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Abstract. Evaluation of pollution endangering groundwater resources beneath fractured sediments
may be achieved by estimating the transport rates and recharge amounts of both the matrix and the
fissure components. This study examines the transport of water by matrix and fissure flow in the
unsaturated zone using environmental tritium as a natural tracer. A 35-year record of tritium
concentration along 40 m calcareous sandstone column was reconstructed. It was found that on the
average, 40 mm yr-1 (8% of the yearly rain) percolated downward through the matrix pores at a
velocity of 1.1m yr-1. An additional amount of more than 20ram yr-~ (more 4% of the rains)
percolated rapidly through fissure network. These field data fit and support the model proposed by
Wang and Narashimham (1985) that the bulk of the water movement under unsaturated conditions
occurs through interconnected pores in the matrix.
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1. Introduction
T h e t r a n s p o r t of w a t e r a n d solutes t h r o u g h f r a c t u r e d r o c k a q u i f e r s has b e c o m e
an i m p o r t a n t t o p i c w h i c h a r o u s e s t h e i n t e r e s t of r e s e a r c h e r s a n d m o d e l l e r s as well
as of p l a n n e r s a n d d e c i s i o n - m a k e r s , as it has s e r i o u s i m p l i c a t i o n s for g r o u n d w a t e r
resources pollution. Great advances have been achieved by laboratory experim e n t s (e.g. G r i s a k et al., 1980; K e l l e r et al., 1986) a n d m a n y m o d e l s h a v e b e e n
p r o p o s e d for s o l u t e t r a n s p o r t (e.g. G r i s a k a n d P i c k e n s , 1980; L o n g et al., 1982).
H o w e v e r , t h e f o r e c a s t i n g of w a t e r r e s o u r c e q u a l i t y is difficult b e c a u s e the
h y d r a u l i c c o n d u c t i v i t y t h r o u g h a c r a c k n e t w o r k is o f t e n 10 to 104 times h i g h e r
t h a n t h a t of the a d j a c e n t r o c k m a t r i x ( F r e e z e a n d C h e r r y , 1979). T h e classical
c o n c e p t of flow t h r o u g h p o r o u s m e d i a is g e n e r a l l y i n a d e q u a t e to d e s c r i b e the
flow b e h a v i o r in f r a c t u r e d m e d i a , a n d it has also b e c o m e c l e a r t h a t it is u n s u i t a b l e
for t h e analysis of d i s p e r s i o n . S o p h i s t i c a t e d field studies w h i c h c a n t r a c e the
n a t u r a l p r o c e s s e s d u r i n g l o n g t i m e - p e r i o d s a n d l a r g e d i s t a n c e s a r e still n e e d e d .
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The aim of this study has been to provide reliable information on the transport of
water through natural unsaturated media, which can be used for practical
applications. In this study we have made use of environmental tritium to
reconstruct the 35-year history of natural water movement along 40m of a
column of unsaturated sedimentary rock.
Environmental tritium (a radioactive hydrogen isotope with a half life of 12.43
years) produced by atmospheric thermonuclear tests during the 1950s, 1960s and
1970s forms part of some rain water molecules (IAEA, 1981) which eventually
infiltrate the ground surface. Environmental tritium in groundwater has been
successfully used as a tool to study water transport in hydrological systems (as
reviewed by Gat, 1980). The detection of the penetration depth of the 1963
tritium peak in the moisture of the unsaturated zone has made it possible to
determine the vertical water velocity and to calculate recharge quantities
(Andersen and Sevel, 1974; Gupta, 1983). The mechanism of transport has also
been investigated by artificial tritium tracing (Zimmermann et al., 1966). The
thermonuclear pulse was used in Britain to show that the downward water
transport within chalk sediments occurred principally by slow intergranular
seepage, with a smaller, but faster, component of movement through crack
systems (Smith et al., 1970, Foster and Smith-Carington, 1980). In our previous
work (Gvirtzman and Magaritz, 1986; Gvirtzman et al., 1986), we have demonstrated that tritium tracing is applicable to a medium containing an immobile
water domain and to the analysis of the effect of anion exclusion. This study
shows the applicability of the natural tritium tracing method to the detection of
concurrent flow through fissure networks and the rock matrix.

2. Material and Methods
The investigated area is located near Kibbutz Hatzor-Ashdod in the Southern
Coastal Plain of Israel. Rain in this region occurs only in the winter half of the
year (October to April). The annual precipitation ranges from 200 to 900 mm,
with an average of 510 mm yr-1 over the last 35 years (Table I). The mean daily
temperature varies from 26~ in the summer to 12~ in the winter, with a mean
potential evaporation rate of 1300 mm yr-1 (data from the Israel Meteorological
Service).
The investigated area was located on a flat terrain with Eucalyptus trees which
exceed a height of 10m and have an enlarged limnotuber beneath the soil
surface. The woodland is located in the recharge area of the phreatic Coastal
Plain Aquifer. The unsaturated zone in this region is composed mainly of
yellowish-red sand and calcareous sandstone of the Rehovot Formation of the
'Kurkar' Group (Issar, 1961; Gvirtzman et al., 1984). The calcareous sandstone
of the studied profile is partially consolidated with some loose sand layers.
A research well, Hatzor 104 (Israel coordinate system: 12554/13043; ground
level: 39.86 m above MSL), was drilled in May, 1985. A production well, Barka
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Tritium in precipitation

Year

Precipitation a
(ram)

Tritium b
(TU)

Tritium ~
(TU)

1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985

744
553
276
680
372
545
426
714
478
595
371
176
579
425
267
528
798
236
594
475
628
418
502
521
463
929
677
277
596
541
456
659
410
530
822
320
478

-5
-5
-5
-5
-30
-10
-40
-30
-30
-100
200
31
30
300
522
635
252
122
88
89
95
64
69
43
31
35
34
24
29
23
18
17
18
13
14
18
16

-1
-1
-1
-1
-5
-2
-8
-6
-6
-22
47
8
8
83
153
197
83
42
32
34
39
28
32
21
16
19
19
15
19
16
13
13
14
11
13
17
16

aData from the Meteorological Station at Kibbutz Hatzor-Ashdod.
bOriginal tritium content; data from the Water Library of the
Geoisotope Group, Weizmann Institute of Science.
CTritium content after radioactive decay correction (12.43 year
half-life), by sampling date.

1, is l o c a t e d

370m

southeast

of the research

well (coordinates:

12573/13011),

and four more wells are located within a radius of 500 m. The research well was
drilled using a hollow stem auger driller without the addition of water. Sediment
samples were collected at 50-cm depth intervals down to the water table at 42 m
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below the land surface. From each depth interval, samples were collected
separately for tritium analysis, chemical analysis and moisture content measurements.
The water extraction procedure and tritium measurements (proportional
counting technique) were explained in Gvirtzman and Magaritz (1986). The
tritium concentrations of some samples in this study were measured by a liquid
scintillation method (Florkowski, 1981) in a LKB 1220 Quantulus counter, whose
results stood in a very good agreement with the proportional counting system.
Tritium concentration is expressed in tritium units (TU) where 1 TU corresponds
to 1 atom of tritium per 10 TM hydrogen atoms. Water samples for tritium analyses
were also collected from the saturated region at the water table of Hatzor 104
and from nearby wells.
From each sample, an additional amount of formation material was put in the
field into a pre-weighed glass vial for subsequent moisture content measurements.
It was calculated by weighing the samples in its bottle before and after drying at
105~
From each sample, 20 g was taken for chemical analysis. It was mixed with
distilled water, shaken and the solution was extracted. The chloride concentration
of the soil moisture was measured by a chloridometer.

3. Results
The research well penetrated the whole unsaturated section down to the water
table at 42 m below the land surface. The geological sequence at the site may be
divided into: (a) top soil, 0-3 m; (b) partly cemented calcareous sandstone,
3-9 m; (c) loose sand interbedded with calcareous sandstone, 9-12 m; (d) partly
cemented calcareous sandstone, 12-32 m; and (e) loose sand interbedded with
calcareous sandstone, 32-42 m (Figure 1).
Compositional differences between stratigraphic units account for the considerable differences in the gravimetric water content (Figure la). The clay and
sandy clay of the top soil contain about 20% water. The partly cemented
calcareous sandstone (3-9 m and 12-32m) contains about 1% water and the
loose sand interbedded with calcareous sandstone (9-12m and below 32 m)
contains about 2% water. The chloride concentration along the profile is plotted
in Figure lb.
The tritium content of the extracted water collected along the profile is shown
in Figure 2. The general trend of tritium is increasing with depth down to 23 m,
and then decreasing of tritium values below that. At the top of the profile,
concentrations of 25-30 TU were measured. High tritium concentrations were
found between 3 and 30 m, with a maximum of 87 TU at the 23 m depth, which is
two thirds of the distance down the tritium-containing part of the sedimentary
column. The data points of the upper 30 m were statistically analyzed using a
cubic regression program. The small variations in the tritium values generally fall
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Fig. l. (a) Gravimetric water content vs. depth. (b) chloride concentration vs. depth. The lithological column of the studied profile is shown in the center.
within the 95% confidence limits. Between the 30 and 40 m depths, values of
5 - 3 0 T U were found. These data points were statistically analyzed using a linear
regression program. T h e tritium contents at the top of the saturated zone were
measured in 4 wells. T h e values obtained and their standard deviations were:
3.1+0.2, 3.8+0.2, 6.0•
and 1 . 0 •
In order to analyze the results, b a c k g r o u n d data on the quantity and tritium
content of the rain o v e r the period 1949 to 1985 were collected (Table I). T h e
data, plotted according to the chronological sequence of rain on the land surface
(Figure 3), is considered to be the 'tritium input function'.

4. D i s c u s s i o n
T h e tritium concentration in rainfall (incorporated in the water molecule) has
increased f r o m a natural level of < 10 T U prior to 1953 (in the Mediterranean

348

H A I M G V I R T Z M A N E T AL.

TRITIUM (T.U.)
20

0
0

4O

I

",,

I

t/~

6O

BO

100

I

,

i

\

\

",

10

.'~

",
x

\
\

15

\

\

\

X\
E

20

:E

\

1

'

I

I

Oi,i

i/

25

/

30
35J~ ~_

I
I

40
45'
Fig. 2. Tritium concentration vs. depth. Error bars indicate the analytical counting uncertainty. The
solid lines represent the cubic and linear regressions (see text); the dashed lines represent the 95%
confidence limits.

East Coast) to a maximum of about 600TU in 1964 as a result of nuclear
explosions (Carmi and Gat, 1973). The tritium concentration in rainfall has been
decreasing ever since. Its variation along the unsaturated profile probably follows
the sequential rain input which penetrated the land surface (Smith et al., 1970;
Andersen and Sevel, 1974; Gvirtzman and Magaritz, 1986; Gvirtzman et al.,
1986). Comparison between the measured tritium profile and the input function
(Figures 2 and 3, respectively) makes it possible to obtain an appropriate dating
of the water along the sediment column. The increase in tritium concentration
(30 to 90 TU) along the interval between 3-30 m depth (Figure 2) represents the
input of tritium associated with rainwater which fell in the period 1 9 5 7 - 1 9 7 5 .
The thermonuclear tests had really started on 1953, but the tritium concentrations in rains at the eastern Mediterranean region were - 30 and - 100 TU at
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Fig. 3. Tritium input function: The accumulated amount of rainwater (in m) according to its
sequence during the last 35 years vs. its tritium content (corrected for radioactive decay - Table I,
fourth column). The reference point (zero accumulation) is the 1985 rainwater. Each segment
represents an annual input which is characterized by its water amount (ordinate) and by its tritium
content (abscissa). Two segments (1969 and 1977) are indicated for illustrative purpose. The portion
related to the period 1949-1958 is dashed as it was estimated from Gat (1980).

1957 and 1958, respectively. At the sampling date (1985) these had already
decayed to - 6 and - 2 2 TU, respectively (Table I). Therefore, the sharp increase
in the tritium content may be related to 1957 rainfall. The relatively low
concentrations below 30 m depth are probably pre-1957 (pre-bomb) rainwater.
The sharp decrease in tritium concentration at 30 m depth is a clear marker. It
probably traces the percolation depth of 1957 rainwater. Therefore, the mean
vertical flux is 1.1m yr -1 (as recharge of 28 years is contained in the 30m
column).
The amount of water contained in the unsaturated zone down to a depth of
30 m is 1530 ram. This was calculated by integration of the gravimetric water
content along the profile (Figure la), using a bulk density of 1.4 g cm -3. The
amount of input rainwater which reached the ground from 1958 up to the
sampling date is 14,270 mm (Table ! and Figure 3). Thus, the water presently
contained in the unsaturated zone presents only 11% of the volume of the
precipitation (Table II). This indicates that the recharge amount at this site is
about 55 mm yr-1 (out of 510 mm yr -1 rain). This low value may be explained by
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Table II. Tritiumand water mass balance

Water amount
(mm)
Tritium content
(TUm)

Applied
rainwater

Profile
pore-water

Recharge
fraction

14270 (1958-85)

1530 (0-30 m)

11%

503.1 (1958-85)

57.3 (0--30m)

11%

the presence of the Eucalyptus trees which probably removed and transpired the
remaining 90% of the precipitation.
The recharge fraction can be calculated independently by tritium mass
balance. Adopting definition of TU meters (TUm) of Smith et al. (1970), we can
compare the quantity of tritium in the pore-water profile to that of the applied
rainwater. The TUm is the product of tritium concentration (TU) times the
respective amount of water. The precipitation during the period 1958 to 1985
contained 503.1TUrn. This was calculated by integrating the tritium content
over time (the area below the curve in Figure 3). The TUm along the profile was
calculated by integrating the product of water amount and its tritium content
(Figures la and 2, respectively) with depth. The top 30 m of the section presently
contains 57.3TUm which is 11% of the 503.1TUm of the respective precipitation (Table II). Thus, the water content and the tritium quantity calculations
are consistent. Both indicate that 11% of the applied water has penetrated and
moved slowly through the calcareous sandstone matrix.
If the piston flow model is applicable to the present case, as is suggested by the
above considerations, then the calculations of 11% recharge are valid. However,
between the 30 and 40 m depths, the tritium concentration, 5-30 TU (Figure 2),
are higher than the tritium in the rains of the corresponding years. These values
cannot be related to the water from the saturated region (previous higher water
table) because the mean tritium content in the saturated region is 3.5 + 0.1 TU,
which is much lower than that of the unsaturated zone. In addition, the chloride
concentration of the pore water in the unsaturated zone is about 20mg1-1
(Figure lb), which is a tenth of the aquifer water, whose chloride concentration is
about 200 mg 1-a.
Consequently, the water along the 30 to 40 m depth interval should be related
to rains of the post-bomb period which penetrated from the surface, suggesting
that some rain from this period may have reached at least this depth. This, in
turn, indicates that an additional mechanism, different from piston flow, is
operating; that is, the water transport is essentially piston flow with some
additional more rapid non-piston flow. Therefore, the vertical flux and yearly
recharge are probably somewhat greater than the values obtained by the above
calculations. The actual mechanism by which post-bomb water percolated rapidly
is open to conjecture, but the following discussion offers some possible explanations.
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Allison and Hughes (1983) suggested that water travelled to depths of at least
12 m via channels occupied by living roots of Eucalyptus trees, through the
annuli between the soil, and the shrunken roots. Such an explanation may be
accepted for our case study only for the top of the profile (Figure 4). Smith et al.
(1970) suggested that rapid transport may occur through fissures, joints and other
discontinuities of the rock mass. The 'Kurkar' Group in general, and specifically
the Rehovot Formation, are typified by vertical stratigraphic variations (Figure 5)
as well as lateral facies changes (Issar, 1961; Gvirtzman et al., 1984). Some of the
calcareous sandstone is known for its typical eolianite crossbedding (Figure 6)
and inhomogeneities (Yaalon, 1967). These properties may cause a small fraction
of the water to move downward more rapidly. The calcareous sandstone is only

Fig. 4. O u t c r o p of R e h o v o t Formation in a quarry wall near the drilling site. T h e Eucalyptus roots
penetrate into the calcareous sandstone down to a depth of at least 8 m.
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Fig. 5. Thin stratification and inhomogeneitiesin the 'Kurkar' Group. Loose sand exists between the
partially consolidated sandstone laminae.
partially cemented and thus is not homogeneous. A partially consolidated sandstone body is similar in its hydraulic behavior to a body with a strongly bimodal
pore size distribution in which matrix and fissure flow typically occur.
In order to estimate the fraction of the total recharge that is transported
through the fissure network and to compare it with the fraction that is transported
through the matrix pores, an additional tritium mass balance calculation is
required. The tritium mass in the 30 to 42 m depth interval is 6.1 TUm. This
value represents the tritium mass of the post-bomb water which moved rapidly
through the fissure network and now exists at 30 to 42 m depths. This mass is
1.2% of the total (503.1 TUm) tritium mass in precipitation (Table II). Assuming
therefore that in the fissures of each 10 m thick layer there exists about 1% of the
post-bomb precipitation, then 4% of the post-bomb rains is present in the fissures
of the whole unsaturated profile (about 40 m). This is a lower limit because an
additional amount of water which moved rapidly might have already reached the
water table and mixed with the aquifer water. This means that the 11% recharge
(Table II), calculated for the top 30 m section, is really a combination of two
components: 8% through interstitial pores plus 3% via the fissure network.
Therefore, the total recharge (including the post-bomb rains at 30-42 m depths)
in the investigated site is at least 12%, where 8% moved through the matrix
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Fig. 6. Eolianitecrossbedding which is typical of the calcareous sandstone in the Coastal Plain of
Israel.
pores with a velocity of 1.1 m yr -1 and 4% (at least) moved rapidly via fissures. In
other words, about a third of the recharge water moved rapidly through fissures.
These results are quite similar to the results obtained by Foster and SmithCarrington (1980) on the unsaturated zone of the fractured British Chalk. They
concluded that up to 20% of the percolating water moved rapidly, bypassing the
matrix flow.
The hydraulic conductivity of fissures is much higher than that of the matrix
pores, and thus the bulk of the water usually moves through these conduits.
Fissure flow usually causes mixing of the water layers and smoothing out of the
historical record of the applied water. However, in our case the sharp decrease in
tritium concentration at 30 m depth is clear evidence that the tritium curve has
not been smoothed out in spite of the fissure flow which may have taken place
over the past 27 years. This p h e n o m e n o n can be explained only by the special
unsaturated conditions of this case study. Indeed, it is accepted that as the water
content of a porous medium is decreased, the capillary pressure is increased and
the largest pores will desaturate first, followed by the desaturation of successively
smaller pores. In contrast to saturated conditions (where fluids move rapidly
along fractures) under unsaturated conditions, the fractures become desaturated
and the bulk of fluid flow occurs through interconnected pores in the matrix
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(Wang and Narasimhan, 1985). Therefore, the mixing caused by fissure flow
should be considered under saturated conditions, but it can be negligible under
unsaturated conditions. Furthermore, it seems that the hydrodynamic dispersion
(which is a combination of mechanical dispersion and molecular diffusion) which
is operating during transport through matrix flow, also has a small effect. This is
because of: (i) the slow downward movement (1.1 m yr-1), which causes little
mechanical dispersion; and (ii) the low water content (and thus the high tortuosity), which leads to reduce molecular diffusion.
Because the studied calcareous sandstone medium ('Kurkar' Group) is the
dominant sediment of the Coastal Plain Aquifer of Israel, observation that a
fraction of the percolated water moves very quickly down to the water table has
serious implications for groundwater pollution. Any plan for sewage irrigation
and fertilization in agricultural areas above this aquifer must therefore take the
potential aquifer contamination into consideration. This phenomenon may be
especially important in places where the calcareous sandstone is irregularly
consolidated.
Many conceptual theories have been developed from field and laboratory
studies of unsaturated water transport in fractured porous media. These studies
include: analysis of breakthrough curves obtained from miscible displacement
experiments; measurements of the bulk permeability of fractured media in
relation to their matrix permeability; and description of the geometry of the
fissure networks with details of the fracture patterns, sizes, orientations and
spacing. However, application of these studies to natural systems for practical
purposes, such as aquifer management and pollution control, is problematic. The
spatial variability of natural materials and the irregular geometry of the fissure
network appear to play significant roles in unsaturated solute transport through
fractured porous media. These factors cannot be modelled by the above approaches. Therefore, in-situ field measurements are still necessary. The use of
environmental tritium as a tracer over large distances and long travel times
makes it possible to reconstruct the history and mechanism of water transport in
real systems. Accumulation of additional measurements such as these will provide
a solid basis for evaluating theoretical models.

5. Summary and Conclusions
It has been shown in this study that environmental tritium is useful as a natural
tracer for evaluation of water transport phenomena in the field. A record of
about 35 years of precipitation along 40m profile of the unsaturated zone of
calcareous sandstone sediments was obtained. The field data were explained in
terms of matrix and fissure water flow, providing information about percolation
rate, recharge amount and the mechanisms of movement. It was found that 8%
of the rain input (about 4 0 m m y r 1) percolated through the matrix pores by
piston flow with a velocity of 1.1 m yr -1. An additional amount of more than 4%
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of the rain input (> 20 mm yr-1) moved faster via root channels and the fissure
network. These field data fit and support the model proposed by Wang and
Narashimham (1985) that the bulk of the water movement under unsaturated
conditions occurs through interconnected pores in the matrix.
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