and subsequently S are then found by drawing a straight line
through late-time points and computing

2.3Q

Teit = dnm

(1)
2.25Testo
5= Tz

(2)

where Q is the constant pumping rate, m is the slope of the
straight line, tg is the time axis intercept, and r is the radial
distance to the observation well (see e.g. Freeze and Cher-
ry, 1979, for further details). When the observation and the
pumping wells are connected by high-T features, the draw-
down signal will be observed early, i.e. ty will be small. In
other words, high connectivity is expressed through an arti-
ficially small estimate of S and consequently a large esti-
mate of D. Heterogeneity causes estimates of storativity
obtained from Jacob’s method to be different from their ac-
tual values. The corresponding values of diffusivity are also
affected by heterogeneity in a similar way, although they
may be considered more representative of overall system
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behavior. We therefore refer to the values obtained from
Jacob’s method as apparent storativity, S,, and apparent
diffusivity, D, (D, = Tefs/Sa). The effect that flow connectiv-
ity has on S, is analogous to the effect that transport con-
nectivity has on apparent porosity estimates from tracer
tests (Guimera and Carrera, 2000; Fernandez-Garcia
et al., 2002).

Solute transport related support of the conjecture that
Sa and D, contain information on connectivity can be found
in studies of Herweijer and Young (1991), Herweijer
(1996a,b), Paris (2002). Herweijer (1996a) analyzed pump-
ing test data from the MADE site and numerically simulated
pumping and tracer tests for the site. Linear correlation was
found between the logarithm of the travel time of the draw-
down signal and the logarithm of the tracer travel time. In a
similar investigation for three-dimensional fracture net-
works, Paris (2002) found that tracer and drawdown break-
through time show strong correlation over distances
comparable to the size of the disc-shaped fractures. The
strength of the correlation was found to decrease with
increasing matrix diffusion.

Based on the above, it is reasonable to conjecture that
apparent storativity, S,, and therefore also the apparent
hydraulic diffusivity, D,, as interpreted from Jacob’s could
be useful indicators of flow and/or transport connectivity.
The objective of the present paper is to use defined and
therefore quantifiable measures of connectivity to test the
relevance of S, and D, as indicators or measures of connec-
tivity. Also, we investigate how the two parameters are re-
lated to two indicators of flow and transport connectivity
analyzed by Knudby and Carrera (2005). S, and D, are re-
lated through Te¢s, which as shown by Meier et al. (1998)
can be estimated even in the presence of significant
heterogeneity.

Procedure

In order to test to what degree D, can be considered an indi-
cator of connectivity, we use the type of approach em-
ployed in several recent studies focusing on connectivity
(e.g. Wen and Gomez-Hernandez, 1998; Western et al.,
2001; Zinn and Harvey, 2003; Knudby and Carrera, 2005).
In short, we generate transmissivity fields and subsequently
rearrange their T-values so as to enhance the presence of
connected features. We thereby obtain sets of fields for
which one field is (visually) better connected than the other
field. In order to facilitate the analysis of apparent vs. ac-
tual properties, we assign a constant value of actual S to
our fields. Next, we compute values of D, and of a flow con-
nectivity indicator and a transport connectivity indicator,
both analyzed in (Knudby and Carrera, 2005). Finally, we
analyze how the values of the connectivity indicators
change as a result of the rearrangements, and how they cor-
relate with each other.

Thus, the numerical procedure employed in this paper
consists of the following steps:

1. Generation of poorly connected and well-connected
fields with identical histograms.

2. Simulation of steady state and transient flow and advec-
tive transport for all fields.

3. Computation of a flow connectivity indicator and a trans-
port connectivity indicator for all fields.
4. Computation of the apparent diffusivity for all fields.

Each of these steps is described in the following.

Generation of fields with high and low connectivity

An analysis of a concept as complex as connectivity, is likely
to benefit in clarity from the use of relatively simple fields.
We therefore base our analysis on two-dimensional fields
which are easily manipulated to allow for varying degrees
of heterogeneity. While the step from two to the more real-
istic three dimensions increases connectivity (e.g. Fogg,
1986; Silliman, 1996) the concept of connectivity can be
considered independent on dimension. Our approach is
similar to the approach used in most recent studies on
connectivity (Sanchez-Vila et al., 1996; Wen and Gomez-
Hernandez, 1998; Western et al., 2001; Zinn and Harvey,
2003; Neuweiler and Cirpka, 2005).

In order to obtain fields with low connectivity, we gener-
ate series of multi-Gaussian (MG) fields. MG-fields exhibit
maximum entropy and low connectivity of extreme values
(e.g. Journel and Deutsch, 1993; Gémez-Hernandez and
Wen, 1998). The MG-fields were generated using the
sequential Gaussian simulation subroutine SGSIM (Deutsch
and Journel, 1992). A total of eight series of 50 fields were
generated. Each field had the dimensions of 128 x 128 grid
cells. The eight series displayed isotropic Gaussian vario-
gram ranges of 8, 16, 32, and 64 grid cells and Y = log(T)
variances of 1.0 and 15.9 (i.e. logo(T) variances of 1 and
3). Tg equals unity for all fields.

In order to generate fields with a connectivity higher
than that of the MG-fields, we modified the T-distributions
of the MG-fields without changing the histograms. Two dif-
ferent methods were used for the rearrangement. Fig. 1
shows an original MG-field (Fig. 1, center) and the two
modified univariate-Gaussian fields obtained using the two
rearrangement methods. Notice that both methods rear-
range the T-values in such a way that strings of high-T cells
are produced. The first rearrangement method (method C,
see Fig. 1, left) places high-T values where the original MG-
field has intermediate values. Since intermediate values
tend to be well connected in MG-fields, this rearrangement
method creates channels of high-T values. The method is
presented by Zinn and Harvey (2003). The second method
(method F, see Fig. 1, right) rearranges the T-values in
such a way that linear ‘‘fractures’’ are created. Both
methods are described in more detail by Knudby and Car-
rera (2005). In the following, ‘*MG-fields’’ refers to the ori-
ginal multi-Gaussian fields, whereas ‘‘C-fields’’ (C for
‘*channels’’) and ‘‘F-fields’’ (F for ‘‘fractures’’) refer to
the fields obtained using rearrangement method C and F,
respectively.

Simulation of steady state and transient flow and
advective transport

Steady state and transient flow was simulated for all eight
series each consisting of 150 fields (50 MG-fields, 50 C-fields,
and 50 F-fields). The finite-difference code MODFLOW-2000
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Figure 1 An original multi-Gaussian transmissivity distribution and the two corresponding distributions obtained using

rearrangement methods C and F.

(Harbaugh et al., 2000) was used for the flow simulations.
No-flow boundary conditions were imposed on the upper
and lower boundaries. Constant heads were assigned to
the left and right boundaries. For the transient flow simula-
tions, an initial head of 1 was assigned to the entire domain.
At time t =0, the right boundary head was instantaneously
lowered to 0. The left boundary head was maintained at
1. In other words, we solve the two-dimensional flow
equation

oh T

5= VOVh), D= (3)

with initial and boundary conditions given by
h(t=0,x,y)=1, h(t>0,x=0,y)=1,
h(t>0,x=L,,y)=0 4)
where his head, t is time, D is hydraulic diffusivity, and L, is
the domain length in the x-direction, see Fig. 2. Transient
flow was simulated until steady state was reached. The

transient flow simulations were used to determine apparent
diffusivities, whereas the steady state flow conditions were

1) Transmissivity

F

used to determine block transmissivities. The block trans-
missivities are assumed representative of the corresponding
effective transmissivities, Tesr. Fig. 2 illustrates the initial
condition, the boundary conditions, and the head at differ-
ent times after the instantaneous head drop on the right
boundary.

Breakthrough curves of flux-averaged concentration
resulting from a Dirac pulse input at one of the two con-
stant head boundaries were computed from the steady
state trajectories (streamlines). The position of the
streamlines was determined using a flow net approach
(e.g. Fogg and Senger, 1985; Anderson and Woessner,
1992) based on the so-called dual formulation (Frind and
Matanga, 1985).

The variability of storativity and porosity is commonly
negligible as compared to the variability of transmissivity
(e.g. Meier et al., 1998; Rutqvist et al., 1998). For all flow
and transport simulations, the fields are therefore consid-
ered homogeneous with respect to both actual storativity
(unity), and the product of the porosity and the aquifer
thickness, 0L, (1073).

2) SS streamlines

L

3) t=8.73E-2 4) t=1.20

head
1.00
0.95
3
0.80
> 0.50
3
0.20
5)SS 0.00

Figure 2 Transient flow simulation example. (1) Transmissivity distribution; (2) steady state (SS) streamlines and equipotential
lines; (3—5) Head evolution as a result of the head drop at the right boundary. Notice the irregular head contour intervals used to

emphasize the front progression.
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Computation of flow and transport connectivity
indicators

For all series of fields, we computed the value of a flow con-
nectivity indicator and a transport connectivity indicator.
As mentioned in the section ‘Introduction’, we understand
by ‘‘flow connectivity’’ the degree to which flow is concen-
trated in high-T features. The ratio between the effective
transmissivity, Tesr, and the geometric mean of local trans-
missivities, Tg, can be considered an indicator of flow con-
nectivity (Knudby and Carrera, 2005, see also Sanchez-Vila
et al., 1996; Guswa and Freyberg, 2002). We use

Teff
. 5)

as our flow connectivity indicator. CF assumes the value 1
for two-dimensional infinite isotropic multi-Gaussian fields
(Warren and Price, 1961; Matheron, 1967). We compute Te¢s
using a permeameter-type approach (also termed simple
Laplacian approach by Wen and Gémez-Hernandez (1996),
i.e. as the proportionality constant relating the steady state
flux and the head gradient.

Transport connectivity is expressed through early solute
arrival as compared to the average arrival time. As a trans-
port connectivity indicator, we use

CF=

cr =l (6)
ts

where taye is the average arrival time, and ts is the time at
which 5% of the solute has arrived at the outlet. For steady
state two-dimensional flow, the arrival time of the ith
stream tube is 0L,A;/Q;, where A; is the stream tube area
and Q; is the stream tube flow rate. taye is the average
stream tube arrival time given by

Adomain Lsz
tave =0 =0== 7
AVE st Teff Ah ( )

where Agomain 1S the domain area, Qs is the steady state flow
rate across the domain, 0 is the porosity, Ah is the applied
head difference, whereas L, and L, are the domain length
and thickness, respectively.

In a recent study (Knudby and Carrera, 2005), we have
shown that both CF and CT capture the differences in con-
nectivity displayed by MG-, C-, and F-fields. Our results also
confirmed that CF accounts for the degree to which flow is
concentrated to high-T features, whereas CT accounts for
early solute arrival as compared to the average arrival time.
CF and CT can therefore be considered indicators of the
presence of flow and transport connectivity, respectively.

Determination of apparent hydraulic diffusivity

As explained in the section ‘Introduction’, the interpreta-
tion of pumping tests in heterogeneous media using Jacob’s
method leads to estimates of S which depend on the hydrau-
lic connection between the pumping and observation wells.
We are interested in confirming and evaluating the potential
utility of using D,, as estimated using Jacob’s method, as a
source of information on the degree of flow and/or trans-
port connectivity in a geologic medium. For the estimation
of D, we therefore use an approach which in a qualitative

sense is similar to Jacob’s method in that it assumes that
Sa can be estimated from the early time hydraulic response
of the system. The approach is based on a comparison of the
response of a heterogeneous medium to that of a homoge-
neous medium. For a homogeneous medium with an actual
hydraulic diffusivity, D, the flux into the domain at the left
boundary produced by the sudden head drop at the right
boundary, Qi,, is (e.g. Herrera and Yates, 1977; Carslaw
and Jaeger, 1959)

Qu(t) = Qs (1 23 (—1)”6”2“2"> , ®)
n=1
D
t = L—f 9)

where t’ is dimensionless time. For a homogeneous medium,
the hydraulic diffusivity can be inferred by fitting Egs. (8)
and (9) to the observed time-dependent inflow rate. How-
ever, for a heterogeneous T-field, there will be local varia-
tions in the propagation velocity of the line of depression,
especially where connected zones of high T-values are
encountered, see Fig. 2.

Compared to the homogeneous case, non-uniform propa-
gation will lead to earlier inflow increase, whereas steady
state will be reached later. This is illustrated in Fig. 3. The
figure displays the temporal variation of normalized inflow
rates at the left boundary for three homogeneous fields
assigned different values of D. The three values are Dggs =
Tet/S, Dg = Tg/S, and a calibrated value of D. T is found
from the steady state flow through the medium (using the
permeameter approach described earlier), whereas Tg is
the geometric mean of the point values. Also shown in the
figure is Qi,(t) obtained through numerical flow simulation.
Comparison of the analytical (homogeneous) and the simu-
lated (heterogeneous) curves shows that heterogeneity
causes inflow to increase earlier, and that steady state is
reached later for the heterogeneous field than for the homo-
geneous field with D = T+/S. The early arrival of the hydrau-
lic response signal for the heterogeneous field is an
expression of connectivity (similar to early arrival of solute).

1.0

””” Simulated (Heterog.)
—— D=D, (Homog.)
—a#— D=T,/S (Homog.)
—<— D=T//§ (Homog.)

g | Calibration <——/—» _
Match for
Q,/Q,,=0.05 !
ol A
0.0 ——i—-néiii‘%}—re%-ﬂgvﬁ—ﬁ—q—y—y—,—.—.—,—,—,—
101 1 10
Time (t)

Figure 3 Temporal variation in relative inflow. The dotted
line is the numerically simulated relative inflow. Full lines are
analytical solutions using different diffusivities. The presented
results are for the T-field depicted in Fig. 2.



382

C. Knudby, J. Carrera

In analogy with the estimation of apparent storativity
using Jacob’s method, we focus on the arrival of the first
part of the hydraulic response signal. We therefore deter-
mine D, as the value of D in Eq. (9) which produces a 5% rel-
ative inflow rate at the same time as the actual
heterogeneous medium. The double arrow labeled ‘‘Cali-
bration’’ indicates the iterative adjustment of the curve la-
beled D = D,. For heterogeneous media the obtained value
of D, will always be greater than De¢s = Ters/S. The time at
which a match is found is in the following referred to as
the “‘drawdown arrival time’’ or the ‘‘hydraulic response
time’’, tp, see Fig. 3. tp corresponds to t, in Eq. (2). How-
ever, to clearly distinguish the drawdown arrival time, tp,
obtained from the calibration illustrated in Fig. 3 from the
drawdown arrival time, to, obtained from a classical pump-
ing test, we use different notation for the two parameters.
For generality, we normalize D, and in the following look at
DR = Da/Dc,, where DG = Tg/s.

Results

To test the relevance of apparent diffusivity as a measure of
connectivity, we computed the values of CF, CT, and Dg for
a total of 1200 fields comprised of eight series of 50 MG-
fields, 50 F-fields, and 50 C-fields. Table 1 shows that rear-
rangement method C is less consistent than rearrangement
method F when it comes to increasing the arithmetic aver-
ages of CF, CT, and Dg. In fact, rearrangement method C
causes a small, but consistent decrease in average CT for
series 1—2 (for ranges equal to 8 cell sizes), and in average
Dy for series 1—6 (for ranges equal to or less than 32 cell
sizes). Rearrangement method C causes a consistent in-
crease in average CF, whereas rearrangement method F
consistently causes a significant increase in average CF,
CT, and Dg for all series. We take this to be an indication
that, although less elegant, method F is more consistent
than method C in terms of creating a connectivity increase.

In order to investigate the relationship between the dif-
ferent measures, we analyzed the linear correlation be-
tween the logarithms of CF, CT, and Dy for the eight
series of MG-, C-, and F-fields. We analyze the correlation

Table 1

of number pairs pertaining to either MG-, C- or F-fields.
Since all fields differ only with respect to the arrangement
of T-values, we also analyzed number pairs obtained by
grouping the fields irrespective of field type. In the follow-
ing, unless otherwise stated, ‘‘correlation’’ refers to the
linear correlation between log-transformed values. Fig. 4
displays the values of CT vs. CF and Dy for series 3
(62 = 1, range=16). The first plot shows that the correlation
between CF and CT is somewhat weak (R* = 0.58) when all
fields are grouped. When looking at each of the three types
of fields (i.e. 50 fields) separately, the correlation is even
weaker (R? € [0.14;0.40]). This indicates that unless it is
used in connection with other parameters, CF cannot be ex-
pected to be particularly useful for assessing early arrival
time for this series of fields. There is stronger correlation
between CT and Dg (R* = 0.77) which suggests that Dg con-
tains more information on transport connectivity than does
CF for this particular series of 150 fields. In other words, Dg
(preferably used in conjunction with Te¢) could be a valu-
able source of information on the tendency to early arrival.
The correlation between Dg and CF (see Fig. 5) is compara-
ble to or even stronger than between Dg and CT. This indi-
cates that although Dr provides information on transport
connectivity, it is at the same time strongly related to flow
connectivity.

Table 2 lists the correlation coefficients between CT, CF,
and Dy, for the eight series. It is seen that qualitatively (i.e.
in terms of R?), there is little difference between the corre-
lation found for series 3 and the remaining seven series. The
correlation is consistently (for all eight series, for both 50
MG-, C-, and F-fields, and when grouping all 150 fields to-
gether) stronger between CT and D than between CT and
CF. This supports the conjecture that Dg contains more
information on the tendency to early arrival than CF, espe-
cially for well-connected fields. The effect of changes in
range and variance on the correlation between the connec-
tivity indicators is not clear. Differences in the range and
variance of the MG fields affect the variance of the connec-
tivity indicators, but leave the correlation between them
largely unchanged.

The above analysis of 1200 random fields realizations
document that Dg to a large degree captures connectivity

Average values of CT, CF, and Dy for eight series of original MG-fields and rearranged C- and F-fields

Mean of CF, CT, Dg Series # 1 2 3 4 5 6 7 8

Range?® 8 16 32 64

a%, 1.0 15.9 1.0 15.9 1.0 15.9 1.0 15.9
MG-fields CF 0.98 1.11 1.04 1.36 1.08 1.68 0.99 1.34
MG-fields CT 3.68 7.38 3.57 6.61 3.56 5.69 3.23 4.76
MG-fields Dr 1.81 4.17 2.50 7.38 3.13 10.4 3.1 9.35
C-fields CF 1.10 1.43 1.13 1.62 1.28 2.36 1.36 2.95
C-fields CT 2.81 6.09 3.68 9.08 4.53 10.9 4.82 11.9
C-fields Dr 1.55 2.97 1.95 4.94 2.66 9.32 3.29 14.7
F-fields CF 2.10 6.72 2.29 10.9 2.42 12.2 2.19 10.9
F-fields CT 8.85 18.4 8.76 15.7 8.45 15.0 7.66 13.2
F-fields Dr 6.10 139 7.67 307 9.52 270 9.24 148

Bold font indicates a decrease when compared to the MG-fields.

@ Range of the Gaussian variogram used to generate the 50 MG-fields.
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Figure 4 CT vs. CF and Dy for the 50 MG-fields, 50 C-fields, and 50 F-fields of series 3. Notice that the correlation is stronger for CT
vs. Dy (R*=0.77) than for CT vs. CF (R? = 0.58). The linear correlation coefficients are based on the log-transformed values.
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Figure 5 CF vs. Dy for the 50 MG-fields, 50 C-fields, and 50 F-
fields of series 3. The linear correlation coefficients are based
on the log-transformed values.

differences. This confirms previous findings that it could be
useful as a means to detect and characterize connected fea-
tures. The results also suggest that although Dy provides
information on transport connectivity, it is at the same time
strongly related to flow connectivity.

In an attempt to further analyze which factors affect Dg,
CF and CT, we compared travel times of solute, t5, and of
the drawdown signal, tp. Since Dg is computed from tp, a
comparison of tp and ts could provide further information
on the ability of Dg to account for early tracer arrival.

The comparison of tp to ts (which is the same as tp - Tg to
ts - Tg for the 1200 fields as Tg = 1) in Fig. 6 illustrates that,
for the eight series of 150 fields as a whole, the logarithm of
the tracer arrival time is approximately linearly correlated
to the logarithm of the arrival time of the drawdown signal.
The slope of the trend line is 0.999. Both the strong corre-
lation and the fact that the trend line has a slope close to
1 is in accordance with the results of Herweijer (1996b),
Paris (2002).

The definition of Dg and Eq. (2) provides the following
relationship between Dr and tp (or tp)

DR:&:TEff/Sa:Teff's r _ Cq
where ¢, is a constant given the parameter values used in
the present study. As Dy is inversely proportional to Tg - ¢p,
the strong correlation between ts and tp also exists between
Ts - ts and Dgr. Furthermore, as

(10)

121,
Terr- tave  Teff 0727 G
F.CT= - it _ 1
cF-C To - ts To - ts To-ts (n

where ¢, is constant given the parameter values used in the
present study, the observed strong correlation between t5
and tp also exists between Dr and the product of CF and
CT. This is illustrated in the second plot in Fig. 6.

In order to analyze in more detail the paths followed by
early arriving solute and by the drawdown signal, we deter-
mined the path of least resistance (i.e., the path connecting
the two permeable boundaries along which the sum of resis-
tances, the inverse of the transmissivities, is minimum) for
all fields (see Fig. 7). To this end we used a modified Dijk-
stra’s algorithm (Dijkstra, 1959; Cherkassky et al., 1996).
As one would expect, it was found that both the tracer
and the drawdown signal (the fastest advancing part of
the ‘‘line of depression’’) in general follows the path of
least resistance. Comparison of the path of least resistance
and the progression of the drawdown signal shown in Fig. 2
illustrates this.

The travel time along the path of least resistance, tp, is
approximated by the travel time along a straight path with
the same resistance. That is

LiL,
Tpdk

Lp

to=0

(12)

where Tp is the weighted harmonic mean of the transmissiv-
ities along the path of least resistance, i.e. the effective
transmissivity along that path. Lp is the length of the path.
In Fig. 8 tp is plotted against ts and tp. It is seen that tp cor-
relates reasonably well with tp and exceptionally well with
ts. Furthermore, tp seems to be a good estimator of t5 as
the trend line is nearly identical to the tp = t5 line. In a pre-
vious study (Knudby and Carrera, 2005) we confirmed that
the transmissivity corresponding to the percolation
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Table 2 Correlation coefficients (R?) between CT, CF, and D for eight series of original MG-fields and rearranged C- and F-fields

and for the three types of fields together

R? Series # 1 2 3 4 5 6 7 8 Mean
Range? 8 16 32 64
a%, 1.0 15.9 1.0 15.9 1.0 15.9 1.0 15.9
MG CF vs. CT 0.59 0.44 0.40 0.41 0.45 0.35 0.47 0.41 0.44
MG Dgr vs. CT 0.61 0.59 0.69 0.64 0.58 0.43 0.61 0.52 0.59
MG CF vs. Dg 0.74 0.70 0.71 0.74 0.80 0.87 0.85 0.91 0.79
C CFvs. CT 0.10 0.17 0.14 0.02 0.03 0.01 0.16 0.13 0.09
C Dgr vs. CT 0.23 0.38 0.28 0.10 0.10 0.05 0.28 0.15 0.20
C CF vs. Dg 0.69 0.65 0.60 0.63 0.69 0.66 0.74 0.77 0.68
B CFvs. CT 0.32 0.41 0.32 0.49 0.34 0.42 0.13 0.20 0.33
F Dg vs. CT 0.72 0.61 0.71 0.70 0.62 0.57 0.50 0.40 0.60
F CF vs. Dg 0.64 0.75 0.65 0.80 0.80 0.91 0.70 0.85 0.76
MG,C,F CF vs. CT 0.65 0.58 0.58 0.55 0.49 0.44 0.39 0.37 0.50
MG,C,F Dg vs. CT 0.85 0.79 0.77 0.66 0.63 0.50 0.59 0.46 0.66
MG,C,F CF vs. Dg 0.86 0.81 0.81 0.81 0.82 0.86 0.79 0.85 0.82
The linear correlation coefficients are based on the log-transformed values.
@ Range of the Gaussian variogram used to generate the 50 MG-fields.
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Figure 6

(1) ts vs. tp for the 1200 MG-, C-, and F-fields (8 series of 150 fields) and 7 binary fields. (2) Dg vs. CF x CT for the same

1207 fields. The 7 binary fields are presented and analyzed below. The linear correlation coefficients are based on all 1200 log-

transformed value pairs.

threshold of the indicator transformed field, the critical
path transmissivity, Tc, (e.g. Ambegaokar et al., 1971;
Hunt, 2001) was a good estimator of Tes. The result that
tp appears to be a good estimator of t5 could be considered

(1)801

Figure 7 The path of least resistance (left<right) for the
transmissivity distribution shown in Fig. 2.

an analogous result for advective transport. Both results
suggest, in broad terms, that it can be useful to focus on
the bottleneck or/and the fastest path when estimating
effective properties and early arrival.

Fig. 8 shows that tp in many cases is often significantly
larger than ts. In order to find the reason for this apparent
contradiction, and at the same time analyze other aspects
of the relationships between the parameters used in the
present study, we analyzed the seven binary fields depicted
in Fig. 9. The fields are constructed to help analyze the ef-
fect of a low-T barrier (fields F1—F3, and F4—F5), the influ-
ence of channel width (fields F1, F6, F7 — the three fields
have the same Tg and Te¢f), and what affects travel time be-
sides the path of least resistance (F1 vs. F5 and F3 vs. F4).
The results of the analysis of the binary fields, which are
presented in Table 3, illustrate some fundamental differ-
ences between flow connectivity, transport connectivity
and apparent diffusivity.
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Figure 8 Comparison of the travel time along the fastest path, tp, to both the drawdown response time, tp (left), and the tracer
travel time, ts (right). The linear correlation coefficients are based on all 1200 log-transformed value pairs.
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Figure 9 Seven binary fields, F1—F7, that help illustrate fundamental differences between apparent diffusivity, and flow and
transport connectivity. The values of flow and transport connectivity indicators and related parameters for the seven fields are

presented in Table 3.

The path of least resistance, and thus tp, is identical for
fields F3 and F4 (straight line through the center). Since the
flow through F4 is uniform, ts = tp for F4. For F3 t5 is about
half the value of tp. This may seem contradictory as Tes is
almost five times higher for F4 than for F3 (one would there-
fore expect ts in F4 to be much smaller than for F3). F1 and
F5 comprise a similar example. They also have identical
paths of least resistance, but nevertheless ts is more than
twice as large for F5 as for F1 despite the fact that F5 has
a significantly higher T.¢ than F1. In both cases, a qualita-
tive, somewhat simplified explanation is that tracer travel
velocity and thus early tracer arrival is controlled by the
width of the channel that accommodates the early arriving
tracer. A narrow channel decreases ts, whereas a wide
channel increases in ts.

F6 and F7 are constructed so that they display the same
Tets as F1. The three fields have been assigned the same
actual storativity (for the sake of the example set to
unity). As the three fields display identical Tes and S,
one would expect the interpretation of a pumping test

using Jacob’s method to yield similar estimates of the dif-
fusivity and little information on the internal geometry. In-
deed, the flow connectivity indicator CF is the same for
the three fields. However, as seen from Table 1, both CT
and Dy are significantly larger for F1 than for F6 and F7.
This illustrates that (1) even for media with identical Te¢s
and S, Dg can provide some insight with respect to differ-
ences in internal geometry, that (2) Dr and CT seem to re-
spond in a qualitatively similar way to heterogeneity that
control early arrival time, and that (3) transport connectiv-
ity seems to depend more on the narrowness of the high-T
channel than does flow connectivity.

F1, F2, and F3 are different only with respect to the size
of the gap which breaks up the high-T channel crossing them
from left to right. Table 1 shows that CF is greatly reduced
by such a gap — from 41.2 to 4.28 or 2.20 depending on the
gap size (see also Knudby et al., 2006). In contrast, CT is
only reduced by a factor smaller than 1.5. This suggests that
the presence of a low-T zone along an otherwise continuous
high-T channel affects flow connectivity more than trans-
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Table 3 Parameter values for the seven fields depicted in Fig. 9

F1 F2 F3 F4 F5 Fé6 F7

Teio 634 65.4 33.0 156 2939 634 634

Te 15.4 15.3 15.0 6494 6671 15.4 15.4

T 10,000 597.6 156.4 156.4 10,000 5028 3364

CF (Tett/Tg) 41.2 4.28 2.20 2.40 x 102 4.41x 107" 41.2 41.2

BE 2.55%x 102 2.48x 107" 4.93x 107" 1.03x 10" 5.53x 103 2.55x 102 2.55x 102
ts 1.63x 1073 1.81x 1072 4.62x 1072 1.03x 10" 2.94%x 103 3.23x10°3 4.82x103
to 8.40x 107 2.22%x10°* 9.41x 104 5.34x10~* 9.54% 107> 1.66x 1074 2.44%x 104
tp 1.63x 1073 2.72x10°2 1.03x 107" 1.03x 107" 1.63x 1073 3.23x10°3 4.82x103
CT (tave/ts) 15.8 13.8 10.6 1.00 1.88 7.87 5.27

Dr 679 259 62.9 0.256 1.40 349 236

port connectivity. The presence of the gap reduces Dy less
than CF, but more than CT. Comparison of F2 and F7 also
lends some support to the above observations on the effects
of channel discontinuities and channel narrowness. Despite
the discontinuity in the high-T channel in F2, it has a higher
CT and Dr than F7. The channel discontinuity, however,
causes CF to be significantly lower for F2 than for F7. F4
and F5 were constructed to analyze the effect of a bottle-
neck. The two fields are different only with respect to the
gap in a low-T barrier perpendicular to the flow direction.
As compared to F4, the gap in F5 causes CF to increase by
a factor 18, whereas CT increases by a factor of less than
2. Again, Dg falls in between as it increases with a factor
5.6. The behavior of CF, CT, and D show the same tendency
as for F1, F2, and F3, namely that CF is more dependent on
the continuity of the connected features than CT, and that
DR, in this respect, lies somewhere in between.

The simplicity of the above analysis of the seven binary
fields prevents firm conclusions. Nevertheless the results
consistently suggest that continuity of high-T channels is
more of a requirement for high flow connectivity than for
high transport connectivity, and that channel narrowness
affects transport connectivity more than flow connectivity.
Also, it is worth noticing that the seven binary fields ‘‘com-
ply’’ with the relationships analyzed for correlation coeffi-
cients for the Gaussian fields, see Figs. 6 and 8. This
shows that although the binary and the MG-, C- and F-fields
are structurally very different, they react similarly to differ-
ences in connectivity.

Discussion

The analysis of the correlation between arrival times
showed that log(DR) is strongly, and approximately linearly,
correlated to log(CF - CT). This explains the observation that
DR reacts to differences in connectivity in a way that is
intermediate to CF and CT. Since CF accounts for the flow
rate increase due to connected features, whereas CT ac-
counts for early arrival as compared to the average arrival
time, Dr can be seen as accounting in an integrated way
for both flow and transport connectivity. In terms of tracer
movement, Dg correlates well with the time of early tracer
arrival because it accounts both for connectivity effects
controlling the average plume movement (through CF) and
for connectivity effects not linked to the effective medium

properties that control the progression of the solute front
(through CT).

The logarithm of the tracer travel time, ts, was found to
be linearly correlated to the logarithm of the travel time of
the drawdown signal, tp. The trend line was found to have a
slope of 1. This is in accordance with results of Paris (2002),
Herweijer (1996a,b). The similar travel time comparison of
Herweijer (1996a) was based on three-dimensional conver-
gent flow and conductivity distributions representing a sim-
ple facies model and Gaussian and nested Gaussian random
fields realizations. Paris (2002) presents a similar analysis
for three-dimensional convergent flow to a central well in
a cylinder shaped fracture system. In other words, the sys-
tems analyzed by Herweijer (1996a), Paris (2002) and the
type of fields analyzed in the present study are different
both in terms of dimensionality, flow domain and the type
of geological medium they represent. The fact that the
strong correlation is observed in all cases therefore suggests
that such strong correlation between early tracer arrival
and early drawdown response can be assumed for most
types of hydrogeologic systems. Herweijer (1996a) analyzed
the correlation between the tracer travel time and tp using
different fractions of the total amount of tracer (5%, 15%,
50%, and 75% — we use 5%) when determining the break-
through time. Both the correlation coefficient and the slope
of the approximately linear log—log relationship was found
to decrease with increasing tracer fraction. In advection
dominated systems, increased dispersion can be expected
to have limited effect on ts. However, dependent on the de-
gree of connectivity, it can be expected to cause increased
tailing and thus an increase in tave and CT (e.g. Zinn and
Harvey, 2003; Zheng and Gorelick, 2003). Paris (2002) found
that matrix diffusion has very little effect on the correlation
between Dr and CT. Sanchez-Vila and Carrera (2004) found
that dispersion and matrix diffusion can lead to break-
through curves which can be difficult to distinguish. It is
therefore reasonable to expect good correlation between
CT and Dj also in the presence of dispersion. In other words,
the strong correlation between the two types of response
times cannot only be assumed for most types of hydrogeo-
logic systems, but also in the presence of matrix diffusion
and small scale dispersion and, within limits, also indepen-
dently of the exact definition of what constitutes an early
breakthrough. This again supports the conjecture that Dy
could potentially be useful for predicting early tracer arrival
in most hydrogeologic systems.
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Although the correlation between hydraulic response
and tracer arrival times was found to be strong it does
not allow for actual inference of solute travel time. The
drawdown response is affected by the actual storativity,
whereas solute arrival is controlled by the effective poros-
ity. The two types of arrival times can therefore not be ex-
pected to correspond. We conjecture that it might be
possible to remedy this by first determining a relevant
relationship between tracer arrival times and drawdown
signal arrival times over shorter distances and, subse-
quently, using such a relationship combined with a pump-
ing test over larger distances to estimate solute arrival
times for larger distances.

The objective of the present study is to analyze the rel-
evance of D,, and therefore S,, as indicators of connectiv-
ity. We have based the above analysis on Dg (Dr = D,/ (Tg/
S)). Since both D, and T.¢/S, are inversely proportional to
to, the information contents in D, is identical to that in
Tets/Sa. However, this does not entail that S, (when esti-
mated using Jacob’s method) correlates as well with CT or
CF-CT as does D,. This is so because Tefs (actually Tess/
Ts) contains information on connectivity independently of
Sa and D,. We found poor correlation between S, = Tet:/D,
and CT and also between S, = Tes/D, and CF - CT. In other
words, D, is useful for describing the combined effects of
flow and transport connectivity, whereas S, (when esti-
mated using Jacob’s method) is less useful for this purpose
as it already carries connectivity information through Tess.
We therefore suggest using D, instead of S,.

Conclusions

Several previous studies have found that the storativity esti-
mated from interpretation of pumping tests using Jacob’s
method contain information on the degree of hydraulic
interconnectedness between the pumping and the observa-
tion well rather than represent actual storativity. As a con-
sequence, both the apparent storativity, S,, and the related
dimensionless apparent hydraulic diffusivity, Dg (Dr =D,/
(Ts/S)) could potentially be valuable as indicators of con-
nectivity. However, only visual (and thus undefined) notions
of connectivity have been so far been used to study the rela-
tionship between apparent diffusivity and connectivity. The
objective of the present paper is to use defined and quanti-
fiable measures of connectivity to test the relevance of
using S, and D, as indicators of connectivity. In addition
we investigate how S, and D, are related to two indicators
of flow and transport connectivity (CF and CT) analyzed in
(Knudby and Carrera, 2005).

For the eight series of 150 fields displaying varying de-
grees of connectivity used in the present study, D increases
with increased connectivity. In accordance with the findings
of previous studies we therefore conclude that the apparent
hydraulic diffusivity contains significant information on con-
nectivity and that it is relevant to use it as an indicator of
connectivity.

An indicator of transport connectivity, CT (tave/ts), was
shown to correlate better with Dg than with an indicator of
flow connectivity CF (Tefs/ Tg). At the same time, the corre-
lation between Dg and CT was found to be weaker than the
correlation between Dr and CF. This indicates that although

Dr provides more information on transport connectivity
than does the flow connectivity indicator CF, it is at the
same time strongly related to the channeling of flow. In
other words, Dg could be a valuable source of information
on the tendency to early arrival. When tracer tests provide
early arrival time information for short distances, the use of
Dg estimated from pumping tests covering larger distances
could be useful for estimating travel times over larger
distances.

The logarithm of Dz was found to be strongly, and
approximately linearly, correlated to the logarithm of the
product of CF and CT. This explains the observation that
Dr reacts to differences in connectivity in a way which is
intermediate to CF and CT. In terms of tracer movement,
Dg correlates well with the time of early tracer arrival be-
cause it accounts both for connectivity effects controlling
the average plume movement (through CF) and for connec-
tivity effects not linked to the effective medium properties
that control the progression of the solute front (through
CT).

An analysis of seven idealized binary fields suggested that
flow connectivity hinges more on the continuity of the fast
paths, whereas transport connectivity seems to be more
dependent on the width of the connected features forming,
possibly discontinuous, fast paths. The analysis of the seven
fields supported the conjecture that Dr does indeed contain
information on connectivity and indicated that D depends
on fast path continuity and channel width in an intermedi-
ate manner as compared to CF and CT.

For hydrologic systems qualitatively quite different from
the ones studied in the present paper, Herweijer (1996a,b),
Paris (2002) found very good correlation between the times
of the hydraulic response and of early tracer arrival. In
accordance with these results, we consistently found strong
correlation between the two types of arrival times. To-
gether the results suggest that such strong correlation be-
tween early tracer arrival and drawdown response can be
assumed for most types of hydrogeologic systems.

In order to analyze in more detail the path followed by
the two types of signals, the path of least resistance was
determined and compared to the paths followed by the fast-
est packages of tracer and the fastest part of the ‘‘line of
depression’’. The travel time corresponding to the path of
least resistance, tp, was found to correlate well with both
the arrival time of 5% of the tracer, ts, and the arrival time
of the ‘‘line of depression’’, tp. Strong correlation and
approximate correspondence between the values of tp and
ts suggests that tp could be useful for estimating early arri-
val time.
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