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Abstract
Microwave heating has been applied to 
various agricultural problems and prod-
ucts since the 1960s. Previous literature 
has demonstrated that microwave heat-
ing will kill seeds in the soil; however 
key issues such as the infl uence of soil 
moisture on microwave heating and de-
termining whether the microwave energy 
directly interacts with the seeds have not 
been addressed. 

Experiments demonstrate that micro-
wave treatment of soil reduces wheat seed 
germination if the temperature of the soil 
is raised above 65°C. The microwaves in-
teract with soil rather than directly with 
seeds and heat is transferred from the 
soil to the seeds. Microwave heating is 
quicker in dry soil conditions due to less 
refl ection of the microwave energy from 
the surface and greater penetration of the 
microwave fi elds through the soil. 

The energy requirements needed to 
suppress seed germination in the air-
dry soil samples was approximately 0.63 
kW.h m-2. Assuming a typical electrical 
energy tariff of between $A0.20–0.30 per 
kW.h, the treatment costs were between 
$A0.13 m-2 and $A0.20 m-2. If off-peak 
tariffs of between $A0.03–0.05 per kW.h 
could be used, the treatment costs would 
be between $A0.02 m-2 and $A0.03 m-2.

Introduction
‘It has long been known that an insulating 
material can be heated by applying energy to it 
in the form of high frequency electromagnetic 
waves’ (Metaxas and Meredith 1983). In-
dustrial microwave heating of dielectric 
(insulating) materials has been used since 
the 1940s (Metaxas and Meredith 1983). 
The initial experiments with microwave 
heating were conducted by Dr. Percy 
Spencer in 1946, following a serendipitous 
accident while he was testing a radar mag-
netron (Gallawa 1998). Since then many 
heating, drying, thawing (Liu et al. 2003) 
and medical applications (Bond et al. 2003) 
have been developed. 

Microwave frequencies occupy the por-
tion of the electromagnetic spectrum that 
lies between VHF radio-waves and the far 
infrared and range between 300 MHz and 
300 GHz. Because microwaves are used 
in the communication, navigation and 

defence industries, their use in thermal 
heating is restricted to a small subset of 
the available frequency bands. Commonly 
used frequencies include 434 ± 1 MHz, 922 
± 4 MHz, 2450 ± 50 MHz and 5800 ± 75 
MHz (CDTC 1991). 

The factors that contribute to micro-
wave heating include the physical and 
chemical structure of the heated material; 
the frequency of the microwaves (Van 
Remmen et al. 1996); refl ections from the 
inter-facial surface of the heated material 
(Adamski and Kitlinski 2001); the attenu-
ation rate of the microwave’s electric fi eld 
strength inside the heated material (Van 
Remmen et al. 1996); the geometry of the 
microwave applicator; the geometry, size, 
dielectric and thermal properties of the 
heated material; and the exposure time 
(Metaxas and Meredith 1983). Surface re-
fl ections, due to high dielectric properties 
of the heated materials, can greatly reduce 
the heating rate.

Microwave heating is not uniform. The 
geometry of the heated material plays an 
important part in the fi nal heat distribu-
tion during microwave heating (Van Rem-
men et al. 1996). Based on earlier work (Br-
odie 2003, Brodie 2005), rectangular blocks 
tend to focus microwave heating into the 
corners and just below the surface of the 
heated object, whereas short, small-diam-
eter cylinders focus the heat along the cen-
tral axis in a ‘dumbbell’ shape, as shown in 
Figure 1. Therefore, seeds must be placed 
near the geometric centre of rectangular 
containers to ensure relatively uniform 
heat exposure.

Microwave soil heating
Microwave heating has been applied to 
various agricultural problems and prod-
ucts since the 1960s (Nelson 2003). In 
particular, treatment of soils as a meth-
od of seed germination control has been 
proposed for some time (Nelson 2003). 
Barker and Craker (1991) investigated 
the use of microwave heating in soils of 
varying moisture content as a seed ger-
mination suppressant and technique for 
weed control. Their experimental pro-
cedure was to heat approximately 800 g 
masses of soil of various wetness (10–280 g 
water kg-1 of soil) containing 10 seeds of 

oats (Avena sativa L.) and an indefi nite 
number of indigenous weed seeds in a do-
mestic microwave oven operating at 2.45 
GHz for periods of time between 15 s and 
240 s. The indigenous weed populations 
included Galinsoga parvifl ora, Digitaria spp., 
Portulaca olercea, Cyperus esculentus, Stellar-
ia media, Lipidium campestre, Chenopodium 
album and Conyza canadensis. After cool-
ing, soil samples were maintained at fi eld 
capacity and placed into a plant-growth 
room to promote seed germination. Their 
results demonstrated that when the soil 
temperature was raised to 75°C there was 
a sharp decline in both oat seed and indig-
enous weed seed germination. When the 
soil temperature was raised above 80°C, 
all seed germination was totally inhibited 
(Barker and Craker 1991). 

Nelson (2003) suggests that large 
amounts of energy are needed to raise the 
soil temperature to levels that are lethal 
to seeds. Thus studies, such as those con-
ducted by Barker and Craker (1991) and 
Nelson (2003), have concluded that micro-
wave treatment is economically nonviable. 
However many weed species have become 
resistant to more conventional chemical 
treatments and cost the Australian agri-
cultural industry tens of millions of dol-
lars annually, while others are seriously 
impacting areas of conservational impor-
tance (CSIRO 1995). Consequently, scope 
exists for using small scale microwave soil 
pasteurization programs, in cases where 
more conventional control methods are in-
appropriate or where herbicide resistance 
has become a serious problem.

Although microwave heating can in-
hibit seed germination, important prin-
ciples associated with good microwave 
design practices are yet to be identifi ed. Key 
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Figure 1. Expected temperature 
contours in (a) 60 × 50 × 70 mm 
blocks and (b) 50 mm diameter by 
100 mm long cylinders heated in 
a microwave oven with internal 
dimensions of 335 × 335 × 205 mm 
assuming uniform irradiation on 
all exposed surfaces (Source: Brodie 
2003).
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issues such as heating rates, microwave 
penetration into the soil, the infl uence of 
soil moisture on microwave heating and 
determining whether the microwave ener-
gy directly interacts with the seeds do not 
seem to have been addressed. This paper 
will investigate the temperature response 
of air-dry soil to microwave heating; de-
termine the susceptibility of wheat seeds, 
buried in soil, to microwave heating; and 
determine whether microwaves directly 
heat the wheat seeds in the soil.

Method
After noting that Barker and Craker (1991) 
chose a domesticated cereal grass for their 
investigation, wheat was chosen as a test 
species for this investigation, because its 
dielectric properties at microwave fre-
quencies are well documented (ASAE 
1994) and it will germinate readily. 

Three experiments were conducted 
during this investigation:
1. Determination of temperature ver-

sus heating time for air-dry soil sam-
ples heated in a domestic microwave 
oven.

2. Determination of heating time versus 
wheat seed survival rate for wheat 
seeds buried in air-dried soil to 1 cm 
depth and 3 cm depth. Seeds were 
heated in the soil for either 60 s, 90 s, 
120 s, 240 s, or 360 s. The seeds were al-
lowed to cool in the soil before removal 
and germination. A control sample of 
untreated wheat seeds was germinated 
for comparative purposes.

3. Comparison of survival rate for wheat 
seeds subjected to the following treat-
ments:
a. Air-dried soil with seeds buried at 

1 cm depth, heated for 360 seconds 
and allowed to cool in the soil prior 
to germination;

b. Air-dried soil with seeds buried to 
3 cm depth, heated for 360 seconds 
and allowed to cool in the soil prior 
to germination;

c. Air-dried soil with seeds buried to 
1 cm depth, heated for 360 seconds 
and removed from the soil immedi-
ately after heating;

d. Air-dried soil with seeds buried to 
3 cm depth, heated for 360 seconds 
and removed from the soil immedi-
ately after heating;

e. Air-dry soil with seeds buried to 
3 cm depth, heated for 120 seconds 
and allowed to cool in the soil prior 
to germination;

f. Soil at fi eld capacity with seeds bur-
ied to 3 cm depth, heated for 120 sec-
onds and allowed to cool in the soil 
prior to germination;

 g. Soil at fi eld capacity with seeds 
buried to 3 cm depth, heated for 360 
seconds and allowed to cool in the 
soil prior to germination.

Soil preparation
Approximately 40 litres of soil was col-
lected from the top 3 cm of a 4 m2 area of 
paddock 6 of the Dookie campus of the 
University of Melbourne. The soil source 
is located at 36°22’58”S and 145°42’27”E. 
This soil is described as Currawa Loam, 
which is an Orthic, Basic Rudosol (Isbell 
2002). The A1 horizon is approximately 
16 cm thick, consisting of dark brown, 
medium clay overlaying a 40 cm thick A2 
horizon. The A1 horizon has a pH of 6.87 
in water and an electrical conductivity of 
approximately 1.03 dS m-1. 

The soil was crushed and passed 
through a 2 mm sieve to ensure homo-
geneity and uniform response to the mi-
crowave fi elds. Soil samples, weighing 
approximately 2.3 kg, when air-dry, were 
used during the experiments. When soil 
at fi eld capacity (FC) was required, air-dry 
soil was mixed with water and placed into 
a funnel, with fi lter paper holding the soil 
in place. The soil was covered to prevent 
evaporative drying and allowed to drain 
for two days.

The moisture content of the soil was 
determined as a fraction of dry weight us-
ing: 

mw – md (1)
     md

where mw is the mass of the soil sample 
prior to drying and md is the mass of the 
soil sample after drying at 80°C until con-
stant weight.

Temperature measurement
Air dried soil samples, with no seeds in-
cluded, were placed into a 20 cm by 20 cm 
plastic dish to a depth of 6 cm. Samples 
were heated in a 750 W microwave oven 
operating at 2.45 GHz. The samples were 
placed in the centre of the oven’s turn 
table and heated for twelve consecutive 
30 second intervals. After each 30 second 
interval the microwave oven was turned 
off and the temperature in the geometric 
centre of the soil sample at depths of 1 cm 
and 3 cm were measured using a 120°C 
mercury thermometers. Temperatures sta-
bilized within about 10 seconds and the 
heating cycle was started again as soon 
as the temperature could be read and the 
thermometer removed. Each heating run 
was repeated three times using separate 
soil samples. Based on Figure 1 (a) it was 
assumed that the location chosen for tem-
perature measurements would represent 
the coolest part of the sample. 

Seed preparation
To create the necessary conditions for each 
seed treatment experiment, three centime-
tres of soil was placed into the bottom of 
a 20 cm by 20 cm by 10 cm plastic dish. A 
piece of 20 cm by 20 cm fi lter paper was 
placed over this soil and 10 wheat seeds 
were spread over the central area of this 
fi lter paper, with the seeds being at least 

5 cm from any side of the container. The 
decision to spread the seeds only in the 
central portion of the filter paper was 
based on the expected temperature distri-
bution shown in Figure 1a. 

Another piece of fi lter paper was placed 
over the seeds and 2 cm of soil was added 
to the dish. A third piece of fi lter paper was 
placed over this soil and a further 10 wheat 
seeds were distributed over the paper in a 
similar fashion to the fi rst. A fourth piece 
of fi lter paper was placed over these seeds. 
Finally, a further 1 cm of soil was added to 
the dish. All seed treatments were set up 
in the same way. 

The filter paper was used to allow 
easier retrieval of the seeds from the soil. 
Because the thickness of the fi lter paper 
was very small in comparison with the mi-
crowave wavelength of approximately 12 
cm it was assumed that the paper would 
not interfere with the normal propaga-
tion of the microwaves through the soil. 
This assumption was based on the negli-
gible radar cross-section (Wolf et al. 1993) 
presented to the propagating microwave 
fi elds by such a thin layer of material. The 
radar cross-section determines how much 
microwave energy will be refl ected or ab-
sorbed by a dielectric material. 

The soil and seeds were heated in the 
same microwave oven as used in the 
previous experiment, using the same 30 
seconds on, 10 seconds off heating strat-
egy until the required heating times were 
reached. Seeds were heated in the soil for 
either 60 s, 90 s, 120 s, 240 s, or 360 s, as 
appropriate.

All wheat seeds were retrieved from 
the soil, laid out on moist cotton wool and 
fi lter paper in a shallow dish and left for 
fi ve days to germinate. All seed treatment 
experiments were replicated four times. 
Temperatures and germination percent-
ages were analysed using Analysis of 
Variance and least signifi cant differences 
(LSD) were calculated to identify differ-
ences between treatments.

Results and discussion
Experiment 1 – Soil heating
Figure 2 shows the temperature in the soil, 
at depths of 1 cm and 3 cm, measured at 
different heating times. The temperature 
versus heating time curve followed a very 
slight sigmoid curve. This may be due to 
the continuous stopping and starting as-
sociated with the experimental method 
used. Future experiments will use in situ 
temperature measurement techniques that 
can cope with the presence of microwave 
fi elds. 

The other important observation from 
this experiment was that the temperature 
at 1 cm depth was higher than the temper-
ature at 3 cm for the fi rst 90 seconds, after 
which the temperature at 3 cm becomes 
higher than at 1 cm. This may be due to a 
combination of heat diffusion into the bulk 
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soil and increased surface cooling as the 
temperature difference between the soil 
and the air became greater.

Experiment 2 – Seed survival
Figure 2 also shows the germination re-
sults from Experiment 2. There is a marked 
reduction in wheat seed germination after 
120 seconds of microwave heating. This 
corresponded to a soil temperature of be-
tween 60°C and 65°C. Barker and Craker 
(1991) also observed that oat and weed 
seed germination was greatly reduced 
under the infl uence of microwave heating 
when the temperature in their soil samples 
exceeded 70°C.

Experiment 3 – Seed survival under 
different conditions
The air-dried soil used in all three experi-
ments had a moisture content of 26 g kg-1 
of oven dried soil. The soil moisture con-
tent of the soil at fi eld capacity was 369 g 
kg-1 of oven dried soil. 

Table 1 shows the results of the experi-
mental regimes imposed during the fi nal 
stage of this investigation. Analysis of 
Variance shows that there are signifi cant 
differences in the responses of wheat seeds 
depending on whether they are removed 
from the soil immediately after heating or 
are allowed to cool within the soil. There 
are also signifi cant differences associated 
with the moisture content of the soils at 
the time of treatment.

The germination percentage for wheat 
seeds, when treated for 360 seconds and 
immediately removed from the soil af-
ter microwave treatment was very high, 
whereas the seeds that were treated for 
360 seconds and allowed to cool in the soil 
samples failed to germinate. This implies 
that the seeds were not directly affected 
by the microwave treatment. It appears 
that heat was being generated in the soil, 
rather than in the seeds themselves, and 
then being transferred from the soil to the 
seed. 

This is consistent with the complex di-
electric properties of the soil and wheat 
seeds. Air dried clay soil has a complex 
electrical permittivity at 2.45 GHz of ε* = 
7.69 + j 1.20 and moist clay soil has a com-
plex electrical permittivity at 2.45 GHz of 
ε* = 11.3 + j 2.83 (von Hippel 1954); how-
ever the complex electrical permittivity at 
2.45 GHz for wheat at 12% moisture con-
tent is only ε* = 2.8 + j 0.3 (ASAE 1994). 
These complex numbers, where j = √(−1), 
describe two important properties of a 
material. In simple terms, the magnitude 
of the fi rst number in the complex permit-
tivity infl uences the refl ective properties 
of the material, while the magnitude of 
the second number infl uences the materi-
al’s ability to absorb microwaves. Because 
the complex electrical permittivity of the 
soil is much higher than the seeds, there 
is stronger interaction between the soil 

and the microwave fi elds than between 
the wheat seeds and the microwave 
fi elds. 

Another contributing factor to the poor 
interaction of microwave energy with the 
wheat seeds is their size. As suggested 
earlier, the effectiveness of microwave 
heating depends on the physical size of 
the target object. The small radar cross-
section (Wolf et al. 1993) of the wheat seeds 
reduces potential interaction with the mi-
crowave energy. On the other hand, the 
bulk soil presents a large radar cross-sec-
tion and interacts strongly with the micro-
wave fi elds. 

Table 1 also shows that soil moisture 
plays an important role in microwave heat-
ing. The temperature after 120 seconds of 
heating in air-dry soil was 65°C, while it 
was only 45°C in the soil that was mois-
tened to fi eld capacity. The lower tempera-
tures in the moist soil after 120 s of heating 
may have contributed to the 100% survival 
rate of wheat seeds compared with only 

2.5% survival for those treated for the same 
time in the air-dried soil. While there is 
more potential for microwave absorption 
in wet soils, the higher dielectric constant 
(ε’ = 11.3) of the moist soil compared with 
the dry soil (ε’ = 7.69) implies that more 
microwave energy was refl ected from the 
wet soil surface than when it is dry.

The exact temperature distribution 
and treatment effect of a microwave sys-
tem designed for fi eld work will depend 
on the design specifi cations of a suitable 
antenna that can project microwaves into 
the soil. Future work will focus on this 
problem, however, based on this experi-
ment, the energy requirements needed to 
suppress seed germination in the air-dry 
soil samples was approximately 0.63 kW.h 
m-2. Assuming a typical electrical energy 
tariff of between $A0.20 per kW.h and 
$A0.30 per kW.h, the treatment costs were 
between $A0.13 m-2 and $A0.20 m-2. If off-
peak tariffs of between $A0.03 per kW.h 

and $A0.05 per kW.h could be used, the 
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Figure 2. Summary of results for temperature and germination percentage 
versus microwave heating time in air-dried soil.

Table 1. Mean emergence counts and soil temperature after treatment.

Treatments

Seedling 
survival 

percentage

Soil 
temperature 

(°C)
Dry 1 cm heated for 360 s (Seeds allowed to cool in soil) 0.0 a 112
Dry 3 cm heated for 360 s (Seeds allowed to cool in soil) 0.0 a 112
Dry 1 cm heated for 360 s (Seeds removed immediately) 95.0 b 112
Dry 3 cm heated for 360 s (Seeds removed immediately) 95.0 b 112
Dry 3 cm heated for 120 s (Seeds allowed to cool in soil) 2.5 a 65
FC 3 cm heated for 120 s (Seeds allowed to cool in soil) 100.0 b 45
FC 3 cm heated for 360 s (Seeds allowed to cool in soil) 0.0 a 72
LSD (P <0.05) 5.9
Note: Measurements with different superscripts are signifi cantly different from one 
another.
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treatment costs would be between $A0.02 
m-2 and $A0.03 m-2.

Although this is probably too expen-
sive for broad-acre applications, scope 
exists for using microwave soil heating 
on small sites; in conjunction with preci-
sion farming technologies; or where large 
seed banks, environmental sensitivity or 
herbicide resistance will result in signifi -
cant on-going control costs. Microwave 
soil treatment therefore warrants further 
consideration as one part of an integrated 
strategy for seed germination control.

This project used soil, heated in a do-
mestic microwave oven, to explore wheat 
seed germination under various treatment 
regimes. Future research needs to develop 
a system for in situ soil treatment to con-
trol a variety of weed species. This will 
require a thorough survey of the dielectric 
properties of different soils and seeds with 
varying moisture contents and at differ-
ent temperatures; the design and analy-
sis of suitable applicators for projecting 
microwave energy directly into the soil; 
and a fi nal evaluation of the effectiveness 
of microwave heating as a weed control 
system. 

Conclusion
Microwave heat, generated in the soil 
rather than the seeds themselves, can re-
duce wheat seed germination. Microwave 
penetration is better in dry soil conditions; 
however if the soil is wet, seeds can be 
killed provided more heating time is al-
lowed. It is important to heat the soil 
around the seeds to at least 65°C for ef-
fective control of seed germination. Costs 
associated with this technology range be-
tween $A0.02 and $A0.20 m-2 depending 
on the energy tariff available to the user.
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