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Groundwater recharge is one of the most difficult components of the water balance to measure. For 
this reason, electromagnetic methods have been used to infer its variability from measurements of 
apparent electrical conductivity. In this study, groundwater recharge was estimated at 20 sites using 
unsaturated zone chloride methods. Interpolation between drill sites was accomplished with the aid of 
a helicopter-borne electromagnetic survey (DIGHEMIV). Correlations between recharge and apparent 
electrical conductivity were only significant (R 2 = 65%) at the highest frequency (56,000 Hz). Using 
these single-frequency data, variations in recharge were mapped over an area of 32 km z. Recharge, as 
inferred from the electromagnetic data, appears to be lognormally distributed, and varies from less 
than I to more than 50 mm yr -l . Within the study region, spatially averaged recharge can be estimated 
from the electromagnetic data, with an accuracy of approximately -60%, + 140% (90% probability). 
This is comparable to the estimation accuracy when surface electromagnetic methods are used. Aerial 
electromagnetic methods appear very useful for identifying areas of high and low recharge over large 
regions. 

INTRODUCTION 

Groundwater recharge is one of the most difficult compo- 
nents of the water balance to measure. This is particularly 
the case in arid and semiarid regions, where the recharge 
fluxes are very low, and water tables may be very deep. The 
spatial vahability of recharge has also been shown to be very 
high in arid environments [Cook et al., 1989b]. Unsaturated 
zone tracer methods are the most reliable methods for 

estimating recharge in these environments [Allison, 1988; 
Gee and Hillel, 1988; Walker eta!., 1991], but these provide 
only point estimates. Because of the cost involved in obtain- 
ing each point estimate of recharge, other means are often 
sought to infer the spatial variability, and hence to provide 
estimates of spatially averaged recharge. Ground-based e!ec- 
trical and electromagnetic (EM) methods have proven the 
most successful [e.g., Page, 1969; Engel et al., 1989; Slavich 
and Yang, 1990; Cook et al., 1989a, b, 1992]. These 
techniques rely on correlations between recharge rate, soil 
type and soil salt concentrations, to infer spatial variations in 
recharge. In particular, in the western Murray Basin, Aus- 
tralia, low recharge rates beneath agricultural land are 
associated with heavy textured soils, and with high salt 
storages in the unsaturated zone. They are thus associated 
with high apparent electrical conductivities [Cook et al., 
19921. 

Where estimates of recharge are required over very large 
regions, such as for input to groundwater flow models and 
development of land management schemes, surface electro- 
magnetic methods become labor-intensive. For large-scale 
surveying, aerial electromagnetic techniques have largely 
replaced surface methods in the mining industry. This is due 
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to their ability to cover large areas very quickly. However, 
there are very few published studies of the use of aerial EM 
techniques in groundwater resource studies [e.g., Paterson 
and Bosschart, 1987; Ife et al., 1986; Butt, 1985]. In this 
paper, we evaluate the use of a helicopter-borne electromag- 
netic instrument to estimate spatial variations in groundwa- 
ter recharge under dryland agriculture in a semiarid area of 
South Australia. The paper is an extension of the previous 
work of Cook et al. [1992], which evaluated surface electro- 
magnetic methods at the same site. 

STUDY SITE DESCRIPTION 

The study site is located in the western Murray Basin, 
Australia, near the town of Borrika (Figure 1). Mean annual 
precipitation is 340 ram, and potential evaporation approxi- 
mately 1800 mm yr -• . The water table occurs at 30-35 m 
depth, and geology consists of sands to sandy loams over- 
lying limestone at 50 m. The landscape is one of east-west 
trending dunes, 3-.8 m in height, separated by broad flat 
swales. The natural vegetation of the region is mallee (Eu- 
calyptus spp.) woodland, but much of the area was cleared in 
the 1920s, and crops and pastures have since been grown 
under a dry!and farming regime. Clearing of the native 
vegetation has led to increases in recharge from less than 0.1 
mm yr -l under Eucalyptus vegetation, to between approx- 
imately 1 and 50 mm yr-l under dryland agriculture [Allison 
et al., 1990]. 

METHODS 

The basic principle of active, inductive, helicopter elec- 
tromagnetic systems (HEM) is the measurement of the 
change in mutual impedance between a pair of coils as this 
coil pair is moved relative to a subsurface conductor of 
electricity. A transmitter coil outputs a sinusoidally varying 
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Fig. 1. Location map. 

primary field, which induces a voltage in the conductor. The 
sinusoidal field operates in distinct frequencies in the range 
from 385 to 56,000 Hz. The induced voltage causes a current 
to flow in the conductor which, in turn, generates a second- 
ary field. This secondary field is a vector and can be broken 
down into an in-phase and a quadrature component. These 
two components are then used to calculate apparent electri- 
cal conductivity (EC,•) of the ground. Detailed theory is 
described in most geophysical texts [e.g., Parasnis, 1986]. 

The DIGHEMIV system is installed into locally available 
helicopters. In this project, an Aerospatiale 350B helicopter 
was utilized. A radio positioning system with 3-m accuracy 
was used to provide real time guidance. Positioning infor- 
mation was digitally recorded for postprocessing purposes. 
A regular grid of lines spaced 150 m apart was flown using 
the Australian Mapping Grid convention over an area of 32 
km 2. The survey took place on November 6, 1990. Approx- 
imately 215 line-kilometers of survey data was acquired in 
approximately 4 hours of flight time. 

The DIGHEM TM system [Fraser, 1978] comprises four 
independent pairs of electromagnetic coils, one with a ver- 
tical transmitter-receiver coil pair, and three others with a 
horizontal (coplanar) coil pair. The vertical coil pair is in a 
coaxial configuration, its axis in the flight direction. For this 
program, the vertical coil pair was operated at a frequency of 
900 Hz, and the three horizontal coil pairs at frequencies of 
385, 7200 and 56,000 Hz. Coil separation is 8 m for 385,900, 
and 7200 Hz, and 6.3 m for the 56,000 Hz coil pair. The 
system yields an in-phase and a quadrature channel from 
each transmitter-receiver coil pair. Nominal survey altitude 
is 30 m. Further technical details of the system used in this 
study are given by Pritchard [1991]. Skin depths for each of 
the frequencies can be approximated by the equation 

& • 500(p/v)0.5 (1) 

where /3 is the skin depth (meters), p is the earth resistivity 
(ohm meters) and v is the operating frequency (hertz) [Paras- 

TABLE 1. Skin Depth (Meters) for a Homogeneous Half-Space 
as a Function of Operating Frequency and Earth Conductivity 

Earth Conductivity, mS m -• 

Frequency, Hz 10 100 1,000 

385 257 81 26 
900 168 53 17 

7,200 59 19 6 
56,000 21 7 2 

nis, 1986, p. 221]. Skin depths are given for a range of Earth 
resistivities in Table 1. Each measurement with the 

DIGHEM TM system represents a spatial average over an 
area of approximately 0.4 ha [Fraser, 1978]. The area 
covered by each measurement is termed its "support" 
[Journel and Huijbregts, 1978]. The DIGHEM TM system is 
capable of defining changes in conductivity of less than 5%. 

In this study, apparent electrical conductivities of the 
Earth were calculated using a pseudolayer half-space model 
[Fraser, 1978]. In-phase and quadrature components of the 
secondary magnetic field are used to solve for Earth appar- 
ent resistivity and distance from the sensor to the top of the 
half-space model at each frequency. Differences between 
this calculation and altitude measured with a radar altimeter 

are ascribed to layering of the Earth. 
To establish ground truth for the electromagnetic survey, 

20 holes were drilled beneath flight lines, to depths of 
between 6 and 35 m. Gravimetric water content and soil 

water chloride concentration were measured on all samples. 
Methods of analysis are described by Cook et al. [ 1992]. For 
each of the holes, groundwater recharge rates were esti- 
mated from these data using a transient chloride mass 
balance approach [Walt•er et al., 1991]. This method esti- 
mates the mean rate of deep drainage below the plant root 
zone since clearing of native vegetation, rather than the 
current rate of groundwater recharge. However, as no 
impeding layers exist within the profile, the mean rate of 
deep drainage will be equal to the mean groundwater re- 
charge rate under steady state conditions. For simplicity, the 
term "recharge rate" will be used to refer to this quantity. 

Seven of the above calibration holes were cased with 

100-mm polyvinyl chloride pipe, and profiles of apparent 
electrical conductivity were measured with the Geonics 
EM39 downhole conductivity probe [McNeill, 1986b]. The 
EM39 is a continuous wave, fixed-frequency electromag- 
netic (FEM) instrument, operating at a frequency of 39.100 
Hz. It has a coil separation of 50 cm, and a peak response at 
a distance of 28 cm radially from the probe. Surface EM 
measurements were made with the Geonics EM31 induction 

meter [McNeill, 1986a]. This instrument has an operating 
frequency of 9800 Hz, and a skin depth of approximately 4.5 
m. The skin depth is independent of the Earth conductivity, 
where the conductivity is low [McNeill, 1980]. 

THEORETICAL MODEL 

The electrical conductivity of a soil sample is a compli- 
cated function of the soil structure, texture and mineralogy, 
as well as its water content and salt content [e.g., Shainberg 
et al., 1980]. However, it may be approximated by 

EC• = EC,,,0r + ECs, (2) 
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Fig. 2. Examples of soluble salt profiles under native Eucalyptus vegetation, and under agricultural land. The 
theoretical, four-layer model used to describe the relationship between recharge rate and apparent electrical 
conductivity of the Earth beneath agricultural land is also shown. Representative layer conductivities for a soil of 10% 
clay content are shown. The conductivity of the root zone is dependent on the recharge rate [Cook et al., 1992]. 

where EC•, is the soil solution conductivity, 0 is the volu- 
metric water content, ris the tortuosity, and ECs is the solid 
phase contribution [Rhoades et al., 1976]. Although the solid 
phase conductivity, ECs, is dependent upon the clay miner- 
alogy and cation exchange capacity [Waxman and Stairs, 
1968], Rhoades [1981] found it to be most strongly related to 
clay content in a study of 12 Arizona and California soils. By 
assuming a linear relationship between ECs and clay content 
[Rhoades, 1981 ] and a constant value of tortuosity, r = 0.15, 
Cook et al. [1992] found that (2) explained over 90% of the 
variation in ECa, where this was measured with the EM39 
probe. This suggests both that (2) provides a satisfactory 
description of variations in apparent conductivity within the' 
study area, and that the effects of variations in clay miner- 
alogy and cation exchange capacity on solid phase conduc- 
tivity are minor. 

A theoretical, four-layer model has been developed to 
describe the relationship between apparent electrical con- 
ductivity and groundwater recharge rate under agricultural 
land within the study region [Cook et al., 1992]. Under 
native vegetation, the soil profile is characterized by low 
rates of recharge, and high soluble salt concentrations 
[Walker et al., !99!]. Clearing for agriculture increases 
recharge, and leaches these salts. A leached zone develops 
in the profile (Figure 2). The mean recharge rate since 
clearing is proportional to the thickness of the low- 
conductivity leached layer. The conductivities of the leached 
and unleached layers, and also of the aquifer, will depend on 
the soil texture. Representative values for a soil containing 
10% clay content are given in Figure 2. 

The recharge rate under agriculture is also dependent on 
the soil texture within the plant root zone. High rates of 

recharge are associated with light-textured soils (low clay 
contents), and hence low conductivities of the surface layer 
(equation (2)). Both of these effects cause high rates of 
groundwater recharge to be associated with low apparent 
electrical conductivities. Variations in soil moisture content 

due to recent weather events may affect the measured 
conductivity, particularly if the soil is heavy textured and the 
signal penetration is small. However, as the survey is carded 
out within a single day, lateral variations in conductivity 
cannot be attributed to this. For further details of the model, 
including layer conductivities and thicknesses, the reader is 
referred to Cook et al. [1992]. 

The relationships between recharge rate and apparent 
electrical conductivity predicted by the model for a sandy 
loam soil (10% clay) are depicted in Figure 3. At 385 and 900 
Hz, sensitivity of ECa to R(OECa/OR) is less than 1.0 (mS 
m-•)/(mm yr -•) at recharge rates greater than 2 mm yr -• . 
At 7200 Hz, sensitivity decreases from 5.0 (mS m-•)/(mm 
yr -•) at R = 2 mm yr -• to 0.4 (mS m-•)/(mm yr -•) at R = 
40 mm yr -• . At 56,000 Hz, sensitivity decreases from more 
than 20 (mS m- •)/(mm yr- •) at R = 2 mm yr-• to less than 
2 (mS m-•)/(mm yr -•) at R > 15 mm yr -•. Hence the 
resolution of the DIGHEMIV system at 56,000 Hz under this 
model (assuming instrument precision of 5%) decreases from 
_+0.25mmyr -•atR =2mmyr -• to _+4mmyr -•atR = 
15 mm yr -• . For the highest frequency, the effect of varying 
soil texture is shown in Figure 4. At recharge rates above 
10-15 mm yr -• , changes in soil type may produce variations 
in ECa at least equal to those due to variations in recharge. 
This will greatly affect the ability of the system to resolve 
changes in recharge rate. At lower frequencies, the sensitiv- 
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Fig. 3. Model relationship between apparent electrical conductiv- 
ity and mean recharge rate for a sandy loam soil (10% clay). 

ity to recharge, relative to the sensitivity to changes in soil 
type, decreases. 

FIELD RESULTS 

Conductivity Maps and Histograms 

Measurements of apparent electrical conductivity were 
made along 28 north-south transects, and two east-west 
transects, covering an area of 8 km x 4 km. North-south 
transects were at a nominal spacing of 150 m. The distance 
between measurements along each transect varied between 4 
and 8 m. A total of 38,166 measurements were made. 
Apparent conductivity contour maps were prepared from the 
digital data for all four frequencies. Only that for the highest 
frequency (56,000 Hz) is shown here (Figure 5). Apparent 
conductivities at the highest frequency (56,000 Hz) range 
between 5 mS m -] and 3400 mS m -l. (Unless otherwise 
stated, quoted apparent conductivities refer to those mea- 
sured at 56,000 Hz.) The main area of high conductivity 
extends in a WNW-ESE direction across the study area, and 
coincides with a topographic high. A heavy-textured layer 
(high clay content) is known to occur between approxi- 
mately 2 and 5 m depth in this area. A second conductivity 
high occurs on the western boundary of the study area, at 
approximately 410000 east, 6127300 north coordinates (Aus- 
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Fig. 4. Model relationship between apparent electrical conductiv- 
ity and mean recharge rate for three soil types at 56,000 Hz. 

tralian map grid reference) on the grid of Figure 5. Conduc- 
tivity lows occur in the northwest and southwest corners of 
the study area. 

Summary statistics of apparent conductivities over the 
study area in each of the four channels are given in Table 2. 
They show that as the frequency is lowered and the skin 
depth increases, the variance of conductivity decreases. 
This suggests that most of the variance in conductivity 
occurs near to the soil surface. A histogram of apparent 
electrical conductivity at 56,000 Hz is plotted on a natural 
logarithmic scale in Figure 6. The plot shows that within the 
study area, apparent conductivities at 56,000 Hz are approx- 
imately lognormally distributed. The mean of the log. 
transformed data is 4.62, and variance 0.51. 

Comparison With Surface Methods 

A comparison of ECa values measured by the DIGHEM TM 
system at 56,000 Hz, and those measured with a surface 
system (Geonics EM31, 9800 Hz) was made along one 
transect (Figure 7). The comparison is not a precise means of 
evaluating the aerial system, as the spatial resolution and 
skin depth for the two systems are somewhat different. 
Nevertheless, the similarity of the patterns obtained with the 
different instruments provides some confidence in the reso- 
lution of the airborne system. 

Correlation With Recharge 

Figure 8 depicts the relationship between ECa (at 56,000 
Hz) and groundwater recharge estimated from cores taken 
beneath flight lines. The data are plotted on a natural 
logarithmic scale, because both recharge and apparent con- 
ductivity are lognormally distributed. While a total of 34 
holes have been drilled within the study region, only those 
located within 35 m of a flight line (20 in total) are shown in 
Figure 8. These are considered to be within the spatial 
support of the electromagnetic measurements (see above). 

The relation between In R and In EC a appears approxi- 
mately linear, with the least squares regression equation 
given by 

In R = 5.2 - 0.7 In EC a + s (R 2= 65%) (3) 

where R is a point measurement, and ECa is a spatial 
average. Correlation coefficients are 37%, 6% and 29% for 
7200, 900 and 385 Hz respectively. The residuals, s, appear 
approximately normally distributed, with constant variance 
and mean of zero. The mean square error is V(s) = 0.35. 
This error comprises both model error (geological noise), 
and variance of recharge which occurs within the support of 
the ECa measurement. 

The observed relationship between EC a and recharge rate 
is compared with the model results in Figure 9. Numerals 
indicate average clay contents between 2 m (the bottom of 
the root zone) and 10 m depth, where this was measured. For 
any given recharge rate, variations in electrical conductivity 
can be largely explained by variations in soil texture between 
2 and 10 m depth. In particular, for a recharge rate of 
approximately 9 mm yr -1 the electrical conductivity was 
measured to be 25, 85 and 190 mS m -1 , at sites where the 
mean clay content below 2 m was 5, 9 and 14%, respectively. 
In addition, there is an apparent negative correlation be- 
tween average clay content in this zone and recharge rate, 
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Fig. 5. Contour map of soil apparent electrical conductivity at 56,000 Hz. Locations of calibration bores are shown. 

but this is coincidental rather than causal. Recharge rate is 
largely determined by clay content in the plant root zone 
(upper 2 m depth). Although recharge rate is generally not 
determined by clay contents below 2 m depth, high clay 
contents above 2 m are generally accompanied by higher 
clay contents below 2 m. 

Despite this "coincidental" relationship, the relationship 
between recharge and conductivity is still stronger than the 
model suggests. In particular, DIGHEM TM estimates con- 

TABLE 2. Distribution Statistics of Apparent Electrical 
Conductivities Measured With the DIGHEM Iv System 

Frequency, Hz 

56,000 7,200 900 385 

Minimum 5.5 17.3 25.5 37.2 
Maximum 3,333 435 625 182 
Mean 141 132 86 83 
Variance 36,200 2,355 358 335 

Data are in units of millisiemens per meter. 

ductivities of over 1000 mS m -] at bore BEM07 where 
downhole conductivity logging found the conductivity of the 
profile to nowhere exceed 400 mS m-I. The amplitude of the 
DIGHEM 56,000-Hz quadrature data is less than 10 ppm at 
this point, and the resistivity algorithm is unstable at this low 
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Fig. 6. Frequency distribution of apparent electrical conductivity 
at 56,000 Hz. 
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Fig. 7. Compazison of apparent electfica] conductivity mea- 
sured with surface (Geonics EM31) and aerial (DIGHEM TM at 
56,000 Hz) electromagnetic systems. 

amplitude and can have an error of 3-4 ohm m (•-300 mS 
m-•). In other cases, differences between the model and the 
field results can often be explained in terms of soil texture 
stratification in the upper 10 m of profile, or in the case of 
light-textured soils (where signal penetration is relatively 
deep) by variations in conductivity below 10 m depth. 

Distribution and Spatial Structure of Recharge 

Figure 10 depicts the spatial distribution of recharge over 
the survey region, estimated from the electromagnetic data. 
Recharge is estimated to vary between less than 1 and more 
than 50 mm yr -• , although Figure 10 shows only the major 
trends. The main features of this map are the same as those 
of the conductivity map (Figure 5). The low recharge zone 
extending between (410000, 6132000) and (414000, 6131000) 
coincides with a ridge underlain by a heavy-textured layer. 
The recharge low near (410000, 6127300) does not correlate 
with topography, but also coincides with a shallow clay 
layer. Areas of highest recharge occur in the northwest 
comer of the study site (410500, 6133000), the southwest 
comer (411000, 6126000) and along the western boundary 
(410000, 6131000). 

The variance of In R over the study region is given by 

V(ln R) = V(5.2 - 0.7 In EC a + e) 

= (0.7) 2V(ln ECa) + V(e) 
= 0.25 + 0.35 = 0.6. 

The mean value of In R is given by 

E(ln R) = E(5.2- 0.7 In ECa + e) 

= 5.2 - 0.7 E(!n ECa) + E(e) 

= 5.2- 3.2 = 2.0. 

Since EC a is lognormally distributed, and In ECa is linearly 
related to In R, R will also be lognormally distributed and 
defined by the above parameters. The mean recharge rate is 
approximately 9 mm yr -• . 

The value of R at any point within the study region may be 
estimated from the electromagnetic data using (3). The 
accuracy of prediction of point recharge is then given by 

V(In/•) = 0.35[ 1.05 + (In E(•a - 4.6)2/22] (4) 

where ECa is the estimated apparent electrical conductivity 
within any support which contains the relevant point, and/• 
is the estimated recharge rate. Thus the 90% confidence 
interval (-+2 standard deviations) is approximately equal to 
(0.3/•, 3.4/•), where/• is the estimated recharge rate from 
(3), provided that 4 </• < 12 mm yr -• . If/• is outside these 
bounds, the confidence interval will be greater than this. The 
confidence interval becomes (0.25•, 4.0/•) for 1 </• < 50 

-1 
mm yr . 

As discussed above, these estimation errors are for esti- 
mating point recharge from spatially averaged apparent 
conductivity measurements. They include the variation in 
recharge which occurs within the area of spatial support for 
the DIGHEM TM measurement. The variance within support 
cannot be properly estimated from the data presented in this 
paper. However, from Cook et al. [ !989b], the variance of 
In R within an area equal to the DIGHEM TM spatial support 
is likely to be of the order of 0.25-0.3. Also, in this study, 
four of the core sites were drilled within an area equal to the 
size of the support. The variance of In R of these point 
estimates was 0.1. Hence, if we suppose that the variance of 
recharge within the support is approximately equal to 0.15- 
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Fig. 8. observed relationship between apparent electrical conduc- 
tivity and recharge rate. 
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Fig. 9. Comparison of model predictions (solid lines) and field 
results (squares) describing the relationship between apparent e!ec- 
trical conductivity and recharge rate. Numerals indicate mean clay 
contents (in percent) between 2 and 10 m depth in the case of field 
data, and clay contents below 2 m depth for the model results. 
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Fig. 10. Contour map of estimated mean recharge rate. 

0.20 (half of V(e)), then the accuracy of prediction of 
spatially averaged recharge becomes (-60%, + 140%) for 3 
</• < 15 mm yr -], and (-65%, +170%) for I </• < 50 

-1 
mm yr 

DISCUSSION 

In semiarid environments, the groundwater recharge rate 
is often highly spatially variable. In some cases, variations in 
recharge may be related to geomorphic features which are 
easily identified. For example, in aeolian landscapes, re- 
charge may be high through sand dunes, and low through 
swales [Budd et al., 1990]. In this study, the largest area of 
low recharge coincided with the location of a heavy-textured 
layer, which formed a distinct ridge and could be mapped 
from aerial photography. In most cases, however, the areas 
of high and low recharge showed no obvious relation to the 
geomorphology. It is in these cases tha! electromagnetic 
methods could be most useful. 

The rate of groundwater recharge at any site affects the 
water content and salt content of the unsaturated zone. Al.•o, 

soil texture has a large influence on the recharge regime. 
Electromagnetic methods provide an estimate of the electri- 
cal conductivity of the ground, which is determined by a 
combination of the soil water content, salt content, texture 
and mineralogy. The nature of any relationship between 
ground conductivity and recharge rate will depend on the 
interplay of these parameters. In some areas, it may be quite 
complicated. In arid and semiarid areas, however, the elec- 
tromagnetic response may be largely dependent on the soil 
type [Cool, et al., 1992]. Relationships between recharge rate 
and ground conductivity may be primarily due to correla- 
tions between recharge rate and soil texture [Cook and 
Walker, 1990; Athavale et al., 1980]. 

The Borrika field site represents a particular type of 
landscape. The water table is deep (>30 m), and soil water 
movement is one dimensional (downward). Because flow 
processes are relatively simple, we have been able to de- 
scribe a detailed model which relates the groundwater re- 
charge rate to a layered model of Earth electrical conductiv- 
ity. High rates of recharge are associated with greater depths 
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of salt leaching and also with sandier textured soils. They are 
thus associated with low apparent electrical conductivities of 
the Earth. At other field sites, flow processes may be more 
complicated. Nevertheless, relationships between soil tex- 
ture and groundwater recharge rate are likely to exist [e.g., 
Athavale et al., 1980], and these may be used to develop 
relationships between apparent electrical conductivity and 
groundwater recharge rate. For example, Page [1969], Wood 
[1987], Engel et al. [1989], Cook et al. [1989a], Curtis and 
Kelly [1990] and Williams and Arunin [1990] have found 
surface electromagnetic methods to be useful for mapping 
spatial variations in groundwater recharge in a range of 
landscapes. In all of these cases, high rates of groundwater 
recharge were assumed to be associated with low apparent 
electrical conductivities. However, in most of these studies, 
groundwater recharge was not quantified. In contrast, B. G. 
Williams (personal communication, 1991) found areas of 
higher recharge to be associated with high electrical conduc- 
tivities, in an area of southern New South Wales. In this case 
the high electrical conductivities were due to the high water 
contents of the soils in the recharge areas. 

To our knowledge, this is the first attempt to use aerial 
electromagnetic systems to map variations in groundwater 
recharge on a relatively large scale, and it compares favor- 
ably with surface electromagnetic studies at the same site. 
Cook et al. [1989b] used surface electromagnetic instru- 
ments to map spatial variations in groundwater recharge 
over an area of 14 ha within the present study area. In this 
study, the accuracy of prediction of recharge from apparent 
electrical conductivity (90% confidence interval) was found 
to be (-33%, +50%) (based on data from Cook et al. 
[1989b]). Cook et al. [1992] found that the relationships 
between EC a and R apparent on the small scale were 
reproduced over a larger scale (tens of square kilometers), 
but correlation coefficients were lower. For the best surface 

systems the accuracy of prediction is estimated to be (-55%, 
+ 130%). Clearly, there is a large decrease in prediction 
accuracy when moving from smaller to larger scales. This is 
ascribed to variations in geology on the large scale, which 
are not apparent on small scales. If such variations in 
geology were well defined and easily mapped, then the 
correlation between recharge and apparent conductivity 
could perhaps be improved by stratifying the sample on this 
basis. 

The correlation between recharge and apparent electrical 
conductivity observed with the DIGHEM TM system at 
56,000 Hz is comparable to that measured with surface 
instruments on the larger scale [Cook et al., 1992]. The 
accuracy of prediction for spatially averaged recharge for the 
DIGHEM TM system is approximately (-60%, + 140%) for 3 
< /• < !5 mm yr -•. The decrease in accuracy compared 
with surface systems is relatively small. The absolute accu- 
racy will be better at low recharge fluxes, with confidence 
bounds increasing from (1.2, 7.2) mm yr -• at/• = 3 mm 
yr -1 to (6, 36) mm yr -! at /• = 15 mm yr -• Aerial , ß 

electromagnetic methods would appear to be most useful for 
identifying broad categories of low, moderate and high 
recharge. From Figure 7, where measured conductivities 
were greater than 250 mS m-! recharge rates were always 
less than 2.5 mm yr -i (three data points). Where conductiv- 
ities were lower than 55 mS m- •, recharge rates were always 
greater than 8 mm yr -! (six data points). At intermediate 

conductivities, recharge rates ranged between 2 and I0 turn 
-1 

yr . 

Electromagnetic techniques provide a means for interpo- 
lating estimates of groundwater recharge, rather than a 
method for estimating recharge directly. Because of the large 
errors involved, the method is most useful to determine the 
spatial patterns of groundwater recharge, rather than as a 
quantitative tool. As the support of each electromagnetic 
measurement may be large (particularly in the case of aerial 
systems), some of the smaller-scale variability of recharge 
will be "averaged out," and only the larger-scale trends will 
be revealed. However, even for this limited use, drilling is 
required to determine whether areas of high and low electri- 
cal conductivities are associated with areas of low and high 
recharge. When used in conjunction with a more thorough 
drilling program, electromagnetic methods may be used to 
provide estimates of average aerial recharge. They have the 
advantage that they can be used to provide complete cover- 
age of an area, whereas even detailed drilling may fail to 
identify small areas of localized recharge, which may be very 
significant on a regional scale. 

CONCLUSIONS 

In Australia, ground-based electromagnetic methods are 
increasingly being used to map spatial variations in ground- 
water recharge. When the areas involved become very large, 
however, surface methods become labor-intensive. In this 
case, aerial methods are better suited to rapid survey work. 
In this short paper, we have shown that there is little loss of 
accuracy in moving from surface to aerial electromagnetic 
techniques. However, electromagnetic methods provide 
only one data set, of the many which are required to properly 
describe a land system. Information on topography, geomor- 
phology, soils, vegetation and groundwater all contribute to 
an understanding of recharge processes in a landscape. In 
our study area, flow processes are relatively simple, and so 
electromagnetic methods by themselves can be used to 
identify areas of high and low groundwater recharge. How- 
ever, this will not always be the case, and electromagnetic 
methods should not be used in isolation. When they are used 
in conjunction with other data sets, though, electromagnetic 
methods may provide detailed information on hydrological 
processes, not easily obtainable with the other methods. In 
particular, they are likely to be most useful in identifying 
sites for subsequent drilling. 
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