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Abstract: 


During the summer and fall of 2003, Dr. Friedemann Freund and his research team at NASA Ames Research Center simulated earthquake conditions and observed the electric changes in various rocks with the intent of developing better methods of earthquake prediction. Previous to this, Dr. Freund had shown that various single crystal oxides could become semiconductors under stress and/or at elevated temperatures. He hypothesizes that certain rocks in the earth’s crust down to a depth of 20-30 km exhibit this property and that, prior to and during an earthquake, these rocks set free electric charges which in turn produce electromagnetic phenomena. These semiconducting rocks could provide a signature of impending earthquakes, perhaps 5-20 days before they occur, and thereby enhance humanity’s ability to protect itself against this type of natural disaster.

Currently, the field of seismology is unable to accurately predict earthquakes; this is true even with immense geological stresses building for months or years. These stresses might be detectable via the electric charge carriers liberated in the rocks and electromagnetic waves often observed prior to earthquakes. It is thought that these charge carriers, and the ground current which they produce, would lead to noticeable changes in the ionosphere, to local variations in the earth’s magnetic field, and to rapid increases in the radiation temperature at the surface of the earth. Satellites could be employed to monitor such changes to aid in the detection of forthcoming earthquakes.

Various rock deformation experiments were conducted using a 220 ton press in order to analyze the change in the rocks’ electrical properties with stress. The analysis in this paper demonstrates that igneous rocks can yield mobile charge carriers that can flow from the stressed rock volume into the surrounding (unstressed) rock, thereby providing a mechanism by which transient ground currents and electromagnetic precursor phenomena could be understood and utilized in the science of earthquake prediction.
Current State of Earthquake Prediction:


The prevailing assumption in seismology is that the earth only offers pressure induced mechanical vibrations prior to earthquakes. With this limited scope, the field of seismology is currently unable to provide a reliable method of forecasting earthquakes. John Marquis of the Seismological Lab at Caltech Pasadena summed up the present state of earthquake prediction by declaring, “Predictions need to be accurate and dependable, and that is simply beyond seismology’s present ability to accomplish” (Marquis 2004). There is even some hostility held by many seismologists towards scientists working directly toward earthquake prediction. These same seismologists fear that “any ever-so-slightly optimistic assessment of mankind’s chances to forecast such natural disasters may raise false hopes. Once the public gets fired up, the science can get easily burned.” This sentiment is understandable given the economically costly impacts of an unnecessary evacuation, or the potential loss of life when public warnings go unheeded due to prior false alarms (Marquis 2004). Hence, Dr. Freund has astutely noted that: “The earth’s utterings are faint and often confusing and few claim to know how to read them” (Freund 1999).

For years so-called “earthquake lights/lightening” have been observed around the epicenters of earthquakes. Earthquake lightening is distinct from common lightening in that it can occur without the presence of clouds in the atmosphere. More recently, these indicators have been more definitively recorded through photographs and repeated visual observations (Finkelstein and Powell 1970; Freund 2002; Freund 2003d; Lockner et al. 1983; Takeuchi and Nagahama 2001). These events are unexplainable through purely seismological mechanisms. 

Other electromagnetic phenomena have been observed prior to earthquakes. Dr. Freund lists: “…ground-hugging fog, low frequency electromagnetic emission… magnetic field anomalies up to 0.5% of the earth’s dipole field, temperature anomalies by several degrees over wide areas as seen in satellite images, changes in the plasma density of the ionosphere…” among others (Finkelstein and Powell 1970; Freund 2003d; Mizutani 1976; Molchanov et al. 1998). 

Various mechanisms have been proposed to explain some of these phenomena; prominent among them is piezoelectricity (Finkelstein et al. 1973). Piezoelectricity occurs when certain crystals with a polar crystallographic axis are put under mechanical stress. The stress leads to a slight displacement of cations and anions in the crystal structure, which induces positive and negative charges on opposite sides of the crystal, thereby generating a voltage (Jordan et al. 2001). It has been shown that piezoelectric voltages can occur with low frequency seismic waves (1-10 Hz) and highly resistive (109 ohm m) minerals, such as crystalline quartz (Finkelstein and Powell 1970). Finkelstein suggests two situations that might allow the occurrence of large scale piezoelectricity. One relies on “…certain granites [having] a resistivity of 106 ohm m at 100 bars…” and the other that “…high-conductivity channels in otherwise high resistivity surroundings…” exist and are prevalent (Finkelstein et al. 1973). D.A. Lockner of the US Geological Survey has stated that “…[piezoelectricity] has generally been discounted because of both the short decay time constant of the piezoelectric process and indications that piezoelectric charges may be self-canceling” (Lockner et al. 1983). Other explanations have focused on streaming potentials due to groundwater movement, triboelectricity (which describes what happens when crystals are fractured or indented but does not specify the underlying physical process), spray electrification or “waterfall electrification,” intensified radioactive radon emanation, and others (Freund 2002; Lockner et al. 1983; Mizutani et al. 1976; Molchanov et al. 1998). Dr. Freund has argued that “…none of the mechanisms or processes listed [above] stands out as a candidate for bringing the electrical, electromagnetic and luminous phenomena together and present a coherent physical model” (Freund 2002). Hence, Dr. Freund has proposed a new explanation that encompasses all the above mentioned electromagnetic phenomena. 

Proposed Theory for Enhanced Earthquake Precursor Understanding:


Dr. Freund had shown that various crystal oxides, such as upper mantle olivine, lower crustal anorthosite rock, and laboratory-grown MgO, can become semiconductors under stress and/or at elevated temperatures (Freund and Freund 2002; Freund et al. 2003). He postulates that a large number of igneous and high-grade metamorphic rocks 20-30 km down in the earth’s crust have this same characteristic and that, prior to and during an earthquake, these rocks produce electromagnetic phenomena (Freund 2003e). 

The common mechanism of the electric and electromagnetic phenomena that all these rocks share is the activation of positive-hole-pairs (PHPs). A PHP is a pair of oxygen anions, each of which has one electron less than the normal -2 oxidation state. In other words, a PHP consists of two oxygen anions, each of which has trapped a defect electron or hole. PHPs are electrically inactive point defects in the minerals that form igneous rocks. These PHPs are chemically equivalent to peroxy links: O--O- or Si/oo\Si.  The O--O- distance is less than 1.5 Å, whereas oxygen atoms in the O2--O2- bond are separated by ~3 Å (Freund 2003e). This shorter bond is significant because high pressure is expected to favor the formation of peroxy bonds. Therefore, PHPs may be more plentiful in rocks that solidified under high pressures deep in the earth’s crust (Freund 2002).

Dr. Freund expands that, “Peroxy links derive from small amounts of H20 incorporated as Si-OH into the matrix of nominally anhydrous minerals when crystallizing in an H20-laden environment. Upon cooling below 500˚C, pairs of Si-OH seem to undergo a redox conversion to molecular H2 plus peroxy.” Dr. Freund reasons that “…since all geological environments are H20-laden, all igneous rocks in the earth’s crust will most likely contain peroxy” (Freund 1999).

Dr. Freund has shown that peroxy can develop in crystallizing MgO in H2O in the following way (Freund 2003e): 


MgO + δH2O = Mg1-δ (OH) 2δO1-2δ + δMgO

H2O + O2- = OH - + OH - = H2 + O22-
Peroxy bonds (i.e. PHPs) are dormant at temperatures below 400-600˚C and pressures below stress levels that would lead to plastic deformation. At temperatures or pressures within this range or above, the peroxy links break (Freund 2003e). There is evidence that peroxy bonds can also be broken by high intensity/large amplitude acoustic (seismic) waves such as during an earthquake (Freund 2003b).

The products of a broken PHP bond are one fixed positive hole (O-) and one mobile positive charge carrier (Freund et al. 2003). The phase velocity of the charge cloud formed by the activated positive-holes, or “p-holes” or just “pholes,” propagates at 100-300m/sec. When the pholes reach the earth’s surface, they tend to accumulate or be trapped at the surface, leading to high electric fields, especially on hill tops and ridges. Dr. Freund contends that this build-up of pholes at the earth’s surface might be the sought-after explanation for earthquake lights and other electromagnetic phenomena. At the surface, the pholes can recombine, thereby releasing energy, which can either decay radiatively leading to the emission of infrared photons at specific wavelengths in the 8-12m region or dissipate in the form of heat (Freund 2003b). This radiative decay on a massive scale may produce the thermal anomalies that have been observed to cover 103-104 km2 around the epicenter of an earthquake. The recombining pholes can produce a 2-4˚C change in the radiative land surface temperature 5-20 days before major earthquakes, and this temperature differential generally disappears with 1-2 days afterwards. Ground temperature variations and low frequency waves are often recorded from satellites and through ground stations. “Thermal anomalies” were observed prior to the Hector Mine Earthquake in Mojave Dessert, CA on October 16, 1999, and are related to other earthquakes in Central Asia, Japan, India, Iran, Turkey, and Algeria (Freund 2003b).
Field Data in Support of Theory:

Much recorded observation exists in support of the connection between electromagnetic related phenomena and earthquakes. On January 17, 1995, the magnitude (M) 7.2 Kobe earthquake was preceded for a few days by ionospheric oscillations that were observed, but analyzed only after the fact, by subionospheric radiowave transmission data (Molchanov et al. 1998). A study from the National Research Institute for Earth Science and Disaster Prevention in Japan concluded that “major earthquakes including the great [Kuril Islands] earthquake of magnitude 8.1 gave rise to conspicuous subionospheric electric field changes before the earthquake occurrence time” (Fujinawa and Takahashi 1990). A similar conclusion was reached by the Japanese Space Earth Environment Laboratory concerning the M 7.8 earthquake off the shores of Okushiri Island (Ondoh 1998). Over 1500 sightings confirmed “…the North Idu peninsula earthquake of November 26, 1930, the best documented instance of seismoelectricity…” (Finkelstein and Powell 1970). In this case, the seismoelectricity came in the form of lightening in clear skies. Dr. Freund recalls a National Science Foundation-sponsored workshop in Southern California where two participants, who were operating a receiving station in California designed specifically to record low frequency signals, predicted that “… a fairly large earthquake in this region might be imminent.” The M 7.3 Landers earthquake hit nearby on June 28, 1992, 11 days later (Freund 1999).


At the Naval Command, Control and Ocean Surveillance Center (NCCOSC) in San Diego, CA, an Automated Monitoring System (AMS) monitors “…anomalous broadband signals in the 0.1-20 Hz region that often precede the occurrence of nearby earthquakes” (Dea et al. 1993). The background noise is stable and thus, deviations from the background are recognizable as an alert to a possible earthquake. A team from the Research, Development, Test and Evaluation Division from the NCCOSC evaluated the AMS and concluded that their “…results give a positive evaluation of the reality of the precursor emissions phenomena.” They further conclude that “…more systematic research is needed, many more monitoring stations are needed, and full tri-axial electric and magnetic monitoring are required” (Dea et al. 1993). 


A paper summarizing 10 years of data concerning ionospheric changes related to seismic activity found that ionospheric precursors were observed “…in 73% of earthquakes of magnitude 5, and in 100%... for earthquakes [sic] with magnitude 6.” They recommend that “the most appropriate technique to study the spatial distribution of seismo-ionospheric variations is satellite mapping” (Pulinets et al. 2003). Hence, the correlation between electromagnetic phenomena and eminent earthquakes has a strong observational basis and numerous proposals have been made to enhance humanities ability to predict earthquakes. This paper demonstrates that pressure-induced activations of PHPs release pholes in igneous and high grade metamorphic rock that “…can actually flow out of their ‘source volume’ into the surrounding unstressed rock,” thereby providing a mechanism by which the above mentioned electromagnetic precursor phenomena could be understood and utilized in the science of earthquake prediction (Freund 2004).

Experiments: 

During the summer and fall of 2003, we simulated earthquake stress conditions and observed the electric changes in air-dry, diamond-cut Sierra Nevada Granite (“Sierra White”) and Anorthosite (“Blue Pearl”). The experiments regarding the Blue Pearl Anorthosite are reported in this document. The rocks were typically 30 by 30 cm2 tiles, 9.5 mm thick, with one polished surface. “The specific weight [of the Blue Pearl Anorthosite] is 2680-2720 kg/m3, the compressive strength 1850-1950 kg/cm2, the tensile strength 130-135 kg/cm2, and the porosity range 0.12-0.16 wt-%” (Freund 2004). Non-PHP containing plate glass of the same dimensions as above was used as a reference.

The rocks were placed in a SATEC Material Testing Equipment ~220 ton hydraulic press (Model Prism 500 QC), with a load rate of between 10-50 kg/cm2 min. Two types of steel pistons were used: 7.3 cm diameter cylinders and 4 by 22 cm2 rectangular bars. In order to maximize the load the rocks could sustain without reaching failure, the tiles were confined in a 2.5 by 2.5 cm2 aluminum frame (Figure I). The design of these experiments requires that the surface area of the rocks be larger than the pistons. This arrangement enables us to test the extent to which current flows out of the rock volume under stress (Freund 2004).
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Figure I*


      *Courtesy of Friedemann T. Freund
As shown in Figure II, “The pistons were electrically isolated from ground by 0.8 mm thick sheets of dense polyethylene with a resistance of >1014 ” (Freund 2004). Copper tape was adhered to each piston and biased with +100 V in some experiments; in others, only one piston was biased, and in a few, the pistons were left unbiased. The purpose of biasing in these cases is to measure the current flowing from the stressed rock to the unstressed volumes. Alternatively, the pistons were left unbiased in order to measure the “…self-generating potentials between the ‘source volume’ and ground…” (Freund 2004). The changes in the rocks’ current were observed with a Keithley 486 and a Keithley 487 Amp meter. A Keithley 617 electrometer was used to measure the voltage changes. In addition, a 4-channel Tektronix TDS4020 spectrometer was used to acquire detailed electric changes during rock fracture and failure (at a maximum of 200 MHz) (Freund 2004). The data processing program Lab View 7 was used to collect all the data. A computer attached to the press regulated and recorded the rate of pressure increase and the change in the press position. 

Figure II





Figure III*
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           *Courtesy of Friedemann T. Freund

Results:


The glass tiles were uniaxially loaded until fracture occurred. The pistons were each biased with +100 V and the current was measured from the aluminum frame encompassing the glass. The Keithley 486 measured currents in the 0.01 to 0.1 pAmp range. Considering the limits of the Keithley 486, this current is effectively zero (Figure III). Increases in conductivity did occur; however, these are the direct result of fractures and are short lived. In other words, no sustained increases in current occurred with loading (Freund 2004).

In contrast, the Anorthosite generated a significant current under the same conditions (i.e. measuring the current from the +100 V biased pistons to the metal frame). Figure IV (a) shows the constant load rate applied to the rock. Upon loading, the current jumped and continued to increase to as high as 1.5Amp, and then decreased to 1.3Amp. Figure IV (b) illustrates the dramatic change in current with loading. Hence, the currents drawn through the glass tile under stress and through the anothosite tile under the identical conditions differ by a factor of 107.
Figure IV (a)*



       Figure IV (b)*
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It is possible that the current is only flowing on the surface of the rock rather than through the bulk of the rock. To test whether any significant amount of current travels through the volume of the rock, copper tape was adhered to both surfaces of the rock in a square around the pistons (Figure V (a)). The copper tape was 6.3 mm wide and alternated every 30 seconds between a connection to ground and a connection to the Keithley 487 Amp meter. The remaining current reaching the aluminum encasing frame would only be bulk current. This current was also measured using the same voltage biasing as before. Figure V (b) shows the results: the current to the frame persisted even with the square of copper tape (“inner ground”) connected. This confirms that a current flow exists in the interior of the rock (Freund 2004).

Figure V (a)*




   Figure V (b)*
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We had prior-forth biased each piston with +100 V to investigate the changes in current across the rock volume; however, Dr. Freund’s theory demands that a positive self-generated potential arise from the stressed rock volume. Thus, the following experiment was designed to measure the voltage generated by the stressed rock:

 
The electrical configuration used to measure the voltage consisted of a piston and a sheet of aluminum (28 by 8 cm2 and 1 mm thick) acting as capacitor plates on the rock. The piston and sheet of aluminum were isolated from the rock by 0.8 mm plastic sheets. In addition, both pistons were electrically isolated from the press by the same plastic sheets. The rock acted as the other side of the capacitors (Figure VI). The potential difference between the capacitors was then measured between these two capacitor plates using a Keithley 617 (Freund 2004).


The current was simultaneously measured for this experiment. The metal frame surrounding the tile was isolated such that only one side made contact. Copper tape was adhered to this side and the current that flowed in or out of the rock from/to ground was measured via a Keithley 486. Lastly, the cylindrical pistons were replaced with steel rectangular pistons (22 by 4 cm2).

Figure VI*
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Figure VI displays the results: the surface potential dramatically increases, reaching over 0.5 V, while the current reaches -6 pAmp with the onset of stress and then gradually drops to zero. The negative current is indicative of electrons flowing from ground into the rock, “…in response to the generation of pholes in the ‘source volume’ and their spreading into the unstressed rock” (Freund 2004).

Discussion and Conclusion:

The presence of self-generating current and increased conductivity observed through the bulk of the rocks, in conjuncture with the large surface potential (550 mV), suggests that igneous rocks (of which anothosite is a member) can generate significant currents and voltages under stress. It is Dr. Freund’s contention that these electrical changes in the rocks are the result of stress-activated peroxy links yielding mobile defect electrons (as evidenced by the current and the positive potential). As the above experiments have shown, these charge carriers can spread out of their source volume to the surrounding unstressed rock. From his earlier work, Dr. Freund concludes that “…the defect electrons observed in these rocks are associated with the oxygen anion sublattice of the constituent minerals and, hence, that they are ‘positive holes’ or pholes for short” (Freund 2004). For further discussion of pholes please review the section entitled, “Proposed Theory for Enhanced Earthquake Precursor Understanding.”

Dr. Freund has presented an electromagnetic basis on which imminent earthquakes might be predicted. The build up and decay of positive charge around the epicenter of a developing earthquake could be observed via satellites watching for the distinctive IR band of decaying pholes, or by noting the signature changes in the ionosphere, as well as localized magnetic field fluctuations (Freund 2003b). An enhanced understanding of electromagnetic related pre-earthquake phenomena could equip the human-race with the ability to accurately predict and prepare for historically catastrophic events.
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