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Abstract
Some of the basic assumptions of the Advection-Dispersion model, AD-model, are
revisited. That model assumes a continuous mixing along the flowpath similar to
Fickian diffusion. This implies that there is a constant dispersion length irrespective of
observation distance. This is contrary to most field observations. The properties of an
alternative model based on the assumption that individual water packages can retain
their identity over long distances are investigated. The latter model is called the Multi-
Channel model, MChM. Inherent in the latter model is that if the waters in the different
pathways are collected and mixed, the "dispersion length" is proportional to observation
distance.

Using diffusion theory it is investigated over which distances or contact times, adjacent
water packages will keep their identity. It is found that for a contact time of 10 hours,
two streams, each wider than 6 mm, that flow side by side, will not have lost their
identity. For 1000 hours contact time the minimum width is 6 cm.

The MChM and AD-models were found to have very similar Residence Time Distri-
butions, RTD, for Peclet numbers larger than 3. A generalised relation between flowrate
and residence time is developed, including the so-called cubic law and constant aperture
assumptions. Using the generalised relation, surprisingly it is found that for a system
that has the same average flow volume and average flowrate the form of the RTD
curves are the same irrespective of the form of the relation.

Both models are also compared for a system where there is strong interaction of the
solute with the rock matrix. In this case it is assumed that the solute can diffuse into
and out of the fracture walls and also to sorb on the micro-fractures of the matrix. The
so-called Flow Wetted Surface, FWS, between the flowing water in the fracture and the
rock is a key entity in such systems. It is found that the AD-model predicts much later
arrivals and lower concentrations than does the MCh-model for strongly sorbing
solutes.

The conditions are explored for when in-filling particles in the fracture will not be
equilibrated but will act as if there was seemingly a much larger FWS. It is found that
for strongly sorbing tracers, relatively small particles can act in this way for systems and
conditions that are typical of many tracer tests.

Conditions for when uptake into stagnant zones of water in the fracture itself could be
important are also explored. It is found that this mechanism can be quite important in
fractures with large apertures.
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The assumption that the tracer residence time found by cautiously injecting a small
stream of traced water represents the residence time in the whole fracture is explored. It
is found that the traced stream can potentially sample a much larger fraction of the
fracture than the ratio between the traced flowrate and the total pumped flowrate. In
some recent field experiments the visually observed fracture apertures indicate that this
may well be the case and possibly a more than two times larger fraction of the fracture
is sampled than the flow rate ratio would indicate. This of course has an impact on the
Flow Wetted Surface the traced stream contacts.

The MCh-model was used to simulate some recent tracer tests in what has been pro-
posed to be a "single" fracture at the ASPO Hard rock laboratory in Sweden. Non-
sorbing tracers, HTO and Uranin were used to determine the mean residence time and
its variance. Laboratory data on diffusion and sorption properties were used to "predict"
the RTD of the sorbing tracers. It was found that if all the flow occurs in a single frac-
ture, diffusion into stagnant zones of water in the fracture could be 10 to 300 times
larger than the uptake into the rock matrix in these experiments. This was also found to
give good agreement with the experiments for the non-sorbing and weakly sorbing
tracers. For the strongly sorbing tracers it was necessary to invoke a 2-6 times stronger
interaction with the material in the stagnant zones than expected. Some reasons for such
behaviour are explored.

The transmissivity variance found from the five bore-holes intersecting the fracture
where the tracer experiments were made were used to determine the exponent in the
generalised relation between aperture and flowrate. The equivalent to the exponent 3 in
the cubic law was found to be 1.3-1.6.

It is found that if all the flow takes place in a single fracture its aperture would have to
be nearly 3 mm, averaged over the whole feature A. This casts considerable doubt on
the assumption that the pumped flow has been collected from a 2-dimensional feature.

1 Introduction
It has been increasingly recognised that dispersion is not always Fickian. Compilations
of dispersion data show that over a very large range of observation distances, the
dispersion length increases with distance. /Lallemand-Barres and Peaudecerf, 1978;
Matheron and Marsily, 1980; Neretnieks I, 1981; 1983; 1993; Gelhar et al., 1985/.

It is, however, common practice to use the Advection-Dispersion (AD) equation, with a
constant dispersion length, to analyse, simulate, and predict tracer transport in the
geosphere. For a given distance the Advection-Dispersion, the Channeling, the Channel
Network and probably several other models can be made to adequately describe a tracer
breakthrough curve. In the AD-model a constant dispersion length is then typically
used. This has some strange consequences. Assume that a dispersion length a is chosen
when simulating the tracer breakthrough curve at distance L along the flowpath. The
commonly used analytical solutions have been obtained based on the assumption that a
is constant all along the path. With the same solution the tracer breakthrough curve also
at, say a distance L/10 along the flow path could be predicted. This, however, is in
violation of the observations that at distance L/10 the dispersion length is a/10. A
different breakthrough curve, would then be predicted if a/10 was to be used to make
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predictions for the distance L/10. It may thus be concluded that the common analytical
solution(s) based on a constant a cannot give a correct representation of the transport
along all the flowpath.

Consider an alternative approach. Assume that a increases with distance from the point
where the tracer is injected. This is readily incorporated in numerical schemes that solve
the Advection-Dispersion equation. Some difficulties arise, however. To begin with the
a-value(s) to use cannot be taken from the literature because these were evaluated using
the equations which are based on a being independent of distance. This is probably a
minor problem because data can be re-evaluated or a relation can probably be found by
which the old a's can be transformed into the new, distance dependent, a's.

Using simulations with the distance dependent a's for reacting tracers gives strange
effects. Consider a case where a solute that enters at point A reacts with the solute
which enters at point B, somewhere downstream. Should different a's be used for the
two solutes in the same point because solute 1 has travelled the distance L1 and solute 2
has travelled L2? What value of a should the reaction product have in a point along the
flowpath? Another difficulty which has been encountered is when a solute flows
through a porous medium, reacts with a stationary component to form a product P,
which then is transported onward. Not only is it indeterminate what a to choose for P,
and how to vary a along the path, but also if P should be allowed to move "upstream"by
Fickian dispersion/diffusion. For a constant a, if there is no P at the "inlet" to the flow-
path and the Peclet number L/a is small, which means that dispersive transport is
important compared to advective transport, P would disperse upstream. This is mostly
not the case.

The problems seem to become more pronounced when multiple solute transport and
reactions are involved. Then it is very unclear what assumptions are reasonable
regarding a. All programs (codes), known to the author, which couple transport and
chemical reaction inherently use the assumptions that a is constant, independent of
distance although some codes can mimic a time or distance dependent a.

The AD model must be used with caution and afterthought, if at all. Alternative models
which challenge the basic assumptions of the AD model and which satisfactorily handle
the above issues must be developed.

There are known geometrical structures that have the property that the residence time
distribution will give a dispersion length that increases with distance observation
distance. Systems with independent pathways /Neretnieks I, 1981; 1983/ have been used
to model the transport of non-reactive and reactive solutes. Systems with self-similar
structures have also been shown to have the desired property, /Schweich, 1993/. They
have so far been sparingly studied for flow and transport in fractured media but there
are observations that fractures have self- similar properties /Turcotte, 1997/.

2 Channelling model
In the channelling model that is presented below it is assumed that flowpaths keep their
identity along all the flow path. They mix only when collected together in e.g. a well.
Some properties of the model have been explored previously /Neretnieks I, 1983;
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Chesnut, 1994/. The model has also been used to analyse laboratory /Neretnieks et al.,
1982; Moreno et al., 1985/ as well as field experiments /Abelin et al., 1991a; 1991b;
Chesnut, 1994/.

For this type of channelling model to be reasonably applicable the mixing by diffusion
between two adjacent channels should be small. Diffusional mixing can be estimated to
barely mix two channels if their widths are larger than 2.2(Dwt)"5, where Du. is the
diffusivity in water and t is the contact time /Carslaw and Jaeger, 1959/. For a contact
time of 10 (1000) hours, channels larger than 6 (60) mm will essentially retain their
identity. In many field experiments it can be expected that this condition is fulfilled.

In a system with a multitude of independent channels with a flowrate distribution f(q)
where each channel will have an effluent concentration that varies in time c(q,t), the
effluent concentration from the system when waters from all channels are mixed is

— = - Jf[q]c[q,t]qdq

In the application of the model in this paper a log-normal distribution is used for f [q]
and a previously developed model for flow in a single channel where the solute is
subject to matrix diffusion and diffusion into stagnant zones of water is used for c[q,t]
/Neretnieks I, 1980/. The solute can also sorb in the matrix and in in-fill in the channels
as well as in the stagnant zones /Neretnieks I, 1980; Neretnieks and Rasmuson, 1984/.
For a Heaviside pulse input it is

MG e

G2

G = \(Wzep^R + SzeswAlDswRsJdz (3)

G accounts for matrix diffusion and sorption in the matrix over the Flow Wetted Sur-
face LW (first term) and diffusion and sorption in the stagnant zones adjacent to the
flowing channel (second term). The R's are the retardation factors in the matrix and the
in-fill in the flowing channel (a) and in the in-fill in the stagnant zones (SW). It will be
found that the latter effect can dominate over the matrix diffusion.

There remains to define a relation between the flowrate in a channel and the velocity or
residence time in order to use the model. In this paper a generalised model is used, that
includes the so-called cubic law as one special case but also the cases of constant chan-
nel aperture and channels with in-fill that determine the pressure drop. For a log-normal
flowrate distribution and with q=k8" the relation between residence time and flowrate in
a channel is n is 3 for the cubic law, n=0 for constant aperture channels and n->* for a
channel in-filled with small particles. Surprisingly, for a system with a given mean
residence time and variance in residence time (first and second moments equal), the
residence time distribution in the system was found to be independent of n.
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(4)

Equations (l)-(4) define the MCh-model as it was used to interpret some recent field
experiments.

3 Field experiments and interpretation
These tests were performed in deep lying rocks. A wealth of background information
and results from supporting laboratory investigations is available. The tests are
described in detail in /Winberg et al., 2000/. Laboratory and other background data are
reported in /Byegard et al., 1998/.

The tests were performed in a well-characterised fracture in the Aspo hard rock labora-
tory. The fracture, feature A, is located more than ten meters from a drift at about 400 m
below the ground. Five boreholes intersect feature A. Cores were investigated and the
holes were inspected using a high-resolution bore hole camera. The feature consists of
one or a few open fractures. The open parts of the fracture probably contained some in-
fill but this has been washed away during drilling. The visible aperture is less than one
mm.

The boreholes were used to characterise the feature hydraulically and for injecting
tracers and for recovering them by pumping in one hole. Converging and dipole tests
were made. The converging tests had full recovery of the non-sorbing tracers.

In the tests a mixture of non-sorbing and sorbing tracers was injected during 4 hours in
a packed off section. Water passing this section carried the tracer into the fracture. The
collection took place in another borehole about 5 m distant where the pumping rate was
24 litres per hour. This ensured essentially a converging flow field. After the injection
the injection section was cleaned of tracer by exchanging the water. However, there
were still tracers in and adjacent to the injection section. The remaining tracers were
also slowly entering into the flow field by the water passing the injection section. The
concentration in the injection section was monitored. The total mass of injected tracer is
determined by assuming that the injection flowrate is constant over time and that the
total mass injected is the integral of the product of the concentration in the injection
section and the average injection flowrate. The injection flowrate was about 0.2% of the
pumping flowrate. Non-sorbing (HTO and Uranin), weakly sorbing (Ca, Na and Sr) as
well as strongly sorbing tracers (Ba, Cs and Rb) were used.

The non-sorbing tracer breakthrough curves were used to assess the water residence
time and variance. These were found to be 8 hours and to have a variance corresponding
to a Peclet number of 3. The flow aperture was found to be about 3 mm. These values
were used for all other tracers. Laboratory data on matrix diffusion and sorption pro-
perties were used in predictive simulations of the sorbing tracers. These simulations
consistently showed a much to low tracer interaction along the flowpath than the
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experimental results. If only matrix diffusion and sorption are assumed to be the
dominating mechanisms for solute interaction, a FWS 30-40 times larger or a porosity,
sorption coefficient or pore diffusivity 1000 times larger than thought would be needed
to obtain agreement between field and simulated Break Through Curves (BTC). Very
similar results are obtained when the AD-model is used instead of the MCh-model.

If account is also taken of diffusion into stagnant zones adjacent to the flowpaths, the
non-sorbing tracer results agree fairly well when diffusion into one or two pathways in
contact with stagnant water are invoked. Then there is no need to invoke any increase in
the transport parameters for matrix diffusion.

For the sorbing tracers diffusion into the stagnant zones must be accompanied by
sorption onto in-fill there to account for the observed effects. Even so, more than one
flowing pathway in contact with stagnant zones must be invoked. Typically 1-2
pathways are needed for the non-sorbing, 2-4 for the weakly sorbing and 4-6 for the
strongly sorbing if an in-fill porosity of 0.5 is assumed. This is shown in Figures 3b-42-
3b-45.

Several other reasons that might cause large interaction along the flowpath were also
investigated. One is the rate of sorption in in-fill particles in the flowpath. For highly
sorbing solutes even small particles may not have equilibrated over typical times, days
to weeks, used in laboratory measurements. An analysis of the laboratory sorption data
/Byegard et al., 1998/ showed that even the smallest particles used in the sorption
experiments would not have had time to equilibrate to more than about 1/3 for the
strongly sorbing tracer Cs. However, such an underestimate is far from sufficient to
explain the discrepancy of about a factor 1000.

Another possible reason for underestimating the interaction is caused by the injection
procedure. The very small injected flowrate, about 0.2% of the total flowrate, would
ideally be in contact with the same proportion of the total surface of the flowpath that
the pumping flowrate contacts. However, because the width of the injection flowrate is
about the same as the diameter of the injection borehole, the injection stream will spread
out to at least twice the width, probably much more. This would have two effects.

BTC for multiple channel system HTO BTC for multiple channel system HTO

0 1
time since injection

-1 p 1
lime since injection 10log(h)

Figures 3b-42 and 3b-43. HTO. Input curve (grey) and BTC. Flowrate of tracer Log Bq/h versus log
time. Experiments "+ ". Black lines, simulated curves. Only Matrix Diffusion, left Figure 3b-42. Also
diffusion into stagnant zones with 2 pathways, right Figure 3b-43.
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BTC for multiple channel system Na BTC for multiple channel system Cs

p 1
time since injection 10log(h)

0 1 2
time since injection 10log(h)

Figures 3b-44 and 3b-45. Input curve (grey) and BTC. Flowrate of tracer Log Bq/ h versus log time.
Experiments +. Fitted curves, black lines. Left figure Na with 2 and 4 pathways. Right figure Cs with 2
and 6 pathways, lower curve.

The stream would be in contact with a larger FWS and would thus have a proportionally
larger interaction with the matrix than what the basic model assumes. It is not con-
ceivable that this effect would be as large as the needed increase of 30-40 in the FWS
needed.

The other effect is that a larger number of separated pathways could form in the hetero-
geneous fracture. This would give the desired multiple paths needed for a larger contact
with stagnant water zones.

4 Discussion and conclusions
Waters even in rather narrow channels can keep their identity over long distances and
travel times. This implies that there may be little mixing along the pathways. This is
contrary to the basic assumptions underlying the AD-model.

The simple concept of the MCh-model, has been used to study the impact of some
processes that affect the residence time distribution of tracers. Surprisingly it was found
the relation between the flowrate and the residence time in the channels did not affect
the overall form of the RTD. This was found to apply for non-interacting as well as for
strongly sorbing tracers.

Diffusion into the stagnant water zones with fault gouge in the fracture can contribute
considerably to the diffusional withdrawal of tracer from the flowing water. This
mechanism is identical from the mathematical point of view to the uptake into the rock
matrix. In fractures with large apertures it can totally dominate over the matrix uptake.
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The above mentioned effects were found to be noticeable and even prominent in a set of
field experiments that were analysed. The flowpaths were then assumed to all be in a
single fracture. The BTC's could not be interpreted using only matrix diffusion as the
interacting mechanism. Uptake into the stagnant zones totally dominated the solute
behaviour. This effect could well account for the behaviour of the non-sorbing and
weakly sorbing tracers. For the strongly sorbing tracers it had the same effect as if they
had access to two to six times as many pathways as the non-sorbing.

Such behaviour is expected if there were several pathways that the traced water follows.
If the pathways are close to each other, non-sorbing tracers could mix by diffusion
between the pathways, whereas sorbing tracers could be retarded in their sideways
diffusion in the in-fill. The sorbing tracer pathways would then keep their identity.

The value of the exponent n in the generalised relation q=k8" was estimated from data
on the measured transmissivities assuming that the flowrate distribution follows that of
the transmissivity distribution. The transmissivities in five boreholes were evaluated
using different techniques. The exponent n was found to be 1.3-1.6. For the cubic law
case it would be 3.

The present analysis gives some circumstantial evidence that stagnant zones may play
an important role. However, there is a definite need to actually find field evidence that
multiple paths form as well as evidence for the presence of sorbing in-fill in the stagnant
zones.

It is found that if all the flow takes place in a single fracture its aperture would have to
be nearly 3 mm, averaged over the whole feature A. Such large fracture apertures
extending over large areas, more than 70 m2, are not known to exist. This casts con-
siderable doubt on the assumption that the pumped flow has been collected from a 2-
dimensional feature. As there is evidence that there is a multitude of fractures in the
region and that these are connected in 3-dimensional space alternative interpretations
should be attempted.

A simple scoping calculation shows that if the flow takes place in a 3-dimensional
network of channels instead of being limited to a single fracture, a fracture spacing of
about 1 m is sufficient to supply sufficient FWS for tracer uptake into the rock matrix to
agree with the experimental break through curves. Then no uptake into stagnant zones
or other diffusion enhancement is needed to predict the observed break through curves.
A much more reasonable fracture aperture of about 0.1 mm is also obtained for this
case.

Notations
c Concentration
co Concentration at inlet
Dp Pore diffusion coefficient
Dw Diffusion coefficient in water
G Materials and flow path property group (Equation 3)
L Length of flowpath
M Tracer mass injected
N Exponent in generalised flowrate-aperture: relation q=k8n
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Flowrate
Retardation coefficient for rock matrix
Retardation coefficient for in-fill in flowpath
Retardation coefficient for in-fill in stagnant zone
Time
Residence time of water in flowpath
Flowpath volume
Width of flowpath
Distance along flowpath
Dispersion length
channel aperture
Porosity of rock matrix
Porosity in stagnant zones
Log mean flowrate
Standard deviation of log flowrates
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