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Summary 

 

Currently the most effective method of detecting meteorites in Antarctica is by eye. An 

investigation has been made of the feasibility of locating Antarctica meteorites by use of 

magnetic and/or electromagnetic means, as commonly used in other areas of geophysics.  

 

It is found that Ground Penetrating Radar (GPR) is a promising candidate for detection of 

solid bodies buried within the ice to at depths around 1m, and would thus be an effective 

approach to locating meteorites at the bottom of cryoconites. The expected detection 

limits of a GPR system has been calculated for the conditions expected in Antarctic 

meteorite stranding sites with cryoconites, and a study of the optimum instrument 

configuration was performed. 

 

For meteorites very near to the surface, such as under a thin cover of snow, GPR is 

limited by surface clutter. Magnetometers are proposed as a more effective detection 

method, and an initial look at the important parameters of a magnetometer-bases system 

was undertaken to determine if further study is warranted in that area. 

 

The advantages and disadvantages of GPR is discussed, and compared to the 

effectiveness of the current visual detection method. While it is concluded that the GPR 

systems (and potentially magnetometer) will allow the detection of large numbers of 

meteorites that are currently going unnoticed, it is also noted that the search efficiency 

and collection rates would likely not improve using these technologies, and thus they are 

unlikely to be implemented in the near future. 
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Background 

 

Searching for meteorites in Antarctica has been highly productive, with 36,533 

meteorites recovered and cataloged to date. This equates to 70% of the global total of 

52,515 known meteorites as of 15 February 2011 (1). 

 

The vast majority of these meteorites have been recovered from the ablation zones known 

as “blue ice”, at high altitude along the margins of the polar plateau, by expedition teams 

of up to dozens of people walking over the ice and locating the meteorites visually (see 

Figure 1). The meteorites are brought to the surface by the slow movement of the ice and 

the slow ablation of the surface by the high wind and dry Antarctic air. However, locating 

meteorites visually requires the ice surface to be clear of snow that can obscure the 

meteorites, and for the meteorites to be sitting at or above the surface. 

 

 
Figure 1 Map of Antarctica with blue areas indicating regions with >10% blue ice. Red diamonds 

indicate known meteorite stranding sites. Elevation contours are every 500 m (2) 

 

The most significant limiting factor on Antarctic meteorite recovery efforts is the logistic 

cost of supporting large search teams (3). Currently the most effective meteorite detector 

for Antarctic meteorite searches is the human eye. No available electronic system can 

compete with a visual search that easily recognizes features that are unique or out of 
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place. The dark, cm-sized meteorite can be identified by eye at distances of up to 100 

meters on the light colored ice, in the absence of terrestrial rocks (3). 

 

The US Antarctic Search for Meteorites (ANSMET) program has fielded and tested a 

number of instruments from simple metal detectors to a meteorite hunting robot 

(NOMAD) equipped with multiple sensors and intelligent processing algorithms (4), with 

limited success. One of the major issues is the presence of terrestrial rocks in many 

meteorite stranding sites. For example, of the 5900 specimens recovered from meteorite 

stranding surfaces in the Walcott Névé region all but a few hundred were recovered from 

regions rich in terrestrial rock (3). 

 

Targets 

 

Antarctic meteorites vary in size, being typically 1cm to 10 cm in diameter. While all 

Antarctic meteorites located to date have been on the surface, the potential exists to use 

geophysical techniques to locate near-surface meteorites at a depth in ice ranging from 

surface (covered by a thin layer of snow) down to several meters. Greater detection depth 

is a desirable outcome, as the meteorites can sink some depth into cryoconites when the 

ambient temperature is close to zero Celsius, however recovery may not be feasible. 

 

State of the art 

 

The “Robotic Antarctic Meteorite Search Project” used the Nomad robotic wheeled 

vehicle has been deployed in Antarctica in 1997 and 1998, as described in (9), and in 

2000, described in (10). A panoramic camera was used for initial detection and location 

of rocks on ice, under remote operator control. A high resolution camera and 

spectrometer were used to differentiate between terrestrial rocks and meteorites, in situ. 

Effectively this was attempting to replace a visual survey by human eyes. In January 

2000 the Nomad robot found and classified, in situ, five indigenous meteorites and 

dozens of terrestrial rocks (4), however the program was not considered competitive with 

a human visual search, and was not continued. 

 

It is generally considered by the leadership of the most prolific Antarctic meteorite search 

that, “In spite of the sophistication of [instruments for meteorite detection] approach, high 

technology is unlikely to supplant visual searches for several reasons. First, many 

technological sensors sort potential specimens in ways antithetical to the value of the 

Antarctic collection. For example, while metal detectors can be routinely used to locate 

iron, stony iron and ordinary chondrite meteorites, many of the most scientifically 

valuable Antarctic meteorites are igneous specimens that bear few ferromagnetic 

minerals and thus are indistinguishable from terrestrial rocks. Second, while the speed of 

modern computer processors and robotic systems is growing dramatically, the human 

mind’s ability to integrate a scene and pick out key elements remains vastly superior.” 

(3). It is none the less useful to consider alternative detection methods and technologies 

that may prove useful in the future. 
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Ground Penetrating Radar 

The GPR technique is used to locate and characterize near-surface objects and features, 

with a maximum depth of detection of a few tens of meters (16). GPR relies of scattering 

or reflection of radio waves from the interface between two materials with different 

electrical properties. A pulse of radio waves is directed into the ground and energy that is 

scattered back towards the antenna from any objects or layers can be detected a short 

time later. The time delay between transmission and detection is proportional to the 

distance of the object from the antenna. Detection requires on sufficient reflected power. 

 
Figure 2 Method to calculate the return signal from a radar target (19) 
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The method of determining received signal power, as indicated in Figure 2, yields in the 

following equation: 
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Where: 

Pr = peak received power 

Pt = peak transmitted power 

ξ = antenna & Cabling Efficiency 

G = antenna gain 

σ = radiation cross-section of the target 

α = Attenuation constant of the transmission medium 

R = range from the antenna to the target 

 

The crucial parameter for delectability of a target is the ratio of the received signal power 

to the noise of the system: 

rP
SNR

N
=  

Where: 

N = system noise 

 

Analysis 

 

Peak Transmit Power 

Peak transmit power on the order of ten kilowatts is under development (16), (36), (37), 

and systems are in use operating at over 1kW, however they do not appear to be 

commercially available. We shall assume Pt = 1kW, in order to ensure that the system we 

are specifying can in be built in practice. 

 

Antenna & Cabling Efficiency 

Antenna and cabling efficiency of up to 50% has been theorized in literature (38), 

however because many antennas are resistively loaded to prevent them from ringing 

when shock excited (to reduce cross-coupling of the transmit and receive signals), the 
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efficiency is often compromised (39). We shall use a conservative value of ξTx = ξRx = 

10%. 

 

Antenna Gain 

Antenna gain describes the directivity of the radiation pattern created by the antenna 

geometry, as shown diagrammatically in Figure 3. It is usually calculated at a sufficient 

distance form the antenna such that the radio wave fronts are effectively parallel, in a 

region called the “far field”. However, in GPR the distance from the antenna to the 

targets is around 1m, and the typical wavelength of GPR systems is 3m to 30cm 

(100MHz to 1GHz). This means we are operating in the near field of the antenna, and the 

typical far-field equations do not apply, making the calculation of antenna gain somewhat 

complex. Antenna gains between 1 and 13 dB has been reported (both from measurement 

and simulation) for various GPR antennas (21), (23), (24), (25), (26), (27), (28), (29), 

(30). We will use a gain of 6dB for our calculations, as this appears to be achievable in 

practice, or a 4:1 ratio of effective isotropic radiated transmit power to actual transmit 

power. 

 
Figure 3 Directivity of GPR antennas (25) 

 

Radiation Cross Section of target 

The radiation cross section of a target can be viewed as a comparison of the strength of 

the reflected signal from a target to the reflected signal from a perfectly smooth and 

perfectly reflective sphere of cross-sectional area of 1m
2
. When the wavelength is less 

than the radius of the target, for a spherical target the radar cross section σ = πr
2
, where r 

is the radius of the sphere in meters (22). Considering our meteorite targets, with 

diameters down to 1cm (r = 0.005m), this assumption will not hold unless we are 

operating above 60 GHz which is higher  that typical radar systems. At longer 
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wavelengths (lower frequencies), below 10GHz, Rayleigh scattering is dominant, as 

region as shown in Figure 4, and the radiation cross section can thus be calculated as σ = 

113.8 × π
5
 × r

6
 / λ

4
 , where λ is wavelength, in meters. For frequencies in the resonant 

region between 10 and 60 GHz a conservative approach is used, assuming that the cross-

section is equal to the minimum (point B in Figure 4), or σ = 0.26πr
2
. 

 

 
Figure 4 Radar Cross Section of a Sphere (22) 

 

This analysis assumes a that the target has significantly higher conductivity than the 

medium in which it is embedded. This is a reasonable starting assumption for meteorites 

in ice.  

 

Further investigation is recommended. It is noted that the majority of targets sought using 

subsurface radar methods are nonmetallic so that their scattering cross-section is 

dependent upon the properties of the surrounding dielectric medium (21). 

 

Attenuation constant of the transmission medium 

 

The attenuation constant, α, can be calculated based on the electrical properties of the ice 

using the equation (20):  
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These equations are approximations, and require that 0/ 'c Kσ ϖ ε  is much less than 1 (20). 

 

Where: 
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σc is the complex conductivity of the transmission medium (ice). While it is reported in 

literature as 10
-5

 S/m at 100 MHz (21), we will use the method above to calculate the conductivity 

over a range of frequencies. 
 

σdc is the DC conductivity. It has been variously reported as between 10
-7

 and 10
-9

 S/m (40), (41) in 

pure ice. However, even with a small amount of impurities can change the conductivity 

significantly (40) as shown in Figure 5. Considering the ice in the region of cryoconites is 

likely to be cracked, and the potential for liquid water trapped within those cracks, it is only 

reasonably to use a reported conductivity for such a situation as a conservative estimate, that being 

10
-4

 S/m (21). 

 

 
 

Figure 5 Ice DC Conductivity versus Temperature (40) 

 

ω is the angular frequency = 2πf (rad.s
-1

), where f is the radar center frequency in Hz 

 

K’ is the real component of the complex dielectric constant, and has been measured to be 

approximately constant over a large frequency range, with a value of 3.17 from10 MHz 

to tens of GHz (32), (34), (35) and 3.15 at higher frequencies (33). For these calculations 

we will use a value of 3.17 across all frequencies. 

 

K” is the frequency-dependent loss associated with the relaxation response phenomena 

 

K”’ is the imaginary or loss part of the dielectric constant. It has been variously reported for ice to be 

between 6×10
-4 

and 9.0×10
-3

 (42), (43), (44). We will use K”’ = 3×10
-3

 in our calculations. 

Importantly of our purposes the loss part of the dielectric constant does not appear to vary 

significantly with frequency. 
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ε0 is the Free space permittivity = 8/85E-12 F/m 

 

We note that σc has been reported as 1×10
-5

 S/m at 100 MHz (20), our calculation of 

1.67×10
-5

 S/m at 100 MHz is slightly more conservative, as expected. 

 

Target Range 

 

We are interested in meteorites that are below the surface, yet could still be extracted by a 

search team practically this limits the depth to a few meters in a cryoconites, and perhaps 

1 meter in solid ice. We will use this value for our calculations.  

 

An analysis of the expected depth of meteorites within cryoconites would be useful to 

determine the most applicable locations to deploy this method. The depth of a cryoconite 

will depend on the maximum air temperature experienced at any location and on the size 

of the meteorite. Equations for this calculation can be developed from the thermal energy 

balance at the bottom of the hole, and are developed for dust particles in (45), however a 

thorough analysis is beyond the scope of this report. 

 

System noise 

 

For a signal to be detected, it must be obvious above the background noise that is seen by 

the receiver. The noise can be calculated as: 

 

N = kT0B(NF) 

 

Where: 

 

N = noise seen by the receiver. 

 

k = Boltzmann's Constant = 1.38×10
-23

 J/K 

 

T0 = Absolute temperature (K) of the receiver input, which we shall conservatively 

assume to be 290K. While the ambient temperature may be significantly lower, the 

electronics and RF components will be producing significant heat, likely inside an 

insulated container. This is also in line with the IEEE standard for specifying system 

performance. 

 

B = Receiver Bandwidth (Hz) in GPR systems can be up to 1 GHz (10
9
 Hz). We will 

assume the bandwidth is equal to the smaller of 1GHz (10
9
 Hz) or half of the nominal 

operating frequency. 

 

The main advantage of using such a broad bandwidth for GPR is increased vertical 

resolution (also known as down-range or depth resolution), which is closely related to the 

radar operational bandwidth. 
2 *

c
v

f
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where ∆v is the vertical resolution of the system, c is the velocity of an electromagnetic 

signal in vacuum, and ∆f is the bandwidth used by the system.” ([5] in (18)). A 1GHz 

bandwidth yields a 15cm vertical resolution, which is deemed necessary in deciding how 

to retrieve the meteorite once it has been detected. 

 

NF = Noise Figure of the receiver, which is typically dominated by Johnson Noise for 

GPR systems, which is the noise generated by the thermal motion of the electrons inside 

the electronics. Modern GPR systems have solid state amplifiers at their input stage, 

which have a typical Noise Figure of 4.0 (usually expressed as 6dB) (22). 

 

From these assumptions we calculate the noise: 

N = 1.6×10
-11

 Watts for a 1GHz bandwidth receiver. 

 

System Performance 

Returning to the equation for received signal power and SNR, the following spreadsheet 

(Table 1) was created to perform the calculation at multiple frequencies: 
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Frequency f Hz 1.00E+08 1.00E+09 6.50E+09 1.00E+10 1.00E+11

GHz 0.1 1.0 6.5 10.0 100.0

Transmit Power P t W 1000 1000 1000 1000 1000

Efficiency Η 10% 10% 10% 10% 10%

Antenna Gain G 4.00 4.00 4.00 4.00 4.00

Radius of Target r m 0.005 0.005 0.005 0.005 0.005

Speed of Light c m/s 3.00E+08 3.00E+08 3.00E+08 3.00E+08 3.00E+08

Wavelength λ m 3.000 0.300 0.046 0.030 0.003

2πr/λ 0.010 0.105 0.681 1.047 10.472

σ(Rayleigh) 6.72E-12 6.72E-08 1.20E-04 6.72E-04 6.72E+00

σ(MIE) 2.04E-05 2.04E-05 2.04E-05 2.04E-05 2.04E-05

σ(Optical) 7.85E-05 7.85E-05 7.85E-05 7.85E-05 7.85E-05

Scattering Type Rayleigh Rayleigh Rayleigh MIE Optical

Radar Cross Section σ m2 6.72E-12 6.72E-08 1.20E-04 2.04E-05 7.85E-05

DC Conductivity σdc S/m 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04

Real component of dielectric constant K' 3.17 3.17 3.17 3.17 3.17

Loss component of  dielectric constant K"' 3.00E-03 3.00E-03 3.00E-03 3.00E-03 3.00E-03

Permittivity of free space εo F/m 8.85E-12 8.85E-12 8.85E-12 8.85E-12 8.85E-12

Angular frequency ω rad/s 6.28E+08 6.28E+09 4.08E+10 6.28E+10 6.28E+11

check validity of attenuation 5.67E-03 5.67E-04 8.72E-05 5.67E-05 5.67E-06

Complex Conductivity σc S/m 1.67E-05 1.67E-04 1.08E-03 1.67E-03 1.67E-02

Attenuation Constant a dB/m 0.02 0.16 1.03 1.58 15.84

Distance to Target R m 1 1 1 1 1

Receive Power Pr W 6.39E-12 3.61E-08 1.98E-06 3.66E-08 2.41E-32

Boltzman's Constant k J/K 1.38E-23 1.38E-23 1.38E-23 1.38E-23 1.38E-23

Temperature To K 290 290 290 290 290

Bandwidth B Hz 5.00E+07 5.00E+08 1.00E+09 1.00E+09 1.00E+09

Noise Figure NF 4.00 4.00 4.00 4.00 4.00

Noise Power N W 8.00E-13 8.00E-12 1.60E-11 1.60E-11 1.60E-11

Signal-to-Noise Ratio SNR 7.98 4510.98 123400.52 2288.06 0.00  
 

Table 1 Calculation of SNR at various frequencies 

 

The SNR is shown against frequency in Figure 6 to peak at 65GHz. Above this frequency 

the attenuation losses are the limiting factor, and below this frequency the radiation cross 

section is the limiting factor. 
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Figure 6 SNR versus Frequency for detection of 1cm diameters objects at 1m depth in glacial ice 

 

Detection limits 

 

Typically a positive detection of an anomaly (ie. a meteorite) is defined as occurring 

whenever the received power is higher than a threshold.  

 

Measuring system performance as the Signal to Noise Ratio (SNR), we can statistically 

estimate true and false detection probabilities. The SNR threshold for reporting a positive 

detection will occasionally provide a false detection due to the random nature of the 

noise. Every time that a false positive detection is made, the surveyor team will waste 

time searching for the non-existent meteorite by repeating the search in that area. 

Assuming that we are taking a GPR measurement every 0.2m, it would require a grid of 

5000×5000 readings to cover 1 km
2
, or 25 million readings.  The ANSMET average is 

about 10 meteorites per square kilometer (31) which we will assume to be the distribution 

in our theoretical search area, therefore an SNR of 5 would result in 7.1 false readings for 

10 true readings, or 40% false positive readings, assuming that each true reading is above 

the threshold of SNR = 5. A threshold at SNR = 6 would produce 0.024 false positives 

per km
2
, or 0.24% false positives, which would appear to be an acceptable level. These 

results are summarized in Table 2 
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SNR False Positive 

 Per million 

measurements 

Per square 

kilometer 

% false positives, 

assuming 10 

meteorites per km
2
 

1 159,000 3.975,000 100.0 % 

2 22,800 570,000 100.0 % 

3 1,350 33,750 99.97 % 

4 30 750 98.7 % 

5 0.285 7.125 41.6 % 

6 0.000986 0.02465 0.25 % 
Table 2 False positive detections for various SNR thresholds 

 

Integration time 

 

The signal-to-noise ratio can be reduced by averaging many measurements; however this 

increases the time to take a combined measurement and thus reduces the survey speed. 

As we required 25 million sample points to cover 1km
2
, it is not feasible to repeat 

measurements in order to improve the SNR. 

 

Survey Speed 

 

In order for a survey technique to be useful it must be possible to perform it at a similar 

or faster speed than the current visual search techniques. Current surveys of areas that are 

free of terrestrial rocks are performed on skidoos moving at a fast walking speed, or even 

a running speed, with a skidoo separation of 30m. While it should be possible to design a 

GPR system with multiple antenna heads on a 30m boom to trail behind a skidoo, the 

practicality of towing this system at speed over rough ice and sastrugi may be difficult. 

At this stage this is seen as a design challenge, not a show-stopper. 

 

More difficult will be providing 1kW of RF power to multiple detector heads (antenna 

pairs). A 30m boom may have 60 to 120 detector heads, requiring the transmit power to 

be dropped by similar factor. As the SNR is proportional to transmit power, a quick 

glance at the calculated SNR in Figure 6 shows that this would be an acceptable 

reduction. Again, at this stage this is seen as a design challenge, not a show-stopper. 

 

Sub-surface Clutter 

 

One feather of the potential search areas that has been ignored in this calculation is the 

inhomogeneity of the ice. While it is considered likely that water is present within the ice 

at meteorite stranding sites, this is an assumption that may require testing in the field. 

Further, the cryoconites themselves, either formed from meteorites or from dust or other 

debris, will produce clutter in the radar signal. If the cryoconites are separated by more 

than a meter they will produce minimal clutter in the radar return in the region of interest 

(down to 1m), however if they are more closely spaced then the clutter could cause false 

detections and generally make the signal processing task more difficult. It is impossible 
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to assess the impact of sub-surface clutter without a better understanding of the situation, 

which may be best achieved by doing a trial at a potential stranding site where 

cryoconites are present. 

 

Surface Clutter 

 

A typical target range in subsurface radar is not large compared with the resolution 

distance as set by the transmitted bandwidth: factors of greater than 20 are rarely 

encountered, and they can be as low as 1 or 2. In our example the range used for 

calculation purposes, 1meter, is 6 times the vertical resolution, however in reality it will 

vare and will often be lower. Consequently, any breakthrough signal between transmit 

and receive antennas is either very close in time to the received signal from a shallow 

target. The breakthrough signal is one source of clutter encountered in GPR; that is, a 

component of the received signal which is present because of the fact of transmission of 

some waveform, and which cannot be removed by time-averaging the received signal 

(21). Detection of meteorites under thin layers of surface snow is thus not possible using 

GPR. 

 

Initial Considerations of the Use of Magnetometers 

 

The disadvantage is that they will only detect meteorites with electromagnetic properties 

sufficiently different from the ice. Two important features for detection by 

Electromagnetic methods are the electrical conductivity, magnetic susceptibility and the 

remnant magnetism. Ranges of magnetic susceptibility ranges are shown on Fig 3 of (8). 

The metallic meteorites (a natural Nickel-Iron alloy) will have a very large magnetic 

susceptibility, however these are not in the majority and it would be highly limiting to 

restrict the instrument to detecting only this type of meteorite. 

 

The following references give an indication of the electrical conductivity of chondritic 

meteorites. (1) and (6) state that the electrical conductivity of chondrite meteorites (the 

most common meteorite composition type) can vary by a factor of 10
5
, and are typically 4 

to 6 order of magnitude greater than rock forming minerals such as Olivine. (7) gives a 

list of conductivities for carbonaceous meteorites between 10
-3

 and 10
-10

 (ohm.cm)
-1

. 

 

The detection limit for instruments that detect conductivity depend on the contrast with 

the bulk conductivity of ice, which is 5.5 x 10
-4

 (ohm.cm)
-1

. Similarly methods that detect 

effects of the dielectric constant require contrast compared to that of ice at 3.17 and snow 

at 2.0. 

 

Another possible detection method is paramagnetic or remnant or magnetization. The 

natural remnant magnetization was reported in (11) for a sample of 22 ordinary chondrite 

meteorites (types E, H L and LL), measured to be between 7.9E-5 and 2.8E-1 Am^2/kg. 

This might be picked up with a highly sensitive magnetometer. 

 

The contrasts in electromagnetic properties between ice and a large fraction of meteorites 

indicate that this method of detection may be feasible and deserves greater study. There is 
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also a difference, though smaller, between the electromagnetic properties of terrestrial 

rocks and meteorites, giving the possibility for differentiation that could significantly 

reduce false positives. Furthermore, it would be simpler to implement a line of 

magnetometers on a boom trailing a skidoo than it is to implement a line of GPR 

transmitters and receivers, due to size and power requirements. 

 

Discussion 
 

The analysis presented here shows that it should be quite feasible to use of GPR to detect 

meteorites, especially where they are buried in homogenous ice. One of the major issues 

that has not been considered in this study is the presence of terrestrial rocks in many 

meteorite stranding sites. It has been observed that many meteorite stranding surfaces are 

rich in terrestrial rock, which will produce an unacceptably large number of false 

positives. 

 

Further investigation of the scattering cross-section is recommended. While this should 

be initially calculated based on the properties of the meteorites and the ice, it will remain 

somewhat inconclusive until an experiment is performed. It is also recommended that 

sub-surface clutter effects be investigated by taking measurements in indicative sites in 

the field. 

 

GPR can not detect meteorites at the very-near surface due to clutter. Magnetometers 

may be a better detection method as the electromagnetic properties of most meteorites are 

sufficiently different from both ice and from terrestrial rock, and deserve further study. 

However a search that is rejecting all targets with electromagnetic characteristics that 

match terrestrial rocks will inevitably miss that subset of meteorites. This will have the 

effect of skewing the meteorite population statistics and will introduce a risk of erroneous 

conclusions being drawn about the characteristics of the source asteroid population. 

 

Extraction of meteorites at any depth in solid ice may be difficult and time-consuming, 

and may make the detection of sub-surface meteorites irrelevant. Again, some 

experimentation is the best method of resolving this issue. 

 

Conclusions 
 

While it is concluded that the GPR will allow the detection of large numbers of 

meteorites that are currently going unnoticed, it is also noted that the search efficiency 

and collection rates would likely not improve using these technologies, and thus they are 

unlikely to be implemented in the near future.  

 

Magentometer systems deserve further study as a potential tool to increase detection 

rates, though this comes at the risk of skewing the collection population in favor of 

meteorites with larger differences in electromagnetic properties. 
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