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Abstract. This paper describes several small-scale (lab-al., 1993; Kass, 1998; Hill and Tiedman, 2007), radioactive
oratory) experiments designed to simulate solute transponvaste disposal (e.g. Gylling et al., 1998). The simplifica-
through fractured formations. A block of granite was bro- tions that have been introduced give rise to inaccuracies that
ken to produce a fracture similar to those found in naturalare not usually taken into account.

environments. Seven holes were drilled in the block to in-

tersect the fracture. Later these holes functioned as either FlUid flow in fractured media has been analysed using ei-
inlet or outlet points. All the possible combinations of pairs ther @ porous media equivalent or a parallel plate model. The

of inlet-outlet points were used to set up the tracer tests tha/S€ 0f one or other approach depends on the scale of the prob-
provided the data analysed in this paper. lem, which in turn dictates whetherepresentative elemen-

The results indicate that reverse tracer tests do not neced@’y volumeor REV can be defined (e.g. Bear et al., 1993).

sarily provide symmetric results. Under some circumstances] N€ Porous media equivalent is tackled by means of a gen-

the non-reversibility might be used to detect differences inralized Darcy’s law (e.g. Bear and Verruijt, 1987). The dis-

the morphology of the fracture. The results also indicate that-"ét€ case normally implies the use of the so-called cubic law
it is possible to estimate reasonably well the volume avail-that resulted, in particular, from the works of Snow (1969)

able for the circulation of the fluid by using transport models and Lou?s' (1974).  Other stu.dies introduced Some tning
that neglect diffusion. of the original formulas (a review can be found in Lee and

Farmer, 1993; Cook, 2003). However the flow of fluids in
fractured media follows a channelled pattern and current un-
derstanding of the process and related phenomena is still
fraught with difficulties. Montazer (1987) and Rasmussen
and Evans (1987) describe laboratory and field methods used

It is important to study solute transport in fractured forma- turated fractured rock and th bl tered
tions because the fractures can create conduits which beconi Unsaturated iractured rock-and the probiems encountered.

fast flow paths for the circulation of fluids and/or dissolved An exan:]prl]e ofba major(;agpgrlmepbt v&/herg rﬁ.channeil nggl
species. Fractured formations represent a large portion of th pproach has been used is described in Gylling et al. ( )-

solid Earth. For instance, in Portugal, they cover about two comprehensive review of the state of the art in this field of
thirds of the surface of the country. Even those formationsknOWIedge Is "Rock Fractures and Fluid Flow — Contempo-

that are considered porous media are affected by faulting, an(tfm; Under?tanéjingtang_Apﬁlic;itions" (’\(ljRC’ 199fi)-dTh§ im-
the distribution of flow is far from uniform. Applications for por gn(;]g %I'uﬂt edr§ a?h mt? ractures ?Ph' assoElaT?] phenom-
accurate tests can be found, for instance, in the following arenals highlighted in the beginning ot tis work. Three Spe-

. il fi ific questions are addressed there: (1) “How can fractures
eas: oil fields (e.g. Zemel, 1995), hydrogeology (e.g. Bear ef!"'¢ question: ; . . X
(eg ) hydrog gy (¢.9 that are significant hydraulic conductors or barriers be identi-

fied, located and characterized”, (2) “How do flow and trans-

Correspondence td\. E. V. Rodrigues  port occur in fracture systems?” and (3) “How can changes
BY

(nelsonr@ci.uc.pt) in fracture systems be predicted and controlled?”. This paper

1 Introduction
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Fig. 1. Set-up of the laboratory experiments (adapted from Cruz,
2000).

Fig. 2. Granite block and detail of the sealed fracture.

fits into the context of the second question, focusing on solute
transport. The propagation rate (Rodrigues, 1994) of solute
transport is a fast process (e.g. Novakowski et al., 2004). The block was split longitudinally in order to create an ar-

Current modelling of solute transport in fractured media tificial fracture (Figs. 1 and 2) that was later used as the flow
is a two-step procedure: (1) resolution of the flow problem, path of the water. The sides of the fracture were sealed with
and (2) resolution of the transport problem (e.g. Bear anc® silicone sealant, to guarantee that all the water circulated
Verruijt, 1987; Hill and Tiedman, 2007). The flow problem inside the block and to prevent possible leaks.
supplies medium flow velocity values for the transport prob-  Tap water was used in the tests and some of its character-
lem. Analytical and numerical solutions exist for a number of istics are given in Table 1.
cases (recent attempts can be found, for instance, in Chen et The block of granite used in the laboratory tests measured
al., 2007; Novakowski and Bogan, 1999; Carlier et al., 2006;approximately 1 nx1 mx0.60m. The artificial horizontal
Coronado and Rairez-Sabag, 2005). These methods canfracture was intersected by seven vertical holes, 0.025m in
lead to wrong estimates because the distribution of velocitiesliameter (Figs. 1 and 2).
can create flow paths very different from those foreseen by During each test a constant flow of water was injected in
the modelling (Rodrigues, 1994). one of the holes and extracted from another, while all the oth-

The initial aim of this work was the evaluation of proce- ers were kept shut. An injection-extraction pair of wells was
dures for the calculation of the volume available for the cir- simulated in each case. The measured volume corresponding
culation of the fluids in fractured media. However the exper-to two holes plus the fracture was 2.6 litres.
iments raised difficulties like the non-uniqueness of answers At the beginning of each test, small amounts of soluble
for similar flow conditions, and so some of the questions andchemicals were injected into the water (pulse injection) and
proposed explanations are shared in this paper. from that moment on (initial timefp) the variation of the

In the laboratory, an artificial fracture in a granite block concentration of the solute in the outlet hole was registered.
was intersected by several holes. Several tracer tests were The tests were organized in two groups: (i) using the com-
then conducted. The tests intended to: (i) analyse the adbinations of five holes (A, B, C, D, and E, respectively, centre
vection and dispersion of solutes in fractured media and (ii)and vertices of a square) and (ii) a dipole with two holes (des-
assess the importance of the velocity field in the diSperSiOﬂgnated “X” and “Y"). With this framework it was possible
of solutes in fractured media. to plan 22 (twenty-two) different configurations (A (in) to B
(out), Bto A, ..., Eto D, X to Y and Y to X). As three
chemical solutes were used in the tracer tests (sodium chlo-
ride, sulphorhodamine and uranine), a total of 66 (sixty-six)

One granite block was used for the laboratory tests. Thetrace_r'tests were carried out. Table 2 summarizes the general
block came from a quarry which is located about 100 km conditions of the tests.
north-east of Coimbra (Portugal). The quarry site is domi- On average each test lasted one hour._ It.was_ obse_rved that
nated by late Hercynian granite (Geological Map of Portugal,mOSt of injected tracer left the system within thl_rty minutes.
Sheet 17-C, scale 1:50000). This rock is porphyritic granite,The tempergture of the water and the pH remained constant
grey with no preferential orientation of the feldspathic phe- for the duration of the tests (around°t8and pH of 6.8).
nocrysts. This is a light-coloured rock with 10-15% mafic ~ 1he concentration of sodium chloride (NaCl) was not mea-
minerals. sured directly. Instead the conductivity of the water was
measured with a digital conductivity meter. The device used
was able to store 200 readings that were later transferred to a
flow-sheet for data processing.

2 Experimental procedure and set-up
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Table 1. Characteristics of the water used in the experiments (SMASC, 2001).

Temperature  Conductivity pH Cl SO NHg4
(°C) (Senrl) () (mgLh) (mgL™h) (mgLh)
18 107 7.0 12.5 10.9 0.032
NO3 NO» HCO3 Na Ca K Fe Zn
(mgL™h)  (mgL™h) (mgLh) (mgL™h) (mgLh) (mgL™h) (uglh) (ugL™h)
3.8 0.003 27.6 10.3 7.9 1.3 70 140

Table 2. General conditions of the tracer tests.

Tracer Concentration(g/L) Amountinjected (ml) Mean flow rate (L/s)
Sodium chloride 250 10 0.0167
Sulphorhodamine 0.0001 10 0.0167
Uranine 0.0001 10 0.0167

The concentrations of sulphorhodamine and uranine T
(sodium fluorescein) were measured with a portable fluo-[elzala < 2s=s] & =reE L = w
rimeter. This device recorded the measurements on a disl
and they were later transferred to a computer. The software  Zeneenration [1056 mo/i]
converts the measured fluorescence values into concentre |

tion values. The system was able to record two simultaneous
tracer tests.

@roomee ]

Tracet | Setings |

Tracer

Granite - Datp Tracer: Nac
— | Best-fit i
Project: [Granite - Data
Input mass:  [4.00omg
Background: [0 000mo

Units:

500

M h | Time: m
3 et Odo Ogy cﬂncemrminn:lm
Length: m
The tests involved the continuous injection of water through | N rra—
the fractured block of granite. The flow rate and the temper- ¢ § ; B 2 s o
ature were kept constant during each tracer test. miRlilbEeel L] e |

hodel type 10: 1-D Fissured aquifer, SFOM

It is useful to recall the notion of characteristic timg(s),
the time necessary for some transport phenomena to propa-
gate a certain distande(m), which applies to diffusion type Fig. 3 Example of a tracer test (X to Y) and the best fit curve from
equations with the parameters adapted to each case (e.g. RE€1%>:
drigues, 1994):

2
= £ (1) By recording the concentration of the solutes (in the cases

4D of uranine and sulphorhodamine) or the conductivity of the
where D (m?/s) is the diffusivity coefficient of the specific Water (in the case of sodium chloride) it was possible to cal-
phenomena. culate the moments of the tracer test curves or the parameters

The rock matrix is, for practical purposes, impermeable in ©f the “Single Fissure Dispersion Model” (SFDM) developed
relation to fluid flow, taking into account the presence of aby Maloszewski and implemented in the software Traci95
rather more permeable joint. For the tracer tests the diffusiv{K@ass, 1998). Figure 3 below shows the screen output of one
ity coefficient is a diffusivity of momentum and consequently of the interpreted results obtained with this software.

te

it is given byvL* (whereV is the fluid flow velocity (m/s) A summary of the results is given in the next section. The
andL* is a characteristic length). In this case the charactertheoretical interpretation of the transport of the chemical so-
istic time is of the order of a couple of minutes. lutes, which is given by the advection-dispersion equation, is
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outlined in Appendix A. Further details are available in the with At;=t;—t;_1 andr=beginning of the test ang=time
literature (e.g., lss, 1998; Bear and Verruijt, 1987; Leven- at the end of the test.
spiel, 1972; Cook, 2003). n
In this study two different approaches have been used to o« Yt Coult)) At
estimate system parameters. One is probabilistic and it ig _ 1 () dr = j=1 @)
based on the characterisation of the probability density func- i C,(t) At
tions of the residence times (e.g. Levenspiel, 1972). The sec- PR
ond approach is deterministic. First a geometric model of the _. i
system is assumed. Then the flow problem followed by theVhere. is the mean time and
transport problem are solved (e.g. Bear and Verruijt, 1987). Vi=0Qf )
The residence time distribution functiofi(t)dt, (Leven-
spiel, 1972) represents the probability that a particle pickeds the “volume of fluid circulation”.
at random has a time of residence inside the system between Dispersion parameters were not calculated using this ap-

t andz+dt. This can be expressed as: proach because they would be moments of order two of the
cw) 0 density function (variance or standard deviation) and they
fdt = ————dt = =C(t)dt 2 would not have an obvious physical meaning (i.e. they would
[ca)dr not be directly related to physical characteristics of the flow).
0 Assuming a deterministic model, the data were processed

with the software “Traci95” (Kss, 1998). It implements the

where f(¢) is the density function of the residence time g ) K ; _
(s 1); C(r) is the mass concentration measured at the exitSFD'v| model (Single Fissure Dispersion Model simula-

Kka/nB): ts the fl t is th ti.or_llof thet.rans.poq through afracturgd syste_m with the pos-
f)fqtiac;’r %}jreece[reeds“eirq;[anteancév(;/&:l;’Ezdl‘:é)andM 'S the mass sibility of diffusion into the solid matrix). This model was

Recalling that in the tests with sodium chloride the electri- developed by Maloszewski @6s, 1998). In the software the

cal conductivity was measured instead of the concentratioriumt?onf () assumes the r_ol_e ofa normalized concentrr?ltion
and knowing that the relation between conductivity and con- unction, resulting from an injection of a mass of tracer given

centration is linear: by:
1
C) =K Cy(1) @) M=— 9)
where C(¢) is the sodium chloride mass concentration Q g Cwdi
(kg/m®), C, (1) is the conductivity (S)K is a proportionality
constant (kg/r¥S), and is the time (s). whereQ is the flow rate (rd/s), M is the mass of the injected
Substituting in (2) the relationship (3) we obtain: tracer (kg).
K Cy(t)dt C, (1) dt The program allows the experimental data.to be adjus'ted
fydr = - == (4)  tothe model. The adjustment parameters are: the mean time,
[KCyt)dt' [ Cy(t)dr’ the Peclet number and a parameigr,which is defined as:
0 0
nyy/D
It should be pointed out that the concentration and conductiv¢ = p;/bj, (10)

ity values used in the equations above are corrected values: . ) )

in the concentration case the values do not take into accourf¥nere 2 is the fracture aperture (mj,, is the porosity of the
the initial background concentration, and in the conductivity SClid matrix (n¥/m®) and D,, is the coefficient of diffusion
case the values do not take into account the initial conductiv{M/s). This parameter describes the diffusion process for

ity of the water. This means that: the solid. S L
As usual, the Peclet number is definedras==5-, where
Cy(t) = CIeasurefy) _ cwater) (5) L is some characteristic length, which, in the current context,

L .. represents the shortest distance between the injection and the
In the data processing it was assumed that the conductlvn)éxtraction holes (m)Y is the average velocity of the flow
of the water remained constant and that it was equal to thfL ’

value read at the beginning of each test before the injectio mis); andD is the coefficient of molecular diffusion ifs).
. €9 9 I igh Peclet numbers represent solute transport dominated by
of the sodium chloride.

. . . . advection, while low Peclet numbers correspond to transport
Finally for the numerical calculation of (1)dt a simple e .
. g where molecular diffusion dominates.
discretization has been used:

f@) = G >~ Go)) (6) 1symbolsa, b andn , of this equation correspond to the nomen-
7OC ") dt’ i Co(t;) At clature used in the software and they are used differently in this
0 v =1 v ! paper (e.ga is used for fracture aperture).

Nonlin. Processes Geophys., 15, 783% 2008 www.nonlin-processes-geophys.net/15/783/2008/
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3000

Table 3. Tracer tests in the dipole X and Y.

Sodium Chloride
X—=Y Y—>X Delta =
g EEEER 55 4
Mean time (s} 1142 82 1.732 om0 XY
Mean time (s§* 994 251 1.194 E
Mean Volume (If  17.8 1.2 1.747 :
Mean Volume (If* 15.5 3.7 1.229
Peclet Number 0.6 8.8 -1.745
Fluorescein Sulphorhodamine S

0 500 1000 1500 2000 2500 3000
Time (s)

X—=Y Y—X Delta X—=Y Y—>X Delta

Mean time (s} 92 62 0.390 78 63 0.213
Mean time (s}* 292 286 0.021 250 218 0.137
Mean Volume (If 15 1.0 0.400 15 14 0.069
Mean Volume (If* 4.9 4.8 0.021 4.2 3.6 0.154
Peclet Number 18.2 19.2 -0.053 12.2 16 1.536

Fig. 4. Reverse tracer tests with noticeably different shapes.

_ _ the sodium chloride tests (Fig. 4). The most probable rea-
- ~ Values obtained from the output of Traci9s, son in both cases is the fact that the sodium chloride solution
— Values calculated using Egs. 7 (mean time) or 8 (mean injected had a higher density than the water. As a result, if
volume). there are significant openings near the injection hole then the
solution might sink there initially. 1t will be released later as
it diffuses into the flowing water. If there are no pits near the
injection point then the solution gets mixed with the flowing
o . : . water more easily and so it travels faster through the system.
First it is convenient to visualize the general framework. : o
. The results show that there were some pits next to hole “X”,
What we have here is a set up made of a fracture plus a set of ;. - . . . )
acting as initial receivers of the heavier sodium chloride solu-
Sion. Thus, one conclusion is that the transport might depend

volume available for the fluid flow is known. When a test is L2
. on the morphology of the areas around the injection holes,
carried out two holes are open and all the others are shut sg

. . and the residence time of the sodium chloride molecules will
the volume is at the most 2.6 litres (fracture plus two holes). . :
. . : o i be proportional to openings next to these areas. Therefore,
In chemical engineering this is also usually the case: the vol-

) . . the parameters calculated in the tests with sodium chloride
ume of the chemical reactor is known and so is the mean

. o : ; _...do not correspond to the parameters of the flowing water.
time. However this is not the usual case in geosciences: the -

volume of the system and the mean time are the main param-. For .the remaining tegts, the calculated .results are synthe-
eters being sought. So we were able to test the interpretatiorfgsed in Fig. 5. In the figure there are pairs of yalues. The
that are made with the models in current use and that havdlrst value represents the volume, in litres, estimated from
been described in the previous section. the parameters of the Traci95 simulation output and the sec-

The results for the dipole X and Y are summarized in Ta_ond values (in brackets) represents the volume estimated af-

ble 3 and Fig. 4 below. Table 3 shows the calculated paramEer Eq. 8 (for instance, for the pair E (inlet) and D (outlet)

eters for the tracer testes that have used the holes “X” an&hef estimated volumes where 0.9 .I|tres and 6.7 I_|tre§). .It IS
“y*. A parameter (Delta) has been devised for the Iourloosequne clear that' ql! flow paths are different, thus highlighting
of comparing reverse tracer tests: the non-reversibility of th_ese processes. _ _
Parameters characterizing the flow pattern without being
Delta=[(H1—H2)—(H2—H1)]/0.5x [(H1—-H2) + (H2—H1)] affected by exogenous factors can be obtained from the tests
with fluorescein or sulphorhodamine because they behave as
where H1>H2 (H2—H1) represent the parameters calcu- inert tracers (e.g. &ss, 1998; Rodrigues, 1994). In addition
lated when the fluid flows from hole H1 to hole H2 (or from to values from Tables 3, 4a and b give the calculated volumes
hole H2 to hole H1). The parameter Delta provides a meafor each pair of reverse tracer tests, using either the residence
sure of the deviation from symmetrical results (if the teststime theory (RTT, Eq. 8) or Traci95.
where symmetrical theDelta=0). The differences observed between these two tracers (ura-
The most noticeable aspect of the results is the differencaine and sulphorhodamine) are less significant and, as a first
between the tests with sodium chloride and the tests with flupossibility, they could represent experimental fluctuations
orescein or sulphorhodamine. Also remarkable is the differ-and/or observation errors. Therefore, it is relevant to anal-
ence between (%Y) tests and (¥~ X) tests, especially in  yse these results more thoroughly. First of all the differences,

4 Results and discussion

www.nonlin-processes-geophys.net/15/783/2008/ Nonlin. Processes Geophys., 791783663
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Tests with Sulphorodamine

0.9 (6'7) 10000
E 1.9 (7.3)
1000 1
O Op AN
Q 1.745.7) g <1 o hen
; 104 = = T~ a~ o
1.8 (4.6 0.8410.2 ’ VA
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1137 N T
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) : 0 200 400 600 800 1000 1200
Time (s)
9.9 (11.1) O C
O Y O Fig. 6. Reverse tracer tests in holes A and B.
B 1.4(5.3)
15.6 (16.4)

To sum up, the tests with fluorescein and sulphorhodamine
confirm that these dye products are inert during the trans-
port. Even though the results with sodium chloride were in-
fluenced by the density of the ejected fluid, they provided a

_ positive side effect: they can be used to amplify the differ-
measured by thdelta parameter, may be a order of magni- gnces in the circulation between pairs of wells and thus give

tude different. Even the results from the mathematical mode{es about the morphology of the fractures in the vicinity of
(used by Traci95), which are less affected by the tail of theye injection wells.

tracer curve (unlike the RTT results), show consistent dif-

ferences. This indicates that the flow paths in reverse tracer

tests are not necessarily the same, and that the existing mo& Conclusions

els are unable to simulate this non-reversibility. Comparing

the shapes of the tracer curves it becomes clear that the difthese experimental results allow the following conclusions

ferences are most significant in the tails of the reverse traceto be drawn:

tests. This fact is amplified if the data are plotted in a semi- . .

logarithmic graph. An example of tests using sulphorho- 1. For the tests in the laboratory, the fluorescein and the

damine in holes A and B is shown in Fig. 6. sulphor'h.odamlrje were revealed to bg good tracers, and
The volumes calculated in the tests (using Eq. 8) with no significant differences were found in the res_ults. As

fluorescein and sulphorhodamine varied between 1.7 and ~ €XPected, the observed transport was advection (high

Fig. 5. Tests with NaCl — Volumes (I) from Traci95 and Eq. (8) (in
brackets).

4.9 litres. About eighty percent of the values, calculated us- ~ P€clet numbers). In fast tests, like those performed in
ing the residence time theory, were greater than 2.6 litres (the e laboratory, the two tracers do not indicate hetero-
correct measured volume). This overvaluing of the calcu- ~ 9eneities in the surface of the fractures. Having said
lated volumes is due, in principle, to the effects of molec- that, different results from the tests in pairs of holes have

ular diffusion from areas of low flow, resulting in particles been obtained and the differences are clearer in the tails

with very long residence times distorting the calculation of of the curves.
the mean residence times. 2
If we consider the results from Traci95, the calculated vol-
umes vary from 0.6 to 2.9 litres, and only three of them
are larger than 2.6 litres. These values are acceptable but
it should be kept in mind that the model only explains the
initial part of the curve, and it does not consider the values
of the tail of the test. Thus in a situation where the volume is
not known it is recommended to use Traci95 or some similar
program, but keeping in mind that the value is a lower limit
because it represents the portion of the total volume open to 3. When the volume of the circulating fluid is not known
fluid flow where most of the fluid circulates. (the usual case in geosciences) it is better to use a
The calculated values using the residence time should be  model/program like Traci95. However, the calculated
regarded as upper limits and they should be analysed taking value will be a lower limit, because it expresses the
into account the possible existence of “dead ends”. volume through whichmost of the fluid circulates,

. The tests with sodium chloride revealed an interesting
side effect: the use of NaCl as a trace can be used to
amplify morphological differences in flow paths. The
“pulse” of injected sodium chloride might get caught in
the bottom of the injection holes and their vicinity due
to the higher density. It will be delayed in relation to the
flowing water and this will give some indication about
the heterogeneities of the fracture surface.

Nonlin. Processes Geophys., 15, 783% 2008 www.nonlin-processes-geophys.net/15/783/2008/
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Table 4a. Calculated volumes for the tests with sodium fluorescein.

Volumes using RTT Delta  Volumes from Traci95 Delta
Direct (*) Reverse() Direct(*) Reversg()

AsB 2.7 2.5 0.077 0.7 1.1 -0.444
A<D 2.9 4.2 -1.115 1.6 1.2 0.286
B<D 3.8 4.3 -0.123 1.9 2.2 -0.146
AsC 2.1 2.3 -0.091 1 1.1 —0.095
AsE 3.6 3.6 0.000 0.8 0.8 0.000
CsE 4.6 35 0.272 1.8 1.6 0.118
B<C 4.0 4.2 -0.049 1.4 1.3 0.074
CsD 4.6 4.0 0.140 1.1 1.1 0.000

(*) — Direct meaning first hole to second hole and Reverse means second hole to first hole; for instangeB Dirdct means injection in
A and extraction of the fluid in B.

Table 4b. Calculated volumes for the tests with sulphorhodamine.

Volumes using RTT Delta  Volumes from Traci95 Delta
Direct (*) Reverse() Direct(*) Reverse()

A&B 2 22 —0.095 0.6 14 —0.800
A&D 2.8 3.6 —-0.250 1.6 1.6 0.000
B&D 3.9 4.2 -0.074 2.7 2.7 0.000
A&C 1.7 23 —0.300 0.9 11 —-0.200
ASE 2.9 3.4 —-0.159 1 0.9 0.105
CsE 4.4 3.1 0.347 2.9 14 0.698
B&C 34 31 0.092 1.8 1.6 0.118
CsD 3.2 3.6 -0.118 1 1.3 -0.261
D<E 4.4 3.8 0.146 1 0.9 0.105

(*) — Direct meaning first hole to second hole and Reverse means second hole to first hole; for instangeB irdct means injection in
A and extraction of the fluid in B.

disregarding places where there is slow fluid circulation.where C(¢) is the mass concentratioN, is the velocity of

The use of models based on residence time theory willthe fluid (vector) D is the coefficient of molecular diffusion

give upper limits. (tensor),o is the density of the fluid anH is the rate at which

the mass of material is added to (or removed from) the fluid.
4. For the set up that has been used here it was expected This equation states that the concentration of solute at a

that reverse tracers tests would provide similar resultspoint varies as a result of (i) transport by the flui@{)v) (a

However, reverse tracer tests can differ from one aninear process) and (ii) differences in concentration between

other quite a lot. The existing models cannot explain all points(D.VC(t)), a non-linear process). The last terpT’(

the relevant features of the fluid flow. denotes the change in concentration due to chemical reac-
tions or decay phenomena.

Analytical solutions exist only for a limited number of
simplified cases (e.g. &s, 1998) Most of the solutions are
for the one-dimensional (1-D) flow with no chemical reac-
tion. In this case the equation reduces to:

Appendix A

Solute transport and the advection-dispersion

equation
o . _ . 32C aC
The advection-dispersion equation has been used to descnbgt— = DW Vo (A2)
the transport of material in solution at a microscopic level
(e.g. Bear and Verruijt, 1987): wherex represents the distance along the direction of the
flow.
ac
o = —V . (cV —DVc¢) + pT (A1)
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Equation (A5) is the one normally adopted in studies of so-

Channel lute transport through porous media. In the case of fractured
,Q"\ media there is a combination of several effects; the most im-

=2 Gk o : portant of which is the fact that the fluid flow is controlled
Flate by channelling. This means that most of the flow occurs

b2

in a number of dendritic pathways in the fracture surface,
with average apertures greater than the average aperture of
Fig. A1. Channel with wings (Rodrigues, 1994). the fracture. The volume of the channels represents a small
fraction of the total volume open to flow. A simplified model
can be used to show that most of the fluid flows through a
The complex geometry of porous media prevents the usemall percentage of the volume available for the flow. The
of these equations. The definition of averaged variables (vemodel is a combination of a parallel plate with a pipe, re-
locity and concentration) over a small portion of the porousferred to below as a “channel with wings” (Fig. A1, adapted
media (“representative elementary volume” — REV) is one offrom Rodrigues, 1994).
the methods proposed to break this impasse (Bear and Ver- The formulas, that describe the fluid flow between smooth
ruijt, 1987). The total flux of solute through a porous medium parallel plates and in smooth pipes assuming Poiseuille flow,

is expressed as (Bear and Verruijt, 1987): are used in the calculations below.
The distribution of flow mentioned (10% of the fracture’s
ge.total = @(CV — Dy - VC) (A3) volume open to fluid flow is swept along by more than 80%

of the fluid) is used to constrain the volumes of the plate and

whereq. total is the total flux of solute by advection, disper- of the pipe. The volume of the pipe is assumed to be 10
sion and diffusiong is the kinematic porosity is the aver-  times smaller than the volume of the plate. In the calculations
age concentratior¥ is the pore water velocityD,=D+D* the radius of piper, is 10 times the aperture of the plate,
is the coefficient of hydrodynamic dispersion (second order(assume 102m and 1Qum, respectively).
rank symmetrical tensor)) is the coefficient of molecular The calculated velocity of the fluid flowing through the
diffusion in a porous medium (second order rank tensof),  pipe is 150 times larger than the velocity of the fluid caught
is the coefficient of mechanical dispersion (second order rankn the plate for the same hydraulic gradient and viscosity of
tensor). the fluid:

The main effect of the averaging process is the introduc- Upipe
tion of an additional dispersive term. Three mechanisms =150 (A6)

cause this dispersion: (i) velocity variations across the pores; plate

(if) velocity variations between pores; (iii) differences in \yherey represents the velocity of the fluid in the pipe or in

streamline path length. the plate.

For a macroscopic balance of solute transport, Eq. (A2) So a particle of tracer travelling in the plate is, on average,
becomes (Bear and Verruijt, 1987): 150 times slower than one circulating through the pipe. The

ratio between flow rates is:
%:fV(Cuwa-VwaD*-VC)ff+prfPC+RC, (A4) Obi
a =PPe _ 15 (A7)
. . Qplate

wherewC is the mass of solute per unit volume of porous
medium,u is the seepage or Darcy’s velocitf,is the quan-  i-€. through a volume which is 10 times smaller flows 15

tity of solute that leaves the fluid as a result of ion exchangetimes more fluid.

and adsorptionp is the pumping rate flow (per unit volume  The value of the breadth of the plate s&=3cm or

of porous medium per unit timeR is the recharge rate flow 5/2=1.5cm each side of the pipe, which is a physically ac-
(per unit volume of porous medium per unit time) afidis  ceptable figure.

the concentration of added fluid. Other terms have the same The volume associated with regions of slow-moving fluid

meaning as before. (“the wings”) can be an order of magnitude larger than the
With no interaction with the solid matrix, no decay and no volume of the “channels” but most of the fluid flows through
pumping or recharge of fluid, Eq. (A4) simplifies to: the “channels” even though they have a much smaller volume
than the plates.
aC
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