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PART A

NUCLEAR HYDROLOGY AND SEDIMENTOLOGY

by
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1. INTRODUCTION

The contribution that isotopic techniques can make to the understanding

of aspects of the water cycle (figure 1) is being increasingly recognised.
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FIGURE 1

THE LAND PHASE OF THE HYDROLOGIC CYCLE

Extensive applications are made to the study of surface water run-off,

infiltration and groundwater transport. Associated techniques have also

been used to investigate erosion and sedimentation, and aspects of geochemistry.

The most important isotopes used in these studies are listed in table 1.
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Much of the work of the isotope hydrologist is related to studies

of the dynamics of water and sediment movement. Many applications are

of specific interest to the mining industries. The following are some

typical examples:

(i) Environmental tritium techniques can be used to determine the

origin of water seeping into mines, and therefore assist in the

design of dewatering schemes.

(ii) Low level artificial tracer techniques can be used to

study the distribution of certain components of mine effluents over

a wide geographical area and for long periods. An example is

discussed in section 5. More work of this nature is expected as

the proponents of large-scale mining and industrial ventures seek

to assess in advance the possible environmental impact of the

proposals.

(iii) Systematic surveys of the levels of environmental caesium-

137 can be used to assess the cumulative effect of sediment trans-

port since the advent of nuclear testing in the late 1950s. The

impact of mining and civil engineering on erosion over this time-

scale can therefore be assessed.

(iv) Uranium daughter product disequilibrium surveys can be used

to investigate the dynamics of the accumulation of uranium in

sedimentary deposits. In some cases the data can be used to

determine the potential sources of the mineral.

2. APPLICATION OF ENVIRONMENTAL ISOTOPES TO GROUNDWATER HYDROLOGY

2.1 General Principles

The isotopes of principal interest are tritium (t, = 12.35 y) and

carbon-14 (t, - 5726 y). Both are generated by the action of secondary

cosmic ray neutrons on the components of the atmosphere and as a product

of atmospheric thermonuclear explosions. Tritium is useful for studying

processes over the past few decades; carbon-14 can be used to gain

access to time-scales of the order of thirty thousand years.

Since there are no significant underground sources of tritium or

carbon-14, the levels of isotopes in the groundwater, A, depend on

(a) the specific activity at input, A ;

(b) the extent of radioactive decay;

(c) the effect, if any, of groundwater mixing; and

(d) in the case of carbon-14, the extent, of subsurface

solution of mineral carbonate.
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The residence time t can be calculated from the measured activity A

and the half -life t, from the equation

A = ZA exp (-0.693t/t, )
o *i

(1)

where Z is the measure of the effects of groundwater mixing and geo-

chemistry, and A is the input activity.

In the case of tricium, cue input function A is dominated by the

contribution from atmospheric thermonuclear testing. In central Europe,

these reached a peak in the mid 1960s which was more than two

orders of magnitude greater than the background (figure 2) .
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FIGURE 2

VARIATION OF 3H CONCENTRATION IN
PRECIPITATION AT VALENCIA AND VIENNA

As a consequence, it is impossible to calculate, a priori, tritium

input function. Use must be made of rainfall tritium data which have .

been accumulated by the IAEA from over 165 stations throughout the world

for the best part of 20 years. Since 1970, the AAEC has monitored the

tritium levels in rainfall samples from five coastal and ten inland

stations on a monthly basis.

Problems associated with the interpretation of carbon-14 are different.

They arise because of uncertainties in the values of Z (equation (1))

which are determined by the cumulative effects of the complex carbonate

geochemistry since the infiltration of the precipitation.
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Three parameters of interest to the practising engineer can be

determined:

(i) The mean residence time of the graundwater. The mean residence

time or age of a groundwater sample in a simple homogeneous aquifer

system can be determined by application of equation (1). The

parameter is important from a practical viewpoint; if the turnover

time of the groundwater is only of the order of a few years, any

over-exploitation can in principle be corrected in a reasonable

time-scale. For instance, in the Burdekin Delta, Queensland a

potentially serious situation developed in the mid 1960s because

of over-irrigation of the expanding sugar and rice plantations.

Water tables began to fall, and as a result there was a potentially

serious problem of sea water ingress, particularly to the productivity

of the coastal farms. In practice, the situation was corrected by

the construction of an extensive series of artificial recharge

channels.

(ii) The delineation of recharge areas, in general the age of

water in a homogeneous system increases with distance from well-

defined recharge areas. The use of isotopic methods to map recharge

areas can be especially useful in remote regions where the number

of observation bores may be insufficient to develop potentiometric

surfaces.

(iii) Groundwater mixing. Most groundwater systems are complex

and replenished by water from different recharge areas. The Burdekin

Delta is typical of many aquifers; localised recharge occurs

through the bed of the river and its tributaries; distributed

recharge over the whole area induced by precipitation is also

important. Careful analysis of the stable isotope ratios D/H and

180/160 can frequently identify different sources. The stable

isotope ratios depend on a number of parameters, but are parti-

cularly sensitive to the temperatures of precipitation. Thus, in

many cases, water from a river with an elevated catchment can be

distinguished from that falling on a flood plain.

2.2 Field applications

Three examples from the AAEC program will be briefly mentioned .

The locations of the field areas are shown in figure 3.
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FIGURE 3

LOCATIONS AT WHICH THE NUCLEAR HYDROLOGY GROUP
HAS UNDERTAKEN RESEARCH PROJECTS

The Burdekin Delta - a tritium study

The results of an extensive survey of the tritium levels in the

Burdekin Delta are summarised in figure 4. As expected, the age of

water increases with distance from the river which is an important

source of recharge. Tritium levels also decrease with increasing depth.

The vertical stratification is an indication of local recharge. The

short residence times indicated by the high tritium levels are consistent

with known hydraulic data. As discussed in section 2.1, it was possible

to correct the effects of over-exploitation by an extensive program of

artificial recharge.

Mereenie Sandstone aquifer, Alice Springs - a carbon-14 study

The study .of the isotope hydrology in arid and semi-arid regions of

the Australian continent, where the potential evaporation rate can

exceed the mean annual rainfall by an order of magnitude, is of particular

interest. A survey of the carbon-14 levels in bores tapping the Mereenie

Sandstone aquifer which supplies Alice Springs with much of its water
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FIGURE 4

THE TRITIUM SURVEY OF THE BURDEKIN DELTA
The geographical location of the Burdekin R.
is shown in the inset. The tritium levels

are indicated by TO.
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has been interpreted on the understanding that the recharge rate was far

from uniform over the millennia. Evidence was adduced that recharge

occurred at a somewhat greater than average rate at about 6000 y, at

about 1800 y and a few hundred years before present. Such results

contribute not only to our general understanding of aspects of desert

hydrology, but also to our knowledge of climate in past times. For

instance, evidence is accumulating for the existence of wetter than

average periods about 6000 years ago in other regions of Australia, in

some parts of Africa and in the Middle East.

The Great Artesian Basin(GAB)

To the isotope hydrologist, the principal research interest in the

GAB stems from its enormous size. Up to 500 000 years are required for

water to flow from the infiltration areas west of the Great Dividing

Range to output areas in South Australia. The AAEC has sampled over 100

bores which tap the principal Jurassic aquifer mapped by the Bureau of

Mineral Resources. Such is the age of the water that carbon-14 techniques,

which can date water up to 30 000 y, have been used only to delineate

recharge areas in Queensland and to confirm input areas in South Australia.

The work on the western extremities of the basin is of particular significance

as the density of observation bores is frequently too low to draw firm

conclusions from conventional hydraulic data. The GAB study well

illustrates the potential value of long lived environmental isotopes in

some local basins. Techniques are being developed for measuring the

cosmogenic isotope chlorine-36 which has a half-life of 308 000 years.

This isotope can, in principle, be used not only to measure the age of

• very old groundwater, but also to study the evolution of salinity in the

water.

3. URANIUM DAUGHTER PRODUCT DISEQUILIBRIUM STUDIES

In recent years, uranium isotope ratio techniques have been applied

to hydrological problems. Uranium-234, a second order daughter product

of uranium-238, has a half-life of 248 000 years. Since' 231*u/238U

activity ratios are frequently in excess of unity, the possibility of

using systematic ratios to study the transport of water over the 105

year time-scale has been postulated. Because uranium is found in almost

all host rocks, and it is therefore impossible to define a genuinely

closed system, extensive applications to hydrology have not been made.
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However, uranium daughter product disequilibria are being increasingly

used to study the evolution of sedimentary deposits. A typical example

is the study of the uranium accumulation at Yeelirrie which is located

in the Murchison region of Western Australia, approximately 700 km

north-east of Perth. The weighted means of the 23l»u/238U and 23°Th/23HU

ratios were 1.38±0.1 and 0.88±0.26, respectively. The larger variability

of the latter ratio is not solely due to experimental factors; it is

taken as evidence for the translocation of uranium subsequent to deposition.

An attempt has been made to interpret the disequilibrium in terms

of 'age1 of the sedimentary deposit. It is accepted that data can only

provide quantitative evidence for or against hypotheses based on geological

and paleoclimatic considerations. It is tentatively concluded that

significant translocation of uranium occurred during the last interglacial

period.

4. ENVIRONMENTAL CAESIUM-137 AND SEDIMENT TRANSPORT

Unlike carbon-14 and chlorine-36 which stabilise chemically as

dissolved species, the fission product caesium-137 adsorbs strongly on

clays and other soil components and can therefore be used as an environ-

mental tracer to study the redistribution of sediment. Small concentrations

of the isotope began accumulating in rainfall during the early 1950s,

from which it was adsorbed on to vegetation and soils in the catchment

areas. Subsequent erosion led to a relocation of caesium-137 to areas

of deposition. Thus in an erosion deposition sequence, location of the

caesium-137 horizon can be used as a mark for, say, the year 1955 which

corresponds to the onset of extensive atmospheric nuclear testing. In

favourable circumstances, it is possible to correlate the caesium-137

soil profile with the differential input of the isotope. The example

shown in figure 5 is the profile from the bed of the Stephens Creek

Reservoir near Broken Hill, NSW. From the results, an average sedi-

mentation rate of 1.6 cm y 1 was calculated. This value is consistent

with that assessed from the historical record.

In other applications, the cumulative effect of sediment relocation

in river catchments can be monitored and the results correlated with

meteorological records and known changes in land use patterns. In

principle the caesium method can be used to quantify the impact of a

mining operation on sediment transport in the general vicinity over the

last twenty years or so.



413

£20

Arbitrary time scale
1975 1956

I964

I

24 1

\
o •

20N- -to o-

22

ie16

10

8

6

4

2

0

oce

14 JnO SQ
,0 Q. 5
12

HOC
z u
UJI

z z

0 10 20 30 40

MID-RANGE DEPTH OF CORE SAMPLE (cm)

FIGURE 5

COMPARISON OF (a) 137Cs CONTENT IN SOIL FROM
• STEPHENS CREEK RESERVOIR, (b) 137Cs CONTENT IN AUSTRALIAN

RAINFALL, AND (c) RADIOACTIVE FALLOUT DATA FOR SOUTHERN HEMISPHERE

5. SURFACE WATER AND HEAVY METAL TRANSPORT

In many mining operations it is necessary to release significant

quantities of low level waste products to the environment. Nowadays, it

is almost always necessary for proponents of new ventures to prepare

statements on the likely impact of the proposed operations on the environ-

ment. Tracer studies have proved their usefulness in assessing a range

of dispersion processes. Radioactive tracers are particularly well

suited to these applications because:
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EXPERIMENTAL AREA SHOWING PRINCIPAL RANGER
AND PANCONTINENTAL INJECTION POINTS IR AND IPC

AND LOCATION OF MEASURING TRANSECTS R, PCI, PCI AND PC3
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(i) they can be measured at ultra low levels and can therefore be

used in investigations of transport processes over large geographical

areas and for long periods, and

(ii) they can be used to study the distribution of specific elements

between components of the natural ecosystem.

As an example, a study undertaken for Pancontinental Mining Ltd and

Banger Uranium Mines Ltd on the dispersion of water and zinc through the

Magela system (figure 6} during the summer monsoon flood is cited. In

separate experiments, tritium (3700 GBq or 100 Ci) and 65Zn(30 GBq or

800 m Ci) were injected at IR and IPC at a steady rate over 36 hours.

The specific activity of the isotopes was monitored at the transects R,

PCI, PC2, PC2A and PCS. To allow for dilution effects, the zinc tracer

was monitored as the ratio 65Zn/HTO. The regular decrease of the ratio

with time was attributed to the uptake of the tracer by the vegetation

and the sediment. This was confirmed by the direct counting of a range

of samples. Follow-up surveys were made in the subsequent dry season to

determine the ultimate fate of the radioactive zinc. It should be

emphasised that, because of the enormous dilutions over the substantial

period of the experiment, ultra low-level counting techniques must be

used. The work is therefore fairly labour intensive. Nevertheless, in

view of the type of information which can be obtained, the effort is

well worth while.

6. CONCLUSION

To the practising engineer, the isotope techniques have the inherent

limitation that they reflect the average behaviour of the system over a

time commensurate with the half-life of the isotope. Except in the case

of groundwater tritium, sediment caesium-137 and, of course, artificial

tracer work, the information is heavily biased towards conditions that

existed before extensive human exploitation. The engineer is usually

interested in the past in so far as it reflects the future.

On the other hand, isotopic data can provide information on trans-

port on a regional scale quickly and cheaply. In addition, interpretation

of the results inevitably contributes to an understanding of the geochemistry

of the dynamic system. In the investigation of nature, no technique

stands alone; deep insights are only obtained from a synthesis of all

approaches.


