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SUMMARY 

Two mechanisms for the spreading of a tracer pulse are 

discussed. Stratified flow and diffusion in the rock 

matrix are normally not accounted for when the hydrodynamic 

dispersivity is evaluated from tracer tests in the ground. 

It is shown that where there is stratified flow, the spreading 

of a tracer pulse cannot be described by the Fickian 

diffusion - dispersion approach. lf a dispersion coefficient 

were evaluated from such an experiment, the dispersion 

coefficient would grow proportionally to the observation 

distance. 

When a tracer flowing with the water 1n the channels of a 

geologic medium can diffuse into the porous matrix of the 

solid, a tracer pulse will spread. The spreading due to 

this mechanism cannot be described by Fickian dispersion. 

In a special case when the time for matrix penetration is 

long, the observed tracer pulse will have an infinitely long 

tail. If the conventional moment method is used to determine 

a dispersion coefficient in such cases, the results will 

depend on the detection limit of the tracer to a very large 

extent. 
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Background 

By dispersion in a very broad sense we mean the spreading 

of a species carried by a fluid as the fluid moves along 

a flow path. Figure 1 gives an example of such spreading 

when a tracer is introduced at one point. 

There are many mecha..'1isms contributing to such spreading: 

Molecular diffusion in the liquid 

Velocity variations in the fluid in a channel 

Velocity variations between channels in a porous medium 

Chemical or physical interactions with the solid material 

Molecular diffusion does not contribute much to the spreading 

of the front when large distances are considered. °" the cont­

rary it will diminish dispersion arising from velo~ity varia­

tions within a channel as the concentration difference over 

the channel width will be decreased by diffusion. In the case 

of flow in low permeability fissured rock the concentrations 

over the fissure width for all practical purposes can be con­

sidered constant. 

Velocity variations between channels is a very important dis­

persion mechanism. Bear (1969) gives a comprehensive treatment 

on hydrod~nam.ic dispersion theories. 

The most advanced models treat the spreading process by modell­

ing more or less ra...'1domly oriented poreB combined with some 

assumptions on how velocities in the cha..rmels vary as well as 

how dis tri but ion at channe 1 di visions and mixing at channe 1 

intersectioPBoccur. An early but fairly advanced such treat­

ment is found in de Josselin de Jongs paper (1958). 

T'he co!IllDon ba2 is fo:r: p:r:actically 2-ll these t:r:eatments is that 

the spreading is described by one paramete:r: - the stan~ard 

deviation c (or variance o2 ) of a pulse as it spreads with 
X X 
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distance. Figure 2 shows the standard deviation of a pulse 

which is spreading as it moves along a flovr path. 

If the spreading were a random process such as molecular 

diffusion, a dispersion coefficient DT analogous to th~2 
J..J ":x 

diffusion coefficient could be determined from D1 ~· 
2:S 

In most treatments of the dispersion process it is more or 

less implicitly assumed that this is the case. For porous 

media with fairly uniform particle size this has been veri­

fied experimentally by many independent investigators. 

For beds of uniform particle size very good agreement between 

experimental results and model predictions are obtained (Bear 

p. 168) if the distance travelled is considerably longer than 

the particle size. 

The dispersion 1coefficient is proportional to the velocity 

and the particle size; D1 o:: Und. This also implies that the 
I p 

variance is proportional to the distance 

o:: X 

In some investigations however, it has been noted that if the 

beds are not carefully packed t~e dispersion may increase con­

siderably. The explanation for this is usually' su.mmarized in 

the word "channe ling" or "uneven distribution". Recently 

Schwarz (1977) by computer ·simulation has shown that the u11even 

distribution of resistances in a porous medium may not lead 

to a variance which increases proportionally to the d.ista:nce 

travelled. Neretnieks (1977) showed that in a medium where 

severe channelling occurs - parallel unconnected channels 

with velocity differences between channels - the standard devia­

tion 0 is n_ roportional to the distance travelled 
X 

~ ..L ' :, ins __ eac. of a2 
X 

o:: x as in the c.ii':usion-di::;persion case above. 
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Recently Matheron and Marsily ( 1 980_) arrived at the same 
conclusion and also conclude that the usual "convection 
d5.ffusion equation" cannot in general be applied even for 

large distances. 

For flow in a porous medium the diffusion-dispersion, where 
a2 c: x, will give the lower bou.11d on the spreading of the 

X 
front. The stratified flow case may in some cases give an 
u::_:iper bound on the spreading of a concentration pulse. To 
the authors knowledge all field data on dispersion have so 
far been more or less implicitly interpreted as being caused 
by diffusion-dispersion. Experimental resluts are interpreted 
by calculating the dispersion coefficient D1 . 

Lallemand-Barres a..T1d Peaudece::.0 f(1978) compiled a l0t of field 
data. Their figure 2 shows D1/uf versus the dista.rce between 
injection point and observation point. Although the spread in 
data is large, there is a definite increase in D1/uf with 
distance which ranges from 3 _m to 5 000 m. The swarm of points 
may fairly be approximated by D1/uf::: canst • x.TI ~ith canst~ 
= 0.1, 90 % of ·che points lie within the bounds ..:f.... ::: 1-30. 

DL 
The hypothesis that the dimensionless quantity U1x/D1 , which 
is commonly called the Peclet number, is constant is much better 
than the hypothesis that D1 /uf is constant. The first spans 
over 1 .5 orders of magnitude whereas the second spans over more 
than 2.5 orders of magnitude. Field data thus do not indicate 
that D1/uf is constant. The spread for both models is so great 
that the proper model cannot be identified from these data. 
As, however, the implications of using the w:r.ong mech2-nism 
when using a model for extrapolation to large distances may 
have very grave c onse q_uence s in some applications, it is 
necessary to investigate the stratified flow model also. This 
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is the more important because practicall;:r all effort over 

the last decades has gone into refining the diffusion-disper­

sion model and very little effort has gone towarcls a conse~, 

quent study of the other extreme alternative. 

Later a stratified flow mociel will be presented and the cor,se-­

quences of this as compa.red to the use o.f the diffu.si.cn-d.i.spe:::>­

sion model for predicting the migration of radionuclides in a 

fissured bedrcck will be discussed, 

A mechanism of "dispersion" which does not seem to be t:reated 

in the hydraulic literature is the effect of interaction with 

the solid material. Here only one such aspe et will be discussed 

- that of diffusion of the species into the rock matrix. In 

the chemical engineering literature Kucera ( 1965), (Perry 1 Cl-23) 

this effect is not treated as dispersion but modelled indepen­

dently and thus """'parated from the hydrodynamic dispersion. 

For many cases involving diffusion into the solids, the shape 

of the breakthrough front is more Qetermined by this mechanism 

than by hydrodynamic dispersion. It has been shown (Neretnieks 

1_980) that these effects may have a considerable influence on 

the breakthrough curve for flow in fissured granitic bedrock. 
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Stratified flow 

.An attemt to quantify the variance and dispersion for the 

case of flow in a set of parallel fissures is done below, 

It is based on the assumption that the fissures act as 

independent cha..11nels with no mixing occurring between ther::!. 

At the inlet end of the channels a tracer can be introduced. 

This is done simulta..11euosly in all fissures. At some distance 

downstream the fluid from a::.l channels is collected and mix,2d. 

The concentration in this point is measured over time, as 

some fissures carry the tracer faster than others, a narrow 

pulse at the inlet will have spread when observed at the 

outlet, The residence time distribution and its mean a~d 

variance can be determined from the observed concentration•­

time curve. If the variance of the tracer pulse at the inlet 

is known, the dispersion coefficient can be determined from 

(Levenspiel 1972) 

a2 
t ,out 

-2 t 

a2 
t,in = ( 1 ) 

U X 

De_ieE_m2:_n.§:_t.!_o~ _£f_t!?:,e _ _v_?::,r2:_a..;2_c~ f.o.E. _?::, breakthr_£ug_h curve _ _:from 

Earallel_fissure_flow 

The fissure width distribution is f (6), In a fissure of 

wiJth 6i with laminar flow,the flow rate Q(6i) is propor­

tional to the fissure width to the third- power 

Q(oi) = kl6i31 (2) 

where l is the length of the fissure perpendicular to the flow. 

The velocity is proportional to the fissure width squared: 

The residence time 

dis t a...11 c e x is : 

in fissures Tiith v:idth 5 over a given 
i 



X 

ti = k 6 2 
l i 

( ,1 \ 
' ) 

6 

If a step with concentration C 
0 

is introduced at the inlet 

end of the set of fissures; it will trave 1 the distance x 

in time t. in fissures with width 6 .• The fissures w:i.th 
1 l 

residence times less than twill carry tracer. This is 

shown in Fig. 3. 

The concentration obtained at the outlet end I'-, at a -time t 

when the effluent from all fissures is mixed is: 
cc 

ff ( 6) Q(6) do 
Qt ili.2. V (5) = = 

C cc "Q: 
0 Jr(o) Q(o) do 

0 

t is the residence time in fissure o(t). The above eJ..'"J)ression 

says that the flow Q,t from the tracer carrying fissures with 

widths 6(t) s 6 < cc is diluted by the total flow of water Q 

from all fissures. 

The result for a Dirac concentration pulse at the inlet i.e 

C dt = 1 and dt .... 0 can be obtained by differentiation of 
0 

equation 5 with respect to time. It can also be derived. d.irect-

ly as is shown in appendix 1. 

Qill_ f~62 Q~o2 
;; 

1 o~ 
== 2 kl C dt 

X ~ 0 

where 
cc 

Q = Jf(6) Q(o) do 
0 

(7' . ) 

The mean residence time for a response curve C(t) is obtained 

from 
C'.) 

1 ( (8) :;:: 'C ( t) .j. d.t v = r• u 
v QW .., 

0 0 
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and the variance or second statistical central moment from 

02 = 
t 

1 
C dt 

0 0 

cc 

( 

j C ( t) ( t-t )2 d t (9" \ ) 

By inserting .._• r::,~,-., ,a equa.,ions g,, ,"- a,n1,.;. 4 into 8 EUld 9 we obtain 

co jt(6)6d6 
0 

(D 
( 10) 

jf(6)c 3do 
0 

and 
lf(6)63d6• 1~ do 

~2 
I 

J 
,J 

t 0 6 - 1 (11) 
-2 = co 
t [ jf(6)6d6J2 

0 

02 
-"­
" equation 11 shows that ? is inde:;,,endent of the distance. 

For the Dirac pulse at ~~e inlet the variance is O and thus 

equation 1 directly gives 
02 

t 1 -
D - - • - U x L - t2 2 • 

Thus n1 <>< x for stratified flow. 

Snow (1970) obtained the fissure frequencies f(6) for various 

consolidated rocks including granites. Snow used data from 

water injection tests in boreholes and from direct measurements 

of fissure 

6 1 
f (-) = - • 

µ A 

widths. He fou.rid the distribution to be log normal 
6 

J log--t ( µ )2 
e 0 1 (12) 

The standard deviations 0 1 range from 0.057 to 0.394. The 

mea.ri of 0 1 in Snow's investigation is 0.22. This will be the 

value used in the subsequent sample calculations. Fig. 4 

shm·:s the response to a Dirac pulse as determined by eq_uat:Lon 

6. 
0 0 

(_!.)2 = t 
Using equation 12 we obtain 1. 82 a.rid - 1. 35 

t t 



From equation 1 we obtain 

2 
as cr~ . = 0 for a Jirac puise • 

., ,in 

8 

(13) 

With the above value of the variance equation 13 predicts 

= o .. 91x. 

The parallel fissure flow model thus predicts ·1:;hat t:::ie uis­

persion coefficient is proportional to the distance between 

the injection point and the observation point. It is also 

proportional to the velocity. 

The recent compilation of dispersion coefficients obtained 

from field measurements by Lallema.i.,d-Barres and Peaudecerf 

(1978) show this tendency. Although their data are very scatte­

red the relation predicted above falls well within their data­

points. 
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Matrix diffusion 

Another dispersion mecha."lism which also cannot be macle to 

fit the conventional dispersion model is the spreading c:1.: 

the front due to physical or chemical interaction with the 

solid material. Kucera (1965) treats some cases of gene:r•s;I 

interest. Only one special case of i.nte::-action will be "r':::c.~· 

ted here, namely the diffusion into the rock matrix oi 

fissure walls. This case has been treated recently by 

Neretnieks (1980) and is only summarized here. 

When water which contains a tracer flows in a fissure, the 

tracer will migrate into the porous structure of the rock 

by diffusion. The water will thus be depleted of the tracer. 

For a case where the dis t2....'1ce between the fissures is very 

large and where the trac.:er thus does not penetrate more tha.n 

a fraction of the distance between fissures, the tran1s?ort 

can be mathematically described by the following ex:p:c-essicr::-1s. 

Diffusion in the rock is given by: 

oc o2c 
rt D 

p 
;::: 

~ a oz 
D 

whe.re D 
e 

= K a 

For flow and s o:!:"_Ption from the water in the fissure we have: 

2D 
e -·-· - 6 

oc 
p 

....-I 
Oz lz=O 

( 15) 

For a system which is initially free of tracer and where the 

tracer concentration suddenlv is increased to C at th2 inlet 
V 0 

of the fissure (x = 0), the initial a.Do. boundary conditions 

are: 

IC C = cf - 0 t == o, all X a.11d ,.,, ( 16) ~ 

p 
:SCl C 0 TI'he:ci t > 0 for z 

_, 
00 ( 7 '"''\ - ' ! / p 

:SC2 c.f' == C -.J.. X = 0 for t > 0 ( 1 8) c. I., 

.J. 0 
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The solution is available in the li teratnre ( Cars law & 

Jaeger 2nd ed. p. 396). 

For the fluid L~ the fissure 

e::x:pressior. results: 

X fort> the following 
uf 

= erfc(*) 
t-t w 

21) t 
where e w 

G = 6 ✓ D 
a 

and t 
w 

X 

( 19) 

For a unit pulse at the inlet i.e C dt = 1 and dt __, o, 
0 

the response at the outlet is obtained by differentiation 

of equation 19 with respect to time 

for t > -'­~w 

G 
where arg = -==--l"f=-f" w 

• e 

2 
-arg 

(20) 

(2:) 

The same result is of course obtained by using the Dirac 

pulse as boundary condition BC2 instead of equation 18 and 

solving equations 14 and 15. 

The maximum for this function is at 

t = t + 2/3 G2 
w 

(22) 

With the aid of equations 8 and 9 it could be attempted to 

find the mean residence time and variance of this residence 

time distribution. We find however that 

for t __, ro 

and eouations 8 a.rid 9 thus are unbounded. This means that 

there is neither a mean residence time nor a variai."c0 if 



11 

there is any diffusion into the porous walls and if the 

penetr2.tion depth is small compared to the distance to 

the next fissure. As most known rocks are more or less 

porous, this means that in priciple it is impossible 

to determix1e a dispersion coefficient by determining 

first and second moments of a response cu:eve without 

first accounting for the matrix diffusion effect. The 

dispersion coefficients so far gathered in the l:i.terature 

may possibly have been obtained only beca·c::.se the integra­

tion of equations 8 a.~d 9 were discontinued due to lirrited 

detection capability of the tracer at the tail of the pulse. 

1m example is used to demonstrate the importance of the 

detection limit. The case chosen is the following: 

There is steady flow in a fracture where a tracer puJ.se is 

introduced at one point and the response is measured at 

another point 22 m dovmstream. The gradient over the frac­

ture is 0.11 m/m, the rock matrix has an effective diffu­

sivity D ; 10-12 m2/s, an apparent diffusivity D = 2•10-10 
2 e a 

m /s. and the water transport time is 10 hours. The D a.~d 
e 

D values are chosen to describe the diffusion of solved 
a 

ions in the water in the pores in the rock matrix. There are 

no sorption effects and the rock porosity is 0.5 % which is 

a good value for a granite. Further details on diffu.sivities 

are given in Neretnieks ( "19 80). For laminar flow of water 

in a parallel fissure at ambient temperah1.re, the fissure 

width o is 0.082 mm. 

The species will diffuse into the rock matrix with a penetra­

tion depth of about 10 mm during a 10 h con tact time. The 

condition that the tracer should penetrate only a fraction 

of the block size of the rock is well f'ullfilled for most 

crystall i11e rocks such as gra:-1ites and gneisses where the 

dist2....11ces betz:een fissures usually is considerably more th2..:n 

20 mm. 
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The response at the outlet is shown in figure 5. It has 

been calculated using equation 22. Two detection limits 

1 % and 5 % are indicated by the aashed lines. The 

shows the long tail which gives a."1 infinite me an res ide:nce 

time and variance. Table 1 shows the mean residence time 
d 

t, the relative standard deviation-; , the dispe:rsim1 
t., 

cient D1 and evaluated Peclet ffLl.I!1.be::'.:' -:Pee for the detec-; 

limits 0.2, 1 and 5 %. It is clear that the detection. 

will have a dominating influence on the results. 

Even in this case when the peak is fairy narrow, the long 

tail will give a high dispersion coefficient although 

there is no hydrodynamic dispersion • 

.An increasing water tr2nsport time will quickly aggrava"1;e 

the problem. Table 2 shows the same case as in table I but 

with twice the residence time -20 h instead of 10 h. :F'or 

1 % detection level the. evaluated Peclet is 8. This is well 

within the range of Peclet numbers found in the field as 

was described earlier. 
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Table 1 

a.ete et ion 0 0.2 1 5 
limit % 

t s co 46800 42000 39200 
C\ 

co 0.39 0. 1 8 0.078 
t 

DL 
2 

ID /s ro 7.9.,0-14 1 • 8ii • 1 0 -4-:,: "?•i0-5 
,) . .)-

Pee 0 a 7 
I ,) 62 330 

Table 2 

a.eteetion 0 5 
limit % 

t s co 120000 97700 

(J 

t ro 0.5 0.24 
t 

DL 
2 

ID /s ro 5.06-10-4 1.31 •10-4 

Pee 0 8.0 36 
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Discussion 

The possibility of stratified flow in fissured rock may 

have important implications on the migration of radio­

nuclides from a leaking repository for spent fuel. If 

field experiments are interpreted using the diffusion­

dispersion model wich implies a constant dispersion 

coefficient , an ext::c-apolation to large distances will 

show that the front becomes na::c-rover if related to the 

mean distance travelled; o /xt:><.-i--. One might finally be 
X v'X 

led to believe that there essentially is no dispersion 

over very la::c-ge distances! For perfectly s0ratified flow 
/J ' 

the front will keep its form and_!= canst. This means 
X 

that at a given fraction of the mean residence time, the 

same fraction of the tracer will have arrived. For a 

decaying radioactive tracer this may in some cases ~ean 

that the radionuclide which would have decayed to jnsigni­

ficance during the mean residence time, will not have had 

time to decay for the fraction which arrives earlier. 

Dispersion due to diffusion into and out of the particles 

cannot be described by a dispersion coefficient DL' The 

variance of a breakthrough front cannot in general be ex­

pressed in a simple way. In fa~t for the case where the 

particles into which the diffusion takes place are so large 

that the penetration depth is less than the particle size 

but large compared to the channel where flow takes place, 

the breakthrough curve has neither a mean residence time 

nor a variance. The use of conventional methods to deter­

mine the dispersion coefficient may give any result and is 

entirely dependent on the detection limit. 

These effects have usually not been considered when tracer 

tests in the grou.'1d have been evaluated. ::;'or short con tact 

times the diffusion is of little importance but already 

for contact times of days in a fissured and porous rock 



this effect may have a considerable influence on the 

widening of the front. 

Cone lusions 

1 5 

It is doubtful if the diffusion-dispersion description 

of t:::-acer movement in fissured bedrock is applicable. 
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initial concentration in the liquid 

concentration in the liquid in a fissure 
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Appendix 1 

Derivation of the response to a Dirac nulse 

During a short time dt a tracer with concentration C is 
0 

injected at the inlet end of the set of parallel fissu.~es, 

C dt = 1 • 
0 

At the outlet end at distar1ce x, i c wj J.l take a time t 

for the tracer to arrive, The measurement or collecting 

~ime is dt during which time fissures with widths between 

6-do and 6 will have carried the tracer. The relation 

between do and dt is obtained by differentiating equation 

4. 
k o3 

do 1 dt = - 2x 

The flow which carries tracer during this time is 6 

6 
k 1) 

Jr(o)•Q(o)do Qt f(o) Q(o) 1 dt = = ~ 
6-do lim dt ..... 0 

The amount of tracer carried is Q,t •C O and this is diluted 

in the total flew Q. The observed concentration thus is 

c( t) = 

Wh~ch is the same result as equation 6. 



Figure 1 

Tracer in ·ection 

Spreading of tracer pulse 

Ff ow direction --

The spreading of a tracer injected at a point, 
as it follows the fluid. 



Concentration 

I 

x, x2 

Original pulse peak at peak at Distance X 

· at inlet time t, time t2 

Figure 2 The concentration profile and the standard devia-
tion of a tracer at different times. 



Figure 3 

frequency of fissures veloclfles flow 

increasing 
fissure :=.::.::.::.::..::..::..-:...-:.. 
size 

dislance which 
tracer ha, travellerJ/ 

1 
fissures 

carrying fluid 
flow• C 

,_ 
fissures in which 
tracer has arrived 

~=======================t:=============---f_lo_w • Q f 

fissure size inlet 
locus 

distance 

observa!lon 
locus 

The locus of tracer carrying fluid in a medium with 

parallel fiss,i:res of different size, 
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Figure 4 
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Concentration at the outlet of a medium with parallel 

fissures which has been .injected with a tracer r,ulse. 
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Concentration at the outlet of a. single fiss-crre 

with porous walls. Tracer pulse at the L-.,let. 
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