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Abstract
Lolium species are used as a major feed-
source for stock around the world. Unfor-
tunately there are a number of ryegrass 
species that have inherited the ability to 
survive a normally lethal dose of herbi-
cide, which has prompted renewed inter-
est in alternative control methods. Inter-
est in microwave soil pasteurization for 
weed control began in the 1970s. 

Two experiments were conducted. The 
fi rst considered the effi cacy of microwave 
soil pasteurization for controlling Lolium 
perenne (perennial ryegrass) seed germi-
nation, while the second determined the 
infl uence of soil type and microwave 
power setting on soil heating rates. Mi-
crowave soil pasteurization killed peren-
nial ryegrass seeds buried in fi ne sandy 
soil to a depth of 10 cm. The half lethal 
temperature (T50) was 54°C in wet soil 
and 77°C in dry soil. Microwave heating 
was much more effective in moist soil 
and soils with higher clay content. 

Introduction
The cost of weed control in Australia, in-
cluding estimated losses of agricultural 
production and degradation of the en-
vironment, is approximately $4 billion 
annually (DAFF 2006). Two of the major 
challenges of weed management are the 
growing list of herbicide resistant weed 
biotypes and the management of the soil 
seed bank in weed infested areas.

The 1995/96 International Survey of 
Herbicide-Resistant Weeds recorded 183 
herbicide resistant weed biotypes in 42 
countries (Heap 1997). At that time, Aus-
tralia had 22 herbicide resistant weed 
biotypes listed in the published data set 
(Heap 1997). Since 1978 approximately 
nine new cases of herbicide resistant weed 
biotypes have been reported every year 
(Heap 1997). 

Lolium species are used as a major feed-
source for stock around the world (Chap-
man and Peat 1992). Unfortunately there 
are a number of ryegrass species that have 
inherited the ability to survive a normal-
ly lethal dose of herbicide. These resist-
ant species included Lolium multifl orum 

(Italian ryegrass), Lolium perenne (peren-
nial ryegrass) and Lolium rigidum (annual 
ryegrass) (Heap 1997). Herbicide resistant 
ryegrasses are becoming major problems 
in the Mediterranean (Gasquez et al. 1998), 
United Kingdom (Reade and Cobb 2003), 
Americas (Chapman and Peat 1992) and 
Australia (Lamp et al. 1990). The resistance 
of Lolium perenne (perennial ryegrass) to 
sulfometuron was fi rst reported in 1989 
(Prather et al. 2000, Heap 1997). Subsequent 
research has demonstrated that, once re-
sistance has emerged in ryegrass biotypes, 
they rapidly develop multiple resistance to 
several herbicide groups (Kuk et al. 2000). 
Multiple resistance of Lolium species to a 
wide range of selective herbicides is a ma-
jor threat to the productivity and sustain-
ability of Australian agricultural systems 
(Matthews and Powles 1992).

Several studies have evaluated the ef-
fectiveness of microwave soil pasteuriza-
tion to control a range of soil borne pests 
and pathogens, including fungi, nema-
todes, bacteria and weeds (Davis et al. 1973, 
Barker and Craker 1991, Nelson 1996, Bro-
die et al. 2007a). The control of weeds and 
weed seed germination appears to be the 
most promising application of microwave 
soil pasteurization (Nelson 1996). A recent 
study showed that microwave treatment 
of soil signifi cantly reduced wheat seed 
germination when the soil temperature 
rose above 65°C (Brodie et al. 2007a). Bro-
die et al. (2007a) and Nelson (1996) sug-
gested that seed susceptibility to damage 
from microwave treatment is a purely 
thermal effect. 

The objective of this study was to de-
termine the effectiveness of microwave 
soil pasteurization for controlling peren-
nial ryegrass (Lolium perenne) seed germi-
nation and provide some insight into the 
infl uence of power density and soil type 
over the rate of microwave heating. Two 
experiments were conducted. The fi rst de-
termined the effi cacy of microwave soil 
pasteurization for controlling perennial 
ryegrass (Lolium perenne) seed germina-
tion. The second explored the infl uence 
of soil type and microwave power over 
microwave heating rates.

Materials and methods
Equipment
Microwaves are a form of light (electro-
magnetic radiation). When light encoun-
ters an object some of the energy will be 
refl ected from the surface, some will be 
transmitted through the material and some 
will be absorbed by the material. In the 
particular case of microwaves, much of the 
incident energy is transmitted through the 
surface into the object. Microwave heating 
occurs when the transmitted wave is ab-
sorbed by the object. The amount of heat-
ing is proportional to the square of the mi-
crowave’s electric fi eld strength (Metaxas 
and Meredith 1983) at any point inside the 
heated material. The electric fi eld strength 
is linked to the applied microwave power 
density. Applying more power may not 
result in a linear increase in heating re-
sponse.

Earlier studies of microwave heating in 
moist porous materials, such as wood (Br-
odie 2007a), have demonstrated that the 
relationship between applied microwave 
power and temperature follows a distinc-
tive ‘S’ shaped curve which has a sudden 
jump in the temperature from a relatively 
fl at lower limb to a relatively fl at upper 
limb. It is anticipated that moist soil may 
respond in a similar way.

As energy is absorbed by the material 
through which the microwaves are propa-
gating, the strength of the electric fi eld is 
attenuated (Van Remmen et al. 1996), as 
illustrated in Figure 1. The attenuation 
rate depends on the dielectric properties 
of heated material. Rapid fi eld attenuation 
in soil has been raised as a serious limita-
tion for in situ weed seed pasteurization 
(Nelson 1996).
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Figure 1. The magnetic and electric fi eld components of a plane wave in a 
lossy medium.
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Data presented by Von Hippel (1954) 
shows that the dielectric properties of soil 
depend on texture and to some extent on 
mineralogy. Clay has the highest dielectric 
constant, followed by loam and sand has 
the lowest dielectric constant. 

Other factors that control microwave 
heating are: refl ections from the surface 
(Adamski and Kitlinski 2001); the expo-
sure time (Metaxas and Meredith 1983); 
and thermal diffusion through the mate-
rial. Moisture profoundly infl uences these 
factors. Moisture increases the dielectric 
properties of the soil by an order of mag-
nitude. This increases the refl ectiveness 
of the soil surface, reducing the amount 
of microwave energy that penetrates into 
the soil (Brodie et al. 2007a). On the other 
hand, moist soil more readily absorbs mi-
crowave energy to create heat. Therefore, 
while there is less total microwave energy 
entering the soil, the presence of moisture 
enhances the total microwave heating ef-
fect.

Brodie (2007b) demonstrated that the si-
multaneous diffusion of heat and moisture 
rapidly transports heat throughout porous 
materials during microwave heating. This 
heat transfer mechanism may greatly ex-
tend the effective penetration depth of mi-
crowave heating into the soil profi le. 

The equipment used in experiment 1 
was a laboratory prototype microwave 
system (Figure 2). The microwave system, 
energized from the magnetron of a mi-
crowave oven, had an 86 mm by 43 mm 
rectangular wave-guide channelling the 
microwaves from the oven’s magnetron 
to a pyramidal horn antenna with aperture 
dimensions of 130 mm by 45 mm. 

Based on earlier work (Brodie et al. 
2007b), the temperature distribution in the 
soil, in the H-plane of a pyramidal horn 
antenna, would be similar to that shown 
in Figure 3. Depending on the moisture 
content, textural properties and mineral 
content of the soil, the peak temperature 
should occur between 2 and 5 cm be-
low the surface of the soil (Brodie et al. 
2007b).

The deliverable power from a micro-
wave system depends on many param-
eters, including the impedance match 
between all the components of the wave-
guide. In this case, no attempt to match 
impedances along the wave-guide was 
made, so it was important to determine 
the delivered microwave power so that the 
output power from this system could be 
compared to data from Experiment 2. 

The deliverable microwave power can 
be determined using two samples of water. 
One acts as a control to determine the en-
ergy balance associated with the ambient 
conditions, while the other is heated by the 
microwave system. The deliverable power 
can be calculated from the combination of 
sensible and latent heat observed in the 
two samples using Equation 1, where P 
is the microwave power (W), ∆Tm is the 
change in temperature (°C) of the micro-
wave treated water sample, ∆mm is the 
change in mass of the microwave treated 
sample (g), mm is the initial mass of the 
microwave treated sample (g), ∆Tc is the 
change in temperature (°C ) of the control 
water sample, ∆mc is the change in mass of 
the control sample (g), mc is the initial mass 
of the control sample (g), and th is the heat-
ing time (seconds). The deliverable power 
from the microwave system used in this 
study averaged 184 ± 6.5 Watts. The equip-
ment used in experiment 2 was a purpose 
built experimental microwave chamber 
(Figure 4).

Experiment 1: Effect of soil moisture, 
microwave irradiation and burial depth 
on germination
A 2 × 6 × 4 factorial experiment, replicated 
four times, using a completely randomized 
design, was conducted at the Faculty of 
Land and Food Resources, University of 
Melbourne, Victoria. Factor A involved 
two soil moisture levels (air dry and 20% 
water). Factor B comprised six microwave 
irradiation durations (0, 2, 4, 8, 10 and 12 
minutes). Factor C was four depths (0, 2, 
5 or 10 cm). 

Fine builder’s sand was used for this 
experiment because sand has the low-
est dielectric constant of any air dry soil 
type at microwave frequencies (Von Hip-
pel 1954). Dry sand should not interact 
very strongly with the microwave fi elds; 
therefore it should be regarded as a worst 
case scenario for microwave soil pasteuri-
zation. On the other hand, moisture in 
the soil should interact strongly with mi-
crowave fi elds, resulting in much faster 
heating. The moisture content of the dry 
sand was determined using gravimetric 
analysis based on fresh weights and dry 
weights before and after drying for 24 
hours at 100°C. 

For each experimental run, twenty 
randomly selected diploid Lolium per-
enne (perennial ryegrass V. Matilda) seeds 
were obtained by sub-sampling from bulk 
samples of fresh seeds. These seeds were 
placed into 1 cm by 2 cm paper envelopes, 

Figure 2. Laboratory prototype 
system based on a modifi ed 
microwave oven.

Figure 3. Temperature distribution generated by a pyramidal horn antenna 
in the H-plane (Source: Brodie et al. 2007b).
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formed by folding small sections of fi l-
ter paper. Paper envelopes were used to 
ensure that the seeds could be extracted 
from the soil after treatment and to keep 
the seeds in place during experimental 
procedures. 

The seed envelopes were buried along 
the centre line of 2 L plastic containers at 
the appropriate depths. The plastic con-
tainers were aligned with the horn an-
tenna and the prototype microwave was 
turned on for the allocated treatment time. 
It was important to keep the seed enve-
lopes aligned with the centre line of the 
antenna to reduce any confounding ef-
fects that may have resulted from lateral 
temperature variations associated with the 
antenna’s heating pattern shown in Figure 
3. 

Following treatment, the temperature 
of the sand, at the same depth as the enve-
lope of seeds, was taken using four ther-
mometers inserted into the sand. After the 
soil had cooled, the seeds were extracted, 
placed on moist cotton wool, covered to 
prevent evaporation, and allowed to ger-
minate for ten days at 26 ± 2°C. Seeds 
were regarded as having germinated if the 
radical had emerged. Final results were 
analysed using a three factor analysis of 
variance.

Experiment 2: Effect of soil type and 
microwave power setting on soil heating
A 3 × 2 factorial experiment, replicated four 
times, using a completely randomized de-
sign, explored the effect of soil texture and 
microwave power on soil heating rates. 
Factor A was three different soil types: 
dark brown, medium clay; a 50:50 mix of 
clay and river sand; and the fi ne sand used 
in Experiment 1. Factor B was two micro-
wave power settings: 2 and 4 kW.

All of the soil types were passed through 
a 2 mm soil sieve to ensure that no rocks, 
leaves or large insects were included the 
samples. Soil moisture content of each of 
the soil type was determined as described 
in Experiment 1. 

Approximately 1386 cm3 of sieved soil 
samples, were placed into plastic contain-
ers. The container was placed about 40 cm 
below the top of the microwave chamber 
(Figure 4). Optic fi bre temperature probes 
were placed into the soil, with the fi rst 
probe being 2 cm from the top of the sam-
ple, the second probe being in the centre of 
the container and the third probe being 2 
cm from the bottom of the soil. 

Temperature at each of the three loca-
tions within the sample was monitored 
every second. Results were analysed using 
a three factor analysis of variance.

Results and discussion
Experiment 1
Signifi cant interactions (P <0.05) occurred 
between soil moisture level, heating time 
and burial depth for both soil temperature 
(Table 1) and germination of perennial 
ryegrass germination (Table 2). As was 
expected from the dielectric properties of 
dry sand (Von Hippel 1954), the micro-
wave heating rate was very slow and quite 
shallow, with the highest temperatures ap-
pearing in the top 2 cm of the dry sand 
(Table 1). Even after 12 minutes of heating, 
temperatures below 2 cm in depth were 
well below 75°C, which Barker and Craker 
(1991) found to be lethal to buried seeds.

On the other hand, the heating pattern 
in the wet sand was much faster and more 
uniform as a function of depth (Table 1). 
Shallow heating, to about 2 cm depth, oc-
curred within the fi rst four minutes; how-
ever the temperature profi les through the 
full depth of soil became more uniform 
as heating continued. It is interesting to 
note that the temperature profi le in the 
wet sand after four minutes of microwave 
heating is almost the same as the dry sand 
temperature profi le after 10 minutes of 
heating (Table 1). It is also important to 
note that after 12 minutes of heating there 
were signifi cant differences in tempera-
ture as a function of depth in the dry sand, 
while there were no signifi cant differences 
in the wet sand temperature profi le (Table 
1). The more even temperature distribu-
tion in the wet sand is probably due to 
better heat transfer through the soil as a re-
sult of the simultaneous diffusion of heat 
and moisture described earlier (Brodie 
2007b).

Soil moisture significantly (P <0.05) 
infl uenced the susceptibility of ryegrass 
seeds to heat damage (Table 2). The half 
lethal temperature (T50) for dry seeds in 
dry soil is about 77°C; however it is only 
54°C for seeds in wet soil (Figure 5). This 
reduction in the half lethal temperature 

Figure 4. The microwave chamber setup used in experiment 2 showing the 
full detail of the chamber on the left and a close-up of the experimental 
sample on the right.

Table 1. Average temperatures (°C).
Microwave heating time (minutes)

Burial 
depth

Air dry soil Moist soil
0 2 4 8 10 12 0 2 4 8 10 12

0 cm 18 a 35.8 bc 47.8 d 68.4 e 79.1 f 94.8 h 18 a 69.0 e 84.8 f 83.9 fh 86.5 h 87.6 h

2 cm 18 a 36.3 bc 47.0 d 75.9 f 82.0 f 90.9 h 18 a 60.5 g 84.0 f 86.3 fh 88.3 h 91.0 h

5 cm 18 a 30.3 b 38.5 c 58.5 g 59.4 g 71.1 f 18 a 46.0 d 65.3 e 86.6 fh 87.0 h 92.5 h

10 cm 18 a 29.5 b 36.0 bc 46.8 d 43.8 d 53.5 g 18 a 37.0 bc 56.5 g 77.8 f 76.8 f 89.9 h

Least Signifi cant Difference (P <0.05) 7.4
Note: Means with different superscripts are signifi cantly different to each other.
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(T50) may also be associated with the more 
rapid diffusion of heat, due to the simul-
taneous diffusion of heat and moisture 
(Brodie 2007b). 

It has already been demonstrated that 
microwaves interact with the soil, not 
the seeds in the soil (Brodie et al. 2007a); 
therefore heat must transfer from the soil 
to the seed before the seed is killed. The 
rapid diffusion of heat in the moist sand, 
associated with the simultaneous diffusion 
of heat and moisture, results in more rapid 
heat transfer into the seeds from the bulk 
soil; thus killing the seed germ at lower 
temperatures. The data presented here 
agrees with that of Vela-Múzquiz (1984), 
who found that imbibed seeds were more 
susceptible to microwave damage than 
dry seeds. Bebawi et al. (2007) also found 
that mortality of rubber vine (Cryptostegia 
grandifl ora), parthenium (Parthenium hys-
terophorous) and bellyache bush (Jatropha 
gossypiifolia) seeds were significantly 
greater in moist soil rather than dry soil.

Figure 5 suggests that, when the tem-
perature is close to the half lethal tempera-
ture, individuals may survive. Consistent 
under treatment could lead to heat resist-
ance within this population; therefore care 
must be exercised when applying micro-
wave soil pasteurization to control Lolium 
perenne populations. 

Experiment 2
Signifi cant interactions (P <0.05) were de-
tected between soil types and microwave 
power settings for soil heating rate (Ta-
ble 3). Increasing the microwave power 
settings from 2 kW to 4 kW signifi cantly 
increased the heating rate across all soil 
types (Table 3). On average, the clay and 
clay/sand mix heated much faster than 
the fi ne sand, particularly at the 4 kW mi-
crowave power setting (Table 3). This is 
probably due to the differences in mois-
ture content between the soil types.

The output power of the modifi ed mi-
crowave oven used in Experiment 1 was 
only 184 Watts. At 2 cm depth, the average 
heating rate for the air-dry sand, during 
Experiment 1, was only 0.12°C per second. 
This was much slower than the 0.30°C 

per second recorded at 2 kW of applied 
power during Experiment 2. Care must be 
exercised when comparing heating rates 
across both experiments, because the two 
methods of applying microwave power 
are different; however, if the relationships 
established during Experiment 2 hold for 
most systems, increasing the power out-
put from the pyramidal horn system to 4 
kW may reduce the microwave treatment 
times to one sixth of the original times 
needed in Experiment 1. Therefore soil 
pasteurization to at least 10 cm, in moist 
sand, may be achieved in about 1 minute. 
It should take far less time in soils with 

reasonable clay contents. Future experi-
ments will investigate this further.

It is concluded that microwave soil pas-
teurization has the potential to kill peren-
nial ryegrass seeds buried in moist sand 
to a depth of at least 10 cm and is more 
effective in moist soil and soils with higher 
clay content. 
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Figure 5. Temperature dose response curves for Lolium perenne.
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